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BACKGROUND. Immune checkpoint inhibitors provide significant clinical benefit to a subset of 
patients, but novel prognostic markers are needed to predict which patients will respond. This study 
was initiated to determine if features of patient T cell repertoires could provide insights into the 
mechanisms of immunotherapy, while also predicting outcomes.

METHODS. We examined T cell receptor (TCR) repertoires in peripheral blood of 25 metastatic 
pancreatic cancer patients treated with ipilimumab with or without GVAX (a pancreatic cancer 
vaccine), as well as peripheral blood and tumor biopsies from 32 patients treated with GVAX and 
mesothelin-expressing Listeria monocytogenes with or without nivolumab. Statistics from these 
repertoires were then tested for their association with clinical response and treatment group.

RESULTS. We demonstrate that, first, the majority of patients receiving these treatments 
experience a net diversification of their peripheral TCR repertoires. Second, patients receiving 
ipilimumab experienced larger changes in their repertoires, especially in combination with GVAX. 
Finally, both a low baseline clonality and a high number of expanded clones following treatment 
were associated with significantly longer survival in patients who received ipilimumab but not in 
patients receiving nivolumab.

CONCLUSIONS. We show that these therapies have measurably different effects on the peripheral 
repertoire, consistent with their mechanisms of action, and demonstrate the potential for TCR 
repertoire profiling to serve as a biomarker of clinical response in pancreatic cancer patients 
receiving immunotherapy. In addition, our results suggest testing sequential administration of 
anti–CTLA-4 and anti–PD-1 antibodies to achieve optimal therapeutic benefit.
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Introduction
Cancer immunotherapy has succeeded in providing unprecedented clinical benefit to a subset of  patients 
with many cancer types, including melanoma (1) and non–small cell lung cancer (2), while failing in others. 
Current US Food and Drug Administration–approved (FDA-approved) approaches involve blocking the 
function of  2 important molecules for T cell suppression, CTLA-4 and PD-1. In the majority of  advanced 
cancer patients, however, these approaches fail to work as monotherapies, and high relapse rates exist fol-
lowing successful treatments (3).

In particular, single-agent immunotherapy has failed to significantly reduce the mortality rate of  pan-
creatic ductal adenocarcinoma (PDA), in part due to its low mutation rate (4), low infiltration of  quality T 
cells, and unique immunosuppressive microenvironment (5). To overcome these obstacles and induce an 
antitumor T cell response, recent trials have combined GVAX (an allogeneic whole cell vaccine, composed 
of  2 cell lines genetically modified to secrete granulocyte macrophage CSF) with immune checkpoint inhib-
itors ipilimumab (6) (targeting CTLA-4) or nivolumab (7) (targeting PD-1), as well as CRS-207, a strain of  
Listeria monocytogenes expressing the cancer antigen mesothelin (8).

CTLA-4 is expressed on CD4+ and CD8+ T cells, and it inhibits T cell activation by competitively 
inhibiting the CD28 costimulatory receptor. Inhibition of  CTLA-4 allows peripheral T cells to more 
easily be activated by antigen presenting cells (APCs). PD-1, while also expressed by T cells, acts in a 
temporally and spatially distinct manner. When bound to its tumor-expressed ligand (PD-L1 or PD-L2), 
PD-1 prevents CD8+ T cells from engaging with the target cell. Inhibition of  this pathway allows preex-
isting and properly localized antitumor T cells to engage and destroy their target cells. Understanding 
the mechanisms by which some patients respond to these therapies while others do not is critical to 
improving the efficacy of  cancer immunotherapy. Additionally, the development of  biomarkers for clini-
cal response to these therapies will also be imperative for efforts to improve treatment efficacy.

The development of  high-throughput T cell receptor Vβ sequencing (HTTCS) has allowed the identi-
fication and temporal monitoring of  clones with high sensitivity (9). Immunotherapy trials in melanoma 
patients showed that inhibition of  CTLA-4 leads to a broadening of  the T cell receptor (TCR) reper-
toire; however, this expansion was also correlated with increased toxicity (10). TCR repertoire studies of  
patients treated with anti–PD-1 have focused primarily on the tumor repertoire, rather than the peripher-
al repertoire, due to the mechanism of  action of  anti–PD-1. Clinical responders have been shown to have 
a greater number of  expanded clones, as well as increased repertoire clonality among tumor-infiltrating 
lymphocytes (11).

In the current study, we analyze the peripheral TCR repertoires of  25 patients treated with ipilimumab 
with or without GVAX, and of  32 patients treated with GVAX and CRS-207 with or without nivolumab. In 
the latter trial, we also examine pre- and posttreatment tumor biopsies of  a subset of  9 patients. The results 
demonstrate that HTTCS can identify changes in the repertoire associated with each treatment arm and 
help identify likely responders using pretreatment blood samples.

Results
Differing effects of  CTLA-4 and PD-1 blockade on the peripheral TCR repertoires of  PDA patients. Preclinical data 
suggest that the CTLA-4 and PD-1 pathways play different roles in controlling T cell activation. Until 
recently, few studies were available to evaluate differences in how these pathways function in patients. We 
recently completed 2 clinical trials in which metastatic PDA patients were treated with either ipilimum-
ab (anti–CTLA-4) or nivolumab (anti–PD-1), both in combination with a PDA vaccine. In both studies, 
enhanced T cell responses and, to a lesser extent, clinical responses were observed (6). To elucidate poten-
tial mechanisms by which each agent may be potentiating the activity of  vaccine-induced T cells, we uti-
lized an emerging TCR sequencing approach.

In order to characterize the effects of  the individual immunotherapy treatments on the TCR repertoire, 
we first compared the clonality of  repertoires isolated from patients in each arm before and after treatment. At 
baseline, patients on the anti–PD-1 trial had more clonal repertoires than patients on the anti–CTLA-4 trial (P 
< 0.01), making cross-study comparisons difficult. No significant differences were observed between pre- and 
posttreatment clonality in any arm, and clonality appeared unchanged between arms of  each study (Figure 1).

In order to assess the change in repertoire clonality experienced by each patient and normalize across 
studies, we next examined the fold change in clonality. Thirty-one of  the 45 patients (68.9%) with posttreat-
ment time points available experienced a diversification of  the repertoire following treatment (indicated by 
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a reduction in clonality); however, no significant changes were observed between treatment arms in either 
study or between the 2 studies (Supplemental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.122092DS1).

To better understand the TCR repertoire dynamics associated with each treatment, we utilized the 
Morisita distance, a robust metric of  similarity between pre- and posttreatment repertoires. Among vac-
cine-treated patients, those receiving anti–CTLA-4 had significantly lower similarity than those who 
received anti–PD-1, indicating a larger change in the repertoire (P < 5 × 10−5). Patients receiving anti–
CTLA-4 with vaccine experienced the largest changes (Figure 2).

TCR repertoire features correlate with overall survival. Due to the stringency of  RECIST and the immune-re-
lated response criteria (irRC) in the pancreatic cancer population, we were unable to define a sufficient 
number of  patients as responders to initiate a statistical analysis of  the correlation between TCR repertoire 
features and radiographic responses. We chose, instead, to use a survival cutoff  of  6 months to define long-
term survivors (LTS; >6 month overall survival) and short-term survivors (STS; <6 month overall survival). 
This method allowed reasonable group sizes when all patients in each study were grouped as either LTS or 
STS (anti–CTLA-4 study, n = 10 [LTS] and n = 15 [STS]; anti–PD-1 study, n = 19 [LTS] and n = 13 [STS]).

We first analyzed the clonality of  each patient before and after treatment. LTS had significantly lower 
baseline clonality than STS in the anti–CTLA-4 study (P < 0.05, Figure 3). LTS in the anti–PD-1 study 
had similar baseline clonalities; however, significantly higher clonalities were observed in LTS following 3 
cycles of  treatment (P < 0.05, Figure 3).

To address clone level changes in the TCR repertoire that may be missed by analysis of  repertoire clon-
ality, we next counted the number of  clones that significantly expanded after treatment. Anti–CTLA-4 LTS 
exhibited significantly more expanded clones when compared with STS (P < 0.05). This was not observable 
in patients treated in the anti–PD-1 study (Figure 4). The absolute number of  TCRs analyzed, as well as the 
number of  unique clones identified (richness), did not differ significantly between LTS and STS. However, 
to be sure that these factors did not influence the number of  expanded clones identified, we examined the 

Figure 1. Sample clonality of all patients separated by arm and time point. Anti–CTLA-4 study patients are shown in blue; anti–PD-1 study patients are 
shown in green. Red bars represent the mean and 95% confidence interval.
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number of  expanded clones relative to the number of  total TCR sequences. The results of  this normalized 
analysis confirmed the observations made using the absolute number of  expanded clones (data not shown).

Because PD-1 blockade affects T cells already localized to the tumor, we analyzed the tumor reper-
toires of  the subset of  anti–PD-1 patients for which pre- and posttreatment biopsies were available (n = 12). 
We observed no significant difference associated with clinical response (n = 8 LTS) or treatment arm (n = 9 
in the PD-1 arm) in either the clonality or richness of  the repertoires (data not shown).

TCR repertoire metrics predict clinical response. To investigate whether changes in TCR metrics can serve as 
prognostic markers in patients treated with anti–CTLA-4 therapy, we stratified patients using baseline clonality 
and number of expanded clones. We used a cutoff  of 0.1 to stratify repertoires as diverse (clonality <0.1) or 
clonal (>0.1) and a cutoff  of 100 to stratify patients by number of expanded clones, high (>100) or low (<100).

The results demonstrated that patients receiving anti–CTLA-4 who had diverse baseline TCR reper-
toires (n = 16) survived twice as long as patients with clonal repertoires (n = 9), with median survivals of  
8.66 and 4.28 months, respectively (P < 0.05). Patients on this study with more than 100 clones expanded 
after treatment (n = 6) survived nearly 3 times longer than patients with fewer clones expanded (n = 8), 
with median survivals of  13.23 and 4.55 months, respectively (P < 0.01, Figure 5). The same stratification 
strategy was unsuccessful when applied to patients on the anti–PD-1 study.

Patients with diverse baseline TCR repertoires (n = 12) had a slightly lower median survival to patients 

Figure 2. Overlap between pre- and posttreatment samples. Left: the Morisita distance between pre- and posttreatment; 3 samples for each patient. 
Patients are separated by treatment arm. Right: scatter plots showing the abundance of each clone before and after treatment, from 2 representative 
patients with low (bottom) and high (top) Morisita index. Blue arrows indicate which repertoires are shown to the right. Red bars represent mean and 95% 
CI. A Wilcoxon signed-rank test was used to assess significance. ***P < 0.00005.
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with clonal repertoires (n = 20): 5.55 and 8.75 months, respectively (P < 0.05). Likewise, patients with more 
expanded clones following treatment (n = 4) had similar median survival to patients with fewer (n = 27), at 
8.15 and 7.10 months, respectively.

To address the possibility that the TCR repertoire metrics were simply a reflection of  lymphocyte abun-
dance, we stratified patients using their baseline absolute lymphocyte count (ALC). In the anti–CTLA-
4 study, no difference was observed between patients with ALC >1,000 (n = 16; median survival, 5.10 
months) and patients with ALC <1,000 (n = 9; median survival, 4.57). Patients on the anti–PD-1 study 
with ALC >1,000 (n = 24; median survival, 8.70 months) had a slight but not significant survival advantage 
compared with patients with ALC <1,000 (n = 8; median survival, 4.95 months; Supplemental Figure 2).

Discussion
Immune checkpoint inhibitors that block 2 specific T cell regulatory pathways, PD-1 and CTLA-4, can 
cause significant responses in some patients with advanced cancers. These responses are often very dura-
ble, lasting years in patients who had few or no other treatment options. However, these agents only work 
well in some patients, while most patients fail to respond. As the field develops increasing numbers of  
checkpoint agents and combinations that have potential efficacy, as well as potentially serious side effects, 
biomarkers will be needed to identify patients most likely to respond.

Using TCR repertoire analysis conducted on specimens from 2 immunotherapy trials, we show that 
a subpopulation of  LTS to anti–CTLA-4 therapy can be identified before treatment begins using reper-

Figure 3. The sample clonality of patients separated by study and response. The left panel shows pretreatment samples; the right panel shows post-
treatment samples. Red bars represent mean and 95% CI. A Wilcoxon signed-rank test was used to assess significance. *P < 0.05.
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toire clonality. Measuring the number of  T cell clones that expand following the first 3 treatments further 
improves this prediction. Additionally, we demonstrate that the repertoire change induced by anti–CTLA-4 
therapy is large enough to be measured using HTTCS, while the magnitude of  change induced by anti–
PD-1 therapy in the periphery is much smaller. These findings suggest that features of  the TCR reper-
toire can be used as biomarkers to predict clinical responses to immunotherapy in PDA patients. Because 
checkpoint inhibitors act on the immune compartment rather than tumor cells directly, it is likely that the 
same features of  the TCR repertoire that predict response in PDA patients should be generalizable to most 
patients who are eligible for anti–CTLA-4 treatment.

Previous work by Robert et al. (12) demonstrated different effects of  PD-1 and CTLA-4 inhibition 
on the peripheral TCR repertoire of  melanoma patients, and our results extend these findings to PDA 

Figure 4. Number of expanded clones in patients separated by study and response. The number of clones significantly expanded from baseline to post-
treatment in all patients, separated by clinical response and study. Red bars represent mean and 95% CI. A Wilcoxon signed-rank test was used to assess 
significance. *P < 0.05.
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patients. Because PD-1 inhibition occurs on previously primed tumor-infiltrating lymphocytes, more 
modest effects on the peripheral repertoire are expected in this context.

Unlike studies in melanoma (11), we observed no difference in the repertoire of  tumor-infiltrating 
lymphocytes between anti–PD-1 LTS and STS. The relatively small number of  patients with tumor sections 
available from this trial, combined with comparatively low T cell infiltration in PDA tumors, complicated 
this analysis. Repertoire profiles from an expanded PDA cohort may still confirm the findings made in 
anti–PD-1–treated melanoma patients. We did show that peripheral repertoires in LTS were more clonal 
after treatment than those of  STS, consistent with clonal expansion of  tumor-infiltrating and vaccine-in-
duced antigen-specific T cells.

Our results demonstrate a clear association between repertoire diversity and overall survival in patients 
receiving ipilimumab. The large effect of  this and other CTLA-4 inhibitors on the peripheral repertoire 
has been described previously (10, 13, 14) in melanoma and prostate cancer; however, the association of  
TCR repertoire metrics with clinical outcomes in these studies yielded mixed results. In one trial of  a non-
immunotherapy intervention in breast cancer, low TCR diversity was associated with poor survival (15), 
indicating that — in some therapeutic contexts — these methods may find use outside of  immunotherapy.

Finally, this analysis demonstrated that in PDA tumors, classically considered to be immunologically sup-
pressed, large shifts in the T cell repertoire can be measured and used to predict clinical outcomes. Additional 
prospective studies are required to validate clonality and clone expansion as predictors of clinical outcome in 
anti–CTLA-4 studies and in the context of other immunotherapies. This study also provides the rationale to con-
sider anti–CTLA-4 as an initial therapy for T cell priming and anti–PD-1 as a requirement for T cell expansion 
and maintenance. Many new combination therapies are in development, and TCR repertoire analysis should be 
studied as a biomarker of response and used to further elucidate the mechanisms of successful treatment.

Figure 5. Kaplan-Meier survival curves for patients on the anti–CTLA-4 study (top, in blue) or the anti–PD-1 study (bottom, green). In the left column, 
patients are separated by clonality status (<0.1, diverse; >0.1, clonal). In the right column, patients are separated by high (>100) or low (<100) number of 
expanded clones. A likelihood ratio test was used to assess significance.
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Methods
Clinical trials. Details of  the NCT00836407 clinical trial have been described previously (6). Briefly, patients 
eligible for enrollment had metastatic or locally advanced, histologically proven PDA that was previously 
treated with gemcitabine-based chemotherapy. Patients who had received prior therapy with anti–CTLA-4 
were excluded. Once enrolled, patients were randomized and received 10 mg/kg ipilimumab (Bristol-My-
ers Squibb) only (arm 1, n = 12 patients) or 10 mg/kg ipilimumab and GVAX (arm 2, n = 13) every 3 weeks 
for 4 cycles, followed by maintenance dosing (Figure 6).

Patients enrolled in the NCT02243371 clinical trial (16) received cyclophosphamide and 2 doses of  
GVAX, followed by 4 doses of  CRS-207, a strain of  Listeria monocytogenes targeting mesothelin expressing 
tumors (arm 2, n = 14). Patients in arm 1 of  this study were also administered 3 mg/kg nivolumab (Bris-
tol-Myers Squibb) with all treatments (n = 18, Figure 6).

For the present analysis of  both studies, baseline samples collected before the initial treatment (PRE), as 
well as after the third cycle (POST3), were used for analysis. Both studies enrolled patients with advanced 
disease, and not all patients survived to the third cycle of  treatment. In total, POST3 samples were analyzed 
from 14 patients on the anti–CTLA-4 study (n = 6 [arm 1], n = 8 [arm 2]) and 31 patients on the anti–PD-1 
study (n = 18 [arm 1], n = 13 [arm 2])

Sample preparation. Samples were processed as previously described (17). Briefly, blood was collect-
ed in 60 ml heparin-coated syringes (Becton Dickinson). Peripheral blood mononuclear cells (PBMC) 
were isolated by Ficoll (GE Healthcare) separation, washed in media, frozen in 10% DMSO (Sigma-Al-
drich), and stored in liquid nitrogen until testing. For each patient, PBMC samples were thawed and 
frozen as a cell pellet, assuring that the same number of  cells was sent for each time point. Samples were 
sequenced using the immunoSeq assay (9) (Adaptive Biotechnologies) at the deep sequencing level.

Tumor biopsies were formalin fixed and paraffin embedded at the time of  biopsy. H&E-stained slides 
were examined to verify tumor purity. Ten tissue sections (10 μm) were cut and sequenced using the 
immunoSeq assay at the survey sequencing depth. Any sample with fewer than 100 estimated T cells 
present was discarded for this analysis.

TCR repertoire analysis. Sample clonality is based on the normalized Shannon Entropy (18), and is com-
puted as 

     (Equation 1),
where pi is the proportion of  the ith clone, in a population with n clones. For paired pre- and posttreat-

ment samples, the normalized change in clonality was calculated as the base 2 logarithm of  the ratio of  the 
posttreatment clonality to the pretreatment clonality.

Figure 6. Timeline of the NCT00836407 (top) and NCT02243371 (bottom) clinical trials. Black arrows indicate treatments. Red arrows indicate blood 
draws used in this study. Black text indicates treatments received by patients in both arms; blue text represents only patients in the combination arm. 
Numbers at left indicate the number of samples analyzed for each time point, arm, and study. LM, Listeria monocytogenes.
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The Morisita distance was calculated as 

     (Equation 2)
where Dx represents the Simpson’s Diversity Index of  sample x, nx represents the Richness of  sample 

x, and xi represents the abundance of  the ith clone in sample x (and the same for sample y). The Simpsons 
Index is calculated as

     (Equation 3), 
where pi is the proportion of  the ith clone in a population with n clones.
Statistics. A Fisher Exact test was used to identify significantly expanded clones between pre- and post-

treatment samples as previously described (19). All metrics were compared across sample groups using a 
nonparametric Wilcoxon signed-rank test. Graphs comparing metrics across groups show the mean and 
95% CI for the mean, assuming a normal distribution. The functions and scripts used to process the data 
are available in the tcrSeqR package for the R programming language (https://github.com/ahopki14/
tcrSeqR).

Survival curves are displayed using the Kaplan-Meier method. To assess significance, Cox proportion-
al hazard models were fit using either pretreatment repertoire clonality (diverse or clonal) or number of  
expanded clones (high or low). A likelihood ratio test was used to compute the P value.

Study approval. Human studies were approved by the Johns Hopkins IRB, and all subjects provided 
informed consent prior to participation.
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