
Thermo Fisher Scientific • 5791 Van Allen Way • Carlsbad, CA 92008 • www.thermofisher.comFor Research Use Only. Not for use in diagnostic procedures. The content provided herein may relate to products that have not been officially released and is subject to change without notice.

No DCB DCB

0.80

0.85

0.90

0.95

TCR Evenness
p = .11, wilcoxon

TC
R

 e
ve

nn
es

s

No DCB DCB

0.00

0.05

0.10

0.15

0.20

TCR Convergence
p = .21, wilcoxon

C
on

ve
rg

en
t T

C
R

 F
re

qu
en

cy

No DCB DCB

0

5

10

15

20

TMB
p = .16, wilcoxon

M
ut

at
io

ns
 p

er
 M

b

No DCB DCB

0

20

40

60

80

100

PD-L1 IHC
p = .4, wilcoxon

P
D

-L
1 

P
os

tiv
e 

C
el

ls
 (p

er
ce

nt
ag

e)

K Leonards1, T Looney2, I Alborelli1, L Quagliata2, P Jermann1. (1) University of Basel (2) Thermo Fisher Scientific

Elevated TCRB repertoire convergence and clonal expansion in the NSCLC 
tumor microenvironment of responders to anti-PD-1 monotherapy

METHODS – Study Overview

ABSTRACT

There is an outstanding need to identify predictive 
biomarkers for response to anti-PD-1 monotherapy 
for NSCLC. Here we used the Oncomine TCRB-SR 
assay to investigate the predictive value of TCRB 
evenness and convergence within the pretreatment 
tumor microenvironment of 45 individuals with 
NSCLC. For context, we compared the predictive 
value of these features with tumor mutation burden 
and PD-L1 IHC values from the same tumors.

INTRODUCTION -- Definition of TCR 
Convergence and Evenness 

TCR Evenness is a measure of the similarity of 
clone frequencies in a TCR repertoire. It is also 
referred to as the normalized Shannon Entropy and 
is equivalent to 1 - “clonality”. Evenness nearing 1 
indicates that all clones are found at similar 
frequencies in a sample.

Convergent TCRs are identical in amino acid 
space but different in nucleotide space (Figure 1). 
They represent instances where T cells 
independently underwent VDJ recombination and 
proliferated in response to a common antigen. In 
the context of cancer, TCR convergence has been 
proposed to serve as an indicator of the 
immunogenicity of a tumor and thus its sensitivity to 
checkpoint blockade therapy (1,2,3). Importantly, 
TCR convergence has been proposed to arise in 
response to a broad range of tumor associated 
antigens (Table 1), including those derived from 
chromatin dysregulation and viral infection. 

CONCLUSIONS
• We identify reduced T cell evenness and elevated 

TCR convergence as features of the pretreatment 
NSCLC tumor microenvironment of responders to 
anti-PD-1 blockade.

• TCR-based features outperformed tumor mutation 
burden and PD-L1 IHC staining as predictors of 
response in this dataset.
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RESULTS – Elevated TCRB Clonal Expansion and Convergence in Baseline 
NSCLC Tumor of Responders to PD-1 Blockade.

Table 1. Types of antigens measured by tumor 
mutation burden and TCR convergence.

Antigen Source
Tumor 

Mutation 
Burden

TCR 
Convergence

Non-Synonymous Mutations

Aberrant Post-Translational
Modifications

Ectopic Gene Expression

Splicing Defects

Autoantigens

Virus-Derived Antigens

Figure 3. Experimental Study. 
Total RNA from pretreatment 
FFPE biopsies of individuals 
receiving anti PD-1 blockade for 
NSCLC. Approximately 150 ng
RNA was used for TCRB 
sequencing and analysis via the 
Oncomine TCRB-SR assay and 
Ion Reporter. TCR evenness 
and clonality were compared to 
Tumor Mutation Burden values 
for the same samples (via 
Oncomine Tumor Mutation 
Burden Assay) and tumor PD-
L1 IHC via the Ventana PS263 
antibody. 

Figure 2. Assay Design The Oncomine TCRB-SR 
assay utilizes framework 3 (FR3) and joining gene (J) 
primers to amplify the CDR3 region of the TCRB chain 
(~80bp amplicon) from fresh or FFPE-preserved RNA 
or DNA input. **SR = Short Read

4 For Research Use Only. Not for use in diagnostic procedures. 
 

Oncomine TCR Beta Sequencing | Enabling TCR Profiling from RNA and DNA Input

V D J C 
FR1 FR2 FR3 

CDR1 CDR2 CDR3 

325-400bp amplicon  64 FR1 
V-region 
primers  

2 C- region 
primers  

V D J C 
FR1 FR2 FR3 

CDR1 CDR2 CDR3 

80bp amplicon  59 FR3 
V-region 
primers  

14 FR3 J 
region 
primers  

Oncomine TCR Beta-LR* Assay 

Oncomine TCR Beta-SR** Assay 
α β 

T Cell 

FFPE 

Blood 

*LR = Long Read 
**SR = Short Read 

INTRODUCTION – Assay Design and 
Workflow

Results – Summary Sequencing 
Metrics for anti-PD-1 NSCLC Cohort

No DCB* DCB*
Number of 

Samples
28 17

RNA Input (ng) 119 (14-
250)

203 (28-
250)

Sequencing Depth 
(millions of reads)

2.85 (0.1-
2.81)

2.55 (0.37-
3.48)

Percentage 
Productive Reads

59
(38-76)

61
(32-76)

Clones Detected 2840 (61-
19300)

2329 (200-
6831)

Dashed lines indicate optimal cutoff based on Youden’s J method. IHC via Ventana SP263. Note: PD-L1 IHC available for only 42 samples.

Correlation with Tumor 
Mutation Burden 

(Oncomine TMB Assay) 
and PD-L1 IHC

*DCB: Durable Clinical Benefit. Table indicates 
average and range for select features.
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Figure 7

Figure 4 Boxplot of TCR, TMB and PD-L1 IHC values as 
a function of response. P-values obtained by one-sided 
Wilcoxon test. Figures 5-7 Correlation of convergence 
vs evenness, evenness vs TMB, and convergence vs 
TMB. Percentages indicate response rate among
individuals who appear to be responders by both metrics 
or neither metric.

Variable CDR3 AA CDR3 NT Frequency

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGTCAGGCATACGAGCAGTAC 1.8E-3

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTGGGACAGGCCTACGAGCAGTACAC 4.8E-4

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGGCAGGCCTTACGAGCAGTACT 9.9E-05

Figure 1. Example of a convergent TCR group. These 
three clones are identical in amino acid space (same 
variable gene and CDR3 AA) but differ at a nucleotide 
level, indicating they arose separately and independently 
proliferated in response to antigen.
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T cell repertoire sequencing reveals dynamics of response to dendritic cell 
vaccine plus Dasatinib for checkpoint blockade resistant metastatic melanoma

METHODS – TCR Sequencing

ABSTRACT

The tyrosine kinase inhibitor Dasatinib has been 
proposed to increase immune cell recognition of 
tumor in a manner that may synergize with dendritic 
cell or checkpoint blockade immunotherapies for 
cancer. We recently conducted an open- label, 
single-center, prospective randomized Phase II 
clinical trial for HLA-A2+ patients with advanced-
stage melanoma (NCT01876212) at the University 
of Pittsburgh Hillman Cancer Center.+/- daily oral 
administration of Dasatinib (70 mg BID) as an 
immune adjuvant/conditioning agent. Here we 
report an exploratory analysis of T cell repertoire 
convergence and evenness via profiling of 
longitudinally-sampled peripheral blood leukocytes 
(PBL) to define potential pharmacodynamic and 
response biomarkers.

INTRODUCTION -- Definition of TCR 
Convergence and Evenness 

TCR Evenness is a measure of the similarity of 
clone frequencies in a TCR repertoire. It is also 
referred to as the normalized Shannon Entropy and 
is equivalent to 1 - “clonality”. Evenness nearing 1 
indicates that all clones are found at similar 
frequencies in a sample.

Convergent TCRs are identical in amino acid 
space but different in nucleotide space (Figure 1). 
They represent instances where T cells 
independently underwent VDJ recombination and 
proliferated in response to a common antigen. In 
the context of cancer, TCR convergence has been 
proposed to serve as an indicator of the 
immunogenicity of a tumor and thus its sensitivity to 
checkpoint blockade therapy (1,2). 

CONCLUSIONS

• Epitope spreading is a feature of successful DC vaccine for advanced 
melanoma.

• TCR evenness decreased in responders and non-responders from 
baseline to week 5 following therapy (p = .026, Wilcoxon).

• TCR convergence was elevated in responders at baseline (p = .014, 
Wilcoxon) and preferentially increased in individuals receiving Dasatinib
at weeks 1 and 3 (p = .051, Wilcoxon, Arm B).

• Dasatinib may improve efficacy of DC vaccination through stimulation of 
tumor antigen specific T cells, including those having convergent TCRs.
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RESULTS – TCR Convergence Is Elevated in Responders at Baseline and 
Preferentially Increases Over Course of Therapy in Dasatinib Adjuvant Arm B

Table 1. Types of antigens measured by tumor 
mutation burden and TCR convergence.

Antigen Source
Tumor 

Mutation 
Burden

TCR 
Convergence

Non-Synonymous Mutations ✔
Aberrant Post-Translational

Modifications

Ectopic Gene Expression

Splicing Defects

Autoantigens

Virus-Derived Antigens

TCR Assay Design The Oncomine TCRB-LR assay 
utilizes framework 1 (FR1) and constant gene (C) 
primers to amplify the CDR3 region of the TCRB chain 
(~330bp amplicon) from non-FFPE RNA input.
*LR = Long Read

FIGURE LEGENDS (Right)
(A) PET-CT imaging of pulmonary and liver 
metastases for patient #5 (near-CR) at baseline vs 17 
weeks post therapy. (B) Tabulated data for the 13 
evaluable patients treated on trial, including peripheral 
blood CD8+ T cell response (IFNG ELISPOT) to 
peptide epitopes in the vaccine formulation and those 
contained in melanoma lineage antigens or melanoma 
associated vascular antigens, but not vaccine. (C) 
Change in TCR evenness over course of therapy as a 
function of objective clinical response (OCR) and 
treatment arm. There is a significant decrease in TCR 
evenness at week 5 compared to baseline (p = .026, 
Wilcoxon). OCR is defined as near complete 
response, partial response, or stable disease for more 
than 6 months. (D) Convergent TCR frequency is 
elevated at baseline in OCR individuals, and 
preferentially increases over the first 5 weeks of 
therapy in individuals treated with Dasatinib (E and F). 

Variable CDR3 AA CDR3 NT Frequency

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGTCAGGCATACGAGCAGTAC 1.8E-3

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTGGGACAGGCCTACGAGCAGTACAC 4.8E-4

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGGCAGGCCTTACGAGCAGTACT 9.9E-05

Figure 1. Example of a Convergent TCR group. These 
three clones are identical in amino acid space (same 
variable gene and CDR3 AA) but differ at a nucleotide 
level, indicating they arose separately and independently 
proliferated in response to antigen.
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Methods

Background

T cell receptor (TCR) convergence refers to the phenomenon whereby antigen-driven
selection enriches for TCRs having a shared antigen specificity but different nucleotide
sequences. TCR convergence may be indicative of tumor immunogenicity and thus the
sensitivity of a cancer to immunotherapy. Here we used next-generation sequencing of
peripheral blood TCRB chain repertoires to evaluate TCR convergence as a predictive
biomarker for response to a dendritic cell (DC)/peptide-based vaccine (UPCI 12-048;
NCT01876212) targeting tumor-associated blood vessel antigens in 13 evaluable HLA-
A2+ patients with advanced-stage cutaneous or uveal melanoma. We further evaluated
the relationship between TCR convergence and response biomarkers derived from
targeted gene expression profiling of pre-treatment (baseline) tumor biopsies.

Peripheral Blood TCRB Chain Convergence Predicts Response to Dendritic Cell-
Based Immunotherapy in Advanced-Stage Melanoma Patients

Walter J. Storkus1, Yan Lin1, Lauren Miller2, Denise Topacio-Hall2, Geoffrey Lowman2, Timothy J Looney3, Lisa H. Butterfield1, Jennifer L. Taylor1, Ahmad Tarhini4, Hussein Tawbi5, John M. Kirkwood1. 

Patient Demographics and Treatment. Sixteen HLA-A2+ patients with advanced-
stage cutaneous (11) or uveal (5) melanoma were entered on NCT01876212 (Fig. 1),
of which 13 were evaluable for primary endpoint analysis in week 5 of study
performance. Evaluable patients included 8 males/3 females ranging in age from 42-
83 years old, with 8 cutaneous disease patients and 5 uveal melanoma patients. Sites
of disseminated disease included skin, liver, lung, lymph node, soft tissue. All patients
had progressed on prior immune checkpoint blockade protocols (Fig. 2). In advance
of treatment, patient apheresis was performed to isolate monocytes used to develop
autologous Type-1-polarized DC (by the Immunologic Monitoring and Cellular
Products Laboratory (IMCPL) of the Hillman Cancer Center), that were subsequently
loaded with a mixture of peptides derived from the 6 aforementioned tumor-associated
vascular antigens combined +/- daily oral administration of dasatinib (applied as an
immune adjuvant/conditioning agent). On the day of treatment, vaccines were thawed
and delivered intradermally (arm, thigh) every 2 weeks until disease progression.
Peripheral blood and tumor was isolated at baseline and at various timepoints during
treatment (week 5 only for tumor). Objective clinical responses (OCR) were
determined by PET-CT imaging.

Figure 1. Schema and Endpoint Analyses (NCT01876212)  

TCRBseq Analysis. Total RNA was extracted from peripheral blood leukocytes (PBL)
from the 13 evaluable HLA-A2+ patients, which included 6 responders (4 PR, 2 SD)
and 7 non-responders (i.e. progressive disease; PD). TCRB chain repertoire libraries
were constructed by multiplex PCR utilizing FR1 and constant gene targeting primers
via the Oncomine TCRB-LR assay, then sequenced using the Ion Torrent S5 to a
target depth of 1.5M raw reads per library. To evaluate T cell repertoire convergence
we searched for instances where TCRB chains were identical in amino acid space but
had distinct nucleotide sequences owing to N-addition and exonucleotide chewback
within the V-D and D-J junctions of the CDR3. Targeted gene expression profiling of
pre- and post-treatment tumor biopsies was performed via the Oncomine Immune
Response Research Assay (OIRRA) using total RNA input.

These data suggest that peripheral blood TCRB convergence may serve as a
useful biomarker for response to (dendritic cell-based) immunotherapy when used
alone or in combination with established biomarkers (such as PD-L1 expression in
tumor) derived from transcriptional profiling of the tumor microenvironment.

Ongoing and future studies will further clarify the prognostic and/or predictive
utility of TCRB convergence as an immune repertoire biomarker.

Results

Summary of Results:

►Sequencing of TCRB libraries yielded on average 20k clonotypes per individual with mean evenness (normalized Shannon entropy) of .84.
►TCR convergence was elevated in pretreatment PBL of responders compared to non-responders (mean frequency .012 vs .006; p = .014, Wilcoxon), discriminated

responders from non-responders with high accuracy (AUROC = .90), and closely correlated with time to progression following treatment (Pearson correlation = .78;
p = .004).

►Targeted gene expression profiling of tumor revealed elevated PD-L1 expression in pre-treatment responders compared to non-responders and reduced PTPN11
and HIF1A in post-treatment biopsies from responders compared to non-responders.

►Combining pre-treatment PBL TCR convergence values with tumor PD-L1 expression values improved the prediction of response.

Based on preclinical modeling supporting the therapeutic efficacy of DC/peptide-based
vaccines targeting tumor-associated blood vessels and the ability of the tyrosine kinase
inhibitor dasatinib to favorably condition the host for improved host responsiveness to
vaccination and to better direct/sustain vaccine-induced TIL, we developed an open-
label, single-center, prospective randomized Phase II clinical trial at the University of
Pittsburgh Hillman Cancer Center for HLA-A2+ patients with advanced-stage
melanoma (NCT01876212). Patients received ID injections of Type-1-polarized,
autologous DC loaded with a mixture of peptides derived from six tumor-associated
vascular antigens (DLK1, EPHA2, HBB, NRP1, RGS5, TEM1)-derived peptides
combined +/- daily oral administration of dasatinib (70 mg BID) applied as an immune
adjuvant/conditioning agent. The primary objective of this study is to evaluate the
effects of the combination immunotherapy on specific CD8+ T cell response rates (in
IFN-γ ELISPOT assays). Secondary objectives included the evaluation of the objective
clinical responses (RECIST) and exploratory immunological endpoints, including
TCRBseq analysis of patient T cell repertoires in PBMC and tumor biopsies at baseline
and post-treatment to define potential predictive biomarkers.

Figure 3. Baseline TCRB Convergence in the
Peripheral T Cell Repertoire Is Predictive of OCR in
Patients Treated on UPCI 12-048/NCT01876212. RNA
was isolated from patient PBMC prior to treatment, and
TCRB sequencing performed using the ThermoFisher Ion
TorrentTM platform. In A, an example of TCRB
convergence is cited from patient #5 (near-CR). In B, the
aggregate frequency of convergent TCRB sequences is
reported for evaluable patients based on treatment
outcomes, with 6 patients exhibiting OCR and 7 patients
with progressive disease post-therapy. Panel C reports
baseline aggregate frequencies of convergent TCRB
versus time-to-progression, while panel D correlates
aggregate frequencies of convergent TCRB with PD-L1
transcript expression levels at baseline amongst the 13
evaluable PD/OCR patients. For panels B-D, each symbol
(dots) represent an individual patient.

Figure 2. Summary of Immunological and
Clinical Response Data. In A, PET-CT
imaging of pulmonary and liver metastases
is provided for patient #5 (near-CR) at
baseline vs. 17 weeks post entry on trial. In
B, tabulated data for the 13 evaluable
patients treated on trial are presented,
including peripheral blood CD8+ T cell
response (IFN-γ ELISPOT) to peptide
epitopes in the vaccine formulation and
peptide epitopes not included in the vaccine,
but contained in melanoma lineage antigens
or in melanoma-associated vascular
antigens; best clinical response (OCR);
progression free survival (in months); prior
resistance (primary vs. acquired) to immune
checkpoint blockade (ICB); and time since
last treatment with ICB at initiation of
treatment on NCT01876212).

Figure 4. Tumor/Blood Biomarkers Associated with
Clinical Outcomes. In A, targeted gene expression
profiling (OIRRA) of tumor biopsy materials revealed
reduced transcript levels of PTPN11 and HIF1A in post-
treatment biopsies from OCR vs. PD patients. In B, ROC
curves for prediction of clinical response based on tumor
expression of PD-L1 (OIRRA) and TCRB convergence at
baseline.
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the relationship between TCR convergence and response biomarkers derived from
targeted gene expression profiling of pre-treatment (baseline) tumor biopsies.

Peripheral Blood TCRB Chain Convergence Predicts Response to Dendritic Cell-
Based Immunotherapy in Advanced-Stage Melanoma Patients

Walter J. Storkus1, Yan Lin1, Lauren Miller2, Denise Topacio-Hall2, Geoffrey Lowman2, Timothy J Looney3, Lisa H. Butterfield1, Jennifer L. Taylor1, Ahmad Tarhini4, Hussein Tawbi5, John M. Kirkwood1. 

Patient Demographics and Treatment. Sixteen HLA-A2+ patients with advanced-
stage cutaneous (11) or uveal (5) melanoma were entered on NCT01876212 (Fig. 1),
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TCRBseq Analysis. Total RNA was extracted from peripheral blood leukocytes (PBL)
from the 13 evaluable HLA-A2+ patients, which included 6 responders (4 PR, 2 SD)
and 7 non-responders (i.e. progressive disease; PD). TCRB chain repertoire libraries
were constructed by multiplex PCR utilizing FR1 and constant gene targeting primers
via the Oncomine TCRB-LR assay, then sequenced using the Ion Torrent S5 to a
target depth of 1.5M raw reads per library. To evaluate T cell repertoire convergence
we searched for instances where TCRB chains were identical in amino acid space but
had distinct nucleotide sequences owing to N-addition and exonucleotide chewback
within the V-D and D-J junctions of the CDR3. Targeted gene expression profiling of
pre- and post-treatment tumor biopsies was performed via the Oncomine Immune
Response Research Assay (OIRRA) using total RNA input.

These data suggest that peripheral blood TCRB convergence may serve as a
useful biomarker for response to (dendritic cell-based) immunotherapy when used
alone or in combination with established biomarkers (such as PD-L1 expression in
tumor) derived from transcriptional profiling of the tumor microenvironment.

Ongoing and future studies will further clarify the prognostic and/or predictive
utility of TCRB convergence as an immune repertoire biomarker.
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►Sequencing of TCRB libraries yielded on average 20k clonotypes per individual with mean evenness (normalized Shannon entropy) of .84.
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►Combining pre-treatment PBL TCR convergence values with tumor PD-L1 expression values improved the prediction of response.

Based on preclinical modeling supporting the therapeutic efficacy of DC/peptide-based
vaccines targeting tumor-associated blood vessels and the ability of the tyrosine kinase
inhibitor dasatinib to favorably condition the host for improved host responsiveness to
vaccination and to better direct/sustain vaccine-induced TIL, we developed an open-
label, single-center, prospective randomized Phase II clinical trial at the University of
Pittsburgh Hillman Cancer Center for HLA-A2+ patients with advanced-stage
melanoma (NCT01876212). Patients received ID injections of Type-1-polarized,
autologous DC loaded with a mixture of peptides derived from six tumor-associated
vascular antigens (DLK1, EPHA2, HBB, NRP1, RGS5, TEM1)-derived peptides
combined +/- daily oral administration of dasatinib (70 mg BID) applied as an immune
adjuvant/conditioning agent. The primary objective of this study is to evaluate the
effects of the combination immunotherapy on specific CD8+ T cell response rates (in
IFN-γ ELISPOT assays). Secondary objectives included the evaluation of the objective
clinical responses (RECIST) and exploratory immunological endpoints, including
TCRBseq analysis of patient T cell repertoires in PBMC and tumor biopsies at baseline
and post-treatment to define potential predictive biomarkers.

Figure 3. Baseline TCRB Convergence in the
Peripheral T Cell Repertoire Is Predictive of OCR in
Patients Treated on UPCI 12-048/NCT01876212. RNA
was isolated from patient PBMC prior to treatment, and
TCRB sequencing performed using the ThermoFisher Ion
TorrentTM platform. In A, an example of TCRB
convergence is cited from patient #5 (near-CR). In B, the
aggregate frequency of convergent TCRB sequences is
reported for evaluable patients based on treatment
outcomes, with 6 patients exhibiting OCR and 7 patients
with progressive disease post-therapy. Panel C reports
baseline aggregate frequencies of convergent TCRB
versus time-to-progression, while panel D correlates
aggregate frequencies of convergent TCRB with PD-L1
transcript expression levels at baseline amongst the 13
evaluable PD/OCR patients. For panels B-D, each symbol
(dots) represent an individual patient.

Figure 2. Summary of Immunological and
Clinical Response Data. In A, PET-CT
imaging of pulmonary and liver metastases
is provided for patient #5 (near-CR) at
baseline vs. 17 weeks post entry on trial. In
B, tabulated data for the 13 evaluable
patients treated on trial are presented,
including peripheral blood CD8+ T cell
response (IFN-γ ELISPOT) to peptide
epitopes in the vaccine formulation and
peptide epitopes not included in the vaccine,
but contained in melanoma lineage antigens
or in melanoma-associated vascular
antigens; best clinical response (OCR);
progression free survival (in months); prior
resistance (primary vs. acquired) to immune
checkpoint blockade (ICB); and time since
last treatment with ICB at initiation of
treatment on NCT01876212).

Figure 4. Tumor/Blood Biomarkers Associated with
Clinical Outcomes. In A, targeted gene expression
profiling (OIRRA) of tumor biopsy materials revealed
reduced transcript levels of PTPN11 and HIF1A in post-
treatment biopsies from OCR vs. PD patients. In B, ROC
curves for prediction of clinical response based on tumor
expression of PD-L1 (OIRRA) and TCRB convergence at
baseline.
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Methods

Background

T cell receptor (TCR) convergence refers to the phenomenon whereby antigen-driven
selection enriches for TCRs having a shared antigen specificity but different nucleotide
sequences. TCR convergence may be indicative of tumor immunogenicity and thus the
sensitivity of a cancer to immunotherapy. Here we used next-generation sequencing of
peripheral blood TCRB chain repertoires to evaluate TCR convergence as a predictive
biomarker for response to a dendritic cell (DC)/peptide-based vaccine (UPCI 12-048;
NCT01876212) targeting tumor-associated blood vessel antigens in 13 evaluable HLA-
A2+ patients with advanced-stage cutaneous or uveal melanoma. We further evaluated
the relationship between TCR convergence and response biomarkers derived from
targeted gene expression profiling of pre-treatment (baseline) tumor biopsies.
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Patient Demographics and Treatment. Sixteen HLA-A2+ patients with advanced-
stage cutaneous (11) or uveal (5) melanoma were entered on NCT01876212 (Fig. 1),
of which 13 were evaluable for primary endpoint analysis in week 5 of study
performance. Evaluable patients included 8 males/3 females ranging in age from 42-
83 years old, with 8 cutaneous disease patients and 5 uveal melanoma patients. Sites
of disseminated disease included skin, liver, lung, lymph node, soft tissue. All patients
had progressed on prior immune checkpoint blockade protocols (Fig. 2). In advance
of treatment, patient apheresis was performed to isolate monocytes used to develop
autologous Type-1-polarized DC (by the Immunologic Monitoring and Cellular
Products Laboratory (IMCPL) of the Hillman Cancer Center), that were subsequently
loaded with a mixture of peptides derived from the 6 aforementioned tumor-associated
vascular antigens combined +/- daily oral administration of dasatinib (applied as an
immune adjuvant/conditioning agent). On the day of treatment, vaccines were thawed
and delivered intradermally (arm, thigh) every 2 weeks until disease progression.
Peripheral blood and tumor was isolated at baseline and at various timepoints during
treatment (week 5 only for tumor). Objective clinical responses (OCR) were
determined by PET-CT imaging.

Figure 1. Schema and Endpoint Analyses (NCT01876212)  

TCRBseq Analysis. Total RNA was extracted from peripheral blood leukocytes (PBL)
from the 13 evaluable HLA-A2+ patients, which included 6 responders (4 PR, 2 SD)
and 7 non-responders (i.e. progressive disease; PD). TCRB chain repertoire libraries
were constructed by multiplex PCR utilizing FR1 and constant gene targeting primers
via the Oncomine TCRB-LR assay, then sequenced using the Ion Torrent S5 to a
target depth of 1.5M raw reads per library. To evaluate T cell repertoire convergence
we searched for instances where TCRB chains were identical in amino acid space but
had distinct nucleotide sequences owing to N-addition and exonucleotide chewback
within the V-D and D-J junctions of the CDR3. Targeted gene expression profiling of
pre- and post-treatment tumor biopsies was performed via the Oncomine Immune
Response Research Assay (OIRRA) using total RNA input.

These data suggest that peripheral blood TCRB convergence may serve as a
useful biomarker for response to (dendritic cell-based) immunotherapy when used
alone or in combination with established biomarkers (such as PD-L1 expression in
tumor) derived from transcriptional profiling of the tumor microenvironment.

Ongoing and future studies will further clarify the prognostic and/or predictive
utility of TCRB convergence as an immune repertoire biomarker.

Results

Summary of Results:

►Sequencing of TCRB libraries yielded on average 20k clonotypes per individual with mean evenness (normalized Shannon entropy) of .84.
►TCR convergence was elevated in pretreatment PBL of responders compared to non-responders (mean frequency .012 vs .006; p = .014, Wilcoxon), discriminated

responders from non-responders with high accuracy (AUROC = .90), and closely correlated with time to progression following treatment (Pearson correlation = .78;
p = .004).

►Targeted gene expression profiling of tumor revealed elevated PD-L1 expression in pre-treatment responders compared to non-responders and reduced PTPN11
and HIF1A in post-treatment biopsies from responders compared to non-responders.

►Combining pre-treatment PBL TCR convergence values with tumor PD-L1 expression values improved the prediction of response.

Based on preclinical modeling supporting the therapeutic efficacy of DC/peptide-based
vaccines targeting tumor-associated blood vessels and the ability of the tyrosine kinase
inhibitor dasatinib to favorably condition the host for improved host responsiveness to
vaccination and to better direct/sustain vaccine-induced TIL, we developed an open-
label, single-center, prospective randomized Phase II clinical trial at the University of
Pittsburgh Hillman Cancer Center for HLA-A2+ patients with advanced-stage
melanoma (NCT01876212). Patients received ID injections of Type-1-polarized,
autologous DC loaded with a mixture of peptides derived from six tumor-associated
vascular antigens (DLK1, EPHA2, HBB, NRP1, RGS5, TEM1)-derived peptides
combined +/- daily oral administration of dasatinib (70 mg BID) applied as an immune
adjuvant/conditioning agent. The primary objective of this study is to evaluate the
effects of the combination immunotherapy on specific CD8+ T cell response rates (in
IFN-γ ELISPOT assays). Secondary objectives included the evaluation of the objective
clinical responses (RECIST) and exploratory immunological endpoints, including
TCRBseq analysis of patient T cell repertoires in PBMC and tumor biopsies at baseline
and post-treatment to define potential predictive biomarkers.

Figure 3. Baseline TCRB Convergence in the
Peripheral T Cell Repertoire Is Predictive of OCR in
Patients Treated on UPCI 12-048/NCT01876212. RNA
was isolated from patient PBMC prior to treatment, and
TCRB sequencing performed using the ThermoFisher Ion
TorrentTM platform. In A, an example of TCRB
convergence is cited from patient #5 (near-CR). In B, the
aggregate frequency of convergent TCRB sequences is
reported for evaluable patients based on treatment
outcomes, with 6 patients exhibiting OCR and 7 patients
with progressive disease post-therapy. Panel C reports
baseline aggregate frequencies of convergent TCRB
versus time-to-progression, while panel D correlates
aggregate frequencies of convergent TCRB with PD-L1
transcript expression levels at baseline amongst the 13
evaluable PD/OCR patients. For panels B-D, each symbol
(dots) represent an individual patient.

Figure 2. Summary of Immunological and
Clinical Response Data. In A, PET-CT
imaging of pulmonary and liver metastases
is provided for patient #5 (near-CR) at
baseline vs. 17 weeks post entry on trial. In
B, tabulated data for the 13 evaluable
patients treated on trial are presented,
including peripheral blood CD8+ T cell
response (IFN-γ ELISPOT) to peptide
epitopes in the vaccine formulation and
peptide epitopes not included in the vaccine,
but contained in melanoma lineage antigens
or in melanoma-associated vascular
antigens; best clinical response (OCR);
progression free survival (in months); prior
resistance (primary vs. acquired) to immune
checkpoint blockade (ICB); and time since
last treatment with ICB at initiation of
treatment on NCT01876212).

Figure 4. Tumor/Blood Biomarkers Associated with
Clinical Outcomes. In A, targeted gene expression
profiling (OIRRA) of tumor biopsy materials revealed
reduced transcript levels of PTPN11 and HIF1A in post-
treatment biopsies from OCR vs. PD patients. In B, ROC
curves for prediction of clinical response based on tumor
expression of PD-L1 (OIRRA) and TCRB convergence at
baseline.
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autologous DC loaded with a mixture of peptides derived from six tumor-associated
vascular antigens (DLK1, EPHA2, HBB, NRP1, RGS5, TEM1)-derived peptides
combined +/- daily oral administration of dasatinib (70 mg BID) applied as an immune
adjuvant/conditioning agent. The primary objective of this study is to evaluate the
effects of the combination immunotherapy on specific CD8+ T cell response rates (in
IFN-γ ELISPOT assays). Secondary objectives included the evaluation of the objective
clinical responses (RECIST) and exploratory immunological endpoints, including
TCRBseq analysis of patient T cell repertoires in PBMC and tumor biopsies at baseline
and post-treatment to define potential predictive biomarkers.

Figure 3. Baseline TCRB Convergence in the
Peripheral T Cell Repertoire Is Predictive of OCR in
Patients Treated on UPCI 12-048/NCT01876212. RNA
was isolated from patient PBMC prior to treatment, and
TCRB sequencing performed using the ThermoFisher Ion
TorrentTM platform. In A, an example of TCRB
convergence is cited from patient #5 (near-CR). In B, the
aggregate frequency of convergent TCRB sequences is
reported for evaluable patients based on treatment
outcomes, with 6 patients exhibiting OCR and 7 patients
with progressive disease post-therapy. Panel C reports
baseline aggregate frequencies of convergent TCRB
versus time-to-progression, while panel D correlates
aggregate frequencies of convergent TCRB with PD-L1
transcript expression levels at baseline amongst the 13
evaluable PD/OCR patients. For panels B-D, each symbol
(dots) represent an individual patient.

Figure 2. Summary of Immunological and
Clinical Response Data. In A, PET-CT
imaging of pulmonary and liver metastases
is provided for patient #5 (near-CR) at
baseline vs. 17 weeks post entry on trial. In
B, tabulated data for the 13 evaluable
patients treated on trial are presented,
including peripheral blood CD8+ T cell
response (IFN-γ ELISPOT) to peptide
epitopes in the vaccine formulation and
peptide epitopes not included in the vaccine,
but contained in melanoma lineage antigens
or in melanoma-associated vascular
antigens; best clinical response (OCR);
progression free survival (in months); prior
resistance (primary vs. acquired) to immune
checkpoint blockade (ICB); and time since
last treatment with ICB at initiation of
treatment on NCT01876212).

Figure 4. Tumor/Blood Biomarkers Associated with
Clinical Outcomes. In A, targeted gene expression
profiling (OIRRA) of tumor biopsy materials revealed
reduced transcript levels of PTPN11 and HIF1A in post-
treatment biopsies from OCR vs. PD patients. In B, ROC
curves for prediction of clinical response based on tumor
expression of PD-L1 (OIRRA) and TCRB convergence at
baseline.
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Clinical Trial Design Sixteen HLA-A2+ patients with 
advanced stage cutaneous (11) or uveal (5) melanoma 
were entered on NCT01876212, of which 13 were 
evaluable for primary endpoint analysis in week 5 of 
study. Treatment Arm A consisted of vaccination with 
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repertoires were evaluated as a secondary endpoint.
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T cell repertoire sequencing reveals dynamics of response to dendritic cell 
vaccine plus Dasatinib for checkpoint blockade resistant metastatic melanoma

METHODS – TCR Sequencing

ABSTRACT

The tyrosine kinase inhibitor Dasatinib has been 
proposed to increase immune cell recognition of tumor 
in a manner that may synergize with dendritic cell (DC) 
or checkpoint blockade immunotherapies for cancer. We 
recently conducted an open-label, single-center, 
prospective randomized Phase II clinical trial for HLA-
A2+ patients with advanced-stage melanoma 
(NCT01876212) at the University of Pittsburgh Hillman 
Cancer Center. Patients were treated with an 
autologous DC/peptide-based vaccine targeting 6 
tumor-associated vascular antigen +/- daily oral 
administration of Dasatinib (70 mg BID) as an immune 
adjuvant/conditioning agent. Here we report an 
exploratory analysis of T cell repertoire convergence 
and evenness via profiling of longitudinally-sampled 
peripheral blood leukocytes (PBL) to define potential 
pharmacodynamic and response biomarkers.

INTRODUCTION -- Definition of TCR Convergence 
and Evenness 

TCR Evenness is a measure of the similarity of clonal 
frequencies in a TCR repertoire. It is also referred to as 
the normalized Shannon Entropy and is equivalent to 1 -
“clonality”. Evenness nearing 1 indicates that all clones 
are found at similar frequencies in a sample.

Convergent TCRs are identical in amino acid space but 
different in nucleotide space (Figure 1). They represent 
instances where T cells independently underwent VDJ 
recombination and proliferated in response to a 
common antigen. In the context of cancer, TCR 
convergence has been proposed to serve as an 
indicator of the immunogenicity of a tumor and thus its 
sensitivity to checkpoint blockade therapy (1,2). 

CONCLUSIONS

• Epitope spreading is a feature of successful DC vaccine for advanced 
melanoma.

• TCR evenness decreased in responders and non-responders from 
baseline to week 5 following therapy (p = .026, Wilcoxon).

• TCR convergence was elevated in responders at baseline (p = .014, 
Wilcoxon) and preferentially increased in individuals receiving Dasatinib
at weeks 1 and 3 (p = .051, Wilcoxon, Arm B).

• Dasatinib may improve efficacy of DC vaccination through stimulation of 
tumor antigen specific T cells, including those having convergent TCRs.
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RESULTS – TCR Convergence Is Elevated in Responders at Baseline and 
Preferentially Increases Over Course of Therapy in Dasatinib Adjuvant Arm B

Table 1. Types of antigens measured by tumor 
mutation burden and TCR convergence.

Antigen Source
Tumor 

Mutation 
Burden

TCR 
Convergence

Non-Synonymous Mutations ✔ ✔
Aberrant Post-Translational

Modifications ✖ ✔
Ectopic Gene Expression ✖ ✔

Splicing Defects ✖ ✔
Autoantigens ✖ ✔

Virus-Derived Antigens ✖ ✔

TCR Assay Design The Oncomine TCRB-LR assay 
utilizes framework 3 (FR1) and constant gene (C) 
primers to amplify the CDR3 region of the TCRB chain 
(~330bp amplicon) from non-FFPE RNA input.
*LR = Long Read

FIGURE LEGENDS (Right)
(A) PET-CT imaging of pulmonary and liver 
metastases for patient #5 (near-CR) at baseline vs 17 
weeks post therapy. (B) Tabulated data for the 13 
evaluable patients treated on trial, including peripheral 
blood CD8+ T cell response (IFNG ELISPOT) to 
peptide epitopes in the vaccine formulation and those 
contained in melanoma lineage antigens or melanoma 
associated vascular antigens, but not vaccine. (C) 
Change in TCR evenness over course of therapy as a 
function of objective clinical response (OCR) and 
treatment arm. There is a significant decrease in TCR 
evenness at week 5 compared to baseline (p = .026, 
Wilcoxon). OCR is defined as near complete 
response, partial response, or stable disease for more 
than 6 months. (D) Convergent TCR frequency is 
elevated at baseline in OCR individuals, and 
preferentially increases over the first 5 weeks of 
therapy in individuals treated with Dasatinib (E and F). 

Variable CDR3 AA CDR3 NT Frequency
TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGTCAGGCATACGAGCAGTAC 1.8E-3

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTGGGACAGGCCTACGAGCAGTACAC 4.8E-4

TRBV7-8 ASSLGQAYEQY GCCAGCAGCTTAGGGCAGGCCTTACGAGCAGTACT 9.9E-05

Figure 1. Example of a Convergent TCR group. These 
three clones are identical in amino acid space (same 
variable gene and CDR3 AA) but differ at a nucleotide 
level, indicating they arose separately and independently 
proliferated in response to antigen.
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autologous DC(107) + pool of 6 HLA-A2 presented 
TBVA peptides (DLK, EphA2, HBB, NRP1, RGS5, 
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repertoires were evaluated as a secondary endpoint.
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