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Abstract

Co-stimulatory molecules are imperative for CD8" T cells to eliminate target cell and maintain sustained cytotoxic-

ity. Despite an advanced understanding of the co-stimulatory molecules deficiency that results in tumor escape,

the tumor cell-intrinsic mechanisms that regulate co-stimulatory molecules remain enigmatic, and an in-depth dis-
section could facilitate the improvement of treatment options. To this end, in this study, we report that the deficiency
of the critical costimulatory molecule CD58, mediated by the expression of ATF4 in tumor cells, impairs the formation
of immunological synapses (IS) and leads to the deterioration of antitumor immune function of CD8" T cells. Mecha-
nistically, ATF4 transcriptionally upregulated dynamin 1 (DNMT1) expression leading to DNM1-dependent endocytosis
(DDE)-mediated degradation of CD58. Furthermore, administration of DDE inhibitor prochlorperazine or ATF4 knock-
down effectively restored CD58 expression, boosting CD8" T cell cytotoxicity and immunotherapy efficiency. Thus, our
study reveals that ATF4 in tumor cells weakens CD58 expression to interfere with complete IS formation, and indicates
potential approaches to improve the cytolytic function of CD8* T cell in tumor immunotherapy.

Introduction potential of CD8" T cells. Co-stimulatory molecules are

Co-stimulatory molecules are integral to the activation
and function of CD8" T cells activation, which are essen-
tial to recognize and eliminate tumor cells [1]. These mol-
ecules provide the second signal required for CD8" T
cells activation, enhancing the proliferation and survival
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also decisive in the formation of a special connection
structure between CD8* T cells and tumor cells, known
as the immunological synapse (IS) [2, 3]. This structure
directs the polarized transport and secretion of cytokines
and cytolytic agents from CD8" T cells to tumor cells
[4]. In the context of cancer immunotherapy, strategies
that enhance co-stimulatory signals have shown promise
in boosting the efficacy of CD8* T cell-mediated tumor
killing [5]. However, some tumor cells often employ
strategies to suppress co-stimulatory molecules, which
highlights the importance of developing strategies to
enhance their anti-tumor activity.

CD58, a pivotal co-stimulatory molecule, engages with
the CD8" T cell adhesion receptor CD2, facilitating a
crucial interaction that amplifies CD8* T cell activa-
tion and function [6, 7]. Tumor cell-intrinsic expression
of CD58 shapes anti-tumor immunity and is predictive
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of treatment response, while CD58 mutation or down-
regulated expression is common in tumors [8, 9]. CD58
expression is heavily influenced by tumor cell-intrin-
sic mechanism, and targeting these mechanisms holds
promise for therapeutic intervention in cancer treatment
or for enhancing the efficacy of existing anti-tumor ther-
apies [10, 11]. Given the promising potential of CD58 as
an immunotherapeutic target, researches regarding the
immunomodulatory role of CD58 in hepatocellular car-
cinoma (HCC) and its interventional strategies are cur-
rently lacking.

Activating transcription factor 4 (ATF4) is a multifac-
eted regulatory protein that occupies a central position in
the complex network of cellular stress response pathways.
It is uniquely positioned to exert both transcriptional and
non-transcriptional control over the expression of adhe-
sion molecules, which are critical for mediating cell—cell
interactions and signal transmission [12-14]. Our pre-
vious research has demonstrated that the expression of
ATF4 is elevated in pan-cancer and is associated with
an unfavorable prognosis in tumor patients [15]. ATF4
contributes to the formation of an immunosuppressive
tumor microenvironment by promoting the transition of
macrophages to an M2 phenotype and reducing the infil-
tration of CD8" T cells, which in turn promotes tumor
progression [16]. However, the molecular mechanisms
by which tumor-associated ATF4 impacts the function of
CD8* T cells are not yet fully understood.

Here, our study demonstrated that tumor-intrinsic
ATF4 drives the degradation of CD58 to hinder IS for-
mation, thus impairing CD8* T cell immune response.
Moreover, we propose clinically available measure to
restore the adverse consequence of ATF4 to improve
anti-tumor immunity and immunotherapy efficiency.
Taken together, these findings reveal underlying tumor
cell-intrinsic mechanisms that regulate the establishment
of the IS by ATF4, suggesting a potential target that could
be used to increase treatment options.

Results

ATF4 impairs CD8™ T cell function by direct contact

We have indicated that ATF4 plays a role in the tumor
immunosuppressive microenvironment, yet its specific
impact on CD8" T cells remains enigmatic [16]. This
association was further substantiated at the protein level
by evaluating the expression of granzyme B (GZMB),
which is required for CD8" T cell cytotoxicity, in HCC
patient tissues using immunohistochemistry. The tumor-
associated ATF4 level was negatively correlated with
GZMB expression (Fig. 1a), supporting the notion that
the fate of CD8* T cells might be influenced by ATF4
expression in tumor cells.
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The expression levels of ATF4 in HCC cell lines were
detected using western blot, the SNU-387 cell line with
the lowest expression and the MHCC-97H cell line with
the highest expression were selected (Supplementary
Fig. 1a). Then, ATF4 was overexpressed in SNU-387
cells and knocked out in MHCC-97H cells (Supplemen-
tary Fig. 1b). CD8* T cells were obtained from human
peripheral blood (Supplementary Fig. 1c). To validate the
relationship between ATF4 and CD8* T cells, the CD8*
T cells and HCC cells were directly co-cultured in vitro
(Fig. 1b). The mRNA expression of GZMB and inter-
feron gamma (IFNG) in CD8* T cells decreased when
ATF4 was overexpressed in HCC cells, and the opposite
trend was observed when ATF4 was silenced (Fig. 1c).
Consistent with this finding, the protein levels of GZMB
and IFNG secreted by CD8* T cells declined when ATF4
was highly expressed in HCC cells and showed a strik-
ing increase in the absence of ATF4 (Fig. 1d). Addition-
ally, ATF4 overexpression protected HCC cells from
CD8* T cell-mediated death, whereas ATF4 knockdown
enhanced CD8* T cell-mediated HCC cell death (Supple-
mentary Fig. 1d, e). Furthermore, live-cell crystal violet
staining revealed that ATF4 induced a significant impair-
ment in the cytotoxicity of CD8" T cells (Supplementary
Fig. 1f). ATF4 has been identified to exert an inhibitory
influence on the tumoricidal capacity of CD8" T cells.

Next, we cultured tumor cells and CD8" T cells sepa-
rately in order to explore whether ATF4 regulation of
CD8" T cell cytotoxicity requires cell-to-cell contact
(Fig. 1e). The mRNA and protein levels of GZMB and
IFNG in CD8" T cells remained unchanged despite alter-
ations in ATF4 expression within HCC cells (Fig. 1f, g).
These data indicate that the influence of ATF4 expression
in HCC cells on CD8" T cell cytotoxicity depends on a
contact-dependent mechanism.

The IS is a structure formed by the direct contact
between CD8" T cells and its target cells, impediments in
the formation of this structure can impair the cytotoxic
function of CD8" T cells against the target cells [17]. We
hypothesized that ATF4 may influence the formation
of IS, thereby inhibiting the activity of CD8" T cells. To
investigate whether ATF4 expression in HCC cells affects
the IS, CD8* T cells were co-cultured with HCC cells for
2 h and CD8* T cells that were not connected to tumor
cells were removed. Immunofluorescence assays revealed
that the frequency of bound CD8* T cells to HCC cells
decreased after the overexpression of ATF4 in HCC cells
(Fig. 1h). In sharp contrast, more CD8* T cells were sta-
bly conjugated with ATF4-silenced HCC cells compared
to when non-silenced control cells were used (Fig. 1i).
Next, we directly observed interactions between CD8*
T cells and HCC cells by live-cell imaging. The duration
of IS formation decreased in ATF4 knockdown HCC cell
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Fig. 1 ATF4 impairs CD8" T function by direct contact. a IHC of ATF4 and GZMB in human HCC tissues. (Scale bars, 50 um.) Quantification is shown
on the right (n=41). b CD8* T cell and HCC cell co-culture model. ¢ Histogram shows the mean levels of GZMB and IFNG expression in CD8* T

cell co-cultured with ATF4 knock-down MHCC-97H cells and ATF4 overexpressed SNU-387 cells. (n=3/group). d Graph shows the concentrations
of IFNG and GZMB present in culture supernatant and tested by ELISA. (n=3/group). e CD8* T cells were plated on chamber for indirect
co-culture with HCC cells. f gRT-PCR for IFNG and GZMB expression of CD8" T cell indirectly co-cultured with ATF4 knock-down MHCC-97H

and ATF4 overexpressed SNU-387 cells. (n=3/group). g ELISA for CD8* T cells indirectly co-cultured with ATF4 knock-down MHCC-97H and ATF4
overexpressed SNU-387 cells. (n=3/group). h The left panel shows immunostaining for CD8 (green) and DAPI (blue) in CD8* T cells co-cultured
with ATF4 overexpressed SNU-387 cells. (Scale bars, 100 um.) The right histogram displays the quantification of bound CD8+T cells as a percentage
of total tumor cells. (n=>5/group). i The left panel shows immunostaining for CD8 (red) and DAPI (blue) in CD8.* T cells co-cultured with ATF4
knock-down MHCC-97H cells. (Scale bars, 100 um.) The right histogram displays the quantification of bound CD8+T cells as a percentage of total
tumor cells. (n=5/group). Statistical analysis performed using two-tailed t-test (c-h) and one-way ANOVA (c, d, f, g, i). ns for P>0.05, *for P < 0.05,

**for P < 0.01, ***for P < 0.001, ****for P < 0.0001
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group than in the control group (Supplementary Fig. 1g,
Supplementary video 1 and 2). Together, these results
indicate that ATF4 reduces CD8" T cell cytotoxicity by
interfering with IS formation.

ATF4-mediated downregulation of tumor-associated CD58
impairs CD8* T cell cytotoxicity

Co-stimulatory molecules are crucial components of the
IS, we investigated whether ATF4 has an effect on co-
stimulatory molecules expressed by tumor cells and thus
affects IS formation. Based on the proteomics data from
cells treated with doxycycline, actinonin (anti), the iono-
phore carbonyl cyanide-4-(trifluoromethoxy) phenyl-
hydrazone (FCCP), and MitoBloCK-6 (mb) to simulate
the ATF4 overexpression, the expression level of CD58
protein was significantly downregulated but not that of
ICAM1 and HLA-A other important adhesion molecules
in IS (Fig. 2a). To confirm the regulatory role of ATF4
on tumor-associated CD58 expression, we either over-
expressed or silenced ATF4 in HCC cells. The western
blotting assay showed that CD58 expression decreased
after ATF4 overexpression and increased when ATF4
was silenced (Fig. 2b), which was also verified using flow
cytometry (Fig. 2c—f). These results highlight the role of
ATF4 in promoting CD58 downregulation.

CD58 knockdown tumor cells were constructed to
investigate the impact of tumor associated CD58 on
CD8* T cell immunity (Supplementary Fig. 2a). The
downregulation of CD58 expression in HCC cells pre-
vented aggressive action exerted by CD8* T cells (Sup-
plementary Fig. 2b, c). Moreover, it decreased mRNA and
protein expression levels of GZMB and IFNG in CD8' T
cells (Fig. 2g, h). The duration of IS formation increased
in CD58 knockdown HCC cell group than in the con-
trol group (Supplementary Fig. 2d, Supplementary video
3 and 4). These results indicate that tumor-associated
CD58 deficiency is detrimental to CD8* T cell tumor kill-
ing function.

Next, we examined whether the regulation of CD8*
T cell cytotoxicity by ATF4 required the involvement of
tumor-associated CD58. Live-cell crystal violet staining
showed that under ATF4 downregulation conditions,
the subsequent downregulation of tumor-associated
CD58 led to an increase in the survival rate of HCC cells
subjected to CD8" T cell-mediated killing (Supplemen-
tary Fig. 2e). Compared to the ATF4 knockdown group,
GZMB and IFNG expression levels were downregulated
in CD8" T cells in the ATF4 and CD58 knockdown group
(Fig. 2i). When both ATF4 and CD58 were knocked
down simultaneously, the levels of GZMB and IFNG pro-
teins secreted by CD8" T cells decreased compared to
ATF4 knockdown alone (Fig. 2j). Together, these results
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indicate that tumor-associated CD58 is required for
ATF4-mediated regulation of CD8* T cell cytotoxicity.

To further probe whether tumor-associated CD58
influenced the IS stability, we directly observed interac-
tions between CD8" T cells and HCC cells. CD58 knock-
down in HCC cells leads to a decrease in the number of
CD8* T cells binding to the tumor cells (Fig. 2k). We fur-
ther employed immunofluorescence to assess the inter-
action between CD2 and CD58 in IS. Knocking down
tumor-associated ATF4 led to an increased proportion of
IS formation and elevated CD58 expression levels (Sup-
plementary Fig. 2f). We also observed an accumulation
of CD58 within the IS. In contrast, knocking down CD58
nearly abolished IS formation and reduced the amount of
CD58 in IS. When both ATF4 and CD58 were knocked
down, the effect of ATF4 was diminished, indicating that
the impact of ATF4 on IS formation was predominantly
mediated by CD58. Overall, these findings indicate that
ATF4-mediated tumor-associated CD58 deficiency
reduces the formation of stable IS, thereby impairing the
cytotoxic activity of CD8" T cells.

ATF4-mediated degradation of CD58 via Dynamin1

(DNMT1)

Although ATF4 is a critical transcription factor, CD58
mRNA levels were found to remain unaltered in response
to ATF4 modulation, suggesting the involvement of uni-
dentified molecular mechanisms in the regulation of
CD58 protein expression by ATF4 (Fig. 3a, b). To investi-
gate the molecular mechanism of ATF4 regulating CD58
expression, we obtained RNA-Seq data of ATF4 knock-
down HCC cell lines and gene targets data of CD58
CRISPR-Cas9 loss-of-function screen [8] 18. We over-
laid the list of genes downregulated in their expression
in ATF4-depleted HCC cells and the list of genes that
down-regulate CD58 protein expression, which led to the
identification of 19 genes (Fig. 3c). Of note, among the
top hits was DNM1, which has recently been described
as a potential regulator of IS [19]. Utilizing RNA-seq data
from The Cancer Genome Atlas (TCGA), we analyzed
the correlation of ATF4 and DNM1 mRNA expression
in HCC tissues, and the results indicated a positive cor-
relation between ATF4 and DNM1 (Fig. 3d). A positive
correlation between ATF4 and DNM1 in human HCC
tissues was also observed when analyzed using qRT-PCR
(Fig. 3e). Therefore, we hypothesized that ATF4 may reg-
ulate CD58 expression via DNM1.

Under ATF4 overexpression conditions in HCC cells,
DNM 1 mRNA expression increased, while ATF4 silenced
by siRNA was accompanied by decreased DNMI1 mRNA
expression (Fig. 3f). These results indicated that ATF4
promoted DNMI1 mRNA expression. Subsequently, we
wondered whether DNM1I expression was regulated at
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the transcription level. We transfected HEK 293T cells
with an ATF4 expression plasmid and observed increased
DNM1 promoter activity in a dual-luciferase reporter
assay (Fig. 3g), suggesting a higher transcriptional level of
DNM1 induced by ATF4. We predicted two ATF4 bind-
ing motifs in the DNMI promoter and constructed a
DNM1 promoter sequence plasmid (Fig. 3h). ChIP-PCR
confirmed the binding affinity of ATF4 with the DNM1I
promoter (Fig. 3h). Moreover, DNM1 protein expression
showed changes consistent with ATF4 overexpression
and silencing (Fig. 3i). These results indicated that DNM1
is a direct transcriptional target of ATF4.

To examined whether ATF4 down-regulates CD58
through DNM1, we used dynasore to inhibit the effect
of DNM1 [20, 21]. Protein expression levels of the
CD58 were found to be diminished in the context of
DNM1 overexpression, whereas treatment with dynas-
ore resulted in an upregulation of CD58 levels (Fig. 3j).
Meanwhile, CD58 protein expression levels were recov-
ered when DNM1 levels were reduced, even with ATF4
overexpression (Fig. 3k). These results highlight the role
of DNM1 in ATF4-mediated CD58 degradation.

Next, we confirmed the role of DNM1 in ATF4-medi-
ated CD8* T cells dysfunction. SNU-387 cells overex-
pressing ATF4 were treated with dynasore and then
co-cultured with CD8* T cells. The results indicated that
ATF4 overexpression led to the downregulation of GZMB
and IFNG mRNA expression in CD8" T cells; however,
this downregulation was reversed following 10uM dynas-
ore treatment (Fig. 31). Concurrently, the levels of GZMB
and IFNG secreted by CD8* T cells increased following
the administration of 10 pM dynasore (Fig. 3m). Flow
cytometry and crystal violet staining of live cells revealed
that treatment with dynasore restored the cytotoxic
effect of CD8" T lymphocytes against tumor cells, which
were protected by ATF4 overexpression (Supplementary
Fig. 3a—c). Immunofluorescence analysis demonstrated

(See figure on next page.)
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that despite overexpression of ATF4 in HCC cells, the
ratio of stably bound CD8" T cells to HCC cells signifi-
cantly increased following dynasore treatment (Fig. 3n),
suggesting that IS formation ability is improved. Simi-
larly, upon overexpressing ATF4 in HCC cells in com-
bination with DNM1 knocked down, we observed an
increase in CD58 expression levels within IS and a higher
proportion of IS formation, as compared to ATF4 over-
expression alone. This suggests that the regulatory effect
of ATF4 on CD58-based IS formation is mediated by
DNM1 (Supplementary Fig. 3d). Collectively, these data
indicated the regulatory role of DNMI in the ATF4-
mediated dysfunction of CD8* T cells.

ATF4 drives DNM1-dependent endocytosis (DDE)
to promote CD58 degradation
The expression levels of CD58 mRNA were not modu-
lated by DNM1 (Supplementary Fig. 4a). Considering
that DNM1 acts on membrane surface protein endocy-
tosis, we hypothesized that DNM1 promoted CD58 deg-
radation via DDE. As expected, immunofluorescence
revealed that early endosome antigen 1 (EEA1) and lys-
osomal-associated membrane protein 1 (LAMP1), which
were an early endosome marker and a late endosome/
lysosome marker seperately, were increased with DNM1
overexpression in MHCC-97H cell line (Fig. 4a—d). The
number of early endosome and late endosome/lyso-
some in ATF4 overexpressed HCC cells resembled that
under DNM1 overexpression condition (Fig. 4e—h). The
expression of CD58 also correspondingly decreased in
ATF4 and DNM1 overexpression cells (Fig. 4a—h). These
phenomena were also verified in the SNU-387 cell line
(Fig. 4i—p). Overall, these results suggest that the down-
regulation of CD58 protein levels is orchestrated by the
endocytosis pathway mediated by ATF4 and DNM1.

The transferrin receptor (TfR) is a marker of endosomal
recycling [8]. We used HCC cells expressing GFP-CD58

Fig. 3 ATF4-mediated degradation of CD58 via Dynamin1 (DNM1). a, b gRT-PCR for CD58 mRNA expression in MHCC-97H and SNU-387 after ATF4
overexpression or silence. (n=3/group). ¢ Combinatorial analysis of the genes up-regulated in control cells compared with silenced ATF4 and genes
down-regulate CD58 protein expression, uncovered 19 common genes including DNM1. d Correlation analysis between ATF4 and DNMT mRNA
expression in human HCC tissues using RNA-seq data from TCGA. e Correlation analysis between ATF4 and DNM1 mRNA expression in human

HCC tissues by gRT-PCR. (n=79). f gRT-PCR for DNMT mRNA expression in MHCC-97H and SNU-387 after ATF4 overexpression or silence. (n=3/
group). g Relative luciferase activity of DNM1 promoter plasmid in HEK 293T cells overexpressing ATF4. (n=3/group). h Sequence for ATF4-binding
sites in the promoter of DNM1. ChiP for DNA fragment containing the ATF4 binding motif in the DNM1 promoter. P1 and P2 are two binding

motifs. (n=3/group). i Western blot for DNM1 and ATF4 expression in MHCC-97H and SNU-387 after ATF4 overexpression or silence. j Western

blot for DNM1 and CD58 expression in MHCC-97H and SNU-387 after DNM1 overexpression or treating with dynasore. k Western blot for CD58

and ATF4 expression in ATF4 overexpression SNU-387 along with dynasore treatment. | gRT-PCR for GAMB and IFNG mRNA expression in CD8* T

cells co-cultured with ATF4 overexpression SNU-387 along with 10 uM dynasore treatment. (n=3/group). m ELISA of IFNG and GZMB in CD8* T cells
cultured with overexpressing ATF4 SNU-387 cells following 10 pM dynasore treatment. (n=3/group). n The left, immunostaining for CD8 (green)
and DAPI (blue) in CD8" T cells co-cultured with SNU-387 cells after overexpressing ATF4 along with dynasore treatment. The right is quantification.
(n=5/group). Statistical analysis performed using two-tailed t-test (A, B, F, G, H, L-N) and one-way ANOVA (A, B, F). ns for P>0.05, *for P < 0.05, **for P
<0.01, ***for P < 0.001, ***for P < 0.0001
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and mCherry-TfR to verify whether CD58 is transported
and degraded through endosomes elicited by ATF4.
Using time-lapse imaging, we found that overexpressing
ATF4 led to an increase in the colocalization of CD58
with TfR in tumor cells, along with a decrease in mean
CD58 fluorescence levels (Supplementary Fig. 4b). This
phenomenon was also observed in DNM1 overexpressed
tumor cells (Supplementary Fig. 4c). Taken together,
these results indicate that CD58 is being targeted for deg-
radation via ATF4-drived DDE.

CD58 on tumor cells has been suggested to promote
their proliferation [22]. DNM1 inhibition is associated
with increased CD58 protein expression in tumor cells,
we further explored the potential of DNM1 inhibition to
augment tumor cell proliferation. The induction of CD58
upregulation through siRNA-mediated downregulation
of DNM1 exhibited statistically insignificant effect on the
cellular proliferation rate (Supplementary Fig. 4d), indi-
cating that DNM1-regulated CD58 expression is inad-
equate to promote cell proliferation. The AKT signaling
pathway is recognized as a pivotal mediator of CD58-
induced tumor cell proliferation [22]. We further investi-
gated whether the inhibition of DDE could modulate the
activation of this pathway. By overexpressing DNM1 in
HCC cells or treating them with dynasore, we observed
that the activation of AKT was suppressed upon inhibi-
tion of DNM1, and conversely, overexpression of DNM1
led to increased AKT activation (Supplementary Fig. 4e).
These findings suggest that the inhibition of DDE might
potentially impact the AKT pathway, thereby mitigating
the proliferative effects facilitated by CD58.

ATF4 interferes with the anti-tumor immunity of CD8* T
cellsin vivo

Endoplasmic reticulum (ER) stress agonists, including
tunicamycin (TM) and thapsigargin (TG) induced the
expression of ATF4 and downregulate CD58 in HCC
cells (Supplementary Fig. 5a). However, this effect was
abrogated upon ATF4 knockdown with siRNA, indi-
cating that the regulation of CD58 by these ER stress

(See figure on next page.)
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agonists is ATF4-dependent (Supplementary Fig. 5a).
Therefore, we employed TM and TG to mimic ATF4
overexpression in vivo. We established liver ortho-
topic xenograft mouse model by injecting Hepal-6 cells
under the liver capsule and treated the mice with TM
and TG (Fig. 5a). ATF4 upregulation post TM and TG
treatment was confirmed by qRT-PCR (Supplementary
Fig. 5b). Notably, these treatments resulted in a signifi-
cant increase in tumor volume (Fig. 5b, c). The expres-
sion levels of IFNG and GZMB in CD8" T cells were
inhibited, suggesting that ATF4 plays a pivotal role in
CD8* T cell immunity (Fig. 5d, e).

In order to further explore the specific effects of
tumor-associated ATF4 on CD8" T cells, we used ATF4
knockdown Hepal-6 cells to establish a liver ortho-
topic xenograft mouse model. The qRT-PCR analysis
and immunohistochemical staining of mouse tumor tis-
sues revealed that the ATF4 knockdown tumor model
was successfully constructed (Supplementary Fig. 5c,
d). Assessment of tumor volume revealed contract-
ible volume in the ATF4 knockdown tumors compared
to that in the control (Fig. 5f). CD48 is considered to
be a homologue of human CD58 in murine since its
high similarities in distribution and structure [23, 24].
We examined the expression of CD48 in tumor tis-
sues and found that in vivo, the knockdown of ATF4
in tumor tissues also leads to an increase in CD48 lev-
els (Fig. 5g). Flow cytometry analysis of the tumor tis-
sues revealed an increase in IFNG" CD8" T cells and
GZMB* CD8* T cells, indicating that ATF4 deficiency
in HCC cells is beneficial to CD8" T cell immunity
(Fig. 5h, Supplementary Fig. 5¢). Immunohistochemical
analysis of the tumor tissues revealed comparable find-
ings in terms of GZMB levels, further corroborating
the observed trends (Supplementary Fig. 5f). Further-
more, the expression of DNM1 was reduced in tissues
from the ATF4 knockdown model (Fig. 5g, Supplemen-
tary Fig. 5f). Collectively, the in vivo data supported
the notion that ATF4 regulates DNM1 expression
and renders CD8* T cells dysfunctional in the tumor

Fig. 4 ATF4 drives DNM1-dependent endocytosis (DDE) to promote CD58 degradation. a CD58 expression (red) and LAMP1 organelles (green)
in MHCC-97H overexpressing DNM1. Scale bar, 10 um. b Number of LAMP1* organelles in each cell. (n=3/group). ¢ CD58 expression (red)

and EEA1 organelles (green) in MHCC-97H overexpressing DNM1. Scale bar, 10 um. d Number of EEA1* organelles in each cell. (n=3/group). e
CD58 expression (red) and LAMP1 organelles (green) in MHCC-97H overexpressing ATF4. Scale bar, 10 um. f Number of LAMP1* organelles in each
cell. (n=3/group). g CD58 expression (red) and EEAT organelles (green) in MHCC-97H overexpressing ATF4. Scale bar, 10 um. h Number of EEA1*
organelles in each cell. (n=3/group). i CD58 expression (red) and LAMP1 organelles (green) in SNU-387 overexpressing DNM1. Scale bar, 10 um. j
Number of LAMP1* organelles in each cell. (n=3/group). k CD58 expression (red) and EEA1 organelles (green) in SNU-387 overexpressing DNMT1.
Scale bar, 10 um. I Number of EEA1* organelles in each cell. (n=3/group). m CD58 expression (red) and LAMP1 organelles (green) in SNU-387
overexpressing ATF4. Scale bar, 10 um. n Number of LAMP17* organelles in each cell. (n=3/group). o0 CD58 expression (red) and EEA1 organelles
(green) in SNU-387 overexpressing ATF4. Scale bar, 10 um. p Number of EEAT* organelles in each cell. (n=3/group). Statistical analysis performed
using two-tailed t-test. ns for P>0.05, *for P<0.05, **for P<0.01, **for P<0.001, ****for P<0.0001
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microenvironment. These findings suggest that tumor-
specific ATF4 restrains CD8* T cells function.

ATF4 inhibition and prochlorperazine (PCZ) improve
anti-PD1 therapeutic efficacy

Considering that ATF4 downregulates CD58 expres-
sion and hampers CD8" T cell anti-tumor immunity, we
hypothesized that ATF4 knockdown will favor anti-PD1
therapy. Notably, anti-PD1 treatment further reduced
the tumor volume when ATF4 was knocked down
(Fig. 6a), suggesting that eliminating the influence of
ATF4 has the potential to enhance the effectiveness of
immunotherapy. Given that ATF4 influences CD8* T
cell function through DNM1 without promoting tumor
proliferation, we postulated that the utilization of PCZ,
a FDA approved DDE inhibitor, could potentially restore
CD58 expression, thereby enhancing the therapeutic effi-
cacy of immunotherapy. Therefore, we generated a liver
orthotopic xenograft mouse model and subjected it to
PCZ and anti-PD1 treatment (Fig. 6b—d). PCZ and anti-
PD1 treatment significantly reduced the tumor burden,
and dual drug treatment reduced the tumor volume more
effectively. The expression of CD48 also increased with
the treatment of PCZ (Fig. 6e). PCZ and anti-PD1 treat-
ment also resulted in an increased number of CD8*T
cells and GZMB expression in the CD8" T cells, verified
using flow cytometry and IHC (Fig. 6f—i). These data sup-
port the notion that PCZ enhances CD8" T cell immune
surveillance and anti-PD1 therapeutic effect.

Opposing roles of ATF4 and CD58 expression in tumor
immunity and the efficacy of immunotherapy

in pan-cancer

Previous studies have also elucidated that the protein
expression levels of ATF4 are elevated in HCC tumor
cells, however the expression of CD58 remains unclear.
Proteomic data reveals that CD58 expression of tumor
cells isolated from human HCC tissues is reduced com-
pared to that in liver cells of paracancerous tissues (Sup-
plementary Fig. 6a). Additionally, CD58 expression in
HCC cell lines was reduced compared to that in the nor-
mal liver cell line (Supplementary Fig. 6b). This finding

(See figure on next page.)
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suggests that CD58 is abnormally regulated and tends to
be downregulated.

We next examined the association between CD58 and
ATF4 expression with CD8* T cells in HCC. Our find-
ings revealed a significant positive correlation between
CD58 expression with the infiltration level of effector
cells (EC), cytotoxic lymphocytes and T cells, however
ATF4 showed a negative correlation (Supplementary
Fig. 6¢c). We then extended our analysis of the relation-
ship between ATF4 and CD58 with CD8* T cells across
various cancer types, revealing that the expression of
CD58 is positively correlated with the infiltration levels
of cytotoxic CD8* T cells, whereas ATF4 is negatively
correlated with the infiltration levels of cytotoxic CD8* T
cells (Fig. 7a). These results suggest that ATF4 and CD58
have distinct effects on CD8" T cells function.

We further investigated the relationship between CD58
expression and the CD8% T cell-based immunotherapy
response rate. We extracted CD58 expression data from
bulk RNA-seq data derived from tissues of HCC patients
who underwent immunotherapy, and subsequently
compared the expression levels between the responsive
group and the nonresponsive group. We found CD58
expression was significantly upregulated in the immu-
notherapy response group compared to the nonresponse
group (Fig. 7b). There was no significant difference in the
expression of ATF4 between the responsive and nonre-
sponsive groups (Fig. 7b). However, we assessed the rela-
tionship between ATF4 and the prognosis of patients
treated with immunotherapy. The results revealed that
the higher the expression of ATF4, the worse the prog-
nosis for the patients (Fig. 7c). These findings suggest that
the impacts of CD58 and ATF4 on the efficacy of immu-
notherapy are antagonistic.

Discussion

In this study, we identified ATF4 as a tumor cell-intrin-
sic CD8" T cell immunosuppressive molecule prohibit-
ing stable IS formation by expediting DDE to drive the
degradation of CD58. ATF4 deficiency or DDE blockade
promotes the stable formation of IS to strengthen CD8*
T cell cytotoxicity, improving anti-PD1 immunotherapy

Fig. 5 ATF4 interferes with the anti-tumor immunity of CD8* T cells in vivo. a Schematic procedure of the TM and TG treatment. b Liver images
(scale bar, 1T cm) of the tumors treated with TM. Quantification is shown on the right. (n=4/group). ¢ Liver images (scale bar, 1 cm) of the tumors
treated with TG. Quantification is shown on the right. (n=6/group). d GZMB* CD8* T cells, IFNG* CD8" T cells in tumors following TM treatment.
(n=4/group). @ GZMB* CD8" T cells, IFNG" CD8" T cells in tumors following TG treatment. (n=6/group). f Liver images (scale bar, 1 cm), and liver
sections (scale bar, 200 um) of the ATF4-stable knockdown Hepa 1-6 cells constructed HCC mouse model. Quantification for tumor size at the right.
(n=6/group). g Western blot for DNM1, CD48 and ATF4 expression in ATF4-stable knockdown Hepa 1-6 cells constructed HCC tumor tissues. h
GZMB* CD8" T cells, IFNG™ CD8" T cells in ATF4-stable knockdown tumors were measured by flow cytometry. Quantification for flow cytometry.
(n=5/group). Statistical analysis performed using two-tailed t-test (B-E) and one-way ANOVA (F and H). ns for P> 0.05, *for P<0.05, **for P<0.01,

***for P<0.001, ****for P<0.0001
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Fig. 6 ATF4 inhibition and prochlorperazine (PCZ) improve anti-PD1 therapeutic efficacy. a Liver images of the ATF4-stable knockdown HCC mouse
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volume size d (n=5/group). e Western blot for CD48 expression in the tumors treated with PCZ. f GZMB* CD8* T cells in tumors following PCZ

or anti-PD1 therapy were measured by flow cytometry. Quantification for flow cytometry in below. (n=5/group). g CD8* T cells in tumors

following PCZ or anti-PD1 therapy were measured by flow cytometry. h Quantification for flow cytometry. (n=5/group). i IHC of GZMB in tumors
following PCZ or anti-PD1 therapy. Quantification is shown on the right. (n=5/group). Statistical analysis performed using two-tailed t-test. ns

for P>0.05, *for P<0.05, **for P<0.01, ***for P<0.001, ****for P < 0.0001

efficiency and tumor control. This reveals the mechanism
underlying the dysfunction of CD8" T cells by ATF4 and
offers a novel therapeutic insight into HCC treatment.
The formation of IS is one of the determining fac-
tors for CD8" T cells to successfully eliminate target
cells [25, 26]. CD8* T cells mainly deliver cytotoxic
substances to target cells through IS to ensure the kill-
ing function of CD8* T cells [27]. However, tumor cells
induce defective IS formation through diverse mecha-
nisms, such as MHC-I absence and adhesion molecule

deficiency, unscrupulously inducing immune escape [28,
29]. MHC-I absence receives more attention in these
years, while recent research has demonstrated that the
absence of MHC-I does not abrogate the cytotoxic activ-
ity of CD8* T cells [30]. By contrast, adhesion molecules
block indiscriminately reduced CD8* T cells cytotoxicity,
highlighting that adhesion molecules deficiency should
not be belittled [30]. Our research reveals that tumor
cell adhesion molecule CD58 downregulation hinders
IS formation, obtaining a better understanding of the
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for P>0.05, *for P < 0.05, **for P < 0.01, ***for P < 0.001, ****for P < 0.0001

mechanism of IS-related immune escape. This, in turn,
could contribute to improving the performance of cancer
immunotherapy.

For the first time, we proposed that tumor cell-intrinsic
CD58 deficiency induces immune evasion in HCC. Pre-
vious studies have demonstrated that CD58 is lacking
in a variety of tumor, but when it is expressed on large
B cell lymphoma and melanoma, accelerates T cell cyto-
toxicity, which is predictive of immunotherapy treat-
ment response [8, 11, 31]. Therefore, restoring CD58
expression in tumors might provide a path for directly
improving clinical outcomes for tumor treatment and
effective drug targeting this mechanism is worth further

investigation. Meanwhile, it is worth noting that recent
studies have shown that CD58 promotes HCC progres-
sion and metastasis through the activation of the AKT/
GSK-3-B-catenin pathway [22, 32]. This suggests that
strategies aimed at restoring CD58 expression must con-
sider both immunomodulation and tumor-promotion
roles. Here, we verified that tumor cell-intrinsic CD58 is
transferred to lysosomes for degradation via DDE, block-
ing DDE effectively increase tumor cell-intrinsic CD58
expression. We next explored whether the alterations
in CD58 induced by DNM1 affect tumor cell prolifera-
tion, and found that DNM1 exerts no influence on cell
proliferation. This might be related to that DNM1 lacks



Zeng et al. Journal of Translational Medicine (2025) 23:225

the ability to upregulate CD58 mRNA levels, thereby
failing to exert a substantial effect on cellular prolifera-
tion independently. It is also plausible that the inhibition
of DDE has triggered additional compensatory mecha-
nisms or feedback loops within the cell that obscure the
proliferative effects of CD58 upregulation. For instance,
following DDE blocking, the levels of AKT phosphoryla-
tion induced by CD58 were diminished. Previous studies
have also suggested that inhibiting DNM1 downregulates
AKT phosphorylation level in fibroblast cells and neu-
rons [33], 34. In our study, we have confirmed the influ-
ence of DNM1 on AKT phosphorylation levels within
HCC cells using western blot, suggesting that DNM1
might diminish the proliferative effects of CD58 by inhib-
iting the AKT pathway. However, the pivotal role of the
AKT pathway in this context requires further experimen-
tal validation. Overall, blocking DDE balances the dual
roles of CD58 in promoting antitumor immunity and
tumor proliferation. On one hand, it improves the cyto-
toxicity of CD8" T cells, and on the other hand, it is not
sufficient to induce tumor growth, proposing a prospec-
tive approach for CD58 management in HCC.

Endocytosis is divided into DDE and Dynamin-inde-
pendent endocytosis [35]. Dynamin is involved in the
internalization of membrane molecules and regulation of
tumor cell metastatic potential, which is frequently dys-
regulated in tumor [36]. We have a deeper understanding
in its action mechanism, but its acceleration mechanism
in tumor is still unclear. Unraveling this acceleration
mechanism will aid us in effectively controlling it and
impeding tumor progression. Our study proposed that
endoplasmic reticulum stress related ATF4 accelerates
DDE in HCC, improving the novel interpretation for
DDE regulation mechanism.

ATF4 is a master transcriptional regulator of the inte-
grated stress response, especially endoplasmic reticulum
stress, which is accessary to the survival and malignancy
of tumor cell though multiple mechanisms [37, 38].
Recent studies support an indirect influence of ATF4 on
cell viability through modulation of the balance between
anabolic and catabolic processes [39, 40]. ATF4 also
balances autophagy and protein synthesis to maintain
viability though activating a set of targets involved in
autophagy and targets that upregulate protein synthe-
sis [41]. Moreover, our previous studies have demon-
strated that tumor cells experiencing ERS secrete copious
amounts of small extracellular vesicles to promote tumor
metastasis. However, the precise mechanisms for tumor
cell-intrinsic ATF4 modulating anti-tumor immunity is
inadequate. In this study, we illustrated that ATF4 pro-
motes DDE to degrade CD58, ultimately hindering CD8"
T cell killing function, which explores the role of ATF4 in
anti-tumor immunity.
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The absence of CD58 stabilizes the CMTM6-PD-L1
interaction, leading to elevated PD-L1 levels and reduced
lysosomal degradation of PD-L1 [8]. This implies that
CD58 can both activate antitumor immunity and down-
regulate PD-L1 to suppress T cell exhaustion. ATF4 is a
transcription factor that regulates the expression of mul-
tiple genes; however, no studies have definitively shown
that it leads to the upregulation of PD-L1 levels. Previ-
ous studies suggest that elevated endoplasmic reticu-
lum stress levels in tumor tissues are associated with
increased levels of PD-L1 [42]. In addition, GRp78, which
is upregulated by ATF4, interacts with PD-L1 in the
endoplasmic reticulum, enhancing PD-L1 levels by mod-
ulating its stability [43, 44]. This suggests that ATF4 may
also have a dual role, downregulating CD58 expression
while upregulating PD-L1 expression, thereby further
impairing antitumor immunity.

Several studies have suggested that ATF4 may serve as
a therapeutic target for tumors, indeed there are strong
indications that specific enzymes modulate ATF4 activ-
ity in a target-specific manner [45, 46]. However, their
importance in balancing the bipolar functions of ATF4
is currently difficult to assess, thus limiting its utiliza-
tion. ATF4 also plays an active role in some human physi-
ological processes, such as regulating the development of
functional hematopoietic stem cells and bone formation
during embryonic development [47, 48]. ATF4 also sup-
presses NASH-related hepatocarcinogenesis by inducing
SLC7A11 to block stress-related ferroptosis [49]. These
suggest that the consequence of direct regulation on
ATF4 is complicated, the study of peccant downstream
pathway associated with ATF4 may represent a promis-
ing avenue of research. In our study, we use PCZ, a FDA-
approved drug, accurately restrains DDE to recover ATF4
adverse outcome, improving CD8* T cell based immunity
and anti-PD1 therapeutic effect [50]. Beyond psychiatric
use, PCZ may act as potential anticancer agents, target-
ing processes involved in tumor growth and metastasis
[51]. Our study explores its role in anti-tumor immunity,
making it a potential next-generation adjuvant immuno-
therapy. However, its application in tumor therapy still
needs to be validated in further clinical trials.

Overall, our preliminary results reveal that tumor cell-
expressed ATF4 mediated signaling inhibits CD8" T
cell-mediated cytotoxicity, implying novel approaches to
improve the therapeutic effect.

Materials and methods

Human HCC tissues

All HCC patient tissues were collected under the guid-
ance of the Declaration of Helsinki and approved by
the Institutional Review Board of Nanfang Hospital,
Southern Medical University of Guangdong, China
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(NFEC-201208-K3). Informed consent was available to
all patients. The HCC tissues of a hundred and twenty
patients after hepatectomies were obtained, of which
forty-one tissues were subjected to polyformaldehyde
fixation and paraffin embedding. Eight patients of these
subsequently underwent immunotherapy. The character-
istics of the HCC patients involved in the study, including
the number and gender, have been added to Table S1.

Immunohistochemistry (IHC)

Paraformaldehyde fixed and paraffin embedded HCC
tissues sectioned into slides. The freshly paraffin slides
were deparaffinized with two sets of xylenes and rehy-
drated in a graded series of ethanol (100%, 95%, 90%,
85%, 75%). Water was used to wash all residues from pre-
vious washes. For IHC, antigen retrieval was performed
using EDTA or citrate buffer as primary antibody speci-
fication recommendation. And blocking tissues using 5%
BSA (bovine serum albumin, A8020, Solarbio, China) in
PBS solution (C10010500BT, Gibco) for 30 min, and then
incubating corresponding primary antibodies. Using
GTVisionTMIIIDetection System/Mo&Rb (GK500710,
Gene Tech, China) achieving the secondary antibody
incubation and DAB development. The slides were coun-
terstained with hematoxylin and rinsed in deionized
water. The slides were dried in an oven (65 °C) and per-
manently mounted by neutral balsam (G8590-100, Solar-
bio). The images were captured using an Olympus BX-63
microscope.

Cell culture, transfection and stable cell line generation
SNU-387 (CL-0612, Procell, China) and Hepa 1-6 (CL-
0105, Procell) were purchased, other cell lines were
granted. MHCC-97H, Hepa 1-6, Luciferase transfected
Hepa 1-6 cells, HEK 293T cells and MIHA cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM,
11995500BT, Gibco, the United States) with 10% fetal
bovine serum (FBS) (FSP500, ExCell Bio, China), SNU-
387 was cultured in Roswell Park Memorial Institute
1640 Medium (RPMI 1640, C11875500BT, Gibco) con-
taining 10% FBS. All cell lines were cultured in incubator
with 5% carbon dioxide at 37 °C.

Plasmid and siRNA transfections were carried out
by using Lipofectamine 3000 Transfection Reagent
(L3000015 Invitrogen, the United States) according to the
manufacturer’s instructions. ATF4, DNM1, GFP-CD58
and mCherry-TfR plasmids were purchased from WZ
Biosciences Inc. All siRNA was purchased from HanYi
Biosciences Inc, siRNA sequences were listed at Table S3.

To establish ATF4-stable knockdown Hepa 1-6 cell
line, lentivirus with vector pHBLV-U6-MCS-CMV-
ZsGreen-PGK-PURO was purchased from Hanbio Bio-
technology, China, target gene shRNA sequences were
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listed at Table S3. To establish ATF4-overexpression
SNU-387 cell line, ATF4 overexpression lentivirus with
vector (number GV320) was purchased from Genechem
Co.,Ltd, Shanghai, China. Cells were infected with lenti-
viruses for 24 h with polybrene. Cells were selected with
puromycin (P8230, Solarbio) to improve the efficiency of
infection. The knockdown and overexpression efficiency
were assessed by western blot or quantitative real-time
PCR.

For dynasore treatment, dynasore powder was dis-
solved with dimethylsulfoxide (DMSO) (MP-196005, MP,
China) to a concentration of 15 nM, and was added to
culture medium to treat the HCC cells for 24 h. The con-
centration of dynasore used in each experiment is indi-
cated in the respective figures.

Immunofluorescence (IF)

2x10* SNU-387 or 5x10* MHCC-97H were seeded in
round coverslip and treated normally according to the
experiment arrangement. After being washed with PBS,
these round coverslips were fixed with 4% paraform-
aldehyde for 15 min and washed with ice-cold PBS for
three times. For IF, tissue was blocked using 5% BSA in
PBS for 1 h, and then corresponding primary antibod-
ies were used at 4 °C overnight (Table S2). Secondary
antibodies (Cat#BS1095 and Cat#BS11502, Bioworld,
China; RGAR002, RGAMO02, proteintech, China) were
diluted at 1:300 and incubated at room temperature for
1 h. DAPI (Cat#ab104139, abcam, the United States) was
used for nuclei staining. The images were captured using
BX-63 microscope (Olympus), inverted microscopes
(Nikon) or a confocal microscope (LSM 980, ZEISS). The
mean fluorescence intensity of CD58 was measured using
Image] software.

CD8+T cells isolation and stimulation

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from peripheral blood samples from healthy donors
via Lymphoprep (07851, STEMCELL Technologies, Can-
ada). CD8* T cells were purified from PBMCs by positive
selection using the EasySep = Human CD8 Positive Selec-
tion Kit II (17,853, STEMCELL Technologies) according
to manufacturer’s instructions. CD8" T cells (3—10x 10°/
mL) were stimulated for 48 h in RPMI-1640 supple-
mented with 10% FBS (FSP500, ExCell Bio), 20 ng/mL
recombinant human IL-2 (200-02-10, PEPROTECH, the
United States) and ImmunoCult”™ Human CD3/CD28 T
Cell Activator (10,971, STEMCELL Technologies).

Live-cell imaging

To observe interactions between CD8" T cells and
tumor cells, 5x10* tumor cells were first plated
on culture plates in DMEM (11995500BT, Gibco)
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supplemented with 10% FBS (FSP500, ExCell Bio) and
incubated for 12h at 37 °C in incubator with 5% CO,.
48 h after siRNA transfection of tumor cells, 1x10°
CDS8" T cells were added to the culture plate, and time-
lapse imaging was initiated 15 min later to allow CD8*
T cells to sediment and initiate interactions with the
tumor cells. The formation time of IS was calculated
from the beginning of the approach between CD8" T
cells and the tumor cells to the end of the connection
formation between CD8* T cells and the tumor cells.
Percent of IS formation was obtained by calculating
the ratio of the number of CD8" T cells formed by IS
to the total number of CD8" T cells in this microscope
field. Each cell was recorded for 15-20 min, and a total
of five microscopic fields were analyzed. The Olympus
IX73 fluorescence microscope with a 40X objective lens
was used for imaging experiments.

To visualize the degradation process of CD58, 5X 10*
tumor cells were seeded in culture plates with DMEM
(11995500BT, Gibco) supplemented with 10% FBS
(FSP500, ExCell Bio) and incubated for 12 h at 37 °C
in an incubator with 5% CO,. 24 h post-transfection
with GFP-CD58 and mCherry-TfR plasmids, time-
lapse imaging was conducted using an inverted micro-
scope. A total of two fields of view were captured under
a 400X magnification, with each field being photo-
graphed for 15 min at an interval of 3 s per frame.

CD8™* T cells adhesion experiment

5% 10* MHCC-97H were plated on coverslips and
siRNA transfections was performed, ATF4- overexpres-
sion SNU-387 were also plated on coverslips, and were
cultured in incubator for 48 h. Then 1x10° CD8" T
cells were added to the tumor cells culture plate for 2 h.
After the co-culture experiments, the supernatant was
removed, and 1mL PBS buffer (C10010500BT, Gibco)
was added. The samples were then placed on a shaker
and gently shaken for 5 min to remove non-adherent
CD8* T cells. Following this, the coverslips were col-
lected, and the cells on the coverslips were fixed with
4% paraformaldehyde. Subsequently, incubating with
anti-CD8a antibody, secondary antibodies (BS10950,
BS22050, Bioworld, China) were used in 1:300 dilution
at room temperature for 1 h. DAPI (ab104139, abcam,
the United States) was used for nuclei staining and
images were captured using a BX-63 microscope or a
confocal microscope (LSM 980, ZEISS). The frequency
of binding CD8* T cells was calculated by determin-
ing the number of CD8* T cells that remained attached
to tumor cells after the washing process and dividing
this by the total number of tumor cells, resulting in a
percentage.
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CD8* T cells co-culture system

1x10° tumor cells were first plated on culture plate
to complete the siRNA transfection and replaced with
fresh medium. Then 5x 10° CD8" T cells were plated
on chamber for indirect co-culture or CD8" T cells
were added to the tumor cells culture plate for direct
co-culture for 24 h.

In vitro T cell cytotoxicity assay

1% 10° tumor cell lines MHCC-97H and SNU-387 were
co-cultured with CD8" T cell in a ratio of 1:5 and 1:3
for 24 h.

Apoptosis analysis by flow cytometry

Annexin V-FITC/PI apoptosis detection kit (ES-AP001,
Keygen, China) and Annexin V-APC/PI apoptosis
detection kit (KGA1030, Keygen) were used in this
part. MHCC-97H and SNU-387 were collected and
resuspended in binding buffer. Then cells were stained
with FITC or APC-conjugated Annexin V and PI as per
the manufacturer’s instructions. Flow cytometry (BD
LSRFortessa, the United States) of samples was per-
formed within 15 min.

Living cells crystal violet staining

Removed the medium and washed with PBS solution
(C10010500BT, Gibco) to remove dead cells. The lived
cells were then stained with 1Xcrystal violet (G1063,
Solarbio) for 30 min at room temperature, washed with
water to remove excess dye, dried and photographed
with Olympus IX-73 microscope.

Cell counting kit-8 (CCK-8)

The cells were seeded into 96-well plates at a density of
2000 cells/well in 100 pul medium and grown at 37 °C. At
the end of each experiment, 10 uL. CCK-8 kit (FD3788,
Fdbio science) was added into each well and the cells
were further cultured for 2 h at 37 °C and then the opti-
cal density value (OD450) was measured by using bio-
teck Gen5.

Western blot analysis

Total cell lines and tissue protein was extracted using
RIPA buffer (FD009, Fdbio science, China) and com-
plete mini protease inhibitor cocktail tablets (Roche
Applied Science, Switzerland). Total protein was quan-
tified using BCA protein assay kit (FD2001, Fdbio sci-
ence). And then denatured by boiling at 100 °C in 5X
working loading sample buffer (1M Tris—HCl, 10% SDS,
Glycerol, 10% Bromophenol blue). Each sample (20 pg)
were separated by SDS-PAGE followed by immunob-
lotting with antibody (Table S2) overnight at 4 °C and
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followed by either an anti-rabbit or an anti-mouse sec-
ondary antibody conjugated to horseradish peroxidase
(HRP) (FDR007 and FDMO007, Fdbio science) at room
temperature for 1h. Immunoblots were developed with
FDbio-Dura ECL (FD8020, Fdbio science) and were
visualized via gelview 6000 pro or film-based detection.

Enzyme linked immunosorbent assay

Human IFNG ELISA kit (JM-03188H2, Jingmei bio-
technology, China) and Human GZMB ELISA kit (JM-
03589H2, Jingmei biotechnology) were used. IFNG and
GZMB secreted by CD8" T cells in co-culture superna-
tants were measured by ELISA following the manufac-
turer’s instructions.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the Trizol Reagent
(AG21102, Accurate Biology, China). To extract HCC
tissues total RNA, 100 mg of tissue was weighed and
finely minced, then 1 mL of Trizol reagent (AG21102,
Accurate Biology) was added. The mixture was grounded
using a Tissue Homogenizer (LUKYM24, Lu Ka, China),
followed by centrifugation at 1500 rpm for 15 min. The
supernatant was carefully collected. For cell sample, cells
were collected and washed twice with PBS. Each 1x10°
cells were treated with 1 mL Trizol reagent (AG21102,
Accurate Biology). Then 0.2 mL of chloroform (C2432,
Sigma-Aldrich, USA) was added to supernatant, and
the mixture was vigorously shaken for 15 s. After 3 min
incubation, the samples were centrifuged at 12,000 g for
15 min at 4 °C. The aqueous phase was carefully trans-
ferred to a new tube, and was precipitated by adding 0.5
mL of isopropanol. After 10 min incubation, the samples
were centrifuged at 12,000 g for 10 min at 4 °C. The RNA
pellet was washed with 75% ethanol (E809056, Macklin,
USA), centrifuged again, and air-dried for 5-10 min. The
RNA pellet was then dissolved in RNase-free water for
further analysis. RNA samples went through qRT-PCR
using Evo M-MLV RT kit (AG11711, Accurate Biology).
c¢DNA samples for quantitative Real-Time PCR were pre-
pared using a mix of SYBR Green Pro Taq HS qPCR kit
(AG11701, Accurate Biology) and the primers listed in
Table S3.

Dual-luciferase report assay

1x10° HEK 293T cells were seeded into 24-well plates.
12 h later, ATF4 plasmid and DNM1 promoter plasmid
with vector MCS-firefly Luciferase-PloyA-Tk-Renilla_
Luciferase-PolyA were transfected together into cells
and medium was changed after 6 h. After 24 h, cells were
washed with PBS solution (C10010500BT, Gibco) twice,
and Firefly luminescence and Renilla luminescence were
measured using the Dual-Luciferase reporter Assay Kit
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(E1910, Promeg, the United States) and a biolumines-
cence plate reader (bioteck Gen5).

Chromatin immunoprecipitation (ChIP)

ATF4-binding sites in the promoter of DNMI1 were
scanned using the JASPAR (http://jaspar.cgb.ki.se) and
hTFtarget  (http://bioinfo.life.hust.edu.cn/hTFtarget#!/
prediction) database. CHIP Kit (AxI-ChIP001, Cell Sign-
aling Technology, the United States) rounded out the
experience. ATF4 antibody was listed in Table S2 and
binding site primer sequence listed in Table S3.

In vivo experiment

4-5week-old female C57BL/6] mice were used in this
study for orthotopic transplantation tumor models estab-
lishment. The mice were obtained from SPF (Beijing)
biotechnology co., LTD, and raised in specific pathogen
free environment. Hepa 1-6 cells (1x10° cells in 30 puL
PBS) were implanted into liver. For anti-PD1 treatment,
mice were injected with anti-mouse PD-1 InVivoMab
(BE0146, BioXcell, the United States) or InVivoPure pH
7.0 dilution buffer (IP0070, BioXcell) intraperitoneally at
10 mg/kg about twice a week at 3 days after tumor model
establishment. 1 mg/kg PCZ (A8508, APExBIO, the
United States) was intraperitoneally injected once every
2 days after tumor model establishment. For ATF4 acti-
vation, 0.5 mg/kg tunicamycin (T8480, Solarbio) or 0.5
mg/kg thapsigargin (TG) (HY-13433, MCE, the United
States) were intraperitoneally injected every 3 days
after tumor model establishment. Mice were sacrificed
at 13 days after tumor cells implantation. Tumor vol-
ume =0.5 x length x wide?. For Hepa 1-6-luc cells con-
structed models, d-Luciferin (ST196, Beyotime, China)
was intraperitoneally injected (15 mg/mL, 200 pL), and
the bioluminescence from the tumor was monitored
with spectral instrument imaging system (Optics Valley
Tucson, Arizona, USA) at day 10 after implantation. The
livers were then dissected for further imaging and histo-
logical examination.

Flow cytometry

Tumor tissues were washed with cold PBS and cut into
small pieces, which were then subjected to enzymatic
digestion with Dnase I (1121MGO010, BioFroxx, Ger-
many) and collagenase IV (2091MG100, BioFroxx) in
RPMI 1640 Medium for 20 min at 37 °C. The tissues were
subsequently subjected to gentle mechanical dissocia-
tion, and the resulting suspension was filtered through a
70 um cell strainer (BS-70-CS, Biosharp, China) to obtain
single-cell suspension. Red blood cell lysis buffer (R1010,
Solarbio) was used to remove erythrocytes in single-cell
suspension. Then the cells were counted and resuspended
to a concentration of 5x10° cells per 100 pL in PBS
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buffer for staining. For intracellular cell staining, the cells
were permeable using the cytokine staining buffer kit
(554,714, BD Biosciences, the United States) as directed
by the manufacturer. Cells were incubated with antibody
for 20 min at 4 °C protected from light (Table S2). After
incubation accomplishment, the cells were washed with
the PBS buffer twice, then suspended in 4% polyformal-
dehyde. Data analysis and compensation were performed
on BD LSRFortessa X and FlowJo software.

Data analysis

Correlation analysis of ATF4 and DNM1

The correlation analysis of ATF4 and DNM1 expression
levels in HCC tissues was completed using GEPIA2 [52].

Correlation analysis of immune cell infiltration

TCGA TARGET GTEx data set were downloaded from
UCSC (https://xenabrowser.net/), we selected the expres-
sion data of CD58 and ATF4. And we further conducted
alog2 (x*0.001) transformation on each expression value.
Additionally, we extracted the gene expression profiles
of LIHC, mapped them onto GeneSymbol, and then
evaluated the effector cells (EC) infiltration scores for
LIHC patient using the “deconvo_ips” method from the
R package IOBR (version 0.99.9; https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC8283787/) [53]. The T «cell
and cytotoxic_lymphocytes infiltration scores for LIHC
patient were evaluated using the “deconvo_mcpcounter”
method. T_cells_CD8 infiltration scores for LIHC patient
were evaluated using the “deconvo_CIBERSOR” method.

Differential gene expression

GSE181771 data set was downloaded from Gene Expres-
sion Omnibus data base (GEO data base) (https://www.
ncbinlm.nih.gov/geo/query/acc.cgi). We used the R
package limma (version 3.40.6) to obtain DGEs which
were with P-values smaller than 0.05 and minimum log2-
fold changes of 2.

GSE225235 data set was download from GEO data
base. We used the R package t.est function to obtain
DGEs which were with P-values smaller than 0.001 and
maximum log2-fold changes of —0.5.

Proteomic analysis
CD58 protein expression in tumor and liver cells was
obtained from HCC patient cohort [54].

The proteomics data from HeLa cells treated with
doxycycline, actinonin, ionophore carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone, and Mito-
BloCK-6 was downloaded from published paper
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC54
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96626/) [55]. The levels of protein expression for CD58,
ICAM1, and HLA-A were extracted from the protein
expression data matrix for visualization.

Immunotherapy treatment response

The expression data of CD58 and ATF4 mRNA expres-
sion level in HRA007446 were extracted to compare the
difference in expression levels between the immuno-
therapy response group and the nonresponse group in
HCC patients.

Statistical analysis

Two-tailed Student ¢ test were performed for compari-
son between groups. Bar plots with error bars represent
means + standard derivations (SD). All analyses were
performed using Prism 8.0.
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