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SUMMARY

Lung cancer is the leading cause of cancer-related
death globally. Immune checkpoint inhibitors (ICl)
have emerged as a promising therapy for late-stage
lung cancer. However, their response rate remains low,
highlighting the need to explore diverse intervention
pathways to optimize antitumor efficacy. CA170, a small
molecule targeting immune checkpoints Programmed
Cell Death Protein 1 (PD-1) and V-domain Ig Suppressor
of T cell Activation (VISTA), is highly expressed in the
lungs and offers an advantage over antibody-based ICIs
due to its membrane permeability. We hypothesized that
a combination therapy of CA170, an antigen-independent
small molecule, and KRAS vaccine (Kvax), an antigen-
specific vaccine targeting the Kirsten rat sarcoma viral
oncogene homolog (KRAS) mutation in lung cancer,
would promote antitumor immune response pathways
more strongly than either treatment alone. To test this
hypothesis, we analyzed publicly available single-
cell RNA sequencing (scRNA-seq) data to examine the
effects of the treatment on immune cell compartments.
We evaluated immune cell response pathways identified
through receptor-ligand analysis via CellChat. Our
findings indicate that the combination therapy of
CA170 and Kvax enhances helper T cell function and
improves cytotoxic T lymphocyte infiltration, while Kvax
alone drives plasma and memory B cell proliferation.
This study suggests that combining antigen-specific
vaccines and antigen-independent ICls may enhance the
antitumor response in lung cancer. Our findings could
aid in developing more effective strategies to extend the
efficacy of immunotherapy in lung cancer patients.

INTRODUCTION

Globally, lung cancer accounts for the highest proportion
of cancer-related deaths, comprising nearly 18% of total
cancer mortality (1). Each year, lung cancer mortalities
surpass the combined deaths from colon, breast, and prostate
cancers (2). The main types of lung cancer include small cell
lung cancer and non-small cell lung cancer (NSCLC) which
comprises around 87% of lung cancer cases (2). The 5-year
survival rates in the United States are 9% for small cell and
32% for non-small cell lung cancers (3). For early stages of
lung cancer, surgical treatment or radiation therapy improves
survival outcomes (4). However, 47% of lung cancer diagnoses
occur at a late stage, when these treatments become less
effective and the survival rate is only 6% (5). For advanced
metastatic lung cancer, chemotherapy, immunotherapy, and
targeted therapies are more effective treatment options than
surgical interventions and radiation therapy (6).

The tumor microenvironment (TME) plays a central role in
determining how cancers progress and how they respond to
therapy. The TME is a complex milieu of cancer cells, signaling
molecules and infiltrating immune cells, including cytotoxic T
lymphocytes (CTLs), helper T cells, and B cells (7). Helper
T cells produce cytokines that activate other immune cells,
such as CTLs (8, 9). CTLs recognize tumor antigens and
directly kill cancer cells (8, 9). B cells produce tumor-specific
antibodies, present antigens to T cells, and differentiate into
antibody-producing plasma B cells or long-lived memory B
cells that support long-term immune memory responses
(8). For effective antitumor immunity, these cancer-fighting
immune cells must infiltrate the tumor and become activated
within the TME (7).

However, many tumors create an immunosuppressive
TME that prevents these immune cells from functioning
effectively. A major mechanism of immunosuppression
is the engagement of immune checkpoints, which inhibit
overactivation of the immune system and perpetuate
tolerance to self (10). For example, immune checkpoint
receptor programmed cell death protein 1 (PD-1) on T
cells bind to ligand programmed death-ligand 1 (PD-L1),
on an antigen-presenting cell, to dampen the severity of
the immune response and minimize tissue damage (11).
However, in an immunosuppressive TME, cancer cells can
exploit these mechanisms by expressing checkpoint ligands
to inhibit T cells and evade immune surveillance (10). Hence,
immune checkpoint inhibitors (ICls) were developed to block
cancer cell interactions with inhibitory checkpoints, allowing
the immune system to mount a more effective antitumor
response (12, 13, 14). In recent decades, these therapies
have become an important part of cancer treatment regimens
and significantly improved clinical outcomes for lung cancer
patients (12, 13). Current monoclonal antibody (mAb) ICls that
target PD-1/PD-L1 augment T cell infiltration into tumors and
enhance progression-free survival in lung cancer patients (15,
16). Despite their promise, the efficacy of these mAb-based
ICls remains limited due to poor tissue permeability, resulting
in response rates below 30% among NSCLC patients (17, 18).
These limitations highlight the need for therapies that more
effectively reach the tumor.

A promising approach is the combination of CA170, a
small-molecule dual ICI, with a vaccine targeting the Kirsten
rat sarcoma virus (KRAS) mutation. Small molecules, like
CA170, offer advantages over mAb, including better tumor
infiltration and the ability to target intracellular pathways
inaccessible to antibodies (19). Additionally, CA170’s short
half-life lowers toxicity compared to mAb-based ICIs (20).
CA170 targets two distinct immune checkpoints: PD-L1 and
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V-domain immunoglobulin suppressor of T cell activation
(VISTA). VISTA functions through pathways distinct from
the PD-1/PD-L1 immune checkpoint. As both a ligand and
receptor, VISTA can be expressed on antigen-presenting
cells (APCs) or T cells to mediate inhibitory signals. These
interactions suppress T cell activation, proliferation, and
cytokine production (17, 21). VISTA makes lung tumors a
good target for ICI therapy as it is expressed in around 99%
of NSCLCs and is associated with increased tumor-infiltrating
lymphocytes (22). However, like other ICls, CA170 does not
target a specific tumor antigen as VISTA is expressed on
non-tumor cells (23, 24). This lack of specificity allows it to be
applied across a broad range of cancers, but also increases
the risk of off-tumor autoimmune damage (14).

Tumor specificity may be improved by pairing CA170 with
Kvax, a multi-peptide vaccine designed to target the KRAS
G12C mutation, one of the most common oncogenic drivers
of lung adenocarcinoma (25, 26). As a proto-oncogene, the
KRAS gene mutation promotes uncontrolled cell division and
tumor growth and is often associated with poor prognosis and
resistance to conventional therapies (25, 26). Kvax delivers
mutated KRAS peptides to antigen-presenting cells, such
as B cells, stimulating their proliferation and differentiation
and enabling them to activate T cells which selectively
recognize and kill mutated KRAS-presenting tumor cells (27,
28). By directing immune activation toward a tumor-specific
neoantigen, Kvax may help focus the broader CA170-induced
immune response on KRAS-mutant tumor cells, potentially
improving tumor specificity and reducing off-tumor effects
(23, 27).

While considerable research has explored the antitumor
efficacy of CA170, the combination effects of CA170 and Kvax
have been examined only once. In that study, flow cytometry
and a single-cell RNA-sequencing (scRNA-seq) analysis
revealed that a combination of CA170 and Kvax increased T
cell infiltration, an expansion of helper T cells, and reduced
tumor load and multiplicity in a lung cancer mouse model (23).
While the previous study primarily focused on in vivo findings,
our research expands on this study by providing a detailed
examination of the expression of cellular signaling pathways
and transcriptional signatures associated with differentiation,
proliferation, functionality, and migration in specific T cell
subtypes. Additionally, the role of B cells in response to
VISTA IClIs remains largely unexplored in the literature. Our
study provides a novel examination of B-cell activity in the
lung TME, offering new insights into their potential role in
immunotherapy.

We hypothesized that a combination therapy of ICI CA170
and antigen-specific Kvax would promote transcriptional
programs associated with antitumor immune response
pathways more strongly than either treatment alone. To test
our hypothesis, we conducted a new analysis on publicly
available scRNA-seq data of immune cells from murine lung
cancer samples. Our study revealed an expansion of helper
T cell proportion and function, enhanced T cell migration,
and increased memory B cell and plasma cell proliferation,
despite a decrease in follicular B cell proliferation in the
treatment groups compared to the control. By highlighting the
enhanced effects of CA170 and Kvax combination therapy on
both T and B cell populations in the lung TME, our findings
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provide a comprehensive examination of the T cell antitumor
response and introduce novel insights into B cell antitumor
pathways. This deeper understanding of how CA170 and
Kvax influence immune responses in lung cancer could
inform future immunotherapeutic strategies.

RESULTS
Assessment of the Changes in Immune
Compartments across all Treatment Groups

The lung cancer TME holds essential information to
understand responses to immunotherapy (29). To determine
which immune cells were driving the antitumor responses, we
analyzed how each treatment group affected the proportion
of immune cells in the TME. We downloaded a murine lung
cancer dataset from the Gene Expression Omnibus (GEO).
The dataset consisted of 20 samples collected by Pan et
al. from five to six-week-old female mice with carcinogen-
induced primary lung tumors and sequenced using scRNA-
seq (23, 30). We performed scRNA-seq analysis in R (version
4.4.0) using Seurat (version 5.1.0) (31, 32). Our analysis
focused on immune cells in lung tumors across five treatment
groups: control (PBS), adjuvant control (STING agonist),
CA170, Kvax with adjuvant, combo treatment group of CA170,
Kvax, and adjuvant. STING agonists promote inflammation
in the TME and enhance lymphocyte activity through the
production of cytokines, such as TNF-a and IL-6 (33). For this
reason, several STING agonists have shown clinical promise
in improving immunotherapy efficacy (33). In the Kvax and
combination groups, STING agonists were included to
assess a clinically relevant immune response with Kvax. They
were also included as a control to account for inflammatory
effects. Based on common gene markers, we identified
distinct immune cell clusters for dendritic cells, natural killer
cells (NK), myeloid cells, T cells, and B cells (Figure 1). Then,
we calculated their proportion distributions across the five
different treatment groups (Figure 2). Notably, B and T cells
comprised over half of the total immune cell population in all
groups, and B and T cell proportions differed significantly
between the control and combo treatment groups, the control
and CA170 groups, and the control and Kvax groups (chi-
squared test; p < 0.0001 for all three comparisons) (Figures
2A, B). B cells decreased more than two-fold, from 38.58% in
the control to 18.11% in the combo treatment group, while T
cells nearly doubled, increasing from 26.02% in the adjuvant
group to 44.62% in the combo treatment group (Figure 2A).
In contrast, myeloid cells increased by around 40%, and NK
cells were reduced by almost 20% (Figure 2A). Based on
these findings, we hypothesized that alterations in B and T
cells were the primary drivers of the antitumor response.

Additionally, significant changes in the proportion of T
cell subtypes were observed in the combo treatment group.
We identified both CD4*and CD8* CTL groups, so the term
“CTL’ refers to both CD4* and CD8* CTLs (Figure 2C). We
also identified CD8*/CD4" memory effector cells, CD8* naive
cells, CD8*/CD4* naive cells, and CD4* helper T cells (Figure
2C). We observed a remodeling of the helper T cell and CTL
compartments in the Kvax and combo treatment groups
compared to the control group (chi-squared test; p < 0.0001;
p < 0.0001, p < 0.0001; p < 0.0001) (Figures 2C, D). The
proportion of helper T cells notably expanded in the Kvax and

Cell

Journal of Emerging Investigators « www.emerginginvestigators.org

16 MARCH 2026 | VOL9 | 2



JOURNAL OF

EMERGII\iG INVESTIGATORS

https://doi.org/10.59720/24-358

it - 4,
HEdle = ° v ®  percent Expressed
Natural Killer T cell{ @ ® * 25
g ® 50
Natural Killer cell | o ® 75
@ 00
Myeloid 1 e o o .
Y ® Average Expression
Neutrophil | O @ 2
1
Teel1 @ @
- 0
B cell I B ]
&> o N > o0 N 9 Q> QA s
U R T S VR O (PO RO
OO%\@Qfoobobsl-\/O \Y@%@
B Genes
CD4+ Cytotoxic T lymphocyte ] ..“. e 0@ ...”Q .o + @ Percent Expressed
¢ 20
CD8+ Cytotoxic T lymphocyte{ ©* ® ® e @0 0“0 RN ) ...‘.. e‘. . @ ; 40
60
CD8+/CD4+ Memory Effector T{® @ o @) - 0@)@ 00 00@00 0 - - - 00000 -00: - - - ‘ 80
CD8+NaveT{* @ @ @ @ ..' ® - o e EY XX .. Average Expression
cD8+/CD4+ Nave T1 @ © » @ © Q@ O ;
Helper T @ [ ) .....- c0o0000 0‘» . &
> D o® N D AN o b O H XL 2 DY > A O Do X &N
FES TS & \“oo‘éoé%i PSS SRE GBS FeSGSE Gy S
C Genes
Average Expression
plasma cell 000 o - . (1)?‘,
0.0
-0.5
folicuar {® » o @ @ - e @ - o -« [ ) e @ o . -1.0
Percent Expressed
o 25
® 50
memory 1@ ©¢ O @@ ¢ « 0@ + @ o [ X} X X ] e ° @75
@ 100
NO NP0 ® D DD @Dl SN 2N OO NP D D
NN A IS Al O P S SR U SN NI S AS N Lagt IICIEORIC RN SRS
€O TEP T T NN T Q/o%.}\b-i&é‘ FIEN
Genes

Figure 1: B and T cell subtypes were identified based on gene signatures. (A) Marker gene expression for each cell type, where dot
size and color represent the percentage of marker gene expression and the averaged scaled expression value, respectively. (B) Marker gene
expression for each T cell type. (C) Marker gene expression for each B cell type.

combo treatment groups compared to the control, increasing
from 32.29% in the control to 64.55% in the Kvax and 57.63%
in the combo treatment groups, respectively (Figure 2D).
Meanwhile, naive T cell proportions decreased from 56.50%
in the control to 27.32% in the Kvax and 27.32% in the combo
treatment groups.

Regarding B cell subtypes, memory, follicular, and plasma
B cells were identified. The Kvax and combo treatment
groups exhibited significant alterations across all subtype
compartments when compared to the control group (chi-
squared test; p < 0.0001 for all comparisons) (Figures 2E,
F). The Kvax and combo treatments induced expansions and
suppressions of B and T cell subtypes, indicating a potential
shift in the immune response dynamics within the TME.

Furthermore, we analyzed gene expressions of common
gene markers for each cell subtype across treatment groups

(Figure 3). The marker gene expression patterns of naive
T cells, helper T cells, all CTLs, and memory B cells were
consistent with the observed changes in cell type proportions,
indicating shifts in cellular activation states (Figures 2D, E,
3A-D). Interestingly, while the proportion of memory effector
T cells decreased in the CA170 and combo treatment groups,
their marker gene expression levels were substantially higher
in those groups (Figures 2D, 3D). This suggests that the
observed decrease in memory effector T cell proportion was
likely due to an expansion of other immune cell proportions
rather than a reduction in memory effector T cell activity.
Additionally, although the proportions of follicular B cells
and plasma B cells increased in the combo treatment group
compared to the control, their marker gene expression levels
were most pronounced in the control group (Figures 2E,
3E, 3F). This discrepancy highlights the need for further
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Figure 2: The treatment groups affect the proportion of immune cells. (A) Proportions of cell types (B cell, T cell, neutrophil, myeloid,
natural killer cell, natural killer T cell, dendritic cell) across all treatment groups. The dendrogram was clustered by hierarchical clustering. (B)
Labeled Uniform Manifold Approximation and Projection (UMAP) projection showing cellular heterogeneity differentiated by treatment group.
(C) Sub-clustered T cells differentiated by treatment group. (D) Proportion of different T cells for the five treatment groups. (E) Proportion of
different B cells for the five treatment groups. (F) Sub-clustered B cells differentiated by treatment group.

investigation into the functional roles of follicular and plasma
B cells in the context of immune checkpoint inhibitors and
cancer vaccines.

Identification of Highly Expressed Immune Cell Pathways

To determine the specific pathways and cell types that were
driving changes in B and T cell proportions, we performed
receptor-ligand analysis via CellChat, a tool that quantitatively

infers active cellular pathways and communication networks
in scRNA-seq data based on receptor-ligand interactions (34).
The analysis revealed stronger outgoing interactions from B
and T cells compared to the other CD45* cells, suggesting
that B and T cells are actively influencing the behavior of other
immune cells via cell-to-cell interactions (Figure 4A). We
then visualized the relative expression of the top 20 receptors
and ligands across all treatment groups (Figures 4B, C). The
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Figure 3: Marker gene expressions for each cell subtype are compared across treatment groups. For each of the seven T and B
cell subtypes (naive T cell, memory effector T cell, helper T cell, cytotoxic T cell (CTL), plasma B cell, memory B cell, follicular B cell), gene
expression for common murine gene markers was averaged into heatmaps. The dendrograms were clustered by hierarchical clustering. (A)
Naive T cell gene markers tested within T cells. (B) Helper T cell gene markers tested within T cells. (C) Memory B cell gene markers tested
within B cells. (D) Memory effector T cell gene markers tested within T cells. (E) Plasma B cell gene markers tested within B cells. (F) Follicular

B cell gene markers tested within B cells.

combo treatment group exhibited elevated expressions of
Cd44, Cxcr4, Ccr1, Ccr5, and Ccr7, genes associated with
the regulation of immune cell adhesion and migration (Figure
3B) (35-37). This finding suggests that CA170 combined
with Kvax promotes immune cell migration and tumor
infiltration. Most of the top ligand genes were dominated
by major histocompatibility complexes (MHCs) such as H2-
Q6 and H2-K1, indicating communications between T cells

and antigen-presenting cells (Figure 4C) (38-40). Notably,
these interactions were more highly expressed in the control
group compared to other treatment groups, suggesting
more antigen-presentation interactions in the control group
(Figure 4C).
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Figure 4: T cell activation, antigen presentation, and immune cell migration are key upregulated pathways. CellChat was run on the
CDA45* object to identify the main interactions between cell types and infer the top receptor-ligand pairs. (A) Interaction network showing the
strengths of outgoing and incoming signals between each cell type in the CD45* object. The arrows point from the cell containing the ligand
to the cell containing the receptor. Wider arrows indicate stronger interactions, and each color corresponds to the cell producing the outgoing
signal. (B) Top 20 significant receptor genes analyzed on the entire CD45* object. (C) Top 20 significant ligand genes analyzed on the CD45*

object. The dendrogram was clustered by hierarchical clustering.

Effect of CA170/Kvax Combination Treatment on Helper
T Cell Activity

Given the notable increase in helper T cell proportion in the
Kvax and combo treatment groups compared to the control,
we hypothesized that the combo treatment group would
enhance helper T cell function. To test this, we analyzed gene
pathways from the Gene Ontology (GO) database related to
helper T cell differentiation, immune response, and cytokine
production (41). We then calculated the average gene
expression in each pathway and compared the results across
treatment groups.

Pathway analysis revealed significantly higher gene
expression of helper T cell differentiation markers in the
CA170 and Kvax treatment groups compared to the control
(two-way ANOVA with Tukey HSD, p < 0.0001, p < 0.0001,
respectively) (Figure 5A). Importantly, there was also a
significant interaction between CA170 and Kvax in promoting
gene expression programs associated with helper T cell
differentiation (two-way ANOVA; p < 0.0001), indicating
that the effect of one treatment condition depended on the
presence or absence of the other. Post-hoc Tukey HSD
analysis (HSD = 0.01) revealed that pairwise differences
between cell means were statistically significant (Figure 5A).
These findings confirmed the observed expansion of helper T
cell proportion. To assess helper T cell function, we analyzed

immune response and cytokine production, key indicators of
helper T cell activity. According to the GO database, immune
response is defined as any process that increases the
frequency, extent, or rate of helper T cell activity. We observed
a significant increase in helper T cell immune response and
cytokine production in the CA170 and Kvax treatment groups
compared to the control (two-way ANOVA with Tukey HSD,
p < 0.0001; p < 0.0001, respectively), along with a strong
interaction between CA170 and Kvax (two-way ANOVA with
Tukey HSD, p < 0.01) (Figure 5B-D). These findings suggest
that while CA170 and Kvax individually promote helper T cell
expansion and function, their combination further enhances
helper T cell activity, ultimately strengthening the antitumor
immune response.

Assessment of CTL Migration and Infiltration

Our CellChat analysis revealed a strong expression
of pathways associated with immune cell migration and
infiltration (Figure 4B). Given the importance of T cell
infiltration for an effective antitumor response, we examined
whether the combo treatment enhanced T cell migration
and tumor infiltration by analyzing T cell chemotaxis, the
movement of T cells toward tumors in response to chemical
signals, and extravasation, the diffusion of T cells from the
bloodstream into surrounding tissues (42, 43). Using the GO
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Figure 5: The CA170/Kvax combo treatment induces helper T cell differentiation and activity. Gene signatures for helper T cell
differentiation and activation were obtained from the GO database, and the average signature expression for each treatment group was
calculated. The black lines on the violin plots represent median gene expression values. (A) Average helper T cell differentiation gene
expression analyzed on T cells. The median values, rounded to the thousandths place for each of the five treatment groups from left to right,
are as follows: control was -0.093, adjuvant was -0.071, CA170 was -0.059, KRAS vaccine (Kvax) was -0.047, combo was -0.032. CA170
and Kvax had a significant difference on mean gene expression levels compared to the control group (two-way ANOVA with Tukey HSD, p
< 0.0001). There was a significant interaction between CA170 and Kvax in influencing mean gene expression levels (two-way ANOVA with
Tukey HSD, p < 0.0001). (B) Average helper T cell immune response gene expression analyzed on helper T cells. Median values: -0.009,
-0.003, 0.005, 0.004, 0.017. CA170 and Kvax had a significant difference on mean gene expression levels compared to the control (two-way
ANOVA with Tukey HSD, p < 0.0001). The interaction between CA170 and Kvax was significant (two-way ANOVA with Tukey HSD, p = 0.0011).
(C) Average helper T cell cytokine production gene expression analyzed on helper T cells. Median values: -0.063, -0.026, -0.011, -0.008,
-0.002. CA170 and Kvax had a significant difference on mean gene expression levels compared to the control (two-way ANOVA with Tukey
HSD, p < 0.0001). The interaction between CA170 and Kvax was significant (two-way ANOVA with Tukey HSD, p < 0.0001). (D) Heatmap
showing average expression of helper T cell immune response genes and helper T cell cytokine production genes analyzed on helper T cells.
The dendrogram was clustered by hierarchical clustering. Two-way ANOVAs and Tukey post-hoc tests were performed on each pathway to
examine the main effects of CA170 and Kvax and their interaction, **** p <0.0001.
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| Signature GO Source Number Literature

T cell Hu et al.
(66)

B cell Hu et al.
(66)

Neutrophil Hu et al.
(66)

Myeloid Hu et al.
(66)

NK Hu et al.
(66)

NKT Hu et al.
(66)

Dendritic Hu et al.
(66)

Helper T Pan et al.
(19)

Naive T Pan et al.
(19)

Memory effector T Pan et al.
(19)

CTL Pan et al.
(19)

Memory B (68)

Follicular B (68)

Plasma B (68)

CD4* Helper T cell 0042093

differentiation

CD4* Helper T cell cytokine 0035744, 0035745

production

T cell extravasation 0072683

CTL extravasation 0035697

T cell chemotaxis 0010818

CTL chemotaxis (69)

CTL activity 0001916

B cell proliferation 0042114

Memory B cell differentiation (70)

Plasma B cell differentiation | 0002317 (71)

Follicular B cell differentiation | 0002316

+Effector T cell differentiation | 0042492, 0045065

+Naive T cell proliferation 0033079

+T helper subtypes activity 0072539, 0045063

+B cell activation 0042113

+B cell chemotaxis 0035754

Table 1: Gene signatures were used to identify immune cell
clusters, determine B and T cell subtypes, and perform
pathway analysis. Gene signatures were collected from the Gene
Ontology (GO) database. Certain pathways were supplemented with
gene signatures identified in past literature. The pathways labeled
with plus signs (+) did not show statistical significance and were not
reported in our results.

database and relevant literature, we identified gene signatures
for T cell chemotaxis, CD4* CTL and CD8* CTL chemotaxis,
T cell extravasation, CTL extravasation, and CD4* CTL and
CD8* CTL activity (Table 1). We then calculated the average
gene expression of each pathway and compared the results
across treatment groups.

We observed significantly higher expression of the T cell
extravasation signature in the Kvax and combo treatment
groups, compared to the control group (two-way ANOVA with
Tukey HSD, p < 0.0001, p < 0.0001, respectively) (Figure
6A). Further analysis of CD8* T cell extravasation revealed
a significant elevation in the Kvax and CA170 treatment
groups compared to the control group (two-way ANOVA with
Tukey HSD, p < 0.0001, p = 0.0266, respectively), though
no interaction was detected (Figure 6B). T cell chemotaxis

https://doi.org/10.59720/24-358

signatures exhibited significant increases in response to
CA170 and Kvax individually compared to the control group
(two-way ANOVA with Tukey HSD, p < 0.0001, p < 0.0001,
respectively). This increase was further enhanced by the
combo treatment as demonstrated by a significant interaction
effect (two-way ANOVA with Tukey HSD, p < 0.0001)
(Figure 6C). Additionally, CTL infiltration, assessed via CTL
chemotaxis, adhesion markers, and migration markers,
was increased in the Kvax and combo treatment groups
(Figures 6D, E). These findings indicate the important role
of Kvax in driving CTL infiltration. Furthermore, there was
a strong expression of CTL activation-specific genes in the
combo treatment group, confirming an increase in all CTL
activity in the combo treatment group (Figure 6F). These
findings suggest that Kvax is the primary driver of increased
gene expression related to T cell extravasation and T cell
chemotaxis. Moreover, while CA170 or Kvax alone can
enhance CD8" CTL chemotaxis and extravasation, they do
not exhibit interaction in this process. Lastly, the combination
of CA170 and Kvax enhanced CTL activity, whereas neither
treatment alone did.

Effect of Treatment Groups on B Cell Compartments
Our proportion analysis revealed changes in B cell sub-
types, while our receptor-ligand analysis revealed an upregu-
lation of MHC interactions in the control group (Figures 2E,
4C). To determine which B cell subtype was driving these
changes, we examined B cell proliferation gene expression
across subtypes. Memory B cells exhibited significantly
higher expression of the proliferation pathway compared to
follicular and plasma B cells (one-way ANOVA with Tukey
HSD, p < 0.01, p < 0.01, respectively). This indicates that
memory B cells may be more active in the lung TME (Figure
7A). We then observed a significant increase in proliferation
gene expression in response to CA170 and Kvax individually
compared to the control group in memory B cells (two-way
ANOVA; p < 0.0001, p < 0.0001, respectively) (Figure 7B).
Additionally, memory B cell differentiation gene expression
was significantly enhanced by Kvax compared to the control
group (two-way ANOVA with Tukey HSD, p < 0.0001) and a
significant interaction effect was observed in the combo treat-
ment (two-way ANOVA with Tukey HSD, p = 0.0003) (Figure
7C). This suggests that Kvax alone or with CA170 drives an
enhancement of memory B cell differentiation. In contrast,
overall B cell proliferation was significantly reduced in the
CA170 and combo treatment groups compared to the con-
trol group (two-way ANOVA with Tukey HSD, p < 0.0001, p <
0.0001, respectively) with a significant interaction effect (p <
0.0001) revealed by a two-way ANOVA. (Figure 7D). Plasma
B cell differentiation gene expression increased with Kvax
treatment from the control group (two-way ANOVA with Tukey
HSD, p < 0.0001) but decreased with CA170 and the combo
treatment (two-way ANOVA with Tukey HSD, p < 0.0001, p
< 0.0001, respectively) (Figure 7E). Meanwhile, follicular B
differentiation gene expression was significantly suppressed
by Kvax (p = 0.0026) and the combo treatment (p < 0.0001)
but increased by CA170 (p < 0.0001) compared to the con-
trol group, as reported by a two-way ANOVA followed by a
Tukey HSD (Figure 7F). These findings suggest that CA170
drives the decrease in overall B cell proliferation and plasma
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Figure 6: The Kvax and CA170/Kvax combination treatment groups induced cytotoxic T lymphocyte (CTL) and overall T cell
migration. Average signature expression for each pathway and treatment group was calculated. The black lines on the violin plots represent
median gene expression values. (A) Average T cell extravasation gene expression analyzed on T cells. The median values rounded to the
thousandths place for each of the five treatment groups from left to right are as follows: control was -0.186, adjuvant was -0.158, CA170 was
-0.153, KRAS vaccine (Kvax) was -0.064, combo was -0.085. Kvax had a significant difference on mean gene expression levels compared to
the control group (two-way ANOVA with Tukey HSD, p < 0.0001). There was a significant interaction between CA170 and Kvax in influencing
mean gene expression levels (two-way ANOVA with Tukey HSD, p <0.0001). (B) Average CD8" CTL extravasation gene expression analyzed
on CD8* CTLs. Median values: -0.059, -0.077, -0.114, 0.154, 0.305. CA170 and Kvax had a significant difference on mean gene expression
levels compared to the control (two-way ANOVA with Tukey HSD, p < 0.0266, p < 0.0001). (C) Average T cell chemotaxis gene expression
analyzed on T cells. Median values: -0.102, -0.082, -0.070, -0.036, -0.032. CA170 and Kvax had a significant difference on mean gene
expression levels compared to the control (two-way ANOVA with Tukey HSD, p < 0.0001). The interaction between CA170 and Kvax was
significant (two-way ANOVA with Tukey HSD, p < 0.0001). (D) Average CTL chemotaxis gene expression analyzed on both CD8* and CD4*
CTLs. Median values: -0.048, -0.096, -0.076, 0.028, 0.032. Kvax had a significant difference on mean gene expression levels compared to
the control (two-way ANOVA with Tukey HSD, p < 0.0001). (E) Heatmap showing average expression of cell adhesion and migration genes
extracted from Figure 2B and analyzed on T cells. The dendrogram was clustered by hierarchical clustering. (F) Average CTL activation-
specific gene expression analyzed on CD8* and CD4* CTLs. Median values: -0.088, -0.105, -0.103, -0.055, -0.008. The interaction between
CA170 and Kvax was significant (two-way ANOVA with Tukey HSD, p < 0.0049). Two-way ANOVAs and Tukey post-hoc tests were performed
on each pathway to examine the main effects of CA170 and Kvax and their interaction, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 7: The interaction between Kvax and CA170 leads to an increase in memory B cells and plasma cells but an overall reduction
in the proliferation of B cells. Average signature expression for each signature and treatment group was calculated. The black lines on the
violin plots represent median gene expression values. (A) Average B cell proliferation gene expression across B cell subtypes. The median
values rounded to the thousandths place for each of the three B cell subtypes from left to right are as follows: memory was 0.111, follicular
was 0.091, plasma was 0.046. CA170 had a significant difference on mean gene expression levels compared to the control group (two-way
ANOVA with Tukey HSD, p < 0.0001). There was a significant interaction between CA170 and KRAS vaccine (Kvax) in influencing mean
gene expression levels (two-way ANOVA with Tukey HSD, p < 0.0001). (B) Average memory B cell proliferation gene expression analyzed
on memory B cells. The median values rounded to the thousandths place for each of the treatment groups from left to right are as follows:
control was -0.128, -0.103, -0.106, -0.108, -0.112. CA170 and Kvax had a significant difference on mean gene expression levels compared to
the control (two-way ANOVA with Tukey HSD, p < 0.0001). (C) Average memory B cell differentiation gene expression analyzed on B cells.
Median values: -0.103, -0.095, -0.099, -0.088, -0.095. Kvax had a significant difference on mean gene expression levels compared to the
control (two-way ANOVA with Tukey HSD, p < 0.0001). The interaction between CA170 and Kvax was significant (two-way ANOVA with Tukey
HSD, p < 0.0003). (D) Average B cell proliferation gene expression analyzed on B cells. Median values: 0.112, 0.096, 0.085, 0.100, 0.093. (E)
Average plasma cell differentiation gene expression analyzed on B cells. Median values: 0.137, 0.137, 0.123, 0.144, 0.104. CA170 and Kvax
had a significant difference on mean gene expression levels compared to the control (two-way ANOVA with Tukey HSD, p < 0.0001). The
interaction between CA170 and Kvax was significant (two-way ANOVA with Tukey HSD, p < 0.0001). (F) Average follicular cell differentiation
gene expression analyzed on B cells. Median values: 0.048, 0.087, 0.051, 0.016. CA170 and Kvax had a significant difference on mean gene
expression levels compared to the control (two-way ANOVA with Tukey HSD, p < 0.0001, p = 0.0026). The interaction between CA170 and
Kvax was significant (two-way ANOVA with Tukey HSD, p < 0.0001). Two-way ANOVAs and Tukey post-hoc tests were performed on each
pathway to examine the main effects of CA170 and Kvax and their interaction, ** p < 0.01, **** p < 0.0001.
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B cell differentiation, while Kvax is responsible for repressing
follicular B cell differentiation and promoting memory B cell
differentiation. Despite decreases in other B cell subtype ac-
tivity, both treatments enhance memory B cell function.

DISCUSSION

In recent years, the emergence of ICIs has driven
advancements in lung cancer treatment. However, the
efficacy of existing ICls varies, and drug resistance remains
a challenge, underscoring the need for novel ICI targets (18).
VISTA, known for its strong suppression of T cell functions
and abundant expression in lung tissue, presents an excellent
target for ICI inhibitors (24). While mAbs can target VISTA,
their large molecular size limits tumor tissue infiltration (44). In
contrast, small-molecule antagonist ICI CA170 demonstrates
distinct advantages by inhibiting multiple immune checkpoints
simultaneously (17). lts small size allows for efficient tumor
infiltration, enhancing immune checkpoint suppression (20,
24, 45).

In addition to CA170, we also investigated the impact
of Kvax on immune cell populations. Kvax was designed to
target KRAS mutations, a main driver of lung cancer (46).
Our findings support our hypothesis that CA170 combined
with Kvax enhances the antitumor response more than either
treatment alone. Using scRNA-seq data analysis, we found
that the combination of CA170 and Kvax amplifies immune
cell response pathways in a more effective manner than ICI
treatment alone. Specifically, we observed increased helper
T cell proliferation and activity, enhanced T cell migration,
reduced overall B cell proliferation, and increased memory
B and plasma cell proliferation in the combo treatment group.

Our scRNA-seq analysis utilized data samples previously
collected by Pan et al (23). While their study employed flow
cytometry and in vivo experiments to identify increased T
cell infiltration and helper T cell numbers, our study further
explores the cellular pathways involved with these processes
and provides a more detailed characterization of T cell
subtypes. Notably, our analysis also offers novel insight into
B cell subtype proliferation and differentiation within the lung
TME. The scRNA-seq analysis and cell subtype identification
are slightly different between Pan et al.’s study and our study
due to varying quality control thresholds and clustering criteria
(number of genes detected per cell, percent mitochondrial
genes, number of principal components, UMAP vs tSNE).

Naive CD4* T cells differentiate into effector, memory,
and helper T lymphocytes when exposed to antigens,
costimulatory molecules, and cytokines in the TME (47). By
producing cytokines that regulate CTL activity and inhibit
tumor blood vessel formation, helper T cells play a key role
in antitumor responses (48). Higher levels of total helper T
cells are associated with improved immune-mediated tumor
control and survival rates (49). When CA170 was combined
with Kvax, the proportion of helper T cells expanded, aligning
with the increased expression of helper T cell gene markers
in T cells (Figures 2D, 3B). This trend was consistent with
the observed upregulation of helper T cell differentiation and
function following CA170 and Kvax treatments (Figures 5A,
B, C). Furthermore, the combo treatment group demonstrated
markedly higher expression of helper T cell functional
pathways compared to the Kvax and CA170 groups alone

https://doi.org/10.59720/24-358

(Figures 5A, B, C). This finding suggests an interactive effect
between CA170 and Kvax that enhances helper T cell numbers
and functions, ultimately improving the antitumor response.
Given the observed increase in helper T cell activity, future
studies could explore the interactions of specific helper T cell
subsets (i.e., Th1, Th17, Th2) in response to CA170 and Kvax.

T cell infiltration is associated with improved antitumor
response and survival outcomes (43). CTLs play a key
role in T cell migration and attack by identifying and killing
tumor cells, releasing chemokines, and recruiting additional
CTLs (50). A closely related process to chemotaxis is
extravasation, in which cells exit blood vessels and migrate
into tissues (51). Our analysis of T cell migration revealed a
marked increase in T cell extravasation gene expressions in
response to Kvax, CA170, and the combo treatment (Figure
6A). Similarly, T cell chemotaxis gene expressions increased
in the Kvax and combo treatment groups (Figure 6C). We
observed that CTL, including both CD8" and CD4" CTL,
chemotaxis and extravasation were primarily driven by Kvax,
though no interaction with CA170 was observed (Figures 6B,
D). This increase was consistent with enhanced CTL activity
and higher expression of CTL adhesion and migration genes
in the Kvax and combo treatment groups compared to the
control (Figures 6E, F). These findings suggest that Kvax,
alone or combined with CA170, promotes CTL migration
towards and infiltration into the tumor, enhancing the immune
response. Prior studies also support Kvax’s role in increasing
CD8* CTL infiltration into tumors (52).

While most studies on immune response following ICI
treatments have focused on T lymphocytes, changes in B
lymphocytes remain underexplored (11, 12, 53, 54). The
composition of the B cell compartment plays a key role
in antitumor responses and subsequent diseases. B cells
can facilitate T cell responses by presenting antigens,
ultimately inhibiting tumor growth (55). Additionally, B cells
can form tertiary lymphoid structures in tumors, consisting
of follicular and plasma B cells, to increase B cell presence
in the tumor, produce antibodies, and present antigens (56).
However, regulatory B cells can release anti-inflammatory
cytokines to induce regulatory T cells and myeloid-derived
immunosuppressive cells, limiting the antitumor immune
response (56). Understanding these B cell responses to
ICls and cancer vaccines could contribute to more effective
immunotherapies that incorporate B cell antitumor effects or
prevent B cell pro-tumor effects.

Our results suggested that the B cell compartments were
remodeled in response to CA170, Kvax, and the combo
treatment group (Figures 2E, F, 3C, E, F). Interestingly,
memory B cell proportions as well as memory B cell marker
gene expression were highest in the control group (Figures
2E, 3C). Additionally, overall B cell and follicular B cell
proliferation decreased in response to the combo treatment
(Figures 7D, F). Meanwhile, memory B and plasma cell
proliferation increased with the Kvax treatment (Figures
7B, E). These findings align with previous research, which
showed that treatment of a combined checkpoint blockade
reduced total circulating B cells while enriching plasmablasts
and proliferative memory B cells (57, 58).

This study represents the first analysis of B-cell signaling
pathways in response to the KRAS vaccine or VISTA ICI
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therapy. The observed changesin B cell subtype differentiation
could be attributed to the KRAS antigen vaccine. Antigen
vaccines are known to activate antigen-presenting cells,
including B cells, to initiate and amplify a T cell response.
These activated B cells typically differentiate into memory
germinal center B cells and antibody-producing plasma B
cells (28). While specific antigen-presenting cells involved in
the Kvax response have not been well-studied, our observed
increase in memory and plasma B cell differentiation in the
Kvax group aligns with the expected effect of other antigen
vaccines (59). This suggests that B cells play a key role in
presenting the KRAS antigens. Given their importance in
antitumor immunity, further investigation into B cell pathways
in response to cancer antigen vaccines is warranted. The data
used in our study was collected from carcinogen-induced
primary murine lung tumor models. While these murine
tumor models resemble human lung cancer in molecular
morphology and histopathology, using human lung cancer
cell data would ensure greater relevance to human biology,
improve the translational potential of our findings, and reduce
species-specific differences that could impact results.

Additionally, our B cell-related findings were based on
scRNA-seq data and should be validated through laboratory
experiments, such as flow cytometry to assess proportion
changes, co-culturing B and T cells with Kvax to observe
B cell antigen presentation, and tissue staining to visualize
the in vivo immune landscape. Future studies should further
investigate the underlying molecular interactions with B cells
and their physiological significance. Notably, we observed
strong receptor-ligand interactions between Natural Killer T
(NKT) cells and both B and T cells (Figure 4A). Since NKT
cells recognize cancer cells and rapidly produce cytokines
to regulate other immune cells in the TME, they represent a
promising target for cancer immunotherapies (60). Given that
NKT cell proportions in the control group were nearly four
times higher than in the Kvax-treated group (Figure 2A),
further research should explore their role in cancer vaccines
and combination therapies. Finally, future studies could
examine the therapeutic potential of combining antigen-
specific vaccines with ICls in other cancers (61, 62).

In summary, our findings suggest that the immune
checkpoint inhibitor CA170, in combination with the antigen-
specific vaccine Kvax, may improve antitumor efficacy in
treating lung cancer. The success of this combination therapy
could inform new strategies to improve immunotherapy
outcomes for lung cancer patients. Furthermore, our novel
findings on a VISTA inhibitor’s effect on B cell populations and
activity highlight a potential new avenue for immunotherapy
development and deepen our understanding of diverse
immune response pathways.

MATERIALS AND METHODS
Dataset

Gene-level scRNA-seq data from primary murine lung
cancer samples collected by Pan et al. were downloaded
from the GEO with accession number GSE176091 (23, 30).
The dataset consisted of 20 samples collected from mouse
models that developed carcinogen-induced lung adenomas
and adenocarcinomas, mirroring key characteristics of
human lung tumors. These murine lung tumors were induced
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by vinyl-carbamate injections, a compound known to
drive KRAS mutations. The samples were divided into five
treatment groups: 1) control mice administered phosphate-
buffered saline, 2) adjuvant control mice treated with a STING
agonist, 3) Kvax mice treated with an MHCII-directed KRAS
peptide vaccine plus adjuvant, 4) CA170 mice treated with
CA170, and 5) combo mice treated with a combination of
CA170, Kvax, and adjuvant. Data analysis was performed
across these groups to evaluate treatment effects on gene
expressions (30).

Single-cell RNA Sequencing Data Processing

Data were analyzed in R (version 4.4.0) using Seurat
(version 5.1.0) (31, 32). To ensure data quality, doublets,
droplets, and dead cells were removed using the following
criteria: cells expressing fewer than 200 genes or more than
5000 genes, and cells with more than 10% mitochondrial
genes. After filtering, the number of analyzed cells per group
was as follows: 14,540 cells for the control group, 14,587 cells
for the adjuvant group, 14,821 cells for the CA170 treatment
group, 16,575 cells for the Kvax treatment group, and 16,733
cells for the combo treatment group. Gene expression data
from the CD45" object were log-normalized and scaled on all
cells across all treatment groups using the NormalizeData()
and scale() functions in R. The scaling function centered
each gene's expression by subtracting its mean and dividing
by its standard deviation. Subsequently, principal component
analysis (PCA) was conducted. The five most statistically
significant principal components were used to generate
a uniform manifold approximation and projection (UMAP)
visualization.

Clusters Identification

Within the CD45" object, we clustered cells using the
FindAllMarkers() function, considering only genes expressed
in more than 25% of cells with at least a 0.25-fold difference.
Then, we identified B cells, T cells, neutrophils, myeloid cells,
NK cells, NKT cells, and dendritic cells based on common
gene markers (Figure 1A) (63-66). T cells were identified
based on high expression of Cd3, Cd4, and Cd8 genes,
while B cells were identified based on elevated expression
of Bank1 and Cd79a genes. Subtypes within the B and T cell
clusters were identified using key gene signatures (Figures
1B, C) (67, 68).

Pathway Analysis

To analyze immune cell response pathways, we
conducted receptor-ligand analysis via CellChat (version
1.6.1), an R package designed to infer cellular communication
pathways. Gene signatures from the GO database were
used to investigate immune pathways (72, 73). For pathways
containing fewer than four genes in the GO database, key
gene signatures were obtained from previous studies. Some
of the genes from the GO database were not expressed in
the data samples. Therefore, they were not included in the
analysis. Once the signature genes were identified, the
AddModuleScore function in Seurat was used to calculate the
average gene expression of each signature. AddModuleScore
calculates an average expression score for a specified list of
genes and then subtracts the average expression of randomly
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selected control genes to account for overall expression
levels. The resulting average gene expressions were tested
for statistical significance across treatments.

The full programming script for data processing and
analysis is accessible on GitHub in the following repository:
https://github.com/chloegia/scRNA-seg-analysis.

Statistics

One-way ANOVA tests and Tukey HSD post-hoc tests
were performed using the Vassar Stats computational
tool to evaluate the significance of B cell proliferation gene
expression across B cell subtypes (74). All other pathway
analyses were tested for significance with the Vassar Stats
two-way ANOVA test and Tukey HSD post-hoc test since
they were compared across treatment groups. The two-way
ANOVA design included the presence of CA170 as one factor
and the presence of Kvax as the other. The control group,
rather than the adjuvant group, was used as the baseline
without either treatment. Statistical significance was defined
as p <0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001
(****).
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