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ABSTRACT

HPV-specific head and neck cancer (HNSCC) develops secondary to infection with the human 
papillomavirus (HPV). HNSCC mostly affects younger and older age groups who live in North 
America and Europe. T cells play a crucial role in identifying and killing cancer cells in an antigen-
specific manner, but cancer cells often evade this natural immunologic detection system. Importantly, 
the impact of antigen-specific differentiation of T cells in HNSCC is unknown. In this paper, we 
hypothesized that the location of the tumor and expression of the marker PD-1 is associated with 
stronger T cell effector functions and T cell activation. To test this hypothesis, we analyzed single cell 
RNA sequencing (scRNA-seq) for expression of gene programs associated with immunosuppression 
and T cell effector functions. We found that the lymph node had an increased expression of 
immunosuppressive genes and that PD-1+ T cells had increased expression of genes associated with 
effector functions. This work suggests that researchers should focus on improving T cell activation in 
the lymph node to enhance the anti-tumor immune response in HNSCC.
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Research Article

and neck cancer (HNSCC) is cancer in the head and neck 
caused by the human papillomavirus (HPV) that develops 
in the oropharynx, mostly found in younger individuals 
and those over 70. This type of cancer is mostly present 
in people in North America and Europe and who do not 
breathe or smoke tobacco (3). People with HNSCC have 
approximately a 50% overall survival rate (4).

T cells are part of the immune system and recognize 
cancer cells. However, cancer can evade the immune 
system through methods such as T cell exhaustion (5). 
Cytotoxic (CD8+) T cells originate from the bone marrow 
as hematopoietic stem cells that have the potential to 
become different types of blood cells (6).

The hematopoietic stem cells differentiate into 
lymphoid progenitors, and into T cell precursors, 

INTRODUCTION

Cancer is a disease that occurs when cells continue to 
divide and grow due to genetic mutations. Cancer cells 
do this by evading cell cycle checkpoints that properly 
regulate when a cell should divide. When many cancer cells 
group together, these cancer cells can form tumors which 
can spread through the bloodstream and continue growing 
in other locations (1, 2). In particular, HPV-specific head 
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which then move towards the thymus gland. If the T 
cell recognizes and binds to its antigen-bound MHC 
class I molecules, CD8 expression increases and the T 
cell will differentiate into a mature, cytotoxic effector 
cell. Exposure to antigen-presenting dendritic cells and 
inflammatory signaling molecules such as IL2, the T 
cell is able to identify antigens through parts of pathogen 
peptides attached to MHC molecules and continue to 
exert its cytolytic effector function (7). A specific T 
cell receptor can identify an antigen on the surface of 
B cells, macrophages, or dendritic cells (8). Then, the B 
cells, macrophages, or dendritic cells proceed with T cell 
activation via costimulation, releasing granzymes and 
perforin (9, 10).

Granzymes are proteases that can break bonds 
and perforin is a protein that can induce pores, which 
ultimately lead to apoptosis of the “foreign cell” and 
prevents the spread of infection (11). The perforin released 
by the T cell can interact with the BID protein which 
makes the mitochondria porous, releasing cytochrome 
C. Cytochrome C and APAF 1 both activate caspase 3,
a protein associated with apoptosis. Caspase 3 is able
to activate other proteases and break the DNA of the
“foreign cell”, which ultimately leads to the death of the
“foreign cell” (12). The T cell also releases the fas ligand
which when bound to the fas receptor, activates caspase 8.
Caspase 8 activates caspase 3, which ultimately triggers
apoptosis (13).

T cells can be used in anti-tumor immunity. For example, 
through genetic engineering, T cells can be engineered 
to synthesize chimeric antigen receptors which attach to 
cancer cells (14). Antigens are important because they 
enable the immune system to identify foreign cells and 
stop the spread of infections. Additionally, antigens allow 
for the production of vaccines to minimize the effects of 
diseases (15). However, not much information is known 
about antigen-specific differentiation of T cells in cancer. 
Learning more about antigen-specific differentiation 
could allow for T cells to kill specific cancer cells by 
recognizing the cancer cell’s antigen (16).

Here, the goal was to better understand antigen-
specific T cell differentiation in cancer. In this paper, we 
hypothesized that more effective CD8 T cell activation 
and resulting effector functions were associated with the 
tumor and expression of the marker PD1.

MATERIALS AND METHODS

We analyzed 18 treatment-naive tissue samples from 
5 patients with HPV+ head and neck cancer (accession: 

GSE180268). The dataset contained single cell RNA 
sequencing results of CD8+ T cells isolated from lymph 
node and tumor. The patients (IDs 7, 15, 34, 37, 51) had not 
received treatment before for HPV positive head and neck 
cancer. The samples were collected at different locations, 
specifically the lymph node and the tumor, to compare 
the differences between the CD8+ T cells at each location. 
The samples expressed markers KSA, PD1, or QVD; TILs 
were taken from the tumor and lymph node and stained 
with a tetramer (17).

To address this issue, researchers worked with 12 
patients with HPV positive head and neck cancer to 
take samples of 6 primary tumors and 8 metastatic 
lymph nodes with different markers (17). To analyze 
and compare TILs, single cell RNA sequencing was 
performed on HPV-specific PD-1+ CD8+ TILs that were 
sorted based on which marker they expressed. In the 
tumor of patients diagnosed with HPV-positive HNSCC, 
functional HPV-specific PD-1+TCF-1+CD8+ T cells were 
present; functional HPV-specific PD-1+TCF-1+CD8+ T 
cells were shown to improve T cell function after PD-1 
blockade and are associated with an improvement to PD-1 
therapy. Additionally, cancer specific therapeutic HPV 
vaccines usually focus on the E6 and E7 antigens, but 
also targeting the E2 and E5 antigens could specifically 
strongly activate CD8+ T cells, which could prevent the 
formation of tumors. Furthermore, research around CD8+ 
T cells and B cells with HPV-positive HNSCC can help 
give more insight on other types of cancers caused by 
diseases.

We analyzed the data set to identify the effect of 
HPV-specific PD-1+ stem-like CD8 T cells in head and 
neck cancer. This was done through scRNA-seq using 
RStudio and the following packages: tidyverse, Seurat, 
pheatmap, RColorBrewer, scales, cowplot, patchwork, 
grid, gridExtra, harmony, and ggplot2.

Principal Component Analysis (PCA) is a statistical 
technique used to reduce the number of dimensions in 
a data set to improve visualization and understanding 
(Figure 1A). PCA creates Principal Components (PC) 
and a few of these PCs (PC1, PC2) capture the greatest 
variance in the data (PC1 accounts for more variance than 
PC2). Elbow plots are used to determine the percentage 
of variance in the data each PC captures. PCA allows for 
easier identification of patterns in the data because of the 
simplification into principal components which capture 
the most important parts of the data (18).

Uniform Manifold Approximation and Projection 
(UMAP) is a statistical technique used to allow for easier 
graphing of complicated data (Figure 1B). The computer 
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4 and 5 naive cells using the genes CCR7, LEF1, S1PR1, 
CF7, and SELL (Figure 2C); and cluster 6 terminal effector 
cells using the genes ID2, CXCR6, CCL4, IFNG, GZMB, 
PRF1, PDCD1 (Figure 2D) (20, 21, 22, 23).

RESULTS

We wanted to understand the differences in T cell 
diversity compared between patients, between locations, 
and between tetramers. To do so, we created UMAPs 
(Figure 2E) and bar graphs (Figure 3) split by patient ID, 
location, and tetramer.

We observed that the lymph node had fewer 

calculates and plots the distance between the data points 
linearly on the x-axis. Then, the computer draws a curve 
relative to these points to calculate similarity scores. 
The data is plotted on a two-dimensional graph based 
on similarity scores to form clusters. Data points that are 
in the same cluster are closely related but the amount of 
difference between different clusters cannot be calculated 
based on the distance on the graph (19).

We named the UMAP clusters using feature plots and 
violin plots. We named clusters 0, 1, 3, 7, and 8 TRM 
cells using the genes IFITM1, LGALS3, ITGB1, VIM, and 
CRIP1 (Figure 2A); cluster 2 inflammatory cells using 
the genes CCL5, GZMK, and ITGA4 (Figure 2B); clusters 

Figure 1. 18 samples of T cells from the lymph node and the tumor A) PCA plot of TILs 
with varying patients, locations, and tetramer B) UMAP of TILs with 8 T cell clusters after 
removal of Cluster 9.
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Figure 2. Strategies used to name UMAP clusters. A) Violin Plot of TRM Cells using the Genes IFITM1, LGALS3, ITGB1, VIM, 
and CRIP1 B) Violin Plot of Inflammatory Cells using the Genes CCL5, GZMK, and ITGA4. C) Feature Plot and Violin Plot of 
Naive Cells using the Genes CCR7, LEF1, S1PR1, CF7, and SELL D) Feature Plot of Terminal Effector Cells using the Genes 
ID2, CXCR6, CCL4, IFNG, GZMB, PRF1, PDCD1 E) UMAP of Named Clusters.

Figure 3. T cell diversity varies based on location, patient, and tetramer. A) UMAP of T cells split by Location B) UMAP of T 
cells split by Patient C) UMAP of T cells split by Tetramer.
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inflammatory cells than the tumor (Figure 4A). We 
hypothesized that if the lymph node has a smaller 
proportion of inflammatory cells, then the lymph 
node would have less T cell activation and more T cell 
immunosuppression. To test this, we created violin plots 
and feature plots split by location to measure the expression 
level of immunosuppression T cell genes CTLA4 (Figure 
5A), PDCD1 (Figure 5B), CD247 (Figure 5C), and ICOS 
(Figure 5D) (24, 25, 26, 27).

We found that CTLA4, PDCD1, CD247, and ICOS 
are expressed more in the lymph node than in the tumor. 
This means T cells in the lymph node are blocked from 
being activated. Immunosuppression has the effects of 
altering Myc, mTOR, AMPK, and H1F1α which control T 
cell reactions. Additionally, immunosuppression changes 
glycolysis and glutaminolysis which plays a role in the 
citric acid cycle (28, 29).

 We observed that patients that expressed the marker 

Figure 4. Stacked Bar Graphs of T cells split by Location, Patient, and Tetramer. A) Stacked bar graph of T cells split by location 
B) Stacked bar graph of T cells split by Patient C) Stacked bar graph of T cells split by Tetramer.

Figure 5. The lymph node has increased expression of immunosuppressive genes compared to the tumor. A) Violin plot of 
expression of the gene CTLA4 in the lymph node and the tumor. B) Violin plot of expression of the gene PDCD1 in the lymph 
node and the tumor. C) Violin plot of expression of the gene CD247 in the lymph node and the tumor. D) Violin plot of expression 
of the gene ICOS in the lymph node and the tumor. E) Feature plot (top) and Violin plot (bottom) of the expression of the genes 
CTLA4, PDCD1, CD247, and ICOS in the lymph node and the tumor.
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Figure 5. The lymph node has increased expression of immunosuppressive genes compared to the 
tumor. A) Violin plot of expression of the gene CTLA4 in the lymph node and the tumor. B) Violin plot of
expression of the gene PDCD1 in the lymph node and the tumor. C) Violin plot of expression of the gene
CD247 in the lymph node and the tumor. D) Violin plot of expression of the gene ICOS in the lymph node
and the tumor. E) Feature plot (top) and Violin plot (bottom) of the expression of the genes CTLA4,
PDCD1, CD247, and ICOS in the lymph node and the tumor.

We observed that patients that expressed the marker PD1 have a higher proportion of terminal effector
cells than patients that expressed the markers QVD or KSA. We hypothesized that if T cells that
expressed the marker PD1 have a higher proportion of terminal effector cells, then T cells that expressed
marker PD1 would have more effector functions. To test this, we created violin and feature plots split by 
tetramers to measure the expression level of genes associated with T cell effector functions, including
GZMK (Figure 6A), CCR7 (Figure 6B), CCL5 (Figure 6C) and GZMM (Figure 6D) [30, 31, 32]. We
found that GZMK, CCR7, CCL5, and GZMM are expressed higher in patients that expressed the marker

A

C
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DISCUSSION

In this paper, we found that the lymph node has 
fewer inflammatory cells compared to the tumor 
(Figure 4A), and that there is a higher expression of 
immunosuppressive genes in the lymph node (Figure 
5A, 5B, 5C, and 5D), indicating that T cells in the 
lymph node might be blocked from activation. We also 
found that there was a higher proportion of terminal 
effector cells in patients that expressed the marker PD1 
compared to the markers KSA or QVD (Figure 4C) and 
a higher amount of gene expression associated with 
effector functions in patients that expressed the marker 
PD1 (Figure 6A, 6B, 6C, and 6D).

Additionally, Patient 15 has a smaller proportion of 
naive cells compared to Patients 7, 34, 37, and 51 (Figure 
4B) and Patient 15 has a higher expression of T cell 
activation genes (Figure 7A, 7B, 7C, 7D, and 7E).

T cell effector functions have an important role in the 
anti-tumor response. Effector T cells are able to kill cancer 
cells (34). These results indicate that the location of the 
tumor, expressing the marker PD1, and Patient 15 have a 
higher amount of T cell activation and effector functions 
such as releasing cytokines to kill cancer cells (35). These 
results agree with the original study as Eberhardt, Kissick, 
and researchers found that PD-1+ stem-like CD8+ T cells 

PD1 have a higher proportion of terminal effector cells 
than patients that expressed the markers QVD or KSA. We 
hypothesized that if T cells that expressed the marker PD1 
have a higher proportion of terminal effector cells, then T 
cells that expressed marker PD1 would have more effector 
functions. To test this, we created violin and feature plots 
split by tetramers to measure the expression level of genes 
associated with T cell effector functions, including GZMK 
(Figure 6A), CCR7 (Figure 6B), CCL5 (Figure 6C) and 
GZMM (Figure 6D) (30, 31, 32). We found that GZMK, 
CCR7, CCL5, and GZMM are expressed higher in patients 
that expressed the marker PD1 compared to patients that 
expressed the markers KSA or QVD. This signifies that 
there are more effector functions in T cells that expressed 
the marker PD1 compared to KSA or QVD.

We observed that Patient 15 has a smaller proportion 
of naive T cells compared to Patients 7, 34, 37, and 51. We 
hypothesized that if Patient 15 has a smaller proportion 
of naive cells, then Patient 15 would have more T cell 
activation. To test this, we created violin and feature 
plots split by patient to measure the expression of T cell 
activation genes IRF7 (Figure 7A), GZMK (Figure 7B), 
EOMES (Figure 7C), ZEB2 (Figure 7D), and NKG7 (Figure 
7E) (33). We found that Patient 15 had a higher expression 
of genes IRF7, GZMK, EOMES, ZEB2 and NKG7. This 
means Patient 15 has more overall T cell activation.

Figure 6. Tetramer PD1 has increased expression of genes associated with T cell effector functions. A) Violin plot of expression 
of the gene GZMK in the markers PD1, QVD, and KSA. B) Violin plot of expression of the gene CCR7 in the markers PD1, QVD, 
and KSA. C) Violin plot of expression of the gene CCL5 in the markers PD1, QVD, and KSA. D) Violin plot of expression of the 
gene GZMM in the markers PD1, QVD, and KSA. E) Feature plot (top) and violin plot (bottom) of the expression of the genes 
GZMK,CCR7,CCL5, and GZMM in the markers PD1, QVD, and KSA.
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Figure 7. Patient 15 has increased expression of T cell activation genes. A) Violin plot of expression of the gene IRF7 in Patients 
7, 15, 34, 37, and 51 B) Violin plot of expression of the gene GZMK in Patients 7, 15, 34, 37, and 51 C) Violin plot of expression 
of the gene EOMES in Patients 7, 15, 34, 37, and 51 D) Violin plot of expression of the gene ZEB2 in Patients 7, 15, 34, 37, and 
51. E) Violin plot of expression of the gene NKG7 in Patients 7, 15, 34, 37, and 51. F) Feature plot (left) and violin plot (right) of
the expression of the genes IRF7, GZMK, EOMES, ZEB2, and NKG7 in Patients 7, 15, 34, 37, and 51.
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For example, researchers could use ICIs or both ICBs 
and chemotherapy to deregulate the expression of these 
proteins.
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