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Abstract

Lenvatinib is the favorable treatment for advanced hepatocellular carcinoma (HCC),
and it is currently undergoing phase lll clinical trials. However, the specific effects of
lenvatinib on PD1" CD8™ T cells in HCC microenvironment have not been systemati-
cally studied. Here, we established an orthotopic hepal-6 mouse model treated with
lenvatinib to investigate CD8" T cells’ role in the tumor and spleen. We found an
increasing proportion of TCF-1* in PD1" CD8™ T cells and proliferation of PD1* CD8*
T cells after lenvatinib treatment. Meanwhile, lenvatinib treatment upregulated the
expression of granzyme B on PD1" CD8* T cells both in vitro and in vivo. Lenvatinib
activated the endogenous mTOR pathway of exhausted CD8" T cells, and mTOR
pathway blockade eliminated the antitumor effect of lenvatinib and function of PD1*
CD8* T cells. The effects of the mTOR pathway on PD1" CD8™ T cells after lenvatinib
treatment were mediated by VEGFR2 inhibition. Overall, our work provides insight
into the mechanism of lenvatinib's antitumor efficacy through exhausted CD8* T cells
in HCC treatment.
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1 | INTRODUCTION

TCF1 is an effector transcription factor downstream of the WNT
signaling pathway. Recent research has found that TCF1 plays a role
in regulating the multifunctional, environment-dependent functions
of mature T cell responses. In the exhausted CD8" T cells, TCF1 is
required for the self-renewal of stem-like exhausted CD8" T cells
generated in response to tumor antigens and for preserving re-
sponses to checkpoint blockade immunotherapy.1 Through ectopic
expression of TCF1, a higher fraction of tumor infiltrating lympho-
cyte (TILs) adopts a stem-like exhausted CD8* T cell phenotype,
enhances polyfunctionality, and has lower expression of coinhibi-
tory receptors including PD1 and TIMS3, leading to improved tumor
control.?2 The PI3K/Akt/mTOR signaling pathway also plays an im-
portant role in regulating T cell self-proliferation and differentiation.
It was found that mTORC1 activity was higher in the “effector-like”
daughter cell and lower in the “memory-like” daughter cell due to
asymmetric partitioning of amino acid transporters during the divi-
sion of CD8" T cells.®

In many tumors, the mTOR pathway has been found to be ab-
normally activated, so several inhibitors of the mTOR pathway have
been investigated in clinical studies.* However, the effects of the
mTOR pathway on the phenotype and function of PD1" CD8" T cells
are poorly understood.

Tumor-specific CD8" T cells are exposed to persistent antigenic
stimulation, causing a dysfunctional state known as “exhaustion.”
This pathway is a dynamic process from activation to “progenitor
exhaustion” through to “terminally exhaustion” with different phe-
notype and properties.® In the tumor microenvironment, after re-
ceiving continuous tumor antigen stimulation, CD8* T cells are
exhausted, and a part of them differentiate into TCF1*PD1* Ki-67"
TIM3™ T progenitor cells (pTex), which have strong self-proliferation
and differentiation ability, but weak cytotoxicity, and these cells fur-
ther differentiate into TCF1” PD1" Ki-67 TIM3™ T cells (intermediate
Tex), which have no self-proliferative ability but have tumor-killing
function and play a major role in limiting tumor growth. Then, in-
termediate exhausted CD8" T cells eventually become TCF1™ PD1*
KI-67" TIM3" terminal exhausted CD8* T (tTex) cells with no tumor-
killing function.68 A large number of studies have found that im-
mune checkpoint blockade therapy achieved efficacy through
promoting the expansion of progenitor exhausted CD8" T subsets
and their differentiation into intermediate Tex instead of the reversal
of the CD8* T exhaustion status.}712

Lenvatinib is a multi-target inhibitor that inhibits vascular en-
dothelial growth factor receptor (VEGFR) 1-3, fibroblast growth
factor receptor (FGFR) 1-4, platelet-derived growth factor recep-
tor (PDGFR) «, and proto-oncogenes RET and KIT.*® At present,
lenvatinib has been demonstrated to hamper tumor progress in
numerous ways: (i) it inhibits tumor angiogenesis via inhibiting the
VEGF/VEGFR signaling pathway; (i) it inhibits tumor cell pro-
liferation and shows antitumor activity by inhibiting downstream
RET signaling in tumor models of RET gene fusion®®; and (jii) it
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reverses the immunosuppressive tumor microenvironment caused
by VEGF-A, reduces the infiltration of tumor associated macro-
phage (TAMs), and increases the activity of CD8" T cells by inhib-
iting VEGFR.XY Existing studies mainly focused on lenvatinib's
anti-immunosuppressive and anti-angiogenic effects. However, the
effect of lenvatinib on tumor-infiltrating progenitor exhausted CD8"
T cells has been little studied.

In this work, we observed TCF1* PD1" CD8" T cells gradually
decreased with tumor progression. We discovered that lenvatinib
promoted the production of pTex and increased the proportion of
the pTex subset in all exhausted CD8* T cells both in tumor and
spleen. At the same time, the proliferation activity of PD1* CD8* T
cells was significantly increased and the PD1* CD8" T cells secreted
more granzyme B, which means greater tumor-killing function under
the influence of lenvatinib. Furthermore, lenvatinib affects PD1%
CD8* T cell differentiation by affecting the PI3K/Akt/mTOR signal-
ing pathway. After the combination of lenvatinib and rapamycin, the
effect of lenvatinib on pTex and granzyme B expression was signifi-
cantly inhibited. Finally, we found lenvatinib affects the PI3K/Akt/
mTOR signaling pathway by blocking VEGFR2. Taken together, these
findings supplement understanding of the mechanism of lenvatinib

on exhausted CD8™ T cells in tumor microenvironment (TME).

2 | MATERIALS AND METHODS

2.1 | Establishment of a mouse tumor model and
treatment

The mice were 6-8 weeks of age. All the mice were fed in the specific
pathogen free (SPF) experimental animal center. After the establish-
ment of the mouse tumor model, lenvatinib and rapamycin were ad-
ministered daily by gavage. In the recovery experiment, mice were
randomly divided into four groups: control group, lenvatinib group
(100mg/kg, daily), rapamycin group (4 mg/kg, daily), and combined
group. The mice in the four groups were given drugs on day 9 of
tumor bearing, and the tumors in situ were removed for analysis on

day 17 of tumor bearing.

2.2 | Cell culture and induced differentiation assay
For CD8" T cell differentiation experiment, naive CD8" T cells were
sorted from fresh spleen tissue by magnetic beads (BD, 551516)
and stimulated with DynabeadsTM Mouse T-activator CD3/CD28
(Thermo Fisher, 11542D; at a ratio of 1:1) for 6 days for further ex-
periment in vitro. The induction conditions of CD8* T cells were
RMPI 1640 containing IL-2 (25ng/ml). The concentration of len-
vatinib (Selleck S1164) and ISCKO3 were 10puM (Selleck S2070). The
concentration of rapamycin was 20nM (Selleck $1039). The concen-
tration of BIBF1120 was 2uM (Selleck S1010). The concentration of
BLU667 was 5uM (Selleck S8716).
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2.3 | Single-cell suspension preparation and
flow cytometry

The mice were sacrificed on the indicated day, and the tumor
in the liver was collected. The tumor tissues were treated with
a mouse tumor dissociation kit (Miltenyi, 130-096-730) accord-
ing to the manufacturer's instruction. The CD8* T cells in tumor
were enriched by the CD8 (TIL) mouse MicroBead Kit (Miltenyi,
130-116-478), and the CD8" T cells in spleen were enriched by
Magnetic beads (BD, 551516) and then detected by multicolor
flow cytometry after antibody incubation. CD8* T cells were stim-
ulated by Leukocyte Activation Cocktail (550583, BD Pharmingen)
for 5hours for the analysis of cytotoxic function. Specific staining
steps and corresponding antibodies are shown in the supplemen-

tary materials.

2.4 | Immunohistochemistry

Tissue sections with a thickness of 3pm were used for immunohis-
tochemical assay, and the images were analyzed by two independent
pathologists. Specific immunohistochemistry method is provided in
the supplementary materials.

2.5 | RNA-seq

CD8* T cells were treated with lenvatinib in a concentration of
10pM for 24 hours. Total RNA of normal control and treated
cells was isolated by TRIzol (Life Technologies). The mRNA was
sequenced by lllumina HiSeq 2500. Clean data were deposited
in the NCBI Gene Expression Omnibus (PRJNA852361) The se-
quencing reads were aligned to the mouse reference sequence
(UCSC/GRCm38/mm10) by HISAT2. The feature Counts function
was performed for each gene count from trimmed reads against
the GENCODE (release 30) transcript models. Differential gene
expression analysis was quantitated by edgeR. The top 200 sig-
nificantly differentially expressed genes were used for gene ontol-
ogy (GO) and kyoto encyclopedia of genes and genomes (KEGG)
enrichment. The analysis of differentially expressed genes and
gene set enrichment analysis was implemented by the R package
of Cluster Profiler.

2.6 | Statistical approach

Flow cytometry data were analyzed by FlowJo.10 (TreeStar).
Statistical analysis was performed using GraphPad Prism 8 soft-
ware. Student's two-tailed t test was used for comparison of
quantitative data from different groups. p <0.05 was consid-
ered statistically significant (*p <0.05; **p <0.01; ***p <0.001,
****p <0.0001).

3 | RESULTS

3.1 | The variation of expression of TCF1 on
exhausted CD8" T cells in tumor and spleen with HCC
progression

Given that exhaustion of CD8* T cells occurred when consist-
ently receiving antigen stimulation, we constructed an orthotopic
hepal-6 mouse model® and dynamically observed the changes of
PD1* CD8" T cells with the prolongation of tumor-bearing time.
Then, we collected CD8* T cells from liver and spleen of tumor-
bearing mice at day 13 and day 17 (Figure 1A). Flow cytometry was
used to analyze the phenotypic and functional changes of CD8* T
cells. We found that the stem-like exhausted CD8* T cells showed
decreased proliferative activity (Figure 1B). Furthermore, the
proportion of the pTex subset (PD1* TCF1* TIM3™ CD8" T cells)
decreased significantly in spleen and tumor, and the proportion
of the tTex subgroup (PD1* TCF1™ TIM3* CD8™" T cells) increased
with HCC progression in tumor but not spleen (Figure 1C,D). To
assess the expression levels of TCF1 in tumor-infiltrating lympho-
cytes of HCC patients, we performed an immunofluorescence
(IF) assay (Figure 1E). As shown in Table 1, the high proportion of
TCF1* tumor-infiltrating lymphocytes was significantly correlated
with TNM stage (p = 0.037). Taken together, the proportion of

pTex was decreased with tumor bearing.

3.2 | Effects of lenvatinib on infiltration of TCF1*
PD1* CD8" T cells in TME and spleen

Next, we explored whether lenvatinib could halt or reverse the
decline of pTex. Lenvatinib treatment was started on day 9 of tumor
bearing, and the samples were harvested on day 17. The tumor vol-
ume of lenvatinib group was significantly smaller than that of the
control group (Figure 2A).

In order to explore the specific effect of lenvatinib on PD1*
CD8™" T cells, we examined the overall expression of Ki-67 in PD1"
CD8™" T cells in the lenvatinib group and found it was significantly
higher than that in the control group (Figure 2B) both in the spleen
and tumor. In the tumor, the proportion of pTex (PD1* TCF1* TIM3~
CD8™" T cells) in the lenvatinib group increased significantly com-
pared with the control group. Meanwhile, the proportion of terminal
exhausted CD8" T cells (PD1" TCF1™ TIM3* CD8* T cells) decreased
(Figure 2C). Notably, there was no significant difference in the total
number of tumor-infiltrating CD8* T cells between the two groups,
while there was a significant difference in the number of pTex cells
(Figure 2D). Similarly, the proportion of pTex in the lenvatinib group
was increased compared with that in the control group in the spleens
(Figure 2E).

To further explore the tumor-killing function of the two groups
of intermediate exhausted CD8™ T cells, we examined the expression
of granzyme B and IFN-y in PD1* TCF1™ TIM3™ CD8" intermediate
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FIGURE 1 The variation of expression of TCF1 on exhausted CD8* T cells in tumor and spleen with hepatocellular carcinoma (HCC)
progression. A, Schematic diagram of tumor-bearing mice. Hepal-6 cells were in situ inoculated into C57BL/6 mice on day O, and the tumors
were removed for analysis on days 13 and 17. B-D, Phenotype and proliferative activity of PD1" CD8" T cells from spleen and tumor were
analyzed at 13 and 17 d, respectively, including proliferative markers (marked by expression of Ki-67) and exhausted PD1* CD8" T cell
phenotype markers (marked by expression of TCF1 and TIM3). Data were expressed as mean+SEM (n = 5). E, Under the field of view of
10x 50, we randomly selected five fields in a sample, and the average number of cells expressing both CD8 and TCF1 in each field was
recorded as the high group if the number was greater than 27, and the low group if the number was <27 (27 was the average number of

double-positive cells in each field of 40 samples)

Tex in the lenvatinib group and found it was significantly higher than
that in the control group (Figure 2F and Figure S1). Taken, together,
it can be concluded that lenvatinib promotes the self-proliferation
and cytokine secretion of progenitor exhausted CD8" T cells in the
TME and spleen.

Given that lenvatinib has a direct impact on tumor cell growth
and angiogenesis, we next aimed to explore whether lenvatinib
has a direct effect on the proliferation and differentiation of pro-
genitor exhausted CD8" T cells. Considering the dose-dependent
effect of lenvatinib, we first studied the effects of different con-
centrations (0-10 pM) of lenvatinib on CD8™ T cells and found that
the maximum effect was achieved at the concentration of 5uM,

which was not significantly different from that at the concentra-
tion of 10 uM (Figure S4). Naive CD8* T cells were isolated from the
spleen and stimulated with anti-CD3 and anti-CD28 for 5-7 days;
then, they were treated with lenvatinib 24 hours (Figure 3A). In
vitro, 5,6-carboxyfluorescein diacetate, succinimidyl ester (CFSE)
assay showed lenvatinib promoted the proliferation of CD8* PD1"
T cells (Figure 3B). Furthermore, we observed that lenvatinib in-
creased the proportion of pTex but decreased the proportion of
tTex compared with the control group in the 5- and 7-day groups
(Figure 3C). At the same time, the expression of granzyme B in
CD8" TCF1” PD1* TIM3™ T cells (intermediate Tex in the lenvatinib
group was significantly higher than that in the negative control
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TABLE 1 Association of TCF1 expression in tumor-infiltrating
lymphocytes with clinicopathological features of 40 hepatocellular
carcinoma (HCC) patients

TCF1 expression

Low High
Characteristics (n = 20) (n = 20) P value
Age y=55y old 12 14 0.715
Gender female 4 5 >0.999
Serum AFP 220 10 12 0.735
Tumor size>5.0cm 16 14 >0.999
TNM stage llI/IV 17 6 0.037
Survival time 248 mo 9 15 0.158

(NC) group (Figure 3D), indicating lenvatinib directly increased the
cell-killing function of intermediate Tex and the proliferation and
of CD8" PD1" T cells.

3.3 | Lenvatinib affects PD1" CD8* T cell
differentiation by affecting the PI3K/Akt/mTOR
signaling pathway

MTOR is a major regulator of T cell metabolism.!” To understand
whether the proliferation differences in exhausted CD8" T cells
observed in the lenvatinib group and control group are related to
changes in the mTOR signaling pathway, we used our RNA-seq
data to perform gene set enrichment analysis (GSEA) on Tex cells.
Notably, there was a negative enrichment of genes involved in
mTOR signaling in the control group (Figure 4A). Although both
the Lenvatinib and NC groups showed expression of marker genes
associated with the mTOR complex 1 (nTORC1) signaling pathway,
the expression was significantly lower in the NC group (Figure 4B),
suggesting that the mTORC1 pathway was expressed differently
in the two groups. Some immune-related genes (including tcf7)
and pathways were also activated. Meanwhile, the expressions of
TGF-p1 and TGF-p3 were decreased (Figure S2). In line with these
data, pTex and tTex in the lenvatinib group displayed increased ex-
pression of p-Sé, the direct target of mTORC1 activity (Figure 4C).
Ki-67 was highly expressed in both groups in vitro, suggesting that
the reduced mTORC1 activity was not the result of reduced Tex

cell activation status (Figure 4D).

3.4 | Blockade of the mTOR pathway
undermined the antitumor effect of lenvatinib and the
function of PD1T CD8™ T cells

Mice were divided into NC group, lenvatinib group, rapamycin
group, and combination group according to the treatment of the
four groups. We found that lenvatinib significantly inhibited tumor
growth and prolonged survival in mice when compared with other

groups. However, compared with the lenvatinib group, the combina-
tion group was not better at controlling tumor size or extending sur-
vival (Figure 5A,B). Rapamycin, which blocks the mTOR pathway in
tumor cells, also blocks the mTOR pathway in T cells. In fact, in vivo,
we did not find a significant difference in tumor size between the
combination and lenvatinib groups. At the same time, we conducted
the same experiment in CD8" T cell-deleted mice and RAG1 mice
(Figure S7). The results showed that lenvatinib and rapamycin could
still reduce tumor weight in RAG1 or CD8" T cell-deleted mice, and
unlike in WT group, the tumor weight in the combined group was
smaller than that in the lenvatinib group, especially in CD8* T cell-
deleted mice. This suggests that rapamycin can act on both tumor
cells and CD8™" T cells, by inhibiting the proliferation of both tumor
cells and Tex, and explains why there was no significant difference in
tumor weight between the combined treatment group and the len-
vatinib group in WT mice.

To further confirm our idea, we measured the proportions of
progenitor exhausted CD8" T cells in the four groups and found
that combination of lenvatinib and rapamycin weakened the
effect of lenvatinib on PD1* CD8" T cells (Figure 5C). At the same
time, compared with pTex in the lenvatinib group, the expression of
Ki-67 was significantly decreased in the combined treatment group
(Figure 5D).

In vitro, we evaluated the proliferation and proportion of pro-
genitor exhausted CD8™" T cells upon anti-CD3 and anti-CD28 stim-
ulation in the four groups, and the phosphorylations of the mTOR
pathway were compared. We found that the phosphorylation of
the mTOR pathway was activated in the lenvatinib group and weak-
ened by rapamycin (Figure S5). CFSE assay showed that the pro-
liferation was reduced by rapamycin processing and the effect of
lenvatinib on exhausted CD8" T cells was also weakened by rapa-
mycin (Figure 5E,F). Meanwhile, lenvatinib-induced promotion of
granzyme B expression was inhibited when treated with rapamycin
(Figure 5G). Through in vitro and in vivo experiments, we confirmed
that the inhibition of the mTOR pathway attenuates the effect of
lenvatinib on PD1* CD8* T cells.

3.5 | Lenvatinib affects the PI3K/Akt/mTOR
signaling pathway by blocking VEGFR2

Considering that lenvatinib is a multitarget inhibitor, we con-
ducted in vitro experiments with antibodies targeted at each
target to determine through which target lenvatinib affects the
mTOR pathway (Figure 6A). We found that there was no signifi-
cant diversity in exhausted CD8* T cell differentiation and p-Sé
expression between BIBF1120 and lenvatinib, and other blockers
had no obvious effect on PD1* CD8™" T cells (Figure 6B). According
to previous reports, continuous antigenic stimulation induces
VEGFR1 and VEGFR2 expression in CD8" T cells. To further iden-
tify which target affects the mTOR pathway, we investigated the
VEGFR1 and VEGFR2 in CD8™ T cells at different stages in vitro.
With the exhaustion of CD8" T cells, the expression of VEGFR2
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analyzed. Data were expressed as mean+SEM (n = 5). F, Tumor-killing functions of intermediate Tex cells (marked by expression of granzyme
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***p <0.001, ****p <0.0001

increased, while VEGFR1 expression was not significantly altered
(Figure 6C). We first performed small interfering RNA-mediated
knockdown to deplete VEGFR2 in CD8" T cells (Figure Sé). Then,
VEGFR2-specific blocker SU5408 was applied to further validate
the results. The expression level of p-Sé6 in pTex and tTex cells was
increased in the si-VEGFR2 group and SU5408 group, while it was
decreased in the VEGF-A group (Figure 6D). Through these ex-
periments, we found that lenvatinib affects the mTOR pathway
through VEGFR2.

4 | DISCUSSION

Immunotherapy that affects tumor-specific T cells by blocking the
PD1/PD-L1 axis has emerged as a treatment for HCC. However,
only 15%-20% response rate was observed in HCC patients
treated with immune checkpoint blockade, and most patients
were drug resistant. So, we are considering how we can improve
patients’ response to immunotherapy. A large number of studies
have found that the reactivity of targeted immunotherapies was
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FIGURE 3 Lenvatinib increased the proportion of progenitor exhausted CD8" T cells in vitro. A, Schematic diagram of logical door frame
selection of exhausted CD8™ T cells was listed. Naive CD8™ T cells were continuously stimulated by CD3 and CD28 in vitro for 6d and
cocultured with lenvatinib for 48 h. B, Proliferative activities (marked by CFSE) of PD1* CD8™" T cells from the NC group and the lenvatinib
group were analyzed. Data were expressed as mean+SEM (n = 5). C, Five-day and seven-day phenotypes of exhausted PD1* CD8" T cells
(marked by expression of TCF1 and TIM3) from the NC group and the lenvatinib group were analyzed. Data were expressed as mean +SEM
(n = 5). D, Tumor-killing functions of intermediate Tex cells (marked by expression of granzyme B) from the NC group and the lenvatinib
group were analyzed. Data were expressed as mean+SEM (n = 5). *p <0.05; **p <0.01; ***p <0.001, ****p <0.0001

mainly related to tumor-infiltrating Tcf1™ PD1* CD8" T cells with
progenitor properties. Among the reported effects of lenvatinib,
we wondered whether lenvatinib might also affect Tcf1* PD1*
CD8* T cells, thereby improving the efficacy of targeted immu-
notherapy. In this study, we explored the proportion and func-
tional changes of progenitor exhausted and terminal exhausted
cell subsets in spleen and tumor-infiltrating CD8* T cells during
the progression of liver cancer and the effect of lenvatinib on
tumor-infiltrating exhausted CD8" T cells and the differentiation
of naive CD8" T cells in the spleen. We demonstrated that with
the progression of HCC, the proportion and proliferation capac-
ity of progenitor exhausted CD8™" T cells will gradually decrease.
However, lenvatinib reversed this trend and promoted the expan-
sion of Tcf1™ PD1* CD8™" T cells in tumors and spleens by exciting
the PI3K/Akt/mTOR signaling pathway. The Ki-67-positive rate of
exhausted CD8* T cells in spleen was also significantly increased.
Moreover, we supported our findings in vitro and in vivo: Blockade

of the PI3BK/Akt/mTOR signaling pathway inhibited progenitor ex-
hausted CD8" T cell proliferation, and combined lenvatinib and
rapamycin attenuated the effect of lenvatinib on promoting the
proliferation of progenitor exhausted CD8* T cells. Collectively,
our data suggest that lenvatinib's ability to activate mTOR in ex-
hausted CD8" T cells provides the rationale for improving the
reactivity of immunotherapy, in addition to its inhibitory activity
against the VEGFR2 and FGFR signaling pathways.

Cell proliferation-related signal transduction pathway PI3K/Akt/
mTOR is involved in regulating various cell proliferation and apopto-
sis functions. Abnormally elevated mTOR activity is often observed
in human malignancies. Therefore, in the clinical treatment of liver
cancer, mTOR blockade is considered to be an effective treatment
method and has achieved significant clinical effects.?’ However,
PI3K/Akt/mTOR also plays a critical role in the adaptive immune sys-
tem. Phosphorylation and activation of PISK/Akt/mTOR affects cell
cycle, cell function, cell differentiation, and apoptosis by mediating
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FIGURE 4 Lenvatinib affects CD8" T cell differentiation by affecting the PISK/Akt/mTOR signaling pathway. A, GSEA barcode plot of the
mTORC1 pathway in the NC group and the lenvatinib group derived from cultured cells in vitro. B, Heatmap of relative expression

(Z score) of the top 50 leading-edge genes from GSEA of the mTORC1 signaling pathway. C, Phosphorylations of the mTOR pathway (marked
by expression of p-S6é) of pTex and tTex cells in the NC group and the lenvatinib group were analyzed. Data were expressed as mean+SEM
(n=5). D, pTex and tTex cells’ activation status (marked by expression of Ki-67), in the NC group and lenvatinib group and derived from
cultured cells in vitro, was analyzed. Data were expressed as mean+SEM (n = 5). *p <0.05; **p <0.01

downstream signals and has a significant impact on immune cell sub-
group differentiation. Previous studies have shown that the PI3K/
Akt/mTOR pathway can affect IFN-y secretion and memory CD8*
T cell production.?%22

In our study, we found that the PI3K/Akt/mTOR pathway also af-

fected the proliferation and differentiation of exhausted CD8" T cells.

By stimulating the mTOR pathway, lenvatinib promoted the prolifer-
ation of TCF1* PD1* CD8" T cells and eventually differentiated into
more TCF1™ PD1* CD8"-exhausted T cells with tumor-killing function.
In particular, after the effect of lenvatinib on exhausted CD8* T cells
was blocked by rapamycin, the proportion of progenitor exhausted
CD8* T cells recovered to a similar level to that of the control group.

FIGURE 5 Blockade of the mTOR pathway undermined the antitumor effect of Len and function of PD1* CD8" T cells. A, All tumors
were harvested, and the tumor appearance and weight were compared between the groups. Data are shown as mean+SEM (n = 3-5). B,
Survival curve analysis of four groups of mice. C, Phenotypes of exhausted PD1* CD8™ T cells (marked by expression of TCF1 and TIM3)
from tumor in four groups were analyzed. Data were expressed as mean+SEM (n = 5). D, Proliferative activities (marked by expression of
Ki-67) of pTex and tTex cells from tumor in four groups were analyzed. Data were expressed as mean+SEM (n = 5). E, Phenotypes of exhausted
PD1" CD8™" T cells (marked by expression of TCF1 and TIM3) from four groups cultured in vitro were analyzed. Data were expressed as
mean+SEM (n = 5). F, Proliferative activity (marked by CFSE) of PD1* CD8" T cells from four groups cultured in vitro were analyzed. Data were
expressed as mean+SEM (n = 5). G, Tumor-killing function of intermediate Tex cells (marked by expression of granzyme B) from four groups
cultured in vitro were analyzed. Data were expressed as mean+SEM (n = 5). *p <0.05; **p <0.01; ***p <0.001, ****p <0.0001
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We also compared the function of exhausted CD8" T cells and
found that lenvatinib influenced both phenotype and function of
exhausted CD8" T cells. The expression level of granzyme B in

the lenvatinib group was significantly higher than that in the con-
trol group. A recent study found that CD101™ CD8* PD1* TCF1~
T cells are a transient state in stem-like exhausted CD8" T cells
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FIGURE 6 Lenvatinib affects the PI3K/Akt/mTOR signaling pathway by blocking VEGFR2. A, Schematic diagram of the target of each
drug. B, Phosphorylations of the mTOR pathway (marked by expression of p-Sé) of pTex and tTex cells in each group were analyzed. Data
were expressed as mean+SEM (n = 5). C, In the different stages of CD8" T cells, the expression of VEGFR2 was analyzed. Data were
expressed as mean+SEM (n = 5). D, Phosphorylations of the mTOR pathway (marked by expression of p-Sé) of pTex and tTex T cells in each
group were analyzed. Data were expressed as mean+SEM (n = 5). *p <0.05; **p <0.01; ***p <0.001, ****p <0.0001
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FIGURE 7 Lenvatinib promotes the phosphorylation of the mTOR pathway by blocking VEGFR2 of PD17CD8" T cells and enhances the
tumor-killing function of intermediate exhausted CD8" T cells and amplification of pTex subsets. Schematic diagram showing that lenvatinib
enhances production of progenitor exhausted T cells and then pTex produce more intermediate exhausted T cells with tumor-killing function

by promoting the phosphorylation of the mTOR pathway via blocking VEGFR2

that eventually differentiate into terminal exhausted CD8 T cells,
and these newly generated TIM3™ CD101” CD8* PD1" TCF1™ T
cells were more functional than terminal exhausted CD8" T cells
(TIM3* CD101* CD8* PD1* TCF1™ T cells). To further understand
the effects of lenvatinib on exhausted CD8* T cells, we also in-
vestigated its phenotypic changes through CD101 (Figure S3).
We confirmed that lenvatinib also decreased the proportion of
CD101* TIM3™ tTex cells, which was also associated with greater
tumor control.

Lenvatinib has previously been implicated in the immunosuppres-
sive and angiogenic effects on tumor microenvironment by inhibit-
ing the VEGFA/VEGFR pathway. However, it has remained unknown
whether lenvatinib affects exhausted CD8" T cell differentiation
and function. Here, we found that lenvatinib promotes the develop-
ment and differentiation of exhausted CD8" T cells by activating the
PI3K/Akt/mTOR signaling pathway via inhibiting the VEGFA/VEGFR
pathway. However, mTOR activity is regulated by a multitude of fac-
tors, including nutrients, oxygen, and growth factors, and whether
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lenvatinib activates the mTOR pathway merely through VEGFR2 de-
serves further investigation.23 Confusingly, as opposed to it is func-
tion in PD1* CD8* T cells, VEGFR2 promotes the mTOR pathway in
the tumor. We suspect that VEGFR2 inhibits the mTOR pathway by
stimulating TGF-p expression. In line with this hypothesis, research-
ers found that TGF-p could suppress the activation of the mTOR sig-
naling pathway,?* and we found the expression of TGF-B in exhausted
CD8" T cells was also inhibited in the lenvatinib group (Figure S2).
In addition, lenvatinib's function in other immune cells has not been
fully researched. The phenomenon observed in animal studies may
not be caused by CD8™ T cells alone but also by other types of cells,
including Treg and antigen-presenting cells, and it will be important to
identify subset-specific regulators of the mTOR activity.

Finally, immune checkpoint blockade therapy is a promising
approach that can increase the number of exhausted T cells and
improve their function; it may also lead to a decreased durability
of the T cell response. Excessive immunotherapy can overdraw
the potential of CD8" T cells. By accelerating the differentiation
of pTex cells into intermediate exhausted CD8" T cells, the long-
term control mechanism of the immune system on the tumor will
be broken. Blindly applying immunotherapy in the late stage of
tumor progression will undoubtedly promote tumor progression.
In advanced live cancer, using drugs to promote pTex rather than
promote its differentiation is a smarter strategy. Recently phase Ill
clinical trials in HCC have demonstrated that lenvatinib in combina-
tion with pembrolizumab is not significantly different to lenvatinib
monotherapy. Our study revealed the dysfunction of tTex in the
tumor microenvironment uncovered the mechanism of inefficacy
of combination strategy, and provided a potential solution with the
mTOR pathway.

Overall, this study allows us to propose the concept that len-
vatinib can activate the mTOR pathway in target cells, including
exhausted CD8* T cells.?® Lenvatinib has been found to inhibit the
TGF-B pathway,?*2¢ which may be the mechanism of indirect acti-
vation of the MTOR pathway. Or, as in NK cells, it directly activates
the mTOR pathway by inhibiting the C-kit pathway.?” Our findings
have potential implications for combinatory immunotherapy and
target agents in HCC and other anti-PD1-resistant cancers and re-
veal that lenvatinib suppresses tumor progression not only by anti-
immunosuppressive and anti-angiogenic effects but also by affecting
the mTOR pathway of exhausted T cells via VEGFR2 (Figure 7).
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