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ABSTRACT
The role of T cell receptor (TCR) signaling for adaptive immune responses is essential. The ability to respond
to a broad spectrum of tumor antigens requires an adaptive selection of various TCR. So far, little is known
about the role of TCR richness and clonality in the cellular immune response to head and neck cancer (HNC),
though the Endothelial Growth Factor Receptor (EGFR)-specific CD8+ T cell response can be enhanced by
cetuximab therapy. Therefore, we investigated differences in TCR sequences between human papillomavirus
(HPV)+ and HPV− HNC patients, as well as differences in TCR sequence characteristics between T cells of
peripheral blood mononuclear cells (PBMC) and tumor infiltrating lymphocytes (TIL). Additionally, we were
able to investigate the TCR richness and clonality in samples pre- and post- treatment in a prospective
clinical trial of neoadjuvant cetuximab. Interestingly, HPV+ and HPV−HNSCC did not significantly differ in the
extent of TCR clonality and richness in PBMC or TIL. However, neoadjuvant cetuximab treatment increased
the number of unique TCR sequences in PBMC (p = 0.0003), which was more prominent in the clinical
responder patients compared to non-responders (p = 0.04). A trend toward TCR gene focusingwas observed
in TIL (p = 0.1) post-treatment. Thus, an increase in richness of TCR sequences in the periphery with a
focusing at the tumor site is associated with an improved treatment response, suggesting an influence of
peripheral quantity and intratumoral quality on adaptive immunity in cetuximab treated patients.
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Introduction

Antigen recognition through the T cell receptor (TCR) is one
of the primary determinants regulating adaptive immune
responses. The HLA-associated presentation of tumor antigen
(TA), together with costimulatory pathways and cytokines, is
responsible for T cell activation. These TA are often specific
neoantigens resulting from tumor specific mutations,1 and
thereby introduce a high TCR and patient specificity.
Additionally, many TA are overexpressed, shared (wild type)
proteins, such as epidermal growth factor receptor (EGFR).
Thus, immunotherapeutic approaches targeting the adaptive
immune response highly depend on the recognition of these
neoantigens or other shared overexpressed TA. Recent devel-
opments of checkpoint inhibitors have shown profound
results in various tumor entities for many patients in
advanced stages.2 Yet, only a fraction of the treated patients
demonstrate clinical response.3 In part, therapeutic failure can
be caused by insufficient recognition of TA-specific T cells
dependent on novel protein sequences. HNC presents a useful
tumor type to profile TA-specificity and TCR genotypes with
clinical response, given the presence of neoantigens vs. viral
sequences encoded by HPV− or HPV+ HNC, respectively.
Indeed, there have been recent attempts to increase T cell
specificity against shared TA and neoantigens.4

Physiologically, the variety of antigens is immense for
foreign pathogens and, in the case of cancer, self-derived
cellular components. Therefore, the requirements for diversity
and yet specificity of antigen presentation and antigen detec-
tion are met through a specific recombination and selection
process. In the case of TCR, the diversity is achieved through
variation of the involved components of the TCR complex.
The TCR α and β chains consist of three hypervariable com-
plementarity-determining regions (CDR) that influence HLA
antigen binding. The variable TCR regions of each somatic T
cell undergo a genetic recombination of the DNA encoding
segments, generating high diversity of the antigen recognizing
components. The combination of high diversity in TCR and a
clonal expansion of activated antigen specific cells allows for
adaptive immune responses to a broad spectrum of TA.
Recently, the technological advances allowed the introduction
of “immunosequencing” in order to analyze specimens from
peripheral blood or (tumor) tissue for specific quantification
of TCR diversity.5 In particular, antigen specificity of T cells is
mainly determined by the CDR region coding for the variable
antigen binding pocket, CDR3. Hence, by analyzing PCR-
based amplified CDR3 sequences of a patient sample by
high throughput sequencing, the TCR immune receptor pro-
file and clonal diversity can be determined.6 This allows for
analysis of clonality and richness of patient TCR and more
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importantly, observation of intra-individual changes after
immunotherapy as well as differences between the circulation
and the tumor site. In tumor infiltrating lymphocytes (TIL),
TA-specific T cells have been shown to express activation
markers such as programmed death-1 (PD-1) or cytotoxic T
lymphocyte associated protein-4 (CTLA-4).7

Immunotherapeutic approaches targeting these pathways
have demonstrated good clinical responses in a variety of
tumor types.8–11 Still, in the case of TA-specific immunity,
the role of different treatment modalities on TCR properties
and their therapeutic consequences is poorly understood.

In recent years, several TA-specific monoclonal antibodies
(mAb) were approved for the treatment of various malignan-
cies. Cetuximab is FDA approved for the treatment of patients
with squamous cell carcinoma of the head and neck (HNC).
We previously demonstrated that cetuximab is able to signifi-
cantly enhance antigen presentation and NK:DC priming of
adaptive immune responses in TIL.12 However, direct evi-
dence for actual changes in adaptive immunity in relation to
clinical response is lacking. Therefore, in this study we inves-
tigated the effect of cetuximab on the impact of TCR receptor
and clinical implications utilizing a prospective neoadjuvant
“window of opportunity” clinical trial of neoadjuvant cetux-
imab therapy (UPCI 08–013, NCT01218048), with a focus on
changes in TCR diversity and clonality.

Results

Antigen specific T cells from HNC patients express
exhaustion markers

In order to investigate the levels of activation and antigen
experienced status in TA-specific CD8+ T cells,13,14 we uti-
lized EGFR (853–861)-, MAGE(271–279)- and HPV-E7(11–20)- spe-
cific multimers and counter-stained for PD-1 and CTLA-4 to
indicate antigen experienced status (HPV+ n = 18, HPV−

n = 18). PD-1+ HLA-A2:EGFR(853–861)- and HLA-A2:
MAGE(271–279)- specific T cells from both HPV+ and
HPV− patients were significantly higher than PD-1 and
CTLA-4 double positive cells or CTLA-4 single positive cells
(Figure 1(a) and B, p < 0.05). Interestingly, differences in

circulating, shared TA-specific T cells were not detected
between HPV+ and HPV− HNC patients, suggesting the
induction of polyclonal antigen specific immunity regardless
of HPV status. While HPV− HNC patients showed no detect-
able staining for HPV-specific multimers (not shown), a sub-
set of HPV-16 HLA-A2:E7(11–20)-specific T cells detected in
the circulation of HPV+ patients were found to express PD-1
(8.5%, Figure 1(c)) as a marker of antigen experience and
exhaustion. As PD-1+ T cells appear to be clonal expansions
of anti-tumor effector cells in the tumor microenvironment,7

the relationship between TCR and anti-tumor efficacy was
further investigated, using a broader method than multi-
color flow cytometry.

Peripheral blood TCR characteristics among HNC patients

Pre- and post- treatment PBMC samples from 14 patients
were analyzed for changes in TCR sequences, with a median
of over one million sequences and over 70000 unique
sequences generated per sample. Most samples were diverse,
with some expanded clones, with a median clonality of 0.131.
Figure 2(a) compares the similarity of these 28 different
samples, based on sequence counts, demonstrating few simi-
larities between individual patient PBMC. Sorted frequencies
of clones decreased exponentially and CDR3 length showed
Gaussian distribution among all samples (Figure 2(b)). Using
a clone tracker tool, we exported the top ten amino acid
sequences of each sample and tracked their presence across
all 56 samples. Most of the top amino acid sequences (267/
359) were shared in less than four samples. The heatmap of
frequencies of variable gene families per samples displayed
similar distributions across all 28 PBMC samples
(Figure 2(c)).

HPV+ and HPV− patients demonstrate similar TCR
richness and clonality

Reasons for the prognostic differences between HPV+ and
HPV− HNC patients have been under investigation.15

Therefore, we investigated differences of TCR clonality and
richness in these patients, as well as a comparison between

Figure 1. Antigen specific T cells of HNC patients express exhaustion markers. Antigen specific CD8+T cells were identified using EGFR (853–861)-, MAGE(271–279)-
and HPV-E7(11–20)-specific tetramers/ pentamers and counter-stained with PD-1 and CTLA-4 (t test, HPV+ n = 18, HPV− n = 18).
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pre- and post-cetuximab TCR’s from peripheral blood and TIL
(n = 14 patients, 56 samples). Interestingly, HPV+ and HPV−

HNC patients demonstrated comparable clonality frequencies
for PBMC at baseline (p = 0.75) or post-treatment (p = 0.67), as
well as in TIL (p = 0.75 and 0.28 for pre- and post-cetuximab
treatment, Figure 3(a)). In PBMC, the HPV+ and HPV− patients
also manifested no significant difference in TCR richness at
both baseline and post-treatment (p = 0.66, Figure 3(b).
Similar results were seen for TCR richness in TIL at both base-
line (p = 0.11) and post-treatment (p = 0.85).

Cetuximab treatment increases TCR richness in PBMC and
is associated with clinical response

Since the induction of adaptive immunity has been observed
in cetuximab-treated HNC patients,13 the effect of cetuximab
treatment on TCR clonality in PBMC and TIL was analyzed.
Changes in clonality of the PBMC samples before and after
cetuximab treatment were moderate (Figure 4(a)).
Neoadjuvant treatment with cetuximab significantly
increased the richness of TCR in PBMC (p = 0.0003), with
a more modest effect in the TCR richness in TIL (p = 0.15,

Figure 2. TCR characteristics among trial patients. (a) Sample similarity based on sequence counts per sample. (b) Sorted frequencies of clones per sample, CDR3
length distribution per sample. (c) Heatmap of frequencies of v families per samples.
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Figure 4(b)). In TIL, there was a trend toward increased
clonality after cetuximab treatment (p = 0.1). PBMC as
well as TIL clonality and richness of TCR were investigated
in cetuximab clinical responders and nonresponders.
Responders and nonresponders did not differ in clonality
either at baseline (p = 0.87) or post-treatment (p = 0.76)
in PBMC as well as in TIL (p = 0.76 baseline; p = 0.64 post-
treatment, Figure 5(a)). The richness in TIL did not differ
between responders and nonresponders at either baseline or
post-treatment time points (p = 0.85 and p = 0.76).
However, significantly higher TCR richness in PBMC was
observed in cetuximab responders at both baseline and post-
treatment (p = 0.03, Figure 5(b)). Five out of 7 nonrespon-
ders and 4 out of 5 responders demonstrated an increase in
TIL clonality post-treatment (Figure 6(a)). In cetuximab
responders, the increase of TCR richness in the periphery
is higher than in the nonresponder group (p = 0.04,
Figure 6(b)).

Discussion

The spectrum of TCR epitopes that are responsible for the TA
formation is diverse, resulting from each tumor cell’s somatic
mutations derived from genetic alterations. As such, even for
tumors with similar histological origin, the “genomic land-
scape” can be highly variable.16 Similar to the response of
foreign antigens, it is crucial to develop and maintain a
diversified TCR repertoire for TA detection of a highly vari-
able landscape. Therefore, this highly variable genomic land-
scape of tumor cells is shared by the TCR landscape of TIL,17

accounting for differences in magnitude, location and ratio of
individual T cell subsets.18

Immunosequencing of TCR is a sensitive, highly accurate
technology that is based on multiplex PCR high throughput
sequencing.19 The possibility to quantify and specify the clo-
nal distribution of lymphocytes in patient samples provides
new insight in immunologic processes.20 In tumor immunol-
ogy, it enables new ways of analyzing treatment responses in

Figure 3. HPV+ and HPV− patients demonstrate similar TCR richness and clonality. (a) HPV+ and HPV− demonstrate comparable clonality frequencies for PBMC
at baseline (p = 0.75) or post-treatment (p = 0.67), as well as in TIL (p = 0.75 and 0.28 for pre- and post-treatment). (b) In PBMC, the HPV+ and HPV− patients
manifest no significant difference in TCR richness at both baseline and post-treatment (p = 0.66), similar results account for the richness In TIL at both baseline
(p = 0.11) and post-treatment (p = 0.85).
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adaptive immunity, which is of importance as intratumoral
T-cell populations have been demonstrated to crucially influ-
ence disease course.21,22 TCR analysis can be performed on
multiple samples from the same patient simultaneously, pro-
viding an overview of distinct T cell compositions, depending

on the tissue origin. So far, differences in PBL and in TIL have
been observed.23 Still, factors that influence the landscape of
TIL are poorly understood.

In this manuscript, we utilize TCR analysis not only for a
single “snapshot” but compare TCR diversity and clonality at

Figure 4. Cetuximab treatment increases TCR richness in PBMC. (a) The changes of clonality in the PBMC samples before and after treatment are moderate. In
TIL, there is a trend of increased clonality after treatment (p = 0.1). (b) The treatment with cetuximab increases the richness of TCR in PBMC (p = 0.0003) in contrast
to richness in TIL (p = 0.15). (c) Waterfall plots for changes of richness from baseline after treatment.
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different time points, in order to observe possible therapeutic
influences on the TCR landscape over time. Therapeutic
interventions and their effect on the TIL clonality and diver-
sity are of high interest, especially regarding recent develop-
ments of specific T cell modulations through immune
checkpoint inhibitor therapy. Therefore, we investigated
TCR characteristics of peripheral blood and TIL before and
after systemic treatment with anti-EGFR mAb cetuximab, in
particular to evaluate the suitability of cetuximab as an agent
for combination with immunotherapeutic agents, such as
checkpoint inhibitors.

In previous investigations, our group has demonstrated
enhanced dendritic cell (DC)- mediated cross priming of
CD8+ T cells, during treatment with cetuximab.12,24

Intriguingly, cetuximab therapy can induce clinical responses
in the absence of mutations in EGFR,25 suggesting additional
antitumor mechanisms besides downstream signaling block-
ade, such as antibody dependant cellular cytotoxicity (ADCC).
Correale and colleagues demonstrated in vitro that cetuximab

ameliorates DC-mediated phagocytosis of colon cancer cells,
which thereby enhances CTL dependent anti-tumor
response.26 Our group has demonstrated substantial cross-
presentation through enhanced NK:DC cross talk,27

Cetuximab associated NK-cell induced DC maturation there-
fore influences TA cross-presentation.13,27,28 This effect on
adaptive immunity was also observed by Lou and colleagues,
who reported effects on T cell diversity after a combination of
cetuximab treatment with chemotherapy in a subgroup of
patients.29

Immune checkpoint receptors such as PD-1 and CTLA-4,
whose blockade through mAbs recently showed significant
response rates in otherwise pretreated patients,11,30 are upre-
gulated on activated T cells. In the tumor microenvironment,
T cells expressing PD-1 have been identified as clonal expan-
sion of tumor reactive T cell populations, thus representing
functionally important components in order to eliminate
tumor cells.7 Furthermore, Gros and colleagues were able to
recently identify PD1+ CD8+ T cells in circulation of three

Figure 5. A higher TCR richness in PBMC is associated with treatment response. (a) Both responders and nonresponders do not differ in clonality either at
baseline (p = 0.87) or post-treatment (p = 0.76) in PBMC as well as in TIL (p = 0.76 baseline; p = 0.64 post-treatment). (b) Cetuximab responders have higher TCR
richness at both time points in PBMC (p = 0.03). The richness in TIL does not differ in responders and nonresponders at both time points (p = 0.85 and p = 0.76).
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melanoma patients that targeted unique patient-specific
neoantigens.31 Our findings, that tumor antigen specific
T-cells (including EGFR, MAGE and HPV) in the periphery
express PD-1 and CTLA-4, support these observations. Thus,
circulating TA-specific T cells can be identified in peripheral
blood with important consequences for the development of
individualized TCR analyses and therefore personalized thera-
pies. Additionally, these findings support the importance of
circulating T cells and investigations of factors that influence
their TA-specific characteristics, especially focusing on their
TCR properties.

The importance of TCR diversity for immunologic compe-
tence has been demonstrated for various aspects of immune
responses. In patients following hematopoietic stem cell trans-
plantation, T cell repertoire recovery was observed through
TCR sequencing. Van Heijst and colleagues report consistent
findings of patient groups with increased TCR diversity and
decreased risk of infection and cancer relapse.32 In patients
following septic shock, TCR diversity is reduced and normal-
ization of TCR diversity and PD-1 expression was reported to
positively correlate with survival.33 In patients with hepatitis
C virus (HCV) infection, Miles and colleagues observed that
TCR repertoire diversity is associated with HCV clearance.34

Hence, TCR diversity is associated with a greater likelihood of
a competent immune recognition, which is not restricted to
foreign pathogens, with important consequences for cancer
immunotherapy.

Our TCR analysis showed very low TCR similarities in
between the samples based on sequence count and a normal
distribution regarding CDR3 length, similar to reports about
TCR analysis of different cancer types.35 This suggests that
immunogenic epitopes are not frequently shared in between

HNC patients, which is even more interesting regarding our
observations and that of others that between HPV+ and HPV−

patients, no differences could be observed for TCR richness
and TCR clonality in both peripheral blood and TIL.36

Therefore, mutational variability accounts for both HPV+

and HPV− HNC patients, revealing no specific TCR clonotype
for HPV+ patients that could explain improved therapeutic
treatment responses in HPV+ patients so far.

Comparing TCR properties between TIL and PBMC, Jia
and colleagues have shown that coding degenerate clono-
types in tumor tissue are significantly enriched.35 In primary
liver carcinoma, TCR analysis was performed by Shi and
colleagues in five different tumor regions of the same
patient, revealing a higher frequency of the most abundant
TIL clones in comparison to peripheral blood.37 At the same
time, Shi and colleagues observed that intratumoral TCR
clonality was distributed heterogeneously. In our results, we
were able to observe an increased clonality in TIL in the
responder group after cetuximab treatment, supporting the
above described induction of an adoptive immune response
through cetuximab treatment. Most importantly, TCR rich-
ness was significantly increased in the periphery after cetux-
imab treatment, with the highest increase in the responder
group, supporting the hypothesis that an improved local
tumor response is associated to an increase in peripheral
TCR diversity. This might impose important therapeutic
consequences, especially for possible combinational thera-
pies. Park and colleagues observed in a combination of
chemotherapy and the use of trastuzumab, an anti-Her2/
neu mAb, that the induced immunity reaction through tras-
tuzumab is reduced by the administration of
chemotherapeutics.38

Figure 6. The increase of TCR richness is higher in cetuximab responders. (a) 5 out of 7 nonresponders and 4 out of 5 responders had increased clonality post-
cetuximab treatment, the difference between responders and nonresponders did not reach significance (p = 0,76) (b) In the patients responding to cetuximab
treatment, the change of TCR richness post-treatment is higher as compared to nonresponders (p = 0.04).
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Additionally, CTLA-4 blockade itself was also shown to
induce T cell repertoire evolution.39 Recently, effects of
CTLA-4 blockade on the TCR repertoire in peripheral blood
have been investigated.40 Robert and colleagues reported a
diversification of the peripheral T cell pool after treatment
with CTLA-4 blocking antibody (tremelimumab) in contrast
to healthy donor PBMC. Similar to anti-CTLA-4 therapy,
treatment with cetuximab enhances anti-tumor immunity in
a subset of patients. Although therapeutic mechanisms of
these two mAb are quite different, T cell responses against
tumor cells are induced and/or activated.13 However, it is not
yet fully understood how these mAb evoke adaptive immune
responses beyond enhanced cross-presentation of tumor anti-
gens through intratumoral DC. Increased T cell diversity in
the peripheral circulation after cetuximab treatment and a
higher amount of unique productive TCR sequences was
observed, but expansion of specific TCR clones was not seen
in predominance over the others, suggesting that this mode of
therapy does not result in the specific detectable expansion of
clonal T cells in the circulation. Most intriguingly, an increase
in richness of TCR sequences in the periphery (PBMC) but
not in TIL was associated with an improved treatment
response to cetuximab, suggesting an influence of mAb
induced peripheral quantity on intratumoral quality.

Our data are consistent with an immunological effect of
cetuximab mediated by a broad T cell proliferation in the
circulation. Prior findings suggest the induction of prolifera-
tion of T lymphocytes in lymphoid organs and to some extent
at the tumor site, which may contribute to the observation of
increased TCR richness in blood after treatment with cetux-
imab. The significant increase in diversity of TCR in periph-
eral blood may reflect a pharmacodynamic effect of the mAb
therapy that is related to a general ability of that patient’s
immune system to be activated, rather than a sole correlation
with anti tumor immune responses, given the lack of associa-
tion of TIL changes with clinical response. This finding may
be related to insufficient power to detect such an effect.
However, the correlation of TCR diversity in PBMC with
clinical response could provide a novel biomarker for mon-
itoring cetuximab treated patients in the clinic. Combinations
with checkpoint receptor specific mAb would often appear
promising. In conclusion, we report an increased post-treat-
ment richness of T cells in the peripheral blood, without
detectable expansion of specific clonal populations in the
periphery, correlating with treatment response. This increased
T cell diversity, together with their increased T cell activation
state, may be mechanistically linked to the development of
tumor responses in these cetuximab-treated patients.

Materials and methods

Patients and specimens

Patients with stage III/IV, previously untreated HNSCC who
were candidates for surgical resection and had no prior his-
tory of head and neck cancer were recruited to this single-
center, prospective phase II “window of opportunity” clinical
trial (UPCI 08–013, NCT01218048). The study was approved
by the Institutional Review Board (IRB) at the University of

Pittsburgh and performed in accordance with Good Clinical
Practice guidelines and the ethical principles outlined in the
Declaration of Helsinki. All subjects provided written,
informed consent before enrollment. Treatment consisted of
3–4 weekly doses of neoadjuvant cetuximab, followed by
surgical resection within 36–48 hours of the last cetuximab
dose received. Tumor and peripheral blood specimens were
collected at screening and again at the time of surgery under
an IRB-approved tissue banking protocol (UPCI 99–069).

Collection of PBMC and TIL

Peripheral blood (30–40 ml) was drawn into heparinized tubes
and centrifuged on Ficoll–Hypaque gradients (#17144003, GE
Healthcare Bioscience). Peripheral blood mononuclear cells
(PBMC) were recovered, washed in RPMI-1640 (#R8758,
Sigma) and immediately used for experiments or stored at
−80 ºC until further analysis. For TIL isolation, freshly isolated
tumors from HNC patients were minced into small pieces in
RPMI-1640, which then were transferred to a 70-μm cell strai-
ner and mechanically separated using a syringe plunger. The
cells passing through the cell strainer were collected and sub-
jected to Ficoll–Hypaque gradient centrifugation. After centri-
fugation, mononuclear cells were recovered and stored at −80
ºC until flow cytometry analysis.

Flow cytometry

For cell surface staining, PBMCs were washed twice in stain-
ing buffer (2% w/v fetal bovine serum, Corning) and stained
for cell surface markers. Cells were incubated with relevant
antibodies for 30 min at room temperature (RT) in the dark,
washed twice and re-suspended in staining buffer. Flow cyto-
metry was performed using a CyAn flow cytometer (Dako)
and LSR Fortessa (Becton Dickinson) and data analyzed using
FlowJo software (TreeStar, Inc.). The acquisition and analysis
gates were restricted to the lymphocyte gate based on char-
acteristic forward and side scatter properties of the cells.

Antibodies and reagents

The following anti-human monoclonal antibodies (mAb)
were used for staining: CD3-Alexa Fluor 405 (#CD0326,
Invitrogen), CD4-AF700 (#560836, BD Biosciences), PD-1-
APC (#17–9969-41, eBioscience), CTLA-4 PE/Cy7 (#349914,
Biolegend), and their respective isotype controls. PE-conju-
gated EGFR:853–861 tetramer and MAGE:271–279 tetramer
were synthesized by the NIH Tetramer Facility (Emory
University), and the HPV E7:11–20 Pentamer was commer-
cially obtained (#095, ProImmune). Antibodies and tetramers
were pre-titrated using activated as well as non-activated
PBMC to determine optimal staining dilutions.

TCR genotyping

TCR genotyping was performed and quantified by Adaptive
Biotechnologies, Inc. The maximum available number of sam-
ples from the same patient was 4, containing pre- and post-
treatment PBMC and pre- and post-treatment TIL.
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Statistics

ImmunoSEQ Analyzer (http://www.adaptivebiotech.com/immu
noseq/analyzer) was used to retrieve, process and track the TCR
sequence data. Pre- and post-treatment richness (S, i.e., the total
number of unique productive sequences), Shannon Index (H = -
log∑pi(1-pi), pi = the proportion of sequence i), clonality (1-H/
log(S), range 0–1, 0 means polyclonal, 1 means monoclonal)
were compared by the Wilcoxon Signed Rank tests.
Comparisons between two independent groups (i.e. HPV+ vs.
HPV−, or responders vs. non-responders) were accomplished
with Wilcoxon Rank Sum tests. Frequencies of different T cells
subpopulations within the same patient were compared using
Wilcox Signed Rank. Data analyses were carried out using the R
version 3.2.0.41 All tests are two-sided and a p-value of 0.05 or
less is considered statistically significant.
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