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initiation of anti-PD-L1 therapy at a time the patient had 
experienced a partial response. Measurement by flow 
cytometry showed that all five of the neoantigens stim-
ulated upregulation of the three activation markers on 
CD4+ but not CD8+ T cells (figure 3B,C).

IFNγ detection via flow cytometry can be difficult due 
to low secretion and infrequent numbers of T cells, as is 
common with antigen-specific CD4 T cells. To overcome 
this limitation, PBMCs were cultured with individual 
neoantigen peptides to first expand the T cell popula-
tions. Intracellular production of IFNγ was then assessed 
after restimulation with the corresponding neoantigen 
peptide for each culture condition. CD4 T cells, and not 
CD8 T cells, produced IFNγ in response to re-stimulation 
with neoantigen peptides, confirming our direct ex vivo 
findings (online supplemental figure 2A,B).

Single-cell transcriptional profiling of neoantigen-reactive 
CD4 T cells
To determine the transcriptional phenotype of 
neoantigen-specific T cells, we sorted CD4 T cells that 
upregulated activation markers CD69, CD137 and CD154 
ex vivo in response to stimulation with neoantigen peptides 
(figure 4A). Single cell RNAseq was then used to charac-
terize T cell phenotypes. Expression of CD4 T cell subset 
master transcription factor mRNAs showed a plurality of 
cells expressing the Th1-associated transcription factor 
(T-bet), suggesting that a Th1 phenotype is the most 

common phenotype that the neoantigen-specific CD4 T 
cells develop. This is further supported by the expression 
of cytokine mRNAs that showed a predominance of the 
Th1-weighted cytokines IFNγ, tumor necrosis factor alpha 
(TNFα) and IL-2 (figure 4B,C).

Tumor microenvironment exhibits a T cell excluded phenotype 
involving T-bet expressing CD4 T cells
To determine the T cell characteristics into and around 
the pre-therapy tumor, we used multiplex immunohis-
tochemistry. While the tumor did not have appreciable 
infiltrating immune cells, the peritumoral and stromal 
areas had abundant CD3+, CD8+ and PD-L1+ cells indi-
cating an ‘excluded’ T cell phenotype (figure 5A,B).

We also used a separate phenotyping panel to charac-
terize CD4 T cells at the tumor edge. CD4+/T-bet+ cells 
were abundant while CD4+/FoxP3+ cells were not, indi-
cating a predominantly inflammatory (Th1) response 
(figure 5A bottom and C).

DISCUSSION
The use of anti-PD-(L)1 agents in MCC has changed 
patient management and dramatically improved long-
term outcomes for a substantial subset of patients with 
advanced disease. Indeed, the first-line response rate for 
MCC (~56–62%) is essentially the highest among solid 
tumors.31–35 Across multiple trials, the response rate 

Figure 4  Neoantigen-specific CD4 T cells have a Th1-skewed transcriptional phenotype. (A) Overview of experimental 
method. Peripheral blood mononuclear cells were stimulated for 16 hours with neoantigen peptides and CD4 T cells 
were single-cell sorted into a 96 well plate based on upregulation of three activation markers (CD69, CD137 and CD154, 
representative dot plots shown). (B) Sorted CD4 T cell T-bet RNA levels were significantly elevated when compared with other 
CD4 T cell master regulator transcription factors (p values as compared with T-bet were: p<0.001 for GATA3, RORγT and FoxP3, 
and p<0.01 for BCL6). (C) RNA expression of effector cytokines indicates a Th1 skewed phenotype.

 on S
eptem

ber 23, 2022 by guest. P
rotected by copyright.

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2022-005328 on 9 S
eptem

ber 2022. D
ow

nloaded from
 



7Church C, et al. J Immunother Cancer 2022;10:e005328. doi:10.1136/jitc-2022-005328

Open access

has been similarly high for both VN-MCC and VP-MCC 
patients.3 16 36

VP-MCC has frequently been used to understand the 
immunological correlates of response and tumor antigen-
specific T cells, due to the invariant MCPyV oncoprotein 
antigens expressed by these virally driven tumors. In 
contrast, relevant tumor-specific T cell responses have 
not been characterized in VN-MCCs to the best of our 
knowledge. Accordingly, we sought to determine whether 
neoantigen-specific T cells were associated with a deep 
and durable, partial response to anti-PD-L1 therapy in a 
patient with VN-MCC.

A screen of 77 putative neoantigen peptides lead 
to identification of five T cell responses that prefer-
entially recognized the mutated version of a peptide 
(neoepitope) as compared with its wild type counterpart 
(figure 2A). Although the initial goal was to characterize 
CD8 T cell responses by selecting neoantigen peptides 
predicted to bind to class-I HLA, all neoantigen-reactive 
T cells identified were CD4+ and recognized neoepi-
topes in the context of class-II HLA (figure  2). Similar 
results have been reported for therapeutic vaccination 
wherein neoantigen peptides optimized for presentation 
on class-I HLA elicited in a surprisingly robust expansion 
of epitope-specific CD4 as well as CD8 T cells.21 22 37 The 
fact that only CD4 T cells were identified using potential 
neoantigen peptides in the present study contrasts with 
prior findings in VP-MCC for which the majority of T cell 
responses identified have been CD8+.17 19 20 38

To understand the role these cancer-specific CD4 T 
cells were playing in this patient’s clinical response to 

anti-PD-L1 therapy, we sought to quantify and phenotype 
these cells over the course of treatment. When studying 
their quantity, we observed that these CD4 T cells 
increased in the weeks following initiation of anti-PD-L1 
(figure  1A). However, several months after the patient 
experienced a partial response, CD4 T cell responses 
became undetectable. This potentially could be due to 
the reduction in tumor neoantigens and subsequent 
contraction of the neoantigen-specific T cell popula-
tion. This finding is consistent with previously published 
studies of MCPyV-specific T cell activity that reproducibly 
decreased in MCC patients shortly after surgical removal 
of their tumors.38 We also sought to functionally charac-
terize these neoantigen-specific T cells because CD4 T 
cells are known to have diverse potential roles within the 
tumor microenvironment. While one proposed mecha-
nism for antitumor activity of CD8 T cells is direct killing 
of tumor cells, it is becoming more evident that cancer-
specific CD4 T cells are a critical aspect of the antitumor 
response. Indeed, in experimental mouse models in 
which CD4 T cells were depleted, mice could no longer 
control tumors, suggesting that the CD4 T cell response 
is required for antitumor immunity.39 40

There are multiple potential ‘helper’ roles for anti-
tumor CD4 T cells. In MCC, perhaps the most significant 
role may be secretion of IFNγ to upregulate HLA class 
I molecules, in turn making tumor cells visible to cyto-
toxic CD8 T cells.41 This is particularly relevant in MCC 
because 85% of MCC tumors downregulate HLA class 
I molecules, and this downregulation is reversible with 
stimulation by interferons.42 43 CD4 T cells can also have 

Figure 5  Primary tumor exhibits a T cell-excluded phenotype. (A) Top: representative image of multicolor staining for 
adaptive immune markers. Light blue=tumor (CD56), green=CD3, red=CD8, magenta=PD-L1, dark blue=cell nuclei. Bottom: 
representative image of multicolor staining for CD4 phenotyping in tumor. Dark blue=cell nuclei, green=CD4, yellow=CTLA-4, 
red=T bet, and white=FoxP3. Yellow arrowheads indicate examples of CD4+T-bet+ cells. (B) Staining was quantified with HALO 
software. Per cent of cells expressing CD3, CD8, PD-1, and PD-L1 within the tumor and on the peritumoral edge (stroma). (C) 
Left: per cent CD4 cells in the tumor or stroma; right: proportion of CD4 cells expressing each of the phenotypic markers listed.
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direct cytotoxic effects on tumors through production of 
granzyme and perforin44 45 or immunosuppressive func-
tion in the case of regulatory T cells.46 Importantly, CD4 
T cells are crucial for the formation of tertiary lymphoid 
structures in the tumor microenvironment.47–49 These 
structures of coordinated B and CD4 T cells are associ-
ated with improved survival across several cancer types 
including MCC50 and likely lead to improved antitumor 
immunity via increased support for cancer-specific CD8 
T cells.51

To determine which of many roles neoantigen-
specific CD4 T cells were playing in this patient’s clin-
ical response, we phenotyped these cells via scRNAseq 
(figures  3B and 4A). We observed a Th1 pattern 
(figure 4C), consistent with the observation in figure 2 
that neoantigen-reactive T cells release IFNγ in response 
to their cognate neoantigen peptide. Furthermore, 
these cells express T-bet, the canonical transcription 
factor that enforces a Th1 phenotype and supports CD8 
T cell function (figure  4B). To confirm that intratu-
moral CD4 T cells had a Th1 phenotype in the tumor 
microenvironment, multiplexed immunohistochemistry 
was performed. This showed an ‘immune excluded’ 
tumor with numerous T cells on the tumor periphery 
and very few within the tumor itself (figure  5A). The 
most frequently expressed master transcription factor in 
CD4+ cells in both tumor and stroma was T-bet, further 
suggesting these cells are Th1 skewed (figure  5C). 
These data show that neoantigen-specific CD4 T cells 
were present in this patient, increased over the course 
of anti-PD-L1 therapy and had a Th1 phenotype that 
could improve antitumor immunity via promotion of an 
inflamed tumor microenvironment.

It is noteworthy that neoantigen-specific CD8 T cells 
were not detected despite this patient’s dramatic clinical 
response. There are several possibilities that could explain 
this perplexing finding. Even though data for in silico 
predictions of relevant peptides is robust, it is possible that 
not all immunogenic neoantigen peptides were appro-
priately identified. Additionally, high-avidity CD8 T cells 
could have been present but later deleted.52 T cells with 
higher avidity TCRs for their cognate peptide-HLA mole-
cules may be particularly prone to exhaustion and elimi-
nation, and higher peptide-HLA affinities are associated 
with higher TCR avidity.52 Pertinent to this, only neoan-
tigens with predicted peptide-HLA affinities of <100 nM 
were used in this study. Alternatively, it is possible that 
CD4 T cells were directly cytotoxic as appears to be the 
case in bladder cancer and melanoma, both of which are 
known to express HLA class II in some cases.44 45 However, 
we do not believe this is the case for two main reasons: 
(1) HLA class II is typically not expressed on MCC tumor 
cells43 and thus there would be no target ligand available 
for CD4 T cell recognition and possible cytotoxic activity 
(online supplemental figure 4) and (2) scRNAseq data 
revealed no significant expression of cytotoxic perforin 
or granzymes in the neoantigen-specific CD4 T cells (data 
not shown), further suggesting that it would be unlikely 

for these cells to be directly responsible for this patient’s 
tumor regression.

Another potential explanation for why neoantigen-
specific CD8 T cells were not detected is that the sensi-
tive assays required to identify these rare cells depend on 
inducible cytokine secretion or activation marker expres-
sion. IFNγ inducibility is lost late in the process of CD8 T 
cell exhaustion, after suppression of other key cytokines 
such as IL-2 and TNFα. If neoantigen-specific CD8 T 
cells were too dysfunctional to release IFNγ or upregu-
late activation markers, then they would not be detectable 
via these functional assays. We have previously observed 
this contrast for MCPyV-specific CD8 T cells in blood, 
for which tetramer-positive populations are detectable in 
some patients who have absent IFNγ ELISpot responses 
ex vivo.17 Additionally, the frequency of neoantigen-
specific CD8 T cells in the blood may have been below the 
threshold of IFNγ ELISpot assays (less than 1 in 50,000). It 
is possible that neoantigen-specific CD4 T cells could also 
have greatly outnumbered their CD8 counterparts in the 
blood but could have been present in the tumor at suffi-
cient frequency to mediate regression seen in this patient 
(figure 5). Regardless, this study suggests that future clin-
ical trials of immunotherapies, including possible thera-
peutic vaccination for MCC,53 should include both CD4 
and CD8 T cell biomarker analyses to further elucidate 
the role of both T cell subsets.

While many studies have characterized cancer-specific 
CD8 T cells,52 54 55 the focus has recently shifted to investi-
gating the role of CD4 T cells in immunotherapy largely 
in part to emerging technologies. In this study, we report 
that neoantigens can elicit a CD4 T cell immune response 
in MCC and that tumor-specific T cells expand in the 
periphery following immunotherapy in a patient with a 
profound durable response. Future and ongoing clinical 
trials aiming to boost the CD4 immune response via adop-
tive T cell transfer (NCT03747484) or therapeutic vacci-
nation53 56 could further strengthen this response and 
improve antitumor immunity. Immunotherapy as well as 
personalized vaccination strategies, which often result in 
robust tumor-specific CD4 T cells, should be considered 
for MCC patients including those with chemotherapy-
refractory disease. Reinvigorating and generating new 
CD4 and CD8 T cell responses are key to eliminating 
tumors and providing patients with long-term clinical 
benefit.
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