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Foreword
The advent of immunotherapy is changing the landscape of cancer treatment and the perspective of
patients with melanoma and other types of advanced tumors that were, until very recently, deemed
untreatable. New modalities of therapy that mobilize immune response are being developed and
already show promising results in pre-clinical settings. Translating these therapies to benefit patients
will require an understanding of the mechanisms underlying the response of different immune cell types
to tumors as well as a dissection of how the local microenvironment affects their function.
This edition of Cell Press Selections highlights papers and reviews that showcase trends and cuttingedge technologies at the forefront of research in immunology and immuno-oncology. These new
approaches are helping scientists visualize immune and cancer cells in action, understand their
dynamic behavior within the tumor microenvironment, and discover mechanisms that can point to
new drug targets or improvements to current therapies.
We hope this collection will serve as a preview to the exciting research on cell analysis in immunology
that is being published across Cell Press. Please visit www.cell.com on a regular basis to learn more
about the latest advances and breakthroughs in this field.
Finally, we are grateful for the support of Essen Bioscience, who helped to make the publication of this
collection possible.
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Checkpoint-blocking antibodies can generate potent anti-tumor responses by encouraging the immune
system to seek and destroy cancer cells. At this time, the United States Food and Drug Administration has
approved three checkpoint-blocking antibodies in three disease indications, and additional approvals are
expected to broaden the clinical scope of immunotherapy. Herein, we review the clinical development of
CTLA-4-, PD-1-, and PD-L1-blocking antibodies across tumor types and briefly discuss areas of active investigation of potential biomarkers.
Introduction
Advances in the understanding of the molecular mechanisms of
T cell activation and inhibition and immune homeostasis (see
Schildberg et al., 2016, and Ward-Kavanagh et al., 2016, in this
issue of Immunity) have allowed for the rational development of
immunologically targeted therapies for cancer. The best known
of these are monoclonal antibodies that block the CTLA-4 and
PD-1 pathways, representing critical inhibitory checkpoints that
restrain T cells from full and persistent activation and proliferation
under normal physiologic conditions. As will be described in further
detail below, blockade of the CTLA-4 and PD-1 pathways can
result in durable regressions for patients with a widening spectrum
of malignancies, including but not limited to metastatic melanoma
and renal cell carcinoma (RCC), which are diseases that have traditionally responded to immune modulation (Hodi et al., 2010; Motzer et al., 2015; Robert et al., 2015b; Weber et al., 2015). Newer entries onto the list of immune-responsive cancers include non-small
cell lung cancer (NSCLC), urothelial bladder cancer, head and
neck squamous cell carcinoma, hepatocellular carcinoma, Hodgkin’s lymphoma (HL), Merkel cell carcinoma (Nghiem et al., 2016),
and malignancies with a high mutational load arising in patients
with inherited defects in DNA mismatch repair (Ansell et al.,
2015; Brahmer et al., 2012; Le et al., 2015; Powles et al., 2014).
Most recently, the United States Food and Drug Administration
(FDA) has approved the use of combined CTLA-4 and PD-1
blockade in melanoma after high rates of clinical activity were
observed (Larkin et al., 2015a; Postow et al., 2015). The clinical activity of these agents must be considered in the context of the
occurrence of tissue-specific inflammatory side effects, which
represent T cell disinhibition causing injury to non-cancer tissue.
Despite observations of durable responses to checkpointblocking antibodies, it is clear that not all patients even within
the subsets of immunotherapy-responsive cancers demonstrate
tumor regression. Therefore, it is necessary to dedicate attention
to identifying additional pathways that require either agonism or
additional inhibition. Newer checkpoint-blocking antibodies in
development include agents targeting the inhibitor molecule
LAG-3 (see Anderson et al., 2016, in this issue of Immunity).
The tumor necrosis factor (TNF) receptor family of agonist pathways (see Ward-Kavanagh et al., 2016, in this issue of Immunity)
is now a major target of early immunotherapy drug development.

CTLA-4 Blockade: Proof of Principle and First in Class of
Checkpoint-Blocking Antibodies
CTLA-4 Blockade in Metastatic Melanoma: Evidence for
Clinical Activity
The first clinical evidence that modulation of T cell activation
could result in effective anti-cancer therapy came from the development of the CTLA-4-blocking antibody ipilimumab. Now FDA
approved for the treatment of metastatic melanoma and part of
the repertoire of active agents available to oncologists, ipilimumab ushered in a new era for immunotherapy of cancer.
Ipilimumab (formerly MDX-010; Bristol-Myers Squibb) is a fully
human IgG1 with specificity for CTLA-4; it has a plasma half-life
of approximately 12–14 days. Pilot studies of ipilimumab, initially
reported in 2002 and 2003, suggested clinical activity in melanoma (Hodi et al., 2003; S. Tchekmedyian et al., 2002, Am. Soc.
Clin. Oncol., abstract 56). Subsequent studies further explored
dosing and schedule and provided additional data for the clinical
activity of this agent (Downey et al., 2007; Weber et al., 2008). A
dose-response relationship was clearly defined in a double-blind
phase II study comparing ipilimumab at doses of 0.3, 3, and
10 mg/kg, such that the highest doses of ipilimumab demonstrated the highest objective response rates and the highest rates
of toxicity (Wolchok et al., 2010). Robust evidence for the clinical
activity of ipilimumab in the treatment of advanced melanoma
came from two independent randomized, placebo-controlled
phase III studies. The first, a three-armed study led by Dr. Hodi
and colleagues, compared patients treated with ipilimumab alone,
patients treated with a peptide vaccine, and patients treated with
both agents together. A benefit in overall survival (OS) was seen in
each of the ipilimumab-containing arms (10.0 months for ipilimumab plus the peptide vaccine, 10.1 months for ipilimumab alone,
and 6.4 months for the peptide vaccine alone; Hodi et al., 2010).
This study utilized the dosing schedule presently approved by
the FDA: 3 mg/kg every 3 weeks for up to four doses. A second
phase III study comparing ipilimumab at a higher dose of 10 mg/
kg plus dacarbazine to dacarbazine alone showed a survival
advantage for patients treated with ipilimumab, such that they
had superior survival rates of 1 year (47.3% versus 36.3%), 2 years
(28.5% versus 17.9%), and 3 years (20.8% versus 12.2%) (Robert
et al., 2011). On the basis of these phase III studies, the FDA
approved ipilimumab for the treatment of advanced melanoma.
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These studies established that a benefit of ipilimumab in advanced
melanoma is characterized by relatively infrequent but durable responses, extended periods of stable radiographic findings, and a
survival benefit that can stretch into multiple years (Maio et al.,
2015; Schadendorf et al., 2015). Recently, the indication for ipilimumab was expanded by the FDA to include earlier stages of melanoma on the basis of additional studies designed to test ipilimumab in the post-operative adjuvant setting for patients with stage
III disease. In a randomized, double-blinded phase III study, patients with high-risk stage III disease were randomized to receive
ipilimumab or a placebo after complete surgical resection of disease (Eggermont et al., 2015). Patients who received ipilimumab,
in this study given at the higher 10 mg/kg dose, had a longer median time to recurrence of disease than those who did not (26
versus 17 months). However, those who received ipilimumab
had a higher rate of toxicity, and the survival endpoint is not yet
evaluable. At present, it is unclear how ipilimumab will be incorporated into clinical treatment for patients with resected melanoma.
The results of a second phase III study comparing ipilimumab to
interferon-a (IFN-a), an agent previously approved by the FDA
as an adjuvant treatment, are expected shortly.
A second CTLA-4-blocking antibody is also in development as
a cancer therapy. Tremelimumab (formerly CP-675, 206, or ticilimumab; Pfizer) is a fully human IgG2 with a plasma half-life of
approximately 22 days. Durable objective responses have
been seen in patients with metastatic melanoma and some other
cancers when they are treated with tremelimumab (Camacho
et al., 2009; Kirkwood et al., 2010; Reuben et al., 2006; Ribas
et al., 2005). However, a phase III study of tremelimumab in patients with advanced melanoma failed to meet its primary
endpoint (M.A. Marshall et al., 2010, Am. Soc. Clin. Oncol., abstract 2609; A. Ribas et al., 2008, Am. Soc. Clin. Oncol., abstract
LBA9011). The clinical activity of tremelimumab as a cancer
therapy continues to be an area of active investigation.
CTLA-4 Blockade: Defining New Toxicities for ImmuneActivating Agents
The clinical development of ipilimumab and tremelimumab
defined a new class of anticancer agents and revealed a new
class of toxicities related to immune activation. These toxicities
have been labeled ‘‘immune-related adverse events’’ (irAEs)
and appear to reflect inflammation and immune activation in
normal tissue (Fecher et al., 2013). In some cases, these events
appear to reflect the development or exacerbation of self-reactive immune responses (Iwama et al., 2014). Tissues most
commonly involved include the skin (rash, pruritis, and vitiligo),
bowels (diarrhea and colitis), liver (hepatitis and elevated liver
enzymes), and endocrine glands such as the pituitary gland or
thyroid (hypophysitis, hypothyroidism, thyroiditis, and adrenal
insufficiency). Gastrointestinal toxicity, including a spectrum of
bowel inflammation that might include mild symptoms of diarrhea, or more serious symptoms of colitis or even bowel perforation are among the most challenging toxicities to manage. Much
more rarely reported side effects include uveitis, conjunctivitis,
neuropathy, myopathy, pancreatitis, cytopenias, and nephritis
(Andrews and Holden, 2012; Di Giacomo et al., 2010; Forde
et al., 2012; Maur et al., 2012; Weber, 2009). The management
of irAEs could include interruption or discontinuation of CTLA-4
blockade and immunosuppressive drugs such as corticosteroids or occasionally TNF-blocking antibodies (for colitis) or
1070 Immunity 44, May 17, 2016

mycophenolate mofetil (for hepatitis) (Beck et al., 2006; Wolchok, 2012). Irreversible damage to endocrine organs during
this period of inflammation could necessitate hormone supplementation (Dillard et al., 2010; Juszczak et al., 2012; Kaehler
et al., 2009). In a single-institution experience with commercial
use of ipilimumab, toxicities were very common, and more that
30% of patients treated with ipilimumab required immunosuppressant treatment (Horvat et al., 2015).
CTLA-4 Blockade: Outside of Melanoma
Ipilimumab has also been tested in several additional malignancies including prostate cancer, NSCLC, RCC, pancreatic cancer, and hematologic malignancies and has been largely disappointing. In prostate cancer, some early studies of ipilimumab
demonstrated a clinical benefit including responses in visceral
metastases and declines in prostate-specific antigen (PSA) in a
small number of patients (Fong et al., 2009; van den Eertwegh
et al., 2012). However, a randomized, double-blind phase III study
comparing ipilimumab to a placebo after radiation treatment in patients with metastatic castration-resistant prostate cancer failed to
meet its primary endpoint of OS (Kwon et al., 2014). A post hoc
analysis did suggest a survival benefit for a subset of patients
without visceral metastases, suggesting avenues for further
exploration (Drake, 2014). In NSCLC, a phase II study comparing
ipilimumab plus chemotherapy to chemotherapy alone showed
a modest but statistically significant difference in progressionfree survival (PFS) favoring the ipilimumab arm and a non-significant trend toward improved OS (T.J. Lynch et al., 2010, Am.
Soc. Clin. Oncol., abstract 7531). Small studies treating patients
with hematological malignancies and RCC suggested some clinical activity (Ansell et al., 2009; Bashey et al., 2009; Yang et al.,
2007). A small phase II study of patients with metastatic pancreatic
cancer demonstrated minimal activity (Royal et al., 2010).
PD-1-PD-L1 Blockade: Expanding the Horizon for
Checkpoint Blockade
If CTLA-4 blockade proved that T cell modulation could affect
cancer treatment, checkpoint-blocking antibodies targeting the
PD-1-PD-L1 axis raised the bar for expectations for tumor immunotherapy. A rapidly growing number of clinical agents are being
applied to an increasingly diverse number of malignancies.
FDA approvals for PD-1-blocking antibodies in melanoma and
NSCLC appear to represent the proverbial tip of the iceberg.
Agents presently in clinical development are listed in Table 1.
PD-1-PD-L1 Blockade in Melanoma: Establishing the
Clinical Activity of PD-1-PD-L1 Blockade
The first published studies establishing clinical activity for PD-1
or PD-L1 blockade were dose-finding studies of nivolumab,
BMS-936559, and pembrolizumab in advanced solid tumors
(J.R. Brahmer et al., 2008, Am. Soc. Clin. Oncol., abstract
3006; Brahmer et al., 2010; Hamid et al., 2013; Topalian et al.,
2012). These studies hinted at a higher response rate in
advanced melanoma and a lower toxicity profile for PD-1
blockade than for CTLA-4 blockade, observations that have
borne out in larger studies. Early on, expression of PD-L1 in
the tumor microenvironment was identified as a potential
biomarker identified disproportionately in patients who responded to PD-1-PD-L1-blocking antibodies. PD-1-blocking
antibodies are now being applied as a first-line therapy for patients with advanced melanoma.
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Table 1. CTLA-4-, PD-1-, and PD-L1-Blocking Agents in Clinical Development
Target

Agent

Antibody Class

Developer

Stage of Development

CTLA-4

ipilimumab

human IgG1

Bristol-Myers Squibb

FDA approved (melanoma)

tremelimumab

human IgG2

Medimmune and Pfizer

phase III
FDA approved (melanoma, NSCLC, RCC)

PD-1

PD-L1

nivolumab (BMS-936558)

human IgG4

Bristol-Myers Squibb

pembrolizumab (MK-3475)

humanized IgG4

Merck

FDA approved (melanoma, NSCLC)

MEDI0680 (AMP-514)

humanized IgG4

Medimmune

phase I

pidilizumab (CT-011)

human IgG1

CureTech

phase II

durvalumab (MEDI4736)

human IgG4

Medimmune

phase III

atezolizumab (MPDL-3280A)

human IgG1

Genentech

phase III

AMP-224a

NA

Amplimmune

phase I

MDX-1105/BMS-936559

human IgG4

Bristol-Myers Squibb

phase I

avelumab (MSB0010718C)

human IgG1

Merck Serono

phase II

NA, not applicable.
a
PD-L2 fusion protein.

Pembrolizumab (Merck) is a humanized IgG4 antibody
directed against PD-1. Promising activity in early-phase studies
of pembrolizumab robustly supported the further development
of this agent and demonstrated that patients refractory to ipilimumab could go on to respond to pembrolizumab (Hamid et al.,
2013; Robert et al., 2014). Subsequently, a randomized phase II
study comparing pembrolizumab (at two doses, 2 and 10 mg/
kg) to chemotherapy in ipilimumab-refractory melanoma demonstrated a benefit for groups who received pembrolizumab, such
that these groups had a 6 month PFS of 34% and 38%, whereas
patients who received chemotherapy had a PFS of 16% (Ribas
et al., 2015). Lastly, a phase III study compared pembrolizumab
dosed every 2 or 3 weeks to ipilimumab, the standard of care
(Robert et al., 2015b). Again, the study favored the pembrolizumab groups, who had 1 year survival rates of 74% and 68%,
whereas the ipilimumab group had a rate of 58%. Patients in
the pembrolizumab groups also benefitted from lower rates of
high-grade treatment-related toxicity. On September 4, 2014,
the FDA approved pembrolizumab for the treatment of advanced
melanoma with a dose of 2 mg/kg every 3 weeks. The response
rate for this dosing schedule was reported to be 33% in the phase
III study. The activity of pembrolizumab in the adjuvant setting is
the focus of an ongoing phase III clinical trial.
Nivolumab (BMS-936558) is a fully human IgG4 antibody. A
phase Ib dose-escalation study in patients with advanced solid
tumors included 107 patients with advanced melanoma, 32% of
whom responded to this new therapy (Topalian et al., 2012; Topalian et al., 2014). Notably, in this study, immunohistochemistry
(IHC) detected PD-L1 expression on the surface of tumor cells in
all patients who responded to nivolumab. Subsequently, two
phase III studies of nivolumab established a clear clinical benefit
for this agent in advanced melanoma. The first study compared nivolumab to dacarbazine in patients with BRAF wild-type melanoma and had a primary endpoint of OS. Nivolumab was superior
to chemotherapy in that it showed a better 1 year survival rate
(73% versus 42%) and a higher response rate (40% versus
14%) (Robert et al., 2015a). In this study, the objective response
rate for patients with tumor expression of PD-L1 was 53%,
whereas those patients with PD-L1-negative tumors had a
response rate of 33%. The second study, a phase III trial,
compared nivolumab to investigators’ choice of chemotherapy

in patients with advanced melanoma refractory to ipilimumab (or
ipilimumab and a BRAF inhibitor if BRAF was mutant) (Schadendorf et al., 2015). Data available from the first 167 patients treated
demonstrated a response rate of 32% for nivolumab and 11% for
chemotherapy and a higher median duration of response for the
nivolumab group (3.6 months versus not reached). This study
also found PD-L1 to be a favorable marker given that PD-L1-positive tumors showed a 44% response rate, whereas PD-L1-negative tumors showed a 20% response rate. Nivolumab was
approved by the FDA for the treatment of advanced melanoma
on December 22, 2014. Nivolumab has also been compared to ipilimumab in a three-arm phase III study focused on evaluating the
combination of ipilimumab and nivolumab (discussed in detail
later); in this study, patients who received nivolumab had both a
higher response rate (44% versus 19%) and a longer median
PFS (6.9 versus 2.9 months) than did patients treated with
CTLA-4 blockade using ipilimumab (Larkin et al., 2015a).
Two PD-1-blocking agents, pembrolizumab and nivolumab, are
now FDA approved for the treatment of advanced melanoma. No
study has formally compared the two agents, and response rates
for both drugs appear similar. Both agents have been compared
to ipilimumab in randomized studies, and both show higher
response rates and lower toxicity rates. Both agents have been
tested in ipilimumab-refractory patients and have shown that
PD-1 blockade has activity in patients who do not respond to
CTLA-4 blockade. Both nivolumab and pembrolizumab show evidence of durable responses, although follow-up for these agents
is shorter than for CTLA-4-blocking antibodies. PD-1-blocking
agents are rapidly transitioning to a first-line option for patients
with advanced melanoma. A number of additional PD-1- or PDL1-blocking agents have also demonstrated clinical activity in
melanoma, although these drugs are in earlier stages of clinical
development (Brahmer et al., 2012; Herbst et al., 2014; J. Lutsky
et al., 2014, Am. Soc. Clin. Oncol., abstract 3001).
PD-1-PD-L1 Blockade in NSCLC Immunotherapy Dives
into Uncharted Territory
The activity of agents interrupting the PD-1 pathway in NSCLC
shattered the paradigms that only so-called ‘‘immunogenic’’ tumors such as melanoma and RCC could respond to checkpoint
blockade. The first signal of activity in NSCLC came from dosefinding studies of nivolumab and the PD-L1-blocking antibody
Immunity 44, May 17, 2016 1071
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BMS-936559 (Brahmer et al., 2012; Topalian et al., 2012). Signal
of activity also came from the phase I study of pembrolizumab
(Garon et al., 2015). As in melanoma, PD-L1 appears to be
a favorable marker for response to blockade of the PD-1
pathway; however, responses in PD-L1-negative tumors have
been observed. At present, nivolumab and pembrolizumab are
both FDA approved for the treatment of advanced NSCLC.
On the basis of an early signal for activity in NSCLC, a phase I
dose-finding study of nivolumab was expanded to eventually
include 129 NSCLC patients who were evaluable. Responses
were seen in squamous and non-squamous histologies, in patients with or without EGFR or KRAS mutations, in patients with
or without tumor PD-L1 expression, and across dose levels. At
the 3 mg/kg dose, a response rate of 24% was observed for
all patients (Topalian et al., 2012; Topalian et al., 2014). These findings supported several later-stage studies, including two randomized phase III trials, one for squamous histologies and another for
non-squamous NSCLC. The first of these studies was a randomized open-label study comparing nivolumab to docetaxel in
advanced NSCLC of squamous cell histology. The study demonstrated an improved median OS (9.2 versus 6.0 months) for patients who received nivolumab. The response rate for nivolumab
was 20%, and in this study, PD-L1 status did not correlate with
clinical outcome (Brahmer et al., 2015). A second study applied
the same design to NSCLC of non-squamous histology (Borghaei
et al., 2015). In this case, again, nivolumab was associated with a
survival benefit (12.2 versus 9.7 months), and the response rate
to nivolumab was 19%. For patients whose tumors were most
strongly PD-L1 positive, the response rate was higher (37% versus
11%) than in the PD-L1-negative group. The FDA approved nivolumab for the treatment of squamous NSCLC in March 2015 and
then subsequently for all patients with advanced NSCLC progressing after platinum-based chemotherapy on October 9, 2015.
Pembrolizumab was approved for PD-L1-positive NSCLC on
October 2, 2015, along with a companion diagnostic test for detecting PD-L1 expression by IHC. This approval was supported
by data from a very large phase I study with an expansion cohort
for NSCLC (Garon et al., 2015). In this study, among 495 patients
with NSCLC, an objective response rate of 19% was reported in
an unselected population, and a higher (45%) response rate was
observed in patients with tumors testing positive for PD-L1.
Additional agents blocking the PD-1 pathway have activity
in NSCLC. In a randomized phase II study, atezolizumab
was compared to docetaxel in previously treated patients with
NSCLC. Among the 195 patients with PD-L1-positive tumors,
atezolizumab conferred a longer median OS (9.1 months versus
not reached; A.I. Spira et al., 2015, Am. Soc. Clin. Oncol., abstract 8010). A phase I–II study of MEDI-4736 in NSCLC demonstrated activity with an objective response rate of 14% across
all histologies and unselected for PD-L1 expression (N.A. Rizvi
et al., 2015, Am. Soc. Clin. Oncol., abstract 8032).
PD-1-PD-L1 Blockade Outside of Melanoma or NSCLC:
Joining the Club
Activity for PD-1 and/or PD-L1 blockade has now been
described for numerous solid tumor histologies and for some
hematologic malignancies (Figure 2). It appears very likely that
these agents will come into regular clinical use across a spectrum
of cancer types in the near future. Some highlights for disease
types outside of melanoma and NSCLC are described below.
1072 Immunity 44, May 17, 2016

RCC is a disease that has typically been characterized as being immunologically active. In the phase I dose-finding study of
nivolumab, RCC was one of the cancer types that showed activity, and an expansion cohort of RCC for this study demonstrated
a response rate of 27% (Topalian et al., 2012). A randomized
open phase III study comparing nivolumab and everolimus in
RCC has now gathered positive results for nivolumab. The study
found a survival benefit for nivolumab (25.0 versus 19.6 months)
and a higher response rate (25% versus 5%). HL is another disease where PD-1 blockade has been remarkably successful,
perhaps because Reed-Sternberg cells aberrantly express
high levels of PD-L1 and PD-L2. In a small study of patients
with relapsed or refractory HL, an objective response rate of
87% was achieved (Ansell et al., 2015). Bladder cancer is
another tumor type where checkpoint blockade of the PD-1PD-L1 pathway appears particularly effective. In a phase I study
of atezolizumab in patients with advanced bladder cancer, an
objective response rate of 43% was seen in patients with tumors
expressing high levels of PD-L1 (Powles et al., 2014). Smaller
studies in the following disease types have shown early evidence
for activity of PD-1-PD-L1 blockade: ovarian cancer, gastric cancer, small cell lung cancer, Merkel cell carcinoma, hepatocellular
carcinoma, and squamous cell carcinomas of the head and neck
(see Figure 2 for a summary of clinical data).
PD-1-PD-L1 Blockade: Manageable Toxicity
Compared with CTLA-4 blockade, toxicities associated with PD-1
or PD-L1 blockade cover a similar spectrum of irAEs, but they
are less common. Thus, toxicities initially observed with CTLA-4
blockade, such as colitis, hepatitis, dermatitis, endocrinopathies,
and others, are also seen with disruption of the PD-1 pathway (Naidoo et al., 2016). Management algorithms for the treatment of
checkpoint-related toxicities have been developed and usually
involve interruption of treatment and initiation of immunosuppression. A few toxicities appear to happen more commonly with PD-1
or PD-L1 blockade, and among these, pneumonitis is the most
serious. Inflammation of the lung can be serious and require
intensive supportive care, and it sometimes results in significant
morbidity or mortality (Nishino et al., 2015). Fortunately, this toxicity
appears to be rare. Dermatologic toxicities, including vitiligo, have
been linked to more favorable clinical outcomes, including longer
PFS, for patients with melanoma treated with PD-1 blockade in a
single-institution retrospective review of 83 patients (Lo et al.,
2015). As shown in Figure 1, a patient with a favorable response
to pembrolizumab also developed vitiligo on treatment.
PD-1-PD-L1 Blockade: Biomarkers
Expression of PD-L1 within the tumor microenvironment was
observed to correlate with clinical activity for checkpoint
blockade early in the development of PD-1- and PD-L1-blocking
agents (Topalian et al., 2012). Much effort has gone into developing PD-L1 assays that might serve as biomarkers or selective
parameters for treatment, and the FDA has approved the 22C3
pharmDx PD-L1 IHC assay as a companion diagnostic for
pembrolizumab in NSCLC. The field has been challenged by a
lack of concordance in assays developed across clinical programs, whereby differences in technique, antibodies used, cells
analyzed, and other parameters have made it difficult to
compare one IHC assay to another. These differences were
highlighted at a meeting entitled ‘‘Complexities in personalized
medicine: harmonizing companion diagnostics across a class
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Figure 1. Development of Vitiligo in a
Patient with Metastatic Melanoma
Responding to Pembrolizumab
Vitiligo has been linked to favorable clinical outcomes in patients with metastatic melanoma
treated with PD-1 blockade. In this case, a woman
with metastatic melanoma responded to pembrolizumab with a reduction in size of two lesions in
the lung (compare A to B and C to D). During treatment, she also developed vitiligo, represented in (E).

of targeted therapies,’’ presented at the FDA-AACR-ASCO Public Workshop in Washington, DC, in March 2014; it highlighted
the need for a better understanding of comparability across
various IHC assays. Nevertheless, PD-L1 expression by tumor
cells or immune cells in the tumor microenvironment does
appear to be a favorable factor in most cases. In a meta-analysis
including 4,230 patients with melanoma and 1,417 patients with
NSCLC treated with PD-1- or PD-L1-blocking antibodies, PD-L1
expression detected by IHC correlated favorably with response
in these tumor types (Gandini et al., 2016). However, it should
be noted that responses have been reported in patients with
PD-L1-negative tumors across all clinical programs. Thus, the
IHC assays developed thus far have an imperfect negative predictive value, which is likely to limit their clinical utility. This could
reflect the fact that PD-L1 is not a static marker and might vary
within the tumor microenvironment, between tumors in the
same patient, or across various treatments.

Characterization of immune infiltrate in
the tumor biopsy is another area for potential biomarker development. Whether
viewed as an immunoscore, the CD8/
regulatory T cell ratio, the IFN-g signature,
or an ‘‘inflamed’’ or ‘‘hot’’ tumor, these
features are favorable factors when one
considers whether tumors respond to
immunotherapy in general or PD-1-PDL1 blockade in particular (Melero et al.,
2014). Examples of this paradigm include
the expression of genes encoding T
helper 1 (Th1) cells as a favorable factor
in patients treated with atezolizumab and
the IFN-g signature described for patients
treated with pembrolizumab (Herbst
et al., 2014; A. Ribas et al., 2015, Am.
Soc. Clin. Oncol., abstract 3001). Other
non-T cell populations in the tumor microenvironment might also facilitate (or
impair) responses to immunotherapy.
Specific populations of dendritic cells
that cross prime tumor antigens have
been identified to play a key role in cancer
immunotherapy responses in mouse
models (Sánchez-Paulete et al., 2016).
Lastly, novel approaches to imaging,
such as immune positron emission tomography, could offer new, non-invasive
methods to track changes in the tumor
microenvironment (Tavaré et al., 2016).
A new area of investigation has been the role that individual tumor mutations, or the unique neo-antigens that they might represent, play in generating an immune response that might be
augmented by blockade of the PD-1 pathway. Along these lines,
NSCLC patients whose tumors harbor more mutations might be
more likely to derive clinical benefit from checkpoint blockade
(Rizvi et al., 2015). In addition, this observation could explain
why responses to PD-1 blockade are seen in microsatellite-instability (MSI)-high colorectal cancer and not in the MSI-low disease
(Le et al., 2015). Finally, an increasing appreciation of the role that
gut microbiota play in shaping human biology has focused investigators on the role of microbiota in anti-tumor immune responses. Two recent reports found that specific features of the
gut microbiota might promote effective anti-tumor activity mediated by PD-L1 or CTLA-4 blockade (Sivan et al., 2015; Vétizou
et al., 2015). Additionally, characteristics of the gut microbiome
have been linked to the development of colitis in patients treated
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Figure 2. Activity for PD-1-PD-L1 Blocking Agents across Multiple Cancer Types
PD-1- and PD-L1-blocking antibodies have demonstrated activity across a range of cancer types. Abbreviations are as follows: CRC, colorectal cancer; IHC,
immunohistochemistry; irRC, immune-related response criteria; ORR, objective response rate; OS, overall survival; and PFS, progression-free survival.
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Figure 3. Comparison of Selected ImmuneRelated Toxicities in Patients with
Metastatic Melanoma Treated with
Nivolumab, Ipilimumab, or the Combination
of Ipilimumab and Nivolumab
Data were extracted from Larkin et al. (2015b).

with CTLA-4 blockade (Dubin et al., 2016). In the future, analysis
of the gut microbiome could help shed light on which patients are
likely to respond to immunotherapy and which are likely to
develop toxicity (Snyder et al., 2015; Zitvogel et al., 2015).
Next Steps: All Roads Lead to Combination?
Checkpoint-blocking antibodies have established signals for activity in an impressive and increasing array of cancer histologies.
However, as single agents, these drugs benefit a minority of patients treated. The opportunity to capitalize upon the success of
checkpoint blockade via combination therapies has been an
area of intense effort. Combinations of CTLA-4- or PD-1-PDL1-blocking antibodies with various chemotherapies, targeted
therapies, hormonal therapies, radiation therapies, and/or other
immunotherapies are all being explored. The combination of
CTLA-4 and PD-1 blockade has been the most successful of
these combinations tested so far, and the combination of ipilimumab and nivolumab has been recently approved by the FDA for
the treatment of advanced melanoma.

The first study to test the combination of
ipilimumab and nivolumab was a phase I
dose-escalation study for patients with
advanced melanoma. This study generated interest in the combination with a
response rate of 40% across all dose
levels tested (Wolchok et al., 2013). One
striking feature of this combination was
the relatively high rate of complete responses or near-complete responses.
This was tempered by the observation
that patients experienced a relatively high
rate of toxicities characterized as irAEs.
Also noted in this study was the observation that patients with PD-L1-negative tumors and patients with PD-L1-positive tumors were equally likely to respond to the
combination of agents. Subsequently, a
randomized, double-blind phase II study
compared the combination to ipilimumab
alone and clearly established a superior
response rate for patients receiving the
combination (61% versus 11%; Postow
et al., 2015). Finally, a three-arm, randomized, blinded phase III study compared the
PFS of the combination of ipilimumab and
nivolumab to that of either monotherapy.
Although the study was not powered to
formally compare nivolumab monotherapy to the combination, the PFS for each
arm was 2.9, 6.9, and 11.5 months for ipilimumab, nivolumab, and combination,
respectively. The benefit of the combination was most striking in
those patients whose tumors were negative for PD-L1; in this
group, PFS was 11.2 months for the combination but 5.3 months
for nivolumab alone (Larkin et al., 2015a). As in earlier studies, the
higher clinical activity of the combination was encumbered by a
higher rate of high-grade toxicities—over 50% of patients developed grade 3 or higher toxicities. A comparison of the frequency
and severity of select immune-related toxicities seen in each
arm of this study is presented in Figure 3. On October 1, 2015,
the FDA approved the combination of nivolumab (1 mg/kg) and ipilimumab (3 mg/kg) for advanced melanoma.
Combined checkpoint blockade has also been tested in
NSCLC and RCC. For RCC, a small study compared two dosing
schedules of nivolumab and ipilimumab; patients received either
3 mg/kg nivolumab plus 1 mg/kg ipilimumab (N3I1) or 1 mg/kg nivolumab plus 3 mg/kg ipilimumab (N1I3) (H.J. Hammers et al.,
2014, Am. Soc. Clin. Oncol., abstract 4504). Confirmed objective
response rates of 43% (N3I1) and 48% (N1I3) appeared higher
than those reported for nivolumab monotherapy. However, an
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apparently higher toxicity rate and treatment-discontinuation
rate in the N1I3 group led to the selection of the N3I1 dosing for
subsequent studies. As in melanoma, the PD-L1 status of the tumor did not appear to correlate with the likelihood of response to
the combination. Combinations of nivolumab and ipilimumab
have also been tested in NSCLC. Four different dosing-schedule
combinations of nivolumab and ipilimumab were explored in the
treatment of previously untreated NSCLC; the cohort who
received a dose of nivolumab at 3 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 12 weeks showed the highest response
rate (39%) (N.A. Rizvi et al., 2015, World Conf. Lung Cancer, abstract 786). In addition, a second combination (the CTLA-4blocking antibody tremelimumab and the PD-L1-blocking antibody MEDI-4736) has also demonstrated promising activity in
NSCLC; a response rate of 27% was reported for patients with
PD-L1-negative NSCLC (S.J. Antonia et al., 2015, Am. Soc.
Clin. Oncol., abstract 3014). These combinations are being
explored further in ongoing phase III studies.
New Agents: The New Frontier for Co-receptors
A diverse array of T cell co-receptors is now being exploited for
the clinical development of new potential cancer therapies.
These include antibodies targeting additional checkpoint molecules such as LAG-3, Tim-3, and TIGIT (see Anderson et al.,
2016, in this issue of Immunity). They also include agonist antibodies against activating receptors such as CD137, CD27,
ICOS, GITR, B7-H3, and others. We will briefly mention two
co-activating receptors for which clinical data have been generated: CD137 and CD27.
Clinical activity of two agents targeting CD137 (4-1BB) is supported by presented data. The first agent, PF-05082566 (Pfizer),
is a fully humanized IgG2 agonist antibody specific to CD137. In a
phase I dose-escalation study, the safety and tolerability of the
drug was assessed (N.H. Segal et al., 2014, Am. Soc. Clin. Oncol.,
abstract 3007). In 24 evaluable patients, one partial response in a
patient with Merkel cell carcinoma was reported. Urelumab
(BMS-663513, Bristol-Myers Squibb) is a fully human IgG4
agonist antibody against human 4-1BB. It was initially tested in
a phase I–II multi-dose, dose-escalation study of 115 patients
with advanced or metastatic solid tumors (M. Sznol et al., 2008,
Am. Soc. Clin. Oncol., abstract 3007). The most common toxicity
reported was transaminitis, seen in 15% of patients. Other common toxicities included leucopenia, neutropenia, and thrombocytopenia. Clinical activity, including partial responses and sustained stable disease, was reported in all dose levels. On the
basis of these findings, a randomized, open-label, phase II study
of patients with previously treated stage IV melanoma was initiated. This study was terminated early because of an unusually
high incidence of grade IV hepatitis (Ascierto et al., 2010; Hwu,
2010). Subsequent studies re-evaluating BMS-663513 at lower
doses and in combination with other agents are ongoing.
Varlilumab (CDX-1127, Celldex Therapeutics) is an agonist
IgG1 antibody directed at CD27. At the 2015 annual meeting of
the American Society of Clinical Oncology, data from the first
phase I study of varlilumab in humans were presented and
showed the safety of monotherapy for patients with solid tumors
and hematologic malignancies, as well as evidence of immune
activation (S.M. Ansell et al., 2014, Am. Soc. Clin. Oncol., abstract 3024; J. Infante et al., 2015, Am. Soc. Clin. Oncol., ab1076 Immunity 44, May 17, 2016

stract 3027). One patient with HL had a complete response to
therapy, and several patients with solid tumors demonstrated
disease stability on treatment.
Conclusions and Future Directions
The last 15 years have witnessed the emergence of a class of truly
effective immune-modulating agents, developed on the basis of
mechanistic understanding of immune regulation and affecting
OS in patients with challenging advanced malignancies. In
many ways, the success of CTLA-4 blockade opened the doors
of clinical investigation very rapidly to PD-1-pathway-blocking
agents, which have affected an ever-lengthening list of diseases.
Along the way, oncologists have had to learn how to manage a
new class of adverse events and to sometimes interpret clinical
responses that occur in the context of kinetics and are different
from those associated with cytotoxic or targeted therapies.
Despite the impact of CTLA-4 and PD-1 blockade, there is an
urgent need for even more agents to enter widespread clinical
use. Agonist agents and next-generation checkpoint inhibitors
are in early development. Rational combinations of immunotherapies with other immunotherapies, as well as with agents that
directly affect that tumor, are also ongoing. Strategies such as
these, coupled with a better understanding of the mechanisms
underlying primary refractoriness and acquired resistance to
checkpoint blockade, will no doubt enhance the therapeutic
reach of cancer immunotherapy.
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Cancer heterogeneity, a hallmark enabling clonal survival and therapy resistance, is shaped by
active immune responses. Antigen-specific T cells can control cancer, as revealed clinically by
immunotherapeutics such as adoptive T-cell transfer and checkpoint blockade. The host immune
system is thus a powerful tool that, if better harnessed, could significantly enhance the efficacy of
cytotoxic therapy and improve outcomes for cancer sufferers. To realize this vision, however, a
number of research frontiers must be tackled. These include developing strategies for neutralizing
tumor-promoting inflammation, broadening T-cell repertoires (via vaccination), and elucidating the
mechanisms by which immune cells organize tumor microenvironments to regulate T-cell activity.
Such efforts will pave the way for identifying new targets for combination therapies that overcome
resistance to current treatments and promote long-term cancer control.
Introduction
Cancer is an insidious disease traditionally classified by cell
and tissue type of origin. Cancer has historically been treated
according to a ‘‘one size fits all’’ approach based on broad pathologic criteria and involving various regimens of cytotoxic therapy. With the advent of modern sequencing methodologies,
however, we now appreciate that significant genomic, transcriptomic, and epigenetic heterogeneity exists within individual
tumor types; this recognition has enabled subclassification of
tumors of common origin. This, in turn, has led to improved outcomes for some cancer types, as response rates to targeted and
cytotoxic therapies increase when patients are stratified based
on the molecular characteristics of their tumors. Examples
include imatinib in chronic myelogenous leukemia (Druker
et al., 2006), HER2-targeted therapies for HER2-positive breast
cancer (Shepard et al., 1991), and estrogen antagonists for
estrogen-receptor-positive breast cancers (Heiser et al., 2012).
These molecular advances helped to usher in a new era of
precision medicine that is reshaping clinical treatment across
the cancer spectrum. However, there remain significant fractions of patients that do not respond to ‘‘designer’’ therapies
even when their tumors are classified based on molecular and
pathologic criteria. Additional tumor or systemic characteristic(s)
are thus unaccounted for that not only impact neoplastic growth
and dissemination, but also impact response to therapy.
Recent seminal in vivo studies revealed that neoplastic cells rely
on the diversity of normal resident and recruited accessory cells to
support their evolution (Hanahan and Coussens, 2012). Accessory
cells are now recognized as ‘‘neoplastic cell-extrinsic hallmarks
of cancer’’ and include those forming the hematogenous and
lymphatic vasculature, tissue-specific mesenchymal support
cells, and myeloid and lymphoid-lineage immune cells. Accessory
cells integrate with the dynamic soluble and insoluble matrices

constituting the ‘‘tumor stroma’’; collectively, they fuel neoplastic
evolution (Hanahan and Coussens, 2012). In other words, reciprocal interactions between accessory cells, their mediators, structural components of the extracellular matrix (ECM), and genetically
altered neoplastic cells regulate all aspects of tumorigenicity.
These realizations fueled the development of anti-cancer agents
targeting the vasculature (Kerbel, 2011) and, more recently,
propelled clinical investigations into the efficacy of immune
therapeutic approaches that neutralize tumor-promoting chronic
inflammation and/or embolden or unleash cytotoxic activities of
antigen-specific T cells (Coussens et al., 2013; Pardoll, 2012).
Indeed, cancer is visible to the immune system, i.e., immunogenic, during early neoplasia. Classic studies from Schreiber and
colleagues in mice with carcinogen-initiated sarcomas revealed
that the immune system could recognize and reject cancerous
cells (Dunn et al., 2004). Elimination can be explained by cytotoxic antigen-specific T cells responding to relatively high mutational burdens induced by carcinogens and thus providing
neo-antigens for T-cell priming; these findings established the
principles of elimination, equilibrium, and eventually escape
when neoplastic cells become invisible to the immune system
(Dunn et al., 2004). Neoplastic cells in part escape when tumor
arises out of chronically inflamed tissues—there, chronic infiltration of tissue by leukocytes (e.g., type 2 cytokine-activated
myeloid cells and immune-suppressive B, T, and myeloid subsets) subvert T-cell-directed elimination and thus aid tissuebased programs, e.g., angiogenesis, lymphangiogenesis, matrix
remodeling, etc., supporting neoplastic progression (Coussens
et al., 2013).
Mounting observations in humans support the concept that
cancer initiation and progression are significantly impacted by
altered or misled immune responses (Figure 1). Individuals
suffering from chronic inflammatory conditions are at increased
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Figure 1. The Makings of Tumor Immunity
The communication between cancer and the immune system is a dynamic process, reminiscent of
a balance. When immunity to cancer is ‘‘up’’ and
the suppressive processes are ‘‘down,’’ cancer is
under control. However, a strong anti-tumor immune response will trigger largely physiological
processes designed to dampen effector T cells to
prevent tissue damage and maintain tissue homeostasis. Given that the immunity might have
evolved mainly to maintain self, to establish
coexistence with environment, and to occasionally
protect self from external threats, the suppression
prevails. Multiple pathways of suppression are at
play in tumor microenvironments, including cells
such as TH2-polarized macrophages, immature and suppressive monocytes, regulatory B cells, and regulatory T cells, as well as molecules such as checkpoints
that control T-cell differentiation (for example, CTLA-4 and IDO) and effector function (such as PD-1). Pharmacological blockade of these inhibitory pathways can
tip the balance toward anti-cancer effector T cells. The latter ones can be primed or boosted by antigen-presenting cells (DCs) and/or by co-stimulatory signals
(for example, CD137 ligands). Recent studies demonstrate that thymus-independent neo-antigens generated in adult life by somatic mutation or post-translational regulation (for example, phosphorylation) might be more immunogenic (or perhaps linked with less suppression) than shared tumor antigens. Neoantigens can occur as random results of somatic mutation, as well as a by-product of anticancer treatments, e.g., chemotherapy (CTX) or radiation therapy (RT),
or by targeting epigenetic control mechanisms or drugs intervening with DNA repair pathways. They can be presented to T cells in exogenous vaccines, as well as
endogenously via DCs that captured dying neoplastic cells. When T cells specific to defined antigens kill neoplastic cells, such a process can enable generation of
responses to other antigens, so called epitope spreading. A critical factor in the balance between immunogenicity and suppression is inflammation (which, in turn,
is impacted by the microbiome); indeed, the type of inflammation (tumor-destructing TH1 or tumor-promoting TH2 and TH17) should become a part of TNM
grading, along with pathology, microbiome phenotype, and immune infiltrate assessment.

risk for developing cancer (Thun et al., 2004). Incidence of viral
(DNA tumor virus) and carcinogen-associated cancers is
increased in immune-compromised individuals, even as the relative risk of cancer types lacking viral or carcinogen etiology is
diminished (reviewed in de Visser et al., 2006). Age-related immunosenescence likely plays a role in increased incidence of
malignancy in aged individuals (Campisi et al., 2011). The advent
of some biologic therapies impacting how tissues activate and
resolve inflammation, e.g., tumor necrosis factor (TNF) blockade
(Bongartz et al., 2006), also skews cancer incidence metrics.
However, the role(s) that immune pathways play in driving malignancy remains to be clarified. How does the immune system
recognize tissue-specific mediators triggering and maintaining
chronic inflammatory responses? What oncogenic events and
altered metabolic states lead to the generation of neo-antigens
that in turn induce T-cell responses? What physiological mechanisms regulate immune homeostasis such that (acute) inflammation can be resolved as rapidly as it is activated (a critical
control program to thwart autoimmunity)? What is the role of
the host microbiota in regulating systemic immune responses
to neoplasia? How do neoplastic cells survive immune attack
by T cells? These questions are in need of answering to effectively move cancer research and cancer medicine forward.
A common feature of all cancers, regardless of origin, is
prominent presence of diverse assemblages of immune cells
(Coussens et al., 2013). The consequences of such infiltrates
on the fate of cancerous cells are diverse (Figure 2). For
example, under continual immune pressure, i.e., antigen presentation to T cells, neoplastic cells become ‘‘immune-edited’’
to escape immune surveillance (Dunn et al., 2004) and instead
co-opt immune cells to favor their sustained proliferation (Balkwill et al., 2005). Nonetheless, recent studies demonstrate that
the presence of lymphoid aggregates is linked with improved responses to cancer therapies—for example, standard cytotoxic
therapies, vaccine-based treatments, or immune checkpoint
blockade (Topalian et al., 2015). Such ‘‘hot’’ tumors are thus
1234 Cell 164, March 10, 2016 ª2016 Elsevier Inc.

more amenable to control than ‘‘cold’’ tumors, i.e., tumors
with diminished T-cell infiltrates, thus driving modern cancer
medicine to investigate how to reprogram the tumor microenvironment (TME) to attract the right type of immune infiltrate. This
topic, along with other open questions in the field of oncoimmunology, are discussed here.
The Makings of the Immune Response to Cancer
Tumors are organized tissues with numerous reciprocal local
and systemic connections with immune cell populations of
both the myeloid and lymphoid lineages. Here, we summarize
the key myeloid and lymphoid populations regulating the immune response to cancer and how the fundamental physiological processes that they govern are harnessed for neoplastic
progression and tumor formation.
The Myeloid Compartment
Myeloid cells have multiple homeostatic functions that are coopted by evolving neoplasms; these can be roughly summarized
as: (1) antigen capture for degradation (macrophages) or presentation (dendritic cells [DCs]); (2) tissue repair (macrophages), and
(3) effector functions (mast cells, monocytes, and granulocytes).
Neoplastic cells can alter the steady-state activity of all myeloid
cells present in the TME, including tissue-resident and bloodderived cells, by secreting factors such as interleukin (IL)-6 or
granulocyte-macrophage colony-stimulating factor (GM-CSF),
that increase recruitment and proliferation of immature myeloid
cells atypical under physiological conditions (Gabrilovich et al.,
2012).
An important feature of myeloid cells is their functional plasticity in response to environmental signals. This property can
dictate such opposite outcomes as antigen degradation or antigen presentation when macrophages acquire DC capabilities
(Banchereau et al., 2000), tissue repair rather than inflammation
when macrophages are polarized toward type 2 states, and protective or non-protective T-cell immunity when programmed by
cancer-derived factors (Balkwill et al., 2005). Thus, plasticity

Figure 2. Immune-Mediated Landscape
The yin and yang implications of tumor-immune
system communications form the basis for disease pathophysiology and, at the same time, targets for therapeutic intervention. The disease
landscape emerging from these multi-factorial interactions is orchestrated by the three compartments, i.e., the cancer, the immune system, and
the host. The outputs are numerous and dramatically opposite, as well as both local and systemic,
and include: immunity that might control cancer;
chronic inflammation that can be linked with tissue
remodeling processes and metabolic changes
that support neoplastic cell survival and primary
tumor development; angiogenesis and lymphangiogenesis that can also support metastatic
dissemination; as well as systemic consequences
for the host including cachexia. Clearly, therapy
going forward will require a well-timed and
orchestrated combination of therapies, targeting
multiple modes of communication and effect, to
combat this multi-factorial disease, taking into
account the patient’s steady-state commensal
bacteria complexity and load and how that is
impacted by therapy.

and communication within the myeloid compartment and between myeloid and other immune cells and stromal components
is critical for tumor formation.
Cancer Antigen Presentation and Dendritic Cells. Cancer antigens are presented to T cells either at tumor sites or in draining
lymph nodes by DCs (Figure 3). Cancer antigens, soluble and
cell borne, are transported to lymph nodes via lymphatic vessels.
Soluble antigen is captured by lymph-node-resident DCs, while
tissue-resident DCs capture antigen at tumor sites; either population can present antigen locally or migrate through lymphatic
vessels to present in lymph nodes (Steinman, 2011). DCs display
protein antigens in the context of classical major histocompatibility (MHC) class I and MHC class II molecules or lipid antigens in
the context of non-classical CD1 molecules that allow selection
of rare antigen-specific T lymphocytes, including CD8+ T cells,
CD4+ T cells, and NK T cells. Compared with other antigen-presenting cells (APCs), DCs are extremely efficient in their ability
to induce antigen-specific T-cell responses, justifying their
name ‘‘professional APCs’’ (Lanzavecchia and Sallusto, 2001).
Naive CD8+ T cells differentiate into cytotoxic T lymphocytes
(CTLs) in lymphoid organs upon encounter with DCs, presenting
tumor-derived peptides in the context of co-stimulation through
CD80, CD70, and 4-1BB, as well as through DC-derived cytokines such as IL-12, type I interferon, and IL-15 (Steinman,
2012). The priming of new T-cell repertoires during tumorigenesis
may be critical for clinical success of therapeutic agents aiming to
unleash antigen-specific CTL activities. Naive CD4+ T cells can
give rise to helper cells with distinct cytokine profiles or to FoxP3+ regulatory T cells (Treg), whose role is to dampen CTL activity
and avoid autoimmune responses (Zhu and Paul, 2008).

DCs express numerous pattern recognition receptors, including lectins, Tolllike receptors (TLRs), NOD-like receptors
(NLRs), and helicases, through which
they can sense microbes and tissue damage (cancer) such as increased pericellular nucleic acids (Pulendran, 2015). If DCs do not receive maturation signals, such as
when exposed to high levels of IL-10 (Ruffell et al., 2014), they
remain immature and antigen presentation instead leads to Tcell suppression. DC plasticity in response to extrinsic signals,
together with the existence of discrete subsets with unique functions, empowers DCs as key initiators and regulators of the immune response (Pulendran, 2015). We will illustrate this point
briefly; mouse and human DC subset biology was recently reviewed elsewhere (Merad et al., 2013).
The diversity of human DC subsets was revealed by studies
of blood and skin DCs. Three main cell-surface markers
distinguished human-blood-circulating DC subsets: CD303
(BDCA-2) on plasmacytoid DCs (pDCs), CD1c (or BDCA-1) expressed on the majority of circulating DCs, and CD141/
BDCA-3 expressed on a small fraction (Merad et al., 2013). Human CD141+CD1c DCs uniquely express TLR3, produce IL-12,
and efficiently cross-prime CD8+ T cells when activated with
poly I:C (Joffre et al., 2012). However, other human DCs, such
as epidermal Langerhans cells and CD1c+ DCs, also crosspresent antigens to CD8+ T cells. Indeed, our studies have
unraveled the basic principles by which human DC subsets
differentially regulate CD8+ T cells (Klechevsky et al., 2008).
Thus, human Langerhans cells are highly efficient at priming
cytotoxic CD8+ T cells, while CD14+ dermal DCs prime type 2
cytokine-secreting CD8+ T cells (Klechevsky et al., 2008). Bloodand tissue-resident CD1c+ DCs, but not CD141+ DCs, exposed
to live-attenuated influenza virus promote CD103 (aE integrin)
expression on CD8+ T cells and their accumulation in epithelia
(Yu et al., 2013).
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Figure 3. The Priming of Cancer Immunity
The cycle of anti-tumor immunity starts presumably with presentation of cancer antigens liberated in the process of cell turnover; this same pathway can be
followed for vaccination, as illustrated herein. Antigens are sensed and captured either by tissue-resident DCs or by DCs in draining lymph nodes (LNs). DCs
initiate an immune response by presenting captured antigens, in the form of peptide-major histocompatibility complex (MHC) molecule complexes, to naive (that
is, antigen inexperienced) T cells in lymphoid tissues. When compared with other APCs, such as macrophages, DCs are extremely efficient and can elicit very low
numbers of T cells to respond. Naive CD8+ T cells differentiate into CTLs in lymphoid organs upon encounter with DCs presenting tumor-derived peptides in the
context of co-stimulation through CD8, CD70, and 4-1BB, as well as DC-derived cytokines such as IL-12 and IL-15. Naive CD4+ T cells can give rise to helper cells
(e.g., TH) with distinct cytokine profiles or to regulatory T cells (Treg) whose role is to dampen the immune response. T cells migrate through blood and lymphatics.
Upon arrival in tumor beds, CD8+ T cells must confront numerous barriers including: (1) intrinsic regulators, for example, CD28-CTLA-4, PD1-PDL1, and ILTs, as
well as extrinsic regulators cells such as Tregs, Bregs, or myeloid cells; (2) a corrupted TME with pro-tumor inflammation; (3) impaired cross-presentation due to
TME-based DC inhibition; (4) antigen loss and immune evasion of tumor target; and (5) tissue-specific alterations such as fatty cells in breast cancer or desmofibrosis in pancreatic cancer stroma. Killing of tumor cells either via T cells or by standard therapy can lead to endogenous antigen release and DC activation,
so called ‘‘endogenous vaccination,’’ thereby closing the cycle. Inevitable to this is the induction of tissue resistance mechanisms, for example, expression of PDL1 on neoplastic or other immune cells, as the result of powerful effector immunity, including actions of IFNg. Thus, future immunotherapy approaches will be
based on combinations of different therapeutics targeting distinct components of this cycle, for example, via intratumoral delivery of activating agents able to
reprogram the function of infiltrating leukocytes.

The Lymphoid Compartment
The lymphoid compartment in tumors includes natural killer (NK)
cells, gd T cells, NK T cells, CD4+ T cells, CD8+ T cells, and B
cells. Their functional activity depends upon expression of restriction elements, including peptide-MHC complexes (pMHC;
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for T cells), the MHC class I molecule (for NK cells), or surface
proteins (for B-cell products, i.e., antibodies) that can be recognized in a specific manner. In addition, lymphoid cells can
be induced to secrete different types of cytokines based on
effector functions. For example, following an activating stimulus,

TH1-polarized CD4+ T cells secrete IL-2, TNFa, and IFNg; in
conjunction with cytotoxic CD8+ T cells, they promote macrophage cytotoxic activity (Stout and Bottomly, 1989) and can
induce upregulation of antigen processing and expression of
MHCI and II molecules in professional APCs (i.e., macrophages
and DCs). In contrast, expression of IL-4, -5, -6, -10, and -13 by
TH2-polarized CD4+ T cells can induce T-cell anergy and loss of
T-cell-mediated cytotoxicity, enhance humoral immunity, and
regulate the tumor-promoting activities of macrophages (DeNardo et al., 2009).
CD8+ T cells are considered the major anti-cancer effector
cells, as they can give rise to CTLs that kill neoplastic cells presenting a specific pMHC complex (Appay et al., 2008). CTLs can
be generated through either the priming of naive T cells or reprogramming of memory T cells. Naive CD8+ T cells differentiate
into CTLs in lymphoid organs upon encounter with APCs presenting tumor-derived peptides in the context of appropriate
co-stimulation and cytokine help. The ideal properties of anticancer CD8+ T cells include: high affinity for pMHC on tumor
cells; high levels of cytotoxic mediators, e.g., granzymes A and
B and perforin; expression of surface molecules, allowing trafficking into the tumor; and extended longevity and memory,
thus enabling CTL generation upon antigen re-exposure (Appay
et al., 2008).
Memory T cells have long been described as two circulating
populations: (1) central memory T cells that migrate between
the secondary lymphoid organs and are capable of mounting
proliferative responses on pathogen re-encounter and (2)
effector memory T cells that traffic between blood and extralymphoid compartments for peripheral immune surveillance (Mueller
et al., 2012). Tissue-resident memory T cells are a third and
phenotypically distinct category. Studies in mice and humans
have revealed that this latter population can be superior to circulating central memory T cells at providing rapid long-term protection against re-infection (Sheridan and Lefrançois, 2011).
Therefore, an active mechanism of peripheral T-cell retention
likely exists not only to facilitate clearance of infected cells, but
also to promote accumulation at sites having cleared an infectious virus. CD103/b7 integrin endows peripheral CD8+ T cells
with a unique capacity to access epithelial compartments.
Expression of CD103 on CTLs mediates adherence to E-cadherin and appears to be important in the final stages of
neoplastic cell lysis and rejection (Le Floc’h et al., 2007). Indeed,
for mucosal cancer vaccines, homing to and retention of CD8+
T cells in mucosa is critical for efficacy (Sandoval et al., 2013).
Upon arrival in tumor beds, CD8+ T cells must confront
numerous barriers, including intrinsic checkpoint regulators,
such as CD28-CTLA-4, PD1-PD-L1, and immunoglobulin-like
transcript receptors (ILTs) (Pardoll, 2012); extrinsic checkpoint
regulators, such as Treg cells (Fehérvari and Sakaguchi, 2004)
or myeloid cells (Gabrilovich et al., 2012); a corrupted TME
with protumor inflammation (Coussens et al., 2013); antigen
loss and immune evasion of tumor targets (Klebanoff et al.,
2011); and tissue-specific alterations, such as fatty cells in
breast cancer or desmofibrosis in pancreatic cancer stroma.
Defining strategies for bypassing these obstacles and improving
the clinical efficacy of T-cell therapies is the object of intense
study.

An important concept recently proposed by Mellman and colleagues is the cancer-immunity cycle (Chen and Mellman, 2013).
It becomes apparent that any effective immune response against
cancer will generate resistance via physiological pathways that
evolved to protect tissue homeostasis. Here, we discuss how
this cycle is altered in cancer pathogenesis and how it can be
harnessed therapeutically. Clearly, combination therapies that
intervene at several distinct pathways within the cancer-immunity cycle are needed to achieve cancer control.
Chronic Inflammation and Alterations of Leukocyte
Compartments in Cancer
Basic Principles
Unabated inflammation is a hallmark of cancer and is mediated
by immune cells attracted to or residing at sites of neoplastic
transformation (Balkwill et al., 2005). Indeed, immune cells are
selectively recruited into early neoplastic tissues, likely in
response to hard-wired pathways utilized by all tissues to
resist/repair damage caused by bacterial, viral, or other pathogenic assaults. When successful, ‘‘initiated’’ pre-neoplastic cells
are purged by the immune system (Dunn et al., 2004). When the
immune system fails, neoplastic cells are retained in ‘‘damaged’’
TMEs and provide a survival advantage resulting from abundant
bioavailable mediators liberated as a function of tissue remodeling (Hanahan and Coussens, 2012). Ensuing neoplastic progression requires sustained presence of select immune subtypes
that, combined with ongoing host-derived programs (angiogenesis, matrix, and tissue remodeling, etc.), contribute to cancer
progression (Hanahan and Coussens, 2012) (Figure 2).
The classic view that immune cells merely facilitate tumor
rejection has been supplanted by a more complex view of leukocytes having both tumor-promoting and tumor-inhibiting properties (Coussens et al., 2013). This is best explained by the
existence of (at least) two types of inflammation with opposing
effects on tumors: chronic inflammation, which promotes
neoplastic cell survival, angiogenesis, tissue remodeling, and
metastasis, and acute inflammation that triggers neoplastic cell
destruction. While chronic inflammation is often linked with the
presence of TH2 responses, acute inflammation associated
with cancer destruction is linked to TH1 responses.
As neoplastic cells escape elimination, some become less
immunogenic by downregulating MHC molecules; however,
most if not all also activate intrinsic gene-expression programs
that are inherently T-cell suppressive and myelo-stimulatory,
e.g., TH2 responses. Cytokines implicated in these scenarios
include transforming growth factor b (TGFb); IL-4, -13, -8,
and -10; thymic stromal lymphopoietin (TSLP); and indoleamine 2,3-dioxygenase (IDO) (Coussens et al., 2013). This enables recruitment of FoxP3+CD4+ Treg cells, TH2-CD4+ T cells,
TH2-polarized macrophages and monocytes, and B regulatory
cells (Bregs). In response to TH2-mediated activation, myeloid
cells commonly increase synthesis of angiogenic (e.g., VEGF),
growth and/or survival (e.g., EGF, TNFa) factors that directly
regulate epithelial cell proliferation, as well as tissue-remodeling
enzymes (e.g., metallo-, cysteine, and serine proteases). These
activities are remarkably pro-tumorigenic in that they nurture
a TME favoring neoplastic cell survival and sustained proliferation (Balkwill et al., 2005). Simultaneous TH2 activation of
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macrophages and monocytes also increases expression of molecules, e.g., inducible nitric oxide synthase or Arginase 1, that
directly and indirectly suppress CD8+ T-cell proliferation and cytokines such as IL-10 that inhibit DC maturation and antigen
cross-presentation to T cells (Ruffell et al., 2014). Thus, TH2type immune microenvironments are both tumor promoting
and immune suppressive. Notably, in the colon, tumor-promoting immunity via IL-17 (TH17)-mediated activation of myeloid
and lymphoid cells has been reported (Wang et al., 2009; Wu
et al., 2009).
Tumor-Promoting Activities of the Myeloid
Compartment
Owing to their established role in wound healing, we investigated
the ability of myeloid cells infiltrating early benign tissues to foster malignancy. In mice prone to squamous carcinogenesis,
mast cells and macrophages activate pro-neoplastic angiogenic
and tissue-remodeling programs (Coussens et al., 1999). In other
studies of mice bearing mammary carcinomas, macrophages
could regulate neoplastic cell dissemination and metastasis via
EGF-mediated paracrine interactions with neoplastic epithelial
cells (Lin et al., 2001). In human cancers, multiple studies
have reported that the presence of macrophages in stroma correlates with aggressive disease and outcome (Komohara et al.,
2014). Macrophages are recruited into tumors following activation of colony-stimulating factor 1 receptor (CSF1R) by either
CSF1 or IL-34, two high-affinity ligands for CSF1R; the chemokine CCL2 may also facilitate macrophage recruitment (Qian
et al., 2011). A CSF1-response gene-expression signature has
been identified in 17%–25% of breast cancers associated with
decreased estrogen receptor and progesterone receptor
expression (Beck et al., 2009); serum concentrations of CSF-1
correlate positively with breast tumor size and predict poor survival (Aharinejad et al., 2013). In addition, in two independent
breast cancer cohorts, intratumoral macrophage presence was
correlated with potentially prognostic tumor features (highgrade, hormone receptor negativity; basal-like subtype; and
increased risk of death) (Komohara et al., 2014). Macrophages
therefore serve as promising targets for novel therapeutic interventions, particularly for patients with high-risk disease.
Conversely, favorable prognosis has been associated with
some tumor types exhibiting increased macrophage infiltration,
e.g., non-small-cell lung cancer, prostate, colorectal, and gastric
cancers (Komohara et al., 2014). Whether these distinctions
reflect true differences in macrophage biology and function or
arise due to discordant detection methodologies is unclear.
Neutrophils, on the other hand, are typically less abundant than
macrophages in solid tumors, but their presence correlates with
reduced survival in head and neck and breast cancers, and similar
to macrophages, neutrophils develop polarized phenotypes that
either favor or restrict tumor progression (Fridlender and Albelda,
2012). Recent studies identified granule products that suppress
T-cell function (Sippel et al., 2011). Neutrophil expansion in mammary carcinomas of mice bearing mutant p53 alleles is driven
by T-cell-derived IL-17; this results in systemic granulocyte
colony-stimulating factor (G-CSF)-dependent expansion and
polarization toward a T-cell-suppressive phenotype that facilitates metastatic dissemination and colonization (Coffelt et al.,
2015). In contrast, neutrophils create a tumor-restrictive microen1238 Cell 164, March 10, 2016 ª2016 Elsevier Inc.

vironment in the lung that resists neoplastic progression and
metastatic dissemination (Fridlender and Albelda, 2012).
Eosinophils, like other myeloid lineage cells, can exert cytotoxic immune-effector activities. Tumor-associated tissue eosinophilia (TATE) is associated with improved prognosis for a
number of malignancies, including gastrointestinal, bladder,
and prostate cancers; in contrast, TATE is associated with
poor outcome in Hodgkin’s lymphoma, cervical carcinoma,
and oral squamous cell carcinoma (Davis and Rothenberg,
2014). Eosinophils have been associated with degranulation
and release of cytotoxic proteins that mediate tumor rejection;
recent results also reveal their role in normalizing the vasculature
to improve CD8+ T-cell trafficking associated with tumor regression (Carretero et al., 2015).
Monocytes, once in tissues, can differentiate into macrophages
and DCs. Two circulating monocyte populations have been identified: classical inflammatory monocytes that are CCR2HIGH and
non-classical patrolling monocytes that are CX3CR1HIGH (Geissmann et al., 2003). Recruitment of inflammatory monocytes into
tissues is normally guided by the CCR2-CCL2 axis in response
to parasitic or bacterial infections; in tumors, when CCR2HIGH
monocytes are recruited, they can promote neoplastic cell survival and extravasation through VEGF and CSF1 production
(Qian et al., 2011). CCR2HIGH monocytes promote survival of metastatic cells through a CCL3-dependent mechanism (Kitamura
et al., 2015). CX3CR1HIGH monocytes instead patrol capillaries
in response to the CXC3R1-CX3CL1 axis; in these locales, they
are positioned to scavenge particles and debris and thus are
more likely to be found in wounds when inflammation is resolving.
At sites of metastasis, CX3CR1HIGH monocytes recruit NK cells
that, in turn, kill metastatic cells, thereby providing a potent survival advantage (Hanna et al., 2015). In pancreatic adenocarcinomas, activation of the Ras oncogene leads to increased
expression of GM-CSF and recruitment of immature monocytes
that subsequently suppress CD8+ T-cell proliferation to enhance
tumor progression (Pylayeva-Gupta et al., 2012), analogous to
other tumor systems (Gabrilovich et al., 2012).
Mast cells, present in all vascularized tissues, respond to
diverse stimuli by either secreting or releasing (via degranulation)
biologically active compounds, e.g., proteolytic enzymes, heparin, histamine, prostaglandins, cytokines, and chemokines. Mast
cells are key for maintaining tissue homeostasis and are best
known for their effector functions following IgE-stimulated
allergic responses and anaphylaxis (Metz et al., 2007). Mast cells
have been implicated in the vascularization of a multitude of
solid human tumor types, likely owing to their proteolytic products and high VEGF expression following activation (Coussens
et al., 1999; Marichal et al., 2013) following CCL2-mediated
recruitment where their bioactive mediators promote neoplastic
progression.
Tissue Specificity of Myeloid Programming
While it is conceptually unclear how some myeloid cells adopt a
TH2 or protumorigenic state to support neoplastic progression,
some clues have emerged in recent genetic studies. Several
groups revealed that lymphocytes drive initial myeloid cell programming to foster chronic inflammation in a tissue-specific
manner. For example, during mammary branching morphogenesis and ductal carcinogenesis, cytokines derived from

TH2-CD4+ T cells, e.g., IL-4 and -13, activate macrophages and
monocytes infiltrating mammary tissue (DeNardo et al., 2009;
Plaks et al., 2015). In neoplastic scenarios, signaling downstream of IL-4 receptors on monocytes and macrophages
triggers protumorigenic TH2 gene-expression programs that
activate tissue-remodeling cascades via expression and activation of cathepsin proteases and immune-suppressive programs
via upregulation of IL-10 and immune-checkpoint molecules
(DeNardo et al., 2009; Gocheva et al., 2010; Mitchem et al.,
2013; Ruffell et al., 2014). Mast cells and macrophages (as well
as other myeloid cell types) are TH2 programmed in early squamous and pancreatic carcinomas by a diversity of pathways,
which also include activation of immunoglobulin receptors
(FcgRs) by immune complexes (ICs) (Affara et al., 2014; Andreu
et al., 2010). ICs are composed of antigen-specific antibodies
and complement proteins that variably activate FcR and complement receptors depending on composition of IC and status of
the myeloid cell being activated (Karsten and Köhl, 2012). While
these humoral immune-regulated paracrine programs were
known to shape outcomes in chronic inflammatory diseases,
recognition of their significance in solid tumors was paradigm
shifting and highlighted the significance of hard-wired tissuespecific programs shaping host response to disease. These
data illustrate the diversity of pathways utilized by innate immune
cells to propel cancer by directly enhancing tissue-based programs favoring survival of neoplastic cells, in concert with direct
and indirect activation of programs to extinguish cytotoxic immune responses aiding immune escape (Figure 2).
TH2-Based Targets for Anti-cancer Therapy
The collective evidence not only supports a protumorigenic role
for chronic inflammation in cancer, but also indicates that inflammation is malleable, akin to the healing of acute wounds during
which immune cells toggle between TH1 and TH2 states. Thus,
the hypothesis that TH2-driven myeloid cells could be re-programmed, or at least neutralized, to reduce the presence or
immunosuppressive status of macrophages, trigger anti-tumor
immunity, and/or suppress tumor growth has been tested in
several tissue-specific cancer models. We and others have evaluated CSF1-neutralizing monoclonal antibodies (aCSF1 mAB)
and small-molecule CSF1R inhibitors for their ability to suppress
macrophage survival and/or presence in tumors, in combination
with chemotherapy (CTX) or radiation therapy (RT) (DeNardo
et al., 2011; Ruffell et al., 2014; Shiao et al., 2015). These studies
reveal increased chemo- and radiation sensitivity associated
with anti-tumor immune responses directed by CD8+ T-cell infiltration of tumors, culminating in reduced primary tumor growth
and metastasis with increased survival. Other preclinical studies
revealed that CSF1/CSF1R blockade, as monotherapy or combined with CTX/RT, improved outcomes for glioma, prostate,
and pancreatic adenocarcinoma, as well as melanoma, whereas
CSF1R blockade improved antitumor efficacy of immune checkpoint blockade and adoptive T-cell therapy (reviewed in Ruffell
and Coussens, 2015). Importantly, administration of RG7155, a
CSF1R-blocking mAb, in patients with diffuse-type giant cell
tumors, reduced CSF1R+CD163+ macrophage levels; this translated into objective clinical responses (Ries et al., 2014). Treatment of tenosynovial giant-cell tumors with a small-molecule

inhibitor of CSF1R kinase increased progression-free survival
and improved outcomes as a monotherapy (Tap et al., 2015).
The macrophage presence in tumors has also been therapeutically manipulated by targeting the macrophage signaling protein
acting through its transmembrane receptor kinase RON, wherein
activation of RON in macrophages favors conversion of micrometastatic lesions to overt metastases by suppressing antitumor
immune responses. Functional RON blockade in preclinical
models potentiates tumor-specific CD8+ T-cell responses, indicating that RON inhibitors may also improve outcomes for cancer patients (Eyob et al., 2013).
Bruton’s tyrosine kinase (BTK) is an attractive target, as BTK is
activated downstream of the B-cell receptor and FcgR and PI3Kg
in some myeloid subsets (Smith et al., 2001). In vitro, neoplastic
cell challenge via co-culture with splenic cells from B-cell-deficient versus B-cell-proficient mice revealed that IFNg release
from CD8+ and NK cells is increased when B cells were absent,
whereas presence of B cells or B-cell-derived IL-10 was associated with reduced IFNg (Inoue et al., 2006). Though these in vitro
studies indicate that B cells can direct T-cell responses, the role
of myeloid cells as mediators of these responses is now clear and
indicates that therapies targeting common pathways in B cells
and/or myeloid cells, such as SYK, BTK, PI3Kg, may be efficacious in solid tumors, analogous to efficacy observed for BTK
and PI3Kd inhibitors in B-cell malignancies (Hendriks et al.,
2014). This concept was recently validated preclinically, whereby
BTK inhibition enhanced survival of mice bearing pancreatic
adenocarcinoma (Gunderson et al., 2016; Massó-Vallés et al.,
2015), neuroendocrine cancers (Soucek et al., 2011), and other
subcutaneous tumors (Sagiv-Barfi et al., 2015) in which a common feature was reduced inflammation and inflammatory desmoplasia with evidence of macrophage repolarization.
If these preclinical findings are any indication, immune therapies targeting macrophages and/or other protumorigenic
immune cells could alter the human tumor immune microenvironment in a way that fosters cytotoxic properties of CD8+
T cells. As immune-checkpoint inhibitors of pathways regulating
T-cell activity are proving efficacious for subsets of cancer
patients, we predict that combining these two immune-based
approaches represents a compelling clinical opportunity. However, it is likely that not all tumors will respond; thus, identifying
predictive biomarkers and correlates of therapeutic response
is a top priority. Based on preclinical data evaluating macrophage antagonists and checkpoint inhibitors, we predict that
biomarkers of response will also be reflected by changes in peripheral blood. Such biomarkers will form the basis for simple,
non-invasive diagnostic and/or prognostic screens aiding early
detection in susceptible populations (Figure 4).
In preclinical models, regardless of tumor or approach, TH1
immunity emerges when dominant TH2-driver pathways are
attenuated; when concomitant with cytotoxic therapy, tumor
growth stalls or regresses by CD8+ T-cell-dependent mechanisms. These findings highlight the importance of neutralizing
pro-tumor inflammation as a therapeutic strategy and indicate
that tumor-infiltrating CTLs can be mobilized in tumors with
low mutational burdens. These data also highlight the clinical
need for biomarkers that identity tissue-specific programs
driving TH2 immune responses; such data is needed to inform
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Figure 4. Multi-Modal Biomarker-Based Approach for Optimal Immune-Mediated Tumor Control
Cancer medicine is evolving. Going forward, individuals with cancer will be
evaluated for biomarkers enabling stratification to determine most optimal
combinations for therapy based on tumor-based and systemic biomarkers.
Eventually, all patients with cancer will be treated with checkpoint inhibitors,
either directly or after interventions targeting inflammation (for example, with
TH2-blockade therapies, radiation therapy, or epigenetic modulation), or
vaccination via DCs to boost T-cell repertoires, or adoptive T cell transfer.
Based on the known tissue-embedded programs empowered to control autoimmunity, it is reasonable to anticipate that a majority of patients will develop
acquired resistance followed by immune escape; this will lead to the next cycle
of treatments incorporating multi-modal biomarkers (e.g., based on microbiome phenotype, circulating cell-free DNA [cfDNA], circulating cytokine
levels) and perhaps NK cells recognizing loss of MHC class I by neoplastic
cells, thus rendering them invisible to T cells. Cytotoxic treatments such as
with NK cells or standard cytotoxic therapy (CTX or RT) or oncolytic viruses will
release neo-antigens that can be used for generation of the next round of
effector T cells. Whole-exome sequencing (WES) of tumor samples as well as
cfDNA will yield information on mutational load that can, in turn, be used as one
class of neo-antigens for vaccination and priming of new T-cell repertoires.
T-cell receptors (TCR) can be assessed using genomic approaches enabling
sequencing of TCRb chains to assess repertoire diversity. Given the importance of T-cell specificity for relevant antigens, strategies enabling paired
sequencing of a and b TCR chains will be invaluable, as will high-throughput
tetramer analysis. In addition, RNA-seq and epigenetic analysis of tumors and
their infiltrates will enable assessment of the type and flavor of inflammation.
Future studies will incorporate metabolomics to this biomarker portfolio.

precision medicine strategies employing TH2 blockade, in concert with other immune, targeted, or cytotoxic approaches
(Figure 4).
Immune-Targeted Therapies Focused on T Cells
Basic Principles
Cancer immunotherapy historically relied on two principal mechanisms of action: (1) ‘‘passive’’ immunotherapy via provision of
anti-tumor antibodies, e.g., Trastuzumab (aHER2 mAB) or Rituximab (aCD20 mAB), or adoptive transfer of cytotoxic T and NK
cells; and (2) ‘‘active’’ immunotherapy that mobilizes the patient’s immune cells via checkpoint blockade, i.e., administration
of antibodies directed against immune-regulatory checkpoint
molecules expressed on T cells or via vaccines that expand
antigen-specific T cells. In all circumstances, T cells are the
drug; we are learning that T cells have the ability to clinically
control some cancers (Postow et al., 2015). T cells can be targeted in three major ways: (1) by being liberated by checkpoint
inhibitors; (2) through adoptive transfer when T cells are missing,
as validated by the clinical success of genetically engineered
T-cell therapies; and (3) through induction in vivo by vaccination
or endogenous mechanisms subsequent to other anti-cancer
therapies (e.g., CTX, targeted therapies, or anticancer antibodies) (Palucka and Banchereau, 2013).
Immune Checkpoint Blockade
Immune checkpoint blockade (ICB) can unleash the power of
naturally occurring T cells by eliminating negative signals that
block T-cell function (Pardoll, 2012). ICB has produced durable
clinical responses and improved survival across a variety of cancers (Topalian et al., 2015). CTL expansion and function are carefully regulated by cytotoxic-T-lymphocyte-associated protein 4
(CTLA-4), programmed cell death protein 1 (PD-1), and other
molecules so as to maintain a delicate balance between the resolution of infection, the elimination of infected cells, the protection of tissue homeostasis, and the prevention of autoimmune
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attack. CTLA-4 is a cell-surface receptor expressed by activated
T cells with homology to the T-cell costimulatory molecule CD28.
Although CD28 and CTLA-4 are both ligands for B7-1 (CD80) and
B7-2 (CD86), they serve opposing roles in regulating T-cell activation. CD28 provides costimulatory signals required for T-cell
activation, whereas CTLA-4 negatively modulates T-cell responses by raising the activation threshold for T-cell priming;
thus, CTLA-4 is likely most important during priming. PD-1
binds programmed death ligand 1 (PD-L1; a.k.a., B7-H1 or
CD274) expressed by neoplastic cells, various immune cells,
mesenchymal support cells, and vascular cells; this interaction
negatively regulates T-cell activation when engaged with an
APC and/or effector function when engaged with other PD-L1positive cells. Indeed, binding of PD-L1 to its receptors suppresses T-cell migration and proliferation and restricts cancer
cell killing (Topalian et al., 2015); thus, PD-1 is important in regulating effector functions after CD8+ T cells are activated. PD-1
and CTLA-4 regulate distinct phases of T-cell differentiation
and function, and their inhibition might need to be optimally
phased for maximum efficacy. This concept needs to be incorporated in the next generation of clinical trials of combination
therapy regimens, especially when combined with vaccines or
agents that reprogram myeloid cells to foster a TH1-type activation state.
Indeed, combination therapies targeting the two checkpoints,
i.e., CTLA-4 and PD-1, further increase progression-free survival
in patients with metastatic melanoma (Larkin et al., 2015); however, in other cancers, these responses are present in fewer
patients. Resolving the natural and acquired resistance to
checkpoint inhibition therapy represents the next frontier in basic
research and clinical development (Figure 4). As the effector
arm of checkpoint inhibition, T cells could underpin the major
resistance mechanisms for checkpoint blockade. Thus, non-responding patients might actually lack naturally occurring T cells
with specificity against neoplasias, and/or their T cells could be
held hostage and rendered dysfunctional in TMEs via pathways
other than checkpoints, such as immune-suppressive microenvironments directed by TH2-activated myeloid, Treg, or Breg
cells (Coussens et al., 2013). Links between treatment resistance
and T-cell shortage are supported by recent findings that tumorspecific mutations generate neo-antigens that, in turn, may drive
anti-tumor responses. Indeed, whole-exome sequencing of malignant melanomas from patients treated with CTLA-4 blockers
demonstrated an association between mutational load and degree of clinical benefit (Snyder et al., 2015); however, in other
melanoma cohorts, recurrent neo-antigen peptide sequences
were not found to predict responder populations (Van Allen
et al., 2015). In non-small-cell lung cancers treated with aPD-1
mAb, higher mutation burden in tumors was associated with durable clinical benefit and progression-free survival (Rizvi et al.,
2015). Neo-antigens arising as products of somatic mutations
are not presented in the thymus; thus, they can be recognized
by the immune system as foreign antigens, similar to viral antigens or organ transplants, because the T cells have not been
eliminated or tolerized. These concepts were put forward early
(Srivastava, 2000) but validated only recently (Schumacher and
Schreiber, 2015), thanks to the availability of massively parallel
sequencing.

Cancer Vaccines
Patients may fail or resist checkpoint therapy owing to a lack of
pre-existing T cell infiltrates. Therefore, vaccination and adoptive
transfer strategies to first induce and expand the breadth of
endogenous T-cell responses could prove useful. Vaccines are
composed of antigens and adjuvants. Responses to vaccination
and adjuvants involve DCs that capture and present vaccine antigens, thereby facilitating differentiation of lymphocytes and
subsequent immunity (Figure 3). DCs also integrate the adjuvant
signals and determine the quality of induced immune responses.
Several phase III clinical trials testing various cancer vaccine
platforms, including DC-based and viral-vector-based vaccines,
are ongoing. These exogenous vaccine platforms will need to be
accompanied by high-throughput genomics to incorporate
personalized cancer-specific mutations and candidate peptide
antigens. Indeed, proof-of-concept trials in patients with
advanced melanoma demonstrated that naturally occurring
neo-antigen-specific immunity was enhanced by vaccination
with DCs loaded with patient-specific peptides (Carreno et al.,
2015). Another concept is endogenous vaccination based on
antigen released upon standard CTX/RT or oncolytic viruses
(i.e., viruses that preferentially infect and kill cancer cells); this,
however, requires effective antigen presentation to generate
therapeutic T-cell immunity (Palucka and Banchereau, 2013).
DCs are skewed by tumors toward pro-tumor immunity; thus, reprogramming to foster TH1-skewed mature functionality in vivo is
critical for success of endogenous vaccination. Our understanding of cancer genomics, the biology of antigen presentation, and
T-cell biology has advanced impressively and continues to increase; this knowledge will feed into the development of the
next-generation cancer vaccines that, combined with checkpoint inhibitors, hold promise for improving outcomes for cancer
patients (Figure 4).
DC vaccines can be exploited as anti-cancer therapeutics
through various strategies, including: non-targeted peptide/
protein and nucleic-acid-based vaccines captured by DCs
in vivo; vaccines composed of antigens directly coupled to
anti-DC-antibodies; or vaccines composed of ex-vivo-generated DCs loaded with tumor antigens (Palucka and Banchereau,
2013). DCs are also engaged in response to complex vaccine
preparations such as GVAX, a tumor-cell-based vaccine in
which neoplastic cells genetically modified to express GM-CSF
attract and activate DCs (Le et al., 2010). Other vaccine platforms are based on recombinant-attenuated Listeria monocytogenes (Lm), an intracellular bacterium that targets DCs in vivo
and utilizes MHCI and II antigen-processing pathways (Le
et al., 2012), as well as intratumoral delivery of oncolytic viruses;
these can be modified to express GM-CSF to attract DCs and
lymphocytes at the lysed tumor site (Russell et al., 2012). Finally,
pioneering studies from Ralph Steinman and Michel Nussenzweig demonstrated the principle of targeting antigens to DCs
in vivo through coupling of antigens to antibodies specific to
DC surface receptors such as DEC205 or DCIR (Bonifaz et al.,
2002; Soares et al., 2007). Importantly, in the absence of adjuvants, targeting antigens to DEC205+ DCs in vivo induces antigen-specific tolerance (Hawiger et al., 2001). Administration of
these complex vaccines with DC activators such as TLR3,
TLR7-8, or CD40 agonists enables maturation of DCs and
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consequent establishment of immunity rather than tolerance
(Bonifaz et al., 2002; Soares et al., 2007). It remains to be seen
which vaccine platform will be most effective at priming and
boosting T cells in patients; this clearly represents the next frontier in research.
T-Cell-Dependent Nature of Cytotoxic and Targeted
Therapy
Cancer medicine evolved largely based on the principle that
rapidly proliferating malignant cells can be eradicated by cytotoxic regimens (CTX or RT) or by targeted drugs attacking attributes of mutationally corrupted cells. As discussed above, the
recent advent and remarkable efficacy of immune-checkpoint
inhibitors revealed the clinical potential of harnessing endogenous mechanisms of anti-tumor immunity in tumors harboring
significant mutational burdens. Upon reflection, however, it is
appreciated that conventional cytotoxic approaches modulate
the composition and functional bioactivity of intratumoral leukocytes, in addition to effects on neoplastic cells (Galluzzi et al.,
2015). Furthermore, in some scenarios, the efficacy of neoadjuvant CTX correlates with increased presence of intratumoral immune-effector T cells (Galluzzi et al., 2015). These correlations
are not limited to cytotoxic regimens—the tyrosine kinase inhibitor imatinib also leads to increased presence of CTLs and NK
cells in gastrointestinal tumors in a manner that correlates with
disease outcome (Kroemer et al., 2013), while efficacy against
chronic myelogenous leukemia can be reversed by co-administration of type I IFN (Galluzzi et al., 2015). A recent study in breast
cancer also revealed that efficacy of transtuzumab emtansine is
linked to elicitation of anti-tumor immune responses (Müller
et al., 2015).
Malignant cells can emit danger signals, albeit distinct from
those of normal tissue, that are sensed by immune cells and
thus are antigenic. Increased antigenicity is linked to either mutational burden, where peptides from mutant proteins are presented by MHC molecules (Gubin et al., 2014), or to ectopic
expression of cancer testis or oncofetal antigens typically only
expressed during embryonic or fetal development (Whitehurst,
2014). The increased adjuvanticity of neoplastic cells is linked
to metabolic stress caused by their sustained proliferation and
to their ability to adapt and survive in hypoxic TMEs (Krysko
et al., 2012). Furthermore, preclinical data have emerged supporting the proposition that tumors treated with conventional
CTX engage antigenic and adjuvant immune-mediated mechanisms. In murine tumor models, the anti-neoplastic effects of
anthracyclines are significantly reduced when either gd or
CD8+ T cells are depleted, but not when B or NK cells are
absent, DC infiltration is blocked or corrupted, immune-stimulatory type I IFNs or IL-17 are lacking, or DAMP-mediated
recruitment and activation of effector cells is thwarted (Kroemer
et al., 2013). Cyclophosphamide, oxaliplatin, and bortezomib
similarly rely on immune-mediated mechanisms for their efficacy; these commonly used cytotoxics elicit effector cell activity
via plasma membrane exposure of calreticulin and release of the
chromatin-binding protein high-mobility group box 1 (HMGB1).
This, in turn, fosters DC maturation and TLR4 and RAGE activation (Apetoh et al., 2007), thus increasing adjuvanticity of malignant cells.
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Taxanes, broadly used microtubule inhibitors, and vinca alkaloids promote polyploidization due to mitotic interference, thus
leading to endoplasmic reticulum stress responses favoring calreticulin exposure and immune-mediated elimination (Senovilla
et al., 2012). Clinically, docataxel, vinorelbine, and cisplatin all
lead to increased abundance of circulating CTLs and decreased
presence of Treg cells and immature myeloid cells harboring
T-cell-suppressive activity; this latter effect is also shared by
gemcitabine, a common CTX for pancreatic adenocarcinomas,
and 5-fluoruracil. Interestingly, paclitaxel is also a TLR4 ligand
and thus enhances T-cell priming by DCs (Pfannenstiel et al.,
2010).
Cyclophosphamide also provokes relocalization of intestinal
gram-positive bacteria to secondary lymphoid organs, resulting
in generation of TH17 cells secreting IL-17 and IFNg that promote
anti-tumor immune responses (Viaud et al., 2013). In murine tumor models, therapies targeting TH2-based programs (e.g.,
CSF1R or RON antagonists, BTK or SYK inhibitors, B-cell depletion, aIL-4 or aIL-13 mAbs) enhance efficacy of either CTX or RT
by T-cell-dependent mechanisms (Ruffell and Coussens, 2015).
Perhaps the most compelling evidence is that provided by recent
data revealing that immune-checkpoint blockade, when combined with CTX, improves overall survival in several cancer types
beyond CTX alone (Topalian et al., 2015). The ability of these
agents to activate adaptive stress-response pathways and
send danger signals operative as immunologic adjuvants inherently increases the antigenicity of tumors even when mutational
burden is low. These untoward effects can be capitalized upon to
improve outcomes for individuals with cancer.
A Role for the Microbiome in Regulating Systemic
Cancer Risk and Response to Therapy
If the precision medicine equation wasn’t sufficiently complicated by neoplastic cell genomics, epigenomics, host immune
responses, and the TME, mounting evidence points to an additional consideration when attempting to stratify patients and predict therapy response: the host microbiome. The context and
composition of common microorganisms living in the gut not
only shapes local immune responses, but also regulates systemic immunity and thus impacts the risk of and progression to
malignancy and the response to anti-cancer therapies. Intraabdominal infections and use of antibiotics has long been associated with increased incidence of colorectal cancer (Wang et al.,
2014). In mouse models, attenuating or selectively altering the
composition of gut microorganisms influences both the incidence and progression of cancer (Zitvogel et al., 2015). Intestinal
microorganisms not only impact local risk of tumorigenesis, but
also influence neoplastic progression distally by altering inflammatory and metabolic circuitry. These experimental results
correlate with epidemiologic data revealing increased incidence
of breast cancer in women with significant history of antibiotic
use (Zitvogel et al., 2015).
Gut microbiota composition is dramatically impacted by common anti-neoplastic drugs, including RT, allogeneic stem-cell
transplantation, and select CTXs, notably 5-fluorouracil and irinotecan (Zitvogel et al., 2015). Along these lines, the gut microbiota affects the amenability of some tumor types to therapy
by impacting regulatory aspects of the immune response.

Examples include translocation of gut microbiota across the intestinal epithelium in response to lympho-depleting irradiation
in which DCs are inadvertently activated, leading to altered
serum cytokines and improved responses to adoptively transferred CTLs; these beneficial effects are abated by antibiotics
(Paulos et al., 2007). Similarly, cyclophosphamide alters composition of gut microbiota, resulting in translocation of grampositive bacteria into secondary lymphoid organs wherein
pathogenic TH17 and memory TH1 cells are activated; tumors
grown in germ-free mice, or antibiotics tropic for gram-positive
bacteria exhibit reduced TH17 responses and tumor resistance
to cyclophosphamide (Viaud et al., 2013). Antibiotic eradication
of gram-positive bacteria also impairs the efficacy of CpG-oligonucleotide immunotherapy and platinum CTX by altering myeloid
cells within the TME (Iida et al., 2013). Bifidobacterium occupancy supports anti-tumor immunity against melanoma and improves the efficacy of aPD-L1 and aCTLA-4 mAb therapy by
altering DC activity, leading to improved antigen-specific CD8+
T cell function—these effects were reduced by ampicillin,
colistin, or streptomycin but were enhanced by vancomycin
due to preferential enhancement of Bacteroidales colonization
(Vétizou et al., 2015). These data underscore the impact of gut
commensals on therapeutic responsiveness.
Could selectively manipulating the gut microbiota impact risk
of developing cancer, limit incidence of select tumor types,
and/or improve activity of some anti-cancer therapies? Zitvogel
and colleagues have proposed four distinct approaches for
manipulating the gut microbiota to boost cancer therapy: (1) preferential use of antibiotics selective for untoward bacterial
species; (2) increased use of probiotics; (3) increased use of
prebiotics to stimulate healthy gut colonization; and (4) use of
postbiotics, nonviable products of microbiota that exert biological activities in hosts (Zitvogel et al., 2015). Prospective stool
analysis and monitoring in cancer patients receiving therapy
will surely reveal biomarkers that, if harnessed, could improve
patient stratification and/or support new microbiota-based strategies for boosting therapeutic responsiveness, e.g., fecal transplant of beneficial species.
Multi-Modal Tumor and Systemic Biomarkers for
Stratification and Resistance Monitoring
A major clinical goal is to understand the multi-modal tissuebased and systemic pathways regulating therapy responses so
as to minimize resistance and maximize efficacy of cancer medicine (Figure 4). Whether therapies target tumor-intrinsic pathways, host pathways, or commensal microbiota, it is clear that
understanding non-genomic mechanisms of resistance from
an integrated standpoint is critical.
Understanding which immune cell types are present in and
around a tumor currently provides invaluable retrospective information regarding tumor ecology and/or tumor response to
therapy. However, we must improve our ability to integrate information on not only the complexity of leukocytes in tumors, but
also their geography in tumor nests and stroma. Immune cells
are scattered in tumor core and within tumor stroma, in invasive
margins, and in organized lymphoid structures often distant from
neoplastic cells. Investigating the mechanisms governing formation of tertiary lymphoid structures (TLSs) found in numerous

cancers represents a new frontier for biomedical research.
Such topology has been reported by Galon and colleagues to
be clinically meaningful in colorectal cancer, where a statistically
significant correlation between immune cell density and patient
outcome was revealed (Galon et al., 2006). Moreover, development of TLS in individuals with pancreatic adenocarcinoma
treated with vaccines correlated with improved clinical outcomes (Le et al., 2015). Furthermore, compared with single-region analysis, combined analysis of the tumor core and invasive
margins improved the accuracy of survival prediction in different
patient groups (Galon et al., 2006). These early results form the
basis for immune stratification of patients, or the so-called Immunoscore, and its coordinated assessment in the clinic (Ascierto et al., 2013). An international consortium has been initiated
to validate and promote the Immunoscore in routine clinical settings (Ascierto et al., 2013); results of this international effort may
lead to implementation of the Immunoscore as a new classification metric, designated TNM-I (TNM-Immune).
Will the Immunoscore provide enough additional information
to prospectively predict response to therapy? Likely not. We
predict that integrating the Immunoscore with additional metrics
will be critical for guiding patient stratification and phasing of
combinatorial therapies. Such metrics will include genomic
and exomic features of neoplastic cells (through sequencing
of neoplastic cells themselves or cfDNA, tracking the expansion
of tumor-specific CD4+ and CD8+ T cells, monitoring serum
cytokine fluxes, and evaluating the composition and health of
commensal bacteria (Figure 4). Serum cytokines have long
been enigmatic due to their labile nature and the detection
limitations of conventional methodologies. That said, serum
biomarker signatures are now able to discern asymptomatic
early stage pancreatic cancer from healthy controls with 96%
accuracy (Ghatnekar et al., 2013) and can be used to monitor
the pharmacodynamics of CSF1R-targeted therapies (Butowski
et al., 2015). Moreover, transcriptional profiling of blood monocytes in renal cell carcinoma identifies biomarkers correlating
with tumor staging (Chittezhath et al., 2014), and mRNA
sequencing of tumor-educated blood platelets distinguishes
cancer patients from healthy individuals with 96% accuracy
(Best et al., 2015). Thus, multi-modal functional diagnostic strategies integrating the tumor, host, and commensals will likely
forge the advent of next-generation precision bioinformatics to
match patients with appropriately combined and phased anticancer therapies.
Oncoimmunology Treatment Paradigm
Future immunotherapies will be based on cycles of interventions
designed to boost and modulate anti-cancer immunity (Figure 4).
Indeed, as we rediscover and refine the fundamental principles
of tumor immunology, it is increasingly clear that curing cancer
might not be a realistic goal. Rather, aiming for a continuum of
treatment cycles designed and based on mechanistic in vivo
studies and in-depth analysis of each patient’s tumor will be
necessary for optimizing outcomes. Clinical trials with checkpoint inhibitors teach us that in situ immune infiltration is critical
for tumor regression; however, not all immune infiltrates are
equal, and as discussed throughout this article, the quality of immune response is a critical factor for therapeutic success. This,
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in turn, is determined by underlying inflammation, which we
assert must become a staging parameter, along with classical
pathology-based schemas and the Immunoscore. It will also
need to be established to what extent inflammation, which
clearly plays a role in epithelial tumors, impacts other tumor
types, e.g., melanoma or sarcomas. Additional parameters
pertain to the specificity of infiltrating T cells against cancer
antigens, as again, the infiltrate with passenger T cells might
not be therapeutically useful and should be tested. Eventually
all patients will be treated with checkpoint inhibitors, either
directly or after interventions targeting inflammation, by vaccination to boost T-cell repertoires or by adoptive T-cell transfer. The
majority of patients will subsequently develop acquired resistance followed by immune escape; this will lead to the next
cycle of treatments incorporating multi-modal biomarkers (e.g.,
based on microbiome phenotype, cfDNA, circulating cytokine
levels) and perhaps NK cells recognizing loss of MHC class I
by neoplastic cells, thus rendering them invisible to T cells.
Cytotoxic treatments, such as with NK cells, standard CTX/RT,
or oncolytic viruses, will release neo-antigens that can be
used to generate the next round of effector T cells. To this
latter point, we must fully understand the rules of T-cell priming
in vivo in humans, identify the most effective ways to utilize
DCs for priming, and develop strategies for mobilizing the
naive T-cell repertoire from the thymus in adults (Sportès et al.,
2008). In later rounds of therapy, the scope of neo-antigens will
likely be broadened as, in addition to somatic mutations, neoantigens can be generated via epigenetic and post-translational
regulation. Last but not least, the role of Tregs, so well established in murine cancer, will need to be redefined in humans.
Resolving all of these challenges will surely keep us busy for a
long while.
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Evidence has emerged for macrophages in the perivascular niche of tumors regulating important processes
like angiogenesis, various steps in the metastatic cascade, the recruitment and activity of other tumor-promoting leukocytes, and tumor responses to frontline therapies like irradiation and chemotherapy. Understanding the mechanisms controlling the recruitment, retention, and function of these cells could identify
important targets for anti-cancer therapeutics.
Introduction
Tumor-associated macrophages (TAMs) are a major cellular
component of both mouse and human tumors (Pollard, 2004;
Lewis and Pollard, 2006). High numbers of TAMs in human
tumors usually correlate with reduced patient survival (Bingle
et al., 2002; Zhang et al., 2012), and studies in mice have shown
that TAMs promote important steps in tumor progression
including tumor angiogenesis, cancer cell invasion, metastasis,
and the suppression of adaptive anti-tumor immunity (Noy and
Pollard, 2014). TAMs also mediate or limit the efficacy of various
forms of anti-cancer therapies (De Palma and Lewis, 2013).
Recent fate-mapping experiments have shown that macrophages in steady-state tissues can originate from at least three
different sources. In the adult brain, skin, lung, and liver, they
arise from the local proliferation of embryonic yolk sac or fetal
liver precursors; whereas in such tissues as the intestines and
mammary gland they largely derive from blood monocytes (Perdiguero and Geissmann, 2015). Studies using fluorescently
labeled bone marrow (BM) transplants or the intravenous injection of labeled monocytes have shown that TAMs in mouse
mammary, lung, or brain tumors are also derived from blood
monocytes (De Palma et al., 2003, 2005; Franklin and Li, 2014;
Movahedi et al., 2010). Similar results were found at lung metastatic sites, where metastasis-associated macrophages (MAMs)
were shown to be derived from a subset of monocytes (Qian
et al., 2009, 2011). Circulating monocytes are derived mainly
from hematopoietic stem cells in the BM, and are recruited
across the vasculature into tumors by tumor-derived chemoattractants such as CSF1, CCL2, VEGFA, or CXCL12 (Murdoch
et al., 2008; Noy and Pollard, 2014). Alternatively, TAMs in
some mouse tumors can expand within tumors, in part, via
proliferation (Franklin et al., 2014; Tymoszuk et al., 2014).
Irrespective of their origins, TAMs tend to gather in distinct tumor microenvironments including the invasive tumor edge, cancer cell/stromal border, central tumor mass, hypoxic/necrotic
regions, and perivascular (PV) areas. Moreover, TAM distribution
can vary between different types of tumor, and between primary
or metastatic tumors (Lewis and Pollard, 2006). Importantly,
across several types of human tumor, the abundance of a
distinct subset of PV macrophages has been shown to correlate
18 Cancer Cell 30, July 11, 2016 ª 2016 Elsevier Inc.

with increased tumor angiogenesis, distant metastasis, poor
prognosis, and/or the recurrence of tumors after chemotherapy
in various forms of cancer (Kurahara et al., 2012; Matsubara
et al., 2013; Robinson et al., 2009).
As discussed in later sections, the markers expressed by PV
macrophages vary between primary and metastatic tumors.
However, a unifying feature is their proximity to blood vessels
(sometimes making direct contact with endothelial cells or pericytes), or their preference for highly vascularized tumor areas.
This contrasts with the majority of TAMs found elsewhere in tumors (Lewis and Pollard, 2006). This review discusses recent
studies demonstrating an array of tumor-promoting functions
for PV macrophages in both primary and secondary tumors
(summarized in Figure 1).
Tumor Angiogenesis
A distinct subset of PV TAMs has been shown to regulate angiogenesis in various mouse primary tumor models and to correlate
with microvessel density in human tumors. BM transplant experiments conducted by De Palma et al. (2003, 2005) identified a
subset of BM-derived TAMs that cluster around tumor blood
vessels and express higher levels of the angiopoietin receptor,
TIE2, and the mannose receptor, MRC1, than macrophages
elsewhere in tumors, or circulating monocytes (Figure 1). Subsequent gene expression profiling of TIE2+ TAMs isolated from
mouse mammary (N202) tumors revealed their higher expression
of a number of tumor-promoting genes including Mmp9, Vegfa,
Cxcl12, Tlr4, Nrp1, and Pdgfb than was seen in TIE2 TAMs from
the same tumors (Pucci et al., 2009). Although TIE2-expressing
monocytes appear to be pre-programmed to be proangiogenic
in the circulation, this function can be further upregulated by
exposure to tumor-derived factors like angiopoietin-2 (ANGPT2),
expressed mainly by activated endothelial cells (Coffelt et al.,
2010).
De Palma et al. (2005) compared the proangiogenic function of
mouse TIE2 and TIE2+ TAMs in vivo. First, they showed that the
specific elimination of TIE2+ TAMs using a conditional suicide
strategy impaired vascularization and growth of several tumor
types including gliomas, insulinomas, and mammary cancers
in mice. They then isolated TIE2 and TIE2+ TAMs from mouse
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Figure 1. The Roles of Perivascular Macrophages in Tumor Progression
In primary tumors. Recruitment and regulation of other tumor-promoting leukocytes – the two images, with and without vessels (blue) included, show that
neutrophils (red, N) extravasate in inflamed tissues in close proximity to perivascular (PV) macrophages (green, M). [Reprinted with permission: Abtin et al., 2014.]
Intravasation of tumor cells: the images show a triad of a PV TIE2+VEGFA+ TAM (blue, M), cancer cells (green, TC), and endothelial cells (red). [Reprinted with
permission: Harney et al., 2015.] Angiogenesis stimulation: the image shows TIE2+ TAMs (green, M) located near blood vessels (red, V) in tumors. [Reprinted with
permission: De Palma et al., 2003.] Relapse of tumors after therapy: the images show a subcutaneous Lewis lung carcinoma after treatment with cyclophosphamide (TIE2+ blood vessels [red, V]; TIE2+MRC1+ TAMs [white/pink, M]; and cell nuclei [blue]). Inset: a single, TIE2+MRC1+ TAM (white/red). [Reprinted with
permission: Hughes et al., 2015.] In metastatic sites. Extravasation of cancer cells: the image shows a cancer cell (blue, TC), PV macrophages (green, M), and
blood vessels (red, V) in the lungs of mice. [Reprinted with permission: Qian et al., 2009.] Dormancy: the image shows a dormant cancer cell (green, TC; white
asterisk) located close to a blood vessel (red, V) in the brain. Cell nuclei are shown in blue. [Reprinted with permission: Ghajar et al., 2013.] Many of the above
functions involve the release of soluble factors by PV macrophages (green), and often activated by factors expressed by neighboring endothelial cells (red). Scale
bars, 20 mm.

mammary (N202) tumors and coinjected them with N202 cells.
TIE2+ TAMs resulted in significantly more vascularized tumors
than N202 tumor cells injected alone or with TIE2 TAMs. These
data demonstrate a distinct functional difference between the
proangiogenic functions of TIE2 and TIE2+ TAMs in mouse tumors. While such experimental approaches are invaluable, live

imaging of these two TAM subsets in vivo may also prove useful
in elucidating their role specifically in the PV niche.
An interesting parallel occurs during development, suggesting that tumors may co-opt some physiological functions of
macrophages. In mouse embryos, TIE2+ macrophages are
known to associate with adjacent vascular sprouts and to
Cancer Cell 30, July 11, 2016 19

Cancer Cell

Perspective
‘‘bridge’’ between endothelial tip cells facilitating vascular anastomosis (Fantin et al., 2010; Baer et al., 2013). They also release
factors like VEGFC (Tammela et al., 2011) and soluble VEGFR 1
(Stefater et al., 2011) to regulate angiogenic vessel branching. In
tumors, the direct association of these PV TAMs with blood vessels was also found to be essential for their pro-angiogenic role.
Tumor angiogenesis was markedly reduced when this association was impeded using either a conditional, hematopoietic-specific, knockdown strategy to silence their TIE2 expression, or the
pharmacological blockade of ANGPT2 (Mazzieri et al., 2011).
Finally, these TIE2+ PV TAMs may also have a proangiogenic
role in human cancers as their frequency has been reported to
correlate with the density of tumor microvessels, as well as
lymph node status, tumor grade, and distant metastasis
(Ji et al., 2013; Matsubara et al., 2013).
Intravasation of Cancer Cells in Primary Mammary
Tumors
Genetic and inhibitor experiments coupled with high-resolution
intravital imaging have shown that TAMs in autochthonous
and xenografted mammary tumors engage with tumor cells in
an obligate epidermal growth factor (EGF)-CSF1 paracrine
signaling loop (Wyckoff et al., 2004). This engagement results
in tumor cells streaming toward blood vessels where they then
undergo intravasation at clusters of PV macrophages; the first
step in the metastatic cascade (Wyckoff et al., 2007). A recent
intravital imaging study showed that these PV TAMs are
TIE2+MRC1+VEGFA+ and are an essential component of a
micro-anatomical site regulating tumor cell escape from primary
tumors called the tumor microenvironment of metastasis
(TMEM) (Harney et al., 2015). This consists of a PV TAM in direct
contact with both an endothelial cell and a tumor cell expressing
a splice variant of mammalian-enabled protein, an actin regulatory protein involved in tumor cell motility and heightened sensitivity to EGF chemotaxis (Robinson et al., 2009; Rohan et al.,
2014) (Figure 1). The clinical relevance of these three-cell structures was confirmed in breast cancer when it was found that high
TMEM density in breast carcinomas correlates with increased
metastatic recurrence, independently of other clinical prognostic
indicators (Robinson et al., 2009; Rohan et al., 2014).
Intravital imaging has revealed that dynamic vascular permeability occurs concurrently with cancer cell intravasation at these
TMEM sites, and genetic deletion of Vegfa in TAMs prevents
both events (Harney et al., 2015). Two vascular junction proteins
that limit vascular leakiness, ZO-1 and vascular endothelial (VE)cadherin, were frequently disrupted at these hyper-permeable
sites, suggesting that VEGFA signaling directly affects vascular
permeability through vascular junction stability (Harney et al.,
2015). In both mouse mammary tumors and human breast carcinomas, VE-cadherin is reduced in endothelial cells in and around
TMEMs (Harney et al., 2015). These data suggest that VEGFA
released by TIE2+ macrophages in TMEMs causes the local
dissolution of vascular junction proteins, resulting in a transient
increase in vascular permeability and tumor cell intravasation.
It is not known whether ANGPT2, a proangiogenic factor and
chemokine for TIE2-expressing macrophages (Murdoch et al.,
2007; Venneri et al., 2007), plays a part in regulating the recruitment and/or activation of PV macrophages in TMEMs. Although
pharmacologic blockade of ANGPT2 markedly reduced lung
20 Cancer Cell 30, July 11, 2016

metastases in mouse bearing mammary tumors, this may have
been due to inhibition of the direct proangiogenic effect of
ANGPT2 on tumor blood vessels (Mazzieri et al., 2011). So, the
relative contribution of these two ANGPT2-driven events in
metastasis remains unclear. Further characterization of the
prometastatic subset of PV TAMs in TMEMs could lead to effective ways to selectively target them, and thus reduce the spread
of breast cancer cells from the primary to distant sites. It also remains to be seen whether such PV TAMs (and TMEMs generally)
exist in other types of primary tumor than just mammary cancers.
This may prove to be the case as TAMs have also recently been
reported to promote vascular permeability in a mouse ovarian
tumor model (Moughon et al., 2015).
Seeding of Distant Metastatic Sites
In an experimental metastasis model, PV MAMs have been
shown to interact closely with mouse mammary cancer cells
as the latter extravasate across the lung vasculature (Figure 1).
These seeding events were strongly inhibited when MAMs
were depleted either by genetic ablation or by inhibition of their
recruitment with a neutralizing antibody to the chemokine,
CCL2, the ligand for CCR2 expressed on circulating Ly6C+
monocytes and MAMs (Qian et al., 2009; 2011). In early metastatic lesions, CCL2 is thought to be secreted by both cancer cells
(Qian et al., 2011) and the endothelium (Srivastava et al., 2014),
and has been shown to stimulate the expression of another
important chemokine, CCL3, by MAMs. This chemokine acts
via CCR1 to retain CCR2+ macrophages in the metastatic site
by promoting their adhesion to cancer cells, to which they deliver
a survival signal (Kitamura et al., 2015). This interaction between
tumor cells and PV MAMs results in a VEGFA-induced increase
in vessel permeability and cancer cell escape from the vessel
(Qian et al., 2011), in a manner reminiscent of the TMEM-driven
intravasation at the primary tumor site. In contrast to these results, a population of intravascular Ly6Clo monocytes present
in the lung inhibits metastatic seeding by recruiting natural killer
cells, which are known to be anti-metastatic and able to kill
circulating tumor cells before their seeding (Hanna et al., 2015).
In some metastatic sites like the lungs, liver or bone, disseminated cancer cells (DCCs) are known to remain dormant for long
periods before proliferating to form metastases. These dormant
cells usually reside close to microvessels in such tissues
(Figure 1), where local factors like endothelial-derived thrombospondin-1 suppress their proliferation. This inhibitory cue is lost
around sprouting neovessels and replaced by a mitogen for
DCCs, transforming growth factor b1 (TGFb1), which is released
by endothelial tip cells and stimulates the outgrowth of micrometastases (Ghajar et al., 2013). It is tempting to speculate that
PV macrophages may also help DCCs exit from dormancy. As
mentioned previously, PV macrophages interact with cancer
cells as they extravasate into metastatic sites like the lungs
(Qian et al., 2009, 2011) and are present in established metastatic tumors (Hughes et al., 2015). It is possible that monocytes
recruited from the circulation are retained in the PV niche due
to tip cells in neovessels expressing high levels of macrophage
migratory inhibitory factor (Ghajar et al., 2013), a cytokine known
to immobilize macrophages. Exposure to high local levels of
TGFb1 could then activate them (Gong et al., 2012), upregulating
their own expression of TGFb1. This would further elevate TGFb1

Cancer Cell

Perspective
levels around blood vessels, adding to the stimulation of DCC
proliferation.
Once metastases form in tissues like the lung or bones,
MRC1+ PV macrophages are abundant, especially after exposure to cytotoxic agents (Hughes et al., 2015) (Figure 1; see
next section). Whether they congregate into TMEM-like structures in such metastatic tumors has yet to be elucidated. But if
so, this could then promote the escape of cancer cells from
metastatic tumors into the circulation and contribute to the phenomena of both ‘‘metastasis-to-metastasis’’ seeding reported
recently in human prostate tumors (Gundem et al., 2015) and
‘‘self-seeding’’ back to the primary site (Kim et al., 2009).
Tumor Relapse after Therapy
PV TAMs have also been implicated in the relapse of mouse tumors after various frontline therapies. For example, in orthotopic
gliomas, subcutaneous lung xenografts, and mouse mammary
tumors, a CXCL12-driven increase in the recruitment of
CD11b+ BM-derived cells was a requisite for tumor regrowth after the cessation of local irradiation (Kioi et al., 2010; Kozin et al.,
2010). A high proportion (>50%) of these myeloid cells were
found to be TIE2+ macrophages, and to often take up a PV location in relapsing tumors (Kioi et al., 2010; Kozin et al., 2010). This
raised the possibility that such an increase in the numbers of
these proangiogenic cells around blood vessels could drive
tumor revascularization and regrowth.
A similar role for PV TIE2+ TAMs has emerged in mouse tumors
recovering from exposure to chemotherapeutic drugs. Initial
studies used CSF1R inhibitors showed that CSF1-dependent
TAMs limit the cytotoxic effects of the chemotherapeutic agent,
paclitaxel, on tumors, in part, by suppressing cytotoxic T cells
(DeNardo et al., 2011; Mitchem et al., 2013; Shree et al., 2011).
More recently, TIE2+MRC1+CXCR4+ TAMs have been shown
to accumulate in PV areas of mouse subcutaneous lung and orthotopic mammary tumors after treatment with cytotoxic agents
and then promote tumor relapse. The accumulation of these cells
around blood vessels in treated tumors was found not to be due
to TAM proliferation but rather their recruitment by CXCL12
upregulated in PV tumor areas after chemotherapy. These
cells then stimulated tumor revascularization and regrowth, in
part, via their release of VEGFA. Depletion of these PV TAMs
using an inhibitor of CXCR4 (the receptor for CXCL12) dramatically reduced vascular density in the re-emergent tumor
and extended the therapeutic response to the cytotoxic agent
(Hughes et al., 2015).
Tumor-initiating cells (TICs) have been reported in PV areas of
brain tumors in mice (Calabrese et al., 2007; Charles et al., 2010,
2011) which are rich in TAMs (Yi et al., 2011). It is, therefore,
possible that PV TAMs may contribute to the maintenance of
this stem cell niche. As TICs could potentially be the cells from
which recurrent tumors originate, this may be a further way
in which PV TAMs promote tumor recurrence post-therapy.
The dendritic cell, another myeloid cell type, has recently been
shown to display an intrinsic resistance to tumor irradiation in
subcutaneous B16 melanoma and to then increase regulatory
T cells (Tregs) in treated tumors (Price et al., 2015). It remains
to be seen whether PV TAMs respond to tumor irradiation in a
similar manner, but TIE2+ TAMs can express the Treg chemokine, CCL17, in progressing mouse tumors when exposed to

vascular-derived signals like ANGPT2 (Coffelt et al., 2011).
They may do so in the PV niche of tumors after irradiation or cytotoxic therapies, thereby contributing to an immunosuppressive
environment.
Interestingly, TIE2+CXCR4hI TAMs also promote the relapse
of mouse mammary tumors after exposure to the vascular
damaging agent, combretastatin-A-4P (Welford et al., 2011).
Furthermore, TIE2+ TAMs have been implicated in the recurrence of gliomas in mice after treatment with anti-angiogenic
therapies targeting VEGFA or VEGF receptor 2 (VEGFR2).
Although the recruitment of this TAM subset was shown to be
dependent on ANGPT2 upregulated in tumors after these treatments (Cortes-Santiago et al., 2016), the role of this cytokine
in the recruitment and/or activation of PV TIE2+ TAMs after tumor irradiation or exposure to cytotoxic agents remains to be
elucidated.
The above studies prompt speculation that therapy-induced
increase in PV TIE2+VEGFAhi TAMs could result in greater
TMEM abundance and thus increased shedding of tumor cells
into the circulation. Further studies on the effects of irradiation
or chemotherapy on TMEM formation could provide additional
insights into the role of PV TIE2+ macrophages in cancer dissemination and metastasis after such treatments.
Regulation of Other Leukocyte Subsets in Tumors by
PV TAMs
As mentioned earlier, PV TIE2+ TAMs may also play an immunosuppressive role in primary and metastatic tumors. Their ability
to upregulate CCL17 near ANGPT2-expressing tumor vessels
(Coffelt et al., 2010, 2011), could explain why Foxp3+ Tregs are
retained in a PV location in mouse mammary tumors (Egeblad
et al., 2008). ANGPT2 also stimulates TIE2+ macrophages to upregulate interleukin 10 (IL10) (Coffelt et al., 2011), which likely
suppresses cytotoxic T cells in PV tumor areas (Boissonnas
et al., 2007; Mrass et al., 2006). TAM-derived IL10 has also
been shown to suppress Tregs in mouse mammary tumors after
paclitaxel and carboplatin treatment, in this case by suppressing
intratumoral dendritic cell expression of IL12 (Ruffell et al., 2014).
Furthermore, PV TAMs could help recruit neutrophils into
tumors, as intravital imaging has shown that neutrophils extravasate through post-capillary venules in inflamed tissues in
response to chemoattractants released by PV macrophages
(Abtin et al., 2014) (Figure 1).
Origin of PV Macrophages
The precursors of PV macrophages in tumors have yet to be fully
defined. Peripheral blood monocytes consist of two main populations: classical and non-classical monocytes (defined respectively as Ly6ChiCX3CR1loCCR2hi or Ly6CloCX3CR1hiCCR2lo
in mice, and CD14hiCD16 CCR2hiCX3CR1lo or CD14mid
CD16hiCCR2loCX3CR1hi in humans). A minor subset of circulating monocytes expresses TIE2 in both species and could be
the precursors of TIE2+ PV macrophages in tumors (De Palma
et al., 2003; Murdoch et al., 2007; Venneri et al., 2007). Interestingly, the frequency of circulating TIE2+ monocytes in patients
with hepatocellular carcinoma (HCC) correlates positively with
that of TIE2+ TAMs in the PV areas of their tumors. Moreover,
high numbers of these TIE2+ monocytes correlate with shorter
recurrence-free survival of HCC patients after tumor resection
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and radiofrequency ablation therapy (Matsubara et al., 2013).
These data suggest that either a subset of TIE2+ circulating
monocytes are the precursors of PV TAMs in progressing and
therapy-treated HCCs, or tumor-derived signals trigger similar,
parallel changes in a subset of circulating monocytes and PV
TAMs. The similarity in the phenotype of non-classical monocytes and TIE2+ PV TAMs prompted some to suggest that they
may represent different stages of the same cell lineage (Pucci
et al., 2009; Venneri et al., 2007); however, non-classical monocytes rarely extravasate (Carlin et al., 2013), so this now appears
unlikely.
Alternatively, PV TAMs may differentiate from the classical
Ly6C+CCR2hi monocytic population as has been shown for the
MAMs promoting cancer cell extravasation and seeding in the
lungs (Qian et al., 2009, 2011). Interestingly, CX3CR1 loss on
monocytes causes accumulation of Ly6Chi inflammatory monocytes in PV sites of mouse glioblastomas (Feng et al., 2015). As
mentioned earlier, TAM proliferation may occur in some tumor
types (Franklin et al., 2014), so it remains a possibility that PV
macrophages may have proliferative potential in primary and/
or metastatic tumors and be derived, at least in part, from resident yolk sac-derived progenitors. Cell-lineage experiments
are now needed to identify the circulating monocytic precursors
and/or the local origins of these distinct subsets of PV macrophages in both primary and metastatic tumors. Mechanistic
studies of the regulators of these populations will require new genetic models to disrupt gene function in specific monocytic subsets and their macrophage progeny.
Regulation of Macrophages by the PV Niche
The fact that the abluminal surface of tumor vessels provides
such an attractive niche for macrophages suggests that there
are chemoattractants, retention signals, survival factors, and/
or docking proteins for these cells present within this niche.
Several possible chemoattractants for monocytes/macrophages are released by endothelial cells in tumors including
CSF1, CXCL12, ANGPT2, and CCL2 (He et al., 2012; Hughes
et al., 2015; Murdoch et al., 2007; Ryan et al., 2001; Srivastava
et al., 2014; Venneri et al., 2007). The recruitment of monocytes
and their subsequent differentiation into PV macrophages may
also involve specific adhesion molecules. For example, L-selectin (CD62L) regulates the recruitment of macrophages into PV regions during inflammation (Hickey et al., 2000; León and Ardavı́n,
2008), and metastasis is decreased in CD62L-deficient mice
(Borsig et al., 2002). In the metastatic site, monocytes recruited
by CCL2 express CCL3, which, through CCR1, activates monocyte avb integrin binding to VCAM1 expressed on tumor cells.
This anchors the monocyte to tumor cells and provides a survival
signal for tumor cells as they extravasate through the endothelial
barrier (Kitamura et al., 2015). Monocytes also need to adhere to
vessels in order to extravasate, take up their PV location, and
differentiate into PV macrophages. These steps have recently
been shown to involve VEGFA and VEGFR1 autocrine signaling
(Qian et al., 2015).
Furthermore, local factors may also regulate gene expression
in PV TAMs. For example, CSF1 stimulates the expression of
both TIE2 and VEGFA by human monocytes/macrophages (Eubank et al., 2003; Forget et al., 2014) as well as their chemotactic
responses to ANGPT2 and proangiogenic activity in vitro and in
22 Cancer Cell 30, July 11, 2016

tumors (Forget et al., 2014). Also, as mentioned previously,
endothelial-derived ANGPT2 regulates the close association of
TIE2+ TAMs with blood vessels in primary tumors (Mazzieri
et al., 2011), and stimulates their expression of proangiogenic
and immunosuppressive genes like VEGFA, IL10, CCL17, and
MMP9 (Coffelt et al., 2010, 2011).
Other PV cell types may also regulate PV TAMs. Expression
of CXCL12 by fibroblasts has been shown to retain CXCR4+
myeloid cells in close proximity to blood vessels in healthy tissues (Grunewald et al., 2006). However, this was not the case
in MMTV-PyMT mammary tumors (Lin et al., 2007), suggesting
the involvement of alternative factors in this tumor model. PV
TAMs can themselves upregulate CXCL12 when close to blood
vessels in some tumor types like metastatic melanoma (Sánchez-Martı́n et al., 2011). As CXCL12 is known to stimulate
macrophage expression of VEGFA, an elevation in PV CXCL12
levels could upregulate this in PV TAMs (Sánchez-Martı́n et al.,
2011). Finally, CCL2 upregulation by the endothelium in metastatic lung tumors both recruits and polarizes CCR2+ macrophages
(Srivastava et al., 2014).
Concluding Remarks
A picture is now emerging of the multiple ways in which PV TAMs
promote tumor progression and response to therapy. PV TAMs
expressing TIE2 and VEGFA stimulate tumor angiogenesis, tumor cell escape into the circulation, and tumor relapse after
frontline therapies. Similar PV cells are also present in metastatic
tumors but their functions have yet to be determined. Alternatively, another PV macrophage subset, those expressing CCR2
and VEGFA (but not TIE2), also exist in metastatic sites like the
lungs and promotes cancer cell seeding through direct interactions with cancer cells at the vessel wall and subsequent promotion of colonization (Entenberg et al., 2015; Srivastava et al.,
2014; Qian et al., 2011).
Studies are now needed to identify the origin of these PV
macrophage subsets, and the key factors recruiting them and/
or regulating their various tumor-promoting functions. Such insights could lead to the development of new therapeutics to
selectively deplete or modify their behavior. The need for this
has been highlighted in recent clinical trials using CSF1R inhibitors in patients with giant-cell tumors. While these treatments
resulted in the preferential depletion of TAMs, and a marked clinical response, it also triggered periorbital edema (Ries et al.,
2014; Cassier et al., 2015; Tap et al., 2015), possibly via an effect
on lymphatic-associated macrophages which control lymphatic
vessel diameter and thus fluid removal (Gordon et al., 2010).
Edema may also have resulted from perturbations in vascular
homeostasis due to depletion of normal PV macrophages, resulting in vessel leakiness. If this is the case, then PV TAMs in
such normal tissues limit rather than promote vascular leakage.
These findings indicate that new ways to target only PV macrophages in tumors need to be developed, so that macrophages
elsewhere are not adversely affected.
It should also be noted that recent studies have shown that PV
TAMs are not the only innate immune cells influencing tumor progression. Neutrophils can also be proangiogenic (Sionov et al.,
2015; Tazzyman et al., 2011) and promote metastatic seeding
(Coffelt et al., 2015; Wculek and Malanchi, 2015) in some tumor
models. However, this may depend on the experimental setting,
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as another recent study showed that depletion of neutrophils
had no effect on metastatic seeding by breast cancer cells in
mouse lungs (Kitamura et al., 2015). It remains to be seen
whether the selective targeting of PV TAMs per se elicits a
compensatory influx and/or activation of tumor-promoting neutrophils. Proangiogenic, MMP9+ neutrophils accumulated in
mouse cervical tumors after the pan depletion of CCR2+ TAMs
(Pahler et al., 2008). Furthermore, a study showed that two
distinct anti-angiogenic agents, initially effective in mouse tumor
models, also triggered an influx of Gr1+CD11b+ neutrophils that
promoted resistance to further treatment. Targeting Gr1+ cells
was not sufficient to lift this blockade, as TAMs were able to
compensate for their loss and sustain tumor resistance to antiangiogenic therapy (Rivera et al., 2015). Studies are now warranted to see whether combining agents that selectively target
PV macrophages and tumor-promoting neutrophils yield more
sustained anti-tumoral effects, either alone or when administered with frontline therapies.
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VEGFR-3 controls tip to stalk conversion at vessel fusion sites by reinforcing
Notch signalling. Nat. Cell Biol. 13, 1202–1213.
Tap, W.D., Wainberg, Z.A., Anthony, S.P., Ibrahim, P.N., Zhang, C., Healey,
J.H., Chmielowski, B., Staddon, A.P., Cohn, A.L., Shapiro, G.I., et al. (2015).
Structure-guided blockade of CSF1R kinase in tenosynovial giant-cell tumor.
N. Engl. J. Med. 373, 428–437.
Tazzyman, S., Barry, S.T., Ashton, S., Wood, P., Blakey, D., Lewis, C.E., and
Murdoch, C. (2011). Inhibition of neutrophil infiltration into A549 lung tumors
in vitro and in vivo using a CXCR2-specific antagonist is associated with
reduced tumor growth. Int. J. Cancer 129, 847–858.
Tymoszuk, P., Evens, H., Marzola, V., Wachowicz, K., Wasmer, M.H., Datta,
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SUMMARY

T cells can be re-directed to kill cancer cells using
chimeric antigen receptors (CARs) or T cell receptors
(TCRs). This approach, however, is constrained by
the rarity of tumor-specific single antigens. Targeting
antigens also found on bystander tissues can cause
life-threatening adverse effects. A powerful way to
enhance ON-target activity of therapeutic T cells is
to engineer them to require combinatorial antigens.
Here, we engineer a combinatorially activated T cell
circuit in which a synthetic Notch receptor for one antigen induces the expression of a CAR for a second
antigen. These dual-receptor AND-gate T cells are
only armed and activated in the presence of dual antigen tumor cells. These T cells show precise therapeutic discrimination in vivo—sparing single antigen
‘‘bystander’’ tumors while efficiently clearing combinatorial antigen ‘‘disease’’ tumors. This type of precision dual-receptor circuit opens the door to immune
recognition of a wider range of tumors.
INTRODUCTION
Recent advances in immunotherapy have demonstrated that
T cells can be redirected to recognize and eliminate tumors using
chimeric antigen receptors (CARs) or engineered T cell receptors
(TCRs) that bind tumor-specific antigens (Barrett et al., 2014a;
June et al., 2009). The application of this therapeutic approach,
however, is limited by the rarity of single, highly specific tumoronly antigens. Few antigens are absolutely tumor specific, and
T cells targeted to antigens that are also found on normal
bystander tissues can cause life-threatening adverse side effects. The most successful T cell therapies, to date, have been
targeted to B cell malignancies, utilizing CARs directed to the
B cell-specific antigen CD19. Even in this successful treatment,
however, normal B cells are targeted and eradicated (Brentjens
et al., 2013; Grupp et al., 2013; Porter et al., 2011). Although patients can live without B cells, this type of treatment would be far
more broadly applicable if T cell therapeutics could more reliably
discriminate normal tissue from diseased (Lamers et al., 2006;
Morgan et al., 2013; 2010; Sadelain et al., 2009).
770 Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc.

Attempting to discriminate cancer cells via a single receptor
that recognizes a single antigen is inherently a one-dimensional
approach, and it would be a significant improvement if multiple
receptors could be used to combinatorially detect multiple antigens (Figures 1A and 1B) (Barrett et al., 2014b). Such multi-antigen approaches would take full advantage of the capabilities of a
cell-based therapy, as cells usually integrate multiple inputs to
modulate their natural decisions in sophisticated ways.
Prior strategies to engineer multi-input control of T cells have
focused on expressing two CARs in the same cell, each with partial signaling function and distinct extracellular antigen recognition domains (Kloss et al., 2013; Wilkie et al., 2012). While such
cells show enhanced activation when both target antigens are
present, success of this approach relies on delicately balancing
the same set of coordinated signaling events that occur downstream from the CAR. Thus, behavior is highly dependent on
the exact expression ratios and activities of the different receptor
chains, leading to less robust and predictable behavior. Moreover, partial independent function of each receptor inherently
limits the dynamic range of this approach—it remains challenging to obtain an AND-gate T cell that is both fully inhibited
in the presence of either individual antigen but fully activated in
the presence of both antigens.
To construct more reliable multi-antigen responses, it would
be ideal to have new receptors that function completely independently from the CAR/TCR pathway but that can interface with
CAR activity in a controlled manner (Figure 1B). Recently, we
have developed a new class of modular receptors called synthetic Notch (synNotch) receptors (Morsut et al., 2016 [this issue
of Cell]). SynNotch receptors use an extracellular recognition
domain (e.g., single-chain variable fragment [scFv]) to recognize
a target antigen but, unlike CARs, binding of the target antigen
does not trigger T cell activation. Instead, ligand engagement
leads to cleavage of the receptor and to release of a transcriptional activator domain, which can in turn enter the nucleus
and drive expression of user specified target genes (Figure 1C).
These receptors harness the mechanical activation mechanism
of Notch (Gordon et al., 2015).
Here, we show that we can construct combinatorial antigen
recognition T cell circuits in which a synNotch receptor for
one antigen drives the inducible expression of a CAR for a
second antigen (Figure 1D). These dual-receptor T cells are
only armed and activated in the presence of dual antigen tumor
cells (AND-gate). These combinatorially gated T cells show a
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remarkable degree of therapeutic discrimination both in vitro and
in vivo—sparing single antigen ‘‘bystander’’ tumors while efficiently eradicating combinatorial antigen ‘‘disease’’ tumors.
Here, we are able to harness the computational power of a dynamic synthetic regulatory circuit to achieve much higher
target-cell discrimination, while still maintaining a high dynamic
range of tumor killing. Given the modularity of both CARs and
synNotch receptors, and the robust discrimination we observe,
this type of dual-receptor circuit could lead to precise immune
recognition of a much larger set of tumors.
RESULTS
Design of a Two Antigen AND-Gate Circuit: SynNotch
Receptors Induce CAR Expression
The design of a simple two receptor AND-gate circuit is outlined
in Figure 1D. A T cell is engineered to constitutively express a
synNotch receptor that recognizes antigen A. In addition, the
gene for a CAR that recognizes antigen B would also be inserted
into the cell, but it would be under the control of a promoter that

Figure 1. Design of Combinatorial Antigen
Sensing Circuits in T Cells Using Sequentially Regulated SynNotch and Chimeric Antigen Receptors
(A) CAR or tumor-specific TCR T cells generally
target single antigens, often causing off-target tissue damage. Improved therapeutic T cells will
require multiple sensors that recognize combinations of both tumor antigens and tissue-specific
antigens, allowing the cells to assess their environment and make more precise decisions on
when to activate. Such therapeutic cells would be
better equipped to distinguish the target diseased
tissue from normal tissue.
(B) New types of receptors that sense combinations of antigens and regulate T cell signaling and
transcription must be built to allow for sophisticated cellular decision making and more precise
therapeutic T cell responses.
(C) SynNotch receptors are engineered with a
custom extracellular ligand-binding domain (e.g.,
scFv or nanobody) directed toward an antigen of
interest (e.g., CD19 or surface GFP). Upon ligand
recognition by the synNotch receptor, an orthogonal transcription factor (e.g., TetR-VP64 or Gal4VP64) is cleaved from the cytoplasmic tail that
regulates a custom genetic circuit.
(D) Design of a synNotch AND-gate circuit that requires T cells to sense two antigens to activate.
This AND-gate signaling circuit works in two
sequential steps: (1) a synNotch receptor allows
the T cell to recognize the first antigen A and (2) the
T cell expresses a CAR directed toward a second
tumor antigen B. If antigen A and antigen B are
present, the T cells can activate and kill the target
tumor.

requires activation by the synNotch-induced transcription factor
(synNotch engagement results in receptor cleavage and release
of a transcriptional activation domain; Morsut et al., 2016). Thus,
no CAR expression or activity should be present in the cell
until the synNotch receptor is activated. This sequential receptor
activation circuit is highly modular in design since swapping
extracellular domains can easily change the antigen recognition
properties of both receptors.
Testing SynNotch-Gated CAR Expression in Jurkat
T Cells—Combinatorial Antigen Requirement for Jurkat
T Cell Activation
To test the concept of utilizing synNotch receptors to control the
expression of CARs, we first attempted to engineer combinatorial
antigen control over the activation of Jurkat T cells. In these
experiments, we targeted two model tumor antigens, CD19
and mesothelin. The Jurkat T cells were engineered with an
a-CD19 synNotch receptor bearing an intracellular tetracyclinecontrolled transactivator (tTa) domain (TetR-VP64). We also inserted the a-mesothelin CAR gene (with 4-1BBz costimulatory
Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc. 771

domain), which is under the control of a promoter with the corresponding tetracycline response elements (TRE) activated by the
synNotch receptor (Figures 2A and 2B). The engineered Jurkats
were co-cultured in vitro with target K562 myelogenous leukemia
cells with ectopic expression of CD19, mesothelin, or both
antigens together (Figures 2A and 2B). Since these engineered
Jurkat T cells only express the a-mesothelin CAR in response
to a-CD19 synNotch stimulation, the T cells should not activate
in response to mesothelin alone. If the T cells are exposed to
CD19, the a-mesothelin CAR is expressed and the T cells are
primed for activation. The T cells can then sense mesothelin
and activate (Figures 2A and 2B).
When we tested these cells, we indeed observed activation
only by the tumor cells that expressed both CD19 and mesothelin, as measured by the upregulation of the activation marker
CD69 and by the secretion of the cytokine IL-2. Tumor cells expressing either single antigen did not lead to activation (Figures
2C and 2D). We analyzed the dynamics of T cell activation
when stimulated by dual antigens (Figures 2E, S1A, and S1B).
The Jurkat synNotch AND-Gate T cells induce CAR expression
in response to tumor cell stimulation with a t1/2 of 6 hr, reaching
steady-state expression by 24 hr (Figures 2E, S1A, and S1B).
The subsequent T cell activation (monitored via CD69 expression) occurs after CAR expression initiates, with an expected
sequential delay of an additional 6 hr. Thus, the effective composite half-time for T cell activation by this two-step circuit is
13 hr (Figure 2E).
We also characterized the decay dynamics of synNotchinduced CAR expression (Figures 2F and S2C). We first exposed
the synNotch T cells to a surrogate of the priming antigen CD19.
Since the a-CD19 synNotch receptor has a Myc-tag on its
extracellular domain, we previously found that the receptor could
also be activated by exposure of the cells to a-Myc-antibodycoated plates. This activation approach allows for rapid cessation
of synNotch activation by removing cells from the plate-bound
antigen. After 24 hr of stimulus with a-Myc antibody, we removed
the T cells and monitored the decay of a-mesothelin CAR expression over 24 hr. The half-life of CAR expression after removal of
the synNotch stimulus was 8 hr (Figures 2F and S1C).
SynNotch-Gated CAR Expression in Human Primary T
Cells—Combinatorial Antigen Control over T Cell
Activation and Tumor Killing
Given the success of the synNotch AND-gate in Jurkat T cells,
we then tested whether the same type of synNotch-driven
CAR expression circuit could function in primary T cells to
discriminate multiple antigens. We tested various synNotch
receptors in primary T cells and found that the Gal4-VP64 transcriptional activation domain worked reliably, yielding good synNotch receptor expression and minimal basal transcriptional activity. This is an ideal scenario for the synNotch/CAR AND-gate
because there should be no basal expression of the CAR until the
T cells sense the synNotch antigen.
As a proof-of-principle demonstration of this approach, we
first utilized an a-GFP synNotch receptor (a-GFP nanobody recognizes surface-expressed GFP and intracellular Gal4VP64 is
released) to drive expression of the a-CD19 4-1BBz CAR (Figure 3A). Our rationale for choosing this model setup is that the
772 Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc.

a-CD19 CAR is a gold standard in the field of immunotherapy
and it shows potent tumor clearance in vivo.
Human primary CD4+ T cells were engineered with the a-GFP
synNotch Gal4VP64 receptor and the corresponding response
elements controlling a-CD19 4-1BBz CAR expression. These
T cells were then exposed to K562 target cells expressing
CD19 only, GFP only, or both GFP and CD19. The CD4+
T cells only displayed expression of the a-CD19 4-1BBz CAR
when stimulated with cells expressing the synNotch ligand,
GFP (Figure 3B). Moreover, these T cells only showed activation,
as assayed by cytokine production, when exposed to target cells
expressing both GFP and CD19 on their surface (Figures 3B and
3C).
Human primary CD8+ cells containing the same dual-receptor
circuit also showed AND-gate behavior, only killing targets
when GFP and CD19 were present on the target cell (Figures
3D–3F). Thus, the synNotch AND-gate is functional in the critical
cell types required for T cell immunotherapy in humans. To
show the versatility and modularity of this approach, we tested
two other synNotch/CAR AND-gate configurations, and they all
showed combinatorial antigen requirements for CD4+ and
CD8+ T cell activation (Figures S2A–S2I).
SynNotch Receptors Drive Tumor-Localized CAR
Expression In Vivo
Since synNotch receptors reliably gate CAR expression in primary T cells in vitro, we next tested whether T cells could be
targeted to tumors in vivo via synNotch receptors and only express the CAR when in the tumor microenvironment. For these
experiments, we injected bilateral xenograft CD19+ Daudi B
cell lymphoblast tumors in immunocompromised NOD scid
IL-2Rg/ (NSG) mice. Wild-type Daudi cells (containing no
synNotch ligand) were injected subcutaneously in the left
flank, while Daudi tumor cells also expressing surface GFP
were injected in the right flank. After giving the tumors
10 days to implant, we injected primary CD4+ and CD8+
human T cells equipped with the a-GFP synNotch Gal4VP64
receptor, the corresponding response elements controlling
the expression of the a-CD19 4-1BBz CAR, and an IRES
enhanced firefly luciferase (effluc) reporter (Figures 4A, S3A,
and S3B) (Rabinovich et al., 2008). We then monitored luciferase expression as a reporter for CAR expression over the
course of 11 days. The T cells started to express the CAR
selectively in the GFP+ Daudi tumor by day 1 and continually
increased local expression of the CAR over the 11 day period
in the dual antigen tumor (Figure 4B and 4C). The increase in
luciferase signal in the target tumor is likely the result of a
combination of synNotch-driven CAR expression and expansion of cells in the dual antigen target tumor (Figures S3B
and S3C). No increase in luciferase was observed in the control GFP tumor.
Selective Combinatorial Antigen Tumor Clearance
In Vivo by SynNotch-Gated CAR Expression
Now that we knew that the a-GFP synNotch receptor could
target T cells to tumors and control local expression of the
a-CD19 CAR, we tested whether the synNotch AND-gate
T cells could selectively clear a dual antigen tumor in vivo. For
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Figure 2. SynNotch-Regulated CAR Expression—Combinatorial Antigen Requirement
for Jurkat T Cell Activation
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these experiments, we set up a similar bilateral tumor model with
K562 tumor cells (Figures 5A, S4A, and S4B). We implanted the
tumors and allowed 4 days for implantation (K562 tumors grow
more rapidly and establish larger tumors compared to Daudi
cells). At day 4, we injected CD4+ and CD8+ T cells bearing
the a-GFP synNotch/a-CD19 CAR AND-gate circuit and monitored tumor growth via caliper for 20 days (Figure 5A). We also
treated a group of mice with untransduced control T cells to
have a reference for tumor growth. In this experiment, the
T cells are directly challenged to discriminate dual antigen ‘‘disease’’ tumors from single antigen ‘‘bystander’’ tissues within the
same animal.
The synNotch AND-gate T cells displayed remarkably high
and reproducible discriminatory action against the two tumors
present in the same animal. In all animals, they selectively

(A) Engineering a two-receptor AND-gate circuit:
a-CD19 synNotch receptor induces a-mesothelin
CAR expression.
(B) Jurkat T cells were engineered with the a-CD19
synNotch tTa receptor and the corresponding
response elements controlling a-mesothelin 41BBz CAR expression. The Jurkat T cells must first
recognize CD19 on the target tumor via their synNotch receptor in order to initiate CAR expression.
After the T cell is primed to activate by CD19, the
a-mesothelin CAR can then bind mesothelin and
activate the Jurkat cell. Two canonical markers of
T cell activation are CD69 upregulation and IL-2
production. The synNotch AND-gate Jurkat T cells
should only activate when exposed to target tumor
cells expressing both CD19 and mesothelin.
(C) Histograms of the activation marker CD69 in
synNotch AND-gate Jurkat T cells co-cultured with
single antigen (mesothelin only) or dual antigen
(CD19/mesothelin) K562 tumor cells over a 48-hr
time course. CD69 was only expressed when the
T cells were exposed to dual antigen K562 cells
(representative of three independent experiments).
(D) IL-2 ELISA showing IL-2 production by
synNotch AND-gate Jurkat cells only when
exposed to dual antigen K562 cells (n = 3, error
bars are SEM, significance determined by Student’s t test, **** = p % 0.0001).
(E) Time course of AND-gate T cell activation upon
stimulation with dual antigen K562 cells. Expression
of the GFP-tagged mesothelin CAR (green) occurs
with a half-time of 6 hr. Subsequently, activation of
the T cell by CAR activation (monitored by CD69
expression) then occurs with a lag of several more
hours (t1/2 = 13 hr). FACS histograms for CAR
expression are shown in Figure S1B.
(F) Time course of AND-gate T cell inactivation upon
removal of synNotch ligand. Jurkat T cells expressing the AND-gate circuit were stimulated for
24 hr by plate-bound a-Myc antibody (synNotch
receptor has extracellular Myc-tag). START indicates time at which cells were removed from the
ligand, and the decay of GFP tagged CAR expression was monitored (t1/2 = 8 hr). FACS histograms
for CAR expression are shown in Figure S1C.

cleared the dual antigen ‘‘disease’’ tumor (GFP+/CD19+) while
leaving the single antigen ‘‘bystander’’ tumor (CD19+ only) unperturbed. These bystander single antigen tumors grew at
rates similar to the negative control tumor treated with untransduced T cells (Figures 5B, 5C, and S4B). Thus, there is
little detectable off-target killing of the ‘‘bystander’’ single antigen tumor.
We also set up single-tumor experiments where mice were
implanted with either a single antigen (CD19+ only) or a dual antigen (GFP+/CD19+) K562 tumor. The mice were then treated
with a-GFP synNotch/a-CD19 CAR AND-gate T cells or untransduced control T cells. The mice treated with control
T cells all reached euthanasia criteria rapidly, regardless of
the tumor type. The mice with GFP/CD19 tumors treated with
the AND-gate T cells all lived, and the tumor was completely
Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc. 773
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Figure 3. SynNotch-Regulated CAR Expression in Human Primary T Cells—Combinatorial Antigen Control over Therapeutic T Cell
Activation and Tumor Killing

(A) Human primary CD4+ and CD8+ T cells were
engineered with the a-GFP nanobody synNotch
Gal4VP64 receptor and the corresponding response elements controlling expression of the
a-CD19 4-1BBz CAR. These CD4+ or CD8+
synNotch AND-gate T cells first must sense
surface GFP via their synNotch receptor, and
only then do they express the a-CD19 CAR and
are primed to activate. These AND-gate primary
T cells should only activate and produce cytokine
or kill target cells if they sense both GFP and
CD19.
(B) Primary CD4+ synNotch AND-gate T cells
described in (A) were co-cultured with CD19 only
B
C
or surface-GFP/CD19 K562 cells. Histograms of
a-CD19 CAR GFP receptor expression level
show that the CAR is only expressed when GFP
is present on the surface of the target cell
(representative of at least three independent
experiments).
(C) The supernatant from CD4+ synNotch ANDgate T cells activated either by CD19 only or GFP/
CD19 K562s was analyzed for the presence of 25
cytokines via Luminex. Cytokines were only produced when the T cells were exposed to GFP/
CD19 T cells (error bars are SEM, n = 3).
(D) CD8+ synNotch AND-gate primary T cells were
D
E
F
engineered as described in (A). As with the CD4+
T cells, the histograms of a-CD19 CAR GFP receptor expression level show that the CAR is only
expressed when GFP is present on the surface of
the target cell (representative of at least three independent experiments).
(E) Forward and side scatter flow cytometry plots
after 24 hr co-culture of CD8+ synNotch AND-gate
primary T cells with either CD19 only or GFP/CD19
tumors cells. The T cells fall within the blue
gate, and the target CD19 or the GFP/CD19 K562s
are in the gray and orange gates, respectively.
The synNotch AND-gate T cells only killed the
GFP/CD19 K562s, shown by the reduction of
cells in the K562 gate (representative of three
experiments).
(F) Quantification of replicate CD8+ synNotch AND-gate primary T cell cytotoxicity data shown in panel (E). (n = 3, error bars are SEM, significance determined by
Student’s t test, * = p % 0.05). Other examples of synNotch/CAR circuits in primary T cells are shown in Figure S2.

cleared by day 25 post-tumor injection (Figure 5D). Mice with
CD19-only tumors treated with synNotch AND-gate T cells
reached euthanasia criteria at the same rate as mice treated
with untransduced T cells, suggesting there is no off-target
killing of single antigen tumors (Figure 5D). These in vivo data
collectively show that synNotch-gated CAR expression is an
effective AND-gate allowing T cells to confine their activity to
the tumor microenvironment and to only activate and kill in
response to multiple antigens.
An important concern was whether the AND-gate T cells
could engage a tumor expressing the synNotch ligand
(GFP), become primed by expressing the a-CD19 CAR, and
then migrate elsewhere to then kill single antigen (CD19+
only) bystander tissues. To test this, we performed experi774 Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc.

ments with a bilateral tumor model, but in this case, one tumor
contained CD19+-only cells and the other tumor contained
GFP+-only cells (two single antigen tumors) (Figure S4D). In
these mice, it would in principle be possible for the T cells
to be primed by the GFP+-only tumor, then migrate and kill
the CD19+ only tumors. Nonetheless, when we monitored
growth of the CD19+ tumor treated with AND-gate T cells,
we found that it was identical to the growth observed when
treated with negative control T cells (untransduced) (Figure S4E). Thus, there appears to be no evidence for priming
of the AND-gate T cells and subsequent killing of bystander
CD19+ cells elsewhere. Based on our prior data (Figure 2),
the decay of induced CAR expression is on the order of
several hours, which is likely faster than the composite time

Figure 4. SynNotch Receptors Drive Tumor-Localized CAR Expression In Vivo

A

B

C

that would be required for migration out of the priming tumor,
combined with the time required for CAR-mediated T cell activation in the bystander tumor. These activation/inactivation
dynamics could explain the requirement for highly local dual
antigens.
DISCUSSION
The Discriminatory Power of Dual Antigen Sensing
SynNotch/CAR Circuits in Therapeutic T Cells
The general concept of utilizing synNotch receptors to regulate
expression of receptors that drive T cell activation (e.g., CARs
or TCRs) has great potential to improve the safety and effectiveness of T cell therapies by precisely and reliably localizing when
and where the therapeutic (and toxic) action of T cells occurs.
Here, we have shown that synNotch AND-gate T cells reliably
discriminate tumors with two identifying antigens from tissues
expressing only one of these antigens. The AND-gate circuit
works in a sequential manner—the synNotch receptor first recognizes a tumor-localized antigen, thereby driving the expression of a CAR that recognizes a second tumor antigen. The
CAR then mediates T cell activation only if the second cognate
antigen is present. This strategy (1) restricts the expression of
the CAR to the tumor microenvironment and (2) has the potential
to overcome the problem of off-target cross reaction that can
occur with conventional CAR T cells when the target antigen is
also present in bystander tissues (Figures 6A and 6B). Specific
discrimination for a tumor could be achieved if the tumor has a
unique combinatorial antigen profile that distinguishes it from
other bystander tissues.

(A) Primary human CD4+ and CD8+ T cells were
engineered with the a-GFP synNotch Gal4VP64
receptor and the corresponding response elements regulating a-CD19 4-1BBz CAR IRES effluc
expression and were injected i.v. into NSG mice
with a Daudi tumor (CD19 only) on the left flank and
a surface GFP Daudi (GFP/CD19) tumor on the
right flank. Luciferase expression was monitored
over 11 days after i.v. injection of engineered
T cells.
(B) A representative image of luciferase expression
in mice treated as described in (A) at day 7 after
T cell injection. Luciferase expression was high in
the GFP/CD19 tumor, indicating localized CAR
expression only in the dual antigen tumor (n = 2
mice).
(C) Quantification of integrated intensity of luciferase levels in the left-flank Daudi tumor (CD19
only) and surface-GFP Daudi tumor (GFP/CD19) in
the right flank. Luciferase expression is enriched in
the dual antigen tumor at all time points (error is
SD, n = 2).

This approach for combinatorial antigen recognition is a critical advance for
T cell therapies, as most other combinatorial antigen recognition strategies
involve integrated signaling from multiple partially functional
CARs that work cooperatively or antagonistically to control the
activation of the T cell (Fedorov et al., 2013; Kloss et al., 2013;
Wilkie et al., 2012). Combinatorial control over T cell activation
with the synNotch-CAR AND-gate has several benefits
compared to the multiple CAR approach. Importantly, the synNotch receptor by itself does not directly trigger T cell activation
at all—it is completely independent from CAR/TCR signaling.
Therefore, synNotch receptor engagement by itself does not
inflict any damage on the synNotch antigen bearing tissue—it
simply results in the priming response of inducing CAR
expression.
In contrast, when multiple CARs are expressed for combinatorial antigen gating of the T cell response, there are often scenarios where the partial signaling through one of the receptors
can generate sufficient T cell activity to cause some off-target
tissue damage (Wilkie et al., 2012). Multiple CAR strategies are
dependent on achieving a delicate balance of signaling and,
thus, have inherent limitations on generating digital-like ANDgate behavior (no activity toward single antigens, maximal activity toward dual antigens). Moreover, many parameters of multiCAR systems must be precisely controlled, including the level
and ratio of the complimentary receptors and their relative
signaling strength. The amount of the target antigens present
on different tissues in the body can also complicate the ability
of the T cells to truly exhibit AND-gate logic (Kloss et al., 2013;
Wilkie et al., 2012). While these multi-CAR systems are an
exciting and important approach to enhance tumor targeting, a
wider range of combinatorial-sensing strategies will improve
our ability to treat a variety of tumors and diseases with T cell
Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc. 775

Figure 5. Selective Combinatorial Antigen
Tumor Killing In Vivo by SynNotch-Gated
CAR Expression

A

B

C
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therapies. It is in principle possible to combine the dynamically
controlled synNotch/CAR system described here with these
other strategies.
Factors Contributing to Robust Dual Antigen
Discrimination
There are also valid concerns for the synNotch-gated CAR
T cells, including the potential for cells to leave the ‘‘priming’’ tissue and cause damage to off-target tissues that express only the
CAR antigen. We have performed in vivo experiments to determine the extent to which this is a problem and have found that,
for our dual tumor model, T cells do not migrate from the region
of priming to then kill a ‘‘bystander’’ tumor (Figures S4D and
S4E). We hypothesize that once synNotch engagement is
ceased, the decay of CAR expression is fast (hours) compared
776 Cell 164, 770–779, February 11, 2016 ª2016 Elsevier Inc.

(A) Primary human CD4+ and CD8+ T cells were
engineered with the a-GFP synNotch Gal4VP64
receptor and the corresponding response elements
regulating a-CD19 4-1BBz CAR expression and
were injected i.v. into NSG mice with a CD19 K562
tumor on the left flank and a surface-GFP/CD19
K562 tumor on the right flank. Tumor size was
monitored over 16 days after i.v. injection of engineered T cells or untransduced T cell controls.
(B) Graphs showing CD19 and GFP/CD19 tumor
volumes for mice treated with synNotch AND-gate
T cells (top) and untransduced control T cells
(bottom). synNotch AND-gate T cells target the
dual antigen tumor exclusively and the CD19-only
tumor grew at the same rate as in mice treated
with untransduced control T cells (n = 5 mice, error
bars are SEM, significance determine by Student’s
t test, ** = p % 0.01, *** = p % 0.001).
(C) Tumor volume measurement for individual mice
treated with synNotch AND-gate T cells. All mice
showed selective killing of the dual antigen tumor.
(D) Kaplan-Meier graphs showing synNotch ANDgate T cells clear GFP/CD19 tumors with 100% of
the mice surviving. Mice with CD19-only tumors are
not cleared by synNotch AND-gate T cells and have
uncontrolled tumor growth. The corresponding tumor growth curves are given on the right of (D) (n = 5
mice, error bars are SEM, significance determine
by Student’s t test, ** = p % 0.01).

to the time required for effective migration
and for full T cell activation by the CAR,
preventing such issues (Figure 2).
Moreover, there are other factors that
are likely to strongly amplify T cell action
within a dual antigen ‘‘disease’’ tumor.
First, induced expression of the CAR will
result in two recognition domains that
may more strongly retain the T cells in
the dual antigen tumor. Second, and
perhaps most importantly, the resulting
T cell activation will induce both local IL2 release and proliferation, leading to a strong positive feedback
loop of local T cell expansion and activation. It is likely that these
local positive feedback loops have multiplicative effects, contributing to the remarkable degree of discrimination that we observe
with these AND-gate T cells.
It is also worth noting that one of the most powerful aspects of
synNotch receptor circuits is their amenability to facile engineering. Although not explored here, in addition to engineering the
selectivity of antigen recognition, it is possible to modulate the
dynamics of CAR expression (e.g., using degrons, mRNA destabilization, and feedback control), which could tune the duration
and range of CAR activity (Lienert et al., 2014; Lim, 2010). In effect, such strategies would tune the degree of temporal coupling
between the priming synNotch receptor and the effector CAR.
The current synNotch-CAR circuits already function in a highly
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Figure 6. SynNotch Receptors Control and
Localize CAR T Cell Responses for Precision
Immunotherapy
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controlled manner with no observable off-target toxicity but
could likely be further improved or tailored for particular tumor
contexts.
SynNotch Receptors Increase the Landscape of
Targetable Antigens for T Cell Therapies
Most engineered T cell strategies have focused on identifying
and targeting a single tumor-specific antigen with a CAR or
engineered TCR. Thus, the rarity of these truly tumor-specific antigens has limited this approach. Although there are many tumorassociated antigens, few of them are truly tumor specific. Many
tumors, particularly solid tumors, overexpress antigens that
could be targeted but are also expressed at lower levels in other
bystander tissues.
The robust AND-gate dual antigen detection demonstrated by
the synNotch/CAR T cells now opens the possibility that tumors
could be targeted based on combinatorial antigen signatures
(Figure 6C). It is far more likely that multiple antigens will provide
higher discriminatory power between tumor and normal tissues.
For example, it might be possible to target both a disease-associated antigen and a tissue-specific (normal) antigen to more
precisely attack a particular type of cancer cell. Tissue-specific
antigen detection by synNotch receptors could restrict the prim-

disease-specific
COMBINATIONS
of antigens

(A) Here, we engineered T cells with synNotch receptors that sense tumor antigens and upregulate
expression of a CAR to a second antigen. Thus,
these synNotch AND-gate T cells only activate in
response to combinatorial antigen recognition in
the tumor microenvironment, preventing off-target
toxicity mediated by single antigen recognition.
(B) SynNotch AND-gate T cells, unlike therapeutic
T cells that target single antigens, can reliably
discriminate combinatorial antigen targets from
single antigen bystander tissue. Combinatorial
antigen sensing by synNotch-CAR T cells could aid
in precisely targeting T cells to tumors, preventing
off-target toxicity.
(C) synNotch receptors expand the targetable tumor antigen space. Tumor-specific antigens are
rare compared to tumor-associated antigens (antigens that are expressed on normal tissue but are
more highly expressed on tumors). Since CARs
fully activate T cells, resulting in the killing of target
tissue, T cells engineered with a single CAR must
be targeted to tumor-specific antigens in order to
reduce fatal off-target toxicity (upper venn diagram). SynNotch receptors can gate CAR expression and control where the T cells are armed.
When targeting tumor-specific antigen combinations, it may now be possible to use CAR receptors directed toward tumor-associated antigens. This should reduce off-target damage to
tissues that express the CAR antigen in other parts
of the body.

synNotch-CAR
combo targets

ing of therapeutic T cells only to particular tissues. This is a unique
way in which synNotch receptors could both increase the therapeutic effect and reduce systemic toxicity.
Dual antigen AND-gate T cells might allow more widespread
use of CARs and TCRs directed to tumor-associated antigens
that, when recognized by themselves, often yield toxic side effects (e.g., the a-Her2 CAR) (Barrett et al., 2014b; Dotti et al.,
2014; Morgan et al., 2010). SynNotch receptors could be used
to gate the expression of this class of CARs to confine their
expression to the disease site, away from off-target tissue. SynNotch receptors thus increase the landscape of targetable antigens for CARs and may facilitate the usage of CARs that have so
far been thought to have high toxic potential (Figure 6C) (Dotti
et al., 2014).
SynNotch receptors are a general and powerful platform to not
only localize therapeutic T cell activity, but also to build combinatorial antigen-sensing capabilities that enhance the ability of any
therapeutic cell to recognize diseased target tissues with high
precision and specificity. While much development remains,
the versatility and modularity of the synNotch receptor system
could in principle be used to program therapeutic cells to
perform a large spectrum of combinatorial logical decisions extending beyond dual antigen sensing.
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EXPERIMENTAL PROCEDURES
SynNotch Receptor and Response Element Construct Design
SynNotch receptors were built by fusing the CD19 scFv (Porter et al., 2011),
LaG17 (lower affinity GFP), or LaG16_2 (high-affinity GFP) nanobody (Fridy
et al., 2014) to the mouse Notch1 (NM_008714) minimal regulatory region
(Ile1427 to Arg1752) and Gal4 DBD VP64 or TetR VP64 (tTa). All synNotch receptors contain an n-terminal CD8a signal peptide (MALPVTALLLPLALLL
HAARP) for membrane targeting and a myc-tag (EQKLISEEDL) for easy determination of surface expression with a-myc A647 (cell-signaling #2233; see
Morsut et al., [2016] for receptor synNotch receptor peptide sequences).
The receptors were cloned into a modified pHR’SIN:CSW vector containing
a PGK promoter for all primary T cell experiments. The pHR’SIN:CSW vector
was also modified to make the response element plasmids. Five copies of
the Gal4 DNA binding domain target sequence (GGAGCACTGTCCTCC
GAACG) were cloned 50 to a minimal CMV promoter. Also included in the
response element plasmids is a PGK promoter that constitutively drives
mCherry expression to easily identify transduced T cells. For all inducible
CAR vectors, the CARs were tagged c-terminally with GFP and were cloned
via a BamHI site in the multiple cloning site 30 to the Gal4 response elements.
All constructs were cloned via in fusion cloning (Clontech #ST0345).
Primary Human T Cell Isolation and Culture
Primary CD4+ and CD8+ T cells were isolated from anonymous donor blood
after apheresis by negative selection (STEMCELL Technologies #15062 and
#15063). Blood was obtained from Blood Centers of the Pacific, as approved
by the University Institutional Review Board. T cells were cryopreserved in
RPMI-1640 (UCSF cell culture core) with 20% human AB serum (Valley
Biomedical, #HP1022) and 10% DMSO. After thawing, T cells were cultured
in human T cell medium consisting of X-VIVO 15 (Lonza #04-418Q), 5% Human
AB serum, and 10 mM neutralized N-acetyl L-Cysteine (Sigma-Aldrich
#A9165) supplemented with 30 units/mL IL-2 (NCI BRB Preclinical Repository)
for all experiments.
Lentiviral Transduction of Human T Cells
Pantropic VSV-G pseudotyped lentivirus was produced via transfection of
Lenti-X 293T cells (Clontech #11131D) with a pHR’SIN:CSW transgene
expression vector and the viral packaging plasmids pCMVdR8.91 and
pMD2.G using Fugene HD (Promega #E2312). Primary T cells were thawed
the same day and, after 24 hr in culture, were stimulated with Human T-Activator CD3/CD28 Dynabeads (Life Technologies #11131D) at a 1:3 cell:bead ratio. At 48 hr, viral supernatant was harvested and the primary T cells were
exposed to the virus for 24 hr. At day 4 after T cell stimulation, the Dynabeads
were removed, and the T cells expanded until day 9 when they were rested and
could be used in assays. T cells were sorted for assays with a Beckton Dickinson (BD) FACs ARIA II. AND-gate T cells exhibiting basal CAR expression
were gated out during sorting.
Generation of SynNotch AND-Gate Jurkat T Cells
E6-1 Jurkat T cells (ATCC# TIB-152) were lentivirally transduced with the
a-CD19 synNotch tTa receptor (Myc-tagged) and a TRE3GS inducible
promoter controlling expression of the a-mesothelin 4-1BBz CAR that also
contains a constitutive cassette driving mCherry expression. After viral transduction, the Jurkat cells, with expression of both the receptor and response
elements, were single-cell sorted into 96-well plates with a FACs ARIA II. Single-cell clones that grew out in culture were then assessed for retained expression of the constructs and used in assays.
Cancer Cell Lines
The cancer cell lines used were K562 myelogenous leukemia cells (ATCC
#CCL-243) and Daudi B cell lymphoblasts (ATCC #CCL-213). K562s were lentivirally transduced to stably express human CD19 at equivalent levels as
Daudi tumors. CD19 levels were determined by staining the cells with
a-CD19 APC (Biolegend #302212). K562s and Daudi cells were also transduced to stably express surface GFP (GFP fused to the PDGF transmembrane
domain). The CD19 and surface-GFP peptide sequences can be found in Morsut et al., (2016). All cell lines were sorted for expression of the transgenes.
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In Vitro Stimulation of SynNotch T cells
For all in vitro synNotch T cell stimulations, 2 3 105 T cells were co-cultured
with sender cells at a 1:1 ratio. After mixing the T cells and cancer cells in round
bottom 96-well tissue culture plates, the cells were centrifuged for 1 min at
400 3 g to force interaction of the cells, and the cultures were analyzed at
24 hr for markers of activation (e.g., CD69) for CD4+ T cells and specific lysis
of target tumor cells for CD8+ T cells with a BD LSR II. All flow cytometry analysis was performed in FlowJo software (TreeStar).
Luminex MAGPIX Cytokine Quantification
Primary CD4+ T cells expressing the a-CD19 synNotch Gal4VP64 receptor
and 53 Gal4 response elements controlling the CAR were stimulated as
described above with the indicated target cancer cell line. The supernatant
was collected at 24 hr and analyzed with a Luminex MAGPIX (Luminex) Human
Cytokine Magnetic 25-plex Panel (Invitrogen ref#LHC0009M) according to the
manufacturer’s protocol. All cytokine levels were calculated based on standard curves with xPONENT software (Luminex).
IL-2 ELISA and CD69 Staining
Primary CD4+ or Jurkat synNotch AND-Gate T cells were stimulated with the
indicated cancer cell line as described above for 24 hr and supernatant was
harvested. IL-2 levels in the supernatant were determined via IL-2 ELISA (eBiosciences #BMS2221HS). The T cells were also collected and stained with
a-CD69 APC (Biolegend #310910) to determine if they were activated.
Assessment of SynNotch AND-Gate T Cell Cytotoxicity
CD8+ synNotch AND-Gate T cells were stimulated for 24 hr as described
above with target cells expressing the indicated antigens. The level of specific
lysis of target cancer cells was determined by comparing the fraction of target
cells alive in the culture compared to treatment with untransduced T cell controls. Cell death was monitored by uptake of the live/dead stain SYTOX Blue
(Thermo Scientific #S34857) and shifting of the target cells out of the side scatter and forward scatter region normally populated by the target cells.
In Vitro Quantification of Luciferase Reporter Activity in SynNotch
T Cells
Sorted CD4+ and CD8+ primary human T cells engineered to express the
a-GFP nanobody (LaG17) synNotch Gal4VP64 receptor and the corresponding response elements controlling a-CD19 4-1BBz CAR IRES effluc expression
were stimulated with GFP+ or GFP Daudi cells for 24 hr (2 3 105 T cells and
2 3 105 K562s). Production of effluc was assessed with the ONE-glo Luciferase Assay System (Promega #E6110). Bioluminescence was measured
with a FlexStation 3 (Molecular Devices).
In Vivo Luciferase Imaging of SynNotch T Cells
Animal studies were conducted with the UCSF Preclinical Therapeutics Core
under a protocol approved by the UCSF Institutional Animal Care and Use
Committee. Ten days prior to T cell injection, Daudi tumors and surface-GFP
Daudi tumors were injected subcutaneously into the left and right flanks of
mice (female, 8- to 12-weeks old, Jackson Laboratory #005557). Sorted
CD4+ and CD8+ primary human T cells engineered to express the a-GFP
nanobody (LaG17) synNotch Gal4VP64 receptor and the corresponding
response elements controlling a-CD19 4-1BBz CAR IRES effluc expression
were injected at a 1:1 CD4+ to CD8+ T cell ratio (1 3 106 of each T cell type)
intravenously (i.v.) into the tumor-bearing mice 10 days after tumor implantation. Luciferase expression was monitored over 11 days with bioluminescent
imaging performed using the IVIS 100 (Xenogen) preclinical imaging system
at the indicated time points. Images were acquired 10 min following intraperitoneal (i.p.) injection with 150 mg/kg of D-luciferin (Gold Technology #LUCK100). Quantification of integrated bioluminescence intensities was quantified in
ImageJ (NIH).
In Vivo Dual Antigen Tumor Targeting by SynNotch AND-Gate T Cells
NSG mice were implanted with two xenograft tumors—5 3 106 CD19+ and
GFP+/CD19+ K562 tumor cells subcutaneously on the left and right flank,
respectively. Four days after tumor implantation, 1 3 106 primary human
CD4+ and CD8+ T cells (2 3 106 total T cells) were injected i.v. into the

mice. These T cells were either untransduced (control) or engineered with the
a-GFP synNotch Gal4VP64 receptor and the corresponding response elements regulating a-CD19 4-1BBz CAR expression. Tumor size was monitored
by the UCSF Preclinical Therapeutics Core staff via caliper over 20 days after
T cell injection. For Kaplan-Meier experiments, the same protocol was used
but single tumors were injected into the mice. Mice were considered dead
when the tumor size reached euthanasia criteria.
Statistical Analysis and Curve Fitting
Statistical significance was determined by Student’s t test (two-tailed) unless
otherwise noted. All statistical analysis and curve fitting was performed
with Prism 6 (Graphpad) and p values are reported (not significant = p >
0.05, * = p % 0.05, ** = p % 0.01, *** = p % 0.001, **** = p % 0.0001). All error
bars represent either SEM or SD.
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SUMMARY

A key feature of inflammation is the timely recruitment of leukocytes, including monocytes, from
blood into tissues, the latter maturing into macrophages over a period of 2–3 days. Using multi-channel spinning disk microscopy, we identified a rapid
pathway of macrophage recruitment into an injured
organ via a non-vascular route requiring no maturation from monocytes. In response to a sterile injury
in liver, a reservoir of fully mature F4/80hiGATA6+
peritoneal cavity macrophages rapidly invaded into
afflicted tissue via direct recruitment across the
mesothelium. The invasion was dependent on
CD44 and DAMP molecule ATP and resulted in rapid
replication and switching of macrophage toward
an alternatively activated phenotype. These macrophages dismantled the nuclei of necrotic cells
releasing DNA and forming a cover across the injury
site. Rapid invasion of mature macrophages from
body cavity with capacity for induction of reparative
phenotype may impact altered tissues ranging from
trauma to infections to cancer.

INTRODUCTION
Inflammation in response to infection or sterile injury has been
studied extensively, and certain fundamental principles have
been well established. During inflammation, resident tissue
macrophages as well as mast cells and other parenchymal
cells are activated, stimulating endothelium to express adhesion molecules that then induce the recruitment of multiple
cell types (Kim and Luster, 2015). In most cases, neutrophils
are the first cells to arrive at the afflicted tissue potentially killing
pathogens or clearing debris before they undergo apoptosis.
A robust recruitment of monocytes ensues, and these cells
are thought to remove dying neutrophils and eventually differentiate into macrophages or dendritic cells over a few days
and promote tissue remodeling (Serhan et al., 2007). The tissue
resident macrophages are thought to coordinate many of these
668 Cell 165, 668–678, April 21, 2016 ª2016 Elsevier Inc.

events, and in some cases these cells can increase their
numbers at the source through self-replication (Davies et al.,
2013b; Jenkins et al., 2011). The monocyte recruitment and
differentiation, however, becomes more essential if tissue is
severely damaged eradicating the tissue resident macrophages. For example, Listeria monocytogenes infection induces early necroptotic death of the liver resident macrophages, the Kupffer cells. This triggers the proliferation and
alternative activation of the recruited monocyte-derived macrophages and ultimately replaces the dead Kupffer cells (Blériot
et al., 2015). In sterile inflammation, it has been shown that resident macrophages are lost after adult cardiac injury and are
instead replaced by inflammatory monocyte-derived macrophages (Lavine et al., 2014). Since there is no circulating population of macrophages, a rapid recruitment of these cells is
thought not to be possible.
Most vertebrates have a number of defined body cavities,
surrounding the internal organs including the peritoneal cavity
in which the visceral organs reside, the pleural cavity in which
the lung is found and the pericardial cavity where the heart is
situated. Macrophages in the peritoneal cavity have been studied extensively for their ability to phagocytose and kill invading
pathogens. Recently, two physically, functionally, and developmentally different peritoneal macrophage subsets have been
described (Ghosn et al., 2010). The small peritoneal macrophages (SPMs) are F4/80 low, CD11b low, and Ly6C positive,
and bone marrow derived and are present as a small population under basal conditions but can be recruited from a pool
of circulating monocytes into the peritoneum upon infection.
SPMs phagocytose bacteria and make large amounts of nitric
oxide. By contrast the large peritoneal macrophages (LPMs)
are F4/80 high, CD11b high, and Ly6C negative. LPMs are
maintained in the peritoneal cavity through self-renewal and
are capable of undergoing rapid proliferation upon inflammation (Jenkins et al., 2011). Compared to SPMs, LPMs make
much less nitric oxide and have less capacity to phagocytose
bacteria. However, LPMs phagocytose apoptotic cells more
effectively (Uderhardt et al., 2012). Recently, further characterization of the peritoneal macrophages revealed that LPMs but
not SPMs selectively express the zinc finger transcription factor
GATA-binding protein 6 (GATA6) (Gautier et al., 2014; Okabe
and Medzhitov, 2014; Rosas et al., 2014). Gata6-deficient
mice have fewer LPMs, and Gata6 appears to be involved in

Figure 1. Rapid Accumulation of F4/80hi
Macrophages in Sterile Injury in Liver
(A) Distribution of F4/80hi macrophages (blue) in
liver sinusoid (red) at basal condition. Higher
magnification of the indicated area (box) was
shown in middle and right. Scale bars, 50 (left) and
20 (middle and right) mm.
(B) Crawling velocities of neutrophils and Kupffer
cells responding to tissue injury. Experiments were
conducted 2 hr post-injury. Error bars represent
SEM, n = 3.
(C) Visualization of F4/80hi population (green) in
injury by topically applying F4/80 antibody. Mice
were intravenously injected with anti-CD31 (red) to
visualize liver vasculature. Injury border was
delineated with a white dashed line. Images are
representative of at least ten experiments. Scale
bars, 20 mm.
(D) Quantification of F4/80hi cells that accumulated
within injury at indicated time points. Error bars
represent SEM n = 3 for each time point.
(E) Representative intravital image of F4/80hi cells
(gray) in Ccr2RFP/+/Cx3cr1GFP/+ mouse (CCR2: red;
CX3CR1: green) at 24 hr post-focal injury. Images
are representative of five experiments.
Scale bars, 15 mm. See also Movies S1, S2, and S3.

RESULTS

the control of the proliferation, survival, and metabolism of
these cells.
In this study, we have documented that these cavity macrophages defy many of the aforementioned principles regarding
immobilized tissue resident macrophages including their ambulatory non-fixed nature. Using a simple sterile thermal injury
model of the liver, we have identified that GATA6+ macrophages infiltrate within 1 hr directly into the liver injury site
from the peritoneum in response to ATP released by necrotic
cells. Rather than using the traditional intravascular integrin
recruitment pathways, these macrophages use CD44 to bind
to exposed hyaluronan at the injury site. These fully mature
macrophages rapidly proliferate and adopt an alternative activation phenotype once they are located in the afflicted tissue.
Intravital imaging revealed that these cells dismantle nuclei
from necrotic cells and help to fully revascularize the site of
injury. Last, using a more complex liver fibrosis model, we
found that peritoneal macrophages relocate from peritoneum
into the liver parenchyma by migrating across the mesothelial
layer that covers the liver and invade deep into the tissue.
Depletion of peritoneal macrophages results in lethality in an
acute liver injury model. Our data describe a non-vascular
recruitment, of a reservoir pool of body cavity macrophages
into visceral organs and demonstrate their essential functions
for tissue repair.

Rapid Accumulation of
Macrophages following Sterile
Injury in Liver
Administration of F4/80 antibody into the
blood stream labeled liver macrophage,
namely, Kupffer cells. These cells resided in the blood vessels
of the liver, and exclusively in sinusoids (Figure 1A). Kupffer cells
were completely immobile and constantly probing the local environment with their multiple pseudopods. No motile F4/80-positive cells were noted in the liver vasculature (Movie S1). Touching
a heated thermo probe to the surface of the liver caused all cells
inside an area of approximately 600 mm in diameter to be killed
and intravital imaging over long periods showed no F4/80hi cells
moving intravascularly into the injury site (Dal-Secco et al., 2015;
McDonald et al., 2010) (Figure 1B; Movie S2). However, administration of F4/80 antibody topically to the injury site revealed
an F4/80hi population of cells accumulating as early as 1 hr
post-injury. The accumulation of these cells peaked at 12 hr
and persisted for at least 48 hr (Figures 1C and 1D). Our previous
study has shown that CCR2high inflammatory monocytes
entered the site starting at 8 hr and CX3CR1high monocytes
appeared around the injury site at 24–48 hr. Flow cytometry analysis suggested neither of these monocyte populations expressed F4/80, Mertk, or other macrophage markers in the first
72 hr (Dal-Secco et al., 2015). To further confirm the early accumulation of F4/80hi cells were not derived from monocytes, F4/
80 antibody was applied to the lesion in Ccr2RFP/+/Cx3cr1GFP/+
reporter mouse, which showed an abundance of monocyte
recruitment at 24 hr post-injury. These monocytes were highly
heterogeneous, expressing different levels of CCR2 and
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Figure 2. GATA6+ Peritoneal Macrophages
Are Accumulating at Sterile Injury
(A) Quantification of F4/80hi cells within the
focal injury in wild-type mice that were previously
treated with clodronate liposome (Kupffer cell
depletion) or anti-Ly6G mAb (neutrophil depletion)
or in Ccr2RFP/RFP mice. n = 3. Data were pooled
from three independent experiments.
(B) Flow cytometry analysis for cells isolated from
injury biopsy or control biopsy of uninjured tissue at
12 hr post-focal injury. Cells were pregated on size,
viability, CD45+, and Ly6G–. Data are representative of three independent experiments.
(C) Flow cytometry analysis for GATA6 expression
of macrophage subsets in injury biopsy harvested
at 12 hr post-injury. Red, GATA6; dotted line, isotype control. Cells were pregated on size, viability,
CD45+, and Ly6G–. Plots are representative of at
least five independent experiments.
(D) Immunofluorescence staining for GATA6
(green) and F4/80 (red) of injury biopsy and control
sections. Scale bars, 25 mm. Data are representative of two independent experiments.
(E) Representative images of F4/80hi cells within
the 12-hr focal injury in mice that were previously
treated with PBS liposome (control) or clodronate
liposome (clodronate). The white dashed line
highlights injury border. Scale bars, 20 mm.
(F) Quantification of F4/80hi cells within the focal
injury in mice that were treated as indicated in (E) or
having their peritoneal cavity rinsed by sterile
saline. n = 5. Data were pooled from three independent experiments.
(G) Representative images of transferred LysMeGFP peritoneal cells within the 12-hr focal injury in
wild-type mice. 1 3 107 peritoneal cells isolated
from LysM-eGFP mice were transferred through
indicated route 1 hr prior to injury. The white
dashed line highlights the injury border. Arrowheads indicate the GFP+ cells in the liver sinusoid.
Scale bars, 20 mm.
(H) Quantification of GFP+ cells within the 12-hr
focal injury in wild-type mice that received indicated numbers of peritoneal cells from LysM-eGFP
mice.
Error bars represent SEM. **p < 0.01, ***p < 0.001,
N.S., not significant. See also Figures S1 and S2.

CX3CR1, yet none were co-localized with the F4/80hi cells (Figure 1E). Interestingly the F4/80hi cells appeared to be localized
toward the center of the wound unlike the CCR2high monocytes
that were recruited from the vasculature surrounding the wound
and migrating inward (Figure 1E). Three-dimensional reconstruction of the injury site revealed that these macrophages were
localized on top of the necrotic cells (Movie S3). This was not
as a result of the antibody not being able to penetrate deeper
because topical application of neutrophil antibodies labeled neutrophils deep in the injury site (data not shown).
Peritoneal Macrophages Respond to Liver Injury
through Direct Migration from Peritoneal Cavity
Intravenous administration of clodronate liposome depleted
Kupffer cells prior to the injury but did not affect the accumulation of the F4/80hi macrophages inside the injury (Figure 2A).
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Ccr2RFP/RFP mice, which have very few monocytes recruited to
the injury site, still had comparable numbers of F4/80hi macrophage in injury compared to wild-type mice, suggesting that
neither Kupffer cells nor monocytes contribute to the macrophages in injury. Finally, neutrophils migrating to the injury
site have to crawl across F4/80-positive Kupffer cells. To
ensure that the neutrophils were not simply taking up membranes from macrophages, we depleted neutrophils and still
noted many F4/80hi cells in the injury (Figure 2A). To characterize this F4/80hi population, cells were isolated from the
injury biopsy; flow cytometry analysis suggested there was a
distinct population expressing high levels of CD11b and F4/
80 from injury biopsy samples compared to control biopsies
taken from uninjured tissue (Figure 2B). We therefore examined expression of several macrophage related surface
markers on this population and used Kupffer cells as an

internal reference. These cells were Ly6C–, MHC-II–, siglec-F–,
CD206+, CD64+, CD68+, CD11c+ CD115low, and CD102+, confirming they were macrophages but were different from Kupffer
cells (Figure S1). Furthermore, CD102 has been identified as a
specific marker for resident peritoneal macrophages and was
present on macrophages in injury but not on Kupffer cells
(Okabe and Medzhitov, 2014). Several recent studies have
suggested that resident peritoneal macrophages selectively
express a transcription factor, GATA6 (Gautier et al., 2014;
Okabe and Medzhitov, 2014; Rosas et al., 2014) (Figure S2A).
Indeed, these F4/80hi cells in the injury site were also positive
for GATA6, revealed by both flow cytometry and immunofluorescent staining (Figures 2C and 2D). Expression of GATA6
was restricted to macrophages in the injury but not Kupffer
cells (Figures 2C and 2D).
The above results suggested that peritoneal macrophages
could be the source of the macrophages in injury. In fact,
when peritoneal macrophages were depleted by intraperitoneal administration of clodronate liposome (CLL) (Figure S2B),
no F4/80hi macrophages were found in the afflicted liver lesion
(Figure 2E). However, Kupffer cells were still present in liver (as
opposed to intravenous clodronate liposome administration).
Washing out macrophages from peritoneal cavity also reduced
F4/80hi macrophages in injury (Figures 2F and S2C). In addition, peritoneal cells from LysM-eGFP mice (Faust et al.,
2000), in which >85% of the GFP+ population are GATA6+
macrophages, were adoptively transferred into the peritoneum
of a non-GFP mouse (Figure S2D). As a result, abundant
recruitment of GFP+ cells were noted within the liver injury
site (Figure 2G). Staining with F4/80 antibody confirmed the
majority of GFP+ cells were F4/80hi (Figure S2E). By contrast,
LysM-eGFP peritoneal cells transferred into the vasculature
failed to arrive at the liver injury (Figure 2G). Administration
of a much larger amount of peritoneal cells intravenously
induced some sticking of GFP+ cells in the liver sinusoids,
but no accumulation was noted in the injury site (Figures 2G
and 2H). Long-term tracking of transferred GFP+ cells also revealed that those cells were persistent in injury for about 72 hr
and were completely gone at 120 hr (Figure S2F).
Recruitment of Peritoneal Macrophages to Sterile Injury
in Liver Is Dependent on ATP and CD44
To further investigate the mechanisms that guide peritoneal cavity macrophages into liver, mice were treated with pertussis toxin
(PTX) to inhibit the Gai-protein-coupled chemokine receptors
(Lee et al., 2010). Macrophage accumulation was largely unaffected by PTX treatment (Figure 3A), suggesting macrophages
in the peritoneal fluid were not attracted to the injury area by classical chemokine signaling. ATP released from dead cells can act
as a damage-associated molecule-pattern (DAMP) (Kono and
Rock, 2008). Mice pretreated with apyrase or ATP receptor
antagonist demonstrated a significant reduction in the number
of macrophages accumulated at injury (Figure 3B). Blocking
b2-integrin (CD18), the dominant adhesion molecule used by
circulating immune cells to reach sites of inflammation (Herter
and Zarbock, 2013), had no effect on macrophage recruitment
into the liver injury site (Figure 3C), suggesting that this recruitment of a reservoir of body cavity macrophages differs from

intravascular recruitment of immune cells. b1-integrins are critical for adhesion to matrix proteins including collagen, fibronectin, and laminin. Blocking b1-integrins (CD29) did not reduce
macrophage recruitment (Figure 3C). CD44 is an important
adhesion molecule for recruitment of leukocytes to liver (Guidotti
et al., 2015; McDonald et al., 2008; Shi et al., 2010). Pretreated
mice with anti-CD44 antibody abolished the recruitment of macrophages (Figure 3D). In addition, preincubation of transferred
LysM-eGFP+ macrophages with anti-CD44 antibody demonstrated decreased macrophage recruitment to injury suggesting
that the CD44 on macrophages is directly involved in mediating
adhesion (Figure 3E). Indeed, CD44 is highly expressed on peritoneal macrophages (Figure S3). Hyaluronan, the ligand for
CD44, has been shown to be removed effectively by hyaluronidase (McDonald et al., 2008). Pretreatment of the mice with
this enzyme also prevented recruitment of macrophages to the
injury site (Figure 3F). Immunofluorescent staining with hyaluronan binding protein revealed the exposed hyaluronan inside
the injury area but not in the surrounding healthy tissue
(Figure 3G).
Alternative Activation of Peritoneal Macrophages upon
Recruitment to Sterile Injury
Recent studies have revealed that hyaluronan can induce macrophages to switch their phenotype to alternatively activated
macrophage (Rayahin et al., 2015). To determine whether the
recruitment of the macrophages to the injured environment
induced changes in their phenotype, we compared GATA6-positive macrophages from the peritoneum versus those from the
injury biopsies. Only a small portion of resident peritoneal macrophages were positive for Ki67, a marker of proliferation, suggesting very little basal proliferation. In contrast, more than
20% of the macrophages from the biopsies expressed Ki67 at
12 hr post-injury (Figure 4A). Accordingly, bromodeoxyuridine
(BrdU) pulse labeling showed that more than 10% of macrophages from the injury were in S phase at the early stage (Figure S4A). Local proliferation of resident macrophages is known
as a signature for type 2 immune response (Jenkins et al.,
2011). Indeed, the peritoneal macrophages were able to skew
their phenotype toward alternative or repair macrophages,
increasing their expression of CD273, CD206 (Figures 4B and
4D), and arginase 1 (Figures 4C and 4E), known as markers of
alternatively activated macrophages (Huber et al., 2010; Martinez and Gordon, 2014). Measuring expression levels of these
markers on macrophages over time revealed rapid elevation as
early as 4 hr, which persisted for 48 hr (Figure 4F). qRT-PCR
analysis also showed that the expression of alternative activation
genes (Chil3, Mrc1, Retnla, Il10) was rapidly induced in the whole
injury tissues from control mice but not peritoneal-macrophagedepleted mice (Figure S4B).
Peritoneal Macrophages Disassemble Necrotic Cells
and Contribute to Tissue Repair
Using intravital microscopy, we examined the behavior of peritoneal macrophages in the wound. The macrophages appeared to
be constantly probing with a single pseudopod (Movie S4). To
investigate how macrophages interact with necrotic cells,
SYTOX Green was topically applied to the injury labeling the
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Figure 3. Peritoneal Macrophages Are Attracted to Injury by Injury-Derived ATP and
Hyaluronan
(A) Quantification of F4/80hi macrophages within
12-hr focal injury in mice that were pretreated with
inactivated pertussis toxin (iPTX) or pertussis toxin
(PTX). n = 5. Data were pooled from three independent experiments.
(B) Quantification of F4/80hi macrophages within
injury at indicated time points in mice that were
pretreated with apyrase or p2rx7 antagonist. n = 5.
Data were pooled from three independent experiments.
(C) Quantification of F4/80+ macrophages within
injury at indicated time points in mice that were
pretreated with isotype control, anti-CD29, or antiCD18 Abs. n = 3–5. Data were pooled from two
independent experiments.
(D) Quantification of F4/80hi macrophages within
injury at indicated time points in mice that were
pretreated with isotype control or anti-CD44 Ab.
n = 3–6. Data were pooled from three independent
experiments.
(E) Quantification of GFP+ cells in the 6-hr focal
injury in wild-type mice that received peritoneal
cells prior to injury. Peritoneal cavity cells harvested from LysM-eGFP mice were incubated with
isotype control or anti-CD44 Abs and washed with
PBS before adoptive transfer. n = 3. Data were
pooled from three independent experiments.
(F) Quantification of F4/80hi macrophages within
injury at indicated time points in mice that were
pretreated with hyaluronidase. n = 3–5. Data were
pooled from three independent experiments.
(G) Immunofluorescence staining of injury biopsy
harvested 2 hr after injury induction with hyaluronic
acid binding protein (HABP, red). The white dashed
line highlights the injury border.
Scale bar, 10 mm. Error bars represent SEM. **p <
0.01, ***p < 0.001, N.S., not significant. See also
Figure S3.

DNA in the nuclei of dead cells. Imaging over an extended period
revealed microparticles of SYTOX Green being pulled from the
nuclei by surrounding macrophages (Movie S5; Figure 5A).
SYTOX Green staining revealed that the necrotic cells in a newly
formed injury were intact and punctate nuclear structures (Figure 5B). The process of ripping pieces of nuclei released DNA
and resulted in fewer intact nuclei. Instead, a layer of DNA
covered the wound at 12 hr (Figure 5B). This could be eliminated
by adding DNase I (Figures 5C and S5A). These were not neutrophil extracellular traps (NETs), as neutrophil depletion did not
affect the formation of these structures (data not shown). Peritoneal macrophages were responsible for disassembling the
necrotic nuclei as depletion of the peritoneal macrophages resulted in the SYTOX-Green-positive cells remaining intact nuclear structures and no DNA coverage was noted (Figure 5D).
The injury was efficiently revascularized with newly restored sinusoids from the outer perimeter inward such that at 7 days
the area of non-perfused tissue (assessed by CD31 antibody)
was reduced by 75% (Figure 5E). In the absence of the influx
of peritoneal macrophages, the healing was significantly delayed
(Figures 5F and S5B).
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Decreased Peritoneal Macrophages in Sterile Injury and
Delayed Tissue Repair in GATA6-Deficient Mice
Gata6 was described to be the key transcription factor for regulating survival and proliferation of the peritoneal macrophages
and Gata6 deficiency affected multiple transcriptional networks
(Gautier et al., 2014; Rosas et al., 2014). We therefore used Lyz2Cre 3 Gata6flox/flox mice (Mac-Gata6 knockout [KO]) to address
whether Gata6 deficiency will affect the response of peritoneal
macrophages to injury. Indeed, deletion of Gata6 in the macrophage compartment resulted in a 60%–70% reduction in the
number of peritoneal macrophages that were visible in the injury
site at 6 hr post-injury (Figure 6A). Given a sufficient amount of
time, macrophages from the Mac-Gata6 KO mice were able to
fill in the injured area but simply took longer to do so (Figure 6B).
To assess whether Gata6 deficiency has an effect on macrophage recruitment, we transferred equal amount of labeled
wild-type or Mac-Gata6 KO macrophages separately to
different recipients prior to injury, and comparable amounts of
macrophages from both genotypes were noted at the injury sites
(Figure 6C). Co-transfer of equal numbers of wild-type and MacGata6 KO macrophages that were labeled in different colors also

Figure 4. Alternative Activation of Peritoneal Macrophages upon Accumulation at
Injury
(A) Representative flow cytometry analysis of Ki67
expression by macrophages isolated from peritoneal cavity or biopsies at 12 hr post-injury. Cells
were pregated on size, viability, CD45+, CD11b+,
and F4/80+.
(B and C) Representative flow cytometry analysis
of CD273/CD206 double-positive (B) or arginase1-positive (C) populations of macrophages isolated from peritoneal cavity or injury biopsy at 24 hr
post-injury. Cells were pregated on size, viability,
CD45+, CD11b+, and F4/80+. Red, arginase 1;
dotted line, isotype control.
(D and E) Proportion of CD273/CD206 doublepositive (D) or arginase-1-positive (E) populations
of peritoneal macrophages isolated from peritoneal cavity of sham mice, or peritoneal cavity and
injury biopsy from focal injury mice. Each symbol
represents one mouse. Data were pooled from at
least three independent experiments.
(F) Time course of CD206/CD273 (left) and arginase 1 (right) expression. n = 2.
Error bars represent SEM. *p < 0.05, **p < 0.01,
N.S., not significant. See also Figure S4.

revealed similar amount of accumulation and distribution pattern
at the injury site (Figure 6D). Clearly, the early recruitment of peritoneal macrophages seemed to be essential for tissue repair as
the lesion size remained larger at 7 days in Mac-Gata6 KO mice
compared to wild-type mice (Figure 6E).
Peritoneal Macrophages Invade into Liver in a Preclinical Liver Injury Model
To ensure that opening the peritoneal cavity during the injury did
not have an untoward effect and also to address whether peritoneal macrophages are able to sense and respond to tissue damage within the liver, mice were orally administrated with carbon
tetrachloride, a toxin that can cause pericentral cell injury and
necrosis (Yu et al., 2002). A previous study has demonstrated
a single dose of CCl4 resulted in severe necroinflammatory injury
that peaked at 24 hr and was resolved after 96 hr (de Meijer et al.,
2010). Indeed, intravital imaging of injured liver with topically
applied F4/80 antibody revealed large areas of avascular and
necrotic regions, which were filled with F4/80-positive peritoneal
macrophages (Figure 7A). The number of F4/80hi macrophages
transiently increased at 24 hr and were decreased by 48 hr (Figure 7B). In contrast, liver from vehicle-treated control mice only
had a very small number of F4/80hi cells (Figure S6A). To confirm
that the infiltrating macrophages were derived from peritoneum,
we transferred peritoneal macrophages from LyzM-eGFP mice
and observed large numbers of LyzM-eGFP macrophages on

the surface of liver lesions following CCl4
administration (Figure 7C). In order to
assess whether these macrophages can
migrate across the mesothelium and
penetrate into the intrahepatic area,
cross-sections of the liver from LysMeGFP peritoneal cells transferred mice were examined. We
found GFP+ macrophages crossing the mesothelium and able
to penetrate many cell lengths into the injured tissue by 48 hr
(Figure 7D). No GFP+ macrophages were observed in the intrahepatic area in vehicle-treated control mice (Figure S6B). Immunostaining of cross-sections of injured liver using an antibody
against mesothelial cell marker (podoplanin, PDPN) clearly
labeled the surface of the liver (Figures 7E and S6C; Movies S6
and S7). Quantification of transferred GFP+ cells within the first
500 mm in depth from the mesothelial layer showed many cells
infiltrating at 24 hr with a few reaching to 500 mm depth. By
48 hr after CCl4 treatment, there were many cells that had
infiltrated at least 500 mm into the tissue (Figure 7F). We also
harvested the whole liver and performed flow cytometry to determine the percentage of transferred GFP+ macrophages in liver.
Compared to vehicle-treated control mice, a substantially larger
population of LyzM-eGFP+ macrophages was found in the liver
of CCl4-treated mice (Figure 7G). To further address the role of
peritoneal macrophages in CCl4-induced hepatotoxicity, we
compared the response of mice that have peritoneal macrophages depleted to control animals by measuring body weight
after acute liver injury. Control mice that received CCl4 lost about
5% body weight transiently but recovered fully within 72 hr. Mice
that were depleted of peritoneal macrophages with clodronate
showed a greater loss of body weight, and these mice continued
losing weight and eventually were euthanized due to more than
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Figure 5. Peritoneal Macrophages Ingest
Necrotic DNA and Promote Tissue Repair
and Revascularization
(A) Time-lapse images showing macrophages (red)
pulling off SYTOX Green particles (green) from
nucleus body (still images from Movie S5). Elapsed
time is shown in minutes. Scale bar, 10 mm.
(B) Representative images of necrotic cells (SYTOX
Green, green) within injury at indicated time points.
Scale bars, 15 and 40 mm (inset).
(C) Quantification of SYTOX Green+ area within
12 hr of injury before and after topical application of
DNase I. n = 3. Data are representative of two independent experiments.
(D) Representative images of necrotic cells within
12 hr of injury in PBS liposome (Control) or clodronate liposome (Macrophage depletion)-treated
mice. Data are representative of five independent
experiments. Scale bars, 15 mm.
(E) Representative images of injury lesion at indicated time points. Mice were intravenously injected with anti-CD31 (red) to visualize liver
vasculature. White dashed line highlights injury
border. Scale bars, 15 mm.
(F) Quantification of the size of injury lesion in
PBS liposome (Control) or clodronate-liposome
(macrophage depletion)-treated mice at 4 hr and
7 days post-injury. Each symbol represents one
mouse. Data are representative of three independent experiments.
Error bars represent SEM. **p < 0.01. N.S., not
significant. See also Figure S5 and Movie S5.

20% weight loss (Figure 7H). Administration of clodronate alone
(without CCl4) did not affect the body weight (data not shown).
This result suggested that peritoneal macrophages possess protective effects on CCl4-induced acute hepatotoxicity.
DISCUSSION
The leukocyte recruitment pathway from blood to tissues is
extremely well defined suggesting that selectins expressed on
endothelium tether leukocytes to the vessel wall allowing them
to roll with the flow of blood. The cells then adhere via integrins,
due to activating molecules such as chemokines, which are immobilized to the vessel wall. The leukocytes then crawl through
junctions between endothelial cells and ultimately emigrate out
of the vasculature (Ley et al., 2007; Phillipson and Kubes,
2011). This mechanism is thought to be used by all immune cells,
stem cells, and even some cancer cells. Inflammatory monocytes also use this recruitment cascade to get into tissues where
they are thought to mature into macrophages. There are tissue
resident macrophages in most if not all organs that have been
proposed to perform many functions during inflammation
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including detecting disturbances and
pathogens. They then release signals to
(1) activate endothelium; (2) scavenge
dead and dying cells including infiltrating
neutrophils, and (3) ultimately help in remodeling or tissue repair (Davies et al.,
2013a). However, resident macrophages are considered as stationary, and, to our knowledge, no study has ever shown these
cells can move in liver, lung, and other organs. Indeed, using
intravital microscopy, our previous studies also suggested that,
in the liver, Kupffer cells reside in the vasculature and do not
move either under basal conditions or in response to infections
(Lee et al., 2010; Wong et al., 2013). As such, when significant tissue damage occurs, destroying the parenchyma and associated
tissue macrophages, the prevailing view is that the system depends on monocyte recruitment from the vasculature to
generate new macrophages for tissue repair (Das et al., 2015).
Our data suggest that there is another, much more rapid way
of recruiting mature macrophages to tissue injury from body cavities such as the peritoneum. Although pleural and pericardial
cavities were not investigated in this study, these cavities also
harbor resident macrophages (Nakatani et al., 1988; Shimotakahara et al., 2007), indicating macrophages in other cavities might
have similar properties to peritoneal macrophages. This nonvascular, inter-organ, or cavity-organ recruitment occurs rapidly,
via CD44 and the alarmin ATP and not by integrins and
chemokines.

Figure 6. Decreased Accumulation of Macrophages and Delayed Repair in GATA6Deficient Mice
(A) Representative images of F4/80hi macrophages
within injury in wild-type (control) and Mac-Gata6
KO mice at 6 hr post-injury. Scale bars, 15 mm.
(B) Quantification of F4/80hi macrophages at indicated time points in wild-type and Mac-Gata6 KO
mice. n = 3–4. Data were pooled from three independent experiments.
(C) Quantification of CMFDA-labeled wild-type and
Mac-Gata6 KO peritoneal cells inside the injury site
at indicated time points. 3 3 106 labeled peritoneal
cells from wild-type or Mac-Gata6 KO were
transferred into wild-type mice prior to injury. n =
2–3. Data were pooled from two independent experiments.
(D) Representative image of co-transferred wildtype (CMRA labeled, red) and Mac-Gata6 KO
(CMFDA labeled, green) peritoneal cells at 24 hr
injury. 1 3 106 labeled peritoneal cells from each
genotype were mixed at ratio of 1 and transferred
into wild-type mice prior to injury. White dashed
line highlights injury border. Scale bar, 15 mm. Data
are representative of three independent experiments.
(E) Quantification of the size of injury lesion in
wild-type and Mac-Gata6 KO mice at 7 days
post-injury. Each symbol represents one mouse.
n = 4–5.
Data are representative of two independent experiments. Error bars represent SEM. *p < 0.05,
**p < 0.01, ***p < 0.001, N.S., not significant.

A previous study has demonstrated ATP as a find-me signal
(Elliott et al., 2009). However, extracellular ATP can be rapidly
degraded, limiting the distance of a gradient set up by ATP. In
fact, in vitro studies using resident peritoneal macrophages revealed that these cells do not migrate toward an ATP gradient
in a classic chemotactic manner. Instead, ATP induced macrophage lamellipodial extensions and has been shown to act as
a local ‘‘touch-me’’ signal by inducing macrophage spreading
(Isfort et al., 2011). Unlike the tissue resident macrophage that
are immobilized, macrophages in peritoneal cavity are floating
within a small amount of peritoneal fluid, which is constantly
circulating toward lymphatics in the undersurface of the diaphragm (Avraham-Chakim et al., 2013). This constantly flows
the peritoneal macrophages over the abdominal organs making
them much more ambulatory than tissue resident macrophages.
When injury occurred, guidance molecules that were released or
upregulated by cell death signals, such as ATP, induced arrest of
this reservoir of mature macrophages. Although these macrophages bound to the surface of the wound, we also show that
they also have the capacity to migrate across the mesothelial
cells invading into the deeper tissue to perform their functions
giving them a nomadic like phenotype.
Our working model raises an intriguing question, can other
types of cells floating in the cavity also sense and respond to inflammatory signals derived from an inflamed organ that is in
close proximity to the cavity and invade the afflicted tissue?
Other than macrophages, B1 B cells are another dominant cell
type in peritoneal and pleural cavity. Interestingly, a recent study

of B1 B cells in pleural cavity suggested that these cells can
relocate from pleural space to lung and produce protective
immunoglobulin M (IgM) in response to microbial airway infection. However, the mechanism in this process was not studied
(Weber et al., 2014). It is also worth noting that, although liver
is the largest organ covered by the peritoneum, other visceral organs such as intestine and pancreas are also housed in the peritoneal cavity. Whether peritoneal macrophages can invade into
these organs under pathological conditions needs to be studied
in the future.
The mature GATA6+ macrophages reside in the peritoneum in
a less alternatively activated or default state, but once activated
by injury-derived signals they can be rapidly induced to express
numerous molecules associated with an alternative activated
phenotype. Alternative activated macrophages have been suggested to exhibit tissue repair properties, showing attenuated
production of pro-inflammatory cytokines and secretion of
immunosuppressive cytokines (Martinez and Gordon, 2014).
Consistent with a previous report, our results suggested tissue
injury triggers rapid alternative activation of peritoneal macrophages (Loke et al., 2007). In fact, in our study significant alteration was noted within 4 hr of injury. The early activation of these
macrophages may accelerate the end of classical inflammation
and guarantee a rapid repair to maintain tissue integrity.
Because of the incredible ease with which these cells can be
harvested from the peritoneum, many in vitro studies have attributed many functions to these cells including the ability to phagocytose apoptotic or necrotic cells (Brouckaert et al., 2004; Cocco
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Figure 7. Liver Invasion by Peritoneal Macrophages in Response to Carbon-Tetrachloride-Induced Hepatoxicity
(A) Intravital image of liver lobe from CCl4-treated
mouse. F4/80 antibody (blue) was topically applied
to the liver lobe and anti-CD31 (red) was given
intravenously. Higher magnification of the indicated
area (box) was shown in right. Scale bars, 15 mm.
(B) Number of F4/80hi cells in liver lobes as shown
in (A) at indicated time points. Data were pooled
from three independent experiments.
(C) Intravital image of liver lobe from CCl4-treated
mouse that received LysM-GFP peritoneal cells.
Red, anti-CD31; green, LysM-eGFP. Scale bar,
50 mm.
(D) Cross-section of the liver lobe from mouse as
indicated in (C). White dashed line highlights the
border of mesothelium. Scale bar, 200 mm.
(E) Representative image of F4/80 (red) and podoplanin (PDPN, white) double immunostaining of
liver sections at 24 hr post-CCl4 treatment. Peritoneal cells from LysM-eGFP (arrows, green) mice
were transferred intraperitoneally before treatment. Scale bars, 10 mm.
(F) Quantification of GFP+ cells in liver sections
that were double stained with F4/80 and PDPN.
Numbers in parentheses indicate total cell
numbers from 150 sections. Data were pooled
from three independent experiments (n = 2–3).
(G) Flow cytometry analysis of isolated hepatic
immune cell populations of vehicle- or CCl4treated mice that received 3 3 106 peritoneal cells
from LysM-eGFP mice. Gated CD45+/F4/80high
population was further analyzed for percentage of
GFP+. Data are representative of three independent experiments.
(H) Weight loss in peritoneal-macrophagedepleted mice (clodronate intraperitoneally) and
control mice (control) after acute CCl4 treatment.
Data are representative of three independent experiments.
Error bars represent SEM. *p < 0.05. N.S., not significant. See also Figure S6 and Movies S6 and S7.

and Ucker, 2001). By contrast, because these cells are free flowing in the peritoneum, they are impossible to image in vivo, and
as such their function has not been visualized in detail. In this
study, the cells were mobilized to the injured liver and could be
observed to perform their functions in the in vivo environment.
Our observation revealed that, instead of engulfing entire nuclei,
macrophages ripped off small vesicles containing DNA from
the necrotic nuclear body. This nibbling led to a dismantling of
the nucleus releasing a large amount of free DNA covering the
wound. Although our model had no infectious component, it is
conceivable that the DNA and histones both with potent anti-microbial activity could now cover this barrier breach and protect
the organ from invading bacteria. Indeed, neutrophils have
been shown to release their own DNA and histones combined
with numerous proteases and other anti-microbial molecules to
help trap and eradicate bacteria. These DNA structures are
called NETs. Herein, the release of DNA is very different, in that
the macrophages were not releasing their own DNA, and there
was no obvious amount of elastase and other proteases, a hall676 Cell 165, 668–678, April 21, 2016

mark of NETs (Kolaczkowska and Kubes, 2013). However,
despite a potential protective role in defending infection, subsequent clearance of this necrotic-cell-derived debris is needed to
facilitate tissue repair. Further studies are needed to identify
whether this extra-nuclear DNA might be taken up and ingested
by macrophages or neutrophils or simply degraded by endogenous DNase.
The dismantling of the dead cells appeared to also be critical
for revascularization and restoration of normal tissue. Indeed, if
the peritoneal macrophages were depleted or the recruitment
was delayed as shown in GATA6-deficient mice, the area that
had been revascularized was much smaller. The liver has a
tremendous capacity to heal, and one has to question whether
this is in part due to the ability of the peritoneal macrophages
to be recruited rapidly to the injured liver where they proliferated
and helped by ingesting the dead tissue for rapid revascularization. In addition, in the carbon tetrachloride model, which is used
to induce chronic injury and fibrosis, a single dose of this toxin
induced hepatotoxicity and acute inflammation transiently,

followed by complete recovery. The macrophages helped in
restitution, presumably through rapid clearance of the mass of
cellular death and debris. In the absence of these cells, the liver
remained injured and the mice were not able to repair. Clearly,
the macrophages play a critical role in helping the liver overcome
toxic insults. Although our approach was to examine the role for
these peritoneal macrophages in sterile injury, one could imagine
that these cells could also be recruited in hepatic cancers, liver
infections, and in various chronic liver diseases. The role of peritoneal GATA6+ macrophages should be evaluated in these
models as an alternatively activated macrophage is thought to
be potentially detrimental in the cancer environment where
vascularization actually helps the tumor to grow (Noy and
Pollard, 2014). Similarly, in certain chronic afflictions it could
be possible that these macrophages may not present a beneficial repair phenotype but rather a more pro-inflammatory profile.
It is worth noting that our work may have direct translation to the
clinic when peritoneal dialysis as well as washing of peritoneal
cavity during injury or infection is performed. Clearly, our work
has opened a new area of study, namely, inter-organ invasion
of a reservoir of cavity macrophages to altered or abnormal tissues where they may perform critical functions maintaining
health and repair as is needed.
EXPERIMENTAL PROCEDURES
Mice
Mice were obtained from various sources and maintained in specific pathogen-free conditions. For details on mouse lines, see Supplemental Experimental Procedures.
Flow Cytometry
The detailed procedures, antibodies used, and gate schemes are described in
Supplemental Experimental Procedures.
Peritoneal Cell Transfers
Peritoneal lavage was performed as described before using sterile PBS
(Ghosn et al., 2010). Cells were washed with cold PBS twice and re-suspended
in 100 ml PBS at different concentrations. Cells isolated from LysM-eGFP mice
were directly transferred into naive mice. Both intraperitoneal and intravenous
transfers were performed 1 hr prior to injury induction. Cells isolated from naive
or Mac-Gata6 KO mice were labeled with CellTracker Green CMFDA Dye
(Thermo Fisher Scientific). The percentage of large peritoneal macrophages
in labeled cells was determined by flow cytometry, and equal numbers of large
peritoneal macrophages from different genotypes were transferred into naive
mice by intraperitoneal administration. For co-transfer experiment, peritoneal
cells from wild-type and Mac-Gata6 KO mice were harvested and labeled with
CellTracker Green CMFDA or Orange CMRA dyes (Thermo Fisher Scientific)
separately. Viability after labeling was examined by flow cytometry. Wildtype and Mac-Gata6 KO cells were mixed at 1:1 and intraperitoneally injected
into non-fluorescent wild-type mice 1 hr prior to injury. The injury site was
imaged at 24 hr.
Sterile Inflammation Induced by Focal Necrotic Injury
Sterile inflammation induced by thermal injury in the liver was performed
as described previously (Dal-Secco et al., 2015). In brief, mice were
anesthetized with isoflurane, and a small incision was made just below the
level of the diaphragm to expose the liver. A single focal injury was induced
on the surface of the liver using the tip of a heated 30G needle mounted on
an electrocautery device. The incision was sutured closed, and animals
were allowed to recover for imaging of indicated time points after injury. For
sham experiments, animals underwent the same surgical procedure but no
thermal injury was induced.

Imaging Studies
For details on immunofluorescence histology and intravital microscopy, see
Supplemental Experimental Procedures.
Statistical Analyses
Results are presented as mean ± SEM. Statistical analysis was performed in
Prism 6 (GraphPad). Means between two groups were compared with t test.
Means among three or more groups were compared with one-way or twoway ANOVA.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and seven movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2016.03.009.
A video abstract is available at http://dx.doi.org/10.1016/j.cell.2016.03.
009#mmc10.
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SUMMARY

Allogeneic hematopoietic stem cell transplantation
(allo-HSCT), a curative treatment for hematologic
malignancies, relies on donor cytotoxic T lymphocyte (CTL)-mediated graft-versus-leukemia (GVL)
effect. Major complications of HSCT are graftversus-host disease (GVHD) that targets specific
tissues and tumor relapses. However, the mechanisms dictating the anatomical features of GVHD
and GVL remain unclear. Here, we show that after
HSCT, CTLs exhibited different killing activity in
distinct tissues, being highest in the liver and lowest
in lymph nodes. Differences were imposed by the
microenvironment, partly through differential PD-1
ligand expression, which was strongly elevated in
lymph nodes. Two-photon imaging revealed that
PD-1 blockade restored CTL sensitivity to antigen
and killing in lymph nodes. Weak CTL activity in
lymph nodes promoted local tumor escape but could
be reversed by anti-PD-1 treatment. Our results uncover a mechanism generating an anatomical segregation of CTL activity that might dictate sites of
GVHD and create niches for tumor escape.

INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
is a major curative treatment for patients with hematologic malignancies, which aims to induce a graft-versus-leukemia (GVL)
effect to eliminate residual tumor cells in host. Most allo-HSCTs
are now performed in the context of HLA-compatible donors
(Gratwohl et al., 2013) with a GVL reaction being mediated
by donor T cells reacting against host minor histocompatibility
antigens (miHAg) (Goulmy et al., 1996). However, allo-HSCT is
still hampered by a high mortality rate, largely due to tumor
relapse and graft-versus-host disease (GVHD) (Pasquini et al.,
2013). Although most miHAgs are broadly expressed in tissues,
GVHD preferentially affects organs such as the liver, the gut, and

the skin (Ferrara et al., 2009). These anatomical features have
been imputed to the homing properties of effector T cells (Sackstein, 2006), local inflammation induced by the conditioning
regimen (Chakraverty et al., 2006; Wilhelm et al., 2010), or tissue-specific sensitivity to cytotoxic T lymphocyte (CTL)-mediated killing (Vincent et al., 2011).
Relapse after allo-HSCT reflects the failure of the GVL reaction
to eliminate all residual malignant cells. The tumor might escape
the GVL reaction through the selection of variant clones resistant
to the immune response (Dermime et al., 1997; Matte-Martone
et al., 2011). Additionally, the GVL reaction might become less
efficient over time due to the progressive dampening of donor
T cell activity. During allo-HSCT, donor T cell activity can be suppressed by regulatory T cells and NKT cells (Schneidawind et al.,
2013) or through expression of co-inhibitory receptors such as
PD-1 (Blazar et al., 2003), Tim-3 (Veenstra et al., 2012), Lag-3
(Sega et al., 2014), or Vista (Flies et al., 2011). Interestingly,
relapses after allo-HSCT occur more frequently at extramedullary sites than relapses after chemotherapy only (Shimizu et al.,
2013). These observations raise the possibility that, similar to
GVHD, the GVL effect might not be exerted uniformly in all
organs. Addressing this question is of critical importance to
clarify how residual tumor cells might escape the immune surveillance mediated by donor T cells after HSCT.
Using a model of single miHAg-mismatched HSCT, we
demonstrate here that the activity of CTLs varied extensively
between organs. This heterogeneity was imposed, at least
partly, by the distinct expression of PD-1 ligands encountered
in different tissue microenvironments that regulate T cell sensitivity to antigen. Finally, we provide evidence that such spatially
compartmentalized CTL activity created niches for tumor
escape after HSCT.
Our results support the idea that both GVHD and GVL
are subjected to a stringent anatomical compartmentalization
due to the local tuning of T cell activity imposed by the tissue
microenvironment.
RESULTS
A Model of HSCT Based on H-Y Mismatch Induces GVHD
To study CTL activity in the context of allo-HSCT, we relied on a
mouse model based on H-Y minor histocompatibility mismatch
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Figure 1. HSCT Transplantation with H-Y
Mismatch Induces GVHD
(A) Male or female recipients mice were lethally
irradiated and transplanted with 20 3 106 T-celldepleted bone marrow cells, 5 3 106 MataHari
CD8+ T cells, and 5 3 106 polyclonal CD4+ T cells.
(B) Male recipients developed GVHD from day 7
after transplantation. Clinical scores of GVHD over
time for the indicated transplantation group. Data
are pooled from five independent experiments.
Data are shown as mean ± SEM.
(C) Confocal microscopy of liver, gut, and skin
showed infiltration by MataHari CD8+ T cells
(yellow) in male recipients (day 7) but not in female
controls (scale bar represents 200 mm).
(D) GVHD lesions in liver of male recipients were
identified by staining for activated-caspase 3
staining (blue). Representative images show
apoptotic cells in male recipients but not in female
controls (scale bar represents 50 mm).
(E) To relate cell apoptosis to CTL density, images
were divided in multiple areas of 50 3 50 mm. Mean
fluorescence of activated-caspase 3 staining was
measured together with CD8 staining intensity, as
an indicator of MataHari CD8+ T cells density. In
the liver of male recipients, activated-caspase 3
staining was correlated with MataHari CD8+ T cell
density (r = 0.8983, Pearson correlation coefficient). Data are representative of two independent
experiments with three to four mice per group in
each experiment.
See also Figure S1.
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and were localized in CTL-rich areas (Figure 1E). This experimental setting there(we will use the conventional terminology for allo-HSCT, i.e., fore provided us with a model of HSCT that induced a mild,
non-syngeneic transplants). In this setting, T-cell-depleted sub-lethal GVHD similar to that elicited in human patients after
female bone marrow (BM) cells, CD8+ T cells expressing the miHAg-mismatched HSCT.
anti-H-Y MataHari TCR (that recognizes a Db-restricted peptide
derived from the male Uty gene) and polyclonal CD4+ T cells (to Anatomical Segregation of CTL Activity during
provide T cell help) (Bourgeois et al., 2002) were adoptively Allo-HSCT
transferred into lethally irradiated male recipients (Figure 1A). The fact that specific organs (including liver, gut, and skin) are
As a control, the same procedure was applied to female preferentially targeted during GVHD raises the possibility that
recipients that lack the cognate antigen for MataHari T cells. these tissues are intrinsically more sensitive to CTL-induced
Transplanted male recipients developed a sub-lethal GVHD as killing (e.g., due to higher alloantigen expression). Alternatively,
measured by clinical scoring (Figure 1B; Cooke et al., 1996). CTLs might exhibit distinct cytotoxic potential at different
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Figure 2. Spatial Compartmentalization of CTL Activity during Allo-HSCT
(A) Male or control female recipients were transplanted with female bone marrow cells, MataHari CD8+ T cells, and polyclonal CD4+ T cells. Male recipients
transplanted with T-cell-depleted bone marrow only were used as negative controls. 7 days after transplantation, a mixture of male (CFSEhi) and female (negative
control, CFSElo) splenocytes were injected intravenously.
(B) After 36 hr, CFSEhi:CFSElo ratios were measured in the indicated organs and are shown in representative FACS histograms. Killing percentage was calculated
in each organ. Data are pooled from 3 independent experiments with 6 to 11 mice per group. Data are shown as mean ± SEM.
(C) To visualize killing in vivo, recipients were transplanted with GFP-expressing MataHari CD8+ T cells. Seven days after transplantation, male targets were
labeled with CMRA (red) and Hoechst33342 (blue) and the red/blue ratio (R/B) was used as a read-out of cell viability.
(D) Popliteal lymph nodes were imaged 24 hr after target transfer to visualize live (high R/B ratio, appearing in red) and dead (low R/B ratio, appearing in magenta)
targets. White circles indicate dead targets.
(E) The graph shows the mean velocity of each target relative to its mean R/B ratio. For each group, data are representative of >10 movies obtained from 4 mice.
See also Figure S2.

anatomical sites. To test the latter hypothesis, we first sought to
measure in vivo killing of transferred cell targets in different organs. H-Y is broadly expressed in tissues but subtle differences
potentially exists between organs. The use of transferred target
cells allowed us to compare the intrinsic activity of CTLs in
different locations, irrespective of the target properties. To
this end, male recipients transplanted with bone marrow and
MataHari CD8+ T cells received a mixture of male and female
splenocytes labeled with high and low concentration of CFSE,
respectively. Killing of male target cells by MataHari T cells
was quantified 36 hr later by flow cytometry (Figure 2A). A comparison was performed between male and female recipients
to highlight the contribution of chronic exposure to antigen
mismatch on CTL activity. In control transplanted female recipients, injected male splenocytes were effectively killed in all
organs tested (Figure 2B). Thus, in this setting of syngeneic
HSCT, MataHari T cells become activated (through lymphopenia-induced proliferation and/or recognition of targets) and
efficiently killed transferred male targets. Strikingly, in male recipients, we observed target cell killing only in the liver and not
in lymph nodes, spleen, or bone marrow (Figure 2B). The
absence of killing in these sites in male recipients was not
due to poor CTL infiltration; male displayed higher frequency of

MataHari CD8+ T cells and higher effector:target ratios in these
organs compared to female recipients (Figure S2). These observations suggested that miHAg mismatch during HSCT results in
a dampening of CTL killing activity in lymphoid organs. To more
directly assess the lack of in situ CTL killing in the lymphoid
organs of transplanted male recipients, we visualized target
cell death in lymph nodes by intravital two-photon imaging.
Male splenocytes were used as targets and were labeled with
a combination of a cytoplasmic and nuclear dye, an approach
previously described to monitor cell death by a change of dye
fluorescence ratio (Figure 2C; Mempel et al., 2006). Again, we
observed numerous dead target cells in the lymph nodes of control female recipients (characterized by a low fluorescence ratio
and absence of motility), but a virtually complete lack of killing in
male recipients (Figures 2D and 2E). Altogether, these experiments established the existence of an anatomical compartmentalization of host-reactive CTLs during HSCT.
CD8+ T Cell Cytotoxic Phenotype Is Modulated in
Specific Microenvironments
The spatial segregation of CTL activity observed during alloHSCT might result from the selective migration of CTLs with
the highest killing potential to specific peripheral organs such
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Figure 3. CTL Killing Phenotype Is Acquired in Specific Tissue Microenvironments
(A) Granzyme B expression in MataHari CD8+ T cells was measured by intracellular staining on day 7 after transplantation in the indicated organs. Data are pooled
from three independent experiments. Data are shown as mean ± SEM.
(B) Two groups of male recipients were transplanted with GFP- or mTomato-expressing MataHari CD8+ T cells. One week after transplantation, MataHari-GFP or
MataHari-mTomato CD8+ T cells were harvested from lymph nodes and liver. A 1:1 mixture of MataHari CD8+ T cells from LN and liver (distinguished by the
expression of different fluorescent proteins) was injected into male recipients transplanted 7 days previously with colorless MataHari CD8+ T cells. Two days after
transfer, granzyme B expression was measured by flow cytometry in GFP+ and mTomato+ MataHari CD8+ T cells.
(C) Representative FACS histograms show granzyme B expression in MataHari CD8+ T cell subsets isolated from lymph nodes and liver before and after the
transfer.
(D) Graph compiling granzyme B expression on MataHari T cells recovered from lymph nodes, spleen, bone marrow, liver, and gut after adoptive transfer. Note
that MataHari CD8+ T cells acquired organ-specific granzyme B expression irrespective of the location from where they had been initially isolated. Data are
pooled from two independent experiments.
See also Figure S3.

as the liver. An alternative explanation would be that the cytotoxic potential of CTLs is locally regulated in specific microenvironments. To distinguish between these two possibilities, we
thought to assess whether the cytotoxic phenotype of individual
CTLs is intrinsic to the cell or might vary depending on the
environment.
First, in good agreement with our killing assay, we found that
CTLs present in male transplanted mice expressed high
amounts of granzyme B in the liver (and in other GVHD target
organs such as gut and skin) but low amounts in lymph nodes,
spleen, and bone marrow (Figure 3A). For further study, we
chose to dissect CTL activity in lymph nodes versus liver, two
146 Immunity 44, 143–154, January 19, 2016 ª2016 Elsevier Inc.

sites containing large numbers of CTLs but with contrasting
in situ cytotoxic activity. In addition, these two organs can be infiltrated by hematologic malignancies and are therefore relevant
for studying GVL efficiency. We asked whether lymph node and
liver CTLs that displayed low and high granzyme B expression,
respectively, would migrate to their original location and maintain
their phenotype upon transfer into a distinct transplanted recipient (Figure 3B). We found that transferred CTLs migrated to
various organs, including lymph nodes, spleen, bone marrow,
liver, and gut, irrespective of their origin (Figure S3). Most importantly, CTLs isolated from the liver that migrated to the lymph
node, the spleen, or the bone marrow after transfer had lost
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(A) High PD-1 expression by T cells in H-Y mismatched HSCT. PD-1 expression was analyzed in
MataHari CD8+ T cells isolated from the indicated organs 7 days after transplantation in male
recipients or female controls. Data are pooled from
four independent experiments.
(B) PD-L1 and PD-L2 expression were quantified
by flow cytometry on macrophages (CD11b+ F4/
80+) and dendritic cells (CD11c+MHCIIhi) in lymph
nodes and liver of the indicated groups. PD-L1 and
PD-L2 expression were significantly increased on
macrophages and dendritic cells in lymph nodes
but not in the liver. Data are representative of four
independent experiments.
(C) Transplanted mice received repeated injections of blocking anti-PD-1 antibody (or isotype
control) on day 0, 3, and 6 after HSCT. On day 7,
in vivo cytotoxic activity of MataHari CD8+ T cells
was assessed as described in Figure 2A. Note
that, in male recipients, PD-1 blockade restored
cytotoxic activity in lymph nodes. Data are representative of two independent experiments with
three to six mice per group and per experiment.
Data are shown as mean ± SEM. See also Figure S4.
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granzyme B expression. Conversely, lymph-node-derived CTLs
that migrated to the liver or the gut acquired elevated granzyme
B levels (Figures 3C and 3D). In summary, the differential CTL
phenotype seen in distinct organs does not appear to be the
result of selective migration processes. Instead, our results support the idea that organ-specific microenvironments dictate CTL
cytotoxic potential during allo-HSCT.
The CTL Activity in Lymph Nodes during Allo-HSCT Is
Dampened by the PD-1 Pathway
One hallmark of allo-HSCT is that reactive T cells are chronically exposed to host antigens, a feature that might lead
to functional exhaustion. Consistent with previous studies in
mice (Asakura et al., 2010; Flutter et al., 2010; Koestner
et al., 2011) and humans (Norde et al., 2011), we found the
inhibitory receptor PD-1 to be upregulated on MataHari
CD8+ T cells in male transplanted mice but not in control
females (Figure 4A). This phenomenon was detected in all

organs tested, indicating that PD-1 upregulation alone could not account
for the spatial compartmentalization of
Isotype control
CTL activity observed. This prompted
Anti-PD-1
us to also analyze the expression of
PD-1 ligands in distinct organs. We
found that HSCT induced a marked
elevation of both PD-L1 and PD-L2
expression on lymph node antigenpresenting cells (APCs) in both male
and female recipients (Figure 4B). By
contrast, neither PD-L1 nor PD-L2 upregulation was detected on liver APCs.
Immunofluorescence of tissue sections
confirmed that PD-L1 was upregulated in lymph nodes of
male and female recipients with an even marked increased
in males, suggesting that both non-specific inflammation and
antigenic recognition can contribute to PD-1 ligands upregulation in lymph node (Figures S4A–S4B). In particular, PD-L1
was upregulated not only on APCs but also on CD31+ endothelial cells (Figure S4C). To test whether the PD-1-PD-1
ligand interactions accounted for the low CTL activity detected
in lymph nodes, we treated transplanted mice with a blocking
anti-PD-1 antibody and then assessed killing of target cells
in vivo (Figure 4C). PD-1 blockade restored CTL killing activity
in lymph nodes of male transplanted recipients. No significant
increase was detected in the liver of male mice or in lymph
nodes and liver of female mice. Our results suggest that
the differential induction of PD-1 ligands in distinct organs
together with the upregulation of PD-1 on reactive donor
T cells contributes to establishing an anatomical segregation
of CTL activity during HSCT.
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Figure 5. PD-1 Blockade Restores CTL Sensitivity to Antigen in Lymph Nodes
(A) Recipients were transplanted with female bone marrow, MataHari CD8+ T cells (10% of GFP-expressing and 90% colorless T cells), CFP+ polyclonal CD8+
T cells, and colorless polyclonal CD4+ T cells. On day 7 after transplantation, mice received a single dose of either blocking anti-PD-1 antibody or an isotype
control. Two-photon imaging of popliteal lymph nodes was performed 18 hr after injection.
(B) Trajectories of MataHari CD8+ T cells in female controls or in male recipients, treated or not with anti-PD-1 antibody. For each condition, 20 tracks over 15 min
are shown. Tick intervals, 20 mm. Data are representative of two independent experiments with four to five mice per group and per experiment.
(C) Graphs compiling the mean velocity, straightness coefficient, and arrest coefficient of polyclonal (blue) or MataHari (black) CD8+ T cells in male or female
recipients and in the presence or absence of anti-PD-1 antibody. Of note, due to the high expansion of MataHari T cells in male recipients, polyclonal CD8+ T cells
were scarce as compared to female controls. For each condition, data are pooled from three representative movies performed in two independent experiments.
See also Movies S1 and S2.

Donor T Cells Exhibit Impaired Sensitivity to Antigen in
Lymph Nodes due to PD-1 Engagement
To further clarify how recognition of PD-1 ligands in lymph nodes
can regulate T cell function locally, we visualized the behavior of
MataHari T cells (and polyclonal T cells as an internal control)
in lymph nodes of transplanted mice via intravital imaging
(Figure 5A). Interestingly, MataHari T cells exhibited the same
mean velocity and straightness in male and female recipients,
suggesting that T cells did not decelerate in response to their
cognate antigen in male recipients (Figures 5B and 5C; Movie
S1). To evaluate the contribution of the PD-1 pathway in this
apparent lack of response to antigen, we also assessed MataHari T cell behavior in the presence of blocking anti-PD-1 antibody. PD-1 blockade promoted the arrest of MataHari T cells
in male mice (Figures 5B and 5C). No effect was noted on
polyclonal T cells, indicating that the arrest of donor T cells
was dependent on antigen recognition. Consistent with the
lack of PD-1 upregulation in control female mice, PD-1 blockade
had no detectable effect on polyclonal nor on MataHari T cells in
these recipients (Figures 5B and 5C; Movie S2). We also visualized CTL ability to conjugate to male target cells in the lymph
node (Figure 6A). Consistent with a lack of reactivity to antigen,
CTLs in male recipients failed to establish prolonged contacts
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with target cells (Figures 6B and 6C), but anti-PD1 treatment
restored conjugate formation (Movie S3). As expected, CTLs in
female recipients were effective in forming conjugates with
target cells, irrespective of the presence of anti-PD1 mAb (Figures 6B and 6C; Movie S4).
Altogether, our results indicate that the selective engagement
of PD-1 in lymph nodes induces a local dampening of host-reactive T cell capacity to respond to antigen and to exert their killing
activity during HSCT.
Anatomical Segregation of CTL Activity during HSCT
Favors Site-Specific Tumor Escape
The fact that host-reactive CTL activity can be drastically
different in distinct organs of the same recipient raises the
intriguing possibility that the GVL reaction might not occur efficiently in certain tissues. To test this hypothesis, we analyzed
the GVL effect against a B cell lymphoma after transplantation.
Male lymphoma B cells were added during the transplantation
to mimic residual disease (Figure 7A). In male mice transplanted with female BM but no T cells, tumors developed
rapidly in both lymph nodes and liver (Figures 7B and 7C).
The addition of MataHari T cells during the transplantation
led to a substantial decrease of tumor burden in the liver,

Figure 6. PD-1 Blockade Restores CTL
Conjugation to Target Cells in Lymph Nodes
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indicative of an efficient GVL effect at this site. In sharp
contrast, lymph nodes were heavily infiltrated with lymphoma
cells as measured by flow cytometry and histology (Figures
7B and 7C). In control female recipients, MataHari T cells
were perfectly capable of controlling tumor growth in both
lymph nodes and liver (Figures 7B and 7C). Thus, miHAg-mismatched HSCT resulted in a selective defect of tumor surveillance within lymph nodes while GVL was preserved in the liver.
Finally, we tested whether anti-PD-1 antibody treatment could
restore tumor surveillance in lymph nodes of male recipients.
To this end, we used the same experimental setting but treated
mice with anti-PD-1 or an isotype control (Figure 7D). We found
that anti-PD-1 treatment strongly promoted tumor control in
lymph nodes in male recipients (Figures 7E and 7F). Consistently, anti-PD1 injections increased granzyme B expression
of CD8+ T cells in lymph nodes (Figure S5). Little to no effects
were detected in the liver of male recipients or in lymph nodes
or liver of female recipients (Figures 7E, 7F, and S5). Thus, antiPD-1 blockade antagonizes the compartmentalization of CTL
activity during HSCT and extends anatomical sites with efficient GVL reaction.
In sum, our results show that after allo-HSCT, the microenvironment of individual organs enforces CTL cytotoxic potential
in situ. We propose that the spatial compartmentalization of
CTL activity might not only dictate sites of GVHD, but also create
niches for tumor escape.

**
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(A) Recipients were transplanted with female bone
marrow, MataHari CD8+ T cells (10% of GFP-expressing and 90% colorless T cells), and colorless
polyclonal CD4+ T cells. On day 7 after transplantation, mice received a single dose of either
blocking anti-PD-1 antibody or an isotype control. CFP-expressing male splenocytes were injected 6 hr later. Two-photon imaging of popliteal
lymph nodes was performed 12 hr after target cell
injection.
(B) Representative images illustrating the CTLtarget cell interactions in male or female recipients
in the presence or absence of anti-PD1.
(C) Quantification of the frequency of target cells
establishing contacts (>2.5 min) with CTLs. Each
dot represents the mean value obtained in an
individual movie. Data are shown as mean ± SEM.
See also Movies S3 and S4.

DISCUSSION
Allogeneic HSCT has the potential to cure
hematologic malignancies, in large part
through the GVL reaction mediated
by host-reactive donor CTLs. Here, we
report that during HSCT, CTL activity
varies extensively from one organ to the
+
+
other. We provide mechanistic insights
Male
Female
into this anatomical segregation of T cell
recipients
recipients
killing potential and establish a central
role for differential PD-1 engagement in
different tissue environments. We finally
provide evidence that this compartmentalization generates
spatial heterogeneity in the GVL effect and creates niches for
tumor escape.
In humans, most of allo-HSCTs are HLA matched (Gratwohl
et al., 2013), and minor histocompatibility antigen mismatches
are considered as a major cause for GVHD, but are also important for the GVL effect (Goulmy et al., 1996). Among miHAg,
H-Y antigens have been identified as key mediators of both
GVHD (Goulmy et al., 1977; Mutis et al., 1999) and GVL (Miklos
et al., 2005; Nakasone et al., 2015) after female-to-male transplantations. A study in mice showed that a single H-Y antigen
mismatch could induce CD8+ or CD4+ T cell-mediated GVHD
(Toubai et al., 2012). Thus, H-Y incompatibility represents a
relevant setting to study the regulation of GVHD and GVL. Using
such a model in mice, we confirmed that GVHD mimicked the
pattern of organ damage seen in humans, with strong infiltration
of donor CD8+ T cells in skin, gut, and liver.
Interestingly, despite miHAg being broadly expressed in tissues, GVHD appears only in preferential target organs (Ferrara
et al., 2009). Because the goal of the allo-HSCT is to promote
a GVL reaction that will eliminate all residual tumor cells, it is
of critical importance to clarify whether the GVL reaction is a
systemic process or is instead largely restricted to specific
anatomical sites, like GVHD. Anatomical heterogeneity during
GVHD (and possibly GVL reaction) could originate from a differential sensitivity of host tissues to T-cell-mediated killing (Vincent
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Figure 7. Tumor Relapses Are Enhanced in Lymph Nodes after Allo-HSCT
(A) Recipients were transplanted with female bone marrow and B lymphoma cells (YFP+) in the presence or absence of MataHari CD8+ T cells and polyclonal
CD4+ T cells. Tumor infiltration was monitored by flow cytometry and confocal microscopy 10 days after transplantation.
(B) FACS profiles show the percentage of tumor cells in the indicated organs for each transplantation group.
(C) Confocal immunofluorescence on frozen lymph node or liver sections showing the extent of lymphoma B cell infiltration and CD8+ T cells in male and female
recipients. Scale bars represent 200 mm. Data are pooled from two independent experiments with two to four mice per group and per experiment.
(D) Recipients were transplanted with female bone marrow and B lymphoma cells (YFP+) in the presence or absence of MataHari CD8+ T cells and polyclonal
CD4+ T cells. Mice were treated on the indicated days with anti-PD-1 or an isotype control.
(E) FACS profiles show the percentage of tumor cells in the indicated organs for each transplantation group.
(F) The number of tumor cells recovered in the indicated organs is shown for each transplantation and treatment group. Results are pooled from two independent
experiments (seven mice per group).
Data are shown as mean ± SEM. See also Figure S5.

et al., 2011). Although our results do not exclude this possibility,
they establish that after allo-HSCT, the CTL activity varies extensively between organs, irrespective of the target. One hypothesis
to explain such a compartmentalized CTL activity could lie in
the homing properties of CD8+ T cells (Sackstein, 2006). In this
case, highly activated T cells might preferentially home and
accumulate within specific tissues such as the liver. By contrast,
T cells with lower cytotoxic potential generated during HSCT
might home preferentially to lymph nodes. However, CTL killing
has been visualized in lymph nodes in several studies (Guarda
et al., 2007; Mempel et al., 2006), suggesting that lymph nodes
are not excluded from effector T cell responses in other contexts.
In fact, our results do not support the idea that the compartmentalized cytotoxicity originates from preferential T cell homing.
First, we showed that cytotoxic activity in vivo was not directly
linked to CTL frequency nor to CTL:target ratio in each organ.
Second, we observed that transferred CD8+ T cells purified
from the liver after allo-HSCT could home to lymph nodes where
they lost their cytotoxic phenotype. Conversely, a substantial
number of CD8+ T cells purified from lymph nodes homed to
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the liver where they gained granzyme B expression. Thus, CTL
killing potential after allo-HSCT is not a cell-intrinsic property
but instead appears to be largely dictated by the tissue
microenvironment.
How does the organ microenvironment regulate CTL killing
potential when antigen is present in virtually each tissue? The
presence of tissue-specific antigen-presenting cells could
potentially regulate CTL killing activity. For example, lymph
node stromal cells have been shown to negatively regulate
T cell responses (Tewalt et al., 2012; Dubrot et al., 2014). In the
skin, the presence of Langerhans cells has been shown to
increase effector cytokine production by CD8+ T cells and the
severity of GVHD (Bennett et al., 2011). Even in the same tissue,
distinct APC populations can induce different patterns of T cell
effector functions (Hufford et al., 2011; Macleod et al., 2014).
Differential levels of antigen expression in tissues might also influence GVL efficacy (Shand et al., 2014). In the liver, APCs are
well known to have tolerogenic properties (Tiegs and Lohse,
2010) but can promote CD8+ T cell responses in other instances
(Klein and Crispe, 2006). In the specific context of allo-HSCT, we

found that the contrasting CTL activity in lymph node versus liver
was linked to engagement of the PD-1 pathway. Consistent with
previous studies, we showed that allo-HSCT triggered PD-1
upregulation on reactive CTLs. This is very likely due to chronic
antigen stimulation experienced by host-reactive CTLs. This upregulation was seen in all organs analyzed and therefore could
not, by itself, account for the differential CTL activity in tissues.
Strong differences were, however, observed in the expression
of PD-1 ligands that were highly upregulated in lymph nodes
but not in the liver. Interestingly, we observed that PD-1 ligands
were upregulated by both hematopoietic APCs and stromal
cells in lymph nodes, in accordance with the idea that organ
parenchyma contributes to engage the PD-1 axis (Schilbach
et al., 2007; Al-Chaqmaqchi et al., 2013). Consistently, blockade
of PD-1/PD-1-ligand interactions during allo-HSCT selectively
increased CTL activity in lymph nodes.
Recent studies have shown that interference with the PD-1
pathway can globally increase the efficacy of GVL (Asakura
et al., 2010; Flutter et al., 2010; Koestner et al., 2011) and severity
of GVHD (Blazar et al., 2003; Saha et al., 2013). Extending these
initial observations, our study indicates that the PD-1 pathway is
not equally engaged in all organs and that this mechanism contributes to establishing an anatomical hierarchy in CTL killing
potential after HSCT. How the PD-1 pathway affects T cell
behavior remains controversial because PD-1 blockade has
been shown to promote antigen-mediated T cell stop in lymph
nodes (Fife et al., 2009; Honda et al., 2014) or on the contrary
to increase T cell motility (Zinselmeyer et al., 2013). Differences
in the models and organs analyzed possibly accounted for
these discrepancies. In our study, anti-H-Y CTLs were found to
migrate vigorously in lymph nodes of male recipients without
displaying obvious signs of antigen recognition. However,
PD-1 blockade resulted in the deceleration and arrest of antigen-specific T cells as observed in other models (Fife et al.,
2009; Honda et al., 2014). Importantly, we also observed that
anti-PD-1 treatment restored the ability of CTLs to conjugate
to target cells. Taken together, our results suggest that, in the
specific context of allo-HSCT, elevated levels of PD-1 ligands
in the lymph node microenvironment dampen T cell sensitivity
to antigen and locally inhibit CTL effector functions.
Relapse is the first cause of mortality in patients with hematologic malignancies treated with allo-HSCT. We predicted that
anatomical segregation of CTL activity might be reflected by
an inefficient GVL reaction in tissues with the lowest killing potential, resulting in the failure to clear residual disease at these
sites. Accordingly, we observed that the GVL reaction controlled
the growth of a B cell lymphoma in the liver but failed to do so in
lymph nodes. This strongly suggests that the compartmentalization of CTL responses might create sites for tumor escape after
allo-HSCT. Consistent with this idea, patients treated with alloHSCT are more inclined to develop extramedullary relapses
(including in lymph nodes) than patients treated with chemotherapy only (Harris et al., 2013; Shimizu et al., 2013). Our results
highlight that anti-tumor immune responses might not be considered as anatomically uniform processes. Instead, they appear
strongly modulated by individual tissue microenvironment. It
will be important to identify in future studies whether such
anatomical segregation is detected in other contexts also,
including solid tumors and metastasis.

In sum, our results establish that the PD-1 pathway contributes to spatially compartmentalize CTL activity during alloHSCT. Organs with high and low CTL activity might be sites for
GVHD or tumor escape, respectively. Recent studies have
highlighted the promising efficacy of anti-PD-1 treatment in solid
tumors (Armand et al., 2013; Brahmer et al., 2010; Hamid et al.,
2013). Despite a possible risk in enhancing GVHD, it will be
interesting to consider whether anti-PD-1 treatment might help
counteract the spatial segregation of CTL activity after alloHSCT to ultimately suppress niches for tumor relapse.
EXPERIMENTAL PROCEDURES
Mice
8-week-old wild-type C57BL/6 (B6) mice were obtained from Charles River
laboratories. Rag1 / anti-H-Y TCR transgenic mice MataHari (Valujskikh
et al., 2002), B6 transgenic mice expressing mTomato, GFP, or CFP, and
CD11c-YFP transgenic mice were bred in our animal facility. We crossed
MataHari mice with B6-ubiGFP or B6-mTomato. All animal studies were
approved by the Pasteur Institute Safety Committee in accordance with
French and European guidelines.
Bone Marrow Transplantation
Bone marrow was harvested from female B6 mice and T cells were depleted
with CD90.2 MicroBeads Isolation kit (Miltenyi Biotec). MataHari CD8+ T cells
and polyclonal CD4+ T cells were purified from lymph nodes and spleens of
female mice with CD8+ and CD4+ T cell Isolation kits II (Miltenyi Biotec). Recipients were lethally irradiated with a single dose of 9 Gy delivered by an X-ray
generator (RS320, Xstrahl). 4 to 6 hr after irradiation, mice were injected with
20 3 106 T-cell-depleted bone marrow cells, 5 3 106 MataHari CD8+ T cells,
and 5 3 106 polyclonal CD4+ T cells. GVHD was monitored two to three times
a week by a previously described clinical score (including weight loss, activity,
posture, skin integrity, and fur texture) (Cooke et al., 1996).
Histological Analysis and Immunofluorescence
Perfused liver, gut, skin, and lymph nodes were fixed overnight in a solution of
periodate-lysine-paraformaldehyde 1%. Tissues were dehydrated in sucrose
gradients and frozen in OCT compound (Tissue-Tek, Sakura Finetek). 8-mmthick tissue sections were rehydrated and Fc-blocked with normal mouse
and rat serums in the presence of 1% Triton X-100 (Sigma-Aldrich). Tissues
were stained with PE- (BD Biosciences) or alexa647-conjugated (Biolegend)
anti-CD8 (53-6.7) or with APC-conjugated anti-activated caspase 3 (C92605, BD Biosciences). Sections were imaged with confocal microscope
Olympus BX61WI or Leica TCS SP5. Images were processed with Fiji software
(ImageJ 1.49 m). To correlate activated-caspase 3 staining and CD8+ T cell
density, 1,000 3 1,000 mm images were divided in multiple 50 3 50 mm areas.
For each area, we quantified the mean fluorescence intensity of activatedcaspase 3 and CD8 stainings.
Flow Cytometry
Livers were perfused with 10 ml of phosphate-buffered saline (Life Technologies). Organs (lymph nodes, spleen, liver, and skin) were digested in RPMI with
1 mg/ml of collagenase and 0.1 mg/ml of DNase (Sigma) for 30 min at 37 C.
Fragments of small intestine were prepared as previously described (Lochner
et al., 2008). For liver and gut, cells were pelleted, resuspended in 40% isotonic
Percoll solution (GE Healthcare), and underlaid with an 80% isotonic Percoll
solution. Cell suspensions were Fc-blocked using anti-CD16/32 Ab (BD PharMingen). Dead cells were labeled with Live/Dead fixable dead cell stains (Life
Technologies) or Zombie Fixable Viability Kit (Biolegend). Stainings were performed with the following mAbs: CD8 (53-6.7), CD11b (M1/70), CD11c (N418),
CD45 (30-F11), F4/80 (BM8), PD-1 (J43), PD-L1 (10F.9G2), PD-L2 (TY25),
and I-A/I-E (M5) (Biolegend). Intracellular stainings were performed with the
Cytofix/Cytoperm kit (BD Biosciences) and APC-conjugated anti-Granzyme
B mAb (GB11, BD Biosciences). Analyses were performed with a FACSCanto
II cytometer (BD Biosciences) or an LSR/Fortessa (BD Biosciences) and
analyzed with FlowJo software v.8.6.6 (TreeStar).
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In Vivo Cytotoxic Assay
Male splenocytes from a B6 mouse were used as targets and female splenocytes as an internal negative control. Male and female splenocytes were
labeled with Vybrant CFDA SE. Cell Tracer (Life Technologies) at 1 mM and
0.1 mM, respectively. A 1:1 mixture of male and female splenocytes (2 3 107
total cells) was injected into transplanted mice at day 7. Organs were harvested 36 hr after injection of target cells. Ratios between male target (CFSEhi)
and female target (CFSElo) were calculated for each sample (R). The mean ratio
measured in male recipient without effector T cells was used as a control
(meanRc) to normalize samples. Killing percentage (K) was obtained with the
following formula: K = 100-100*(R/meanRc). To test the effect of PD-1
blockade on in vivo cytotoxic activity, 250 mg of a blocking anti-PD-1 antibody
(RMP1-14, Biolegend) or an IgG2Ak isotype control (RTK2758, Biolegend)
were injected intraperiteoneally on day 0, 3, 6, and 7.
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SUMMARY

Checkpoint blockade immunotherapies can be
extraordinarily effective, but might benefit only the
minority of patients whose tumors are pre-infiltrated
by T cells. Here, using lung adenocarcinoma mouse
models, including genetic models, we show that
autochthonous tumors that lacked T cell infiltration
and resisted current treatment options could be
successfully sensitized to host antitumor T cell immunity when appropriately selected immunogenic
drugs (e.g., oxaliplatin combined with cyclophosphamide for treatment against tumors expressing
oncogenic Kras and lacking Trp53) were used. The
antitumor response was triggered by direct drug
actions on tumor cells, relied on innate immune
sensing through toll-like receptor 4 signaling, and
ultimately depended on CD8+ T cell antitumor immunity. Furthermore, instigating tumor infiltration by
T cells sensitized tumors to checkpoint inhibition
and controlled cancer durably. These findings indicate that the proportion of cancers responding to
checkpoint therapy can be feasibly and substantially
expanded by combining checkpoint blockade with
immunogenic drugs.
INTRODUCTION
The ability of the immune system to control tumor cells was proposed more than a century ago, demonstrated during the last
decade, and recently harnessed for therapy (Sharma and Allison,
2015; Topalian et al., 2015). A foundational principle of tumor
immunology is that cancer cells can be eliminated by host cytotoxic CD8+ T cells (Schreiber et al., 2011; Gajewski et al., 2013;
Schumacher and Schreiber, 2015; Rooney et al., 2015). Accordingly, CD8+ T cell infiltration of various solid tumor types has pos-

itive prognostic value (Fridman et al., 2012), although these cells
can be subject to various suppressive mechanisms including inhibition by regulatory T (Treg) cells and induced expression of
programmed death-1 (PD-1) and other inhibitory checkpoint receptors, all limiting the antitumor functions of lymphocytes
(Sharma and Allison, 2015; Topalian et al., 2015).
Therapies targeting T cell inhibitory checkpoint signaling
pathways are redefining cancer therapy because clinical trials
show unprecedented rates of durable responses in patients
with common cancer types, including lung adenocarcinoma
(Topalian et al., 2015). Lung adenocarcinoma was long considered to be nonimmunogenic and is the leading cause of cancer
incidence and mortality worldwide, with more than one million
deaths per year (Torre et al., 2015). Yet, only a minority of cancer patients respond to checkpoint inhibition and evidence
suggests that those patients might preferentially have tumors
that have favorable mutational landscapes, express the PD-1
ligand (PD-L1), and/or contain pre-existing tumor-infiltrating
CD8+ T cells that are inhibited locally, e.g., by PD-1 engagement (Tumeh et al., 2014; Sharma and Allison, 2015; Rizvi
et al., 2015; Schumacher and Schreiber, 2015; Herbst et al.,
2014; Topalian et al., 2012, 2015). In order to define the proportion of patients who could ultimately benefit from immunotherapies, it appears important to clarify whether strategies can be
employed for converting tumor microenvironments lacking
T cell infiltration to ones displaying antitumor T cell immunity
and then to determine whether this process sensitizes tumors
to checkpoint therapy.
One approach to achieving this goal might involve the induction of immunogenic conditions in the tumor microenvironment.
For example, some chemotherapeutics and other treatments
shape clinical outcome by influencing tumor-host interactions
to stimulate T cell immunosurveillance (Zitvogel et al., 2013;
Klug et al., 2013; Shalapour et al., 2015). The drugs prescribed
today against lung adenocarcinomas increase survival only
marginally. Despite their low success rate, these drugs deserve
re-consideration for several reasons, especially when combined
with immunotherapy: (1) they were originally selected for their
capacity to prevent human tumor cell growth in vitro and in
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xenotransplanted immunodeficient mouse models without
considering the relevance of immune reactions to treatment
outcomes; (2) they are generally given indiscriminately even
though their impact might vary across individuals and tumor
microenvironments; and (3) improved understanding of drug
effects in vivo might help identify synergistic treatment options.
To address these knowledge gaps, we explored conditional
genetic lung adenocarcinoma models (with Kras and Trp53 mutations, referred to as KP), in addition to orthotopic KP lung tumor models. In the genetic models, cancer cells are derived
from somatic cells that are transformed in their normal tissue
microenvironment and progress to high-grade tumors that lack
T cell infiltration and resist prescribed chemo- and immunotherapeutic treatments. These models can also be used to study
autochthonous tumors that express model neoantigens, which
are important drivers of antitumor T cell immunity (Gubin et al.,
2014; Rooney et al., 2015) and targets of checkpoint blockade
therapy (Schumacher and Schreiber, 2015). The genetic tumor
models we used for this study also avoid the inherent limitations
of tumor grafts, including sensitivity to numerous chemotherapeutic agents (Olive et al., 2009).
Here we identified that a combination of clinically approved
chemotherapeutic drugs (oxaliplatin-cyclophosphamide [OxaCyc]) elicited immunogenic phenotypes on KP tumor cells. We
also found that Oxa-Cyc treatment fostered CD8+ T cell infiltration into KP tumors and delayed cancer progression. Tumor control depended on direct drug actions on tumor cells and required
both CD8+ T cells and TLR4+ cells. Importantly, the immunogenic chemotherapeutics successfully sensitized KP lung adenocarcinomas to immune checkpoint blockade. We extended
these findings to other tumor types. Consequently, this study
suggests that anticancer drugs that are rationally selected for
triggering tumor immunogenicity can be used to make resistant
tumors sensitive to checkpoint blockade therapy.
RESULTS
KP Lung Adenocarcinomas Resist Current Treatment
Options
Kirsten rat sarcoma viral oncogene homolog (KRAS) and tumor
suppressor p53 (TP53) genes are mutated in 25% and 50%,
respectively, of non-small-cell lung cancer (NSCLC) patients.
Initially, we examined KrasLSL-G12D/+;Trp53flox/flox (hereafter KP)
mice that express endogenous mutant Kras and deleted Trp53
alleles in lung epithelial cells upon administration of adenovirus
expressing Cre recombinase (Cortez-Retamozo et al., 2013).
These mice develop lung adenocarcinomas with both pathophysiological and molecular features of the human disease.
Evaluation of the lungs of KP tumor-bearing mice revealed the
presence of CD3+ T cells only within the normal tissue parenchyma and at frequencies comparable to those in tumor-free
mice; by contrast, all the KP lung adenoma and adenocarcinoma
nodules lacked CD3+ T cell infiltration (Figures 1A and S1A–S1C).
As anticipated for tumors lacking pre-infiltrated T cells, anti-PD-1
monoclonal antibody (mAb) treatment failed to delay KP tumor
progression (data not shown) and did not increase KP mouse
survival as defined by the Kaplan-Meier estimator (Figure 1B).
Similar results were obtained for KP mice on the 129 and
C57BL/6 backgrounds (data not shown).
344 Immunity 44, 343–354, February 16, 2016 ª2016 Elsevier Inc.

We extended our examination to wild-type mice bearing
orthotopic syngeneic KP1.9 lung adenocarcinomas harboring
Kras and Trp53 mutations. Anti-PD-1 treatment also failed to
control tumor progression in this model (Figure 1C). Using a third
mouse model, we examined whether introducing neoantigens
sensitizes KP tumors to immune checkpoint therapy. We gave
KP mice a Cre-based lentiviral vector containing ovalbumin
(OVA) peptide sequences to produce KP-OVA mice bearing tumors expressing model OVA neoantigens (DuPage et al.,
2011). These mice were treated with both anti-PD-1 and anticytotoxic T-lymphocyte-associated protein 4 (CTLA-4) mAbs
because combined checkpoint blockade can increase response
rates in cancer patients (Sharma and Allison, 2015; Postow et al.,
2015; Wolchok et al., 2013). Treatment was initiated on day 133
when lung adenocarcinomas were detectable by microcomputed tomography (Figure 1D) and poorly infiltrated by
CD8+ T cells (DuPage et al., 2011). KP-OVA tumors remained refractory to anti-PD-1 and anti-CTLA-4 mAb combination therapy
(Figure 1D).
We also assessed the effects of mainstay lung cancer chemotherapeutics in KP mice. Besides cisplatin treatment, which only
marginally controls KP tumor progression (Oliver et al., 2010), we
evaluated paclitaxel (Ptax) and carboplatin (Carbo), which are
often administered in combination because of their synergistic
effects on microtubule and DNA damage, respectively. We
observed that Ptax-Carbo treatment failed both to curb KP tumor progression (Figures 1E and S1D) and to extend KP mouse
survival (Figure 1F). We also assessed tumor infiltration by CD8+
T cells in 76 tumor biopsy sections from NSCLC patients who
were genotyped for KRAS, TP53, and epidermal growth factor
receptor (EGFR) mutations. We did not detect differences in
CD8+ T cell infiltration based on the KRAS or EGFR status of
tumors; however, TP53-mutated tumors as well as TP53-KRAS
double-mutated tumors showed significantly reduced CD8+
T cell infiltration compared to their nonmutated counterparts
(Figures S1E and S1F). Taken together, these results indicate
that the KP mouse model is relevant to explore tumors that share
important features with their human counterparts and, most
importantly, resist current immuno- and chemotherapeutic
interventions.
Selected Chemotherapeutics Induce KP Tumor Cell
Immune Phenotypes
Considering that KP tumor nodules lack T cells, we hypothesized
that therapeutically reversing this phenotype might help control
cancer progression. To this end, we initially tested diverse
chemotherapeutic drug combinations for their ability to induce
immunogenic phenotypes in various KP tumor cell lines (KP
L1-3, L1-5, and L2-9) in vitro. These proof-of-principle studies
used high mobility group box 1 (HMGB1) release as a surrogate
marker for drug-induced tumor cell immunogenicity (Zitvogel
et al., 2013) and evaluated Food and Drug Administration
(FDA)-approved chemotherapeutics to favor clinical translatability. We found that the NSCLC chemotherapeutics docetaxel
(Dtax) and Carbo, alone or in combination, failed to induce
HMGB1 release by all KP tumor cell lines tested (Figure 2A). Likewise, the anthracycline mitoxantrone (Mtx), which can have
immunogenic effects (Kroemer et al., 2013), did not trigger
HMGB1 release by KP tumor cells, even when combined with

Figure 1. Kras-Trp53-Mutated Lung Adenocarcinomas Are Inadequately Infiltrated by T Cells and Resist Current Treatment Options
(A) Immunohistochemistry of CD3+ cells in KP lung tumor tissue on day 66 after tumor initiation.
(B) Survival of KP mice treated or not with anti-PD-1 (aPD-1) mAbs (n = 5–6 mice per group). Tumors were induced on day 0 by intratracheal intubation and
inhalation (i.t.) of an adenovirus expressing Cre recombinase (AdCre). Mice were treated every third or fourth day with anti-PD-1 Abs intraperitoneally (i.p.) starting
from day 60 to 86.
(C) Lung weight as proxy for tumor burden (Cortez-Retamozo et al., 2012) measured on day 44 in mice bearing orthotopic KP1.9 tumors and treated or not with
anti-PD-1 mAbs every third or fourth day from day 25 to 42 after tumor cell injection (n = 9–12 mice per group).
(D) Micro-computed tomography of KP-OVA mice both before (day 122) and after (day 146) treatment with no antibody (ø) or with anti-PD-1 and anti-CTLA-4
(aPD-1 + aCTLA-4) mAbs. Tumors were induced with a lentiviral vector containing OVA peptide sequences (LucOS) i.t. and mAb treatment was performed every
second or third day from day 133 to 145.
(E and F) Lung weight (E) (n = 4–5 mice per group) and survival (F) (n = 11 mice per group) of KP mice treated or not with paclitaxel and carboplatin (Ptax-Carbo).
Mice were treated once a week for 3 weeks starting on day 63 after i.t. tumor initiation and lungs analyzed 3 days after the last drug injection. For survival studies,
Ptax-Carbo was injected i.p. once a week.
Results are expressed as mean ± SEM. ns, not significant. See also Figure S1.

mafosfamide (Maf) (Figure 2B), which is the active metabolite of
cyclophosphamide (Cyc) (Schiavoni et al., 2011). However, the
oxaliplatin-mafosfamide (Oxa-Maf) combination stimulated
HMGB1 release by all KP tumor cell lines (Figures 2A and 2B).
This combination also triggered calreticulin (CRT) exposure by
living KP tumor cells (Figure 2C), which is an additional marker
of cell immunogenicity (Zitvogel et al., 2013). Building on these
observations, we tested the combined Oxa-Cyc treatment in tumor-bearing KP mice using well-tolerated drug concentrations
(Figures S2A and S2B). Unlike Ptax-Carbo, Oxa-Cyc treatment
significantly increased nuclear HMGB1 staining within KP tumor

nodules (Figures 2D and S2C), a result that mirrors our in vitro
findings. These data demonstrate that selected chemotherapeutics can induce immunogenic phenotypes in KP lung adenocarcinoma cells both in vitro and in vivo.
Chemotherapeutics Selected for Their Ability to Induce
Immunogenicity in Tumors Delay KP Cancer
Progression
KP mice sacrificed after 3 weeks of Oxa-Cyc treatment showed
significantly lower tumor burden compared to Ptax-Carbotreated or untreated mice (Figures 3A and S3A–S3C). We
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Figure 2. Selected Drugs Induce KP Tumor Cell Immune Phenotypes
(A) In vitro HMGB1 release by three KP tumor cell lines, generated from lung tissue of tumor-bearing KP mice, in response to various chemotherapeutic drug
combinations as determined by ELISA (n = 2–4 replicates).
(B) HMGB1 release by tumor cell lines treated with mitoxantrone (4 mM), oxaliplatin (300 mM), and/or mafosfamide at different concentrations (16.5, 33, or
50 mg/ml) (n = 4 replicates).
(C) Calreticulin exposure by tumor cell lines treated with defined drug combinations measured by flow cytometry (n = 6 replicates).
(D) HMGB1 immunohistochemistry (left) and scoring (right) in lung tumor nodules (n = 39–48) of KP mice untreated (ø) or treated with Ptax-Carbo or Oxa-Cyc (see
also Figure S2C for comparable images). Scale bars represent 100 mm. ****p < 0.0001.
Results are expressed as mean ± SEM. Abbreviations are as follows: ns, not significant; CRT, calreticulin; Carbo, carboplatin; Cyc, cyclophosphamide; Dtax,
docetaxel; Maf, mafosfamide; Mtx, mitoxantrone; Oxa, oxaliplatin; Ptax, paclitaxel. See also Figure S2.

confirmed the ability of Oxa-Cyc treatment to control cancer
growth in mice bearing KP1.9 tumors (Figures S3D–S3F).
Because the above experiments used terminal procedures to
assess tumors at different time points and in different mice, we
also used in vivo MRI to monitor lung tumor volumes over time
noninvasively to gain quantitative information on lung tumor
progression in individual KP mice. This approach confirmed
overall control of KP tumor growth during Oxa-Cyc treatment
duration (Figure 3B). In contrast, Ptax-Carbo treatment showed
only a limited ability to suppress cancer progression. In
Oxa-Cyc-treated mice, we found that some tumor nodules
progressed whereas others regressed (Figure 3B) and that
tumor cell apoptosis, defined by cleaved caspase 3 staining,
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increased in some but not all tumor nodules (Figure S3G). These
data demonstrate the possibility of significantly altering KP
tumor growth with rationally selected and clinically approved
chemotherapeutics.
Drug-Induced Tumor Control Involves a Systemic Host
Response
Having identified Oxa-Cyc as a model of successful treatment
against KP tumors, we explored how it controlled cancer progression at a mechanistic level in vivo. First, we asked whether restricting Oxa-Cyc exposure to KP tumor cells is sufficient to alter
cancer progression. To address this question, C57BL/6 mice
received multiple injections of KP1.9 cells previously killed

Figure 3. Drugs Selected for Their Immunogenicity Delay KP Cancer Progression
(A) Lung tumor burden identification (left) and quantification (right) by hematoxylin and eosin (H&E) staining. Mice were treated with Ptax-Carbo or Oxa-Cyc after
establishment of lung adenocarcinomas for a duration of 3 weeks.
(B) Lung tumor detection by noninvasive MRI both before and after treatment as in (A) (left) and quantification of tumor progression, defined as delta tumor
volume in mm3, in individual mice over time (right, n = 5–6 mice per group). Red and green arrowheads show progressing and regressing tumor areas,
respectively.
Results are expressed as mean ± SEM. *p < 0.05; ***p < 0.001. Abbreviations are as follows: ns, not significant; Tx, treatment; Carbo, carboplatin; Cyc,
cyclophosphamide; Oxa, oxaliplatin; Ptax, paclitaxel. See also Figure S3.

in vitro with either Oxa-Maf or Ptax-Carbo (days 8, 4, 2, 5,
12); the mice were also challenged with viable KP1.9 cells on
day 0. We found that the tumors grew more slowly in mice vaccinated with cells killed with Oxa-Maf compared to mice vaccinated with tumor cells killed with Ptax-Carbo (Figure 4A).
This difference highlighted that tumor control is not just a
consequence of immunization with dead cells. Of interest, the vaccinations had identical effects on tumors injected either ipsi- or
contralaterally, thereby further indicating systemic rather
than local vaccination-induced effects. Importantly, prophylactic vaccination (i.e., Oxa-Maf-killed tumor cells injected on
days 8, 4, and 2 only) was sufficient to reduce both ipsiand contralateral tumor growth (Figure 4B). Consequently, these
results indicate that Oxa-Maf-sensitized tumor cells induced systemic changes that subsequently reduced cancer progression.
Drug-Induced Tumor Control Involves Adaptive
Immunity
Our next step evaluated whether Oxa-Cyc sensitization in vivo
promoted an antitumor immune response. By collecting singlecell suspensions from KP mouse lungs, we found increased
CD8+ T cell:Treg cell ratios in Oxa-Cyc-treated mice as
compared to untreated or Ptax-Carbo-treated mice (Figure 4C).
The increased CD8+ T cell:Treg cell ratio favors CD8+ T-cellmediated cancer immune surveillance and is associated with
beneficial outcome (Sato et al., 2005; Gao et al., 2007). In further
assessing the distribution of T cells in KP mouse lungs by immunohistochemistry, we found that Oxa-Cyc treatment instigated
CD3+ T cell infiltration within tumor nodules (Figures 4D and
S4A), with some CD3+ cells proliferating locally as revealed by

Ki67 staining (Figure S4B). The tumor-infiltrating CD3+ T cells,
which were absent in untreated or Ptax-Carbo-treated mice,
were mostly CD8+ and rarely CD4+ (Figures 4E and S4C), thereby
indicating Oxa-Cyc’s ability to instigate CD8+ T cell infiltration
into, and proliferation within, KP tumors.
Because Cyc can suppress Treg cells (Ghiringhelli et al., 2004;
Lutsiak et al., 2005), Oxa-Cyc might promote antitumor responses by acting on Treg cells directly. However, our data suggested that the CD8+ T cell response induced by Oxa-Cyc
against KP tumors preferentially follows the induction of drugmediated tumor cell immunogenicity because Oxa-Cyc treatment increased CD8+ T cell:Treg cell ratios selectively in lung
tumor tissue (i.e., not systemically, Figure 4F), and Treg cells
(as fractions of CD3+ cells) were already absent from tumor nodules of untreated mice (Figure S4A). Also, lung CD8+ T cell:Treg
cell ratios increased more in mice that received both Oxa and
Cyc (Figure 4F), a result that was in accordance with our
in vitro observations that inducing tumor cell immunogenic phenotypes required the drug combination (Figures 2A–2C).
To test whether therapeutically controlling KP tumor progression needs adaptive immunity, we generated Rag2–/– KP mice in
the C57BL/6 background (Figures S4D–S4F). The inability of
Oxa-Cyc to suppress tumor progression in these mice (Figures
4G and S4G) favors the hypothesis that KP tumor control requires CD8+ T cells. Because Rag2–/– KP mice lack both T and
B cells (Figures S4E and S4F), we also investigated the influence
of selective CD8+ T cell ablation in immunocompetent (Rag2+/+)
KP mice using CD8 depleting mAbs (Figure S4H). Oxa-Cyc failed
to suppress tumor progression in CD8+ T-cell-depleted mice
(Figure 4H), which indicated that Oxa-Cyc not only instigated
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Figure 4. Drug-Induced Tumor Control Involves Adaptive Immunity
(A and B) Impact of vaccinations with Ptax-Carbo- or Oxa-Maf-killed tumor cells on growth of KP1.9 tumors injected on day 0 ipsi- or contralaterally to the
vaccination sites. Mice were injected with in vitro killed tumor cells on days 8, 4, 2, 5, and 12 (A) or received only prophylactic vaccination on days 8, 4,
and 2 (B). Tumor burden was analyzed on day 19 (A) or day 14 (B), respectively (n = 6 mice per group).
(C) CD8+ T cell:Treg cell ratio in lungs of KP mice assessed by flow cytometry at 3 weeks after treatment with Ptax-Carbo or Oxa-Cyc (n = 9–13 mice per group).
(D) CD3 immunohistochemistry of representative lung tumor sections from KP mice treated as in (C) (see Figure S4A for comparable images). Scale bars
represent 100 mm.
(E) CD4 and CD8 immunohistochemistry of lung tumor tissue from Oxa-Cyc-treated KP mice (see Figure S4C for comparable images). Scale bars represent
100 mm.
(F) CD8+ T cell:Treg cell ratios assessed by flow cytometry in lung, bone marrow, and spleen of KP1.9 lung tumor-bearing mice left untreated or that received
Ptax-Carbo, Oxa, Cyc, or Oxa-Cyc (n = 7–8 mice per group).
(G) Lung weight of Rag2–/– KP mice treated or not with Oxa-Cyc (n = 12–14 mice per group).
(H) Lung weight of Oxa-Cyc-treated KP mice that received CD8 depleting mAbs (aCD8, n = 13–15 mice per group).
Results are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, not significant. See also Figure S4.

tumor infiltration by CD8+ T cells but also needed these cells to
control cancer growth. Tumor control in KP mice was very efficient, especially considering that this mouse model resists all
conventional treatments and develops tumors that are generally
viewed as non-immunogenic.
Drug-Induced Tumor Control Involves Innate Immunity
To delve deeper into drug action mechanisms, we next examined whether Oxa-Cyc-induced antitumor immunity required
variables other than tumor-cell targeting and CD8+ T cells. We
investigated innate immune cells because they are found in the
KP tumor stroma (Cortez-Retamozo et al., 2012) and might be
modulated by drugs to induce tumor control (Broz and Krummel,
2015; De Palma and Lewis, 2013). To uncover possible druginduced changes on innate immune cell subsets, we collected
lung tissue biopsies of KP tumor-bearing mice treated or not
with Oxa-Cyc for comparative ex vivo analysis by multi-parameter flow cytometry. Furthermore, we isolated both tumor stroma
biopsies and tumor-free adjacent lung tissue to assess whether
drug-induced changes selectively control the immediate tumor
microenvironment. By operationally dividing CD45+Lin– myeloid
cells into CD11b– and CD11b+ cell subsets, we observed a substantial decrease in the frequency of CD11b– cells in both the
tumor stroma and adjacent tissue after Oxa-Cyc therapy (Figure 5A). This decrease was also observed in Ptax-Carbo-treated
mice (data not shown), suggesting that this cell loss is insufficient
to explain tumor control selectively in Oxa-Cyc-treated mice. In
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marked contrast, Oxa-Cyc treatment significantly and selectively increased the frequency of the CD11b+ cell subset within
the tumor stroma (Figure 5A). These findings indicate that OxaCyc treatment modulates innate immune system components
within the tumor microenvironment.
We further analyzed CD11b+ cells, and subsets thereof, and
considered toll-like receptor 4 (TLR4) because it can be involved
in innate immune activation and transition toward adaptive immunity in the context of drug-induced immunogenic cell death
(Apetoh et al., 2007; Kroemer et al., 2013). We found that OxaCyc treatment upregulated TLR4 selectively in the dendritic
cell (DC)/macrophage-like subset, defined as CD11b+CD11c+
Ly-6G–Ly-6C–. TLR4 upregulation occurred only within the tumor
stroma and not in tumor-free adjacent tissue (Figure 5B). By
comparison, the mean fluorescent intensity (MFI) of cell surface
TLR4 expression was low or undetectable in CD11b+CD11c–
cells, Ly-6G+/Ly-6C+ granulocytes, and Ly-6C+ monocyte-like
cells, both in the absence and presence of Oxa-Cyc treatment
(Figure 5B). We also found that CD11b+CD11c+ cells, in contrast
to their CD11b+CD11c– counterparts, upregulated the integrin
CD103 (Figure 5C). CD103+ DC-like cells are important in regulating antitumor immunity because they have enhanced abilities
to activate CD8+ T cells compared to CD103– DCs and tumorassociated macrophages (Broz et al., 2014; Ruffell et al., 2014;
Spranger et al., 2015).
To define whether TLR4+ cells are required for generating
drug-induced KP tumor control, we examined the impact of

Figure 5. Drug-Induced Tumor Control Involves Innate Immunity and TLR4 Signaling
(A) CD11b– and CD11b+ cells in lung tissue biopsies of KP mice that received Oxa-Cyc or were
left untreated (n = 7–8 mice per group). Lung tissue
biopsies of tumor and tumor-free adjacent tissues
were investigated in parallel.
(B) TLR4 mean fluorescence intensity (MFI) of
CD11b+ cell subsets in tumor and tumor-free lung
tissues of Oxa-Cyc-treated or untreated KP mice
(n = 7–8 mice per group).
(C) CD103 phenotype of CD11b+CD11c– and
CD11b+CD11c+ cells in tumor stroma of Oxa-Cyctreated mice (n = 7 mice per group).
(D and E) Lung CD8+ T cell:Treg cell ratio (D) and
lung weight (E) of KP1.9 tumor-bearing Tlr4+/+ and
Tlr4–/– mice treated or not with Oxa-Cyc (n = 7–14
mice per group). Lineage (Lin) defined as (B220/
CD49b/CD90.2/Ter119)+.
Results are expressed as mean ± SEM. *p < 0.05;
***p < 0.001; ****p < 0.0001; ns, not significant;
N/A, not applicable.

Oxa-Cyc treatment on tumor-associated T cell responses in
Tlr4–/– mice. In contrast to their wild-type counterparts, Tlr4–/–
mice failed to increase lung CD8+ T cell:Treg cell ratios after
Oxa-Cyc treatment (Figure 5D). Furthermore, we found that
TLR4 deficiency reduced Oxa-Cyc-mediated control of KP
tumor progression (Figure 5E). These data provide evidence
that triggering successful antitumor T cell immunity against KP
tumors with Oxa-Cyc depends on TLR4, in line with previous
findings that this receptor can promote DC-mediated CD8+
T cell activation (Apetoh et al., 2007).
Immunogenic Chemotherapeutics Sensitize Lung
Adenocarcinomas to Immune Checkpoint Therapy
With the ability to convert non-T-cell-infiltrated KP tumors into
ones that display antitumor T cell immunity, we asked whether
this process can be harnessed for sensitizing KP tumors to
checkpoint blockade therapy. We used the KP-OVA mouse
model because it is refractory to the anti-PD-1 and antiCTLA-4 mAb combination therapy (Figure 1D) and allowed
us to track CD8+ T cells specific for the model antigen
OVA257-264. We found that Oxa-Cyc treatment in these mice
favored or maintained four phenotypes that are potentially
associated with response to PD-1 checkpoint inhibition, namely
(1) increased CD8+ T cell:Treg cell ratio in the lung tumor tissue
(Figure 6A), (2) presence of tumor-infiltrating OVA-specific
CD8+ T cells (Figure 6B), (3) PD-1 expression by these cells
(Figure 6C), and (4) PD-L1 expression by tumor-associated
host and/or tumor cells (Figure 6D).
We conducted a blinded preclinical study in which KP-OVA
mice received Oxa-Cyc, anti-PD-1 + anti-CTLA-4 mAbs, or
both with controls left untreated (Figure S5A). Treatments began
on day 130 after tumor initiation and tumors were monitored
noninvasively by high-resolution micro-computed tomography
in all mice at three time points (days 122, 146, and 193) to quantify changes in tumor burden in vivo. All mice were evaluated
ex vivo at day 234.
Noninvasive tumor assessment at days 122, 146, and 193 (T0,
T1, and T2) revealed that Oxa-Cyc controlled KP tumors during
the first 3 weeks of treatment (T0/T1) when compared to un-

treated mice (p < 0.05) but was unable to significantly control
tumors at the later time point (T0/T2, p > 0.05) (Figure 6E).
Checkpoint inhibition failed to delay KP tumor progression
(T0/T1, p > 0.05; T0/T2, p > 0.05). By contrast, Oxa-Cyc combined with anti-PD-1 + anti-CTLA-4 mAb treatment controlled
tumor progression at both time points (T0/T1, p < 0.01; T0/
T2, p < 0.05) (Figures 6E and 6F).
Postmortem evaluation at day 234 (T3) validated the advantage of the combination treatment to suppress KP tumors
durably (i.e., over 16 weeks; p < 0.001; Figures 6E and 6G).
The combination treatment was significantly better than either
Oxa-Cyc or anti-PD-1 + anti-CTLA-4 alone (Figures 6E and 6G).
Multiphoton microscopy of explanted lung tissue confirmed
successful tumor control in the same mice. This approach further
revealed the CD8+ T cells’ selective ability to accumulate and
remain within tumor nodules of Oxa-Cyc-treated KP-OVA
mice, whether or not they received the immune checkpoint
blockers (Figures 6H, S5B, and S5C). These data support the
idea that tumor infiltration by CD8+ T cells is insufficient to
durably control cancer progression but can generate effective
responses to checkpoint blockade treatment.
Additionally, when using the KP1.9 tumor-bearing mouse
model, we found that Oxa-Cyc treatment significantly increased
overall mouse survival when combined with anti-PD-1 + antiCTLA-4 mAbs, whereas anti-PD-1 or anti-CTLA-4 mAbs alone
did not confer protection (Figure S5D). Comparisons of various
combination treatments suggested that anti-PD-1 mAb treatment was mostly responsible for improving Oxa-Cyc treatment
efficacy in the KP1.9 tumor-bearing mice at least 20 days
after initiation of treatment (Figure S5E). Taken together, these
data indicate that rationally selected immunogenic chemotherapeutics can sensitize KP lung adenocarcinomas to immune
checkpoint therapy.
Immunogenic Chemotherapeutics Can Sensitize Other
Tumors to Immune Checkpoint Therapy
Finally, we tested whether other immunogenic chemotherapeutics could sensitize tumors to immune checkpoint therapy. We
explored MCA205 fibrosarcoma-bearing mice because they
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Figure 6. Drug-Induced Tumor Infiltration by CD8+ T Cells Sensitizes Lung Adenocarcinomas to Immune Checkpoint Therapy
(A–D) Lung CD8+ T cell:Treg cell ratio (A), percent of OVA-specific CD8+ T cells in lungs (B), PD-1 expression by these cells (C), and PD-L1 surface expression by
different tumor stroma cell populations (D; white histograms are fluorescence minus one [FMO] controls) in KP-OVA mice treated or not with Oxa-Cyc
(n = 2–5 mice per group).
(E) Micro-computed tomography imaging (d146, d193) and ex vivo analysis (d234) of lungs of KP-OVA mice treated with Oxa-Cyc and anti-PD-1 + anti-CTLA-4
mAbs either alone or in combination (n = 5 mice per group). Tumors were induced with a lentiviral vector containing OVA peptide sequences (LucOS). Change in
tumor volume (defined by micro-computed tomography at d146 = T1 and d193 = T2) and tumor area in lung tissues (defined by H&E staining at d234 = T3) in these
mice.
(F) Coronal micro-computed tomography at d122, d146, and d193 of an untreated mouse (left) or mouse that received the combination therapy (right). Dotted
lines identify tumor nodules that progressed (red) or not (green).
(G) Lung tumor burden identification by H&E staining at d234 in the same mice as in (E).
(H) CD8+ cell (red) infiltration in KP-OVA tumors (tumor contour defined with green dashed lines, see Figure S5B for comparable images) identified by multiphoton
microscopy ex vivo at d234 in the same mice. Collagen is shown in blue.
Results are expressed as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. See also Figure S5.

failed to respond to anti-PD-1 + anti-CTLA-4 mAbs (Figure 7A).
We found that cisplatin treatment, which does not induce
immunogenic cell death, failed to improve immune checkpoint blockade treatment (Figure 7A). By contrast, doxorubicin, which induces MCA205 immunogenic cell death (Zitvogel et al., 2013), significantly delayed tumor progression
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when combined with anti-PD-1 + anti-CTLA-4 mAb therapy
(Figure 7A).
We also investigated CT26 colon carcinoma-bearing mice,
which did not respond to anti-CTLA-4 mAb therapy (Figure 7B).
Oxa treatment induces immunogenic CT26 tumor cell
death (Apetoh et al., 2007; Tesniere et al., 2010) and increases

DISCUSSION

Figure 7. Immunogenic Chemotherapeutics Improve Immune
Checkpoint Blockade Treatment against MCA205 Fibrosarcoma
and CT26 Colon Carcinoma
(A) Tumor size measurement of MCA205 fibrosarcoma-bearing C57BL/6 mice
(n = 7–8 per group) treated with PBS or chemotherapy (cisplatin or doxorubicin) together with anti-PD-1 + anti-CTLA-4 (aPD-1 + aCTLA-4) mAbs or
isotype control mAbs. Tumor cells were injected on d 8; the chemotherapeutics were given on d0 and the mAbs on d8, 12, and 16.
(B) Tumor size measurement of CT26 colon carcinoma-bearing BALB/c mice
(n = 7–8 per group) treated with PBS or chemotherapy (cisplatin or oxaliplatin
[Oxa]) together with anti-CTLA-4 or isotype control mAbs. Tumor cells were
injected on d–11; the chemotherapeutics were given on d0 and the mAbs
on d8, 12, and 16. Each line represents an individual mouse.
Results are expressed as mean ± SEM. *p < 0.05; ns, not significant.

CD8+ T cell infiltration at the tumor site (Gou et al., 2014). We
found that Oxa treatment provided minimal control of CT26
tumor progression, similarly to cisplatin, which was used as a
control agent (Figure 7B). Checkpoint blockade therapy with
anti-CTLA-4 mAb, either as monotherapy or combined with
cisplatin, was also largely ineffective. However, the Oxa +
anti-CTLA-4 mAb combination was able to reject CT26 tumors
in 40% of mice analyzed (Figure 7B). These results demonstrate that our findings in the KP mouse model can be
extended to other tumor types; they also indicate that tailoring
chemotherapy treatments to a given tumor type might be a
generalizable approach to sensitize tumors to immune checkpoint therapy.

We used genetically engineered mouse models that closely
recapitulate human disease to examine whether autochthonous
tumors lacking pre-infiltrated T cells can also be sensitized therapeutically to induce T-cell-mediated control of tumor progression. We investigated lung adenocarcinomas carrying common
KRAS and/or TP53 mutations because we identified these
tumors to be inadequately infiltrated by CD8+ T cells in both humans and mice. In addition, we found that Kras/Trp53 mutant tumors in mice resist current chemo- and immunotherapies even
when the tumors expressed neoantigens, which are targets of
successful checkpoint blockade therapy. We report that appropriately selected and clinically approved therapeutics can produce CD8+ T cell infiltration in otherwise non-T cell inflamed
tumors and that this process inhibits cancer progression.
Furthermore, the T cell response induced by immunogenic
chemotherapeutics can be harnessed to sensitize lung adenocarcinomas to immune checkpoint therapy. The antitumor
response triggered by the immunogenic chemotherapeutics depended on (1) direct drug actions on tumor cells, (2) host CD8+
T cell activation, and (3) intact TLR4 signaling.
First, Oxa-Cyc-induced effects on tumor cells alone can
trigger a systemic antitumor response. Indeed, injecting tumor-bearing mice with KP1.9 tumor cells previously killed by
Oxa-Maf (but not by Ptax-Carbo) efficiently inhibited tumor
progression. Combined with our in vitro results, which showed
Oxa-Cyc’s ability to directly induce KP tumor cells with immunogenic phenotypes, our findings indicate that Oxa-Cyc-mediated effects on tumor cells instigate a cascade of events that
ultimately lead to tumor control. Whether some immunotherapeutics might overcome the limitations of poorly immunogenic chemotherapeutics requires further study. Nonetheless,
considering the importance of initial tumor cell drug targeting,
it might be possible to further improve clinical outcomes by
increasing chemotherapeutic load at the tumor site. This might
be achieved by encapsulating drugs within nanoparticles (Peer
et al., 2007) or by targeting the vasculature (Chauhan et al.,
2012).
Second, the Oxa-Cyc-induced antitumor response depends
on host CD8+ T cells: the drugs failed to control tumor progression in mice lacking these cells (Rag2–/– KP mice as well as wildtype KP mice depleted with anti-CD8 mAbs). Another study
using a genetic mammary cancer model showed that chemotherapeutics can have comparable effects against genetically
engineered tumors growing in either Rag-competent or Ragdeficient mice (Ciampricotti et al., 2012). These findings suggest
that chemotherapy can limit tumor progression without CD8+
T cells. Yet, the chemotherapeutics used in the mammary tumor
models only delayed tumor growth, whereas accumulating evidence shows that potent tumor infiltration by CD8+ T cells might
be key to durably controlling cancer (Gajewski et al., 2013; Tumeh et al., 2014; Spranger et al., 2015). Our study indicates
that drug-induced CD8+ T cell tumor infiltration can contribute
to tumor control in genetic mouse models and be harnessed
for checkpoint blockade therapy. These findings accord with
the observation in a mouse model of castrate-resistant prostate
cancer that Oxa can induce CD8+ T-cell-dependent tumor eradication (Shalapour et al., 2015).
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Third, the drug-induced antitumor T cell response needs
intact TLR4 signaling. We observed that TLR4 deficiency prevented Oxa-Cyc from increasing CD8+ T cell:Treg cell ratios
within the tumor bed and from controlling tumor progression.
Accordingly, we found that Oxa-Cyc makes dying tumor cells
release HMGB1, which activates TLR4 directly (Apetoh et al.,
2007). Also, systemic Oxa-Cyc treatment caused an influx of
TLR4+ DC-like cells specifically in the tumor stroma. These tumor-infiltrating cells expressed CD103 and thus resembled
DCs previously identified as critical stimulators of antitumor
CD8+ T cell immunity (Broz et al., 2014; Ruffell et al., 2014;
Spranger et al., 2015). Our results are in accordance with
previous findings that TLR4 can promote DC tumor antigen
cross-presentation and CD8+ T cell activation after immunogenic tumor cell death (Apetoh et al., 2007) and that tumor-infiltrating DCs can be key regulators of antitumor immunity (Broz
et al., 2014). Although the detailed mechanisms shaping successful immune responses against KP tumors require further
investigation, the aforementioned findings already provide evidence that shaping these immune responses will require a
combination of variables including tumor cell targeting and
both the adaptive and innate arms of the immune system. We
hypothesize that Oxa-Cyc-induced enrichment of TLR4+ antigen-presenting cells in KP tumors precedes and facilitates
the local influx of CD8+ T cells. TLR4 genotype (Casanova
et al., 2011) and tumor-associated myeloid cell content (Broz
and Krummel, 2015) can vary across individuals and/or tissues,
so evaluating these innate immune variables could help select
treatment options.
Checkpoint blockade therapies have yielded unprecedented
clinical benefits against lung and other cancers but on their
own might preferentially benefit patients whose tumors are
pre-infiltrated by CD8+ T cells (Tumeh et al., 2014; Gajewski
et al., 2013). We found that therapy-induced T cell infiltration
enabled successful treatment with immune checkpoint inhibition, further indicating that appropriately selected drugs
that transform ‘‘cold’’ tumor tissues into immunologically ‘‘hot’’
T-cell-rich environments can be used to sensitize tumors to
immune checkpoint therapy and improve clinical outcome.
Our results provide a proof of principle that chemotherapeutics selected for their ability to induce immunogenicity in tumors
(e.g., Oxa-Cyc against KP tumors, Doxorubicin against MCA205,
and Oxa against CT26) provide additive or synergistic benefits
when combined with immune checkpoint blockers. It will be
important to explore whether and when other drugs or drug combinations can achieve similar results. For example, it is possible
that Oxa alone or Ptax-Carbo also sensitize KP tumors to immune checkpoint blockade or synergize with immunotherapy
against other cancers. Also, preclinical studies using an ovarian
cancer graft model indicate that PD-1 blockade can improve
Ptax therapy (Lu et al., 2014) and ongoing clinical trials are
testing the potential of Ptax-Carbo to enhance the efficacy of
immune checkpoint blocking agents against various cancer
types, including NSCLC (S.V. Liu et al., 2015, ASCO Annual
Meet., abstract; V. Papadimitrakopoulou et al., 2015, ASCO
Annual Meet., abstract).
To achieve tumor sensitization and improved outcomes, we
envision two scenarios: (1) re-evaluating the chemotherapeutics
used in combination with checkpoint blockade agents to specif352 Immunity 44, 343–354, February 16, 2016 ª2016 Elsevier Inc.

ically include drugs with the potential to induce immunogenic cell
death (e.g., Oxa and Cyc as investigated for the KP lung tumor
model), and (2) using precision medicine to select drugs with
the ability to promote tumor cells’ immunogenicity in a given
patient. The first approach could provide immediate clinical
benefit by expanding the proportion of cancer patients who
respond to current immune checkpoint treatments. The second
approach involves screening drugs for individual patients and is
thus more technically challenging, but because it takes into
account that different tumor genetic drivers, tissues of origin,
and tumor microenvironments can profoundly modify a given
drug’s efficacy, this drug selection approach might benefit
even more patients. The drug-induced readouts could be
expanded to study various forms of cell death, including pyroptosis or necroptosis, which can also promote antitumor immunity. Regardless of the approach, drugs that are already FDA
approved could be used to accelerate clinical translation.
EXPERIMENTAL PROCEDURES
Mice
KrasLSL-G12D/+;Trp53flox/flox (KP) mice were used as a conditional mouse model
of NSCLC (Cortez-Retamozo et al., 2013). Details about all murine strains and
tumor models are provided in the Supplemental Experimental Procedures. All
animal experiments were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care, except experiments in BALB/c
and MCA205-bearing C57BL/6 mice that were approved by the Ethical Committee of the Gustave Roussy Cancer Campus (Villejuif, France).
Cell Lines
The lung adenocarcinoma cell line KP1.9 was derived from lung tumors of
C57BL/6 KP mice and was kindly provided by Dr. A. Zippelius, University Hospital Basel, Switzerland. The lung adenocarcinoma cell lines KP L1-3, KP L1-5,
and KP L2-9 were derived from 129 KP mouse lung tumors and all established
in our laboratory. Additional information on further cell lines and cell culture
conditions are detailed in the Supplemental Experimental Procedures.
Human Tumor Samples
Sections from paraffin-embedded biopsies of lung resections (n = 76) from
NSCLC patients with known KRAS and EGFR gene mutation status were
obtained from the Department of Pathology at Massachusetts General Hospital according to an approved institutional review board protocol (IRB
2009P001838). TP53 and CD8 immunohistochemistry were performed and
evaluated blindly based on defined scoring systems as described in the Supplemental Experimental Procedures.
Micro-computed Tomography and MRI
Tumor burden was evaluated by micro-computed tomography (mCT) or MRI in
anonymized mice. Details of the imaging protocols are provided in the Supplemental Experimental Procedures.
Mouse Histology, Immunohistochemistry, and Immunofluorescence
Microscopy
Histological analysis of tumor burden in mice was done on formaldehyde-fixed
and paraffin-embedded lung tissues using hematoxylin and eosin (H&E) staining. Immunohistochemistry (IHC) was done on either paraffin-embedded
(HMGB1, cleaved caspase-3, Ki67, CD3, CD4) or frozen (CD8) tissue sections.
Detailed information regarding antibody clones and staining procedures are in
the Supplemental Experimental Procedures.
Multiphoton Microscopy
Small lung pieces from tumor-bearing KP mice and tumor-free tissue
were fixed, stained, and imaged with an Ultima multiphoton microscope (Prairie Technologies). Images were pre-processed in R statistical computing
environment with RStudio and stitched/analyzed with Fiji software. More

information on staining procedures and image processing are described in the
Supplemental Experimental Procedures.

by the Deutsche Forschungsgemeinschaft (DFG) PF809/1-1, C.E. by the
Boehringer Ingelheim Fonds, and S.R. by the DFG RI2408/1-1.

HMGB1 and Calreticulin In Vitro Assays
The KP L1-3, KP L1-5, and KP L2-9 tumor lines were seeded in tissue culture
plates before treatment with chemotherapeutic drugs for 24 hr (Dtax, 30 mM;
Carbo, 500 mM; Oxa, 300 mM; Maf, 16.5, 33, 50 mg/ml; Mtx, 4 mM). For the calreticulin assay, the cells were harvested from cell culture plates, fixed and
incubated with rabbit anti-calreticulin Ab followed by anti-rabbit Alexa Fluor
488 conjugated Ab, and investigated by flow cytometry (CyAn ADP analyzer,
Beckman Coulter). Detailed assay conditions are provided in the Supplemental Experimental Procedures.
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In Vivo Drug Treatments
KP tumor-bearing mice were either left untreated or received chemotherapy
intraperitoneally (i.p.) once a week for 3 weeks (Oxa, 2.5 mg/kg; Cyc,
50 mg/kg; Ptax, 10 mg/kg; Carbo, 10 mg/kg). BALB/c mice bearing CT26 flank
tumors and MCA205 flank tumor-bearing C57BL/6 mice received one intratumoral chemotherapeutic drug injection (Oxa, 1.25 mg/kg; cisplatin,
0.25 mg/kg; Doxorubicin, 2.9 mg/kg). mAbs specific for PD-1 (clone
29F.1A12, provided by Dr. G.J. Freeman) and CTLA-4 (clone 9D9, BioXcell)
were injected i.p. Details about in vivo experiments including drug treatment
conditions and cell depletion strategies are provided in the Supplemental
Experimental Procedures.
Recovery of Cells from Murine Tissues and Flow Cytometry
Single-cell suspensions were prepared from murine lung, spleen, and bone
marrow and investigated by flow cytometry (LSRII, BD Biosciences). Where
indicated, equally sized pieces of tumor stroma and corresponding tumorfree adjacent tissue were isolated separately from lungs of Oxa-Cyc-treated
or untreated tumor-bearing KP mice. Details about cell recovery strategies
and flow cytometry staining procedures including Ab clones and identified
cell populations are in the Supplemental Experimental Procedures.
Statistics
Results were expressed as mean ± SEM. Statistical tests included one-way
ANOVA followed by Tukey’s or Dunnett’s multiple comparison test. When
applicable, unpaired one-tailed and two-tailed Student’s t tests using Welch’s
correction for unequal variances were used. Comparison of survival curves
was performed with the Log-rank Mantel-Cox test. p values of 0.05 or less
were considered to denote significance (*p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; ns, not significant).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.immuni.2015.11.024.
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SUMMARY

Immune checkpoint blockade therapies fail to induce responses in the majority of cancer patients, so how to
increase the objective response rate becomes an urgent challenge. Here, we demonstrate that sufficient
T cell infiltration in tumor tissues is a prerequisite for response to PD-L1 blockade. Targeting tumors with tumor necrosis factor superfamily member LIGHT activates lymphotoxin b-receptor signaling, leading to the
production of chemokines that recruit massive numbers of T cells. Furthermore, targeting non-T cell-inflamed
tumor tissues by antibody-guided LIGHT creates a T cell-inflamed microenvironment and overcomes tumor
resistance to checkpoint blockade. Our data indicate that targeting LIGHT might be a potent strategy to increase the responses to checkpoint blockades and other immunotherapies in non-T cell-inflamed tumors.

INTRODUCTION
The Programmed Cell Death Protein 1 (also known as CD279
and PD-1) and its ligand PD-1 Ligand (PD-L1) signaling pathway
is a critical immune checkpoint that functions normally to protect
against autoimmunity (Keir et al., 2008; Nishimura et al., 2001).
Increasing evidence has suggested that PD-1 signaling is also
an important mechanism utilized by tumors to escape antitumor
immune responses (Dong et al., 2002; Iwai et al., 2002; Shin and
Ribas, 2015). Recent clinical trials with anti-PD-1 and PD-L1
monoclonal antibodies have shown unprecedented durable responses in some patients with a variety of cancers (Brahmer
et al., 2012; Topalian et al., 2012). Unfortunately, only a minority
of the total of treated patients respond to the current immuno-

therapy treatment. Thus, it has become a primary priority to identify the factors that determine the responsiveness to checkpoint
blockade, and to develop strategies that could potentially increase the patient response rates (Sznol and Chen, 2013).
Some recent retrospective clinical studies have shown correlations between tumor PD-L1 expression and response to PD-1/
PD-L1 checkpoint blockade therapy (Herbst et al., 2014; Topalian et al., 2012). In contrast, other studies have also suggested
that the presence of tumor-infiltrating lymphocytes (TILs) is an
important biomarker for predicting responses to PD-L1 blockade
therapy (Tumeh et al., 2014). Interestingly, the presence of TILs
has been previously shown to correlate with better patient outcomes during various antitumor therapies in multitude of cancers
(Galon et al., 2006; Hwang et al., 2012; Mahmoud et al., 2011).

Significance
PD-1/PD-L1 blockade can produce positive responses in cancer patients. Most studies aiming to increase response rates to
immune checkpoint blockade focus on combining PD-1/PD-L1 blockade with other checkpoint therapies for T cell activation. However, we demonstrate that increasing tumor-infiltrating T cells in unresponsive tumors can also promote responses
to checkpoint blockade, and conversely, inhibiting T cell infiltration in responsive tumors can diminish the efficacy. We
generated an antibody-guided LIGHT fusion protein that is able to create a T cell-inflamed tumor microenvironment. We
further demonstrate that antibody-LIGHT is able to overcome tumor resistance to checkpoint blockade by increasing
T cell infiltration. Our study has created a strategy that could potentially increase the response rates to checkpoint blockades in cancer patients.
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However, it is commonly known that the tumor microenvironment often inhibits activated T cells from entering tumor tissues
or prevents effective T cell priming for tumor control through
various pathways (Gajewski et al., 2013). By using only clinical
samples and data, it is difficult to dissect the relative contribution
of PD-L1 and TILs for responsiveness to PD-L1 blockade; thus,
proper mouse tumor models are needed for conclusive mechanism studies.
Our laboratory has previously shown that upregulation of
LIGHT (which stands for ‘‘homologous to lymphotoxin, exhibits
inducible expression and competes with HSV glycoprotein D
for binding to herpesvirus entry mediator, a receptor expressed
on T lymphocytes’’) in peripheral tissues results in T cell activation and migration into non-lymphoid tissues and the formation
of lymphoid-like structures, which can lead to rapid T cell-mediated tissue destruction (Lee et al., 2006). LIGHT, also known as
tumor necrosis factor superfamily member 14 (TNFSF14), is one
of the co-stimulatory molecules that can regulate T cell activation (Wang et al., 2009). LIGHT is predominantly expressed on
immune cells, especially on the surface of immature dendritic
cells (DCs) and activated T cells. Forced expression of LIGHT
in tumor cells promotes the formation of lymphoid-like structures for direct T cell sequestration and activation, leading to
tumor regression (Yu et al., 2004, 2007). Furthermore, adoptive
transfer of LIGHT-expressing mesenchymal stem cells can
enhance T cell infiltration and efficiently control tumors (Zou
et al., 2012).
LIGHT is a ligand protein that can bind to two different receptors, herpesvirus entry mediator (HVEM), which is also known as
TNFSF14 and is encoded by TNFRSF14, and lymphotoxin b receptor (LTbR), which is encoded by LTBR. The binding of LIGHT
to HVEM delivers a co-stimulatory signal to T cells (Wang et al.,
2009). In addition, LIGHT can bind to LTbR, which is commonly
expressed on non-lymphoid cells, and is critical for the formation
of secondary and tertiary lymphoid structures (Fu and Chaplin,
1999; Ware, 2005). LTbR plays a pivotal role in the formation of
lymph nodes (LNs) and in the organization of distinct T cell and
B cell zones in secondary lymphoid organs. Signaling via LTbR
regulates the expression of various chemokines and adhesion
molecules that control the migration and positioning of DCs
and lymphocytes in the spleen (Cyster, 1999). Overexpression
of lymphotoxin in non-lymphoid tissues is sufficient to promote
functional lymphoid neogenesis (Ruddle, 1999). These activities
indicate that activating LIGHT signaling might be an attractive
approach to increase lymphocyte infiltration in tumor tissues.
Based on these studies, we sought to test whether targeting
LIGHT into tumor tissues could increase TIL numbers, and
whether it could synergize with current checkpoint blockade
therapies.
RESULTS
Higher T Cell Infiltration, but Not PD-L1 Level, Is
Associated with Responsiveness to Checkpoint
Blockade
The mechanistic studies about whether and how TILs or PD-L1
are required for a positive response to checkpoint blockades
has not been completely elucidated due to the lack of proper
experimental models. To understand why some PD-L1+ tumors
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do not respond to PD-L1 blockade while other tumors do
respond, we compared a series of well-established mouse tumor
lines for their PD-L1 expression and responsiveness to antiPD-L1 treatment (Table S1). Interestingly, the implanted tumor
lines, such as MC38 and Ag104Ld, represent distinct models
mirroring what have been observed in the clinic; specifically,
MC38 and Ag104Ld both have similarly high levels of PD-L1
expression while having different responsiveness to anti-PD-L1
therapy (Figures 1A–1C and Table S1). When stimulated by interferon-g (IFN-g), they both upregulated PD-L1 to similar levels,
indicating there was no intrinsic defects in PD-L1 expression
upon stimulation in both cell lines (Figure 1A). Mice bearing
MC38 tumors were able to control their tumor burdens effectively with anti-PD-L1 treatment (Figure 1B). In contrast, mice
bearing Ag104Ld tumors treated with the same anti-PD-L1 did
not respond to treatment and the tumor burdens were not
controlled (Figure 1C). Both ex vivo MC38 and Ag104Ld tumors
expressed similar levels of PD-L1, as analyzed by flow cytometry
(Figure 1D). In addition, there was no significant difference of
PD-L1 expression in TILs (Figures S1A–S1C). These data suggest that factors other than PD-L1 expression inside the tumor
environment might be essential for responsiveness to PD-L1
blockade therapy.
To determine whether MC38 and Ag104Ld might have
different tumor microenvironments that could contribute to
the differences in response to checkpoint blockade therapy,
we decided to examine the tumors and look for the presence
of TILs. To compare the levels of lymphocyte infiltration, we
collected tumor tissues and analyzed them using flow cytometry.
Interestingly, MC38 tumors have much more (up to 5-fold) T cells
(CD45+CD3+) than Ag104Ld tumors. Among the tumor-infiltrating T cells, the percentage of CD8+ T cells is also higher
in MC38 (Figure 1E). Specifically, there is approximately 7- to
10-fold more CD8+ T cells in MC38 than in Ag104Ld. These
data raise the possibility that more CD8+ T cells inside MC38
tumors, not seen in Ag104Ld tumors, lead to its responsiveness
to anti-PD-L1. To address the role of TILs for checkpoint
blockade responsiveness, we sought two strategies to test: (1)
whether a reduction of TILs in MC38 will diminish its response
to PD-L1 blockade, and (2) whether an increase in TILs in
Ag104Ld will induce its response to PD-L1 blockade.
To address whether a higher number of TILs in MC38 is
responsible for its responsiveness to PD-L1 blockade, we utilized FTY720 to block new lymphocyte infiltration. FTY720 is
a small-molecule analog of sphingosine 1-phosphate (S1P).
FTY720 treatment induces the internalization and degradation
of S1P receptor, thereby preventing lymphocyte egress from
the LNs (Thompson et al., 2010). After a single injection of
FTY720, there was 90% reduction in peripheral T cells (Figure S1D). Circulating T cell numbers gradually recovered by
4 days after injection. The concentration of FTY720 used does
not induce cell death in vitro (Figures S1E–S1H). To test whether
a higher number of TILs is required for the response to PD-L1
blockade, we treated mice with FTY720 after MC38 tumor inoculation. After tumors were established, mice were treated with
anti-PD-L1. Strikingly, the antitumor effects of anti-PD-L1 were
completely abrogated in the presence of FTY720 (Figure 1F).
These data suggest that a significant number of TILs is a prerequisite for the response to PD-L1 blockade.
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Figure 1. Significant Lymphocyte Infiltration Is Associated with Responsiveness to PD-L1 Blockade
(A) MC38 and Ag104Ld cells were treated with or without 500 U/ml IFN-g for 24 hr then stained with anti-PD-L1. The expression levels of PD-L1 were measured by
flow cytometry. Mean fluorescent intensities (MFIs) of PD-L1 staining were compared.
(B) WT B6 mice were inoculated subcutaneously with 1 3 106 MC38 cells on day 0. On days 7 and 10, mice were treated with 200 mg of anti-PD-L1 or control IgG.
Tumor growth was measured and compared twice weekly.
(C) B6C3F1 mice were injected subcutaneously with 1 3 106 Ag104Ld cells and treated with 200 mg of anti-PD-L1 or control IgG on days 7 and 10.
(D) Tumor tissues were collected 7 days after inoculation. PD-L1 expression levels in CD45 cells were measured by flow cytometry. FMO, fluorescence
minus one.
(E) Tumor tissues were collected as in (D). Percentages of CD3+ among CD45+ cells (upper panel) and CD8+ among CD3+ cells (lower panel) were analyzed by flow
cytometry.
(F) WT B6 mice were injected subcutaneously with 1 3 106 MC38 cells on day 0 and treated with FTY720 from day 1. On days 7 and 10, mice were treated with
200 mg of anti-PD-L1 or control IgG. Tumor growth was measured and compared twice weekly.
Data indicate mean ± SEM and are representative of two (A, B, F) or three (C, D, E) independent experiments. **p < 0.01. See also Figure S1 and Table S1.

Generation and Selection of Human LIGHT Mutants that
Bind to Mouse Receptors with Higher Affinities
To test our hypothesis that increased TILs in non-T cell-inflamed
tumors, such as Ag104Ld, are able to induce response to PD-L1
blockade, we sought to target LIGHT signaling to increase infiltration. Initial attempts to produce recombinant LIGHT protein
to target tumor tissues were not successful, since recombinant
mouse LIGHT (mLIGHT) is not stable and tends to aggregate
(data not shown; Del Rio et al., 2010). On the other hand, human
LIGHT (hLIGHT) is more stable but fails to bind mouse receptors,
and thus cannot be used in experimental mouse models. To
verify the absence of cross-species binding, we performed binding experiments using a yeast-displayed version of wild-type
(WT) hLIGHT that showed undetectable binding to mouse
LTbR and HVEM (mLTbR and mHVEM), with positive binding
to human LTbR and HVEM (hLTbR and hHVEM) (Figure 2A). To
better evaluate the therapeutic efficacy of hLIGHT construct in
experimental model systems, we engineered a LIGHT protein
that has the capabilities of binding and activating both human
and mouse receptors. HmLIGHT (human LIGHT mutant that

can effectively bind both human and mouse receptors) was
selected from a random error mutagenesis library of hLIGHT using yeast surface display. Engineered mutants of hLIGHT that
had increased surface expression (indicative of protein stability)
and binding to both mouse and human receptors were isolated
(Figure 2A). Several of these mutants have been identified. One
of these mutants has been chosen for further studies due to its
remarkable thermal stability (LTbR binding above 80 C, Figure 2B) and similarly higher binding affinities to both mouse
and human receptors in the yeast display system. Sequencing
results showed the presence of four point mutations between
hmLIGHT and WT hLIGHT (Figure 2C). This stable and higher-affinity hmLIGHT may have an increased therapeutic efficacy in an
immunocompetent host, with the additional benefit of being suitable for both mouse and human experimental model systems.
Production and Characterization of Antibody-LIGHT
Fusion Protein In Vitro
To confirm the functionality of the sequence isolated from
the yeast display system, we cloned hmLIGHT to produce
Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc. 287
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Figure 2. Engineered LIGHT Has Increased Stability and Binding Affinities to Both Human and Mouse Receptors
(A) Flow cytometry histograms of yeast-displayed mLIGHT, hLIGHT, and hmLIGHT clones. All clones were stained with the indicated ligands and analyzed by flow
cytometry.
(B) Flow cytometry histograms from thermal denaturation experiments using yeast-displayed hLIGHT and hmLIGHT. Samples were heated at indicated
temperatures for 30 min and stained with mLTbR.
(C) Amino acid sequence alignment of hLIGHT, mLIGHT, and hmLIGHT. Residues highlighted by black indicate the differences between hmLIGHT and hLIGHT.
Differences between mLIGHT and hLIGHT are highlighted by gray.

recombinant protein. First, we confirmed that hmLIGHT was
capable of binding to both human and mouse receptors in ELISA
assays with great sensitivity (Figure 3A). Second, we were able to
demonstrate activation of signaling, since stimulation of human
T cells by hmLIGHT induced the production of IFN-g in a dosedependent manner (data not shown). HmLIGHT also induced
the production of IFN-g in mouse splenocytes (Figure 3B) and
interleukin-6 (IL-6) in mouse embryonic fibroblast cells (Figure 3C), while hLIGHT only showed limited activity.
Given the limitations of a therapeutic that requires local delivery to patients, and that systemic injections of immune cytokine
can often lead to dose-dependent side effects, we wanted to
develop a system that can provide targeted delivery of LIGHT
(Yang et al., 2014). To study the mechanism of targeted LIGHT
delivery, we took advantage of the inherent specificities of antibody fusion proteins. We generated an anti-epidermal growth
factor receptor (EGFR)-hmLIGHT fusion protein (Ab-LIGHT) to
specifically target hmLIGHT to EGFR-expressing tumor tissues. To avoid aggregations, we linked together three units of
hmLIGHT (3 3 hmLIGHT) using polypeptide linkers, and fused
them to the N-terminal of antibody immunoglobulin G (IgG) Fc
288 Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc.

(Figure 3D). The resulting anti-EGFR-hmLIGHT fusion protein
could specifically bind to both EGFR and mLTbR/mHVEM (Figures 3E, S2A, and S2B). In vitro activities of the fusion protein
were further confirmed by its ability to induce IFN-g production
in mouse splenocytes (Figure 3F). This stimulation could be
abrogated by recombinant mHVEM-Ig. Furthermore, the fusion
protein can specifically target to EGFR-positive tumor tissues
when delivered systemically (Figure S2C). Together, these data
suggest that hmLIGHT has functional capabilities to bind and
specifically activate LIGHT receptors in vitro.
Targeted Delivery of LIGHT Eradicates Established
Tumors
To test the activity of hmLIGHT in targeting tumors in vivo, we
treated mice bearing established EGFR-expressing tumors with
anti-EGFR-hmLIGHT or control antibody. Ag104Ld is a highly
progressive tumor model that is resistant to most immunotherapies through unknown mechanisms (Chen et al., 1994; Melero et al., 1997; Ward et al., 1989; Wick et al., 1997; Yu et al.,
2005). We hypothesized that the lack of sufficient TILs makes
Ag104Ld less responsive to most immunotherapies. Strikingly,
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Figure 3. In Vitro Characterization of hmLIGHT Fusion Protein
(A) Binding between recombinant hmLIGHT and human/mouse LTbR/HVEM were measured by ELISA.
(B) Splenocytes from Rag1 / mice were stimulated with 25, 5, or 1 nM of hLIGHT or hmLIGHT for 48 hr. IFN-g levels in culture supernatants were measured by
cytometric bead array (CBA).
(C) Mouse embryonic fibroblast cells were stimulated with hLIGHT or hmLIGHT for 24 hr. IL-6 levels were measured by CBA.
(D) Schematic representation shows anti-EGFR-hmLIGHT fusion protein construction.
(E) B16-EGFR cells were incubated with anti-EGFR-hmLIGHT, followed by mLTbR or mHVEM staining. A control antibody-hmLIGHT fusion protein was used as
negative control.
(F) Splenocytes from Rag1 / mice were pretreated with or without mHVEM-Ig fusion protein before treated with 25, 5, or 1 nM anti-EGFR-hmLIGHT for 48 hr.
IFN-g levels were measured by CBA.
Data indicate mean ± SEM and are representative of at least two independent experiments. Conc., concentration. See also Figure S2.

anti-EGFR-hmLIGHT induced complete regression in established EGFR-expressing Ag104Ld tumors, while control antibody
or anti-PD-L1 alone has no effect on tumor growth (Figures 4A
and 1C). No significant side effect was observed, as we did not
see significant changes in either body weights or serum inflammatory cytokines (data not shown). The antitumor effects of
anti-EGFR-hmLIGHT depend on EGFR-expression on tumor
cells, as EGFR-negative tumor fails to response to the treatment
(data not shown). To test whether LIGHT-mediated antitumor responses result in prolonged protective T cell immunity, we rechal-

lenged mice that underwent complete tumor regression after
anti-EGFR-hmLIGHT treatment with a lethal dose of Ag104LdEGFR cells. All the mice rejected the rechallenged tumor (Figure 4B). Therefore, LIGHT is able to mediate rejection of a highly
progressive tumor that is traditionally thought to be resistant to
immunotherapies. In addition, LIGHT allows for the generation
of memory cells that can mediate protection.
When tumor cells are initially transplanted into immunocompetent hosts, massive tumor cell necrosis leads to inflammation
within the first few days (Dirkx et al., 2006). Therefore, it is
Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc. 289
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possible that this initial inflammation might artificially increase
the priming and recruiting of TILs. To avoid this extra priming
and infiltrations, we set up a mouse tumor model without such
priming of TILs. In this model, Rag1 / mice were challenged
with MC38-EGFR cells to allow the growth of tumor without
T cell infiltration and priming. After tumors were established,
WT splenocytes were transferred before immunotherapy treatment. Significantly, anti-EGFR-hmLIGHT showed superior antitumor effects over antibody control (Figure 4C).
One advantage of hmLIGHT is that it can be suitable for both
human and mouse experimental models. To test the efficacy
of anti-EGFR-hmLIGHT for controlling human tumor, and for
possible future clinical implications, we developed a xenograft
model using immune-reconstituted mice (Lee et al., 2009;
Yang et al., 2013). Rag1 / mice were inoculated with human
A431 tumor cells that were previously established from an
epidermoid carcinoma patient. After tumors were established,
2 million LN cells (50% T cells) from ovalbumin-specific class
I-restricted T cell receptor (OT-1 TCR) transgenic mice were
adoptively transferred. T cells from OT-1 mice have 2% nonOT-1 T cells, some of which have the potential to recognize
antigens from human tumors. A few hundred potentially specific
T cells is comparable with the number of tumor-reactive T cells
observed in human patients. Furthermore, among the transferred T cells, 98% of them are OT-1-specific T cells, which
can prevent the homeostatic proliferation of tumor-reactive
T cells. Without T cell transfer, A431 tumors grew aggressively.
In the presence of T cells, anti-EGFR-hmLIGHT treatment
induced much better antitumor effects compared with antiEGFR control (Figure 4D). The same LIGHT treatment cannot
control tumor growth in the absence of LN cells, indicating
LIGHT-mediated antitumor effects are T cell dependent. Taken
together, these data showed that LIGHT is able to control tumor
290 Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc.

Figure 4. LIGHT Delivered to Tumor Eradicates Established Tumors
(A) B6C3F1 mice were inoculated subcutaneously
with 2 3 106 Ag104Ld-EGFR cells and treated with
25 mg of control IgG, anti-EGFR, or anti-EGFRhmLIGHT on days 7, 9, 11, and 13. Tumor growth
was measured and compared twice weekly.
(B) Two weeks after tumor eradication, mice
treated with anti-EGFR-hmLIGHT from (A) were
rechallenged with 1 3 107 Ag104Ld-EGFR cells.
(C) Rag1 / mice were inoculated subcutaneously
with 1 3 106 MC38-EGFR cells, and 5 3 106
WT splenocytes were adoptively transferred on
day 11. Mice were treated with 25 mg of control
IgG, anti-EGFR, or anti-EGFR-hmLIGHT on days
12, 14, 16, and 18.
(D) Rag1 / mice were injected subcutaneously
with 1 3 106 A431 cells. OT-1 LN cells (2 3 106)
were adoptively transferred on day 13. Twenty-five
micrograms of control IgG, anti-EGFR, or antiEGFR-hmLIGHT (Ab-homotrimer LIGHT from
Abbvie) was administered intravenously daily from
day 14 to day 18.
Data indicate mean ± SEM. One representative
result of a total of three (A and D) or two (B and C)
independent experiments is shown. *p < 0.05,
**p < 0.01.

growth in different mouse and xenograft human tumor models,
and to provide long-term immunological memory.
LIGHT-Mediated Antitumor Immunity Depends on LTbR
Signaling
LIGHT has two receptors, LTbR and HVEM. To further elucidate
the essential contributions of LTbR and HVEM signaling in
LIGHT-mediated antitumor immunity, we treated tumor-bearing
Rag1 / ;Ltbr / and Rag1 / ;Tnfrsf14 / mice reconstituted
with T cells with anti-EGFR-hmLIGHT. Anti-EGFR-hmLIGHT
fusion protein failed to control tumor growth in Rag1 / ;Ltbr /
mice (Figure 5A). In contrast, anti-EGFR-hmLIGHT was able
to control tumors in Rag1 / ;Tnfrsf14 / mice as effectively as
in Rag1 / mice (Figures 5B and 4C). Similar to Ltbr / mice,
Rag1 / ;Ltbr / mice have multiple immune abnormalities,
including lack of secondary lymphoid structures (Zhu et al.,
2010). To exclude the possibility that developmental defects
dampen antitumor immune responses, we pretreated WT mice
bearing Ag104Ld-EGFR tumors with LTbR-Ig before LIGHT
treatment. The antitumor activities of anti-EGFR-hmLIGHT
were completely abrogated in the presence of LTbR-Ig (Figure 5C). Consistently, depleting CD8+ T cells also eliminated
the effects. We also determined that both MC38 and Ag104Ld
tumors express similar levels of LTbR (Figure S3). Together,
these results suggest that LIGHT-mediated antitumor immunity
mainly depends on LTbR signaling and T cells.
Activation of LTbR signaling in non-lymphoid tissues promotes
functional lymphoid neogenesis (Ruddle, 1999). To find out
whether anti-EGFR-hmLIGHT activated LTbR to increase TILs,
we collected and analyzed tumor tissues after fusion protein treatment. There was a 300%–500% increase of CD8+ T cells in tumor
tissues treated with anti-EGFR-hmLIGHT as both CD3+ and CD8+
cells were significantly increased (Figure 5D). Tumor histology
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Figure 5. LIGHT-Mediated Antitumor Immunity Depends on LTbR Signaling
(A) Rag1 / ;Ltbr / or (B) Rag1 / ;Tnfrsf14 / mice were inoculated subcutaneously with 1 3 106 MC38-EGFR cells. Five million splenocytes were adoptively
transferred on day 11. Mice were treated with 25 mg of anti-EGFR or anti-EGFR-hmLIGHT on days 12, 14, 16, and 18. Tumor growth was measured and compared
twice weekly.
(C) B6C3F1 mice were inoculated subcutaneously with 2 3 106 Ag104Ld-EGFR cells and treated with 25 mg of anti-EGFR or anti-EGFR-hmLIGHT on days 7, 9, 11,
and 13. LTbR-Ig (100 mg/mouse) was administered on days 4, 7, and 11. For CD8+ T cell depletion, mice were treated with 200 mg anti-CD8 on days 7 and 11.
Tumor growth was measured and compared twice weekly.
(D–I) B6C3F1 mice were inoculated subcutaneously with 2 3 106 Ag104Ld-EGFR cells and treated with 25 mg of anti-EGFR or anti-EGFR-hmLIGHT on days 7, 9,
11, and 13. Tumor tissues were analyzed on day 25. (D) Percentages of CD3+ among CD45+ cells (left) and CD8+ among CD3+ cells (right) were analyzed by flow
cytometry. (E) Frozen sections of the indicated tumor tissues were stained with hematoxylin and anti-CD3 or anti-CD8. Scale bar, 100 mm. (F) Splenocytes were
collected and an IFN-g ELISPOT assay was performed with or without SIY peptide restimulation. (G) Inflammatory cytokine levels in homogenates from tumor
tissues were measured by CBA. (H) RNA was isolated from tumor tissues treated with anti-EGFR or anti-EGFR-hmLIGHT. Relative expression levels of chemokines in pooled samples were measured by RT2 PCR Profiler and calculated as (anti-EGFR-hmLIGHT/anti-EGFR). (I) Expressions of CCL21a, CCL21b,
CXCL19, and GlyCAM-1 in individual samples were measured by qRT-PCR.
Data shown are representative of two independent experiments (A, B, C, E, F) or the pool of two independent experiments (D, G, I). Data indicate mean ± SEM.
*p < 0.05, **p < 0.01. N.S., not significant. See also Figure S3 and Table S2.

showed a higher number of CD3+ and CD8+ cells after anti-EGFRhmLIGHT treatment (Figure 5E). The increase in antigen-specific
CD8+ T cells indicated that a sufficient number of cytotoxic T lymphocytes (CTLs) might play important roles in the rejection of
tumors. To track tumor antigen-specific T cell responses, we
generated an Ag104Ld-EGFR-SIY tumor cell line using the SIY
peptide to mimic mutated antigens. Twelve days after the last
anti-EGFR-hmLIGHT treatment, splenocytes from tumor-bearing

mice were collected and an IFN-g ELISPOT assay was performed
in the presence or absence of SIY peptides. The number of SIYspecific T cells dramatically increased after anti-EGFR-hmLIGHT
treatment (Figure 5F). Inflammatory cytokine profile analysis
showed that there were significant increases in the levels of
IFN-g, TNF-a, and IL-12 (Figure 5G). Taken together, these data
suggest that LIGHT can not only increase TILs but also induce
tumor-specific T cell responses for tumor control.
Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc. 291
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Figure 6. LIGHT Overcomes Tumor Resistance to Checkpoint Blockade
(A) B6C3F1 mice were treated as in Figure 5D. PD-L1 expression in CD45 cells were compared by flow cytometry.
(B) B6C3F1 mice were inoculated subcutaneously with 2 3 106 Ag104Ld-EGFR cells and treated with 25 mg of anti-EGFR or anti-EGFR-hmLIGHT on days 14, 16,
18, and 20. A PD-L1 blocking antibody (200 mg/mouse) was administered on days 14 and 18. Tumor growth was measured and compared twice weekly.
(C) WT B6 mice were injected subcutaneously with 2 3 106 MC38-EGFR cells and treated with 25 mg of anti-EGFR or anti-EGFR-hmLIGHT on days 7 and 9.
Anti-PD-L1 (100 mg/mouse) was administered on day 7. Tumor growth was measured and compared twice weekly.
(D) WT B6 mice were inoculated subcutaneously with 2 3 106 MC38-EGFR cells and treated with FTY720 from day 1 to day 3. Twenty-five micrograms of
anti-EGFR or anti-EGFR-hmLIGHT was administered on days 7, 9, 11, and 13. For PD-L1 blockade, mice were treated with 200 mg anti-PD-L1 on days 7 and 11.
(E) Mice were treated as in (D). Two days after the last treatment, tumor tissues were collected and tumor-infiltrating leukocytes (CD3+ among CD45+ cells) were
measured by flow cytometry.
(F) MFIs of PD-L1 staining in CD45 cells were compared.
Data are representative of three (A, D) or two (B) independent experiments, or the pool of two independent experiments (C, E, F). Data indicate mean ± SEM.
*p < 0.05, **p < 0.01. N.S., not significant.

LTbR signaling induces IKKa-dependent expression of
lymphoid tissue chemokines and adhesion molecules, which
are able to recruit lymphocytes (Dejardin et al., 2002). To compare
the chemokine expression profiles after LIGHT treatment, we
isolated RNA from tumor tissues and analyzed the expression
levels of chemokines by RT2 Profiler PCR array. Interestingly,
most of the chemokines associated with T cell trafficking were
significantly upregulated after anti-EGFR-hmLIGHT treatment
(Figure 5H and Table S2) (Bromley et al., 2008). To further confirm
that anti-EGFR-hmLIGHT-mediated tumor rejection occurs
through activation of LTbR signaling, we performed real-time
PCR. The level of CCL21 was increased 6 fold after antiEGFR-hmLIGHT treatment (Figure 5I). CCL21 is a ligand for
CCR7, and is important for the homing of T cells to both lymphoid
and non-lymphoid tissues (Lo et al., 2003). Other LTbR-regulated
chemokines, including CXCL13 and GlyCAM-1, were also upregulated. Collectively, these data suggest that LIGHT enhances
the recruitment of lymphocytes into tumor tissues through LTbR
activation, and can induce tumor-specific T cell responses for
tumor control and rejection.
292 Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc.

LIGHT Overcomes Tumor Resistance to Anti-PD-L1 by
Increasing T Cell Infiltration
When tumors became larger, the antitumor effects of LIGHT were
gradually reduced. One possibility that could explain why LIGHT
treatment does not work on large tumors is due to the fact that
LIGHT increases the level of IFN-g (Figure 5G), which can also
promote PD-L1 upregulation as part of the adaptive resistance
mechanism (Blank et al., 2004). We hypothesized that LIGHT
might trigger inhibitory signals as a negative feedback mechanism, which in turn can dampen the initial antitumor effects on
large tumors. To test this notion, we treated tumor-bearing
mice with anti-EGFR-hmLIGHT and CD45 cells from tumors
were analyzed for PD-L1 expression. Indeed, LIGHT treatment
significantly increased the expression level of PD-L1 (Figure 6A).
When Ag104Ld-EGFR tumors reached a size >120 mm3, antiEGFR-hmLIGHT alone had limited effects on tumor growth (Figure 6B). Impressively, additional PD-L1 blockade following
LIGHT completely eradicated tumors while PD-L1 blockade
or LIGHT treatment alone failed to control tumors. The same
synergistic effect was also observed in MC38-EGFR tumors

(Figure 6C). Together, these data suggest that a proper combination treatment that dampens PD-L1 inhibition while increasing
new T cell infiltration can overcome checkpoint blockade resistance, thus resulting in better tumor control than either treatment
alone.
Since our data showed that LIGHT is efficient in recruiting
TILs, we wondered whether LIGHT is able to rescue the responsiveness to checkpoint blockade in non-T cell-inflamed tumor.
To test this hypothesis, we treated MC38-EGFR tumor-bearing
mice with FTY720 to block lymphocyte trafficking until 4 days
before treatment. Mice were then treated with either antiEGFR-hmLIGHT or anti-PD-L1 alone, or together (Figure 6D).
Interestingly, although mice were only treated with FTY720 for
the first few days, the antitumor effect of anti-PD-L1 was still
completely lost. Strikingly, targeting tumor with LIGHT restored
its ability to respond to anti-PD-L1 for tumor burden control
(Figure 6D). Flow cytometry analysis showed that there was a
significant reduction of TILs after FTY720 blockade (Figure 6E).
Anti-EGFR-hmLIGHT treatment increased the number of TILs
to a level comparable with that in control mice. Interestingly,
LIGHT also increased the level of PD-L1. This observation could
explain why LIGHT alone was not sufficient for tumor control
while PD-L1 blockade with LIGHT allowed for synergistic responses (Figure 6F). Taken together, these data indicate that
significant lymphocyte infiltration is critical for tumor responsiveness to checkpoint blockade immunotherapy. They also show
that activation of LTbR signaling by LIGHT is able to overcome
resistance to checkpoint blockade by sufficiently increasing
lymphocyte infiltration to the tumor tissues.
DISCUSSION
Immune checkpoint blockade is one of the most remarkable advances in recent cancer therapy; however, objective responses
are only achieved in a small proportion of patients. Both PD-L1
expression and the presence of TILs have been implicated to
correlate with responses to PD-L1 blockade (Herbst et al.,
2014; Topalian et al., 2012, 2015; Tumeh et al., 2014). Furthermore, the relative contribution of PD-L1 on tumor cells and
non-tumor cells, such as DCs, remains to be determined (Curiel
et al., 2003; Herbst et al., 2014). In the current study, we showed
that sufficient T cell infiltration, and not PD-L1 expression, is
essential for tumor responses to checkpoint blockade. Specifically, a PD-L1+ tumor with an insufficient number of TILs is
unresponsive to anti-PD-L1 immunotherapy. In contrast, a
PD-L1+ tumor with a sufficient number of TILs can be well
controlled by the same immunotherapy. Furthermore, prevention of T cells from entering the tumor microenvironment can
transform a checkpoint blockade responsive tumor into an
unresponsive tumor. Unfortunately, increasing TILs within established tumor has been very difficult. To develop approaches
to effectively increase TILs, we produced an Ab-LIGHT fusion
protein to specifically target LIGHT to tumor tissues. In three
different tumor models, we were able to show that Ab-LIGHT
therapy can control established tumors. We found that AbLIGHT activates LTbR signaling to induce the production of
chemokines and adhesion molecules in tumor tissues. These
chemokines attract lymphocyte to the local tumor tissues, thus
resulting in control and rejection of tumors. Therefore, we have

developed a strategy to overcome tumor resistance to checkpoint blockade by increasing lymphocyte infiltration.
Several combination therapies have been developed to increase the response rate to checkpoint blockade (Ai and Curran,
2015). Among them, the combination with anti-PD-1 and antiCTL-associated antigen 4 (CTLA-4) has shown the best improvement in clinical trials (Hammers et al., 2014; Postow et al., 2015;
Wolchok et al., 2013). CTLA-4 blockade induces the expansion
of tumor-infiltrating T cells inside the tumor tissue, which is critical for the efficacy of combination therapy (Cha et al., 2014).
However, anti-CTLA-4 might only expand T cells already present
inside tumors. The antitumor effects are completely abrogated
when initial lymphocyte infiltration is blocked. Specifically,
blocking lymphocyte trafficking at a later time point has no
effects on the synergy (Spranger et al., 2014). In significant
contrast, LIGHT increases TILs by recruiting naive T cells from
the periphery (Yu et al., 2004). Spontaneous tumor-infiltrating
T cells in established tumors are usually exhausted or anergic
due to the inhibitory microenvironment, and are difficult to be
reactivated (Crespo et al., 2013). By contrast, newly recruited
T cells have less chance to be suppressed and might be easier
to be activated. Furthermore, recruiting naive T cells from periphery by LIGHT gives us the potential to maximize the effects
of checkpoint blockade therapies in treating tumors without
pre-existing lymphocyte infiltrations.
The presence of spontaneous TILs correlates with better
prognosis, especially for tumor immunotherapies (Woo et al.,
2015). Recently, consistent with our observations, two exceptional studies have shown that both mouse and human tumor
cells can be programmed to suppress chemokine production
that can limit immune infiltrates, leading to resistance to PD-1
blockade therapies (Peng et al., 2015; Spranger et al., 2015).
Unfortunately, limited approaches are available to increase
lymphocyte infiltration without severe side effects. IFNs have
been considered as such candidates, and our laboratory has
shown that an antibody-IFN-b fusion protein can synergize
with PD-L1 blockade in a B16 tumor model (Yang et al., 2014).
However, increased TILs were only observed in some tumor
models but not in others, probably due to the multiple effects
downstream of IFNs (H.T. and Y.X.F., unpublished data). B-raf
inhibitors represent another candidate that could increase TILs
(Wilmott et al., 2012). However, these drugs only work on B-raf
mutated tumors, and side effects usually occur during treatment,
both of which limit their applications (Boussemart et al., 2013).
Some viral vectors, such as adenovirus, have been shown to
enhance lymphocyte infiltration and improve efficacy of adoptive
T cell therapy (Tähtinen et al., 2015). Previous studies in our
laboratory have used adenovirus-expressing LIGHT for tumor
immunotherapy (Lee et al., 2009; Yu et al., 2007). However,
such therapies usually require intratumoral injection of the virus,
which is not feasible for the majority of patients. Furthermore,
safety is another concern if using viral vectors (Pesonen et al.,
2010). Recently, Rosa et al. have demonstrated that inhibition
of dipeptidylpeptidase 4 (DPP4) preserves active chemokine
CXCL10, which can lead to increased lymphocyte infiltration to
tumor tissues (da Silva et al., 2015). However, combination therapy with DPP4 inhibitor and checkpoint blockade only had a
marginal improvement when compare with checkpoint blockade
alone (da Silva et al., 2015). Their study implies that targeting a
Cancer Cell 29, 285–296, March 14, 2016 ª2016 Elsevier Inc. 293

single chemokine may not be sufficient to recruit enough lymphocytes for complete tumor control. In fact, when comparing
chemokine profiles in MC38 and Ag104Ld tumors, we found
that several chemokines related to T cell trafficking, besides
CXCL10, were significantly higher in MC38 (data not shown). In
contrast to targeting one specific chemokine, LIGHT activates
LTbR signaling in tumor tissues, which induces the expression
of multiple chemokines and adhesion molecules for effective
T cell recruitment to the tumor tissue (Figures 5H and 5I). The induction of multiple chemokines makes LIGHT more efficient for
lymphocyte recruitment and activation.
LTbR signaling plays an important role in the organization of
lymphocytes during lymphoid neogenesis (Ruddle, 1999), so it
is an attractive target for modulating lymphocyte infiltration.
Previous attempts have been made to activate LTbR signaling
through agonist antibodies for tumor immunotherapy (Lukashev
et al., 2006). However the effects were marginal, possibly due to
wide expression of LTbR, which makes it difficult to specifically
activate signaling in tumor tissues. Another approach to activate
LTbR signaling is through engagement with LIGHT. Our laboratory
has tried to produce recombinant mLIGHT protein, but it is characteristically unstable and tends to aggregate (data not shown;
Del Rio et al., 2010). Human LIGHT is more stable but does not
cross-react with mouse receptors. In the past, such human molecules can only be evaluated in xenograft models, which lack
the adaptive immune system. However, given the roles of LIGHT
on adaptive immunity, it is important to evaluate LIGHT in immunocompetent hosts. By combining the yeast surface display
system and random error mutagenesis, we were able to engineer
human LIGHT (hmLIGHT) to bind to both human and mouse receptors while remaining stable. We further showed that hmLIGHT
is able to induce tumor regression in both mouse and human tumor models (Figure 4). Our study provides the proof of concept
for the development of LIGHT for tumor immunotherapy.
Overall, our study proposes several interesting mechanisms
that can be used to further cancer immunotherapy. First, our
data suggest that a significant T cell-inflamed tumor microenvironment is critical for positive responses to checkpoint blockade.
Blocking lymphocyte infiltration will abrogate the responsiveness
in an originally anti-PD-L1 responding tumor. Second, we show
that targeting LIGHT can induce antitumor immunity in both
mouse and human tumor models by increasing lymphocyte infiltration. These data suggest that LIGHT, either alone or together
with other immunotherapies, might be an effective strategy for
cancer therapy. Third, in tumors resistant to checkpoint blockade
therapy due to a lack of lymphocyte infiltration, we prove that
additional LIGHT treatment can promote the efficacy of checkpoint blockade therapies. In other words, our study indicates
that unresponsiveness to checkpoint blockade can be due to a
lack of sufficient lymphocyte infiltration; moreover, LIGHT could
be used to increase the response rates to checkpoint blockades,
and other immunotherapies, in commonly found non-T cell-inflamed tumors.

EXPERIMENTAL PROCEDURES
Mice
C57BL/6J, B6C3F1, Rag1 / , and OT-1 CD8+ TCR-Transgenic mice were
purchased from Jackson Laboratory. Ltbr / and Tnfrsf14 / mice were
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kindly provided by Dr. K. Pfeffer (Heinrich-Heine-Universität Dusseldorf).
Ltbr / and Tnfrsf14 / mice were crossed to Rag1 / mice to obtain
Rag1 / ;Ltbr / , and Rag1 / ;Tnfrsf14 / mice. All mice were maintained
under specific pathogen-free conditions at the University of Chicago. Animal
experiment protocols were consistent with NIH guideline. All studies were
approved by the Animal Care and Use Committee of the University of
Chicago.
In Vitro Evolution of Human LIGHT
Engineered hLIGHT with increased affinities to both human and mouse receptors was selected using yeast surface display as previously described
(Boder and Wittrup, 1997). In brief, WT hLIGHT gene was inserted into the
T7/pCT302 yeast display vector. The construct was used as template for
error-prone PCR. Mutagenized PCR product and digested vector were coelectroporated into EBY100 yeast to generate libraries. The resulting library
was cultured and induced for surface LIGHT expression. It was then stained
by mouse/human LTbR-Ig/HVEM-Ig, followed by PE-conjugated goat antihuman IgG (Jackson Immunoresearch). Yeast clones with higher receptor
binding affinities and species cross-reactivity were selected by alternating
rounds of selection by flow cytometric sorting. Thermal stability was
assessed by incubating yeast for 30 min at 37 C or 80 C, followed by
mLTbR-Ig staining.
Tumor Growth and Treatments
1 3 106 MC38 or Ag104Ld cells were subcutaneously injected into the right
flank of mice. Mice were treated intraperitoneally with 200 mg of anti-PD-L1
(10F.9G2) on days 7 and 10. Tumor volumes were measured twice weekly
and calculated as (length 3 width 3 height/2). To block lymphocyte trafficking, we injected mice intravenously with 25 mg of FTY720 on day 1 after
tumor inoculation. Five micrograms of FTY720 was given every day to
maintain blockade. In some experiments, FTY720 was given on days 1–3
after tumor inoculation. For LIGHT treatment, 2 3 106 Ag104Ld-EGFR cells
were inoculated subcutaneously into mice. Twenty-five micrograms of antiEGFR-hmLIGHT or anti-EGFR was injected intratumorally (or intravenously
when specified) at indicated time points. Mouse LTbR-Ig (100 mg/mouse)
was administered on days 4, 7, and 11. To deplete CD8 T cells, we injected
mice intraperitoneally with 200 mg of anti-CD8 (YTS 169.4.2) on days 7
and 11. For immune-reconstituted models, Rag1 / mice were inoculated
subcutaneously with 1 3 106 MC38-EGFR or A431 cells. After tumors
were established, mice were adoptively transferred with 5 3 106 WT
splenocytes or 2 3 106 OT-1 LN cells before being treated with antiEGFR-hmLIGHT.
Statistical Analysis
Mean values were compared using an unpaired Student’s two-tailed t test.
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SUMMARY

CD8+ T cells recognizing tumor-specific antigens are
detected in cancer patients but are dysfunctional.
Here we developed a tamoxifen-inducible liver cancer mouse model with a defined oncogenic driver antigen (SV40 large T-antigen) to follow the activation
and differentiation of naive tumor-specific CD8+ T
(TST) cells after tumor initiation. Early during the
pre-malignant phase of tumorigenesis, TST cells
became dysfunctional, exhibiting phenotypic, functional, and transcriptional features similar to dysfunctional T cells isolated from late-stage human
tumors. Thus, T cell dysfunction seen in advanced
human cancers may already be established early
during tumorigenesis. Although the TST cell dysfunctional state was initially therapeutically reversible, it
ultimately evolved into a fixed state. Persistent antigen exposure rather than factors associated with
the tumor microenvironment drove dysfunction.
Moreover, the TST cell differentiation and dysfunction program exhibited features distinct from T cell
exhaustion in chronic infections. Strategies to overcome this antigen-driven, cell-intrinsic dysfunction
may be required to improve cancer immunotherapy.
INTRODUCTION
T cell responses to cancers differ depending on the target
antigen (Schietinger et al., 2008). Tumor antigens that are selfproteins are often weakly immunogenic due to pre-existing

tolerance. Tolerance to self results from both central and peripheral immune tolerance mechanisms and is required to prevent
autoimmunity (Schietinger and Greenberg, 2014). However,
many cancer antigens are self-antigens, and tolerance to these
proteins can impede anti-tumor T cell responses. In contrast, tumor antigens that are truly tumor specific (viral and mutated proteins) are potentially highly immunogenic because the immune
system has not been previously exposed to these antigens,
and T cells should be able to recognize these neoantigens as
‘‘foreign’’ and eliminate cancer cells expressing them (Schietinger et al., 2008). Mutant antigens are commonly expressed
in human solid tumors (Alexandrov et al., 2013), and T cells specific for such antigens are detected in cancer patients (Kubuschok et al., 2006; Lennerz et al., 2005; Linnemann et al.,
2015; Robbins et al., 1996; Wölfel et al., 1995). However, the
co-existence of progressively growing tumors and tumor-specific T cells, first defined as the ‘‘Hellstrom paradox,’’ suggests
that tumor-specific T cells are rendered unresponsive to
the cancer (Hellström et al., 1968). Tumor-infiltrating lymphocytes (TILs) within progressing, solid tumors and metastatic
lesions commonly express high amounts of inhibitory receptors
(e.g., PD1, LAG3, 2B4, TIM3, CTLA4), are impaired in the
ability to produce effector cytokines (TNF-a, IFN-g, and IL-2),
and/or have lost the capacity to proliferate (Baitsch et al.,
2011; Gros et al., 2014; Gubin et al., 2014). These hallmarks of
dysfunction have been attributed to factors within established
tumors, including the immunosuppressive microenvironment
(e.g., myeloid-derived suppressor cells [Gabrilovich et al.,
2012], tumor-associated macrophages [Noy and Pollard,
2014], FOXP3+ regulatory CD4+ T cells [Savage et al., 2013],
IL-10, TGF-b, indoleamine-2,3 dioxygenase [IDO]), inhibitory
checkpoint signaling pathways (e.g., PD1 and PD-L1) (Ostrand-Rosenberg et al., 2014), and physiological changes
(e.g., hypoxia and low nutrient levels).
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Tumor development occurs in three phases: initiation, promotion, and progression. During initiation, normal cells acquire somatic (driver) mutations that induce neoplastic transformation.
After the initiating oncogenic hit, there is a pre-malignant phase
during which tumor-specific neoantigens, including mutant
oncogenic driver antigens, may be expressed and presented
to the immune system in a non-inflammatory context (Willimsky
and Blankenstein, 2005). It is currently not known when and how
tumor-specific CD8+ T cells differentiate to an unresponsive
state. Defining the underlying mechanisms and kinetics of differentiation to the dysfunctional state requires following naive tumor-specific T cells from the earliest time after tumor initiation
through the course of tumor development; this is impossible to
study in human patients or in transplantable tumor models.
Thus, we set out to develop an inducible, autochthonous cancer
mouse model with a defined tumor-specific oncogenic driver
that represents a tumor-specific CD8+ T cell target (neoantigen),
and we followed the activation and differentiation of tumor-specific T cells after tumor initiation. Our study reveals that the
phenotypic, functional, and molecular hallmarks of unresponsive
tumor-specific CD8+ T cells found in late-stage tumors are
already ‘‘imprinted’’ through a dynamic differentiation program
at the pre- and early malignant phase of tumor development,
prior to the development of an established tumor and/or immunosuppressive microenvironment. Moreover, fate commitment
to the dysfunctional state absolutely required continuous antigen
encounter and TCR stimulation.
RESULTS
A Tumor-Specific Neoantigen Expressed Early during
Tumorigenesis Rapidly Induces Unresponsiveness in
Antigen-Specific CD8+ T Cells
To follow the fate of naive tumor-specific CD8+ T cells during the
subclinical, pre-malignant phase of tumor development, we
developed a tamoxifen-inducible, autochthonous liver cancer
model (ASTxCre-ERT2; AST = Albumin-floxStop-SV40 large T
antigen [Stahl et al., 2009]; Cre-ERT2 = tamoxifen-dependent
Cre-recombinase) with the induced expression of SV40 large T
antigen (Tag) serving as both oncogenic driver and tumor-specific antigen (Figure 1A). Tag mediates its transforming activity
through the binding and functional inactivation of two central
tumor suppressor proteins, retinoblastoma protein and the p53
transcription factor, similar to oncogenes in human cancers.
Tamoxifen (Tam)-treated ASTxCre-ERT2 mice show morphologic alterations in the liver by days 8–10; these lesions, defined
pathologically as pre- and early malignant through day 30
(Cullen et al., 1993; Thomas et al., 2005), eventually progress
into frank hepatocellular carcinoma (HCC) by 3–4 months after
Tam (Figures 1B and S1A), with all mice succumbing to HCC
by 4–5 months (Figure S1B). TCRSV40-I transgenic mice, which
have monoclonal CD8+ T cells expressing a Db-restricted TCR
specific for Tag epitope I (Tag-I; SAINNYAQKL), were used as
the source of naive tumor-specific CD8+ T cells (Figure 1C; Staveley-O’Carroll et al., 2003). CD8+ T cells isolated from spleens
of TCRSV40-I mice were phenotypically and functionally naive
and after transfer into B6 mice proliferated and differentiated
into functional effector and memory T cells in response to an
acute infection, e.g., immunization with a recombinant Listeria
390 Immunity 45, 389–401, August 16, 2016

monocytogenes strain expressing the Tag epitope I (LM-Tag-I)
in which the pathogen and antigen are rapidly and effectively
cleared (Figure 1D; Brockstedt et al., 2004; Cui and Kaech,
2010).
To understand how naive tumor-specific CD8+ T cells differentiate and respond to first encountering a tumor-specific antigen
early during tumor development, we transferred naive TCRSV40-I
CD8+ T cells into congenic ASTxCre-ERT2 mice 1–2 days prior to
Tam treatment (Figure 1E) and assessed phenotype and function
at different time points after Tam. By 3–4 days after Tam,
TCRSV40-I infiltrated the liver, proliferated, and became antigen
experienced as evidenced by proliferation-induced dilution of
carboxy-fluorescein-succinimidyl ester (CFSE) and acquisition
of a CD44hi phenotype (Figure 1F). By days 8–10, TCRSV40-I
CD8+ T cells (D8 TCRSV40-I) were uniformly CD44hi and CD62Llo
and expressed the proliferation marker Ki67 and high levels of
the activation markers and inhibitory receptors PD1 and LAG3
(Figure 1G, top). However, D8 TCRSV40-I produced only minimal
amounts of the pro-inflammatory cytokines interferon (IFN)-g
and tumor necrosis factor (TNF)-a upon ex vivo peptide stimulation (Figure 1G), especially as compared to D8 TCRSV40-I
effectors from normal immunized mice (Figure 1D). This state
of hypo-responsiveness became more profound over time
(30 days; D30 TCRSV40-I) with (1) loss of Ki67 positivity, (2)
high expression of multiple inhibitory receptors PD1, LAG3,
2B4, and TIM3, and (3) complete failure to produce effector cytokines in response to antigen (Figure 1G, bottom). Dysfunctional
T cells did not produce increased levels of the immune-suppressive cytokine IL-10 (Figure S1C), suggesting that tumor-specific
CD8+ T cell dysfunction initiated early during tumorigenesis
does not reflect conversion to a regulatory CD8+ T cell phenotype (Endharti et al., 2005). The early, dysfunctional state of
TCRSV40-I T cells was further evidenced by failure to control
tumor growth or improve survival (Figure S1B).
These phenotypic and functional features of unresponsiveness were previously observed in T cells isolated from solid,
late-stage tumors and/or metastases in cancer patients (Gros
et al., 2014; Crespo et al., 2013; Zippelius et al., 2004). Thus,
T cell differentiation to the dysfunctional state can begin very
early during tumor development.
Tumor-Specific T Cells Ultimately Enter a Fixed State of
Dysfunction
To determine whether the dysfunctional state of tumor-specific
T cells in pre-malignant lesions is reversible, D8 and D30
TCRSV40-I were re-isolated from livers of ASTxCre-ERT2 mice
and transferred into antigen-free wild-type (WT) B6 hosts. One
day later or at 3–4 weeks after transfer, these secondary recipients
were immunized with LM-Tag-I (Figure 2A). Whereas D8 TCRSV40-I
in new hosts were able to proliferate in response to LM-Tag-I and
differentiated and acquired phenotypic and functional characteristics of memory CD8+ T cells 1 month after immunization (Figures
2B and 2C), D30 TCRSV40-I remained unresponsive, failing to proliferate after immunization, even after 3–4 weeks of ‘‘parking’’ in
antigen-free hosts (Figures 2B and 2D).
Previous studies have demonstrated that blocking inhibitory
receptors (checkpoint blockade) can mediate functional rescue
of unresponsive T cells in chronic infection or tumors (Barber
et al., 2006; Brahmer et al., 2012; Perez-Gracia et al., 2014;

Figure 1. Rapid Induction of Dysfunction in Naive Tumor-Specific CD8+ T Cells Encountering an Oncogenic Driver Neoantigen in Pre-malignant Lesions
(A) Tamoxifen (Tam)-inducible ASTxCre-ERT2 tumor model. Tam-induced Cre-mediated excision of the flox-stop cassette leads to SV40 large T antigen
expression. Peptide sequence in red indicates epitope I recognized by transgenic TCRSV40-I CD8+ T cells.
(B) Liver carcinogenesis in ASTxCre-ERT2 mice. Hematoxylin and eosin (H&E) staining of liver sections collected at D10, D34, and D97 after Tam treatment. See
also Figure S1.
(C) Flow cytometric analysis of CD8+ splenocytes from TCRSV40-I transgenic mice using Db/Tag-I tetramers.
(D) Differentiation of naive TCRSV40-I CD8+ T cells into functional effector and memory T cells. Left: Expression levels of CD44 and CD62L. Middle: 1 day after
adoptive transfer of naive TCRSV40-I (Thy1.1+) into B6 (Thy1.2+) hosts, mice were immunized with 5 3 106 cfu of LM-Tag-I or control LM-Ø. At 7 days after infection,
peripheral blood was analyzed for expansion of donor TCRSV40-I. Each symbol represents an individual mouse; data show mean ± SEM. *p < 0.0001. Results are
representative of at least ten independent experiments. Right: Intracellular IFN-g and TNF-a production for naive, effector (8 days after LM-Tag-I), and memory
(2–3 months LM-Tag-I) T cells. FACS plots are gated on CD8+Thy1.1+ cells.
(E) Experimental scheme.
(F) CD44 expression and carboxy-fluorescein-succimidyl ester (CFSE) dilution of transferred, naive TCRSV40-I isolated from spleens of ASTxCre-ERT2 1–2 days
after transfer (left) and isolated from livers 3 days after Tam (right).
(G) CD44, CD62L, Ki67, PD1, LAG3, 2B4, and TIM3 expression of D8 TCRSV40-I (blue) and D30 TCRSV40-I (red) isolated from livers of Tam-treated ASTxCre-ERT2
mice, and intracellular IFN-g and TNF-a production. Naive T cells are shown as controls (gray). Results are representative of at least six independent experiments;
data show mean ± SEM (*p = 0.0001, **p < 0.0001; ns, not statistically significant) using unpaired, two-tailed Student’s t test (for analysis between groups D8
and >D30 from 2–3 independent experiments).

Topalian et al., 2012). Thus, we examined whether PD-1 blockade
in vitro could reverse the dysfunctional state of TCRSV40-I T cells.
D8 and D35 TCRSV40-I were isolated from pre- and early malignant
lesions and cultured for 3–4 days in vitro with IL-2 in the absence
or presence of PD1 blocking antibody. Although D8 TCRSV40-I
were able to restore effector functions in vitro even in the absence
of PD1 blockade, D35 TCRSV40-I could not be rescued by
blockade of the PD1 pathway (Figure 2E). Thus, T cell dysfunc-

tion in pre-malignant lesions is progressive and associated with
changes in the requirements for T cell rescue: whereas dysfunctional D8 TCRSV40-I initially appear to be in a plastic cell state
and can be re-programmed and rescued to differentiate into functional effector and memory T cells when placed into an antigenfree environment, D30+ dysfunctional TCRSV40-I ultimately enter
a fixed state of dysfunction that persists in the absence of antigen
and outside the context of a developing tumor, as well as after
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Figure 2. Tumor-Specific CD8+ T Cells in
Pre-malignant Lesions Enter a Fixed State
of Dysfunction Not Reliant on External Cues
(A) Experimental scheme. D8 and D30 TCRSV40-I
were isolated from livers and transferred into
normal B6 mice and immunized with LM-Tag-I
either 1 day or 3–4 weeks after transfer.
(B) 1 day after second transfer, mice were immunized with 5 3 106 cfu of LM-Tag-I, and 7 days
later, spleens were analyzed for expansion of
donor T cells by flow cytometry. *p = 0.00042 using
Mann-Whitney U-test.
(C) D8 TCRSV40-I that expanded after immunization
as described in (B) were isolated from spleens
1 month later and evaluated for CD44, CD62L,
PD1, LAG3, CCR7, and CD127 expression, and for
IFN-g and TNF-a production in response to antigen
ex vivo. D8 TCRSV40-I (blue); naive (gray) and
memory (solid black) are shown as controls.
(D) 3–4 weeks after second transfer mice were
immunized and analyzed as described in (B). Each
symbol represents an individual mouse with the
mean shown. Data are pooled from two independent experiments, with n = 8–9 for D8 TCRSV40-I
and n = 7–9 for D30 TCRSV40-I. *p = 0.0015 using
Mann-Whitney U-test.
(E) D8 and D35 TCRSV40-I were cultured in vitro
for 72 hr in the presence of IL-2 with or without
anti-PD1 antibody (IL-2 [20 U/mL]; anti-PD1
[10 mg/mL; clone RMP1-14]). IFN-g and TNF-a
production was determined after 4.5 hr peptide
stimulation.
(F) Phenotypic and functional analyses of D35
TCRSV40-I after PD1 and PD-L1 blockade in vivo.
Top: Experimental scheme. Bottom: Expression
levels of TBET, Ki67, PD1, TIM3, GZMB, and IFN-g
and TNF-a production (after 4.5 hr peptide stimulation). Each symbol represents an individual
mouse. Data show mean ± SEM (p values are
shown; ns, not statistically significant) using unpaired, two-tailed Student’s t test (for analysis
between isotype and treatment group).
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PD1 checkpoint blockade in vitro. We next performed in vivo
PD1 blockade experiments to better model the rescue strategies
being pursued clinically (Figure 2F, top) and found that blockade
beginning at D35+ after tumor initiation failed to restore effector
functions of D35+ TCRSV40-I. PD1 and PD-L1 blockade did have
biologic activity in vivo, resulting in a significant increase in
TBET and Ki67 expression (and decrease in PD1 expression),
but no increase in expression of the effector molecule Granzyme
B or effector cytokines IFN-g and TNF-a (Figure 2F). In vivo PD1
and PD-L1 blockade starting at D8 after tumor initiation resulted
in a significant increase in Granzyme B expression (in addition
to an increase in T-bet expression), but still did not rescue cytokine production (Figure S2). The failure of PD1 blockade to fully
restore effector functions of D8 and D35+ TCRSV40-I cells is not
totally surprising given the unchanged high expression of
numerous other inhibitory receptors such as TIM3, LAG3, and
2B4 after checkpoint blockade (Figures 2F and S2).
Dynamic Molecular Program Associated with the
Differentiation and Fate Commitment of Tumor
Antigen-Specific T Cells to the Dysfunctional State
The pathways that underlie differentiation of naive, tumor-specific T cells to the dysfunctional state in these early malignant lesions are not known. To identify these molecular programs, we
performed comparative whole-genome transcriptome analyses
of D8–12 and D34 TCRSV40-I from pre- and early malignant lesions, as well as from naive (N) and functional D8-Effector (D8
Eff) TCRSV40-I after recombinant Listeria infection. Notably, D8–
12 TCRSV40-I did not cluster with D8 Eff TCRSV40-I by principal
component analysis (Figure 3A), demonstrating that T cells first
encountering antigen in pre- and early malignant lesions did
not differentiate through the typical ‘‘effector’’ stage entered by
T cells during an acute infection, in which antigen is presented
in an inflammatory context and cleared by days 4–5 after infection (Kaech and Cui, 2012). Moreover, D8–12 TCRSV40-I had a
gene signature markedly distinct from D34 TCRSV40-I. Thus, the
molecular program induced in D8–12 TCRSV40-I further evolved
with continued antigen exposure, resulting in a ‘‘D34-specific’’
gene signature (Figures 3A and 3B). Both D8–12 and D34
TCRSV40-I exhibited low expression of effector function genes
and transcription factors (e.g., Tbx21, Eomes, Id2, Gzmk,
Gzmm, Ccr5, Cxcr3) (Figure 3C), consistent with the early
inability to produce effector cytokines (Figure 1G) and control tumor outgrowth (Figure S2). K-means analysis revealed that
several gene clusters and pathways exhibited progressive upor downregulation over time (Figures 3C and S3; Table S1):
genes controlling T cell function became downregulated from
D8–12 to D34, including transcription factors (Foxo1, Foxp1,
Tcf7, Klf2), signaling molecules (Lat, Jak1, Itk), and chemokine
and cytokine receptors (Ccr7, Il7r), whereas genes associated
with reduced immune function became progressively upregulated such as master transcriptional repressors Egr1, Batf (Kurachi et al., 2014), Blimp (Shin et al., 2009), inhibitory receptors
Pdcd1, Cd244, Cd160, Lag3, and Ctla4 (Blackburn et al.,
2009), and phosphatases Ptpn11, Ptpn12, Dusp1, and Dusp6
(Figures 3C and S3B). To understand the molecular basis for
the transition from a reversible to fixed state of dysfunction, we
focused on clusters 5 and 10, whose genes were selectively
upregulated in D8–12 TCRSV40-I (Figures 3C and 3D): in addition

to transcription factors E2f1, E2f2, and Egr2, genes controlling
nucleosome and chromatin assembly and DNA conformation
were highly represented, including histones, mini-chromosome
maintenance complex proteins, DNA and histone modifying enzymes (Dnmt1, Dnmt3b, Hat), and the Polycomb-group family
member Ezh2, a key regulator of repressive chromatin states
and transcriptional quiescence (Figures 3C, 3D, and S3C; Viré
et al., 2006). Thus, the machinery necessary for epigenetic modification and induction of a repressive chromatin state appear
to be expressed early (D8–12) in tumor-specific T cells (but
not in functional D8 Eff) as a result of tumor antigen encounter
in pre- and early malignant lesions. This machinery may then
establish and ultimately ‘‘imprint’’ an irreversible state of functional unresponsiveness (D34). These results provide a molecular framework for the early induction and establishment of
tumor-specific T cell dysfunction in pre- and early malignant lesions, demonstrating that differentiation to the dysfunctional
state is driven by a dynamic gene expression program. This program is notable for alterations of genes in the PI3K/AKT/mTOR,
KLF2/EOMES/TBET, FOXO, and JAK-STAT signaling pathways
that have been demonstrated to be key determinants of effector
and memory T cell differentiation and homeostasis (Kaech and
Cui, 2012).
Tumor-Specific CD8+ T Cells Isolated from Pre- and
Early Malignant Lesions Exhibit the Molecular Hallmarks
of CD8+ T Cells from Late-Stage Human and Mouse
Tumors
Because T cells from pre-malignant lesions displayed phenotypic
and functional characteristics of dysfunctional T cells from latestage established tumors from mouse and human (Crespo
et al., 2013; Gros et al., 2014; Zippelius et al., 2004), we examined
whether the molecular program of dysfunction initiated in pre-malignant lesions also revealed similarities to that of T cells from latestage solid tumors. We therefore compared the gene signature of
D8 and D34 TCRSV40-I with that of T cells from late-stage human
tumors using the transcriptional profiles of tumor-reactive human
Mart-1/Melan-A-specific CD8+ T cells isolated from metastases
of melanoma patients (Figures 4A, top, and S4; Baitsch et al.,
2011) and CD8+ T cells isolated from established murine melanomas (Figures 4A, bottom, and S4; Giordano et al., 2015),
respectively. Gene set enrichment analysis (GSEA) revealed that
genes and pathways found to be dysregulated in human,
dysfunctional CD8+ T cells from late-stage tumors were enriched
in D8 and D34 TCRSV40-I from pre-malignant lesions, including
genes such as Blimp1, Batf, Tcf7, Foxp1, Lef1, Bach2, Pd1,
Fasl, Cd137, Lag3, Ctla4, Ptpn22, Tim3, and Dusp1 (Figures 4B
and S4). Thus, the phenotypic, functional, and molecular hallmarks of T cell dysfunction described for T cells in late-stage solid
human tumors are not necessarily acquired late during tumor
development but may rather be ‘‘imprinted’’ at the pre-malignant
phase of tumor development.
Tumor-Specific CD8+ T Cells in Pre-malignant Lesions
Reveal Conserved and Distinct Molecular Characteristics
of Exhausted and Self-Tolerant CD8+ T Cells
‘‘Exhaustion,’’ a state of functional hyporesponsiveness of
T cells during chronic infections, arises when pathogens are
not quickly eliminated but rather persist, such as in lymphocytic
Immunity 45, 389–401, August 16, 2016 393

Figure 3. Genome-wide Transcriptome Analysis of Tumor-Specific TCRSV40-I CD8+ T Cells in Pre-malignant Lesions
(A) Principal component analysis of D8–12 TCRSV40-I (n = 3) and D34 TCRSV40-I (n = 4) isolated from pre-malignant liver lesions, with naive (N; n = 3) and effector
(Eff; n = 3) TCRSV40-I as controls.
(B) K-means clustering; heatmap of transcript levels for all 14 clusters show log2-tranformed expression intensities that were mean-centered at the probe level.
(C) Selected K-means clusters. Lack of effector genes (blue, top); progressively up- or downregulated genes (green, middle); early, D8-upregulated genes (red,
bottom).
(D) Top 10 biological processes (BP) (Gene Ontology [GO] terms) enriched in clusters 5 and 10. Numbers in parentheses indicate the numbers of genes within
each GO term.
See also Figure S3 and Table S1; for (A) and (C), FDR q value % 0.05.

choriomeningitis virus (LCMV) clone 13 infection in mice (Wherry
et al., 2007) or human immunodeficiency virus (HIV) infection in
humans (Quigley et al., 2010; Schietinger and Greenberg,
2014). It has been suggested that T cells in the context of established, solid human and mouse tumors exhibit an ‘‘exhausted’’
state similar to chronic infections (Baitsch et al., 2011; Giordano
et al., 2015) due to high antigen load and the immunosuppressive
394 Immunity 45, 389–401, August 16, 2016

factors in the microenvironment. We compared the transcriptional profile of D8 TCRSV40-I from pre-malignant lesions with
D8 exhausted virus-specific CD8+ T cells in chronic LCMV (clone
13) infection (Figures 5A and S5; Wherry et al., 2007), as well as
D30 TCRSV40-I with D30 exhausted virus-specific T cells
(Figure 5B and Table S2) using previously identified gene sets
of T cell exhaustion. We found an enrichment of exhaustion

Figure 4. T Cells Isolated from Pre- and
Early Malignant Lesions Exhibit the Molecular Hallmarks of T Cells from Late-Stage Human and Mouse Tumors
(A) Enrichment of genes sets in D34 TCRSV40-I from
pre-malignant lesions described for T cells from
late-stage and metastatic human tumors (GEO:
GSE24536) (top) and mouse tumors (GEO:
GSE42824) (lower). 200 most differentially expressed genes in T cells from human or mouse
late-stage tumors (compared to naive T cells) were
used for GSEA analyses of D34 TCRSV40-I. NES,
normalized enrichment score.
(B) Examples of genes enriched in D34 TCRSV40-I.
See also Figure S4.

genes and pathways in TCRSV40-I from pre-malignant lesions,
including Blimp1, Egr2, Tcf7, Tbx21, Jak1, Lck, Lag3, Ctla4,
Cd244, and Pdcd1. The similarity in the molecular program of
dysfunctional T cells encountering a tumor-specific neoantigen
in non-inflammatory, pre-malignant lesions with that induced
in T cells during chronic viral infection, in which inflammation
is present, suggests that induction and establishment of
T cell unresponsiveness is primarily driven by antigen chronicity
and duration of TCR stimulation rather than environmental
signals. However, in addition to the genes and pathways
that were conserved, there was a unique signature associated with each setting (Figure 5B and Table S2) and some
very distinct differences in the differentiation program. T cell
exhaustion during chronic viral infection was previously shown

to be associated with progressive differentiation and loss of TBEThiPD1int
progenitor T cells and accumulation
of terminally differentiated, exhausted
EOMEShiPD1hiGZMBhi T cells over the
course of infection (Paley et al., 2012). In
contrast, dysfunctional tumor-specific
T cells did not differentiate into EOMEShi
cells but rather lost EOMES expression
over the course of tumor progression (Figures 5B, 5C, and S5C) and did not reveal
differential GZMB, PD1, and LAG3
expression based on their relative EOMES
expression levels (Figure S5C). Thus,
T cell differentiation to the dysfunctional
state in tumors is a distinct process from
T cell exhaustion during chronic infection.
We hypothesize that unresponsive T cells
in pre-malignant lesions and chronic viral
infections share a conserved program
that is driven by persistent antigen independent of context, while also enriching
unique genes and pathways that are
induced by disparate context-specific,
external signals.
Early during the course of chronic viral
infections, naive virus-specific T cells
initially expand and acquire some effector
functions, but as the infection progresses
and antigen persists, gradually lose effector functions and
differentiate to the exhausted state. In contrast, tumor-specific
T cells from pre-malignant lesions do not acquire effector functions, though they do initially proliferate (Figure 1G). Unlike in
chronic viral infection, tumor-specific T cells in pre-malignant
liver lesions encounter tumor antigen on non-professional and/or
non-activated APCs, including transformed hepatocytes, in a
non-inflammatory context, a scenario similar to T cells encountering self-antigen in the periphery that also leads to differentiation to an unresponsive state, known as peripheral self-tolerance
(Schietinger et al., 2012). Thus, we asked whether the molecular
program underlying differentiation of tumor-specific T cells
encountering a neo-antigen on transformed cells in premalignant lesions is similar to that described for peripheral,
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self-tolerant T cells encountering self-antigen on normal cells
(Schietinger et al., 2012). Cross-tabulation analysis of the gene
expression profiles of tumor-specific and self-tolerant T cells revealed several genes and pathways that were similarly dysregulated in both tumor-specific and self-tolerant T cells, including
transcription factors Tbx21, Eomes, Egr1, and Egr2 and inhibitory molecule CD160 (Figure S6 and Table S3). Genes encoding
transcription factors E2f1 and E2f2, inhibitory molecule Lag3,
and genes associated with epigenetic remodeling, regulation
of DNA modification, and chromatin organization, which we previously identified as ‘‘self-tolerance-associated’’ genes (clusters
9 and 13) (Schietinger et al., 2012), were also significantly overrepresented in clusters 5 and 10 of TCRSV40-I which included
the early, D8-dysregulated genes described above (Figures 3C
and Table S3). However, we also identified many genes and
pathways that were uniquely dysregulated in tumor-specific
T cells, including the transcription factors Foxo1, Tcf7, Foxp1,
Blimp1, and Batf and inhibitory receptors Pdcd1, Cd244, 2B4,
Tim3 (Figures 3C). Thus, context-specific signals that operate
in pre-malignant liver lesions comprised of transformed hepatocytes appear to have distinct consequences on the differentiation program and fate of T cells encountering antigen, compared
to normal hepatocytes (Comerford et al., 2012).

Figure 5. Tumor-Specific TCRSV40-I T Cells and Exhausted VirusSpecific T Cells Share a Conserved Core Program of Dysfunction
(A) Gene set enrichment analysis (GSEA) in D8 TCRSV40-I of ‘‘D8 exhaustion in
chronic viral infection’’ genes (GEO: GSE30962). GSEA plot of D8 TCRSV40-I
(versus D8 Effectors) of genes previously identified to be upregulated (left) or
downregulated (right) in exhausted, virus-specific T cells 8 days after chronic
viral infection (compared to Effectors, 8 days after acute infection). NES,
normalized enrichment score. See also Figure S5. FDR q value % 0.001.
(B) Venn diagram of D8 TCRSV40-I (red) and D30 TCRSV40-I (green) from preand early malignant lesions and of D30 exhausted T cells during chronic viral
LCMV infection (clone 13) (GEO: GSE9650). See Table S2 for full gene list.
(C) TBET and EOMES expression in naive (N), effectors from spleens and
livers 8 days after Listeria immunization (ES and EL), and TCRSV40-I isolated
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Presence and Persistence of Antigen Dictates TumorSpecific CD8+ T Cell Dysfunction in Solid Tumors
To elucidate whether tumor antigen exposure or factors present
in the immunosuppressive microenvironment (including immunesuppressive cells, hypoxia, and/or low nutrient levels) drive T cell
dysfunction in tumors, we developed a co-transfer model that
would allow us to follow the fate of tumor-specific as well as
non-tumor-specific T cells within the same immunosuppressive
microenvironment of late-stage Tag-expressing solid liver tumors (Figure 6A). 6- to 8-week-old ASTxAlb:Cre (Thy1.2) mice,
which constitutively express Cre-recombinase in hepatocytes
under the albumin promoter and develop liver tumors upon birth,
were used as tumor-bearing hosts (Figure 6B). TCROT-I (Ly5.1)
CD8+ T cells, which express a Kb-restricted TCR specific for ovalbumin (OVA), were used as non-tumor-specific T cells (Figure 6A).
Naive, tumor-specific TCRSV40-I were co-transferred with equal
numbers of TCROT-I into tumor-bearing ASTxAlb:Cre mice or
B6 control mice. At 1 day after transfer, host mice were immunized with recombinant Listeria co-expressing the Tag-I and
OVA epitopes (LM-Tag-I-OVA). TCRSV40-I and TCROT-I expanded
equally well in response to LM-Tag-I-OVA, and 7 days after infection similar numbers were found in spleens of control B6 mice
(Figure 6C, top). In ASTxAlb:Cre mice, TCRSV40-I and TCROT-I
both localized to the tumor-containing livers and were found in
equal numbers (Figure 6C, bottom). In B6 hosts, both TCRSV40-I
and TCROT-I differentiated into phenotypically and functionally
similar effector and memory T cells, typical for T cells during an
acute infection in which antigen is being expressed in an
inflammatory context and quickly cleared (Figures 6D and 6E).
However, in ASTxAlb:Cre mice, TCRSV40-I and TCROT-I entered
from pre- and early malignant lesions at D8 and D35 after tumor initiation (D8,
D35+). Each symbol represents an individual mouse; data show mean ± SEM.
p values are shown.
See also Figure S5C.

Figure 6. Persistent Antigen, Not the Microenvironment, Drives T Cell Dysfunction in Established, Solid Tumors
(A) Experimental scheme of co-transfer experiment.
(B) H&E staining of liver sections from ASTxAlb:Cre mice, showing hepatocellular carcinoma. Scale bar (top) represents 2 mm; scale bar (bottom) represents
50 mm.
(C) 1 week after infection with 5 3 106 cfu of LM-Tag-I-OVA, livers from ASTxAlb:Cre and spleens from B6 mice were analyzed for expansion of donor TCRSV40-I
(Thy1.1+) and TCROT-I (Ly5.1+) by FACS.
(D) Flow cytometric analysis of TCRSV40-I and TCROT-I from livers (ASTxAlb:Cre) or spleens (B6) 1 week (w1) and 2 weeks (w2) after transfer and immunization.
Histograms are gated on CD8+ Thy1.1+ and Ly5.1+ cells, respectively. Right: TCRSV40-I (red) and TCROT-I (blue) isolated from B6 or ASTxAlb:Cre host mice
2–3 weeks after transfer; naive TCRSV40-I are shown as control (gray); *p < 0.0001 using unpaired, two-tailed Student’s t test (for analysis between TCRSV40-I and
TCROT-I, from 3–4 independent experiments, with n = 5–8).
(E) Intracellular IFN-g and TNF-a production by TCRSV40-I and TCROT-I isolated from livers (ASTxAlb:Cre) or spleens (B6) 1 (w1), 2.5 (w2.5), or 7 (w7) weeks after
transfer. Results are representative of four independent experiments. Right: IFN-g+ and IFN-g+/TNF-a+ TCRSV40-I (red) and TCROT-I (blue) 2–3 weeks after
transfer; *p < 0.0001 using unpaired, two-tailed Student’s t test (for analysis between SV40-1 and TCROT-I, from 2 independent experiments, with n = 2–4).

very distinct differentiation states: tumor-infiltrating, tumor-specific TCRSV40-I became increasingly dysfunctional with time,
expressing high levels of PD1, LAG3, 2B4, and TIM3 and failing
to produce effector cytokines in response to cognate antigen
similar to T cells in pre-malignant lesions (Figures 6D and 6E).
In stark contrast, non-tumor-specific TCROT-I isolated from
the same tumor site did not upregulate inhibitory receptors
(Figure 6D), produced IFN-g and TNF-a in response to cognate
antigen (Figure 6E), and entered a memory differentiation state
similar to TCROT-I in B6 hosts (Figures 6D and 6E) Thus,
tumor-induced T cell dysfunction is driven by the presence
and persistence of tumor antigen, and although microenviron-

mental factors may contribute, they are not sufficient to induce
dysfunction. Although many cancer immunotherapies aim to
reverse global immunosuppression by modulating the tumor
microenvironment, our data suggest that a fundamental level
of antigen-specific, cell-intrinsic dysfunction must also be
overcome.
DISCUSSION
In summary, by following the fate of naive, tumor-specific CD8+
T cells after tumor initiation, we uncovered the mechanistic underpinnings of T cell differentiation and dysfunction in solid
Immunity 45, 389–401, August 16, 2016 397

tumors. The differentiation of naive, tumor-specific T cells begins
early during tumor development in a dynamic process that ultimately results in the establishment of a fixed state of dysfunction, even before the emergence of a pathologically defined malignant tumor. We found that TCRSV40-I from pre-malignant
lesions harbored many of the same phenotypic, functional, and
molecular hallmarks described for human T cells in late-stage
solid tumors and/or metastases suggesting that such hallmarks
are already ‘‘imprinted’’ at the pre- and early malignant phase.
Furthermore, fate commitment to the dysfunctional state requires continuous tumor antigen encounter and TCR stimulation,
and, though microenvironmental factors may play a role, they are
not sufficient to induce the dysfunctional phenotype.
CD8+ T cell differentiation is tightly controlled and dependent
on the nature, context, and duration of antigen encounter. When
naive CD8+ T cells encounter (foreign) antigen in a stimulatory,
inflammatory context (e.g., acute infection), a cell-intrinsic activation and differentiation program is initiated, driving T cells to
expand and differentiate into cytolytic effector cells that control
and eventually clear the pathogen and antigen (expansion
phase). After antigen clearance (approximately 5–6 days after
infection), most effector T cells undergo apoptosis (contraction
phase), with some T cells surviving and differentiating into memory T cells (memory phase). Each differentiation state—naive,
effector, and memory—has a unique transcriptional program
that defines the phenotypic and functional characteristics
(Kaech and Cui, 2012). Changes in the context and duration of
antigen encounter can cause alterations in this differentiation
process: if antigen is presented on non-professional, non-activated APC in a non-inflammatory context, and/or if antigen
persists, naive T cells are unable to differentiate to the memory
state but instead enter a differentiation program associated
with functional unresponsiveness. Such differentiation states
include anergy, exhaustion in chronic infections, and self-tolerance (Schietinger and Greenberg, 2014). Here we demonstrate
that T cell dysfunction against tumor-specific neoantigens represents a distinct differentiation state that is initiated after antigen
encounter in a non-inflammatory context (on non-professional
and/or non-activated APCs) and ‘‘imprinted’’ through a cellintrinsic dynamic program driven by continuous antigen exposure. The failure to acquire effector functions probably reflects
in part characteristics of the interaction with hepatocytes
as APCs. Hepatocytes do not express the co-stimulatory molecules CD80 or CD86 that deliver signals to T cells via CD28.
CD28 is a major co-stimulatory molecule required for the induction of effector T cell function and synthesis of cytokines, and
T cells primed in the absence of CD28-mediated signals have
been shown to enter an unresponsive state (anergy). Indeed,
TCRSV40-I from pre- and early malignant lesions do not express
CD28, in contrast to effector T cells during Listeria infections
(Figure S3B), which encounter antigen in an inflammatory
context on professional activated APCs that express high levels
of CD80 and CD86 (Mittrücker et al., 2001).
Studies of acute and chronic viral infections demonstrate that
differentiation of naive virus-specific CD8+ T cells toward a functional memory (acute infection) or dysfunctional exhaustion state
(chronic infection) is epigenetically and transcriptionally induced
with remarkably early kinetics (5–8 days after infection) (Youngblood et al., 2011). Similarly, tumor-specific T cell dysfunction is
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initiated early after tumor initiation and antigen encounter (by
D8) and evolves with continued antigen exposure. Moreover,
there was substantial similarity in the molecular programs of
unresponsive tumor-specific TCRSV40-I T cells and exhausted
T cells during chronic viral infection (Figure 5). The fact that (1)
disparate settings of continued antigen presentation—non-inflammatory (pre-malignant lesions) and highly inflammatory
(chronic viral infection)—induce closely related phenotypic,
functional, and molecular programs of dysfunction and (2) nontumor antigen-specific TCROT-I T cells remain functional in the
immunosuppressive environment of late-stage solid tumors,
suggests that persistence of tumor antigen, rather than microenvironmental factors, is required for the differentiation to the
dysfunctional state. This does not preclude a role for the
microenvironment and context, because chronic antigen with
persistent TCR stimulation may induce tumor-specific T cell
dysfunction in part by mediating the upregulation of inhibitory receptors (e.g., PD1) and thereby increasing the susceptibility of
tumor-specific T cells to inhibitory signals from the environment
(e.g., inhibitory receptor ligands such as PD-L1 or PD-L2).
In addition to the molecular and phenotypic similarities between dysfunctional tumor-specific and exhausted virus-specific T cells, there was a unique signature and phenotype for
each setting, suggesting that T cell differentiation to the dysfunctional state in tumors is a distinct process from T cell exhaustion
during chronic infection. We hypothesize that genes and pathways conserved in different settings of T cell dysfunction reflect
a core program of dysfunction driven by persistent antigen,
whereas genes and pathways unique for each setting probably
reflect disparate, context- and environment-specific, external
signals (Figure S7 and Table S4).
When tumor-specific TCRSV40-I were removed by D8 from
persistent tumor antigen and pre-malignant lesion and provided
with optimal activation signals in an appropriate (acute) context,
differentiation to the dysfunctional state was aborted and T cells
were able to differentiate to functional memory T cells, in
contrast to later stage dysfunctional (D34) TCRSV40-I, which
could not be rescued by antigen withdrawal or checkpoint
blockade (Figure 2). Thus, although early dysfunction is still a
plastic differentiation state, it ultimately becomes fixed and
non-rescuable by antigen withdrawal and/or PD1 and PD-L1
checkpoint blockade. Several recent clinical studies now
demonstrate that T cells that recognize tumor-specific mutant
antigens can be functionally rescued by checkpoint blockade
(PD1, PD-L1, CTLA4) or expansion in vitro (Gubin et al.,
2014; Lu et al., 2013; Rizvi et al., 2015; Robbins et al., 2013;
Snyder et al., 2014; Tran et al., 2014; van Rooij et al., 2013; Wolchok and Chan, 2014). However, those T cells have not been
found to recognize oncogenic driver antigens, but rather see
epitopes from mutant proteins not previously associated with
tumorigenesis. Although the inability to detect driver antigenspecific T cells with restored effector functions after checkpoint
blockade may reflect lack of creation of immunogenic epitopes
in some settings (e.g., mutant KRAS), our data suggest that
even when the oncogenic driver contains potentially immunogenic epitopes, driver-specific T cells may be not rescuable
because of the establishment of an imprinted state of dysfunction early during tumorigenesis. It is tempting to speculate that
differences may exist between the cell-intrinsic differentiation

programs and consequently requirements for functional rescue
of T cells specific for mutant driver antigens and T cells specific
for mutational antigens that arise later during tumor development, e.g., when genomic instability in cancer cells leads to
the creation of additional mutations and antigens (passenger
mutations).
Which immunomodulatory strategies or genes must be targeted to achieve functional rescue of tumor-specific T cells,
including T cells specific for oncogenic driver antigens, remains
to be determined; several inhibitory receptors including PD1,
LAG3, 2B4, TIM3, CTLA4, and CD160 were found to be overexpressed (Figures 1G and 3C), and thus combinational therapeutic approaches could have the potential to reverse T cell
dysfunction, e.g., by checkpoint blockade targeting multiple
inhibitory receptors in combination with activation and proliferation signals (Schietinger and Greenberg, 2014). Because antitumor T cell responses are potentially impacted by factors such
as (1) antigen expression level (Philip et al., 2010) and processing (Popovic et al., 2011), (2) affinity and ability to form class I
binding epitopes (Khalili et al., 2012), (3) tissue-of-origin, (4)
presence of anatomical and/or tumor microenvironmental barriers that sequester antigen from immune surveillance (T cell
exclusion, immune privilege) (Hamzah et al., 2008; Joyce and
Fearon, 2015), and/or (5) the presence of tumor-specific CD4+
T cells, multiple factors will likely determine the differentiation
state of dysfunctional tumor-specific T cells and ultimately the
success or failure of immunotherapeutic approaches. Elucidating the molecular mechanisms that establish and maintain
antigen-driven, dysfunctional differentiation of tumor-specific
T cells has the potential to lead to new effective immunotherapeutic interventions.
EXPERIMENTAL PROCEDURES
Mice
AST (Albumin-floxStop-SV40 large T antigen [Tag]) mice were provided by
N.G. and G.J.H. from the German Cancer Research Center (Stahl et al.,
2009). TCRSV40-I transgenic (B6.Cg-Tg(TcraY1,TcrbY1)416Tev/J) (Staveley-O’Carroll et al., 2003), Cre-ERT2 (B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/
J), Alb:Cre (B6.Cg-Tg(Alb-cre)21Mgn/J), C57BL/6J Thy1.2, and Thy1.1
(B6.PL-Thy1a/CyJ) mice were purchased from The Jackson Laboratory.
TCRSV40-I mice were crossed to Thy.1.1 mice in our animal facility to
generate TCRSV40-I Thy.1.1 mice. AST mice were crossed to Cre-ERT2 or
Alb:Cre mice to obtain ASTxCre-ERT2 and ASTxAlb:Cre mice, respectively.
OT-I TCR transgenic mice (Hogquist et al., 1994) were a gift from M. Bevan
(University of Washington). Ly5.1 mice were purchased from The Jackson
Laboratory. OT-I TCR transgenic mice were crossed to Ly5.1 mice to
generate OT-I Ly5.1 mice. All mice were bred and maintained in a specific-pathogen-free barrier facility at the University of Washington and in
the animal facility at Memorial Sloan Kettering Cancer Center. Experiments
were performed in compliance with the University of Washington and
Memorial Sloan Kettering Cancer Center Institutional Animal Care and
Use Committee regulations.
Antibodies and Reagents
The SV40 large T antigen epitope I (Tag-I) peptide (SAINNYAQKL) was purchased from Pi Proteomics. The H-2Db/Tag-I tetramer was synthesized by
the Immune Monitoring Core at the Fred Hutchinson Cancer Research Center.
The fluorochrome-conjugated antibodies were purchased from BD Biosciences, eBioscience, and Biolegend. Tamoxifen was purchased from SigmaAldrich. For tamoxifen induction, a tamoxifen stock solution (5 mg/mL in
corn oil) was prepared by warming tamoxifen in 1 mL sterile corn oil at 65 C
for about 15 min, then further diluted in corn oil to obtain the stock concentra-

tion of 5 mg/mL. 1 mg tamoxifen (= 200 mL) was administered once intraperitoneally (i.p.) into ASTxCre-ERT2 mice.
Listeria Infection
The Listeria monocytogenes (Lm) DactA DinlB strain (Brockstedt et al., 2004)
expressing the Tag-I epitope (SAINNYAQKL, SV40 large T antigen206-215)
together with OT-I epitope (SIINFEKL, OVA257-264) was generated by Aduro
BioTech. Lm strain was constructed using the previously described strategy
(Sinnathamby et al., 2009). Experimental vaccination stocks were prepared
by growing bacteria to early stationary phase, washing in phosphate buffered
saline, formulated at approximately 1 3 1010 colony forming units (cfu)/mL,
and stored at 80 C. Mice were infected i.p. with 5 3 106 cfu of LM-Tag-I
(also called LM-Tag-I-OVA in Figure 6).
Adoptive T Cell Transfers
Naive CD8+ splenocytes from TCRSV40-I Thy1.1 transgenic mice were adoptively transferred into ASTxCre-ERT2 mice; 1–2 days later, mice were treated
with 1 mg tamoxifen. For TCRSV40-I and TCROT-I co-transfer experiments in
Figure 6, 3–4 3 104 TCRSV40-I Thy1.1 and TCROT-I Ly5.1 CD8+ T cells were
adoptively transferred into ASTxAlb:Cre mice or B6 control mice; 1 day later,
mice were infected with 5 3 106 cfu LM-Tag-I-OVA (co-expressing the OVA
epitope SIINFEKL). For the generation of effector and memory TCRSV40-I
CD8+ T cells, naive CD8+ splenocytes from TCRSV40-I Thy1.1 transgenic
mice were adoptively transferred into B6 (Thy1.2) mice; 1 day later, mice
were infected with 5 3 106 cfu LM-Tag-I. Effector TCRSV40-I CD8+ T cells
were isolated from the spleens of B6 host mice and analyzed 8 days after
Listeria infection; memory TCRSV40-I CD8+ T cells were isolated from spleens
of B6 host mice and analyzed at least 2–3 months after Listeria infection.
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SUMMARY

Malignancy can be suppressed by the immune system in a process termed immunosurveillance. However, to what extent immunosurveillance occurs in
spontaneous cancers and the composition of participating cell types remains obscure. Here, we show
that cell transformation triggers a tissue-resident
lymphocyte response in oncogene-induced murine
cancer models. Non-circulating cytotoxic lymphocytes, derived from innate, T cell receptor (TCR)ab,
and TCRgd lineages, expand in early tumors. Characterized by high expression of NK1.1, CD49a, and
CD103, these cells share a gene-expression signature distinct from those of conventional NK cells,
T cells, and invariant NKT cells. Generation of these
lymphocytes is dependent on the cytokine IL-15,
but not the transcription factor Nfil3 that is required
for the differentiation of tumor-infiltrating NK cells,
and IL-15 deficiency, but not Nfil3 deficiency, results
in accelerated tumor growth. These findings reveal a
tumor-elicited immunosurveillance mechanism that
engages unconventional type-1-like innate lymphoid
cells and type 1 innate-like T cells.
INTRODUCTION
Understanding how the immune system impacts the process
of tumorigenesis has captivated some of the greatest minds in
immunology for more than a century. In the 1860s, following
the observation that cancer arises at sites of chronic inflammation, Rudolf Virchow proposed a tumor-promoting function for
leukocytes. However, at the turn of the last century, Paul Ehrlich
reasoned that protective immune responses were likely required
to suppress cancer in long-lived organisms (Ehrlich, 1909), and
by the 1950s, the cancer immunosurveillance hypothesis was
formally postulated to ascribe a plausible function of adaptive

cellular immunity in eliminating transformed cells (Burnet, 1957;
Thomas, 1959). Indeed, studies in the past two decades have
revealed both tumor-promoting inflammation and protective
tumor immunity in mouse models of cancer (Grivennikov et al.,
2010). Such apparently opposing activities of inflammatory
responses can be integrated into the framework of cancer
immunoediting which, in its most complete manifestation, is
composed of three sequential phases of tumor ‘‘elimination,’’
‘‘equilibrium,’’ and ‘‘escape’’ (Schreiber et al., 2011).
The original cancer immunosurveillance hypothesis attributed
the role of protective tumor immunity to antigen-specific lymphocytes (Burnet, 1957; Thomas, 1959). Studies utilizing recombination-activating gene (Rag)-deficient mice or T lymphocyte
depletion antibodies have revealed increased tumor incidence
or tumor outgrowth in a carcinogen-induced sarcoma model
(Koebel et al., 2007; Shankaran et al., 2001). In addition, sarcomas that develop under conditions of immunodeficiency are
more immunogenic than tumors from wild-type mice (Koebel
et al., 2007; Shankaran et al., 2001), and the dominant rejection
antigen in one such tumor encodes a mutated neoepitope for
CD8+ T cells (Matsushita et al., 2012). In a genetic mouse model
of sarcoma, introduction of immunogenic peptides by lentivirus
infection suppresses tumor development, and the loss of antigen
expression or presentation on major histocompatibility complex
(MHC) I results in tumor escape from T cell attack (DuPage et al.,
2012). These findings demonstrate that cytotoxic T cells play a
critical role in restraining tumor development in response to tumor-associated foreign antigens accompanied with viral infections or mutated antigens induced by carcinogens.
Yet, tumor development does not always generate neoantigens that mediate rejection nor induce host-protective antigenspecific T cell responses. In a transgenic model of sporadic
cancer, the oncogenic simian virus 40 T antigen (SV40 Tag) is
somatically induced and functions as a tumor-associated neoantigen (Willimsky and Blankenstein, 2005). However, SV40
Tag triggers CD8+ T cell tolerance and fails to reject nascent
transformed cells (Willimsky and Blankenstein, 2005). In a
transgenic adenocarcinoma of mouse prostate (Tramp) model,
CD8+ T cells reactive to the unmutated histone H4 peptide as
Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc. 365

a tumor-associated antigen arise spontaneously in tumorbearing mice (Savage et al., 2008). Adoptive transfer of H4
antigen-reactive T cells into Tramp mice does not result in
effector T cell differentiation (Savage et al., 2008), which is in
part due to immune repression by the regulatory cytokine transforming growth factor-b (TGF-b; Donkor et al., 2011). These
findings reveal that, although tumor antigen-specific CD8+
T cell responses are induced in oncogene-induced cancers,
their activities are restrained from inducing effective cancer
immunosurveillance.
The lack of host-protective, antigen-specific T cell responses
implies that oncogene-induced tumors bypass the ‘‘elimination’’
and ‘‘equilibrium’’ phases of cancer immunoediting and thus
may, by default, display an ‘‘escaped’’ phenotype. Since tumors
are derived from normal cells, it has been postulated that tumors
may not be ‘‘foreign’’ or ‘‘dangerous’’ enough to induce a protective immune response (Matzinger, 2002; Pardoll, 2003). However, studies involving mice deficient in several immune-effector
molecules have revealed signs of immunosurveillance in genetic
mouse models of cancer. For instance, deficiency of the activating receptor NKG2D results in earlier tumor onset in Tramp
mice (Guerra et al., 2008). In addition, mice devoid of the cytotoxic molecule perforin (Smyth et al., 2000; Street et al., 2007)
or the death receptor TNF-related apoptosis-inducing ligand
(TRAIL) (Finnberg et al., 2008; Zerafa et al., 2005) manifest accelerated tumor growth in models of mammary carcinoma and
B cell lymphoma. These observations suggest that cytotoxic immune responses are involved in repressing oncogene-induced
cell transformation, although they may not engage tumor
antigen-specific CD8+ T cells. Nevertheless, immunodeficiency
could impair host elimination of infections (Enzler et al., 2003),
which may result in chronic inflammation and secondarily affect
tumor development (Coussens and Werb, 2002; Grivennikov
et al., 2010; Mantovani et al., 2008). Whether cell transformation
elicits a specific protective immune response in oncogeneinduced tumors and the nature of the potential response have
not been defined.
In this report, we set forth by characterizing lymphocytes with
cytotoxic potential in transgenic models of murine cancer.
We found that cell transformation expands a distinct group of
non-circulating innate, T cell receptor (TCR)ab, and TCRgd lymphocytes that express high levels of the cytolytic molecule granzyme B and display potent cytotoxic activities against tumor
cells. Generation of these lymphocytes is dependent on the
cytokine IL-15, and IL-15 deficiency or overexpression results
in accelerated or delayed tumor growth, respectively. These
findings demonstrate that cell transformation triggers a distinct
class of protective immune response by engaging unconventional tissue-resident type 1-like innate lymphoid cells and type
1 innate-like T cells.
RESULTS
Tumor Growth Elicits a Granzyme B Response in
Genetic Models of Murine Cancer
To investigate whether immunosurveillance is induced in spontaneous cancers, we utilized the murine MMTV-PyMT (PyMT)
mammary tumor model on the C57BL/6 background (Franklin
366 Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc.

et al., 2014). Mammary glands from 8-week-old PyMT mice
had early stage tumors, while palpable carcinomas were detected at older ages (Figures S1A and S1B). To determine
whether lymphocytes with cytotoxic potential were induced in
precancerous lesions, we examined expression of the cytolytic
molecule granzyme B (GzmB) in leukocyte populations from
the mammary glands of 8-week-old wild-type (WT) or PyMT
mice. A higher percentage and number of GzmB-expressing
cells were observed in PyMT mice (Figures 1A–1C). GzmB-producing cells in mammary tissues further expanded as tumors
grew (Figure S1C) but were barely detectable in the spleen
or mammary-tissue-draining lymph nodes of PyMT mice (Figure S1D), revealing that the lasting GzmB response is restricted
to the transformed tissue.
To determine whether the tumor-elicited GzmB response represents a general mechanism of tumor surveillance, we utilized
the Tramp model of murine prostate cancer (Greenberg et al.,
1995). Compared to WT mice, a higher percentage and number
of GzmB-expressing cells were present in the prostates of
Tramp mice, and the cell number increased as tumors progressed to later stages (Figures S1E and S1F). GzmB-expressing cells in mammary and prostate tumors were made of heterogeneous populations of lymphocytes that could be differentiated
by their surface expression of TCRb and TCRd (Figure 1D;
data not shown). Unlike GzmB-producing TCRab+ or TCRgd+
T cells, TCR GzmB+ cells were negative for intracellular CD3
(Figure S1G) and were classified as innate lymphocytes. Notably,
GzmB-expressing cells from all three lineages were present in
WT mice at low numbers (Figures 1D–1F). Cell transformation
expanded all populations, with TCRab and TCRgd lineage cells
proportionally more represented in PyMT mice (Figures 1D–1F).
GzmB-Expressing TCRab+ T Cells Are Unconventional
TCR GzmB+ cells from WT and PyMT mice expressed NK1.1
(Figure 2A), a cell surface marker typically used to define conventional natural killer (cNK) cells. Notably, GzmB-producing TCRab
and TCRgd lineage cells also expressed high levels of NK1.1
(Figure 2A). To determine whether TCRab+NK1.1+GzmB+ cells
belonged to the CD1d-restricted invariant natural killer T (NKT)
cell lineage known to express NK1.1, we co-stained tumor-associated TCRab+ T cells with NK1.1 and a CD1d tetramer loaded
with the NKT cell ligand PBS-57 (CD1d/PBS-57). CD1d/PBS57+ NKT cells expressed low levels of NK1.1, but not GzmB
(Figure 2B). In contrast, CD1d/PBS-57 NK1.1+ T cells expressed high levels of GzmB (Figure 2B). Moreover, unlike
some CD1d/PBS-57+ NKT cells that expressed the co-receptor
CD4, but not CD8a, nearly half of CD1d/PBS-57 NK1.1+ T cells
expressed CD8a, but not CD4 (Figures 2C and S2A). Importantly,
tumor-associated TCRab+NK1.1+GzmB+ cells were unperturbed in the absence of CD1d (Figures S2B and S2C), demonstrating that they are distinct from CD1d-restricted NKT cells.
Activated conventional CD8+ T cells express cytolytic molecules, including GzmB, and terminally differentiated cytotoxic
T lymphocytes upregulate NK-cell-associated markers such
as KLRG1 (Zhang and Bevan, 2011). In PyMT mice, tumor
growth induces exhaustion of CD8+ T cells characterized by
high expression of the inhibitory co-receptor PD-1 (Franklin
et al., 2014). To determine whether CD8a+NK1.1+ T cells might
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Figure 1. Precancerous Lesions Elicit an Immune Response Characterized by GzmB Expression
(A–C) Flow cytometric analysis of GzmB expression in CD45+ leukocytes from pooled mammary glands of WT and 8-week-old PyMT mice with percentage (A–B)
and absolute number (C) of CD45+GzmB+ cells. Data are representative of ten independent experiments.
(D–F) Flow cytometric analysis of TCRb and TCRd expression in CD45+GzmB+ subsets isolated from pooled mammary glands of WT and 8-week-old PyMT mice
with percentage (D–E) and absolute number (F) of GzmB+ cells that are TCR (green), TCRb+ (red), or TCRd+ (blue). Data are representative of five independent
experiments. Each symbol denotes an individual mouse. Error bars represent the mean ± SEM. Two-tailed unpaired t test was used for statistical analysis. *p <
0.05, **p < 0.01, ***p < 0.001.
See also Figure S1.

represent an activated conventional T cell population, we assessed the expression of NK1.1 and PD-1 in tumor-associated CD8a+ T cells. CD8a+NK1.1+ T cells were substantially
expanded in 8-week-old PyMT mice compared to WT mice,
while CD8a+PD-1+ T cells were undetectable at this stage (Figure 2D). At 20 weeks of age, PD-1 and NK1.1 remained mutually
exclusive, although CD8a+PD-1+ T cells outpaced CD8a+NK1.1+
T cells to dominate the tumors (Figure 2D). Notably, compared to
CD8a+NK1.1 PD-1 and CD8a+PD-1+ T cells, CD8a+NK1.1+
T cells maintained high GzmB expression (Figure S2D). Moreover, TCR profiling analyses showed that, unlike conventional
CD8a+PD-1+ T cells that had substantially skewed TCR usage,
CD8a+NK1.1+ T cells maintained a diverse TCR repertoire
(Figure S2E). These observations suggest that CD8a+NK1.1+
T cells do not undergo clonal expansion or functional
exhaustion and, thus, are distinct from conventional cytotoxic
T lymphocytes.
To further explore the lineage relationship between TCRab+
NK1.1+GzmB+ T cells and conventional CD8+ T cells, we performed transcriptome analysis and included tumor-associated
TCR NK1.1+ cells as controls. Principal component analyses
revealed that TCRab+CD8a+NK1.1+ and TCRab+CD8a NK1.1+
cells formed a tight cluster, whereas CD8a+PD-1+ and CD8a+
PD-1 NK1.1 T cells were closely associated (Figure S2F).
Hierarchical clustering analyses showed that TCRab+NK1.1+
cells were more closely related to TCR NK1.1+ cells than they
were to conventional CD8+ T cells (Figure S2G; Table S1).
Notably, several conventional T cell-lineage markers, including

the co-stimulatory molecules CD28 and ICOS, as well as the
signal-tuning receptor CD5, were undetectable or expressed at
very low levels in TCRab+NK1.1+ cells (Figure 2E; Table S1, cluster 4). Furthermore, inhibitory receptors such as CTLA4 and
BTLA, as well as TCR signaling molecules such as LAT, were
also downregulated in TCRab+NK1.1+ cells (Table S1, cluster
4). Together, these findings imply that TCRab+NK1.1+GzmB+
cells are unconventional T cells.
GzmB-Expressing Innate Lymphocytes Are
Unconventional
Among the transcripts enriched in TCRab+NK1.1+ T cells was
Itga1, encoding the collagen-binding integrin CD49a (Table S1,
cluster 1). Indeed, CD49a protein was expressed at higher
levels in TCRab+CD8a+NK1.1+ or TCRab+CD8a NK1.1+ cells
than in CD8a+PD-1+ or CD8a+PD-1 NK1.1 T cells (Figure 3A).
Surprisingly, TCR NK1.1+ cells had mixed CD49ahi and CD49a
populations (Figure 3A). Notably, in addition to TCRab+ T cells,
high CD49a expression marked GzmB-producing TCR NK1.1+
innate lymphocytes as well as GzmB-producing TCRgd+
T cells (Figure 3B). Compared to WT mice, PyMT mice had
increased numbers of CD49ahi GzmB-expressing TCR NK1.1+,
TCRab+, and TCRgd+ cells in precancerous mammary tissue
(Figure 3B), further supporting that the early GzmB response engages all three lineages of lymphocytes.
In addition to cNK cells, innate lymphoid cells (ILCs) function as
early effectors during immune challenge (Artis and Spits, 2015;
Eberl et al., 2015). Both cNK cells and type 1 ILCs (ILC1s)
Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc. 367
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Figure 2. Tumor-Associated GzmB-Expressing T Cells Are Unconventional
(A) Flow cytometric analysis of NK1.1 expression in TCR GzmB+ (green), TCRb+GzmB+ (red), and TCRd+GzmB+ (blue) cells in WT and 8-week-old PyMT mice.
(B) Flow cytometric analysis of NK1.1 expression and CD1d/PBS-57 tetramer reactivity in TCRb+ lymphocytes (left) and GzmB expression in TCRb+NK1.1+CD1d/
PBS-57 cells (red) and TCRb+CD1d/PBS-57+ cells (purple) from pooled mammary glands of 8-week-old PyMT mice. Grey histogram indicates fluorescence
minus one (FMO) control.
(C) Flow cytometric analysis of CD4 and CD8a expression in TCRb+NK1.1+CD1d/PBS-57 lymphocytes from pooled mammary glands of 8-week-old PyMT
mice. Numbers in quadrants indicate percentage of cells.
(D) Flow cytometric analysis of PD-1 and NK1.1 expression in TCRb+CD8a+ cells from pooled mammary glands of WT, 8-, and 20-week-old PyMT mice. Numbers
in quadrants indicate percentage of cells.
(E) Flow cytometric analysis of CD28, ICOS, and CD5 expression among CD8a NK1.1+ (dark orange), CD8a+NK1.1+ (light orange), CD8a+NK1.1 PD-1 (dotted
gray), and CD8a+PD-1+ (black) T cell populations from pooled tumors of 20- to 24-week-old PyMT mice. Solid gray line in histograms indicates FMO control for
each population.
See also Figure S2.

participate in type 1 immune responses, but their classification
has been controversial because of overlapping phenotypes
(Diefenbach et al., 2014; Serafini et al., 2015). A recent study
has identified gene expression signatures for cNK cells and
ILC1s by cross-referencing differentially expressed transcripts
between cNK cells and ILC1s from spleen and liver (Robinette
et al., 2015). We sought to determine the identity of tumor-associated GzmB-expressing innate lymphocytes and performed
transcriptome analysis of sorted TCR NK1.1+CD49ahi and
TCR NK1.1+CD49a cells. To ensure that TCR NK1.1+ cells
were innate lymphocytes, we validated our gating strategy by
confirming that these cells expressed the Nkp46 receptor (Figure S3A), which was considered a reliable marker for cNK cells
and ILC1s (Diefenbach et al., 2014). Transcriptome analyses
showed that the signature genes of cNK cells were expressed
at high levels in TCR NK1.1+CD49a cells, whereas most transcripts used to define the ILC1 gene signature were enriched
in TCR NK1.1+CD49ahi cells (Figure 3C; Table S2). In line with
these observations, TCR NK1.1+CD49a expressed high levels
of Itga2 encoding the cNK cell marker CD49b compared to
TCR NK1.1+CD49ahi cells (Figure 3D; Table S2). Furthermore,
368 Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc.

while both cell populations expressed comparable amounts of
the transcription factor T-bet, Eomes was expressed at substantially higher levels in TCR NK1.1+CD49a cells (Figure 3D; Table
S2). These findings demonstrate that the GzmB-expressing
innate lymphocytes are distinct from cNK cells.
One of the characteristics of conventional ILC1s is their lack of
Eomes expression (Diefenbach et al., 2014; Eberl et al., 2015;
Klose et al., 2014). However, Eomes was expressed at low but
detectable levels in TCR NK1.1+CD49ahi cells (Figure 3D). In
addition, 10 out of 54 ILC1 signature genes were not upregulated
in TCR NK1.1+CD49ahi cells (Figure 3C; Table S2), suggesting
that they are distinct from conventional ILC1s. Indeed, CD127,
encoded by the Il7r gene and considered one of the best markers
for ILCs (Diefenbach et al., 2014; Serafini et al., 2015; Spits et al.,
2013), was not expressed in these cells (Figures 3C and 3E).
Furthermore, Tnf, another ILC1 signature gene, was expressed
at lower levels in TCR NK1.1+CD49ahi cells (Figure 3C; Table
S2), and TCR NK1.1+CD49ahi cells poorly produced TNF-a,
IFN-g, or both cytokines (Figures S3B and S3C). These characteristics, which are distinct from those of conventional ILC1s,
prompted us to name TCR NK1.1+CD49ahi cells ‘‘type 1-like
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Figure 3. Tumor-Associated GzmB-Expressing Innate Lymphocytes Are ILC1ls
(A) Flow cytometric analysis of CD49a expression in the indicated cell populations isolated from pooled tumors of 20- to 24-week-old PyMT mice. CD8a NK1.1+,
CD8a+NK1.1+, CD8a+NK1.1 PD-1 , and CD8a+PD-1+ cell subsets were gated among TCRb+ cells. Data are representative of ten independent experiments.
(B) Left panel: flow cytometric analysis of CD49a and GzmB expression in the indicated subsets isolated from pooled mammary glands of WT and 8-week-old
PyMT mice. Data are representative of five independent experiments. Right panel: percentages of CD49ahiGzmB+ cells in the indicated subsets (determined by
flow cytometric analysis as in the left panel). Each symbol denotes an individual mouse. Data are pooled from five independent experiments. Error bars represent
the mean ± SEM. Two-tailed unpaired t test was used for statistical analysis. **p < 0.01, ***p < 0.001.
(C) Log2 mean fold change of TCR NK1.1+CD49ahi versus TCR NK1.1+CD49a gene expression corresponding to the cNK and ILC1 core gene signatures. See
also Table S2.
(D–E) Flow cytometric analysis of CD49b, T-bet, and Eomes (D) as well as CD127 (E) expression in the indicated cell populations isolated from pooled tumors of
20- to 24-week-old PyMT mice. Grey histogram indicates FMO control. Data are representative of three independent experiments.
See also Figure S3.

ILCs’’ (ILC1ls), while the TCR NK1.1+CD49a cells were classified as cNK cells.
A Distinct Gene Expression Signature Is Shared among
GzmB-Expressing Cells
Similar to ILC1ls, CD49ahi GzmB-expressing TCRab+ and
TCRgd+ T cells expressed high levels of T-bet but low to
undetectable amounts of Eomes or CD49b (Figure 3D). While

CD127 was expressed in a fraction of TCRab+CD8a+NK1.1
and TCRgd+NK1.1 T cells, it was not detectable on TCRab+
NK1.1+CD49ahi or TCRgd+NK1.1+CD49ahi cells (Figure 3E).
Likewise, expression of TNF-a was substantially lower in
TCRab+NK1.1+CD49ahi and TCRgd+NK1.1+CD49ahi cells (Figures S3B and S3C). Furthermore, similar to TCRab+ T cell
expression (Figure 2D), NK1.1 and PD-1 expression were
mutually exclusive in TCRgd+ T cells (Figure S3D), and only
Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc. 369
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Figure 4. CD49ahiGzmB+ Lymphocytes Constitute a Related Group of Cells Distinct from Conventional NK and T Cells
(A) Principal component analysis of gene expression in the indicated cell populations sorted from pooled tumors of 20- to 24-week-old PyMT mice. Expression
data are biological replicates from two independent experiments.
(B) Gene expression signature of the indicated cell populations sorted from pooled tumors of 20- to 24-week-old PyMT mice. Genes were manually selected from
those in cluster 3 (identified by hierarchical clustering shown in Figure S4B and Table S3). Heat map shows data pooled from two biological replicates.
(C) Flow cytometric analysis of CD49a and CD103 expression in the indicated cell populations isolated from pooled mammary glands of 8-week-old PyMT mice.
For each population, the level of GzmB expression is shown in the histogram as follows: CD49ahiCD103+ (red), CD49a+CD103 (green), CD49a CD103 (blue).
Data are representative of four independent experiments.
(D–E) Flow cytometric analysis of Ly49E and Ly49F (D) or TRAIL (E) expression in the indicated cell populations isolated from pooled tumors of 20- to 24-week-old
PyMT mice. Data are representative of two to three independent experiments. Grey histogram indicates FMO control.
See also Figures S4 and S5.

TCRgd+NK1.1+ T cells expressed high levels of GzmB
(Figure S3E).
To further explore the likeness among the three lineages
of GzmB-expressing lymphocytes, we sorted out ILC1ls, as
well as cNK, TCRab+NK1.1+CD49ahi, TCRab+CD8a+NK1.1 ,
TCRgd+NK1.1+CD49ahi, and TCRgd+NK1.1 cells from mammary
370 Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc.

tumors and performed transcriptome analysis. As expected, all of
these cell populations had classical lymphocyte morphology
(Figure S4A). Principal component analyses revealed individual
clusters for cNK, TCRab+CD8a+NK1.1 , or TCRgd+NK1.1 cells,
but ILC1ls, TCRab+NK1.1+CD49ahi, and TCRgd+NK1.1+CD49ahi
cells appeared indistinguishable as a single group (Figure 4A).

Such striking similarity between ILC1ls and GzmB-expressing
T cells, together with the finding that TCRab+NK1.1+CD49ahi
and TCRgd+NK1.1+CD49ahi cells did not display many features
of conventional T cells, prompted us to name TCR+NK1.1+
CD49ahi cells ‘‘type 1 innate-like T cells’’ (ILTC1s).
The innateness of ILTC1s was further supported by hierarchical clustering analysis, which demonstrated closer association
between ILTC1s and cNK cells than TCRab+CD8a+NK1.1 or
TCRgd+NK1.1 T cells (Figure S4B). Indeed, ILC1ls, TCRab+
ILTC1s, and TCRgd+ ILTC1s shared with cNK cells a set
of transcripts that were substantially underrepresented in
TCRab+CD8a+NK1.1 or TCRgd+NK1.1 T cells (Figures S4B
and S5A; Table S3, cluster1). Among these transcripts were
genes encoding activating and inhibitory receptors such as
Ly49 family molecules, NKG2A/C/E, NKG2D, and CD244 (Figures S5A–S5C; Table S3, cluster1). In addition, transcripts of
several signaling molecules, including Tyrobp, of transcription
factors, including Tbx21, and of the effector molecule Prf1
were enriched in ILC1ls, ILTC1s, and cNK cells (Figure S5A;
Table S3, cluster1).
In line with principal component and hierarchical clustering
analyses, a gene signature of 131 transcripts expressed at
high levels in ILC1ls, TCRab+ ILTC1s, and TCRgd+ ILTC1s was
identified (Figure 4B; Table S3, cluster 3). Gene ontology and
pathway annotation analyses showed that the gene signature
was enriched for transcripts associated with cell adhesion
(Figure 4B; Table S3, cluster 3). Indeed, several cell adhesion
molecules, including CD103, encoded by the Itgae gene, were
upregulated in ILC1ls and ILTC1s, and GzmB-expressing lymphocytes from all three lineages were marked by high expression
of both CD49a and CD103 (Figure 4C). Another shared feature of
these cells was that a fraction of them expressed the inhibitory
receptor Ly49E (Figures 4D and S5D), encoded by the Klra5
gene (Figure 4B), previously reported to be expressed on fetalliver-derived lymphocytes as well as intra-epithelial lymphocytes
(Denning et al., 2007; Stevenaert et al., 2003; Van Beneden et al.,
2002). In addition to cell surface proteins, genes encoding
several signaling molecules, transcription factors, and metabolic
enzymes were all substantially upregulated in ILC1ls and ILTC1s
(Figure 4B). Furthermore, besides Gzmb, transcripts encoding
several effector molecules, including Gzmc and Tnfsf10, were
enriched in ILC1ls and ILTC1s (Figure 4B), and the Tnfsf10encoded cell death receptor TRAIL was expressed in all three
lineages of GzmB-expressing lymphocytes (Figure 4E). These
findings imply that ILC1ls and ILTC1s may engage multiple pathways to induce target cell cytotoxicity.
ILC1ls and ILTC1s Are Tissue-Resident and Expand in
Precancerous Lesions
In addition to the upregulated gene signature, hierarchical clustering analyses revealed 122 transcripts downregulated in
ILC1ls, TCRab+ ILTC1s, and TCRgd+ ILTC1s (Figures 5A and
S4B; Table S3, cluster 2). Gene ontology and pathway annotation analyses showed that proteins encoded by this gene cluster
were associated with signaling and cell mobility (Figure 5A; Table
S3, cluster 2). Indeed, genes encoding several chemokine receptors, including Ccr2, Cx3cr1, Cxcr4, the cell trafficking receptor S1pr1, and the transcriptional regulator of cell migration Klf2,

were all repressed in ILC1ls and ILTC1s (Figure 5A, S6A, and
S6B). In line with these observations, parabiosis experiments
revealed that the degree of non-host chimerism was much
lower for ILC1ls, TCRab+ ILTC1s, and TCRgd+ ILTC1s when
compared to cNK, TCRab+CD8a+NK1.1 , and TCRgd+NK1.1
cells, respectively (Figures 5B and 5C). These findings demonstrate that ILC1ls and ILTC1s are tissue-resident lymphocytes, a property likely further promoted by their high expression
of tissue-retention molecules such as CD103 and CD49a
(Figure 4C).
Notably, ILC1ls and ILTC1s from PyMT mice were enriched for
the transcripts of Cdk6 (Figure 4B), encoding a cyclin-dependent
kinase, but had low expression of Cdkn1a (Figure 5A), encoding
the cyclin-dependent kinase inhibitor p21. We considered that
cell transformation might trigger a higher proliferative capacity
of ILC1ls and ILTC1s resulting in their increased numbers in
PyMT mice. Indeed, ILC1ls and ILTC1s from the mammary tissue
of 8-week-old PyMT mice incorporated more EdU and expressed higher levels of the cell proliferation marker Ki67 than
cells from WT mice (Figures 5D, 5E, and S6C). Together, these
findings reveal that tissue-resident ILC1ls and ILTC1s selectively
expand in tumors.
ILC1ls and ILTC1s Exhibit Innate Cytotoxicity toward
Tumor Cells
ILC1ls and ILTC1s expressed high levels of cytolytic molecules
(Figure 4B). To investigate the cytotoxic potential of these cells,
we performed single-cell killing assays using PyMT-derived AT3
cells as targets. Similar to cNK cells, ILC1ls as well as TCRab+
ILTC1s and TCRgd+ ILTC1s were highly efficient in killing tumor
cells compared to TCRab+CD8a+NK1.1 and TCRgd+NK1.1
cells (Figures 6A and 6B; Movies S1–S6). Notably, the killing
triggered by ILC1ls and ILTC1s proceeded with multiple short
contacts (Movies S1–S6) and appeared distinct from the stable
synapse formed between antigen-specific cytotoxic T cells and
their targets (Deguine et al., 2010). These observations support
that ILTC1s behave like innate lymphocytes and may not recognize peptide antigens to kill target cells. To test this hypothesis,
we performed cytotoxic assays using the tumor cell line RMA-S,
which lacks the transporter associated with antigen processing,
a critical component of the conventional MHC Ia antigenprocessing pathway. Indeed, ILC1ls as well as TCRab+ ILTC1s
and TCRgd+ ILTC1s potently induced cytotoxicity of RMA-S
tumor cells (Figure S7A), supporting an innate mode of effector
activities of ILTC1s.
ILC1ls and ILTC1s expressed high levels of GzmB and
GzmC as well as TRAIL (Figure 4B), suggesting that they
may utilize several effector molecules to induce target cell
cytotoxicity. To investigate a role of the lytic granule pathway
in target cell killing, we crossed PyMT mice to the perforindeficient background. Prf1 / PyMT mice had comparable
numbers of ILC1ls and ILTC1s to WT PyMT mice (Figure S7B;
data not shown). Nonetheless, perforin deficiency resulted in
diminished cytolytic activities of ILC1ls and ILTC1s as well as
cNKs (Figure 6C). These findings demonstrate that ILC1ls,
ILTC1s, and cNKs predominantly engage the lytic granule
pathway to kill tumor cells. Notably, Prf1 / PyMT mice exhibited accelerated tumor growth (Figure 6D), suggesting a
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critical function for ILC1ls, ILTC1s, and/or cNKs in cancer
immunosurveillance.
IL-15, but Not Nfil3, Regulates ILC1l and ILTC1
Generation and Tumor Growth
We next sought to define a specific function for ILC1ls and
ILTC1s in control of tumor development. The transcription factor
Nfil3 regulates the differentiation of cNK cells (Gascoyne et al.,
372 Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc.

Figure 5. Tissue-Resident ILC1ls and ILTC1s
Expand in Precancerous Lesions
(A) Gene expression signature of the indicated cell
populations sorted from pooled tumors of 20- to
24-week-old PyMT mice. Genes were manually
selected from those in cluster 2 (identified by hierarchical clustering shown in Figure S4B and Table
S3). Heat map shows data pooled from two biological
replicates.
(B–C) Flow cytometric analysis of CD45.1 (host)
and CD45.2 (non-host) expression in the indicated
cell populations isolated from the parabiotic PyMT
mice 2 weeks after surgery (connected at 6 weeks
of age). Data are representative of three independent experiments (B), and percentage of non-host
chimerism was compiled from three independent
experiments (C).
(D–E) Flow cytometric analysis of EdU incorporation
in the indicated cell populations isolated from pooled
mammary glands of 8-week-old WT and PyMT mice.
Cells were first gated on CD49ahiGzmB+ cells and
then on TCR (ILC1l), TCRb+ (TCRab+ ILTC1), and
TCRd+ (TCRgd+ ILTC1). Data are representative of
two independent experiments (D). Percentage of
EdU+ cells was compiled from two independent
experiments (E). (C–E) Each symbol denotes an individual mouse and error bars represent the mean ±
SEM. Two-tailed unpaired t test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
See also Figure S6.

2009; Kamizono et al., 2009) and conventional ILCs (Fuchs et al., 2013; Geiger
et al., 2014; Klose et al., 2014; Seillet
et al., 2014). To investigate a potential role
for Nfil3 in ILC1l and ILTC1 differentiation,
we first analyzed the mammary glands of
Nfil3 / mice in the steady state. As expected, cNK cell number was greatly
reduced in the absence of Nfil3 (Figure S7C). Surprisingly, ILC1ls were unperturbed (Figure S7C), suggesting that differentiation of ILC1ls diverges from that of
cNK cells or conventional ILCs. We further
crossed PyMT mice to the Nfil3-deficient
background and found that the tumor-infiltrating cNK cells were also greatly diminished (Figure 7A), while GzmB-expressing
ILC1ls or ILTC1s from both TCRab and
TCRgd lineages remained unperturbed in
the tumor (Figures 7A and B; data not
shown). Importantly, Nfil3 deficiency did not affect tumor growth
(Figure 7C), suggesting that cNK cells are dispensable for the
control of tumor development in PyMT mice.
To further investigate the in vivo function of ILC1ls and ILTC1s,
we followed the observation that these cells expressed high
levels of the Il2rb gene encoding CD122, the b chain receptor
for cytokines IL-2 and IL-15 (Figures 7D and S5A). These findings
suggest that ILC1ls and ILTC1s may depend on IL-15 for
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differentiation and/or homeostasis. To test this hypothesis, we
crossed PyMT mice to the IL-15-deficient background. Strikingly, IL-15 deficiency depleted ILC1ls and ILTC1s in addition
to cNKs (Figure 7E; data not shown). Compared to control
PyMT mice, Il15 / PyMT mice exhibited accelerated tumor
growth (Figure 7F), developed more widespread carcinomas
(Figure S7D), and had reduced survival (Figure 7E), which was
in line with a recent report (Gillgrass et al., 2015). To investigate
whether IL-15 expression represents a rate-limiting step of ILC1l
and ILTC1 generation, we bred PyMT mice with a strain of IL-15
transgenic (IL-15Tg) mice. IL-15 overexpression expanded
ILC1ls and ILTC1s (Figures 7G and S7F–S7H) and inhibited tumor growth (Figure 7H). Together, these observations suggest
a critical role for ILC1ls and ILTC1s, but not cNKs, in cancer
immunosurveillance, although potentially redundant functions
of ILC1ls, ILTC1s and cNKs cannot be excluded.
DISCUSSION
The immune system has well-defined functions in inducing
immunity to foreign pathogens while maintaining tolerance to
normal self-tissues. Its role in cancer, however, has been enigmatic, in part because tumors are pathogenic while at the
same time self-derived. In this study, we show that cell transformation induces expansion of tissue-resident ILC1ls and ILTC1s
with potent cytolytic activities against tumor cells, thus defining

Figure 6. ILC1ls and ILTC1s Exhibit Potent
Cytotoxic Activities Against Tumor Cells
(A–C) Lymphocyte populations were purified and
cultured from pooled tumors of 20- to 24-week-old
PyMT (A–C) and Prf1 / PyMT mice (C), incubated
at a 1:1 ratio with AT-3 tumor cells, and imaged in
polydimethylsiloxane wells in the presence of propidium iodide (PI).
(A) Time-lapse montage showing the killing (marked
by the red signal indicative of PI staining) of AT3
target cells (indicated by a yellow asterisk) by ILC1l,
TCRab+ ILTC1, TCRgd+ ILTC1, cNK, TCRab+
CD8a+NK1.1 , and TCRgd+NK1.1 cells (shown by
arrowheads). Time (hours:minutes:seconds) is
shown at the top of each image with the initial
co-appearance of target and effector cells in the
well set at 0. Scale bar, 10 mm.
(B–C) Quantification of killing efficiency defined by
number of wells with PI signal over total number of
wells with background cell death subtracted. Wells
containing one effector lymphocyte were included
for quantification, and only a single killing event per
well was counted (n = 20–100). Filled and open bars
represent killing efficiency of cells sorted from
WT PyMT and Prf1 / PyMT mice, respectively (C)
Data are pooled from two to three independent
experiments. Error bars represent the mean ±
SEM. One-way ANOVA was used for statistical
analysis. ****p < 0.0001.
(D) Total tumor burden of Prf1 / PyMT and WT
PyMT mice monitored between 8 and 15 weeks of
age (n = 7–11). Error bars represent the mean ±
SEM. Two-way ANOVA was used for statistical
analysis. *p < 0.05.
See also Figure S7 and Movies S1–S6.

an unprecedented class of immune response well suited for
the surveillance of nascent transformed cells.
Tumor-associated ILC1ls appear to be transcriptionally
distinct but functionally related to cNK cells and, at the same
time, transcriptionally related but phenotypically different from
conventional CD127+ ILC1s. Recent cell-lineage tracing experiments have revealed that CD127+ ILCs and cNK cells originate
from separate progenitors (Constantinides et al., 2014; Klose
et al., 2014). In line with these observations, studies using
an Eomes-reporter mouse strain have demonstrated that the
liver-resident CD127+CD103 Eomes ILC1s, also known as
liver-resident NK cells (Peng et al., 2013; Sojka et al., 2014) or
immature NK cells (Takeda et al., 2005), are a stable population
and do not give rise to cNK cells in cell transfer experiments
(Daussy et al., 2014). Generation of mammary tissue ILC1ls,
but not cNK cells, is independent of Nfil3, a feature shared
with the ILC1-like population from the salivary gland (Cortez
et al., 2014), suggesting that ILC1ls are developmentally distinct
from cNK cells as well. Intriguingly, two populations of ILC1s with
differential expression of CD127 and CD103 have recently been
identified in humans (Bernink et al., 2015; Bernink et al., 2013;
Fuchs et al., 2013). Unlike CD127+ ILC1s that can be converted
to ILC3s by polarization cytokines, CD103+ ILC1s are refractory
to such conversion, implying that CD103+ ILC1s and CD127+
ILC1s are distinct cell populations (Bernink et al., 2015). Notwithstanding, whether mouse ILC1ls and human CD103+ ILC1s are
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Figure 7. IL-15 Regulates ILC1l and ILTC1 Generation Impacting on Tumor Growth
(A) Flow cytometric analyses of CD49a and CD49b expression in TCR NK1.1+ cells from pooled tumors of Nfil3 / PyMT and WT PyMT mice. Numbers in plots
indicate percentage of CD49ahiCD49b (ILC1l) and CD49a CD49b+ (cNK) cells in their respective gates. Data are representative of three independent
experiments.
(B) Flow cytometric analysis of CD49a and GzmB expression in CD45+ leukocytes from pooled tumors of Nfil3 / PyMT and WT PyMT mice. Numbers in plots
indicate percentage of CD49ahiGzmB+ cells. Data are representative of three independent experiments.
(C) Total tumor burden of Nfil3 / PyMT and WT PyMT mice monitored between 8 and 15 weeks of age (n = 3–6).
(D) Flow cytometric analysis of CD122 expression in the indicated cell populations isolated from pooled mammary glands of 8-week-old PyMT mice. Data are
representative of five independent experiments.
(E) Flow cytometric analysis of CD49a and GzmB expression in CD45+ leukocytes isolated from pooled mammary glands of 8-week-old Il15 / PyMT and WT
PyMT mice. Numbers in plots indicate percentage of CD49ahiGzmB+ cells.
(F) Total tumor burden of Il15 / PyMT and WT PyMT mice monitored between 8 and 15 weeks of age (n = 14–17).
(G) Flow cytometric analysis of CD49a and GzmB expression in CD45+ leukocytes isolated from pooled mammary glands of 8-week-old IL-15TgPyMT and WT
PyMT mice. Numbers in plots indicate percentage of CD49ahiGzmB+ cells.
(H) Total tumor burden of IL-15TgPyMT and WT PyMT mice monitored between 8 and 15 weeks of age (n = 11–15).
(C, F, and H) Error bars represent the mean ± SEM. Two-way ANOVA was used for statistical analysis. n.s. = not significant, *p < 0.05, **p < 0.01.
See also Figure S7.

related and represent the third lineage of type 1 innate lymphocytes and whether CD103 is a stable cell-surface marker and
can be well used for cell classification await future characterization of their exact developmental pathways in mouse and
human.
ILTC1s are tissue-resident T lymphocytes with innate cytolytic
activities against tumor cells. Based on the expression of co-receptors, TCRab+ ILTC1s can be divided into CD4 CD8a and
CD4 CD8a+ subsets. The varying expression of co-receptors
along with high expression of CD103 and several NK cell receptors in TCRab+ ILTC1s was reminiscent of that of TCRab+ intestinal epithelial lymphocytes (IELs) (Cheroutre et al., 2011). Recent
studies have revealed that TCRab+ IELs are selected by agonist
374 Cell 164, 365–377, January 28, 2016 ª2016 Elsevier Inc.

antigens associated with diverse MHC specificities in the thymus
(Mayans et al., 2014; McDonald et al., 2014). Several innate-like
TCRgd+ T cells subsets have also been shown to require a strong
TCR signal for their thymic differentiation (Wencker et al., 2014).
Yet, upon maturation, these cells undergo attrition of TCR
signaling, concomitant with acquisition of responsiveness
to innate immune signals (Wencker et al., 2014). Notably,
compared to conventional tumor-associated TCRgd+ and
TCRab+CD8+ T cells, ILTC1s exhibit profound downregulation
of several TCR signaling molecules and do not undergo T cell
exhaustion. These observations raise the intriguing possibility
that ILTC1s may deviate from conventional lineage of T cells
following their agonistic selection in the thymus and attenuation

of TCR signaling in the periphery. Defining the selection antigens
for ILTC1s and the mechanisms of signal rewiring will clarify the
ontogeny of ILTC1s and how they are related to IELs and other
innate-like TCRgd+ T cell subsets.
ILC1ls and ILTC1s share a common transcriptional signature, respond similarly to tumors, and are functionally alike.
Their rapid response in precancerous lesions could be attributed to their ability to sense tumor-associated stress signals
such as the NKG2D ligands that are induced in transformed
cells (Raulet et al., 2013). Similar to cNK cells, ILC1ls and
ILTC1s constitutively express NKG2D. Notably, the lack of
cNK cells in Nfil3 / -deficient mice does not affect tumor
growth, implying that the previously demonstrated tumor suppressor function of NKG2D (Guerra et al., 2008) may be attributed to ILC1ls and ILTC1s instead of cNK cells. In fact,
although cNK cells are found in tumor tissues and exhibit cytotoxic activities against tumor cells in vitro, they do not expand
in precancerous lesions. Furthermore, cNK cells are a recirculating population, which is in contrast to the tissue-resident
ILC1ls and ILTC1s. Such distinct tissue localization likely
makes ILC1ls and ILTC1s unique sentinels of transformed
epithelium. It is interesting to note that one of the markers
shared among these cell populations is the epithelial cadherin
(E-cadherin) receptor CD103. CD103 interaction with E-cadherin promotes cytotoxic T cell killing of target cells (Le Floc’h
et al., 2007). Future studies will determine whether CD103
is crucial for tumor sensing and killing mediated by ILC1ls
and ILTC1s.
Generation of ILC1ls and ILTC1s is dependent on the cytokine IL-15. However, it remains unknown whether IL-15 promotes their differentiation, homeostasis, and/or activation
in transformed tissues. Constitutive IL-15 overexpression
expands ILC1ls and ILTC1s, but the endogenous cellular
sources of IL-15 involved in their regulation remain to be
determined. IL-15 is expressed in epithelial cells as well as
stromal cell populations and requires trans-presentation to
regulate target cells (Burkett et al., 2004). In celiac disease, intestinal epithelial cells produce excessive amounts of IL-15 to
activate IELs (Jabri and Sollid, 2009). Interestingly, a recent
study showed that deletion of the IL15 gene in colorectal
cancer is associated with reduced lymphocyte proliferation
concomitant with enhanced risk of tumor recurrence and
poor patient outcome (Mlecnik et al., 2014). These findings
imply that secretion of IL-15 by tumor cells may promote
cancer immunosurveillance. In agreement with this hypothesis, IL-15 is induced in senescent tumor cells in a transplantable tumor model and may cooperate with NKG2D to eliminate
tumor cells (Iannello et al., 2013). Nevertheless, the definitive
function of tumor-produced IL-15 in cancer immunosurveillance awaits the generation of a tumor-specific, IL-15-deficient mouse model.
ILC1l- and ILTC1-associated responses are observed in
two oncogene-induced murine cancer models, suggesting that
they may represent a general mechanism of cancer immunosurveillance. Future studies will reveal whether the ILC1l- and
ILTC1-associated responses are induced and modulated in
human cancers and whether their activities can be manipulated
for cancer immunotherapy.

EXPERIMENTAL PROCEDURES
Mice
MMTV-PyMT mice were backcrossed to the C57BL/6 background for ten
generations as previously described (Franklin et al., 2014). Tramp, Cd1d / ,
Prf1 / , and CD45.1+ congenic mice were purchased from Jackson Laboratory. Il15 / mice were purchased from Taconic Farms. Nfil3 / mice
were previously described (Kashiwada et al., 2010) and kindly provided
to us by P. Rothman. IL-15 Transgenic mice were previously described
(Marks-Konczalik et al., 2000) and kindly provided to us by T. Waldmann
and Y. Tagaya. Littermate controls were used in all experiments when
possible. All mice were bred and maintained in a specific, pathogen-free facility at MSKCC, and animal experimentation was conducted in accordance
with institutional guidelines. For tumor measurement, pathology scoring,
and ex vivo immune cell analyses, see Supplemental Experimental Procedures for details.
RNaseq and Transcriptome Analysis
cDNA libraries were generated from RNA purified from immune cell populations, amplified using the SMARTer RACE Amplification Kit (Clontech), and
sequenced in replicate for 40 million reads using 50 bp paired-end at the Integrated Genomics Operation Core Facility at MSKCC. The raw output BAM files
were converted to FASTQ using PICARD. All heatmaps and PCA plots were
generated using the ggplot2 package. All analyses after count table generation
were conducted in the R statistical environment. For detailed analyses, see
Supplemental Experimental Procedures.
Statistic Analysis
Two-tailed unpaired t test, one-way ANOVA, and two-way ANOVA were used
to calculate statistical significance using Prism 6 software (GraphPad). A
p value of <0.05 was considered statistically significant.
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