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 ABSTRACT  Immune checkpoint blockade represents a major breakthrough in cancer therapy; 
however, responses are not universal. Genomic and immune features in pretreatment 

tumor biopsies have been reported to correlate with response in patients with melanoma and other can-
cers, but robust biomarkers have not been identifi ed. We studied a cohort of patients with metastatic 
melanoma initially treated with cytotoxic T-lymphocyte–associated antigen-4 (CTLA4) blockade ( n  = 53) 
followed by programmed death-1 (PD-1) blockade at progression ( n  = 46), and analyzed immune signa-
tures in longitudinal tissue samples collected at multiple time points during therapy. In this study, we 
demonstrate that adaptive immune signatures in tumor biopsy samples obtained early during the course 
of treatment are highly predictive of response to immune checkpoint blockade and also demonstrate 
differential effects on the tumor microenvironment induced by CTLA4 and PD-1 blockade. Importantly, 
potential mechanisms of therapeutic resistance to immune checkpoint blockade were also identifi ed. 

  SIGNIFICANCE:  These studies demonstrate that adaptive immune signatures in early on-treatment 
tumor biopsies are predictive of response to checkpoint blockade and yield insight into mechanisms of 
therapeutic resistance. These concepts have far-reaching implications in this age of precision medicine 
and should be explored in immune checkpoint blockade treatment across cancer types.  Cancer Discov; 
6(8); 827–37. ©2016 AACR.  
See related commentary by Teng et al., p. 818.     
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Hallmarks of cancer

therapies. For example, the deployment of apoptosis-inducing
drugs may induce cancer cells to hyperactivate mitogenic
signaling, enabling them to compensate for the initial attrition
triggered by such treatments. Such considerations suggest
that drug development and the design of treatment protocols
will benefit from incorporating the concepts of functionally
discrete hallmark capabilities and of the multiple biochemical
pathways involved in supporting each of them. Thus, in partic-
ular, we can envisage that selective cotargeting of multiple
core and emerging hallmark capabilities and enabling character-
istics (Figure 6) in mechanism-guided combinations will result in
more effective and durable therapies for human cancer.

CONCLUSION AND FUTURE VISION

We have sought here to revisit, refine, and extend the concept of
cancer hallmarks, which has provided a useful conceptual
framework for understanding the complex biology of cancer.

The six acquired capabilities—the hallmarks of cancer—have
stood the test of time as being integral components of most
forms of cancer. Further refinement of these organizing princi-
ples will surely come in the foreseeable future, continuing the
remarkable conceptual progress of the last decade.
Looking ahead, we envision significant advances during the

coming decade in our understanding of invasion andmetastasis.
Similarly, the role of aerobic glycolysis in malignant growth will
be elucidated, including a resolution of whether this metabolic
reprogramming is a discrete capability separable from the core
hallmark of chronically sustained proliferation. We remain
perplexed as to whether immune surveillance is a barrier that
virtually all tumors must circumvent, or only an idiosyncrasy of
an especially immunogenic subset of them; this issue too will
be resolved in one way or another.
Yet other areas are currently in rapid flux. In recent years, elab-

orate molecular mechanisms controlling transcription through
chromatin modifications have been uncovered, and there are

Figure 6. Therapeutic Targeting of the Hallmarks of Cancer
Drugs that interfere with each of the acquired capabilities necessary for tumor growth and progression have been developed and are in clinical trials or in some
cases approved for clinical use in treating certain forms of human cancer. Additionally, the investigational drugs are being developed to target each of the
enabling characteristics and emerging hallmarks depicted in Figure 3, which also hold promise as cancer therapeutics. The drugs listed are but illustrative
examples; there is a deep pipeline of candidate drugs with different molecular targets and modes of action in development for most of these hallmarks.

668 Cell 144, March 4, 2011 ª2011 Elsevier Inc.

Modified from Hanahan et al., Cell 2011
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The cancer-immunity cycle

to (step 4) and infiltrate the tumor bed (step 5), specifically recog-
nize and bind to cancer cells through the interaction between its
T cell receptor (TCR) and its cognate antigen bound to MHCI
(step 6), and kill their target cancer cell (step 7). Killing of the can-
cer cell releases additional tumor-associated antigens (step 1
again) to increase the breadth and depth of the response in sub-
sequent revolutions of the cycle. In cancer patients, the Cancer-
Immunity Cycle does not perform optimally. Tumor antigensmay
not be detected, DCs and T cells may treat antigens as self rather
than foreign thereby creating T regulatory cell responses rather
than effector responses, T cells may not properly home to
tumors, may be inhibited from infiltrating the tumor, or (most
importantly) factors in the tumor microenvironment might sup-
press those effector cells that are produced (reviewed by Motz
and Coukos, 2013).

The goal of cancer immunotherapy is to initiate or reinitiate a
self-sustaining cycle of cancer immunity, enabling it to amplify
and propagate, but not so much as to generate unrestrained
autoimmune inflammatory responses. Cancer immunotherapies
must therefore be carefully configured to overcome the negative
feedback mechanisms. Although checkpoints and inhibitors are
built into each step that oppose continued amplification and can

dampen or arrest the antitumor immune response, the most
effective approaches will involve selectively targeting the rate-
limiting step in any given patient. Amplifying the entire cycle
may provide anticancer activity but at the potential cost of
unwanted damage to normal cells and tissues. Many recent clin-
ical results suggest that a common rate-limiting step is the im-
munostat function, immunosuppression that occurs in the tumor
microenvironment (Predina et al., 2013; Wang et al., 2013).
Initiating Anticancer Immunity: Antigen Release,
Presentation, and T Cell Priming
Attempts to activate or introduce cancer antigen-specific T cells,
as well as stimulate the proliferation of these cells over the last 20
years, have led to mostly no, minimal or modest appreciable
anticancer immune responses. The majority of these efforts
involved the use of therapeutic vaccines because vaccines can
be easy to deploy and have historically represented an approach
that has brought enormous medical benefit (reviewed by Pal-
ucka and Banchereau, 2013). Yet, cancer vaccines were limited
on two accounts. First, until recently, there was a general lack of
understanding of how to immunize human patients to achieve
potent cytotoxic T cell responses. This limitation reflects
continued uncertainties concerning the identities of antigens to

Figure 1. The Cancer-Immunity Cycle
The generation of immunity to cancer is a cyclic process that can be self propagating, leading to an accumulation of immune-stimulatory factors that in principle
should amplify and broaden T cell responses. The cycle is also characterized by inhibitory factors that lead to immune regulatory feedback mechanisms, which
can halt the development or limit the immunity. This cycle can be divided into seven major steps, starting with the release of antigens from the cancer cell and
ending with the killing of cancer cells. Each step is described above, with the primary cell types involved and the anatomic location of the activity listed. Ab-
breviations are as follows: APCs, antigen presenting cells; CTLs, cytotoxic T lymphocytes.

2 Immunity 39, July 25, 2013 ª2013 Elsevier Inc.
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T cell response regulation

• Multiple co-stimulatory and inhibitory 

interactions for regulation

• “Checkpoint-Inhibitors”

• In lymph nodes or in peripheral tissue

• Bidirectional communication between 

APC/cancer cells and T cells

Nature Reviews | Cancer

CD28CD80 or CD86

CD40LCD40

CTLA4CD80 or CD86

ICOSB7RP1

OX40L OX40

CD137CD137L

?PDL1 or PDL2

Antigen-presenting cell T cell

PD1PDL1 or PDL2

?B7-H3

BTLAHVEM

KIR

MHC class I or II TCR

LAG3

CD27CD70

TIM3GAL9

A2aR
Adenosine

+

–

–

–

–

–

–

–

+

+

?B7-H4

+

+

+

Signal 1

Cytokines
(TGFβ, IL-1,
IL-6, IL-10,
IL-12, IL-18)

+

Peptide

–

–

CD4+ helper T cells
T cells that are characterized 
by the expression of CD4. They 
recognize antigenic peptides 
presented by MHC class II 
molecules. This type of T cell 
produces a vast range of 
cytokines that mediate 
inflammatory and effector 
immune responses. They also 
facilitate the activation of CD8+ 
T cells and B cells for antibody 
production.

the expression of which determines the TReg cell line-
age34,35, and TReg cells therefore express CTLA4 consti-
tutively. Although the mechanism by which CTLA4 
enhances the immunosuppressive function of TReg 
cells is not known, TReg cell-specific CTLA4 knockout 
or blockade significantly inhibits their ability to regu-
late both autoimmunity and antitumour immunity30,31. 
Thus, in considering the mechanism of action for 
CTLA4 blockade, both enhancement of effector CD4+ 
T cell activity and inhibition of TReg cell-dependent  
immunosuppression are probably important factors.

Clinical application of CTLA4-blocking antibodies — 
the long road from mice to FDA approval. Initially, 
the general strategy of blocking CTLA4 was ques-
tioned because there is no tumour specificity to the 

expression of the CTLA4 ligands (other than for some 
myeloid and lymphoid tumours) and because the dra-
matic lethal autoimmune and hyperimmune pheno-
type of Ctla4-knockout mice predicted a high degree of 
immune toxicity associated with blockade of this recep-
tor. However, Allison and colleagues36 used preclinical 
models to demonstrate that a therapeutic window was 
indeed achieved when CTLA4 was partially blocked with 
antibodies. The initial studies demonstrated significant 
antitumour responses without overt immune toxicities 
when mice bearing partially immunogenic tumours were 
treated with CTLA4 antibodies as single agents. Poorly 
immunogenic tumours did not respond to anti-CTLA4 as 
a single agent but did respond when anti-CTLA4 was 
combined with a granulocyte–macrophage colony-
stimulating factor (GM-CSF)-transduced cellular 

Figure 1 | Multiple co-stimulatory and inhibitory 
interactions regulate T cell responses. Depicted are 
various ligand–receptor interactions between T cells and 
antigen-presenting cells (APCs) that regulate the T cell 
response to antigen (which is mediated by peptide–
major histocompatibility complex (MHC) molecule 
complexes that are recognized by the T cell receptor 
(TCR)). These responses can occur at the initiation of 
T cell responses in lymph nodes (where the major APCs 
are dendritic cells) or in peripheral tissues or tumours 
(where effector responses are regulated). In general, 
T cells do not respond to these ligand–receptor 
interactions unless they first recognize their cognate 
antigen through the TCR. Many of the ligands bind to 
multiple receptors, some of which deliver co-stimulatory 
signals and others deliver inhibitory signals. In general, 
pairs of co-stimulatory–inhibitory receptors that bind the 
same ligand or ligands — such as CD28 and cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA4) — display 
distinct kinetics of expression with the co-stimulatory 
receptor expressed on naive and resting T cells, but the 
inhibitory receptor is commonly upregulated after T cell 
activation. One important family of membrane-bound 
ligands that bind both co-stimulatory and inhibitory 
receptors is the B7 family. All of the B7 family members 
and their known ligands belong to the immunoglobulin 
superfamily. Many of the receptors for more recently 
identified B7 family members have not yet been identified. 
Tumour necrosis factor (TNF) family members that bind 
to cognate TNF receptor family molecules represent a 
second family of regulatory ligand–receptor pairs. These 
receptors predominantly deliver co-stimulatory signals 
when engaged by their cognate ligands. Another major 
category of signals that regulate the activation of T cells 
comes from soluble cytokines in the microenviron- 
ment. Communication between T cells and APCs is 
bidirectional. In some cases, this occurs when ligands 
themselves signal to the APC. In other cases, activated 
T cells upregulate ligands, such as CD40L, that engage 
cognate receptors on APCs. A2aR, adenosine A2a 
receptor; B7RP1, B7-related protein 1; BTLA, B and T 
lymphocyte attenuator; GAL9, galectin 9; HVEM, 
herpesvirus entry mediator; ICOS, inducible T cell 
co-stimulator; IL, interleukin; KIR, killer cell immunoglobulin- 
like receptor; LAG3, lymphocyte activation gene 3;  
PD1, programmed cell death protein 1; PDL, PD1 ligand; 
TGFβ, transforming growth factor-β; TIM3, T cell 
membrane protein 3.
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Limitations

• Response rates 8-44%

• Those that do not response: severe AEs

• Costs: $300.000 / patient (Ipi + Nivo Combo)

Topalian et al., N Engl J Med 2012
Topalian et al., J Clin Oncol 2014
Wolchok et al., Ann Oncol 2013

Nature Reviews | Clinical Oncology
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Updated information on ipilimumab-related adverse 
events is provided by data from the large phase III trials 
KEYNOTE-006 (REF. 33) and CheckMate-067 (REF. 37). 
Adverse events of any grade were reported in 73–86% 
of the patients treated with ipilimumab 3 mg/kg in 
these trials33,45. The most commonly observed adverse 
events were pruritus (in 25–35% of patients), diarrhoea 
(in 23–33% of patients), rash (in 15–33% of patients) 
and fatigue (in 15–28% of patients). Grade 3–4 adverse 
events were reported in 20–27% of patients, the most 
frequent being diarrhoea (in 3–6% of patients). Causes 
of treatment-related deaths included cardiac arrest (in 
one patient) and diarrhoea with metabolic imbalance 
(in one patient)33,45.

Data providing formal comparisons of irAEs occur-
ring at doses of 3 mg/kg versus 10 mg/kg of ipilimumab 
are still lacking; although, results of the phase II trial 
CA184-022, where ipilimumab was given at the doses 
of 0.3 mg/kg, 3 mg/kg and 10 mg/kg suggest that the 
incidence of irAEs of any grade increases with higher 
doses of ipilimumab15. The incidence of grade 3–4 
irAEs was less than 5% in all treatment groups, except 
for gastrointestinal adverse events in patients treated 
with 10 mg/kg doses of ipilimumab (11%)15. In a trial 
conducted in the adjuvant setting86 (EORTC 18071), 
where ipilimumab was given to a distinct high-risk 
population of patients at a dose of 10 mg/kg, the treat-
ment was associated with a higher incidence of irAEs 
than that previously observed with use of lower doses. 
The rate of grade 3–5 adverse events was 54%, 45% 

of which were immune-related. For example, grade 3 
endocrine disorders were reported in 9% of patients 
treated with 10 mg/kg ipilimumab at 10 mg/kg versus 
2% with 3 mg/kg in patients with metastatic melanoma 
in the MDX010-20 trial16,86.

Enterocolitis and/or diarrhoea. In several pivotal 
trials, approximately one third of patients treated with 
3 mg/kg ipilimumab had diarrhoea of any grade15,16,87. 
In the same studies, colitis was reported in 8–22% of 
the patients who received ipilimumab. The incidence of 
diarrhoea and colitis increased when the dose of ipili-
mumab was increased from 3 mg/kg to 10 mg/kg (25% 
and 6% of diarrhea and colitis of all grades, respec-
tively, with ipilimumab 3 mg/kg versus 39% and 6% 
with ipilimumab 10 mg/kg)15. Grade 3 diarrhoea is the 
most frequent adverse event leading to discontinu ation 
of treatment by patients receiving ipilimumab15,88. Of 
note, patients’ diarrhoea is often described as ‘watery’, 
and this is often the only noticeable symptom of 
ipilimumab- induced enterocolitis, with severe abdomi-
nal pain and haematochezia being observed less fre-
quently87,89. Thus, many patients with watery diarrhoea 
might, in fact, have immune-mediated enterocolitis. In 
clinical practice, therefore, we recommend performing 
sigmoidoscopy or colonoscopy in patients with severe 
(≥grade 2) diarrhoea. Sigmoidoscopy is safe in patients 
with inflammatory bowel disease and is recommended 
in those with severe colitis90. Extra-intestinal mani-
festations such as arthralgia are observed in up to one 

Figure 2 | The most common adverse events in patients treated with ipilimumab, pembrolizumab, nivolumab, 
or ipilimumab plus nivolumab. Incidence per 1,000 person-months. These incidences include data from the following 
t e A (REF. 16) E E (REF. 30) E E r n e rt 31 E E (REF. 32), 
E E (REF. 33), CheckMate-037 (REF. 100), CheckMate-066 (REF. 29), CheckMate-067 (REF. 45), and 

CheckMate-069 (REF. 44).
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fourth of the patients with ipilimumab- induced entero-
colitis89. Lower gastrointestinal endoscopic investi-
gations in these patients typically reveal erythema, 
mucosal friability or ulceration, predominantly in 
the distal colon. Histological features of ipilimumab- 
induced colitis include neutrophilic inflammation 
(in 46% of patients), lymphocytic infiltration alone (in 
15% of patients), or both neutrophilic and lympho-
cytic inflammation (in 38% of patients)91. Neutrophilic 
inflammation is predominantly associated with cryptitis 
and crypt abscesses, whereas lymphocytic inflamma-
tion is characterized by the presence of increased CD8+ 
T cells within the crypt epithelium, and elevated CD4+ 
T-cell levels in the lamina propria91. Granulomas and 
chronic inflammation with distorted crypt architecture 
are rare. Endoscopic and/or microscopic inflammation 
of the oesophagus, stomach, duodenum and ileum 
might also occur. Data from a longitudinal study have 
shown that an infiltration of the colonic lamina pro-
pria with neutrophils, plasma cells and lymphocytes 
occurs 1–2 weeks after the first infusion of ipilimumab, 
in 25% of patients92. Data from the same study have 
shown that ipilimumab induces increases in faecal cal-
protectin levels and antibody titres to microbial flora, 
although these changes are not predictive of colitis92. 
Taken together, these findings suggest that ipilimumab- 
induced enterocolitis is a peculiar form of inflammatory 
bowel disease with features of ulcerative colitis (inflam-
mation predominating in the colon) and Crohn disease 
(reflecting possible involvement of the distal ileum 
and granuloma). A response to corticosteroids occurs 
after a mean delay of 16 days (2.3 weeks). Patients with 
severe, corticosteroid-resistant, non-perforated colitis 
should receive infliximab to manage these symptoms91. 
Fatal bowel perforation has been reported in one 
patient with metastatic melanoma in the MDX010-20 
trial85; bowel perforation has also been described in 
three patients with renal cell carcinoma and one with 

melanoma, of which two perforations were fatal, as 
reported in an analysis of enterocolitis in patients who 
received ipilimumab91.

Skin-related events. Skin-related irAEs occur in 43–45% 
of patients receiving ipilimumab, with rash and pruri-
tus being the most commonly observed skin-related 
events, followed by vitiligo15,16,93. Ipilimumab-induced 
rash is typically either asymptomatic or associated with 
pruritus. Rash of this aetiology is typically reticular, 
erythematous, oedematous and maculopapular, and 
generally affects the trunk and extremities. Rash can 
occur concomitantly with the regression of subcutan-
eous nodules and might be predominant around nevi, 
suggesting an inflammatory reaction against melano-
cytes93. Histologically, a perivascular lymphocytic and 
eosinophilic infiltrate extending into the superficial 
dermis and up into the epidermis can be observed in 
patients with this type of rash. This lymphocytic infil-
trate is composed of CD4+ and CD8+ T cells. Both 
CD4+ T cells and melan-A-specific CD8+ T cells have 
been observed next to the apoptotic melanocytes93. Skin 
irAEs are generally managed symptomatically with 
emollients, antihistamines, and topical corticosteroids. 
Life-threatening Stevens–Johnson syndrome and toxic 
epidermal necrolysis have also been reported, with his-
tologically severe leukocytoclastic vasculitis and necrosis 
of keratinocytes; although, these complications are rare 
(observed in one patient)16,93.

Endocrine-related events. Ipilimumab can affect the 
endocrine system, especially in the pituitary gland, in 
6–8% of patients treated with this therapy88. Ipilimumab-
associated hypophysitis, an inflammatory condition 
affecting the pituitary gland, typically presents as either 
panhypopituitarism or isolated anterior pituitary hor-
mone deficiency. Symptoms include fatigue, headache, 
vertigo, memory difficulties and visual disturbances. 

Figure 3 | Adverse events of special interest noted with immune-checkpoint inhibitors. These adverse events are 
re t re t t t n t e ne te re rte n t ent tre te t ipilimumab, pembrolizumab, 

nivolumab or ipilimumab plus nivolumab. Incidence per 1,000 person-months; these incidences include data from the 
n t e A (REF. 16) E E (REF. 30) E E r n e rt 31 E E

(REF. 32) E E (REF. 33), CheckMate-037 (REF. 100), CheckMate-066 (REF. 29), CheckMate-067 (REF. 45), and 
CheckMate-069 (REF. 44).
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Aim of the study

• Lack of predictive biomarkers

• Genomic, immune predictors investigated in pretreatment biopsies 1-7

• CD8, CD4, PD1, PD-L1 densities in pretreatment biopsies 8,9

• Mutational load, neoantigen structure 10, 11

• Different effects of CIs on transcriptional profiles of TILs, JAK STAT 12

1Topalian et al., N Engl J Med 2012
2Andtbacka et al., J Clin Oncol 2015
3Larkin et al., N Engl J Med 2015
4Postow et al., N Engl J Med 2015
5Wolchok et al., N Engl J Med 2013
6Topalian et al., J Clin Oncol 2014
7Rizvi et al., Science 2015

8Tumeh et al., Nature 2014
9Taube et al., Clin Cancer Res 2014
10Van Allen et al., Science 2015
11Snyder et al., N Engl J Med 2014
12Gubin et al., Nature 2014

à no robust results

à Need for comprehensive analyses of longitudinal tumor samples
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Patients and methods

 AUGUST  2016!CANCER DISCOVERY | 829 

Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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Patients and methods

• Biopsies: 

• Of the most safely accessible sites at different time points

• IHC: (88 FFPE)

• CD3, CD4, CD8, FOXP3, Granzyme B, CD57, CD20, CD45RO, LAG3, PD-1, PD-
L1, CD14, CD33, CD68, CD163, CD206 

• à all were calculated by positive cells/mm2

• à PD-1: H score (0-300) = +cells with membrane staining (%) / intensity of staining 

• Immunofluorescence: (19 samples)

• DAPI, CD8, CD68 (potential myeloid-T cell interaction?)
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Patients and Methods

• NanoString analyses: (54 samples following immune profiling)

1. FFPE à RNA extraction (1µg tissue RNA / string assay)

2. Mixed with specific NanoString code set mix à hybridization overnight

3. Loading on nCounter Prep Station (binding + washing)

4. Scanning / analyzing / data collection

• Gene expression profiling (GEP) analysis: 795-probe codeset 

• Immune related genes; common cancer signaling related genes
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Results

Immune profiling in early on-treatment biopsies 
is predictive of response to CTLA-4 blockade

 AUGUST  2016!CANCER DISCOVERY | 829 

Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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Results

Immune profiling in early on-treatment biopsies 
is highly predictive of response to PD-1 blockade
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Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 2.       Immune profi ling in early on-treatment biopsies is highly predictive of response to PD-1 blockade. Longitudinal tumor biopsies were per-
formed (at pretreatment, early on-treatment, and late on-treatment/progression time points) in patients undergoing treatment with PD-1 blockade 
( n  = 47). The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders (R) and nonresponders 
(NR) to PD-1 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti–PD-1 ( n  = 24; 7 responders and 17 nonresponders), 
on-treatment anti–PD-1 (doses 2–3;  n  = 11; 5 responders and 6 nonresponders), and progression anti–PD-1 ( n  = 12) biopsies (Supplementary Table S1C). 
CD8 ( A ), CD4 ( B ), CD3 ( C ), PD-1 ( D ), PD-L1 (H-score) ( E ), and LAG3 ( F ) density are shown in responders versus nonresponders. Representative images at 
pretreatment ( G ) and early on-treatment ( H ) time points are shown in responders versus nonresponders to PD-1 blockade (20× magnifi cation). Error bars, 
SEM. *,  P  ≤ 0.05; **,  P  ≤ 0.01; ***,  P  ≤ 0.001; ****,  P  ≤ 0.0001; n.s., not signifi cant. Scale bars, 200 µm.    
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Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 2.       Immune profi ling in early on-treatment biopsies is highly predictive of response to PD-1 blockade. Longitudinal tumor biopsies were per-
formed (at pretreatment, early on-treatment, and late on-treatment/progression time points) in patients undergoing treatment with PD-1 blockade 
( n  = 47). The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders (R) and nonresponders 
(NR) to PD-1 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti–PD-1 ( n  = 24; 7 responders and 17 nonresponders), 
on-treatment anti–PD-1 (doses 2–3;  n  = 11; 5 responders and 6 nonresponders), and progression anti–PD-1 ( n  = 12) biopsies (Supplementary Table S1C). 
CD8 ( A ), CD4 ( B ), CD3 ( C ), PD-1 ( D ), PD-L1 (H-score) ( E ), and LAG3 ( F ) density are shown in responders versus nonresponders. Representative images at 
pretreatment ( G ) and early on-treatment ( H ) time points are shown in responders versus nonresponders to PD-1 blockade (20× magnifi cation). Error bars, 
SEM. *,  P  ≤ 0.05; **,  P  ≤ 0.01; ***,  P  ≤ 0.001; ****,  P  ≤ 0.0001; n.s., not signifi cant. Scale bars, 200 µm.    
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Results

Gene expression profiling in longitudinal tumor biopsies 
is predictive of response
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Immune Signatures of Response to Checkpoint Blockade RESEARCH BRIEF

  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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  Figure 3.       Gene expression profi ling in longitudinal tumor biopsies is predictive of response in a unique cohort of patients treated with sequential 
CTLA4 and PD-1 blockade. Gene expression profi ling was performed via NanoString in longitudinal tumor biopsies from patients treated with sequential 
CTLA4 and PD-1 blockade ( n  = 54), including pretreatment anti–CTLA4 [ n  = 16; 5 responders (R) and 11 nonresponders (NR)], on-treatment anti-CTLA4 
( n  = 5; 3 responders and 2 nonresponders), and progression anti–CTLA4 biopsies ( n  = 15), pretreatment anti–PD-1 ( n  = 16; 7 responders and 9 nonre-
sponders), on-treatment anti–PD-1 (doses 2–3;  n  = 10; 5 responders and 5 nonresponders), and progression anti–PD-1 ( n  = 7) biopsies (Supplementary 
Tables S1D, S6A, and S9B–S9C). Volcano plots illustrate the log 2  fold change (FC) in gene expression (responders vs. nonresponders) on the x-axis and 
unadjusted  P  values from Student  t  tests between responders and nonresponders on the y-axis. Differentially expressed genes (FDR-adjusted  P  < 0.05 
and FC >2 or <−1/2) between responders and nonresponders were highlighted in green at the time of pretreatment ( A ) and on-treatment ( B ) CTLA4 
blockade, pretreatment ( C ) and on-treatment ( D ) PD-1 blockade. Interaction of time covariate (pretreatment, on-treatment) and response covariate 
(responders, nonresponders) was illustrated in volcano plots. Genes with signifi cant interaction were highlighted in green (FDR-adjusted  P  < 0.05 and 
interaction >1.5 or <−1.5) for CTLA4 blockade ( E ) and PD-1 blockade ( F ). Venn diagram illustrates shared and unique genes upregulated and downregu-
lated in CTLA4 (red) and PD-1 (blue) blockade over treatment time course ( G ).    
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101 downregulated DEGs were identifi ed in responders ver-
sus nonresponders to therapy ( Fig. 3E ; Supplementary Table 
S7), with upregulated DEGs similar to those described in 
previously published datasets ( 18 ). With PD-1 blockade, 370 
upregulated DEGs and 6 downregulated DEGs were identifi ed 
in responders versus nonresponders ( Fig. 3F ; Supplementary 
Table S8). Upregulated DEGs related to processes such as 
antigen presentation, T-cell activation, and T-cell homing. 
Importantly, we did not observe signifi cant differences in 
GEPs in PD-1–treated patients regardless of prior treatment 
with CTLA4 blockade (Supplementary Fig. S12; Supplemen-
tary Table S9A–S9C); however, the cohort was admittedly 
small and we cannot exclude the possibility that these GEPs 
may in part be due to prior treatment with CTLA4 blockade. 

 To investigate mechanistic differences between the two 
forms of immune checkpoint blockade, we next compared the 

response-associated DEGs (from pretreatment to on-treatment) 
in tumor biopsies of CTLA4- versus PD-1–treated patients. In 
this comparison, only 117 shared DEGs were upregulated for 
both CTLA4 and PD-1 blockade ( Fig.  3G ), with 56 upregu-
lated DEGs unique to CTLA4 blockade, and 253 unique to 
PD-1 blockade (FDR-adjusted  P  < 0.05; Supplementary Table 
S10). Analysis of shared downregulated DEGs revealed 99 
that were unique to CTLA4 blockade and 4 that were unique 
to PD-1 blockade (FDR-adjusted  P  < 0.05; Supplementary 
Table S10), with only two common DEGs in responders versus 
nonresponders across both forms of therapy, including dual 
serine/threonine and tyrosine protein kinase  (DSTYK)  and 
S100 Calcium Binding Protein A1  (S100A1) . 

 To complement these studies and to explore the dynamic 
changes in GEP between responders and nonresponders over 
the course of checkpoint blockade therapy, we compared 
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  Figure 1.       Immune profi ling in early on-treatment biopsies is predictive of response to CTLA4 blockade in a unique cohort of patients treated with 
sequential CTLA4 and PD-1 blockade.  A,  patients with metastatic melanoma were initially treated with CTLA4 blockade ( n  = 53) and nonresponders to 
CTLA4 blockade were then treated with PD-1 blockade ( n  = 46; Expanded Access Program for MK-3475 at the MD Anderson Cancer Center). Of these 46 
patients, 13 responded to PD-1 blockade, whereas 33 progressed. Tumor biopsy samples were collected at multiple time points during their treatment 
when feasible, including pretreatment, on-treatment, and progression anti–CTLA4 biopsies, and pretreatment, on-treatment (doses 2–3), and progression 
anti–PD-1 biopsies, for downstream immune profi ling by IHC and gene expression studies. The median elapsed time between tumor biopsies and treatment 
is shown for each time point. The profi le and kinetics of immune cell infi ltrates in the tumor microenvironment were compared between responders and 
nonresponders to CTLA4 blockade. Tumor samples available for immune profi ling by IHC included pretreatment anti-CTLA4 [ n  = 36; 5 responders (R) and 
31 nonresponders (NR)], on-treatment anti-CTLA4 ( n  = 5; 2 responders and 3 nonresponders) and progression anti-CTLA4 biopsies ( n  = 22). CD8 ( B ) and 
CD4 density ( C ), and PD-L1 H-score ( D ) in responders versus nonresponders on CTLA4 blockade are shown. Representative images at pretreatment ( E ) and 
early on-treatment ( F ) time points are shown in responders versus nonresponders to CTLA4 blockade (20× magnifi cation). Error bars, SEM. *,  P  ≤ 0.05; n.s., 
not signifi cant. Scale bars, 200 µm .    
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GEP results for paired (same-patient) biopsies taken before 
and after PD-1 blockade. Heat mapping of the fold change 
between paired biopsies for the 37 genes most frequently 
upregulated in responders and/or downregulated in nonre-
sponders (“Up-DEGs”) clustered responders separately from 
nonresponders ( Fig.  4 ; Supplementary Table S11A–S11B). 
Pathway analysis of Up-DEGs showed that response to 
PD-1 blockade involves an adaptive immune response, with 
increased expression of antigen presentation molecules and 
markers of T-cell activation in responding patients. Inter-
estingly, many Up-DEGs were actually downregulated in 
on-treatment samples of nonresponders compared with pre-
treatment, including interferon and HLA genes.    

  DISCUSSION 
 Immune checkpoint blockade therapies have revolutionized 

the treatment of advanced melanoma and other cancer types; 
however, only a fraction of patients benefi t from these treat-
ments as monotherapy, and robust predictors of response and 
mechanisms of therapeutic resistance are currently lacking. 
Though data suggest a correlation among clinical response, 
preexisting tumor-infi ltrating lymphocytes, T-cell repertoire, 
tumor-intrinsic mutational load, and neoantigens, the dem-
onstrated biomarker profi les between responders and non-
responders are often overlapping and not very robust ( 9, 15 ). 

 Together, the studies presented herein build on collec-
tive efforts to identify biomarkers of response and resistance 
to immune checkpoint blockade ( 13–15 ), and provide novel 
evidence that assessment of adaptive immune responses early 
in the course of therapy is highly predictive of response—with 
nonoverlapping immune signatures in responders versus non-
responders, particularly to PD-1 blockade. These data have 
important clinical implications and suggest that immune 
signatures in tumor biopsies should be evaluated early after 

initiation of treatment with immune checkpoint blockade 
rather than in pretreatment tumor samples—at least until 
better predictive markers in pretreatment tissue and blood 
samples may be identifi ed. This is highly relevant, as many 
clinical trials of immune checkpoint inhibitors currently 
mandate assessment of immune markers only in pretreat-
ment tumor tissue; however, our fi ndings suggest that we 
should reconsider this approach and assess adaptive immune 
responses in patients on therapy. Of note, we recognize 
the immune signatures observed in early on-treatment sam-
ples may simply be a consequence of the immune response 
to checkpoint inhibitors, and may not represent bona fi de 
mechanisms of therapeutic response. Additional studies are 
needed to fully delineate whether these immune signatures 
are responsible for, or a product of, the mechanisms underly-
ing the response—though are admittedly out of the context 
of the current study. Importantly, similar observations have 
been made in other tumor types ( 27 ), suggesting that such an 
approach could be applicable to other solid tumors—though 
this hypothesis needs to be tested more broadly. 

 These data also offer mechanistic insight into response to 
immune checkpoint blockade, suggesting that response to 
PD-1 blockade is related to enhanced cytolytic activity, antigen 
processing, and IFNγ pathway components ( 16, 17 ). Interest-
ingly,  VEGFA  was decreased in responders and increased in 
nonresponders to therapy, suggesting a mechanism of thera-
peutic resistance as observed by others ( 24–26 ) and a potential 
target for therapy. The antiangiogenesis pathway has been 
shown to interact with antitumor immunity through multi-
ple mechanisms. Previous studies demonstrate that increased 
VEGF secretion decreases T-cell effector function and traf-
fi cking to tumor ( 28, 29 ) and correlates with increased PD-1 
expression on CD8 T cells ( 25 ). In addition to direct effect on 
T cells, VEGF also decreases the number of immature dendritic 
cells as well as T-cell priming ability of mature dendritic cells 

  Figure 4.       NanoString paired analysis. For analysis of paired samples, raw NanoString counts were compared between samples after anti–PD-1 therapy 
with those in the corresponding pretreatment sample. Shown are the 37 genes most frequently upregulated in responders (R) and/or downregulated in 
nonresponders (NR), identifi ed by paired analysis.    
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Results - Summary

• Early-on CTLA-4 blockade: CD8 (R vs NR)

• Early-on PD-1 blockade: CD8, CD4, CD3, PD-1, PD-L1, LAG3 (R vs NR)

• GEP:
• Pre-CTLA-4; Early-on CTLA-4; Pre-PD-1: no differences in R vs NR
• Early-On PD-1: >400 up-expressed genes in R vs NR

• Pre-PD-1 versus Early-on PD-1: 370 dynamic changes in gene expression

• Paired biopsies: (Pre-PD-1 versus Early-On PD-1)
• Stratification of patients in NR and R based on the the GEP-changes 

IMMUNE SIGNATURES IN TUMOR BIOPSIES EARLY-ON TREATMENT ARE 
HIGHLY PREDICTIVE OF RESPONSE TO CIs 
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Discussion

• Only a fraction of patients benefits from immunotherapy

• Current approaches focus on assessing immune markers in pretreatment tissue

• Immune signatures in biopsies should be evaluated early after treatment 
initiation rather than in pre-treatment tissue

• Immune signatures in early on treatment rather a consequence of immune 
response to checkpoint-inhibitor than of therapeutic response?
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Personal opinion

• Fluently written, easy to understand

• Clinical relevance? (Early on treatment?)

• Early-on biopsies 1.4 months too early to assess response?

• GEP (37 genes) in each patient during treatment?

• Dynamic GEP only in 13 patients?

• In MM easy to perform re-biopsy, but for NSCLC? And other tumors?

• Liquid biopsy?


