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ABSTRACT To dissect the effect of neoadjuvant PD-1 and CTLA4 blockade on intratumoral T 
cells in treatment-naive head and neck squamous cell carcinoma, we analyzed pri-

mary tumor immune infiltrates from responding and nonresponding patients. At baseline, a higher ratio 
between active (4-1BB/OX40+) and inactive regulatory CD4+ T cells was associated with immunother-
apy response. Furthermore, upon therapy, this active regulatory T-cell (Treg) population showed a pro-
found decrease in responding patients. In an analogous process, intratumoral dysfunctional CD8+ T cells 
displayed decreased expression of activity and dysfunction-related genes in responding patients, 
whereas in clinical nonresponders, natural killer cells showed an increased cytotoxic profile early upon 
treatment. These data reveal immunologic changes in response to dual PD-1/CTLA4 blockade, includ-
ing a parallel remodeling of presumed tumor-reactive Treg and CD8+ T-cell compartments in responding 
patients, and indicate that the presence of activated Tregs at baseline may be associated with response.

SIGNIFICANCE: In head and neck squamous cell carcinoma, neoadjuvant PD-1/CTLA4 blockade has 
shown substantial response rates (20%–35%). As recognition of tumor antigens by T cells appears to 
be a critical driver of therapy response, a better understanding of alterations in T-cell state that are 
associated with response and resistance is of importance.
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INTRODUCTION
Immune checkpoint blockade (ICB) therapies have shown 

activity in a wide range of cancers, with response rates to dual 
anti–PD-1 and anti-CTLA4 therapy of up to 80% when given 
as neoadjuvant treatment (1, 2). In head and neck squamous 
cell carcinoma (HNSCC), both neoadjuvant anti–PD-1 mono-
therapy and neoadjuvant anti–PD-1 and anti-CTLA4 combina-
tion therapy have been explored in a total of six clinical trials. 
Although not designed or powered to compare clinical ben-
efit, the reported data have shown a higher major pathologic 
response (MPR) rate upon neoadjuvant combined anti–PD-1 
and anti-CTLA4 treatment (MPR rate of 20%–35%; Supple-
mentary Table S1; refs. 3, 4) than upon neoadjuvant anti–PD-1 
monotherapy (MPR rates ranging from 0% to 14%; Supple-
mentary Table S1; refs. 5–8). At the same time, dual anti–PD-1/
anti-CTLA4 therapy is associated with higher rates of immune-
related toxicity (3, 4), emphasizing the importance to dissect the 
mechanisms of response and resistance to such dual therapy.

In tumors responding to neoadjuvant immunotherapy, 
pathologically complete responses can occur within weeks, 

demonstrating that effective reinvigoration of the antitumor 
response can, in at least some cases, lead to rapid cancer 
cell elimination. The effectiveness of boosting immune activ-
ity through ICB is dependent on the immune context (or 
“immune type”) of a tumor. Specifically, the presence of a 
tumor-reactive T-cell pool that has the potential to respond 
to ICB is assumed to be critical to achieve clinical benefit. One 
T-cell subset that has received ample attention in this regard 
is formed by the dysfunctional CD8+ T-cell population. Dys-
functional CD8+ T cells are characterized by high expression 
levels of inhibitory receptors, such as PD-1 and CTLA4, and 
have been shown to be enriched for tumor reactivity (9–13). 
In addition, the expression of activation markers, including 
4-1BB (encoded by TNFRSF9), and cell cycle–associated genes 
in a subset of dysfunctional cells suggests that these cells are 
actively responding to antigen at the tumor site in the absence 
of therapy (14). Studies that assessed the mechanisms of ICB-
induced therapy response have furthermore reported that the 
dysfunctional CD8+ T-cell compartment expands and shows 
increased expression of cytotoxic genes upon therapy (15–18). 
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Although these observations explain why many studies have 
focused on the properties of the intratumoral CD8+ T-cell 
compartment, there is increasing evidence from mouse and 
human studies for the capacity of intratumoral regulatory 
T cells (Treg) to modify clinical response to ICB. First, a high 
abundance of PD-1+ Tregs relative to PD-1+ CD8+ T cells has 
been associated with poor response to anti–PD-1 therapy (19), 
consistent with a suppressive effect of Tregs on the antitumor 
response as demonstrated in mouse models (20, 21). Further-
more, similar to dysfunctional CD8+ T cells, Tregs in human 
tumors can be tumor antigen reactive (12) and show signs of 
local activation, as reflected by their (low-level) clonal expan-
sion and, in particular, the expression of activation markers 
such as 4-1BB and OX40 (14). In line with this, expression 
of cell-cycle genes has been observed in 4-1BB+ Tregs at the 
tumor site (14). Among the tumor types with the most pro-
found regulatory T-cell infiltrate are HNSCCs (22). Moreover, 
in at least some HNSCC tumors, a high fraction of activated 
Tregs is observed next to a sizable dysfunctional CD8+ T-cell 
pool (14), thereby providing a setting in which the dynamics 
of both cell populations can be studied in parallel.

Here, we describe the effect of neoadjuvant immunother-
apy on the CD4+ and CD8+ T-cell compartments in a cohort 
of patients with treatment-naive HNSCC from the IMCI-
SION trial (17 patients treated with neoadjuvant anti–PD-1 
and anti-CTLA4 combination therapy, one patient treated 
with neoadjuvant anti–PD-1 monotherapy; ref.  4). In this 
cohort of patients with treatment-naive and mostly human 
papillomavirus (HPV)–negative HNSCC, dual nivolumab 
(anti–PD-1) and ipilimumab (anti-CTLA4) therapy induced 
an MPR at the primary tumor site [i.e.,  ≥  90% reduction in 
viable cancer cells upon therapy (23); see Methods for the 
exact definition of pathologic response] in 30% of all patients 
(4). In addition, therapy response in this trial was associated 
with excellent clinical prospects, as none of the patients 
with an MPR upon neoadjuvant immunotherapy experienced 
recurrent disease at a median follow-up of 2 years (4).

To understand how changes in intratumoral T-cell states 
relate to treatment response, we profiled immune cell (CD45+) 
populations of primary tumor biopsies harvested prior to 
therapy (week 0) and 4 weeks after the start of treatment with 
neoadjuvant ICB (week 5). Analysis of immune cell infiltrates 
of patients with an MPR and nonresponding patients revealed 
that clinical response to dual ICB was associated with a higher 
relative abundance of an activated Treg population compared 
with an inactive Treg subpopulation at baseline. In addition, 
upon therapy, the abundance of this activated Treg subpopu-
lation, as well as the abundance of a dysfunctional CD8+ T-cell 
subpopulation with hallmarks of activation, was reduced in 
responding tumors. At the same time, a transitional CD8+ 
T-cell population with lower levels of dysfunction became 
more abundant in responding patients, potentially due to an 
influx of cells from the systemic compartment. Natural killer 
(NK) cells in nonresponding tumors showed increased expres-
sion of a cytotoxicity program, suggesting that the immune 
compartment of nonresponding tumors is not unresponsive 
to dual ICB. Together, these data demonstrate that the intra-
tumoral CD4+ and CD8+ T-cell compartments undergo a 
parallel rapid remodeling during the swift and deep HNSCC 
regressions that are observed upon anti–PD-1 and anti-CTLA4 

combination therapy, resulting in reduced levels of T-cell acti-
vation and dysfunction in both cell pools.

RESULTS
Intratumoral Immune Cell Types and Cell States in 
Primary HNSCC

In order to identify characteristics of the intratumoral 
immune infiltrate that are related to response or resistance 
to anti–PD-1 and anti-CTLA4 combination therapy, single-
cell RNA sequencing (scRNA-seq) and T-cell receptor (TCR) 
sequencing (TCR-seq) were performed on immune infiltrates 
of one HPV-positive and 17 HPV-negative HNSCC samples 
derived from treatment-naive patients who were enrolled in the 
previously published IMCISION trial (4). In this trial, patients 
with HNSCC received two courses of anti–PD-1 (nivolumab, 
240 mg flat dose in weeks 1 and 3) with or without one course 
of anti-CTLA4 (ipilimumab, 1 mg/kg in week 1) prior to 
standard-of-care surgery with curative intent (performed in 
week 5). Viable immune cells were isolated from pretreatment 
(week 0) and posttreatment (week 5) primary tumor biopsies of 
10 patients responding to anti–PD-1 and anti-CTLA4 combi-
nation immunotherapy (one partial pathologic response, nine 
MPRs) and seven patients nonresponding to anti–PD-1 and 
anti-CTLA4 combination immunotherapy by fluorescence-
activated cell sorting and used for scRNA-seq analysis (Fig. 1A; 
Supplementary Fig.  S1A, Supplementary Table  S2). A sin-
gle patient treated with anti–PD-1 monotherapy (MPR) was 
included in the dataset, but was excluded from all analyses in 
which response dynamics were assessed.

Diverse populations of T cells, NK cells, B cells, and myeloid 
cells were identified across all biopsies (Fig. 1B and C; Supple-
mentary Fig. S1B and S1C; Supplementary Table S3), show-
ing similarities to the cell states that have previously been 
described in HNSCC tumors (24) and other tumor types, 
including melanoma (25, 26) and nonsquamous cell lung 
cancer (27). For the CD8+ T-cell compartment, these included 
naive-like (expressing IL7R and TCF7), cytotoxic (expressing 
KLRG1 and CX3CR1), transitional, and dysfunctional CD8+ 
T cells, which could be further subdivided based on the expres-
sion of activation and effector genes (i.e., PDCD1, TNFRSF9, 
and GZMK; Fig.  1D; Supplementary Fig.  S1C). In the CD4+ 
T-cell compartment, we identified naive-like cells (express-
ing IL7R and TCF7), follicular helper-like (Tfh) CD4+ T cells 
(expressing CXCL13 and TOX2), and regulatory CD4+ T cells 
(Tregs, expressing FOXP3 and IL2RA). Similar to the dys-
functional CD8+ T cells, the latter two populations could 
be subdivided by expression levels of activation and effector 
genes. Also in the NK cell compartment, two subpopulations 
of NK cells were present, which were distinguished by the 
level of expression of genes related to cytolytic function (e.g., 
PRF1). Within the population of T cells expressing an αβTCR 
(Supplementary Fig. S1D), the highest level of clonal expan-
sion was observed within the dysfunctional CD8+ subsets, fol-
lowed by the transitional CD8+ T-cell and one of the two Tfh 
(TfhLAG3) populations (Supplementary Fig. S1E).

We identified three myeloid populations, including a mixed 
population of monocytes and macrophages (expressing CD14 
and CD68), a granulocyte population, and a dendritic cell 
(DC) population. In addition, in the DC population, we 
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identified four subpopulations: a plasmacytoid DC popula-
tion [pDC; expressing IL3RA (CD123)], a CD1C-expressing 
conventional DC (cDC) that resembled previously described 
cDC2 cells, LAMP3-positive cDCs with an activated profile, 
and CLEC9A-expressing mature cDC1 cells (28–30).

Baseline Differences in Treg and DC Subsets 
between Responding and Nonresponding Tumors

To dissect the relationship between intratumoral immune 
cell states and treatment response to dual ICB, we character-
ized the immune infiltrate of responding and nonrespond-
ing patients in pretreatment biopsies. At baseline, immune 
cell subsets that showed expression of PDCD1 and CTLA4, 
and thus serving as possible direct targets for checkpoint 

blockade, included Tregs, nonclassical T cells, dysfunctional 
CD8+ T cells, and Tfh cells (Supplementary Fig. S2A). Analy-
sis of PD-1 protein levels on the intratumoral T-cell compart-
ment demonstrated higher PD-1 surface levels on T cells of 
responding tumors than on T cells of nonresponding tumors 
at baseline (P  <  0.1; Supplementary Fig.  S2B), providing an 
incentive to identify specific cell states that were associated 
with response. Although responding and nonresponding 
tumors did not show significant differences in the abun-
dance of B cells, CD4+ and CD8+ T cells, myeloid cells, or NK 
cells at baseline (Supplementary Fig.  S2C and S2D), or in 
the level of clonal expansion or spatial distribution of CD8+ 
T cells (Supplementary Fig. S2E and S2F), cell states within 
the intratumoral DC compartment and Treg compartment 

Figure 1. Intratumoral immune cell state diversity in HNSCC. A, Overview of the analyzed patient cohort. Matched pre- and posttreatment primary 
tumor biopsies and blood samples [peripheral blood mononuclear cells (PBMC)] were collected from 17 patients (seven NR and 10 RE) who were treated 
with one cycle of nivolumab (NIVO) and ipilimumab (IPI; week 1), followed by one cycle of nivolumab (week 3) and surgery (week 5). One patient (RE, 
IMC-04) received two cycles of nivolumab monotherapy, and samples of this patient were left out of all analyses in which response was considered a 
parameter. Biopsies and blood samples were taken at week 0 and at week 5, at time of surgery. Single-cell RNA and TCR sequencing (10X Genomics) was 
performed on matched biopsies of all patients. Bulk TCR sequencing was performed on matched blood samples of all responding patients. B, 2D projec-
tion of all intratumoral immune cells from all patients, colored by cell state. cDC, conventional dendritic cell; Dysf, dysfunctional; Mono–macro, monocyte–
macrophage; pDC, plasmacytoid dendritic cell; Tfh, follicular helper-like T cell. C, Expression of genes that identify the CD4+ and CD8+ T-cell lineages, 
NK cells, B cells, and myeloid cells across all metacells, projected on the 2D map shown in B. Color scale bar represents log normalized expression, scaled 
to the minimum and maximum expression levels for each gene. norm., normalized. D, Heat map of the log normalized unique molecular identifier count of 
marker genes characterizing different subsets of CD4+ and CD8+ T cells, NK cells, B cells, and myeloid cells across all patients, grouped and colored by cell 
state. Color code corresponds to the color code used in B. Color scale bar represents the log normalized expression of the individual genes.
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did show a differential abundance in responding and non-
responding patients (Fig.  2A and B). Specifically, two DC 
subpopulations, CD1C cDCs and pDC, appeared enriched 
in biopsies from nonresponding patients as compared with 
responding patients (both P < 0.1; Fig. 2C). Within the T-cell 
compartment, a subpopulation of Tregs, characterized by 
the expression of GIMAP family members (TregGIMAP), was 
differentially present at baseline. Specifically, TregGIMAP cells 
seemed more abundant in nonresponders than in respond-
ers (P  <  0.1; Fig.  2B and C). Notably, the second subset of 
Tregs, TregTNFRSF9, characterized by the expression of genes 
of the TNF receptor family, including TNFRSF9 encoding 
4-1BB and TNFRSF4 encoding OX40, was slightly enriched 
in responding patients [not significant (ns), P < 0.5]. Assess-
ment of the ratio between the two Treg subsets in each tumor 

showed that pretreatment biopsies of responding patients 
contained a significantly higher ratio of TregTNFRSF9 cells/
TregGIMAP cells than nonresponding tumors (P < 0.1; Fig. 2D).

Although clinically annotated datasets are at present lacking 
to validate the differential abundance of these two Treg subsets 
in patients who do or do not respond to combination ICB, we 
observed comparable Treg states in 11 treatment-naive HNSCC 
samples from the cohort published by Kürten and colleagues 
(ref. 31; no response data available; Supplementary Fig. S3A–
S3C). Also in this cohort, a range of TregTNFRSF9 cells/TregGIMAP 
ratios was observed (Supplementary Fig. S3D). Moreover, the 
abundance of the TregGIMAP subset was associated with the 
abundance of the same DC subsets in both cohorts (Supple-
mentary Fig.  S3E), suggesting that a shared biology can be 
observed across HNSCC samples from different cohorts.

Figure 2. Pretreatment Treg activation state is associated with response to dual ICB. A, 2D projection of all immune cells from responding (RE) and 
nonresponding (NR) patients at baseline (n = 17, monotherapy-treated patient IMC-04 excluded). Cells are colored by cell state as in Fig. 1B. Cells from 
the opposite patient group are colored in light gray. Dysf, dysfunctional; Mono–macro, monocyte–macrophage. B, Predictive coefficient of the abundance 
of cell fractions for each cell state at baseline in responding vs. nonresponding patient groups. Size of the datapoints corresponds to the P value of the 
comparison between responding and nonresponding patients of the specific cell state, defined by a two-tailed Mann–Whitney U test. Populations that 
are differentially abundant (P < 0.1) between responding and nonresponding patients are colored by their cell state. C, Fraction of cDC CD1C and pDC 
(left) and the two Treg subsets (right) in nonresponding and responding patients at baseline. Datapoints from the one patient with a partial pathologic 
response (IMC-27) are marked in yellow. Boxes show the median and 25th and 75th percentiles. Whiskers depict 1.5  × interquartile range (IQR), and 
datapoints represent individual patients, sized by the number of cells that underlie that datapoint. A two-tailed Mann–Whitney U test was performed. 
D, Left: correlation between fractions of TregTNFRSF9 and TregGIMAP cells per patient at baseline, colored by response. IMC-27 is marked with an asterisk. 
Right: pretreatment ratio of TregTNFRSF9 over TregGIMAP fraction within total T cells per patient, depicted as the log fold ratio in fraction. Boxes show the 
median and 25th and 75th percentiles. Whiskers depict 1.5  × IQR, and datapoints represent individual patients, IMC-27 is marked in yellow. A two-tailed 
Mann–Whitney U test was performed. E, Expression of a Treg activation signature (sig; ref. 32) in TregTNFRSF9 and TregGIMAP cells across all patients at 
baseline. Log normalized expression of activation-related transcripts is depicted, and a two-tailed Mann–Whitney U test was performed.
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Notably, when assessing the expression profiles of TregTNFRSF9  
and TregGIMAP cells across patients, the TregTNFRSF9 popula-
tion showed a significantly higher expression of Treg-specific 
activation genes (P < 0.001; Fig. 2E; Supplementary Fig. S3F; 
Supplementary Table S4; ref. 32). The increased ratio between 
TregTNFRSF9 cells with an activated state and TregGIMAP cells 
with a less activated state in tumors of responding patients 
may be reflective of ongoing Treg-mediated immune sup-
pression at the tumor site at baseline. To explore whether the 
activated Treg state identified in the scRNA-seq data could 
also be detected by IHC, a method that would be more read-
ily accessible for clinical purposes, we performed IHC for 
FOXP3 (marking Tregs) and 4-1BB (encoded by TNFRSF9) 
on the same set of tumor samples. Although the expression 
of 4-1BB and TNFRSF9 was correlated between IHC and 
scRNA-seq data (Supplementary Fig.  S3G), we discovered 
that 4-1BB/TNFRSF9 expression marks only part of the acti-
vated Treg pool that is identified by scRNA-seq (Supplemen-
tary Fig.  S3H–S3J). Thus, the development of multiplexed 
IHC assays will be required to identify and quantify the acti-
vated TregTNFRSF9 population that we describe.

Changes in Abundance of Immune Cell Subsets 
upon Dual ICB

The differences in immune composition between pretreat-
ment biopsies of responding and nonresponding patients 
raised the question of whether these baseline differences 
could be associated with a different immunologic response to 
dual anti–PD-1 and anti-CTLA4 therapy. In order to capture 
the dynamics in immune cell states in response to treatment, 
we assessed the changes in abundance of all cell states in 
matched pretreatment versus posttreatment biopsies (exclud-
ing patient IMC-04, who was treated with nivolumab only, 
and excluding the tumor samples from responder IMC-38 
and nonresponder IMC-12 that did not contain sufficient 
immune cells for matched analysis; Supplementary Fig. S4A 
and Supplementary Table S3). These analyses demonstrated 
that the most profound alterations occur in the intratumoral 
T-cell compartment. Specifically, tumors from responding, 
but not from nonresponding, patients showed a significant 
increase in the fraction of transitional CD8+ T cells (P < 0.01). 
In addition, in primary tumors from responders, a decrease 
in TregTNFSRF9 (P < 0.05) and naive-like CD8+ T cells (P < 0.05) 
cells was found upon treatment. Moreover, a considerable but 
nonsignificant decrease in one of the two dysfunctional CD8+ 
T-cell subsets, CD8-dysfGZMB, characterized by high expression 
of dysfunctional and effector markers such as GZMB, PRF1, 
and PDCD1, was observed (P < 0.1), which was accompanied 
by an increase in the other dysfunctional CD8+ T-cell subset, 
CD8-dysfZNF683 (P  <  0.1, also observed in nonresponders; 
Fig. 3A and B; Supplementary Fig. S4B and S4C). Analysis of 
the ratio of TregTNFSRF9/TregGIMAP and CD8-dysfGZMB/CD8- 
dysfZNF683 at baseline and upon treatment demonstrated 
that, in particular, the balance between CD8-dysfGZMB/CD8- 
dysfZNF683 shifted upon therapy in responding patients 
(P  <  0.01), whereas the balance between TregTNFSRF9 and 
TregGIMAP cells showed a similar (P  <  0.01), though less 
pronounced, trend upon therapy (Fig.  3B; Supplementary 
Fig.  S4D). In contrast, in nonresponding patients, no such 
cell state switches occurred. Instead, a decreased abundance 

of naive-like CD4+ T cells (P < 0.05) and increased abundance 
of Tfh cells (Tfh LAG3: P < 0.05 and Tfh NR3C1: P < 0.05) was 
observed upon treatment (Fig. 3A; Supplementary Fig. S4E).

In addition to these dynamics in the T-cell compartment, we 
observed a change in the cell states in the NK-cell population in 
nonresponding patients upon treatment. Although the fraction 
of the NKKLRC1 subset, characterized by a low cytotoxicity sig-
nature (CD56bright; ref. 33), and the NKFGFBP2 subset, expressing 
a cytotoxic/mature gene signature (33), did not substantially 
change in nonresponders (Supplementary Fig.  S4F and S4G; 
Supplementary Table  S5), we observed a significantly higher 
expression of the cytotoxic/mature NK signature (33) in NK cells 
from posttreatment biopsies of patients who did not respond 
to therapy as compared with NK cells in pretreatment biopsies. 
Concurrently, the expression of the low cytotoxicity (CD56bright) 
signature was reduced in those patients upon treatment (Fig. 3C; 
Supplementary Fig.  S4H; Supplementary Tables  S6 and S7). 
These data provide evidence that modulation of immune activity 
occurs early upon neoadjuvant treatment not only in patients 
who show a clinical response to dual anti–PD-1 and anti-CTLA4 
therapy but also in clinical nonresponding patients.

To further assess the dynamics in cell state abundance that 
were associated with therapy response, we first investigated 
whether the increase in transitional CD8+ T cells in respond-
ing tumors could be explained by differentiation from other 
cell states, expansion of a preexisting intratumoral transi-
tional CD8+ T-cell population, or recruitment of a novel 
T-cell pool from the systemic compartment. The increased 
abundance of these transitional cells was not explained by 
therapy-induced differentiation from other cell states at the 
tumor site, because limited TCR sharing occurred between the 
transitional population and other CD8+ T-cell populations 
(Fig.  3D), and those expanded T-cell clones that showed a 
transitional state upon therapy and that were also detected 
prior to treatment were already present in the transitional 
compartment at that time point (Supplementary Fig.  S4I). 
Moreover, analysis of cell-cycle genes (15) in the transitional 
CD8+ T-cell population of responding patients prior to and 
after treatment, as a proxy for active on-site proliferation, 
indicated that the proliferative activity of transitional CD8+ 
T cells remained low upon treatment in these patients and 
was comparable with that of naive CD8+ T cells (Fig. 3E). TCR 
analysis of the top clones furthermore showed that, whereas 
some transitional clones that were already present before 
treatment showed an increased prevalence upon treatment 
(Fig.  3F; Supplementary Fig.  S4J), novel T-cell clones were 
also detected in posttreatment biopsies (Fig.  3G). Notably, 
the newly occurring T-cell clones in the transitional popula-
tion were also more prevalent in posttreatment blood than 
in blood samples taken prior to treatment (Fig.  3H). Taken 
together, these data are most consistent with cell recruitment 
from the periphery as an explanation for the increased abun-
dance of transitional CD8+ T cells in response to ICB.

Altered Treg Activation Levels upon Response to 
Dual ICB

To assess whether the parallel decrease in the abundance 
of TregTNFRSF9 cells and increase in TregGIMAP cells in respond-
ing patients upon treatment could be caused by a shift 
in cell state, we performed pseudotemporal ordering of all 
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Figure 3. ICB-induced changes in cell states and clonal dynamics in responding (RE) and nonresponding (NR) patients. A, Median log fold change of 
cell state abundance in responding (left) and nonresponding (right) patients upon ICB therapy, divided into T cells and non–T cells. Size of the data-
points represents the P value of the paired comparison between pretreatment vs. posttreatment samples. Colors represent the cell states that are 
differentially abundant (P < 0.1) between pretreatment and posttreatment biopsies. A paired Wilcoxon signed rank test was performed. Samples from 
IMC-04 (monotherapy treated) and patients for whom matched data were lacking were excluded from the analysis (IMC-38 and IMC-12). Mono−macro, 
monocyte–macrophage. B, Quantification of the abundance of Treg, CD8+ dysfunctional T-cell, naive-like CD8+ T-cell, and transitional CD8+ T-cell subsets 
in pretreatment and posttreatment biopsies of responding patients, depicted as fraction of total T cells. Datapoints from IMC-27 are marked in yellow. 
Boxes show the median and 25th and 75th percentiles. Whiskers depict 1.5  × interquartile range, and datapoints represent individual patients, sized by 
the number of cells that underlie that datapoint. A paired Wilcoxon signed rank test was performed. C, Expression of cytotoxic (mature) and less cytotoxic 
(CD56bright) NK cell signatures (sig.) in NK cells from pretreatment and posttreatment biopsies of responding and nonresponding patients (33). A two-tailed 
Mann–Whitney U test was performed between the pretreatment and posttreatment samples for each patient group. D, TCR sharing between T-cell subsets, 
as calculated using the STARTRAC transition index (37). E, Expression of a proliferation signature (26) in CD8-dysfGZMB, naive-like, and transitional CD8+ 
T cells across responding patients, depicted as log normalized expression of cell cycle–related genes. A two-tailed Mann–Whitney U test was performed 
on cells from pretreatment and posttreatment biopsies per subset. F, Fold change of transitional CD8+ T cells between posttreatment vs. pretreatment 
samples within individual TCR clones that occurred >2 times in pretreatment and posttreatment samples, in responders and nonresponders. Size of the 
datapoints corresponds to the summed number of cells in pretreatment and posttreatment biopsies for each TCR clone. (continued on following page)
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cells within the CD4+ T-cell compartment using Monocle3 
(34–36). These analyses suggested that CD4+ T cells were 
positioned along two gradients of cell states, with naive-
like CD4+ T cells on one end of the spectrum and the Tfh 
and Treg populations on the two other ends of each gradi-
ent (Fig. 4A; Supplementary Fig. S5A). The trajectory model 
of Tfh cells suggested a bifurcation of cell states, whereas 
the less activated TregGIMAP population was positioned in-
between naive-like CD4+ T cells and activated TregTNFRSF9 in 
the Treg trajectory, suggesting that the TregGIMAP popula-
tion is more transcriptionally similar to the naive-like CD4+ 
T-cell population, and that the TregTNFRSF9 cell pool forms 
the most differentiated Treg population, as also supported by 
correlation analysis of the most variable genes across the data-
set (Supplementary Fig.  S5B). In addition, although clonal 
expansion in the Treg compartment is modest, the observed 
TCR sharing between the TregGIMAP and TregTNFRSF9 subsets 
suggests that transitioning between these two cell states may 
occur (Fig.  3D; Supplementary Fig.  S5C). When individual 
CD4+ T cells were ordered along the TregGIMAP to TregTNFRSF9 
axis, cells from pretreatment biopsies of responding patients 
displayed a more differentiated/activated cell state, while cells 
from posttreatment biopsies preferentially resided in the less 
differentiated part of the trajectory (Fig.  4B; Supplementary 
Table S8). Also at the level of individual Treg clones, a reduc-
tion in activation levels was observed specifically in respond-
ing patients (Supplementary Fig. S5D). We next identified the 
gene programs that are associated with this Treg trajectory. In 
line with the difference in activation state between TregTNFRSF9 
and TregGIMAP, gene sets that positively correlated with the tra-
jectory from TregGIMAP to TregTNFRSF9 were related to biological 
processes reflecting immune cell activity, such as pyruvate 
metabolism and cytokine responsiveness (Fig.  4C; Supple-
mentary Fig. S5E). Moreover, T-cell activation–related genes, 
such as TNFRSF4, IL2RA, and TNFRSF1B, were positively 
correlated with the Treg trajectory (Fig. 4D). Taken together, 
these results show that the active TregTNFSRF9 subpopulation 

is reduced upon treatment in responders, whereas the less 
active TregGIMAP subpopulation increases, potentially due to a 
therapy-induced cell state transition or replacement.

Reduced Expression of Activation Genes 
in Dysfunctional CD8+ T Cells upon Response 
to Treatment

The observation that dual ICB therapy induces changes in 
cell state in both the Treg and dysfunctional CD8+ T-cell com-
partments in responding tumors raised the question of whether 
these alterations could be reflective of a similar process that 
occurs in both cell subsets. To investigate the transcriptional 
changes that occurred in the dysfunctional CD8+ T-cell com-
partment upon therapy, we performed a pseudotemporal cell 
ordering of all CD8+ αβ T-cell populations including the two 
dysfunctional CD8+ subsets, naive-like CD8+ T cells, cytotoxic 
T cells, and transitional CD8+ T cells (Fig. 5A; Supplementary 
Fig. S6A). The dysfunctional CD8+ T cells were located next to 
the naive-like CD8+ T cells and transitional CD8+ T cells. CD8-
dysfZNF683 cells were located intermediate of the transitional 
CD8+ T cells/naive-like CD8+ T cells and the CD8-dysfGZMB 
cells, but the absence of any substantial TCR sharing between 
the transitional CD8+ T cells and CD8-dysfZNF683 cells argues 
against a developmental link between these two cell pools 
(Fig.  3D). In line with the previous analyses (Fig.  3A and B), 
cells from pretreatment biopsies of responding patients were 
enriched in the more dysfunctional/activated (CD8-dysfGZMB 
enriched) part of the dysfunctional trajectory, whereas cells from 
posttreatment biopsies of responding patients were enriched in 
the less activated/dysfunctional (CD8-dysfZNF683 enriched) part 
of the trajectory. Analogous to the transcriptional dynamics 
that characterized the Treg trajectory, ordering of the dys-
functional CD8+ T cells in pseudotime revealed that the genes 
that correlated most strongly with the dysfunctional trajectory 
were related to CD8+ T-cell activity, cytokine expression, and 
expression of cytotoxicity genes (Supplementary Fig. S6B and 
S6C). Genes that positively correlated with the CD8-dysfZNF683 
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van der Leun et al.RESEARCH ARTICLE

2220 | CANCER DISCOVERY OCTOBER  2023	 AACRJournals.org

Figure 4. Dual ICB induces altered Treg activation levels in responding patients. A, Pseudotemporal ordering of CD4+ T cells from all pretreatment 
and posttreatment biopsies using Monocle3 (34–36). The trajectory across the two Treg subsets, which forms the basis for B–D, is highlighted in the yellow 
box, whereas the remainder of the trajectory is depicted in gray. Note that the trajectory represents transcriptional relatedness between cell pools, and 
hence does not necessarily reflect a direct differentiation path between cell pools. Cells are colored by cell state. UMAP, uniform manifold approximation and 
projection. B, Heat map of the top 50 genes correlated with the Treg trajectory (in yellow box in A). Genes related to activation are annotated. Cells along the 
Treg trajectory are grouped into 30 bins based on the pseudotime, and average gene expression is calculated per bin. Bar plots show the fraction (frac.) of cells 
from pretreatment and posttreatment biopsies in responding (RE; top) and nonresponding (NR; middle) patients and cell state fractions in each of the bins 
(bottom). Colors of the two top plots represent the patient group and time point of biopsies. Colors of the bottom panel reflect the cell state. C, Single-cell 
gene set enrichment on the Treg trajectory of five significantly correlated Gene Ontology term gene sets with the Treg trajectory. Cells are divided over 30 
bins, and the average gene set score is calculated per bin. The top bar plot shows the fraction of cells from each cell state per bin, as in B. D, Top left: cells 
along the Treg trajectory, colored by their cell states as in A. Top right/bottom: expression levels of activation-related genes in cells from the Treg trajectory 
projected on the UMAP shown in the yellow box in A. Colors represent the scaled gene expression of the indicated activation-related genes. norm., normalized.
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to CD8-dysfGZMB trajectory included T-cell dysfunction–associ-
ated genes (e.g., LAG3 and CTLA4), T-cell effector genes (GZMB, 
PRF1, and IFNG), and T-cell activation genes (TNFRSF9, IL2RA, 
TNFRSF4, and TNFRSF18), which were all markedly lower in 

the trajectory part in which the CD8-dysfZNF683 population is 
enriched (Fig.  5B and C; Supplementary Table  S9). Of note, 
following therapy, expression of cell-cycle genes also decreased 
in the dysfunctional CD8+ T-cell population of responding 

Figure 5. Dual ICB induces reduced levels of T-cell activation in responding patients. A, Pseudotemporal ordering of CD8+ T cells using Monocle3 (34–36). 
Trajectory between the dysfunctional CD8+ T-cell subsets is shown in black in the yellow box and forms the basis for analyses in B–E. The remainder of the 
trajectory between CD8+ T-cell states is depicted in gray. Note that the trajectory represents transcriptional relatedness between cell pools and hence does 
not necessarily reflect a direct differentiation path between cell pools. Cells are colored by cell states. Dysf, dysfunctional; UMAP, uniform manifold approxi-
mation and projection. B, Heat map of the top 50 genes correlated with the dysfunctional trajectory. Genes related to activation are highlighted. Cells are 
divided over 30 bins, and the average gene expression is calculated per bin. Bar plots show the fraction (frac.) of cells from pretreatment and posttreatment 
biopsies in responding (RE; top) and nonresponding (NR; middle) patients and cell state fractions in each of the bins (bottom). Colors of the two top plots 
represent the patient group and time point of biopsies. Colors of the bottom plot reflect the cell state. C, Top left: cells along the dysfunctional CD8+ T-cell 
trajectory, colored by their cell states as in A. Top right/bottom: expression levels of activation-related genes in cells from the dysfunctional CD8+ T-cell tra-
jectory projected on the UMAP. Colors represent the scaled gene expression of the indicated activation-related genes. norm., normalized. D, Expression of a 
neoantigen reactivity signature (12) across cells within the CD8-dysfGZMB, CD8-dysfZNF683, naive-like, transitional, and cytotoxic CD8+ T-cell populations. Log-
normalized expression of activation-related transcripts is depicted, and a two-tailed Mann–Whitney U test was performed. E, Top 15 largest dysfunctional 
CD8+ T-cell clones that occurred in >2 cells in pretreatment and posttreatment biopsies, projected onto the dysfunctional trajectory in pseudotime of the 
responding (left) and nonresponding (right) patients. Cells from pretreatment and posttreatment samples are depicted in light and dark colors, respectively. 
TCR clones from IMC-27 are marked with an asterisk. Top density plot shows the density of TCR clones of the responding or nonresponding patients, exclud-
ing IMC-27, over pseudotime. The bottom scatter plot represents the cell states in pseudotime, colored by cell states as described in A. F, Venn diagram 
with the overlap in genes between the signatures of the dysfunctional and Treg trajectories, composed of genes that positively correlate with pseudotime. 
G, Correlation between the signatures of the dysfunctional and Treg trajectories, applied on either Tregs (left) or on dysfunctional CD8+ T cells (right), colored 
by cell state. A linear regression was performed on both signatures within each of the subsets. Correlation coefficient was calculated with a Pearson correla-
tion. H, Enrichment score of the shared signature in the Tregs and dysfunctional CD8+ T-cell subsets in pretreatment and posttreatment biopsies of respond-
ing and nonresponding patients. A two-tailed Mann–Whitney U test was performed between the different patient groups.
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patients, but not in nonresponding patients (Supplementary 
Fig.  S6D). These data provide further evidence that within 
weeks after the start of ICB, the dysfunctional CD8+ T-cell pop-
ulation becomes less active in clinically responding patients.

The observation that the activity level of dysfunctional 
CD8+ T cells is lowered upon therapy raised the question of 
whether the dysfunctional CD8+ T-cell population could con-
tain tumor-reactive T cells that, possibly because of the reduced 
tumor load that is observed by week 5 (1), display reduced 
activity due to lack of antigen encounter. To explore the poten-
tial presence of tumor-reactive T cells in the dysfunctional 
CD8+ T-cell compartment, we assessed expression of one of 
the gene signatures (“neoTCR CD8+ signature”) that has been 
shown to be enriched in tumor-reactive CD8+ T cells (12, 13). 
These analyses showed that expression of the tumor reactivity 
signature was most prominent in the CD8-dysfGZMB popula-
tion (Fig. 5D). Furthermore, upon therapy, the expression of 
this signature in the top 25% neoTCR signature–expressing 
T-cell clones was significantly reduced in responding patients 
(Supplementary Fig. S6E; P < 0.01), supportive of a model in 
which reduction in the number of CD8-dysfGZMB cells upon 
ICB may be driven by reduced antigen exposure.

To further study the dynamics within the dysfunctional 
CD8+ T-cell population upon treatment in responders, we per-
formed a TCR sharing analysis of cells in the CD8-dysfTNFRSF9 
and less dysfunctional/active CD8-dysfZNF683 subpopulations. 
STARTRAC (37) analysis of the TCR sharing suggested a strong 
developmental link between the two dysfunctional CD8+ T-cell 
populations (Fig.  3D). Accordingly, projection of individual 
T-cell clones on top of the CD8-dysfZNF683 to CD8-dysfTNFRSF9 
trajectory showed that multiple expanded T-cell clones in both 
responding and nonresponding patients consisted of cells from 
both the CD8-dysfTNFRSF9 and CD8-dysfZNF683 subsets. Notably, 
within the same clone, cells in pretreatment biopsies of respond-
ing patients localized more in the CD8-dysfTNFRSF9–enriched  
part of the trajectory and posttreatment clones were mostly 
located in the CD8-dysfZNF683–enriched part, whereas clones from 
nonresponding patients did not show similar changes (Fig. 5E). 
Similar dynamics were observed by calculating the change in the 
fraction of subsets within each TCR clone between pretreatment 
and posttreatment for responding and nonresponding patients 
(Supplementary Fig.  S6F). Altogether, these findings provide 
evidence for a model in which the dysfunctional CD8+ T-cell 
population is characterized by lower levels of dysfunction, but 
also lower levels of activation, following response to ICB.

Parallel Reprogramming of the Intratumoral 
Dysfunctional CD8+ and Treg Subsets

As similar therapy-induced alterations in the fractions of 
activated and nonactivated Treg and dysfunctional CD8+ T-cell 
states were observed in responding patients, we hypothesized 
that the response to checkpoint blockade may lead to parallel 
alterations in the cell state of different intratumoral T-cell pools. 
To assess whether the potential transition from a TregTNFRSF9 to  
TregGIMAP state involved similar transcriptional changes as those 
observed in the proposed CD8-dysfGZMB to CD8-dysfZNF683 tran-
sition, we created signatures that were based on genes that 
showed the strongest positive correlation with either the trajec-
tory from the CD8-dysfZNF683 to CD8-dysfGZMB state (238 genes; 
Supplementary Table S9) or the trajectory from the TregGIMAP to 

the TregTNFRSF9 state (372 genes; Supplementary Table S8), and 
then used these to assess whether dysfunctional CD8+ T cells and 
Tregs undergo related changes in their transcriptional program 
upon dual ICB in responding patients. The overlap between the 
two signatures was 84 genes (35.3% overlap with the dysfunc-
tional signature and 22.8% overlap with the Treg signature), and 
overlapping genes (hereafter referred to as “shared signature”) 
included several activation markers (TNFRSF9 and IL2RA) and 
inhibitory receptors (LAG3 and CTLA4; Fig.  5F; Supplemen-
tary Fig.  S7A and Supplementary Table  S10). Furthermore, 
expression of the Treg transition and dysfunctional transition 
signatures in both the dysfunctional CD8+ T-cell and the Treg 
populations was significantly correlated (P < 0.01; R2 = 0.7 and 
P < 0.01; R2 = 0.58, respectively; Fig. 5G). Moreover, in line with 
the shift toward a less differentiated/activated cell state in both 
the dysfunctional CD8+ T-cell and Treg compartments, expres-
sion of the shared signature was decreased in both dysfunctional 
CD8+ T cells and the Tregs upon treatment in responding 
tumors (Fig.  5H; Supplementary Fig.  S7B). To assess whether 
this reduction in T-cell activity was observed across additional 
T-cell subsets, we analyzed the expression of the shared signature 
in the Tfh pool. Similar to the dynamics observed in Tregs and 
dysfunctional CD8+ T cells, Tfh cells displayed reduced expres-
sion of the shared signature upon treatment (Supplementary 
Fig.  S7B and S7C). In parallel to the reduced activation and 
differentiation observed across the dysfunctional CD8+ T-cell, 
Treg, and Tfh pools, response to treatment was associated with 
a decrease in the expression of IFN-induced genes across multi-
ple immune cell subsets (Supplementary Fig. S7D). In contrast, 
neither the expression of IFN-induced genes nor expression of 
the shared signature in Tregs and dysfunctional CD8+ T  cells 
showed such dynamics upon treatment in nonresponding 
patients (Supplementary Fig. S7B–S7D). Rather, analysis of the 
expression of inhibitory receptors demonstrated that PDCD1 
and CTLA4 were upregulated on Tregs, dysfunctional CD8+ T 
cells, and Tfh cells upon treatment in nonresponding patients 
(Supplementary Fig. S7E–S7G), in line with the increased expres-
sion of PDCD1 and CTLA4 that was previously observed in bulk 
RNA-seq data of the same cohort (4). In addition, the inhibitory 
receptors LAG3 and HAVCR2 (encoding TIM-3) that were not 
targeted by combination ICB were upregulated in specific T-cell 
populations (Tregs and Tfh cells, respectively) in nonresponding 
tumors (Supplementary Fig.  S7F and S7G). This observation, 
together with the increased activity signature observed in NK 
cells (Fig. 3C), provides evidence that intratumoral immune cells 
in nonresponding tumors do respond to dual PD-1 and CTLA4 
blockade, but that this response is insufficient to achieve clini-
cally effective tumor control.

DISCUSSION
To improve our understanding of the biology underlying 

response or resistance to anti–PD-1 and anti-CTLA4 (combina-
tion) therapies, analysis of baseline characteristics and therapy-
induced changes that are associated with response is essential. 
Analysis of pretreatment (week 0) and posttreatment (week 5) 
biopsies of a cohort of 18 treatment-naive patients with mostly 
HPV-negative primary HNSCC revealed cell state changes that 
were associated with response to dual anti–PD-1 and anti-
CTLA4 therapy in multiple immune cell compartments. First, 
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a high ratio of activated TregTNFRSF9 cells/TregGIMAP cells in the 
tumor microenvironment at baseline appears to be associated 
with a swift and deep response to neoadjuvant nivolumab and 
ipilimumab as well as durable favorable clinical outcome in our 
cohort. Second, analogous transcriptional changes in two Treg 
subsets and the two dysfunctional CD8+ T-cell subsets were 
observed in response to immunotherapy. In contrast, a third 
population of transitional CD8+ T cells expanded after treat-
ment but without evidence for a connected resource pool of cells 
that could explain the observed population increase. Based on 
the lack of a consistent increase in the size of preexisting clones, 
the low expression of cell-cycle genes in this population, and the 
substantial overlap with TCRs in the blood compartment, we 
hypothesize that the expansion of the transitional CD8+ T-cell 
population is due to T-cell recruitment from the periphery, as 
observed by Liu and colleagues in non–small cell lung cancer 
(38), and in line with the “clonal replacement” model proposed 
by Yost and colleagues (39). Of note, as compared with other 
CD8+ T-cell subsets, the expression of T-cell effector and T-cell 
activation molecules, as well as expression of a tumor reactivity 
gene signature, is low in this cell population, and conclusions 
regarding the role of the transitional CD8+ T-cell pool in tumor 
elimination should therefore be made with caution.

The cell state changes that were observed in the Treg and 
dysfunctional CD8+ T-cell population in patients respond-
ing to anti–PD-1 and anti-CTLA4 entailed a shift toward a 
state with reduced expression of inhibitory receptors such 
as PDCD1, CTLA4, and LAG3 in patients responding to anti–
PD-1 and anti-CTLA4. These dynamics in both the dysfunc-
tional CD8+ T-cell and Treg populations would be consistent 
with four possible models. First, reduced levels of activation 
and inhibitory receptor expression could be due to reversal of 
CD8+ T-cell dysfunction and Treg activation. Second, therapy 
may block the transition of less differentiated cells toward 
a more activated and more differentiated state. Third, the 
observed data would be consistent with a loss of cells with 
high levels of activation, whereas cells with lower activation 
levels persist. Finally, therapy may drive the increased influx of 
less differentiated cells, thereby altering the ratio between the 
two subsets of Tregs and two subsets of dysfunctional CD8+ 
T cells. Although direct evidence for either model is lacking, in 
particular, the first two models may deserve further considera-
tion. Specifically, as immune checkpoint expression is driven 
by antigen encounter, reduced encounter of such antigens 
due to effective therapy-induced tumor elimination could 
explain both the reduced levels of T-cell dysfunction and the 
lower expression of the various T-cell activation signatures 
observed in patients with a deep response to immunotherapy. 
The observed decrease in the IFN-responsive signature is like-
wise in line with a less active tumor microenvironment after 
tumor clearance in these patients. Evaluation of T-cell states 
at earlier time points after the start of therapy will be valuable 
to provide further insights into the primary and secondary 
effects of ICB on the intratumoral T-cell compartment.

The parallel reduction in dysfunction and activation within 
the dysfunctional CD8+ T-cell and Treg subsets upon treat-
ment was specific for responders. In contrast, nonrespond-
ing tumors showed a trend toward an increased expression 
in activation and dysfunction signatures upon treatment in 
some T-cell subsets, along with an increase in the expression 

of inhibitory receptors PDCD1, CTLA4, and LAG3 across dif-
ferent T-cell subsets. In addition, we observed transcriptional 
changes, such as increased PRF1, GZMB, and FGFBP2 expres-
sion, in the NK-cell population of posttreatment biopsies of 
nonresponding—but not responding—tumors, suggestive of 
increased cytotoxic activity in the NK-cell population upon 
treatment in nonresponders. These data are of particular inter-
est considering prior studies that have suggested a role for NK 
cells in response to ICB (40, 41). In certain preclinical models, 
tumor rejection following blockade of the PD-1–PD-L1 axis 
has been shown to be mediated by NK cells (40, 42). In addi-
tion, anti-CTLA4 has been proposed to enhance NK cell func-
tion, either through direct binding to CTLA4-expressing NK 
cells or through inhibition of suppressive immune cell types 
such as Tregs (41). Whether the increase in NK cell activation 
is specific for nonresponding patients, or also occurred earlier 
on during tumor rejection in responding patients, remains 
to be addressed by analysis of biopsies at earlier time points. 
Although the cell state alterations across different immune cell 
subsets are most consistent with a level of treatment-induced 
immune cell reactivation in clinical nonresponders, these ther-
apy-associated cell state changes evidently did not evoke tumor 
clearance. As such, the current analyses provide a starting point 
to further study resistance mechanisms to checkpoint block-
ade in HNSCC in (preclinical) models that allow perturbation 
of components of the tumor microenvironment.

Finally, the high ratio of TregTNFRSF9 cells/TregGIMAP cells 
in responding patients at baseline as compared with nonres
ponding patients suggests that the activation state of Tregs 
may reflect the presence of an antitumor response that can be 
effectively (re)activated by dual ICB. An independent cohort in 
which response to neoadjuvant dual anti–PD-1 and anti-CTLA4 
therapy can be correlated with in-depth (transcriptional) profil-
ing of immune cell subsets for a substantial number of patients 
with HNSCC will be required to validate the predictive value of 
Treg activation state with respect to treatment response. Nota-
bly, Kumagai and colleagues have previously shown that a high 
abundance of PD-1+ Tregs is associated with poor response to 
anti–PD-1 therapy (19), and it may be speculated that the con-
current CTLA4 blockade and/or Treg depletion upon CTLA4 
targeting is critical to yield an effective antitumor response in 
tumors with such an active Treg compartment. In future work, 
in-depth analyses of single-cell datasets with coupled response 
information should help address these and other questions, 
thereby adding to our ability to implement immune check-
point–blocking therapies in a personalized manner.

METHODS
Processing of Tumor Material

Human tumor tissue was obtained following written informed con-
sent in accordance with national guidelines and after approval by the 
local Medical Research Ethics Committee of The Netherlands Cancer 
Institute–Antoni van Leeuwenhoek hospital (MREC AVL; ref. 4). In the 
original IMCISION cohort, both treatment-naive patients and patients 
with recurrent disease after radiotherapy were included (4). Patients 
were classified as responders or nonresponders based on criteria previ-
ously defined by Tetzlaff and colleagues (23). Specifically, MPR was 
defined as ≤10% residual viable tumor cell percentage in the resected 
tumor bed and a 90% to 100% decrease in viable tumor cells from 
baseline to after treatment, partial pathologic response as both ≤50% 
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residual viable tumor cells and a 50% to 89% decrease in viable tumor 
cell percentage from baseline to after treatment, and near-complete 
clinical response was determined via imaging (RECIST).

The IMCISION trial was designed to investigate the efficacy of 
dual immunotherapy and not to compare neoadjuvant nivolumab 
with nivolumab/ipilimumab ICB. The nivolumab-only cohort in the 
IMCISION trial was a safety run-in of six patients, of whom three had 
salvage surgery after prior radiotherapy, and only one patient reached 
an MPR (IMCISION article, ref. 4; Fig. 1A; Supplementary Table S1). As 
this small and heterogeneous cohort did not allow a systematic analysis 
of changes in the intratumoral immune compartment between respond-
ers and nonresponders in nivolumab-only patients, the current dataset 
is focused on treatment-naive patients who received combination ICB.

For this study, we selected 18 treatment-naive IMCISION patients, 
of whom 11 were responders and seven were nonresponders. Of these 
18 patients, 17 patients received neoadjuvant combination anti–PD-1 
and anti-CTLA4 therapy (2× nivolumab in weeks 1 and 3, and 1× ipili-
mumab in week 1) prior to surgery with curative intent (in week 5) and 
one patient (IMC-04) received anti–PD-1 monotherapy (2× nivolumab 
in weeks 1 and 3) prior to surgery. The eleven responders consisted 
of nine patients with an MPR (IMC-22, IMC-17, IMC-39, IMC-15, 
IMC-36, IMC-04, IMC-12, IMC-31, and IMC-29; IMCISION article; 
Supplementary Table  S1; ref.  4), one patient with a clinically near- 
complete response (IMC-21), and one patient with a partial response 
of 69% who underwent surgery in week 3 (2 weeks earlier than origi-
nally planned, IMC-27). Notably, patient IMC-04 (anti–PD-1 mono-
therapy) was included for clustering but excluded from all analyses 
in which response dynamics upon dual ICB were analyzed. Seven 
nonresponders consisted of six patients with a pathologic response 
ranging from 0% to 20% (IMC-33, IMC-37, IMC-38, IMC-26, IMC-
10, IMC-30; IMCISION article; Supplementary Table S1; ref. 4) and 
one patient with inoperable disease at time of surgery due to tumor 
progression (IMC-34). Across the analyzed cohort, one patient had 
HPV-positive (IMC-22) and 17 patients had HPV-negative HNSCC. 
Note that the observations described in this work could be reproduced 
in the homogeneous cohort in which patients with a partial response 
(IMC-27) and with HPV-positive disease (IMC-22) were excluded 
(with P < 0.1 for the difference in TregTNFRSF9/TregGIMAP ratio between 
responders and nonresponders at baseline; P < 0.05 for the difference 
in TregTNFRSF9 between pretreatment and posttreatment biopsies of 
responding patients; P < 0.05 for the difference in DysfGZMB between 
pretreatment and posttreatment biopsies of responding patients).

Posttreatment biopsies were taken at the time of surgery in week 
5—that is, 4 weeks after the start of immunotherapy (week 1). Sequen-
tial pretreatment and posttreatment biopsies were available for all 
patients. For nine responding and six nonresponding patients, both 
biopsies contained sufficient cell numbers for matched analysis 
(excluding patients IMC-38 and IMC-12, whose samples did not con-
tain sufficient immune cells for matched analysis).

Fresh tumor tissue was dissociated through manual mincing of the 
material, followed by a 20-minute incubation at 37°C in RPMI 1640 
medium (Gibco) with collagenase IV (1 mg/mL, Sigma-Aldrich) and 
pulmozyme (12.5 μg/mL, Roche), alternated with 3 rounds of dissocia-
tion using a gentleMACS dissociator (Miltenyi Biotec). After dissocia-
tion, cell suspensions were filtered through a 100-μm filter (Corning) 
and washed with RPMI 1640 medium with penicillin (100 μg/mL), 
streptomycin (100 μg/mL), and 10% human serum (Sigma). Subse-
quently, cell suspensions were frozen at −80°C in 90% fetal calf serum 
(Sigma) and 10% dimethyl sulfoxide (DMSO, Sigma) until further use.

Sorting of Immune Cells from Tumor Material
Frozen samples were thawed in cold RPMI 1640 medium with 

100 μg/mL penicillin, 100 μg/mL streptomycin, 10% human serum, 
and benzonase (250 U/mL, Novagen). Single-cell suspensions were 
incubated for 10 minutes at 4°C in cold cell staining buffer (Bio-
Legend) with Human TruStain FcX (1:10, BioLegend), followed by 

addition of a TotalSeq anti-human Hashtag antibody (numbers 1–10, 
10 μg/mL final concentration, BioLegend) to uniquely label cells from 
each biopsy, and an equal volume of cell staining buffer containing 
anti–CD45-APC (HI30, BD Biosciences, 1:30), anti–CD3-FITC (SK7, 
BD Biosciences, 1:30), anti–CD4-BV421 (OKT4, BioLegend, 1:100), 
anti–CD8-AF700 (3B5, Life Technologies, 1:50), anti–PD-1-PEcy7 
(EbioJ105, eBioscience, 1:100), and anti–CD103-BV711 (BerACT8, 
BD Biosciences, 1:50). After a 30-minute incubation at 4°C and 3 
washes with cell staining buffer, samples were resuspended in cold 
phosphate-buffered saline (PBS) with 0.5% bovine serum albumin 
(BSA; Sigma) and ethylenediaminetetraacetic acid (EDTA; 2 mmol/L, 
Life Technologies). Equal aliquots of all samples were collected and, 
after the addition of AccuCount Blank Particles 13.0 to 17.9 μm 
(Spherotech) and propidium iodide (PI; Sigma-Aldrich, 0.5 μg/mL), 
live-cell counts (CD45+ PI−; Supplementary Fig.  S1A) per 10,000 
counting beads were measured by flow cytometry. Based on the 
detected cell numbers, equal numbers of viable cells were mixed 
from all samples and filtered through a 35-μm cell strainer (Falcon 
tube with cell strainer cap, Corning). After the addition of PI (Sigma-
Aldrich, 0.5 μg/mL final concentration), CD45+ PI− cells were sorted 
using a FACSAria Fusion Flow Cytometer (BD Biosciences) and col-
lected in cooled RPMI 1640 medium supplemented with 100 μg/mL 
penicillin, 100 μg/mL streptomycin, and 10% human serum. Sorted 
cells were washed with cold PBS supplemented with 0.04% BSA and 
resuspended in cold PBS with 0.04% BSA at a concentration of 800 
to 1,200 cells/μL for single-cell sequencing using 10X Genomics.

IHC
IHC of the formalin-fixed, paraffin-embedded tumor samples was 

performed on a Discovery Ultra automated stainer (Ventana Medical 
Systems). Briefly, paraffin sections were cut at 3 μm, heated at 75°C for 
28 minutes, and deparaffinized in the instrument with EZ prep solu-
tion (Ventana Medical Systems). Heat-induced antigen retrieval was 
carried out using Cell Conditioning 1 (CC1; Ventana Medical Systems) 
for 64 minutes at 95°C.

For the double staining of 4-1BB (Yellow) followed by FOXP3 (Pur-
ple), 4-1BB was detected in the first sequence using clone E6Z7F (1/100 
dilution, 60 minutes at 37°C, Cell Signaling Technology). 4-1BB–bound 
antibody was visualized using Anti-Rabbit NP (Ventana Medical sys-
tems) for 12 minutes at 37°C followed by Anti-NP AP (Ventana Medi-
cal Systems) for 12 minutes at 37°C, followed by the Discovery Yellow 
detection kit (Ventana Medical Systems). In the second sequence of the 
double-staining procedure, FOXP3 was detected using clone 236A/E7 
(1:100 dilution, 2 hours at 37°C, Abcam). FOXP3 was visualized using 
Anti-Mouse HQ (Ventana Medical systems) for 12 minutes at 37°C fol-
lowed by Anti-HQ HRP (Ventana Medical Systems) for 12 minutes at 
37°C, followed by the Discovery Purple Detection Kit (Ventana Medi-
cal Systems). Slides were counterstained with hematoxylin and bluing 
reagent (Ventana Medical Systems). A PANNORAMIC 1000 scanner 
from 3DHISTECH was used to scan the slides at a 40× magnification.

Bulk TCR-seq
Deep sequencing of the TCRβ chain was performed using the 

Adaptive Biotechnologies ImmunoSEQ platform on genomic DNA 
extracted from peripheral blood mononuclear cells (PBMC) from 
all pretreatment and posttreatment samples of responding patients 
in the cohort. Only productive TCRβ rearrangements were used for 
downstream analysis. The average number of TCRs per sample was 
16,9549 (range, 6,4037–25,1752). To account for differences in sam-
ple size between the blood and tumor samples, bootstrapping was 
applied when calculating TCR overlap.

scRNA-seq and TCR-seq
Sorted immune cells (10,000–20,000) were run over a lane of the  

10X Chromium instrument at a concentration of 800 to 1,200 cells/μL 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/collagenase
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for encapsulation in droplets. Single-cell RNA, antibody barcode, 
and TCR libraries were constructed using the Chromium Next GEM 
Single-Cell V(D)J Reagent Kits v1.1 for humans (10X Genomics) 
according to the manufacturer’s protocol. Libraries were sequenced 
on a NextSeq instrument (Illumina) with read lengths of 26/58 for 
RNA and antibody libraries and 26/91 or 26/130 for TCR libraries, 
aiming for 30,000 read pairs per cell for RNA libraries and 5,000 
reads for both antibody and TCR libraries.

Single-Cell Data Processing
Gene expression, antibody, and TCR-seq reads were respectively 

mapped to the GRCh38 human reference genome, antibody reference 
sequences, and IMGT reference using CellRanger Version 3.1 (10X 
Genomics), followed by the generation of unfiltered unique molecular 
identifier (UMI) matrices for gene expression and antibody libraries. 
Demultiplexing of the sample hashtags was done using the HTOde-
mux function, part of the Seurat package Version 4.0.1, with the posi-
tive quantile set to 0.99. Filtering was performed to remove cells with 
less than 800 UMIs, a fraction of mitochondrial gene expression that 
exceeded 0.5, or with more than one hashtag (multiplets). Gene sets 
containing mitochondrial genes, immunoglobulin genes, ribosomal 
genes, and long noncoding RNA genes, as well as genes that were 
detected in only one experiment, were removed from the data.

Metacell Modeling and Analysis
For analysis of the scRNA-seq data, we used the MetaCell package 

(V0.3.5; ref.  43) following the analysis strategy described by Li and 
colleagues (26). Feature genes were selected based on a scaled variance 
of 0.08 or higher and a minimum of 100 total UMIs across the data-
set. Gene features that were associated with lateral processes, such 
as cell cycle, type I IFN response, or stress (adapted from Li and col-
leagues, ref. 26), and genes with an average expression above 4.8 UMIs 
across all downsampled cells were excluded from metacell formation. 
Metacell generation was performed on 32,406 cells using 1,690 genes 
that passed the filtering steps. Cells from all patients were included 
in metacell formation. K  =  100 and 500 bootstrap iteration steps 
were done, and heterogeneous metacells were split. The confusion 
matrix (Supplementary Fig. S2B), showing the hierarchical clustering 
of metacells, was used to annotate groups of metacells that showed 
similar expression profiles. Four main immune cell types were clas-
sified based on the expression of marker genes, including CD19 and 
MS4A1 for B cells; NCAM1 for NK cells; CD14, CD68, and HLA-DQA1 
for myeloid cells; and CD3D and TRBC1 for T cells. Among total 
immune cells, 20,635 T cells were identified, and within this popula-
tion, TCR sequences were recovered for 18,504 T cells. All immune 
cells were further subdivided into distinct cell states based on the 
confusion matrix and supervised analysis of marker genes, as further 
described in the main text and below.

Identification of Immune Subsets
T-cell states were annotated using the most variable genes within 

the dataset, defined based on their variance over all cells divided by the 
mean. For further analyses, data from posttreatment biopsies of IMC-
04 (PD-1 monotherapy treated), IMC-38 (nonresponder, insufficient 
cell numbers), and IMC-12 (responder, insufficient cell numbers) were 
left out for analysis. Cells from the patient with a partial pathologic 
response (IMC-27) were excluded from analyses in which cells from 
responding and nonresponding patients were compared. To assess 
Treg activation, the expression of a gene signature derived from Tregs 
isolated from PBMCs after in vitro stimulation with antigen (32) was 
plotted as the fraction of activation-related UMIs among total UMIs 
per cell. Similarly, previously described gene sets associated with CD8+ 
T-cell activation (adapted from ref.  44), dysfunction (26), and cell-
cycle activity (26) were used to infer levels of activation, dysfunction, 
and proliferation in the CD8+ T-cell population.

Analysis of the Kürten and Colleagues Dataset
For analysis of the scRNA-seq dataset from Kürten and colleagues 

(31), we used the MetaCell package (V0.3.5; ref. 43) using the same 
approach as described above. Analysis was restricted to CD45+ cells, 
and cells with less than 800 UMIs or with a fraction of mitochondrial 
gene expression >0.4 were removed. Rather than generating new fea-
tures, we applied the features generated in analysis of the IMCISION  
cohort on the dataset from Kürten and colleagues. Metacell gen-
eration was performed on 23,360 cells using 1,690 genes (from our 
IMCISION cohort), and annotation was carried out as described 
above. Patient HN03 was a significant outlier in the analysis and was 
excluded from further analyses. Similarities between the cell states in 
the Kürten and colleagues cohort and IMCISION cohort were veri-
fied using gene expression markers per cell state, and by projecting 
signatures of the Tregs and myeloid cells that were generated from 
the IMCISION cohort on the dataset from Kürten and colleagues.

Cell Proportion Analysis
The coefficient for the difference between the fraction in cell states 

in the responders versus the nonresponders, the response coefficient, 
was calculated using a linear model on the fraction of the indi-
vidual cell states of each patient in responders versus nonresponders, 
inspired by ref. 17. The coefficient of determination (R2) from the 
linear model was adjusted to being either negative or positive based  

on the direction of the slope (m), = −





c
m

|(m )|
* R 2. The P value of each  

comparison was calculated with a Mann–Whitney U test. In a similar 
fashion, the treatment coefficient was calculated with a linear model on 
the pretreatment versus posttreatment samples per patient for indivi
dual cell states, with a Mann–Whitney U test for calculation of P values.

Trajectory Analysis
The trajectory analysis was performed using Monocle3 (refs. 34–36; 

v1.0.0) on CD4+ and CD8+ T cells. The dimension reduction in Monocle3 
was limited by using the filtered feature gene list used in the MetaCell 
analysis for generating the metacells. For the preprocessing of data in 
Monocle3, we used 25 dimensions with the principal component analy-
sis (PCA) method; other parameters were kept on default. Possible batch 
effects were removed using the build-in function “align_cds.” Dimen-
sions were reduced using uniform manifold approximation and projec-
tion as a reduction method and Euclidean distances, with 50 neighbors. 
The generated trajectory was cropped to the specific subsets—that is, 
either dysfunctional CD8+ T cells or Tregs—and the pseudotime of these 
cropped trajectories was extracted from the Monocle3 algorithm.

Signature Generation
The Treg and dysfunctional CD8+ T-cell signatures were generated 

from the ranked list of correlating genes with the trajectory of all cells in 
each subset (Treg or dysfunctional CD8+ T cells, respectively) generated 
with Monocle3 (34–36). Signature genes were selected from the genes 
that correlated with the trajectory based on a P value <0.01 and a Mor-
gan’s test statistic >8. The direction of the correlations was determined 
by comparing the mean expression of the genes on each side of pseudo-
time on the trajectory, and genes were filtered on a positive correlation 
for the signatures. The shared signature was generated by intersecting 
the Treg and dysfunctional CD8+ T-cell signatures, consisting of posi-
tively correlated genes with pseudotime. NK signatures were extracted 
from (33), and the low cytotoxic NK (CD56bright) signature was derived 
by combining the differentially expressed genes from the CD56bright 
blood and bone marrow populations (excluding ribosomal genes). The 
cytotoxic/mature NK signature was generated from the differentially 
expressed gene in the active and mature NK populations in blood and 
bone marrow. The IFN response signature was adapted from ref. 26. 
The neoTCR CD8+ signature was obtained from ref. 12.
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Enrichment Analysis
The enrichment of gene sets and signatures per single cell was 

calculated using the AUCell (45) package (v1.12.0) unless otherwise 
stated. By calculating the enrichment of gene sets or signatures, the 
potential bias caused by highly expressed genes within such gene sets 
or signatures is minimized. The enrichment analysis in Supplemen-
tary Fig. S6D was performed using AUCell on single cells within each 
of the groups, and the pretreatment versus posttreatment comparison 
was performed using a linear model and Mann–Whitney U test follow-
ing the same method as used for the proportion analysis. The gene set 
enrichment analysis (GSEA) on the correlating genes from the trajec-
tories generated with Monocle3 was performed on the ranked gene 
list based on the Morans test statistics score. GSEA was performed 
with the GSEA Java application software (refs. 46, 47; v4.2.3), using 
the Gene Ontology term gene set list (c5.go.v7.5.1) on default settings.

TCR Repertoire Analysis
For TCR repertoire analysis, TCRβ nucleotide sequences of T cells 

with a productive TCR rearrangement were used. A total of 19,594 
T cells with a productive rearrangement TCR were identified. Clono-
types were assigned based on the nucleotide sequence of the CDR3 
region of the TCRβ chain. The STARTRAC package was used to calcu-
late the level of T-cell expansion within a T-cell state for each patient, 
based on the TCR frequencies in that cell state (37). The extent of TCR 
sharing between cell states was determined using the STARTRAC tran-
sition index. For T-cell clone–based analyses, clonal expansion of T-cell 
clones was defined by a threshold of >3 occurrences of that TCR per 
biopsy unless otherwise stated.

Statistical Analysis
All analysis and statics were performed with R in Rstudio (v4.0.2). 

A Mann–Whitney U test was used for the comparison of the gene 
scores that were plotted as a fraction of total UMIs. For unbi-
ased identification of differentially expressed genes, differential gene 
expression analysis was performed on a downsampled UMI matrix. 
Mann–Whitney U test with false discovery rate correction was per-
formed on the number of transcripts/1,000 UMIs. A Wilcoxon signed 
rank test was used to test differences in abundance of cell states 
between matched pretreatment and posttreatment biopsies, whereas 
a Mann–Whitney U test was used for comparisons between respond-
ers and nonresponders unless otherwise stated.

Data and Code Availability
The processed scRNA-seq data and clonotype information have been 

deposited in the NCBI Gene Expression Omnibus database (GSE232240). 
The raw scRNA-seq and TCR-seq data have been deposited in the Euro-
pean Genome-phenome Archive (EGA) database (EGAS00001007367 
and EGAS00001007368, respectively) and will be made available from 
the corresponding author upon reasonable request. Data requests will 
be reviewed by the institutional review board of The Netherlands Can-
cer Institute and require a data transfer agreement after approval. The 
code that was used for the analyses in this study is available on GitHub  
(https://github.com/ZuurLabRep/ms_code_vanderleun_traets_ 
singlecell_IMCISION).
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