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Abstract

Background: Non-small-cell lung cancer (NSCLC) is the leading cause of cancer-related
mortality worldwide. Although immune checkpoint inhibitors (ICIs) have significantly
improved clinical outcomes, most patients do not respond to treatment or fail to achieve
durable responses. Histone deacetylase inhibitors (HDACi) have emerged as promising
immunomodulatory agents, with the potential to sensitize tumors to ICIs. We investigated
the immunomodulatory effects of entinostat, a class | HDAC], in combination with dual
ICI (anti-PD-1 and anti-CTLA-4) as well as with T-cell receptor (TCR) engineered T cells
in preclinical NSCLC models. Methods: We employed human NSCLC cell lines and the
immunogenic KRASG12D/p53-mutant KPN1.1 murine NSCLC cell line. In vitro, we as-
sessed entinostat-induced changes in MHC class I and PD-L1 expression. In addition, we
evaluated the effects of entinostat on a KRASG12D-specific TCR. In vivo, therapeutic effi-
cacy and immune modulation were assessed by transplanting KPN1.1 cells subcutane-
ously and orthotopically into immunocompetent mice, followed by treatment with dual
ICI, with or without entinostat. Immune populations in the spleen and blood were subse-
quently analyzed. Results: In vitro, entinostat induced the upregulation of MHC-I and
PD-L1 expression in both human and murine NSCLC cell lines. In addition, entinostat
treatment significantly enhanced antigen-specific tumor recognition and killing by T cells
engineered to express a KRASG12D-specific TCR. In vivo, the addition of entinostat to
dual immune checkpoint inhibition showed an incremental trend toward improved tu-
mor growth control. Notably, entinostat plus dual ICI enhanced systemic immune activa-
tion, increasing circulating and splenic T-cell populations and significantly expanding
both antigen-specific and overall effector CD8* T cells. Consistently, the ex vivo co-culture
of splenocytes from KPN1.1-bearing mice with KPN1.1 tumor cells demonstrated en-
hanced CD8* antigen-specific T-cell recognition. Conclusions: In human and murine
NSCLC models, entinostat potentiates TCR- and ICI-mediated tumor recognition through
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tumor-intrinsic and systemic immune modulation. These effects were reflected by in-
creased MHC-I expression, expansion of antigen-specific effector CD8* T cells, and en-
hanced CD8* T-cell tumor recognition. These findings support a further evaluation of en-
tinostat as a strategy to improve immunotherapy efficacy in NSCLC.

Keywords: entinostat; non-small cell lung cancer; HDAC inhibition; immune checkpoint
inhibitors; TCR-engineered T cells; KRAS

1. Introduction

Lung cancer is the second most common malignancy and the leading cause of cancer-
related death worldwide, with non-small-cell lung cancer (NSCLC) accounting for ap-
proximately 85% of cases [1,2]. Immune checkpoint inhibitors (ICI) have dramatically im-
proved clinical outcomes in metastatic NSCLC and have become the standard of care with
or without the addition of chemotherapy [3,4]. In locally advanced resectable NSCLC, and
increasingly in investigational approaches for high-risk early-stage disease, neoadjuvant
platinum-based chemotherapy and programmed death/ligand-1(PD1/PD-L1) inhibitors
are used to promote systemic disease control, enhance pathological response, and subse-
quently improve disease-free and overall survival [5,6].

However, despite these advances, approximately 20% of patients in early-stage dis-
ease and 50% or more of patients in locally advanced or metastatic disease suffer progres-
sion and ultimately succumb to their disease, highlighting the need for improved thera-
peutic strategies [3-6]. Other T-cell-based immunotherapies, such as autologous tumor-
infiltrating lymphocytes and T-cell receptor (TCR) gene therapy, have shown promising
early results across several tumor types but have not yet demonstrated meaningful clinical
efficacy in NSCLC [7].

One attractive strategy to enhance responsiveness to ICI and TCR therapy in NSCLC
is epigenetic modulation by using histone deacetylase inhibitors (HDACi). Mechanisti-
cally, HDAC] increases histone acetylation and promotes a more relaxed chromatin state,
leading to broad transcriptional changes with particular effects on immune-related path-
ways [8]. HDAC inhibition can promote tumor-intrinsic immunogenicity by increasing
MHC class I expression, tumor antigen presentation, and PD-L1 expression, while also
reshaping systemic and intratumoral immunity through reducing immunosuppressive
myeloid populations and promoting T-cell-permissive immune states [9-13]. Entinostat,
a selective class | HDAC], is particularly suited to this approach because of its safe toxicity
profile and immunomodulatory activity compared with pan-HDAC inhibitors [8].

Clinical studies with ICI in advanced NSCLC support this rationale but also highlight
the limitations of combining HDAC inhibition with single-agent PD-1/PD-L1 blockade in
heavily pretreated, ICl-resistant disease. Across studies, entinostat, vorinostat, and
mocetinostat combined with single-agent ICI produced modest objective response rates
of approximately 9-12% [14]. Nevertheless, the upregulation of MHC-I and proinflamma-
tory tumor microenvironment was observed in post-treatment biopsies, supporting the
rationale that HDACi may sensitize tumors to ICI in a treatment-naive setting [10,11].
More recent studies have extended this concept to entinostat in combination with dual
ICI, based on the rationale that simultaneous PD-1 and CTLA-4 inhibition may enhance
immune priming and overcome exhaustion [13,15]. In malignancies considered resistant
to ICI, entinostat combined with nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4)
was well tolerated and produced durable responses in subsets of heavily pretreated pa-
tients [15]. Together, these data support the next rational step of testing entinostat with
dual ICI in treatment-naive NSCLC, where a less heavily pretreated and potentially less im-
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mune-resistant disease context may provide a more favorable setting for HDACi-based im-
mune sensitization [12-16].

In this study, we investigated whether entinostat is suitable for incorporation with anti-
PD-1 and anti-CTLA-4, as well as emerging T cell-based antigen-specific targeting strategies.
In vitro, we characterized its tumor-intrinsic effects across a panel of NSCLC cell lines, focus-
ing on MHC class I and PD-L1 expression and its ability to enhance antigen-specific recogni-
tion and killing by TCR-engineered T cells. In vivo, we used the immunogenic, ICI-responsive
KPN1.1 model to evaluate antigen-specific anti-tumor immunity. Using subcutaneous and or-
thotopic syngeneic models, we assessed how entinostat modulates systemic immune activa-
tion and antigen-specific CD8* T-cell responses in the context of anti-PD-1 and anti-CTLA-4
therapy.

2. Results

2.1. Entinostat Treatment Upregulates Immune-Related Surface Markers

To examine the tumor-intrinsic immunomodulatory effects of entinostat, we assessed its
impact on the expression of immune-related molecules in NSCLC cell lines. We used two well-
characterized human NSCLC cell lines, A549 and H460, along with the L4 cell line developed
in our laboratory as previously described [17]. To identify entinostat concentrations that exert
a measurable cellular effect while avoiding marked cytotoxicity, each cell line was treated with
a range of entinostat concentrations and monitored longitudinally using the IncuCyte S3 live-
cell imaging system. Concentrations that maintained >70% confluence were selected for sub-
sequent analyses. Notably, these doses are equivalent to the doses of entinostat used in previ-
ous preclinical studies [10,12]. Under these conditions, entinostat treatment led to the upreg-
ulation of MHC class I and PD-L1 expression across all tested cell lines, as determined by flow
cytometry, which is consistent with prior reports (Figure 1B).
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Figure 1. Entinostat upregulates immune-related surface markers in vitro: (A) IncuCyte analysis of
cell confluence over time in human NSCLC cell lines (L4, H460, A549) following treatment with
increasing concentrations of entinostat (ent). (B) Flow cytometric analysis of MHC class I and PD-
L1 expression in human NSCLC cell lines 72 h after treatment with low concentrations of entinostat.
Data are presented as mean + SEM from biological replicates. Statistical significance was determined
using an unpaired two-tailed Student’s t-test. * p < 0.05; *** p <0.001; *** p < 0.0001.
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2.2. Entinostat Enhances KRASG12D-Specific TCR-Mediated Tumor Recognition and Killing

TCR gene therapy, i.e., the grafting of tumor antigen specificity onto patients’ T cells
by TCR genetic engineering, represents a promising therapeutic approach for ICI-resistant
or refractory patients [18]. The success of TCR therapy depends on sufficient expression,
processing, and presentation of the target antigen on the MHC-I molecule to the respective
engineered CD8* T cells. In a landmark case study, a KRASG12D-specific TCR was suc-
cessfully used to treat a patient with refractory pancreatic adenocarcinoma (PDAC),
providing the first evidence that KRASG12D is immunogenic and can serve as a target for
TCR therapy [19]. However, subsequent clinical trials utilizing KRASG12D-specific TCRs
have shown only limited efficacy, in part due to the low antigen presentation in KRAS-
mutated tumors [20].

To test our therapeutic approach in this complementary and clinically relevant anti-
gen-specific setting, we investigated whether entinostat could enhance TCR-mediated
recognition and killing in KRASG12D models. Previous mass spectrometry and peptide-
binding assays reveal that KRASGI12D is best presented by HLA-A*11:01 (Al1) [21,22].
We therefore focused on a KRASG12D-specific TCR restricted by A1l that was previously
isolated from TIL of a colorectal patient, termed here TCR_G12D (NIH; [23]). To establish
the system, primary human donor T cells were retrovirally transduced with TCR_G12D.
In order to increase expression and prevent mispairing with endogenous TCRs, human
TCR constant regions were replaced with murine counterparts. This modification also en-
abled assessment of transduction efficiency by detection of the murine TCR constant re-
gion by flow cytometry, resulting in a transduction rate of 51.2% (Figure 2A). To verify
antigen specificity and assess TCR affinity, K562 cells (immortalized myelogenous leuke-
mia cells lacking endogenous MHC-I expression) were retrovirally transduced with Al1,
loaded with KRASG12D, KRASG12V, or KRAS WT peptide, and co-cultured with T cells
expressing TCR_G12D, demonstrating KRASG12D-specific All-restricted TCR recogni-
tion (Figure 2B). Finally, SKLU-1 cells (NSCLC, KRASG12D) were retrovirally transduced
to express A1l linked by an IRES element to a GFP reporter, allowing enrichment of A11-
positive cells.

To determine the effects of entinostat in this system, GFP-labeled SKLU-1-A11 cells
were treated with a range of entinostat concentrations, and GFP readout was monitored
over time in the IncuCyte system. Dose-dependent effects similar to those observed in
other NSCLC cell lines were observed (Figure 2C). To evaluate the effects of entinostat on
antigen presentation and T-cell recognition, SKLU-1-A11 cells were treated with low con-
centrations of entinostat, as determined above, or IFN-vy as a positive control, leading to
the upregulation of MHC-I and PD-L1 in comparison to the untreated controls (Figure
2D,E). Treated cells were then washed and co-cultured for 24 h with T cells expressing
TCR_GI12D. Both entinostat and IFN-y preconditioning resulted in a significant increase
in recognition of target tumor cells by TCR-transduced T cells relative to untreated con-
trols (Figure 2F). To assess TCR-mediated killing and evaluate the added effect of entino-
stat, GFP-labeled SKLU-1-A11 cells were treated with low doses of entinostat or left un-
treated and monitored in the IncuCyte system. After 48 h of treatment, T cells expressing
TCR_G12D were added or not added to the IncuCyte culture. Treatment with a combina-
tion of low doses of entinostat (1-2.5 uM) together with TCR-engineered T cells resulted
in enhanced tumor cell killing, compared with treatment with low doses of entinostat or
TCR-transduced T cells alone, which showed only control of tumor growth (Figure 2G).
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Figure 2. I Enhancing KRASG12D-specific TCR tumor recognition and killing: (A) Retroviral trans-
duction of KRASG12D-specific HLA*A11:01 (A1l)-restricted TCR (TCR_G12D) in human primary
T cells, measured by flow cytometry for CD8 (gated on CD3) and mouse TCR beta constant region,
showing 51.2% positively transduced T cells. (B) Peptide titration of K562-A11 cells loaded with
different concentrations of KRASG12V, KRASG12D, or KRASWT peptide and co-cultured for 24 h
with T cells transduced with TCR_G12D, measured by ELISA for IFN-y. (C) IncuCyte analysis of
GFP-labeled SKLU-1-A11 cells following treatment with increasing concentrations of entinostat
(ent). (D-F) Flow cytometric analyses of MHC class I and PD-L1 expression in SKLU-1-A11 cells 48
h after treatment with low concentrations of ent or IFN-y. (F) Tumor recognition of SKLU-A11 cells
preconditioned for 48 h with ent or IFN-y and co-cultured for an additional 24 h with T cells trans-
duced with TCR_G12D, measured by ELISA for IFN-y. (G) Tumor killing of SKLU-A11 GFP-labeled
cells treated with low doses of ent with or without the addition of T cells transduced with
TCR_G12D, measured by GFP readout in the IncuCyte system. For all TCR recognition and killing
assays, bulk T-cell product was used at an effector-to -target ratio of 1:1, corresponding to an effec-
tive TCR-transduced effector-to-target ratio of approximately 1:2. Data are presented as mean + SEM
from two independent experiments, each performed with technical replicates. Statistical signifi-
cance was determined using multiple t-tests with Holm-Sidék correction. * p <0.05; ** p < 0.01; ** p
<0.001.

2.3. Entinostat Enhances Functional CD8 T-Cell Responses During Dual ICI Therapy

Alongside its effect on tumor-intrinsic immunity, entinostat has been shown to influence
systemic immune responses. To examine these effects in an immunocompetent system that
preserves tumor—-immune interactions, we utilized the murine KPN1.1 cell line developed by
the Joshi laboratory (Yale University) [24]. KPN1.1 cells harbor oncogenic KRASG12D and p53
mutations and were engineered with the NINJA (inversion-inducible joined neoantigen) sys-
tem, enabling consistent expression of the LCMV-derived immunogenic antigens GP33 and
GP66 contained within a GFP loop. These peptides are presented on MHC-I and MHC-IJ, re-
spectively, and have been shown to elicit CD8* and CD4* T-cell responses [25]. Importantly,
KPN1.1 tumors are immunogenic and responsive to dual ICI, making this model suitable for
evaluating ICl-enhancing strategies [24]. Notably, antigen-specific T-cell activation in the
KPN1.1 model is not mediated by KRASG12D, but rather by the engineered viral-derived
GP33/GP66 neoantigens.
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Similarly to the approach used in human tumor cell lines, low entinostat concentrations
in KPN1.1 cells were selected based on longitudinal confluence, cell morphology, and LDH
cytotoxicity assessment (Figure 3A, Supplementary Figure S1). Under these conditions, enti-
nostat increased MHC-I and PD-L1 expression in KPN1.1 cells (Figure 3B), supporting the use
of this model to assess both tumor-intrinsic and systemic immune effects in vivo.
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Figure 3. Combined treatment with ICI and entinostat in the KPN1.1 subcutaneous model: (A) Lon-
gitudinal IncuCyte-based confluence analysis of KPN1.1 cells treated with increasing concentrations
of entinostat. (B) Flow cytometric analyses of MHC class I and PD-L1 expression in KPN1.1 cells
following 72 h treatment with low concentrations of entinostat. (C) C57BL/6 mice were subcutane-
ously injected with KPN1.1 cells and, starting on day 12, treated for 10 days with entinostat, dual
ICI (anti-PD-1 and anti-CTLA-4), or the combination (1 = 8 mice per group). Tumor volume was

monitored throughout treatment (D), and tumor weight was measured at endpoint (E). Inmune
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cell populations in spleen and peripheral blood were analyzed by flow cytometry (F). Splenocytes
from treated and untreated mice were co-cultured with KPN1.1 cells, and IFN-y secretion was meas-
ured by ELISA (G). Additionally, splenocytes were stimulated with NINJA peptides (gp33, gp66)
and analyzed for intracellular IFN-y by ICS (H). Data are presented as mean + SEM. Statistical sig-
nificance was determined using an unpaired two-tailed Student’s t-test (B), a repeated-measures
ANOVA with correction for multiple comparisons (D), one-way ANOVA with correction for mul-
tiple comparisons (E,F), or multiple t-tests with Holm-Sidak correction (G,H). * p < 0.05; ** p < 0.01;
***p <0.001; **** p < 0.0001.

Prior to implantation, GFP expression in KPN1.1 cells was confirmed to verify
maintenance of neoantigen expression (Supplementary Figure 52). KPN1.1 cells were then
injected subcutaneously into C57BL/6 mice. Twelve days later, mice were treated with
entinostat, dual ICI, or their combination (Figure 3C). Treatment with dual ICI showed a
trend toward reduced tumor volume over time, whereas the combination of dual ICI with
entinostat resulted in a significant reduction compared with the control. However, tumor
volume reduction in the combination group was not significantly different from ICI alone.
At endpoint, both dual ICI and the combination treatment significantly reduced tumor
weight compared with the control, with no significant difference between the ICI-only
and combination groups (Figure 3D,E). Despite this modest additional effect on tumor
growth, immune profiling of splenic and peripheral blood populations revealed an ex-
pansion of T-cell populations in mice treated with either entinostat or entinostat plus dual
ICI, including both CD4* and CD8* T-cell subsets (Figure 3F).

To further assess the systemic immune activation elicited by entinostat plus ICI, sple-
nocytes derived from tumor-bearing mice were co-cultured with KPN1.1 cells. Remarka-
bly, only splenocytes derived from mice treated with the combination treatment secreted
significantly higher levels of IFNy upon co-culture with KPN1.1, indicating enhanced sys-
temic anti-tumor immune activation and tumor-specific recognition (Figure 3G).

To define the T-cell subset that produces IFNY and its antigen specificity, splenocytes
from tumor-bearing mice from all treatment groups were stimulated ex vivo with the gp33
or gp66 peptides. Intracellular cytokine staining (ICS) for IFNYy showed that CD8* T cells
produced IFNy upon stimulation with the MHC-I-presented gp33 peptide, whereas no
significant increase was observed following stimulation with the MHC-II-presented gp66
peptide. Notably, despite CD4* T-cell expansion in the spleen and peripheral blood (Fig-
ure 3F), IFNy production by CD4* T cells was not significantly altered following stimula-
tion with either peptide (Figure 3H).

2.4. Entinostat Promotes Effector T-Cell Expansion During ICI Therapy in an Orthotopic
NSCLC Model

To further evaluate the immunomodulatory effect of adding entinostat to dual ICI
therapy under physio-immunological and clinically relevant settings, we next trans-
planted KPN1.1 cells directly into the left lung parenchyma of mice. This approach, which
we have previously described extensively, generates a solitary pulmonary nodule sur-
rounded by normal lung parenchyma [26,27]. Hence, it is particularly suitable for testing
local and systemic tumor-immune interactions and provides a relevant platform to assess
ICI-enhancing strategies.

Based on the subcutaneous experiment, in which entinostat alone did not produce a
significant tumor control effect, the orthotopic experiment was designed to focus on its
potential to enhance dual ICI-associated immune responses rather than on entinostat as
monotherapy. Following tumor cell transplantation, treatment with dual ICI, or their com-
bination with entinostat, was initiated on day 11, and the mice were terminated on day 25.
Tumor development and volume were assessed by micro computed tomography (mCT)
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scanning on day 22, and confirmed by H&E staining, which demonstrates a well-defined
tumor surrounded by intact lung parenchyma (Figure 4A,B). A non-significant trend for
reduction in tumor growth upon addition of entinostat to ICI was observed (Figure 4C).
Consistent with our findings in the subcutaneous model, splenic immune population
analysis revealed expansion of both CD4* and CD8* T-cell populations following treat-
ment with the ICI plus entinostat combination (Figure 4D). Moreover, immune stainings
directed at identifying the activation states of these cells indicated that treatment with ICI
plus entinostat reduced the proportion of naive T cells while increasing effector T-cell
populations, with the most prominent effect observed among CD8* T cells (Figure 4E).
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Figure 4. Combined treatment with dual ICI and entinostat in a murine NSCLC orthotopic model:
(A) Representative CT image of an orthotopic KPN1.1 tumor in the left lung of a mouse. The tumor
is indicated by a red circle. (B) Corresponding H&E staining of a paraffin-embedded lung section.
(C) Tumor volume in treated and untreated mice, as evaluated by CT imaging on day 22 after tumor
cell implantation (1 = 4 mice per group). (D) Flow cytometric analysis of splenic T-cell populations
in tumor-bearing mice following treatment. (E) Flow cytometric analysis of splenic T-cell differen-
tiation states. Data are presented as mean + SEM. Statistical significance was determined using one-

way ANOVA (C,D) or multiple t-tests (E) with Holm-Sidak correction. * p < 0.05; ** p < 0.01.
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3. Discussion

In this study, we sought to explore the immunomodulatory effects of entinostat in
NSCLC and its potential to support T-cell-based responses to immunotherapies. Previous
studies have implicated HDAC inhibition in several aspects of tumor-immune regulation,
including reduction in myeloid suppressor cells, remodeling of the tumor microenviron-
ment, and improving immunogenicity through the upregulation of MHC-I and antigen
expression [9,10,12,13]. Building on these findings, we focused on T-cell-mediated im-
munity and antigen-specific tumor recognition, examining both tumor-intrinsic and sys-
temic immune effects of entinostat in the context of T cell-based immunotherapies, includ-
ing ICI and TCR-engineered T cells.

In vitro, entinostat increased MHC class I expression across human and murine tu-
mor cell lines and importantly improved antigen-specific recognition and killing by a
KRASG12D-specific TCR, suggesting enhanced immune visibility. In parallel, entinostat
also induced PD-L1 expression, suggesting that specific HDAC inhibition creates a dual
phenotype of increased tumor recognition together with checkpoint-mediated respon-
siveness. This provides a mechanistic rationale for combining entinostat with ICI rather
than using HDAC inhibition as monotherapy [10,28].

The effect of entinostat on antigen presentation is particularly relevant for T-cell-
based therapies. Downregulation of MHC-I is a well-established mechanism of immune
escape across multiple cancer types and may be particularly relevant in KRAS-mutant
tumors, where limited presentation of mutant KRAS remains a major barrier to effective
TCR-based therapies [9,21,22]. Despite the availability of high-avidity KRAS-specific
TCRs with cytotoxic potential, clinical efficacy has remained limited [18,19,23]. In this con-
text, the upregulation of MHC-I following entinostat treatment provided a rationale for
testing whether HDAC inhibition could enhance TCR-mediated tumor recognition. Con-
sistent with this rationale, entinostat increased the functional recognition and killing of
KRASGI12D-expressing tumor cells by KRASG12D-specific TCR-engineered T cells. Thus,
combining entinostat or other immunomodulating agents might overcome low MHC-I
expression and antigen presentation levels, which have so far hindered clinically mean-
ingful KRAS-targeting TCR therapies. Notably, the increase in TCR-mediated recognition
exceeded the degree of MHC-I upregulation, suggesting that additional mechanisms may
contribute to the enhanced T-cell response. Further mechanistic studies are needed to de-
termine whether these effects result from an increased presentation of KRASG12D pep-
tide-HLA complexes, broader modulation of the antigen-processing and presentation ma-
chinery, or other tumor-intrinsic effects induced by HDAC inhibition.

In vivo, the addition of entinostat to dual ICI was associated with enhanced func-
tional immune activation. Combination treatment increased circulating and splenic T-cell
populations and promoted a shift toward an effector phenotype, most prominently within
the CD8* T-cell compartment. Moreover, peptide-stimulation experiments demonstrated
that the response was not merely a broad expansion of T cells but included a functional
antigen-specific CD8* component, as reflected by gp33-induced IFNy production. By con-
trast, the observed CD4* T-cell expansion did not translate into detectable antigen-specific
CD4* functionality in this assay, as gp66-induced IFNy production was not significantly
enhanced. Importantly, this was demonstrated both in the commonly used s.c. model and
in an orthotopic model, which closely mimic the physiological lung tumor microenviron-
ment, thereby strengthening the clinical relevance of our findings [26,27].

Nevertheless, this enhanced immune-effector phenotype was accompanied by only
a modest effect on tumor growth, indicating that systemic immune activation did not
translate into an equivalent therapeutic impact within the tumor tissue. This disconnect
may reflect limited trafficking of activated T cells into the tumor core, insufficient intra-
tumoral engagement, or persistent local immunosuppressive mechanisms within the tu-
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mor microenvironment. Effective tumor rejection depends not only on peripheral immune
activation, but also on appropriate treatment timing, efficient T-cell trafficking into the
tumor, sustained intratumoral engagement, and the ability to overcome local suppressive
mechanisms within the TME.

The modest tumor growth effect may also reflect the importance of therapeutic con-
text. Clinical studies of HDAC inhibition with ICI in NSCLC and other cancers [14,29]
have largely focused on heavily pretreated or ICI-refractory patients, where established
immune resistance may be difficult to reverse. In contrast, the KPN1.1 model is immuno-
genic, ICI-responsive, and dual checkpoint blockade alone produced a measurable anti-
tumor effect, potentially limiting the additional therapeutic window for entinostat [24].
The optimal setting for entinostat-based immune sensitization may therefore lie between
these extremes: tumors that are not yet deeply ICI-resistant but in which the anti-tumor
immune response remains incomplete and can be further potentiated. This concept may
be particularly relevant to the first-line setting, where immune sensitization before exten-
sive therapy-induced resistance could enhance the depth of response.

The treatment sequence may further shape this effect. Since entinostat increased
MHC-I and PD-L1 expression, a short entinostat run-in before ICI may allow tumor-cell
immune priming before checkpoint blockade is initiated. Such sequential approaches
have already been incorporated into clinical studies, including ETCTN-9844, in which en-
tinostat run-in followed by nivolumab (a-PD1) with or without ipilimumab (a-CTLA4)
showed preliminary activity in advanced solid tumors, with an ORR of 16% [15]. In the
subsequent HER2-negative breast cancer expansion, entinostat combined with nivolumab
and ipilimumab achieved an ORR of 25% among evaluable patients, including 40% in tri-
ple-negative breast cancer [30]. Future studies in our lab are directed at comparing con-
current and sequential treatment regimens to determine whether a short entinostat pre-
conditioning phase can improve the translation of immune activation into intratumoral
engagement and tumor control.

Recent work in KRAS-mutant NSCLC further supports the idea that the therapeutic
value of entinostat is highly context-dependent and can extend beyond immune stimula-
tion to synergism with targeted therapies. In particular, in KRAS-mutant NSCLC, respon-
siveness to ICI is highly dependent on co-occurring mutations, namely STK11/LKB-1 [31],
which create an immunosuppressive TME. In KRAS/LKB1-mutant tumors, entinostat en-
hanced the effect of the MEK inhibitor trametinib by disrupting an HDAC3-dependent
tumor-intrinsic resistance program [32]. These findings suggest that entinostat may be
particularly effective in tumors with HDAC-regulated vulnerabilities, especially when
paired with therapies that expose or target those vulnerabilities. More broadly, they posi-
tion entinostat as a context-dependent sensitizing agent, whose therapeutic impact may
depend on pairing immune modulation with interventions that address additional barri-
ers to tumor control.

Notably, this study has several limitations. First, although entinostat appeared to
provide an additional tumor control effect when combined with dual immune checkpoint
inhibition, this benefit was modest and did not reach statistical significance in direct com-
parison with immune checkpoint inhibition alone. Second, the orthotopic experiment was
designed as a proof-of-concept study and included a limited number of mice, which may
have reduced the statistical power to detect treatment-related differences. In addition, this
experiment did not include an entinostat-only treatment arm, limiting our ability to dis-
tinguish the independent contribution of entinostat from its combinatorial effect with im-
munotherapy. Third, given ethical considerations, control and ICI-only mice did not re-
ceive vehicle gavage, which may represent a potential confounder when interpreting sys-
temic immune readouts. Finally, only male mice were used in this study, mandating fu-
ture validation across both sexes.
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In summary, our findings support entinostat as a potential immune-sensitizing strat-
egy in NSCLC, with the capacity to increase tumor-cell immune visibility and strengthen
antigen-specific CD8* T-cell responses in the context of both checkpoint blockade and
TCR-engineered T-cell therapy. The modest tumor growth effect observed in this study
points to the need to better define the conditions under which entinostat-induced immune
modulation is translated into effective tumor control. These may include optimization of
the treatment sequence, evaluation in therapeutic settings with an incomplete but still
modifiable immune response, and combination with complementary approaches that en-
hance tumor susceptibility to T-cell-mediated attack. This framework supports further
investigations of entinostat-based strategies as part of rationally designed T-cell-based im-
munotherapy combinations in NSCLC.

4. Materials and Methods
4.1. Cell Lines

Human NSCLC cell lines A549, H460, and SKLU-1 were obtained from ATCC. The
L4 primary NSCLC cell line was established in our laboratory, as previously described
[27]. The murine KPN1.1 cell line, stably engineered with the NINJA system, was kindly
provided by the Joshi laboratory (Yale University). Human cell lines were cultured in
RPMI 1640 or DMEM, and KPN1.1 cells in DMEM, both supplemented with 10% fetal
bovine serum, L-glutamine, penicillin-streptomycin, and sodium pyruvate. Cells were
maintained at 37 °C in a humidified atmosphere with 5% CO: and were routinely tested
for mycoplasma contamination.

4.2. Peptide

KRAS peptides were synthesized by GenScript (Piscataway, NJ, USA)—KRAS G12V
(VVGAVGVGK), KRAS G12D (VVGADGVGK), and KRAS WT (VVGAGGVCGK) LCMV
peptides GP33-41 (KAVYNFATM) and GP61-80 (GLKGPDIYKGVYQFKSVEFD) were
purchased as synthetic peptides from MedChemExpress (MCE, Monmouth Junction, NJ,
USA).

4.3. Incucyte Assay

Cells were seeded in 96-well plates at a density of 3000-10,000 cells per well for hu-
man cell lines and 750 cells per well for KPN1.1 cells. After 24 h, cells were treated with
increasing concentrations of entinostat (MS-275; Selleck Chemicals, Cat# S1053, Houston,
TX, USA) that were diluted using a DMSO stock solution. Cell confluence or the GFP sig-
nal (for labeled cells) was monitored every 4 h using the IncuCyte live-cell imaging system
(Sartorius, Gottingen, Germany).

4.3.1. Entinostat Treatment and Flow Cytometry Analysis

Cells were treated with low concentrations of entinostat, as determined by IncuCyte
analysis (1-3.5 uM). After 48 or 72 h, cells were harvested and analyzed for MHC-I and
PD-L1 expression by flow cytometry. Cells were stained for 30 min at 4 °C in PBS using
antibodies purchased from BioLegend (San Diego, CA, USA) at a 1:100 dilution, as de-
tailed in Supplementary Table S1. Unstained controls were included in each experiment,
and compensation was performed using single-stained controls. Samples were acquired
on a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA), and data were ana-
lyzed using CytExpert software (Beckman Coulter, Brea, CA, USA).
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4.3.2. Mice

C57BL/6] mice were purchased from Harlan; 7-10-week-old male mice were used for
all studies.

4.4. Tumor Models

Prior to implantation in both subcutaneous and orthotopic tumor experiments, GFP
expression in KPN1.1 cells was verified by flow cytometry, and only cultures with >95%
GFP-positive cells were used.

For the subcutaneous tumor model, KPN1.1 cells (200 K cells/mouse) were injected
into the right flank of C57BL/6] mice, with at least six mice per group. Tumor size was
routinely monitored using a caliper, and tumor volume was calculated according to the
formula V = 0.5 x length x width?. At the experimental endpoint, mice were euthanized,
tumors were excised and weighed, and spleens and peripheral blood were harvested for
further analysis.

Orthotopic lung tumors were established by intrapulmonary injection, as previously
described [26,27]. Briefly, KPN1.1 cells were resuspended in DMEM, mixed 1:1 with Mat-
rigel, and kept on ice until injection. Mice were anesthetized with ketamine/xylazine, and
2 uL of the cell/Matrigel suspension, corresponding to 5000 cells per mouse, was injected
into the left lung parenchyma between the fourth and fifth ribs using a Hamilton syringe fitted
with a 31-gauge needle. Following injection, the incision was closed, and mice received anal-
gesia and were allowed to recover. At the experimental endpoint, mice were euthanized by
ketamine/xylazine overdose. The chest cavity was exposed, and lungs were perfused through
the trachea with PBS. Lungs were then harvested, fixed, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) for histological assessment.

4.5. Entinostat and Immune Checkpoint Inhibitor Treatment

For the subcutaneous tumor experiments, mice were randomized on day 12 after tu-
mor inoculation into four treatment groups: control, entinostat, ICI, or combination treat-
ment with entinostat and ICI. ICI treatment consisted of anti-PD-1 (clone RMP1-14; Bio X
Cell, Lebanon, NH, USA) and anti-CTLA-4-blocking antibodies (clone 9D9; Bio X Cell,
Lebanon, NH, USA), each administered intraperitoneally (i.p.) at 200 ug per dose twice
weekly for a total of three doses. Entinostat was prepared from a DMSO stock solution,
formulated in 5% DMSO, 40% PEG 300, 5% Tween 80, and 50% saline, and administered
by oral gavage (p.o.) at 7.5 mg/kg five times weekly for a total of eight doses over the 10-
day treatment period. The dose and oral gavage regimen were based on previous preclin-
ical studies using comparable entinostat dosing schedules [12,13]. Control and ICI-only
mice did not receive vehicle gavage to avoid unnecessary repeated oral gavage in accord-
ance with ethical considerations. Body weight was monitored throughout treatment and
remained stable, and no overt signs of treatment-related toxicity were observed. Mice
were euthanized after 10 days of treatment for endpoint analysis.

For the orthotopic lung tumor experiments, treatment was initiated on day 11 after
tumor inoculation and continued for two weeks using the same entinostat and ICI doses
and administration frequencies described above. Micro-CT imaging was performed on
day 22 for tumor volume assessment, and mice were euthanized on day 25 for endpoint
immune and histological analyses.
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4.5.1. Micro-CT

Micro-CT scans were performed using MILabs U-CT Low-Dose Ultra-High-Resolu-
tion Micro-CT System (MILabs, Houten, The Netherlands) with specific parameters: Ul-
tra-Focus magnification, single energy source, and normal scan mode (360° rotation, 60
kV, 0.16 mA, 8 projections per step with a 0.800° step angle, 50 ms exposure time, and 1x1
binning). A fixed 100 pm aluminum filter and a standard aluminum 400 um filter were
used. Three-dimensional reconstruction of the Micro-CT using a reconstructed voxel size
of 40 uV with Hann and Gaussian (80 micron) filters was generated.

4.5.2. Volumetric Tumor Analyses

Three-dimensional (3D) tumor segmentation and quantitative computed tomogra-
phy (CT) image analyses were performed using Imalytics Preclinical software (version
3.1.1.8) (Aachen, Germany). Target volumes of interest corresponding to the tumor masses
were identified and designated as distinct classes within the software workspace. Volu-
metric delineation of the tumor boundaries was executed using the Scribble tool within
Imalytics Preclinical software. To ensure rigorous 3D spatial coverage, tumor borders
were dynamically traced while scrolling through the imaging datasets across both the ax-
ial and coronal anatomical planes. A minimum of 3 individual segmentation slices were
defined across the tumor volume (mm?) to capture its morphological heterogeneity. The
Scribble tool was configured with the following standardized operational parameters: 10-
pixel gap between foreground and background regions, 5-pixel scribble thickness, and
auto and double modes. To maintain the raw spatial characteristics and spatial resolution
of the primary segmentations, no post-processing smoothing filters or morphological al-
terations were applied to the finalized tumor mask.

4.6. Preparation of Cell Suspensions for Flow Cytometry Analysis

Peripheral blood was collected into heparin-containing tubes. Spleens were har-
vested and mechanically dissociated through a 70 pm cell strainer to generate single-cell
suspensions. Peripheral blood and spleen cell suspensions were then treated with eryth-
rocyte lysis buffer containing 155 mM NH4Cl, 10 mM KHCOs, and 0.1 mM Na2EDTA, pH
7.4. Cells were washed and stained for flow cytometry analysis, as described above, using
the immune profiling antibody panel detailed in Supplementary Table S2. Immune cell
populations were defined according to marker expression within the corresponding par-
ent populations.

4.7. Co-Culture and ELISA Assay

For co-culture assays, spleens from treated and untreated KPN1.1 tumor-bearing
mice were collected, and splenocytes were isolated as described above. The number of
viable splenocytes in each sample was determined by trypan blue staining. Furthermore,
24 h prior to the experiment, 3 x 10* KPN1.1 cells per well were plated in flat-bottom, 24-
well plates (Corning, New York, NY, USA). Next, the medium was changed to fresh me-
dium and splenocytes were added in a 1:40 ratio (1.2 x 106 splenocytes per well). Addi-
tionally, 48 h following the co-culturing of tumor cells and splenocytes, the medium was
collected for ELISA assay. IFN-y levels in the culture medium were quantified using
ELISA (DuoSet Mouse IFN-gamma immunoassay, R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions.

To verify the TCR_G12D peptide titration assay, K562-A11 cells were loaded with
KRASG12D, KRASG12V, or KRAS WT peptide at different concentrations. After 90 min,
cells were washed twice with PBS, co-cultured with T cells expressing TCR_G12D. After
an additional 24 h, supernatant was collected, and IFN-y was measured by ELISA.
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For co-culture of TCR-transduced T cells with SKLU-1 expressing All, cells were
seeded in a 6-well plate at 3 x 105 cells per well and treated with Entinostat (1-2.5 uM),
IFN-y (10-50 ng/mL) or left untreated. After 48 h, cells were washed twice with PBS and
seeded on a 96-well plate at 2 x 104 cells per well. Two hours later, T cells expressing
TCR_G12D were added to the culture, and after an additional 24 h, supernatant was col-
lected, and IFN-y was measured by ELISA as specified above.

For all TCR_G12D recognition and killing assays (including IncuCyte), bulk T-cell
products were co-cultured with target cells at an effector-to-target ratio of 1:1. Based on
the observed transduction efficiency of 51.2%, the resulting ratio of TCR-transduced effec-
tor cells to target cells was approximately 1:2.

Intracellular Cytokine Staining

For intracellular cytokine staining (ICS), splenocytes isolated from treated and un-
treated KPN1.1 tumor-bearing mice were stimulated ex vivo with gp33 or gp66 peptides
at a final concentration of 5 pg/mL for 18 h. Brefeldin A was added during the final 5 h of
stimulation at a final concentration of 10 pg/mL to block cytokine secretion. Cells were
then stained for surface markers, including CD3, CD4, and CDS8, fixed and permeabilized
using the eBioscience™ Transcription Factor Staining Buffer Set, and stained intracellu-
larly for IFN-y. Samples were acquired by flow cytometry as described above, and IFN-y
production was analyzed within the CD8* and CD4* T-cell populations.

4.8. Ter and A11-Gfp Retroviral Transduction

TCR_G12D a- and {-chain sequences containing murine constant regions were re-
trieved from patent WO 2021/163434 A1, synthesized by GeneArt (Thermo Fisher Scien-
tific, Waltham, MA, USA), and subcloned into the MP71-PRE retroviral expression vector.
The MP71 vectors containing TCR_G12D constructs were then transfected into the viral
packaging line 293GP-GLYV cells or envelope-encoding plasmid RD114 cells using Lipofec-
tamine 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA). The supernatant con-
taining the viral particles was harvested 24 and 48 h after transfection. In parallel, human
primary donor T cells were thawed and activated in human T-cell media for 48 h with
anti-human CD3/CD28 antibodies and 200 U/mL of human IL2 prior to viral infection.
Two transductions were performed for each experiment: The first transduction was car-
ried out by spinoculation of the viral supernatant with the T cells, at 800x-g for 90 min and
32 °C. The second transduction was carried out on the following day using the 48 h viral
supernatant attached to Retronectin-coated plates (Takara, Shiga, Japan) by centrifugation
at 3200x g for 90 min at 4 °C, and adding the cells onto the viral-coated plates and spinoc-
ulation for an additional 30 min at 32 °C. TCR-transduced T cells were kept at 200 U/mL
IL2 for 10 days and at 20 U/mL IL2 for 3 additional days before use. TCR transduction
efficacy was confirmed by using mouse TCRf3 antibody 8 to 16 days after the day of stim-
ulation.

For the generation of tumor target cells, the HLA-A*11:01 coding sequence was re-
trieved from the IPD-IMGT/HLA database, codon-optimized for mammalian expression,
and synthesized by GeneArt. Al1 inserts were cloned into the MP71 retroviral vector up-
stream of an IRES-GFP reporter cassette. Tumor cells were maintained in RPMI medium
and retrovirally transduced using the same protocol described above. GFP expression was
used to assess transduction efficiency and to enrich cell populations with >90% GFP posi-
tivity.

4.8.1. Statistics

Statistical analyses were performed using GraphPad Prism software (Boston, MA,
USA). For comparisons between two groups, statistical significance was determined using
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an unpaired two-tailed Student’s t-test. For comparisons among multiple groups, one-
way ANOVA was used, followed by Holm-Sidék correction for multiple comparisons.
Longitudinal tumor growth curves were analyzed using repeated-measures ANOVA
with Holm-Sidak correction for multiple comparisons. Multiple pairwise comparisons
were analyzed using multiple t-tests with Holm-Sidak correction. A p-value < 0.05 was
considered statistically significant. Unless otherwise indicated, all in vitro experiments
were performed with at least three technical replicates.

4.8.2. Study Approval

The Animal Care and Use Committee of The Hebrew University approved all exper-
iments.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph19071034/s1, Figure S1: Morphology and LDH release fol-
lowing entinostat treatment in KPN1.1 cells; Figure S2: Verification of NINJA expression in KPN1.1
cells. Table S1: Flow-cytometry antibodies; Table S2: Panel of antibodies.

Author Contributions: Conceptualization, E.P., J.A,, D.J., T.B., T.K., and O.W.; Methodology, E.P.,
J.A,B.P, ES, EB., and O.W.; Formal Analysis, E.P., B.P., ZW., and C.F.; Investigation, E.P., ].A.,
B.P, ZW.,, CF,, GB, EY,, and HW.; Resources, E.B., CF, GB., EY., AP, and O.W.; Writing—
Original Draft Preparation, E.P. and J.A.; Writing—Review and Editing, ].A,, E.S., D.]., TK., and
O.W.; Visualization, E.P., J.A., and B.P.; Supervision, A.P., TK,, and O.W., Funding acquisition,
O.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Israel Cancer Association, grant numbers 20240164
and 20251130, and by a generous donation by Hadassah France.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of The Hebrew University (protocol code HU-25-17849-4). Approval date: 12 March 2025.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the

article and supplementary material, further inquiries can be directed to the corresponding authors.

Acknowledgments: We thank the Joshi laboratory at Yale University for kindly providing the
KPN1.1 cell line. We also thank the members of the Gene Therapy Institute at Hadassah Medical

Center for their support and constructive scientific discussions.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Sung, H.Ferlay, J.; Siegel, R L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer |. Clin. 2021, 71, 209-249.
https://doi.org/10.3322/caac.21660.

2. Zakaria, N.; Satar, N.A.; Abu Halim, N.H.; Ngalim, S.H.; Yusoff, N.M,; Lin, J.; Yahaya, B.H. Targeting Lung Cancer Stem Cells:
Research and Clinical Impacts. Front. Oncol. 2017, 7, 80. https://doi.org/10.3389/fonc.2017.00080.

3. Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Cs6szi, T.; Fiilop, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et
al. Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2016, 375, 1823—
1833. https://doi.org/10.1056/NEJMOA1606774.

4. Gandhi, L,; Rodriguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.].;
Powell, S.F.; et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N. Engl. |. Med. 2018, 378,
2078-2092. https://doi.org/10.1056/NEJMoal801005.

https://doi.org/10.3390/ph19071034


https://doi.org/10.3390/ph19071034

Pharmaceuticals 2026, 19, 1034 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Forde, P.; Spicer, |.; Lu, S.; Provencio, M.; Mitsudomi, T.; Awad, M.M,; Felip, E.; Broderick, S.R.; Brahmer, ].R.; Swanson, S.J.; et
al. Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer. N. Engl. ]. Med. 2022, 386, 1973-1985.
https://doi.org/10.1056/NEJMo0a2202170.

Wakelee, H.; Liberman, M.; Kato, T.; Tsuboi, M.; Lee, S.-H.; Gao, S.; Chen, K.-N.; Dooms, C.; Majem, M.; Eigendorff, E.; et al.
Perioperative Pembrolizumab for Early-Stage Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2023, 389, 491-503.
https://doi.org/10.1056/nejmoa2302983.

Imbimbo, M.; Wetterwald, L.; Friedlaender, A.; Parikh, K.; Addeo, A. Cellular Therapy in NSCLC: Between Myth and Reality.
Curr. Oncol. Rep. 2023, 25, 1161-1174. https://doi.org/10.1007/s11912-023-01443-z.

Connolly, R.; Rudek, M.; Piekarz, R. Entinostat: A promising treatment option for patients with advanced breast cancer. Future
Oncol. 2017, 13, 1137-1148. https://doi.org/10.2217/fon-2016-0526.

Khan, A.N.H.; Gregorie, C.J.; Tomasi, T.; Tomasi, T. Histone deacetylase inhibitors induce TAP, LMP, Tapasin genes and MHC
class I antigen presentation by melanoma cells. Cancer Immunol. Immunother. 2008, 57, 647-654. https://doi.org/10.1007/s00262-
007-0402-4.

Gameiro, S.R.; Malamas, A.S; Tsang, K.; Ferrone, S.; Hodge, J. Inhibitors of histone deacetylase 1 reverse the immune evasion
phenotype to enhance T-cell mediated lysis of prostate and breast carcinoma cells. Oncotarget 2016, 7, 7390-7402.
https://doi.org/10.18632/oncotarget.7180.

Zheng, H.; Zhao, W.; Yan, C.; Watson, C.C.; Massengill, M.; Xie, M.; Massengill, C.; Noyes, D.R.; Martinez, G.V.; Afzal, R.; et al.
HDAC inhibitors enhance T cell chemokine expression and augment response to PD-1 immunotherapy in lung adenocarci-
noma. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2016, 22, 4119—-4132. https://doi.org/10.1158/1078-0432.CCR-15-2584.
Orillion, A.; Hashimoto, A.; Damayanti, N.; Shen, L.; Adelaiye-Ogala, R.; Arisa, S.; Chintala, S.; Ordentlich, P.; Kao, C.; Elzey,
B.; et al. Entinostat Neutralizes Myeloid-Derived Suppressor Cells and Enhances the Antitumor Effect of PD-1 Inhibition in
Murine Models of Lung and Renal Cell Carcinoma. Clin. Cancer Res. 2017, 23, 5187-5201. https://doi.org/10.1158/1078-0432.CCR-
17-0741.

Christmas, B.J.; Rafie, C.I.; Hopkins, A.C.; Scott, B.A.; Ma, H.S.; Cruz, K.A.; Woolman, S.; Armstrong, T.D.; Connolly, R.M,;
Azad, N.A,; et al. Entinostat Converts Immune-Resistant Breast and Pancreatic Cancers into Checkpoint-Responsive Tumors
by Reprogramming Tumor-Infiltrating MDSCs. Cancer Immunol. Res. 2018, 6, 1561-1577. https://doi.org/10.1158/2326-6066.CIR-
18-0070.

Hellmann, M.; Janne, P.A.; Opyrchal, M.; Hafez, N.; Raez, L.E.; Gabrilovich, D.I,; Wang, F.; Trepel, ].B.; Lee, M.-].; Yuno, A.; et
al. Entinostat plus pembrolizumab in patients with metastatic NSCLC previously treated with anti-PD-(L)1 therapy. Clin. Cancer
Res. Off. ]. Am. Assoc. Cancer Res. 2020, 27, 1019-1028. https://doi.org/10.1158/1078-0432.CCR-20-3305.

Torres, E.T.R; Rafie, C.; Wang, C.; Lim, D.; Brufsky, A.; LoRusso, P.; Eder, ].P.; Chung, V.; Downs, M.; Geare, M.; et al. Phase 1
Study of Entinostat and Nivolumab with or without Ipilimumab in Advanced Solid Tumors (ETCTN-9844). Clin. Cancer Res.
Off. ]. Am. Assoc. Cancer Res. 2021, 27, 5828-5837. https://doi.org/10.1158/1078-0432.CCR-20-5017.

Assié, ].; Meiller, C.; Stern, E.; Lasvergnas, J.; Arnould, M.; Pan, L.; Montagne, F.; Sequeiros, R.; Al Zreibi, C.; Del Nery, E.; et al.
Pharmacogenomic Characterization of a Large Cohort of Patient-Derived Cell Lines Identifies Therapeutic Strategies for Pleural
Mesothelioma. Cancer Res. 2025, 86, 196-212. https://doi.org/10.1158/0008-5472.CAN-24-3822.

Wald, O; Izhar, U.; Amir, G.; Kirshberg, S.; Shlomai, Z.; Zamir, G.; Peled, A.; Shapira, O.M. Interaction between neoplastic cells
and cancer-associated fibroblasts through the CXCL12/CXCR4 axis: Role in non-small cell lung cancer tumor proliferation. J.
Thorac. Cardiovasc. Surg. 2011, 141, 1503-1512. https://doi.org/10.1016/j.jtcvs.2010.11.056.

Bauluy, E.; Gardet, C.; Chuvin, N.; Depil, S. TCR-engineered T cell therapy in solid tumors: State of the art and perspectives. Sci.
Adv. 2023, 9, eadf3700. https://doi.org/10.1126/sciadv.adf3700.

Leidner, R;; Silva, N.S.; Huang, H.; Sprott, D.; Zheng, C.; Shih, Y.-P.; Leung, A_; Payne, R.; Sutcliffe, K.; Cramer, J.; et al. Neoan-
tigen T-Cell Receptor Gene Therapy in Pancreatic Cancer. N. Engl. ] Med. 2022, 386, 2112-2119.
https://doi.org/10.1056/NE]JMo0a2119662.

Bear, A.; Vonderheide, R.; O'Hara, M. Challenges and Opportunities for Pancreatic Cancer Immunotherapy. Cancer Cell 2020,
38, 788-802. https://doi.org/10.1016/j.ccell.2020.08.004.

Bear, A.; Blanchard, T.; Cesare, J.; Ford, M.].; Richman, L.P.; Xu, C; Baroja, M.L.; McCuaig, S.; Costeas, C.; Gabunia, K.; et al.
Biochemical and functional characterization of mutant KRAS epitopes validates this oncoprotein for immunological targeting.
Nat. Commun. 2021, 12, 4365. https://doi.org/10.1038/s41467-021-24562-2.

https://doi.org/10.3390/ph19071034


https://doi.org/10.3390/ph19071034

Pharmaceuticals 2026, 19, 1034 17 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Choi, J.; Goulding, S.P.; Conn, B.P.; McGann, C.D.; Dietze, ]J.L.; Kohler, J.; Lenkala, D.; Boudot, A.; Rothenberg, D.A.; Turcott,
P.J.; et al. Systematic discovery and validation of T cell targets directed against oncogenic KRAS mutations. Cell Rep. Methods
2021, 1, 100084. https://doi.org/10.1016/j.crmeth.2021.100084.

Levin, N.; Paria, B.C.; Vale, N.R; Yossef, R.; Lowery, F.J.; Parkhurst, M.R.; Yu, Z.; Florentin, M.; Cafri, G.; Gartner, ].].; et al.
Identification and Validation of T-cell Receptors Targeting RAS Hotspot Mutations in Human Cancers for Use in Cell-based
Immunotherapy. Clin. Cancer Res. 2021, 27, 5084-5095. https://doi.org/10.1158/1078-0432.CCR-21-0849.

Fitzgerald, B.; Connolly, K.A.; Cui, C,; Fagerberg, E.; Mariuzza, D.L.; Hornick, N.I; Foster, G.G.; William, I.; Cheung, J.F.; Joshi,
N.S. A mouse model for the study of anti-tumor T cell responses in Kras-driven lung adenocarcinoma. Cell Rep. Methods 2021,
1, 100080. https://doi.org/10.1016/j.crmeth.2021.100080.

Damo, M,; Fitzgerald, B.; Lu, Y.; Nader, M.; William, I.; Cheung, ].F.; Connolly, K.A.; Foster, G.G.; Akama-Garren, E.; Lee, D.-
Y.; et al. Inducible de novo expression of neoantigens in tumor cells and mice with NINJA. Nat. Biotechnol. 2020, 39, 64-73.
https://doi.org/10.1038/s41587-020-0613-1.

Weiss, 1.D; Ella, E.; Dominsky, O.; Smith, Y.; Abraham, M.; Wald, H.; Shlomai, Z.; Zamir, G.; Feigelson, S.W.; Shezen, E.; et al.
In the Hunt for Therapeutic Targets: Mimicking the Growth, Metastasis, and Stromal Associations of Early-Stage Lung Cancer
Using a Novel Orthotopic Animal Model. J. Thorac. Oncol. 2015, 10, 46-58. https://doi.org/10.1097/JTO.0000000000000367.
Pedrosa, A.-R.; Castillo-Kauil, A.; Kravchuk, Y.; Reynolds, L.; Williams, B.; Moore, D.; Lang, C.; Allanki, S.; Maniati, E.; Hardas,
A.; et al. Development and characterisation of improved unifocal primary mouse lung cancer models with metastatic potential.
J. Pathol. 2025, 266, 405-420. https://doi.org/10.1002/path.6435.

Hicks, K.C.; Fantini, M.; Donahue, R.N.; Schwab, A.; Knudson, K.M.; Tritsch, S.R.; Jochems, C.; Clavijo, P.E.; Allen, C.T.; Hodge,
J.W.; et al. Epigenetic priming of both tumor and NK cells augments antibody-dependent cellular cytotoxicity elicited by the
anti-PD-L1 antibody avelumab against multiple carcinoma cell types. Oncoimmunology 2018, 7, e1466018.
https://doi.org/10.1080/2162402X.2018.1466018.

Baretti, M.; Danilova, L.; Durham, ].N.; Betts, C.B.; Cope, L.; Sidiropoulos, D.N.; Tandurella, J.A.; Charmsaz, S.; Gross, N.; Her-
nandez, A ; et al. Entinostat in combination with nivolumab in metastatic pancreatic ductal adenocarcinoma: A phase 2 clinical
trial. Nat. Commun. 2024, 15, 9801. https://doi.org/10.1038/s41467-024-52528-7.

Torres, E.T.R.; Ho, W.J.; Danilova, L.; Tandurella, ]J.A.; Leatherman, J.; Rafie, C.; Wang, C.; Brufsky, A.; LoRusso, P.; Chung, V;
et al. Entinostat, nivolumab and ipilimumab for women with advanced HER2-negative breast cancer: A phase Ib trial. Nat.
Cancer 2024, 5, 866-879. https://doi.org/10.1038/s43018-024-00729-w.

Knetki-Wréblewska, M.; Wojas-Krawczyk, K.; Krawczyk, P.; Krzakowski, M. Emerging insights into STK11, KEAP1 and KRAS
mutations: Implications for immunotherapy in patients with advanced non-small cell lung cancer. Transl. Lung Cancer Res. 2024,
13, 3718-3730. https://doi.org/10.21037/tlcr-24-552.

Eichner, L.J.; Curtis, S.D.; Brun, S.N.; McGuire, C.K.; Gushterova, I.; Baumgart, ].T.; Trefts, E.; Ross, D.S.; Rymoff, T.]J.; Shaw, R.J.
HDACS is critical in tumor development and therapeutic resistance in Kras-mutant non-small cell lung cancer. Sci. Adv. 2023,
9, eadd3243. https://doi.org/10.1126/sciadv.add3243.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19071034


https://doi.org/10.3390/ph19071034

