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Liver sinusoidal endothelial cells
regulate the balance between
hepatic immunosuppression
and immunosurveillance
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As a metabolic center, the liver prevents inappropriate immune responses to
abundant dietary antigens within the liver that could result in liver injury. This self-
preservation mechanism can however decrease the efficiency of
immunosurveillance of malignant cells by CD8 T cells. Hepatocellular
carcinoma (HCC) is initiated by chronic viral infections, chronic alcohol
consumption, and/or a fatty diet that leads to liver injury, fibrosis, and cirrhosis.
HCC patients have high levels of dysfunctional and exhausted T cells, however, it
is unclear which stage of HCC development contributes to T cell dysfunction.
Repair of liver injury is initiated by interactions between injured hepatocytes and
liver sinusoidal endothelial cells (LSEC), however, chronic injury can lead to
fibrosis. Here, using a diethylnitrosamine/carbon tetrachloride (DEN/CCl,)
mouse model of early HCC development, we demonstrate that chronic liver
injury and fibrosis are sufficient to induce a CD8 T cell exhaustion signature with a
corresponding increase in expression of immunosuppressive molecules on
LSEC. We show that LSEC alter T cell function at various stages of T cell
differentiation/activation. LSEC compete with dendritic cells presenting the
same antigen to naive CD8 T cells resulting in a unique T cell phenotype.
Furthermore, LSEC abrogate killing of target cells, in an antigen-dependent
manner, by previously activated effector CD8 T cells, and LSEC change the
effector cell cytokine profile. Moreover, LSEC induce functional T cell exhaustion
under low dose chronic stimulation conditions. Thus, LSEC critically regulate the
balance between preventing/limiting liver injury and permitting sufficient tumor
immunosurveillance with normal hepatic functions likely contributing to HCC
development under conditions of chronic liver insult.
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Introduction

Hepatic CD8 T cells isolated from patients with hepatocellular
carcinoma (HCC) often display an exhausted signature that
correlates with poor clinical outcomes. These exhausted hepatic
CD8 T cells express high levels of programmed cell death protein 1
(PD-1) and inhibitory molecules such as T cell immunoglobulin
and mucin-domain containing-3 (Tim3), T cell immunoglobulin
and ITIM domain (TIGIT), cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), and lymphocyte activation gene 3 (Lag3)
(1-4). Moreover, the exhaustion signature most often correlates
with decreased cytokine production and impaired cytolytic activity
(2, 5). While HCC is the terminal stage of liver disease, HCC arises
from multiple etiologies including hepatitis B/C, chronic alcohol
consumption, or a fatty diet, which can lead to steatosis, fibrosis and
cirrhosis (6, 7). However, it remains unclear when and how T cell
exhaustion occurs during the progressive stages of liver disease.
Here, we demonstrate that together liver injury and fibrosis are
sufficient to induce T cell exhaustion and that ex vivo LSEC can
induce both T cell dysfunction and T cell exhaustion. Together,
these data suggest that LSEC act as critical gatekeepers to modulate
T cell immunity in the liver microenvironment.

CD8 T cells activated by specific antigen presented by dendritic
cells (DC) within draining lymph nodes upregulate CD44, PD-1,
CD25, begin proliferating, and differentiate into cytotoxic effector
cells that leave the lymph node in search of infected or malignant
cells that present the cognate antigen. Upon finding target cells
presenting cognate antigen, effector CD8 T cells secrete cytokines
and/or kill the infected/malignant cell via a perforin-dependent
mechanism, thus eliminating the infection or cancer (8, 9).
However, viruses that induce chronic infections as well as many
malignant cells have adapted mechanisms to suppress CD8 T cell
effector functions to avoid elimination. These mechanisms include,
but are not limited to, increased inhibitory molecule expression by
the target cells, increased regulatory T cell (Treg) frequency,
secretion of inhibitory cytokines (interleukin-10, IL-10, and
transforming growth factor-f, TGFB), and induction of T cell
exhaustion by chronic stimulation with low dose antigen (4, 10-
13). Much investigative effort has focused on characterizing these T
cell inhibitory mechanisms for the purpose of developing

Abbreviations: CCly, carbon tetrachloride; CEA, carcinoembryonic antigen;
CEFSE, carboxyfluorescein succinimidyl ester; CTLA-4, cytotoxic T-lymphocyte-
associated protein 4; CTV, cell trace violet; DC, dendritic cell; DEN,
diethylnitrosamine; HCC, hepatocellular carcinoma; ICAM-1, intercellular
adhesion molecule-1; IFNY, interferon-y; IL-10, interleukin 10; IL-2, interleukin
2; IM, infiltrating macrophages; KC, Kupffer cells; Lag3, lymphocyte activation
gene 3; LCMV, lymphocytic choriomeningitis virus; LSEC, liver sinusoidal
endothelial cells; MHC I, major histocompatibility complex I; MHC II, major
histocompatibility complex II; N4, SINFEKL; NPC, nonparenchymal cells; OVA,
ovalbumin; PD-1, programmed cell death protein 1; PD-L1, programmed cell
death ligand 1; PDPN, podoplanin; TGF-p, transforming growth factor-f; TIGIT,
T cell immunoglobulin and ITIM domain; Tim3, T cell immunoglobulin and

mucin-domain containing-3; TNF, tumor necrosis factor; Treg, T regulatory cell.
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immunotherapies that restore function to these dysfunctional T
cells in order to eliminate malignant cells (8, 12, 14-17).

To be an effective metabolic center, the liver must also provide an
immunologically tolerant environment to prevent an immune response
to dietary antigens (18). The unique architecture of the liver, in
particular the liver sinusoids, provide abundant opportunity for CD8
T cells to interact with a variety of antigen-presenting hepatic cells
including hepatic stellate cells, Kupffer cells (KC), infiltrating
macrophages (IM), and liver sinusoidal endothelial cells (LSEC) (18).
The most abundant non-parenchymal cell (NPC) type, LSEC, line the
sinusoids through which blood, and importantly CD8 T cells, flows at a
low rate, providing ample opportunity for LSEC-T cell interactions
(19-22). LSEC rely on scavenger and mannose receptors to capture and
present circulating antigen at a 100-fold higher rate than DC in vivo
(20). Via a PD-L1-dependent mechanism, and in the absence of CD80/
86 costimulation, LSEC-mediated activation of CD8 T cells leads to T
cell proliferation but impaired CD8 T cell cytokine production and
killing, compared to CD8 T cells activated by DC (23, 24). Extremely
high concentrations of antigen can override LSEC-mediated inhibition
of CD8 T cell cytokine production, but not cytolytic activity unless
exogenous IL-2 is provided (25). Additionally, DC-mediated activation
of CD8 T cells is impaired by LSEC in an antigen-independent manner
by an unknown mechanism (26). Interestingly, the soluble colorectal
cancer antigen, carcinoembryonic antigen (CEA), injected into mice
was preferentially taken up and presented by LSEC but not by DG;
moreover, LSEC tolerized antigen-specific CD8 T cells to CEA which
failed to control tumor growth (27). Thus, LSEC are critical regulators
of T cell immunity within the liver.

Fibrosis occurs as a result of failure to repair liver injury, and is
associated with a majority of HCC cases, with 70-90% of tumors
developing in cirrhotic livers (6, 28, 29). While the early stages of
fibrosis are reversible, chronic liver injury due to hepatitis B/C
infections, chronic alcohol consumption, and/or a high fat diet can
result in advanced fibrosis and cirrhosis (6, 14, 22). Although fibrosis
induces capillarization of LSEC, which likely prevents interactions
between CD8 T cells and the infected/malignant hepatocytes (30), the
mechanisms that drive HCC progression from fibrosis development
are unclear (29). Various mouse models exist to promote HCC with
the intent to study different stages of HCC development and/or the
outcomes (14, 31-33). Carbon tetrachloride (CCly) is a widely used
inducer of reproducible and predictable fibrosis, but, alone, does not
induce HCC (14). Diethylnitrosamine (DEN) is a carcinogen that
induces sufficient DNA damage to drive HCC development.
However, DEN challenge alone can take nearly a year to lead to
HCC and importantly, does not induce liver fibrosis, and, therefore,
does not recapitulate human HCC development (14, 31, 34).
However, the combination of DEN with CCl, treatment (DEN/
CCl,; model) provides a reproducible model of HCC that evolves
from liver injury and fibrosis (32, 35-40), with fibrosis being the most
common factor among HCC developing from different etiologies (6,
28, 29). Moreover, this DEN/CCl, model uncouples the effects of
chronic infection, steatosis, and alcohol-induced damage from
fibrosis in order to allow a more clear characterization of how
fibrosis contributes to HCC development.

In this report, we show, using the DEN/CCl, model, that liver
injury and fibrosis coincides with the phenotypic exhaustion of CD8
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and CD4 T cells as well as a corresponding increase in expression of
immunosuppressive molecules by LSEC. Moreover, we demonstrate
that LSEC induce CD8 T cell dysfunction at varying stages of T cell
differentiation/activation. Our results show that LSEC impair DC-
mediated activation of CD8 T cells, abrogate the ability of
previously activated CD8 effector T cells to kill target cells, and
induce exhaustion of T cells. Thus, LSEC, the most abundant NPC
in the liver, play a key role in regulating T cell-mediated
immunosurveillance. Furthermore, the immunosuppressive
abilities of LSEC are enhanced by fibrosis and likely result in
increased T cell dysfunction and subsequent HCC development.

Materials and methods
Mice

C57BL/6] (stock no. 000664, The Jackson Laboratory) and OT-I
mice (stock n0.003831) were bred and housed at the University of
Colorado Anschutz Medical Campus vivarium (Aurora, CO). All
procedures with animals were approved by the University of
Colorado Institutional Animal Care and Use Committee.

DEN/CCl; model and
histopathological analysis

Male mice were used for this study because males (both human
and mouse) are more prone to HCC development than females (32,
35, 38, 39). At 14 days old, male C57BL/6] mice were injected IP
with 25mg/kg diethylnitrosamine (DEN, Sigma, 73861), a genotoxic
agent. At 8 weeks of age, mice received twice weekly i.p. injections of
0.25ul/g of carbon tetrachloride (CCly, Sigma, 270652) or the
vehicle (olive oil, Sigma, O1514) for 8 weeks. At ~16 weeks of
age, mice were anesthetized, blood was taken from the inferior vena
cava, and the livers were harvested and divided for analysis with the
right median lobe utilized for IHC and the majority of the
remainder of the liver used for immunophenotypic analysis by
flow cytometry. For histological analysis, formalin-fixed livers were
sectioned at 4 microns, embedded in paraffin and stained with
hematoxylin and eosin or with Picrosirius Red. Scoring of liver
pathology used procedures adapted for mice as previously described
(41, 42) similar to the validated human liver histological scoring
system established by Kleiner et al. (43) Briefly, hepatocyte death
(hepatocyte ballooning, acidophilic bodies, and necrotic cells), the
presence of various inflammatory cells and foci, reactive tissue
changes (e.g., ductal reaction, glycogenated nuclei, increased
numbers of mitotic figures), and the extent of steatosis were
determined and scored by a trained histopathologist that was
blinded to the treatments and grouping of the mice. Histologic
images were captured on an Olympus BX51 microscope equipped
with a DP73 digital camera (Olympus) using the Cell Sense
Application Program. All images were cropped and assembled
using Photoshop CS2 (Adobe Systems, Inc.; Mountain View, CA).
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To quantify the fibrillar collagen content, PicroSirius Red staining
was performed. Approximately five 40x polarized light images were
“tiled” across the stained tissue, then the images were imported into
SlideBook (Intelligent Imaging Innovations, Denver, Colorado),
and the positive pixels were quantified. Data is expressed as the
percentage of pixels that are positive. Sections were then assessed
for hyperplasia, adenocarcinoma and HCC lesions as previously
described (44, 45) and in close association with the scoring found on
the National Toxicology Program website.

Immunophenotypic analysis

The livers from mice treated with olive 0il/CCl, or DEN/CCl,
were digested as in Finlon et al. (46) Briefly, the livers were chopped
and digested in Click’s media (Sigma) with a final concentration of
0.25mg/ml DNAse and 625u/ml Collagenase IV for 30 min. The
digested liver was placed through a 100um strainer and rinsed with
liver isolation buffer (4.8% BSA and 2mM EDTA in HBSS) followed
by erythrocyte lysis. Nonparenchymal cells were then isolated with
a 20% Optiprep (Sigma) gradient, rinsed and flow cytometrically
analyzed. Cells were stained with anti-mouse antibodies (clones in
parentheses) from Biolegend, unless otherwise indicated, for CD45
(30-F11), CD3 (17A2), CD8 (53-6.7), CD4(GK1.5), FoxP3 (MF-14),
CD146 (ME-9F1), CD31 (390), PDPN (8.1.1), CD14 (Sal4-2), F4/
80 (BMS), CD11b (M1/70), PD-L1 (10E.9G2), ICAM-1 (R&D,
166623), H2-K® (AF6-88.5), I-A® (AF6-120.1), FasL (MFL3),
CD80 (16-10A1), CD44 (IM7), PD-1 (eBioscience, J43), TIGIT
(1G9), Tim3 (RMT3-23), CD25 (eBioscience, PC61.5). FoxP3 was
analyzed using the eBioscience FoxP3 staining set according to
manufacturer’s instructions.

In vitro activation of naive CD8 T cells

Naive C57BL/6] mice were anesthetized and livers were
perfused with PBS. The livers were digested and NPC were
isolated as described above. LSEC were isolated using Miltenyi
microbeads by CD45 negative selection (130-052-301) followed by
CD146 positive selection (130-092-007), with a purity of >95%.
LSEC were plated at 0.2 x 10 (6) cells per well on collagen-coated
plates in complete media (RPMI, 10% FBS, L-glutamine, penicillin-
streptomycin, non-essential amino acids, sodium pyruvate, and b-
mercaptoethanol) for 24 hr prior to the start of cocultures. For DC,
spleens of naive C57BL/6] mice were harvested, digested in Click’s
media with 0.25 pg/ml DNAse and 100u/ml Collagenase IV for
20 min, and placed through a 100um strainer followed by
erythrocyte lysis. DC were then isolated via CD1lc positive
selection (Miltenyi, 130-125-835). Naive OT-I T cells were
isolated from erythrocyte-lysed spleens via the CD8 T cell
isolation kit II (Miltenyi, 130-104-075) and stained with CellTrace
Violet (Invitrogen, C34557) for analysis of proliferation. For
cocultures, LSEC received fresh complete media, and then
200,000 splenic DC and 500,000 naive OT-I CD8 T cells were
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added with 2ug/ml SIINFEKL (N4), and the cells were cultured for
72 hr prior to harvest of cells for flow analysis and supernatants for
analysis of IL-2 (555148), IFNYy (551866), and TNF (558534) by BD
Biosciences ELISAs.

Effector CD8 T cell killing assay

OT-1 CD8 effector T cells were generated as previously
described (47). Briefly, OT-I CD8 T cells were stimulated in an
antigen-specific manner by treating erythrocyte-lysed splenocytes
with 2 ug/mL N4 peptide in complete media for 3 days. OT-ICD8 T
cells were then cultured in fresh media with IL-2 at 100 u/mL for an
additional 3 days. Peptide-activated CD8+ T cells were isolated via
Ficoll separation. For target cells, erythrocyte-lysed splenocytes
were labeled as either CFSE-hi or CFSE-lo. CFSE-hi cells were
pulsed with 2p1g/ml N4 peptide for 1 hr, washed and then combined
with unpulsed CFSE-lo cells. Prior to coculture set up, OT-I effector
cells were serially diluted and then combined with 2 x 10> N4- or
GP33-pulsed LSEC (isolated and cultured 24 hr earlier) for 30 min
at 37C. Then 4 x 10° CFSE-labeled targets were added, and the cells
were cultured for 6 hr prior to harvest of cells for flow cytometry
and the supernatants for IFNYy analysis as above. Killing of target
cells was assessed by gating on live, single, CFSE* cells and
calculating the ratio of CFSE™ (N4-pulsed targets) to CESE'
(unpulsed targets) cells.

In vitro model of chronic stimulation

The chronic stimulation assay was based on Wu et al. (48) LSEC,
splenic DC, and naive OT-I T cells were isolated as described above.
LSEC (isolated and plated 24 hr earlier) and freshly isolated DC were
separately treated with 200nM N4 for 30 minutes, and then washed
prior to the addition of 2 x 10> of naive OT-I CD8 T cells. On Day 2,
cells were replated at 2 x 10° per well with 10u/ml IL-2 and either 2nM
N4 (low dose chronic stimulation) or no peptide (acute stimulation).
On Days 6 and 8, cells were replated at 4 x 10° per well with IL-2 and
either N4 or no peptide as on Day 2. On Day 9, cells were either
harvested for phenotypic T cell exhaustion via flow cytometry assaying
CD44, PD-1, TIGIT, and Tim3 or restimulated for functional T cell
exhaustion analysis assayed by intracellular cytokine staining.
Restimulation of both chronically and acutely stimulated T cells
consisted of the addition of 800nM N4, 100u/ml IL-2, Golgistop, and
Golgiplug for 5 hr prior to harvest for intracellular cytokine staining
using eBiosciences Fixation and Permeabilization buffer set (88-8824-
00) and IL-2 (clone JES6-5H4), IENY (clone XMG1.2), and TNF (clone
MP6-XT22) from Biolegend.

Statistical analysis
Results are displayed as means = SEM. P value was considered

significant if P < 0.05. To determine significance, ratios and
percentages were transformed to log form prior to statistical
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analysis. Data that were normally distributed were analyzed with
a paired or unpaired t test, while a Welch’s correction was added to
data sets that displayed unequal variance. Data sets that were not
normally distributed were analyzed with the non-parametric Mann-
Whitney test. Paired t tests were used for most in vitro experiments,
while unpaired t tests were used for cellular analysis from mouse
harvests. The one-sample t test was used for in vitro experiments
with high technical variation that were normalized to a control cell
response between experimental replicates, with a theoretical value
of 1. Independent experiments were executed for each dataset as
indicated in the figure legends. The statistical analysis used for each
experiment is indicated in the figure legends. Analysis was
performed using GraphPad Prism version 9.0 and/or Excel.

Results

The DEN/CCl4; mouse model induces liver
injury, fibrosis, and early stages of
HCC development

HCC has been characterized to harbor exhausted T cells and an
increased frequency of Tregs (1-3, 6, 10-12), however, very little is
known about which stage of HCC development induces T cell
exhaustion and increases Treg frequency. We sought to interrogate
the early stages of HCC development, after liver injury and fibrosis
have been initiated and malignant cells are just starting to emerge by
histological analysis but are not yet macroscopically visible. Thus, we
utilized a low dose DEN/CCl, mouse model in C57BL/6] mice that
uncouples fibrosis from other T cell exhaustion inducing factors
including hepatitis B/C infection and a high fat diet (32, 38, 39). The
DEN/CCI, model, which has been used in diverse mouse strains and at
various doses, can lead to 100% of male mice developing tumors over
14 weeks of CCly treatment (32, 35, 36, 38-40). Thus, in our study
C57BL/6] mice were harvested after just 8 weeks of CCl, treatment in
order to focus on the role of liver injury and fibrosis on the hepatic
immunophenotype prior to tumor development. Male mice were used
for these experiments, as males (human and mouse) have a higher
propensity to develop HCC than females (32, 35, 38, 39). Male mice
were injected at 2 weeks of age with a single dose of 25 mg/kg DEN. At
8 weeks of age, mice were subsequently injected twice weekly with 0.25
ul/g CCly or olive oil (control) for 8 weeks (Figure 1A). As shown in
Figure 1B, mice treated with DEN/CCl, gained significantly less weight
than the control mice treated with olive oil as vehicle control. Mice
treated with DEN/CCl, had increased, but not significantly, liver to
body weight ratio (Figure 1C). Nonetheless, DEN/CCl,-treated mice
did display significantly more liver injury compared to DEN/olive oil-
treated mice, as indicated by blind histological analysis of liver cell
injury, inflammation, reactive changes and steatosis (Figures 1D-I).
Mice treated with DEN/CCl, also displayed significantly increased
fibrosis as measured by Picrosirius red compared to DEN/Olive oil-
treated mice (Figures 1], K). Although areas of hyperplasia are not
always indicative of cancer, DEN/CCl,; mice showed a significant
increase in the number of hyperplastic regions per liver section
compared to control mice (Figures 1L, M). Finally, areas of
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FIGURE 1

The DEN/CCly; mouse model induces liver injury, fibrosis, and early stages of HCC development. (A) C57BL/6 mice were injected at 14 days old with
25mg/kg DEN, and then beginning at 8 weeks of age, received twice weekly IP injections of 0.25ul/g CCls or of olive oil (control) for 8 weeks.

(B) Mouse weights measured every 3-4 days for DEN/olive oil treated (red) or DEN/CCl,-treated (blue). Mice were sacrificed at ~16 weeks of age,
and (C) the livers weighed, and then formalin-fixed for further histopathological analysis of (D) total liver injury, (E) liver cell injury, (F) inflammation,
(G) reactive changes, and (H) steatosis as described in Materials and Methods. Representative images of (I) H&E staining (central vein (CV) and portal
triad (PT), (J) Picrosirius Red staining, and (L) areas of hyperplasia/HCC, respectively. Summary graphs of (K) fibrosis and (M) areas of hyperplasia.
Each dot denotes a mouse, + SEM. *P < 0.05, Student’s unpaired t test for B, C and Mann-Whitney test for D-H, K, M. n = 3 independent

experiments, with 6-8 mice per experiment.

adenoma/HCC (Figure 1L) were histologically identified in 3 of the 44
mice included in this study, indicating, that at this timepoint, early
HCC is developing but was not yet detectable in a majority of the mice.
These results indicate that the DEN/CCl, model used here results in
liver injury and fibrosis that precedes the development of HCC, and
therefore is a good model to assess the role of liver injury and fibrosis
on the hepatic immunophenotype prior to tumor development.
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The DEN/CCl; mouse model induces an
exhausted phenotype in hepatic CD8 and
CD4 T cells as well as an increase in the
frequency of Tregs in the liver

To understand the hepatic T cell phenotype within an injured
and fibrotic liver, we harvested and digested the livers from both
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DEN/olive oil- and DEN/CCl,-treated mice, isolated the NPC, and
analyzed the hepatic T cell phenotype via flow cytometry. DEN/
CCl, treatment resulted in a significant decrease in the percent of
CD3" T cells among NPC in the liver, compared to DEN/olive oil-
treated mice (Figure 2A). Among the hepatic T cells from DEN/
CCl,-treated mice, there was a significant decrease in the percent of
CD4 T cells present with a corresponding increase in the percent of
CD8 T cells, thus resulting in a significantly higher CD8/CD4 ratio

10.3389/fimmu.2024.1497788

(Figure 2A). Of the CD8 T cells, there was no change in the (~50%)
percent of activated CD44" cells present between the two groups,
however, DEN/CCI, treatment induced a significant increase in the
proportion of CD44*"PD-1" CD8 T cells compared to control mice
(Figures 2B, C). Additionally, we evaluated the expression of the
well-characterized exhaustion markers TIGIT and Tim3 to assess
hepatic T cell exhaustion (1-4), where TIGIT has been shown to be
more commonly expressed in exhausted T cells that reside within
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FIGURE 2

The DEN/CCl,; mouse model induces an exhausted phenotype in hepatic CD8 and CD4 T cells. On completion of DEN/CCl, treatment, livers were
harvested and digested, and NPC isolated and analyzed via flow cytometry. (A) Frequencies of hepatic CD3, CD4, and CD8 T cells in DEN/olive oil-
(red) and DEN/CCl,-treated (blue) mice. (B) Representative flow cytometric plots of NPC gated on CD8" T cells and analyzed for CD44, PD-1, TIGIT,
and/or Tim3 frequencies. Panels (C, D) provide summary frequencies of CD44", CD44*PD-1", PD-1"TIGIT*, PD-1" Tim3*, and TIGIT*Tim3™ for (C)
CD8 and (D) CD4 T cells between DEN/olive oil- (red) and DEN/CCl,-treated (blue) mice with each dot denoting a mouse, + SEM. *P < 0.05,
Student’s unpaired t test or Mann-Whitney test, n = 2 independent experiments, with 6-8 mice per experiment.
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the liver compared to Tim3, a universal exhaustion marker (15-17,
49). Importantly, the percentage of PD-1MTIGIT*, PD-1"MTim3*
and TIGIT'Tim3" CD8 T cell populations were all significantly
increased in DEN/CCly treated livers compared to olive oil-treated
livers (Figures 2B, C). Thus, DEN/CCI, treatment results in a higher
percentage of hepatic CD8 T cells in the liver with an exhausted
phenotype compared to control mice. In contrast to CD8 T cells,
there was a lower percentage of CD4 T cells expressing CD44 in
DEN/CCly-treated mice compared to control mice (Figure 2D).
Nonetheless, DEN/CCl,-treated mice displayed a similar significant
increase in the percent of CD44"PD-1%, PD-1"TIGIT", PD-
1"Tim3", and TIGIT"Tim3" CD4 T cell populations compared to
the olive oil-treated control mice (Figure 2D), indicating that DEN/
CCl, treatment also promotes a CD4 T cell exhaustion phenotype.
Notably, DEN/CCl, treatment led to an almost doubling of the
percent of CD4"FoxP3" T cells in the liver compared to control
mice (15% vs 7%; Supplementary Figure 1); this population
potentially represents Tregs, though further analysis is required.
Together, results presented in Figure 1 and Figure 2 show that
DEN/CCIl, treatment increases not only the percent of
phenotypically exhausted CD8 and CD4 T cells but also results in
an increased presence of CD4"FoxP3™ T cells. Thus, fibrosis
coincides with an immunosuppressed environment, despite the
lack of histological evidence of HCC development in the vast
majority (93%; 41 of 44 mice) of the (control and DEN/CCl,-
treated) mice.
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Expression of immunosuppressive
molecules are increased on LSEC by DEN/
CCly treatment

Various cell types in the liver can act to suppress T cell function
including LSEC, KC, and infiltrating monocyte-derived
macrophages (IM) via different mechanisms including PD-L1,
ICAM-1, and altered MHC expression (23-25, 27, 50-57). To
determine the intercellular mechanisms driving T cell dysfunction
in the DEN/CCl, model, we first assessed the expression of immune
regulatory molecules on LSEC (gated as CD45"
CD146"CD31"PDPN") (26, 46) among NPC from the livers of
olive oil- or DEN/CCl,-treated mice. Results from these analyses
revealed a significant increase in PD-L1, ICAM-1, and H2-K"
(MHC class I molecule MHC-I) expression, but not I-A® (MHC
class II molecule, MHC-II) on LSEC from livers of DEN/CCly-
treated mice compared to control mice (Figures 3A-D). In contrast,
KC (gated as CD45"CD14*CD11b'°F4/80™) (58) from DEN/CCl,-
treated mice displayed significantly decreased expression of PD-L1,
ICAM-1, H2-K® and I—Ab, in addition to the activation marker
CD80 compared to control mice (Supplementary Figures 2A, B).
The expression of FasL, the TNF superfamily member that induces
apoptosis of T cells expressing Fas (18), did not change on KC
between groups. IM (gated as CD45"CD14"CD11b"F4/80"°) (58)
from DEN/CCly,-treated livers displayed a modest but significant
increase in the immunosuppressive molecule, PD-L1, and the
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Expression of immunosuppressive molecules are increased on LSEC by DEN/CCl, treatment. NPC from DEN/olive oil- (red) or DEN/CCl,-treated
(blue) mice were isolated as in Figure 2 and the expression of immunosuppressive molecules by LSEC (gated as CD45 CD146*CD31"PDPN")
determined by flow cytometric analysis. A representative histogram plot and a summary graph are shown for (A) PD-L1, (B) ICAM-1, (C) H2-K® and
(D) I-AP expression on LSEC. Each dot denotes a mouse, values are normalized to the DEN/Olive oil average, + SEM. *P < 0.05, Student's unpaired t

test, n = 2 independent experiments, with 5-8 mice per experiment.
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activation marker, CD80, however, [CAM-1, H2-Kb, I-Ab, and FasL
expression did not change between treatment groups
(Supplementary Figure 2C). Together, the significant increase in
expression of immunosuppressive molecules on LSEC, but not KC
or IM, suggests that LSEC mediate the fibrosis-induced exhaustion
of hepatic CD8 and CD4 T cells upon DEN/CCI, treatment to mice,
prior to HCC development.

LSEC limit DC-mediated T cell activation

Previous studies have shown that although LSEC are able to
cross-present antigen to T cells similar to DC, LSEC fail to activate
T cells comparably to DC. While LSEC can induce proliferation of T
cells, these T cells fail to effectively upregulate activation markers,
produce cytokines, and/or lyse target cells as effectively as T cells
activated by DC (23-25, 27, 50). Coculture of naive T cells with
LSEC, that are unable to present cognate antigen due to mismatch
MHC, has further been shown to impede DC-mediated T cell
activation by an unidentified cell contact mechanism (26).
However, we reason that the close proximity of DC, primarily
found around the portal triad (59, 60), and LSEC, which line the
hepatic sinusoids (19), to each other within the liver suggest that DC
and LSEC might compete for the uptake and presentation of liver
antigens to naive T cells. Accordingly, we sought to determine the
extent of T cell activation when LSEC and DC are both presenting
the same antigen and competing for T cell interactions. To assess
this, we employed a coculture system that activates naive T cells in
an antigen-specific manner and consisted of isolated primary naive
CD8 T cells cultured with primary hepatic LSEC and/or splenic DC.
CD8 OT-IT cells, expressing a TCR transgene receptor, were used
to assess antigen-dependent activation by the chicken ovalbumin
(OVA) peptide, SIINFEKL (referred to here as N4) (61). Isolated
naive OT-I T cells were combined into 3 different coculture systems
with either splenic DC or primary LSEC alone, or splenic DC and
primary LSEC combined, and in the presence of specific N4 peptide
in all cultures (Figure 4A). LSEC and DC were combined in a 1:1
ratio heavily favoring DC-mediated T cell activation, given only 1%
of the nonparenchymal cells are DC (60) while LSEC comprise 15-
20% of all hepatic cells (19). After 72 hr, CD8 T cells cocultured
with N4-pulsed DC or LSEC significantly increased the expression
of the activation markers, CD44, PD-1, and CD25 (Figures 4B-D),
as previously reported, but the degree of activation mediated by
LSEC was lower relative to that mediated by DC. Importantly, and
not previously assessed, CD8 T cells cocultured with N4-pulsed
LSEC and DC together had significantly decreased levels of CD44
and PD-1, compared to CD8 T cells cultured with DC alone
(Figures 4B, C), while CD25 expression was less affected by LSEC
and DC coculture (Figure 4D). These results suggest that LSEC
impair the ability of DC to fully activate and promote effector
function of CD8 T cells effectively. To investigate this further, we
also measured cytokine production from these different coculture
supernatants after 72 hrs by ELISA. These results revealed
significantly more IL-2, IFNy, and TNF by T cell coculture with
DC alone compared to T cell coculture with LSEC alone
(Figures 4E-G), as previously reported (24, 25). However, we
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further found that significantly less IL-2 and TNF, but not IFNY,
were produced when CD8 T cells were cocultured with DC and
LSEC together compared to DC alone (Figures 4E-G). This
decrease in cytokine production was not due to fewer T cells as a
result of a diminished proliferation of the CD8 T cells during the 72
hrs of coculture, as measured by cell trace violet (CTV), between the
different cocultures (Figure 4H). Together these results indicate that
when LSEC and DC are presenting the same antigen
simultaneously, naive CD8 T cell activation is compromised
resulting in decreased IL-2 and TNF secretion, but unaltered cell
proliferation or IFNY release. Thus, LSEC selectively alter DC-
induced T cell upregulation of certain activation markers and the
T cell cytokine secretion profile.

LSEC potently inhibit CD8 effector T cell
cytotoxicity while substantially increasing
IFNy production

Naive T cells are often activated in the draining lymph node by
DC that have picked up antigen at the site of malignant cell
development and subsequently migrate to the draining lymph
node to present the antigen to naive T cells (8, 9). We next asked
if LSEC alter functions of effector cytotoxic CD8 T cells previously
activated by lymphoid organ antigen presenting cells. To address
this, we investigated whether LSEC alter the ability of effector
cytotoxic T cells to kill target cells in vitro. Effector cytotoxic CD8
T cells were generated by culturing isolated naive CD8 OT-I T cells
with N4-pulsed splenocytes for 3 days, and then resting the
stimulated cells in the presence of IL-2 for 3 additional days (47).
To assess the cytolytic activity of the effector CD8 T cells in the
absence of LSEC, we cocultured these in vitro generated effector
cytotoxic CD8 T cells at a 1:1 ratio with splenocytes treated either
with N4 peptide or left untreated and distinguished by either high
or low, respectively, concentrations of CFSE labeling (Figure 5A).
Furthermore, effector CD8 T cells were cocultured with decreasing
effector:target cell (E:T) ratios. Effector CD8 T cells were cultured
for 6 hours with targets cells, and effector cell cytolytic activity was
subsequently assessed by flow cytometric analysis. The percent of
N4-peptide pulsed (CFSE™) targets vs unpulsed (CFSE") targets
was determined after gating on all live CFSE-labeled target cells.
Figure 5B shows that an E:T ratio of 10:1 results in target cell
specific killing with only ~14% of N4-pulsed targets remaining from
the 50% originally placed in culture. As expected, decreasing the E:T
ratio increased the percent of N4-pulsed targets (Figure 5B) alive
after coculture, as there are fewer effector cells per target. To assess
the effect of LSEC specific antigen presentation on CD8 effector T
cell cytolytic activity, we cultured CD8 T effector cells with N4-
pulsed LSEC for 30 minutes prior to adding the target cells for 6 hr
(Figure 5A). As shown in Figures 5B, C, LSEC presenting the N4
antigen to effector CD8 T cells potently impaired the killing ability
of the effector T cells as indicated by a consistent 1:1 ratio of specific
(N4-pulsed) to non-specific (unpulsed) target cells despite a high E:
T ratio. Furthermore, the LSEC-mediated inhibition of CD8 T cell
cytolytic activity was antigen-dependent, since LSEC pulsed with
GP33, an irrelevant lymphocytic choriomeningitis virus (LCMV)-
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LSEC limit DC-mediated T cell activation. (A) Schematic of CTV-labeled naive OT-1 CD8 T cells cocultured in the presence of 2ug/ml N4 with
primary splenic DC, primary LSEC, or splenic DC and LSEC. (B—D) After 72 hours of culture, the cells were harvested and analyzed via flow
cytometry for (B) CD44, (C) PD-1, and (D) CD25 expression on OT-I CD8 T cells after culture with DC (red), LSEC (blue), or both DC and LSEC
(green). A representative histogram (left) and a summary graph (right) are shown for each coculture condition, + SEM. *P < 0.05, Student’s paired t
test or one sample t test (with theoretical value of 1), n = 5 independent experiments. E-G) After 72 hr of culture, supernatants were harvested and
analyzed for the secretion of (E) IL-2, (F) IFNy, and (G) TNF, + SEM. *P < 0.05, Student's paired t test, n = 3-4. (H) After 72 hrs of culture, cells were
harvested and analyzed for proliferation via CTV dilution using FlowJo software. A representative histogram and a summary graph displaying the
proliferation index are shown, + SEM. CTV staining for non-stimulated T cells is shown in turquoise. *P < 0.05, Student’s paired t test, n = 3.

derived peptide (62), did not impair OT-I-specific effector cell
killing. Interestingly, IFNy production, assayed by ELISA from
these same 6 hr cocultures, was significantly increased in the
presence of LSEC presenting specific peptide, but not non-specific
peptide, by ~50-100 fold in an E:T ratio dependent manner
(Figure 5D). Together these results indicate that LSEC, presenting
cognate antigen to effector cytotoxic CD8 T cells, potently impair
CD8 T cell cytotoxicity, while simultaneously increasing IFNy
production by these same CD8 T cells. Considered together, these
results suggest that LSEC presenting tumor antigens, in the vicinity
of the malignant cells producing the same antigens, impede CD8
effector T cell ability to eliminate malignant cells within the liver,
thus facilitating tumor progression.

Frontiers in Immunology

LSEC induce T cell exhaustion in CD8
T cells

The ability of LSEC to induce T cell exhaustion has not been
previously explored. However, the increased phenotypic exhaustion
induced by DEN/CCl, treatment (Figure 2) as well as the
corresponding increase of immunoregulatory molecules on LSEC
in the same livers (Figure 3) suggest that LSEC could induce T cell
exhaustion. To directly assess the ability of LSEC to induce T cell
exhaustion, we used an established in vitro culture system
previously used to evaluate DC-mediated induction of T cell
exhaustion via a low dose chronic stimulation (48). We first
confirmed DC were able to promote T cell exhaustion by low
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LSEC potently inhibit CD8 effector T cell cytotoxicity while substantially increasing IFNy production. (A) Schematic of cytotoxic assay depicting LSEC
pulsed with either N4 or GP33 (control) peptides and cocultured with serially diluted OT-I effector CD8 T cells for 30 minutes prior to addition of
target cells presenting either N4-specific peptide (N4-pulsed) or not (un-pulsed). Target cells (C57BL/6J splenocytes) were differentially labeled as
CFSEM or CFSE'®, and CFSE™ cells were pulsed with N4, washed and combined with unpulsed CFSE'® cells. After addition of the targets, the
cocultures were maintained at 37C for 6 hr and then the cells were analyzed by flow cytometry. (B) Representative contour plots show the percent
of N4-targets (CFSE™) remaining of total CFSE+ cells at E:T ratios of 10:1 (left), 2.5:1 (middle), or 0.625:1 (right) for effector cells combined with
target cells alone (top row), or together with N4-pulsed LSEC (middle row), or GP33-pulsed LSEC (bottom row). (C) Summary of OT-1 CD8 T cell
antigen-specific killing of target cells at decreasing E:T ratio shown as the ratio of N4-pulsed targets/unpulsed targets alone (purple dot) or in
culture with effectors alone (red dots), effectors + N4-pulsed LSEC (blue dots), or effectors + GP33-pulsed LSEC (green dots), + SEM. * denotes
significant difference between targets cells cultured with effectors + N4-LSEC vs effectors alone or effectors + GP33-LSEC, P < 0.05, Student'’s
paired t test, n = 4 independent experiments. (D) Culture supernatants were also analyzed for IFNy production via ELISA after 6 hr of coculture and
concentrations shown at different E:T ratios, + SEM. * denotes significant difference between targets cells cultured with effectors + N4-LSEC (blue
dots) vs effectors alone (red dots) or effectors + GP33-LSEC (green dots). Note: Overlap of some data points for effectors alone and effectors +
GP33-LSEC obscure each other, however, all data points are contained in the graphs. P < 0.05, Student’s paired t test, n = 3

independent experiments.
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dose stimulation as previously described (48). Naive OT-I T cells
were cultured with isolated splenic DC under conditions where
antigen-specific T cells were either chronically or acutely stimulated
over 9 days. Both chronic and acute stimulations consisted of an
initial treatment of DC with 200 nM N4 peptide prior to culturing
with naive CD8 OT-I T cells for 2 days. On days 2, 6, and 8, fresh IL-
2 was added with low dose 2 nM N4 (chronic stimulation) or
without N4 (acute stimulation) (Figure 6A). On day 9, CD8 T cells
activated by DC under chronic stimulation conditions displayed an
exhaustion phenotype as indicated by elevated expression of PD-1,

10.3389/fimmu.2024.1497788

TIGIT, and Tim3 and an increased percent of CD44hiPD-1hi, PD-
1MTIGIT", PD-1"Tim3", and TIGIT Tim3" cells of CD8 T cells. In
contrast, CD8 T cells acutely stimulated by DC expressed minimal
to none of these exhaustion markers (Figure 6C). A hallmark of
impaired function by exhausted T cells, is the inability of re-
stimulated effector CD8 T cells to produce multiple cytokines
simultaneously (48). To demonstrate T cell exhaustion
functionally, chronically and acutely stimulated CD8 T cells were
again restimulated in an antigen-specific manner with N4 and IL-2
on day 9 for 5 hours prior to profiling cytokine expression by flow
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FIGURE 6

LSEC induce T cell exhaustion in CD8 T cells. (A) Schematic of in vitro culture for chronic vs acute antigen-specific stimulation of OT-1 CD8 T cells.
Primary LSEC and splenic DC were separately pulsed with 200nM N4 peptide for 30 min and washed. Naive OT-| effector CD8 T cells were added
to either N4-pulsed LSEC or N4-pulsed DC for 2 days. The cells were then resuspended and replated on day 2, 6, and 8 with IL-2 and either 2nM
N4 (chronic stimulation) or no peptide (acute stimulation) and harvested on Day 9. (B) Representative phenotypic flow cytometric analysis of OT-I
CD8" T cells for PD-1 vs CD44, PD-1 vs Tim3, PD-1 vs TIGIT, and Tim3 vs TIGIT after LSEC chronic (left column) or acute (right) stimulation. (C)
Summary graphs of each CD8 T cell phenotype after LSEC chronic (red dots) or acute (light red dots) stimulation and DC chronic (blue dots) or
acute (light blue dots) stimulation. (D) Representative flow cytometric analysis of cytokine expression by OT-1 CD8" T cells after LSEC chronic (left
column) or acute (right column) stimulation. IFNy vs TNF (top), IL-2 vs IFNy (middle) and IL-2 vs TNF (bottom). (E) Summary graphs of frequency of
cytokine expression by OT-1 CD8 T cells after LSEC chronic (red dots) or acute (light red dots) stimulation and DC chronic (blue dots) or acute (light
blue dots) stimulation. Summary graphs comparing chronic and acute stimulations of OT-1 CD8 T cells by either LSEC or DC are average
frequencies, + SEM. *P < 0.05, Student’s paired t test, n = 5 independent experiments.
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cytometric intracellular analysis. As expected, DC-mediated
chronic stimulation of T cells resulted in a significant decrease in
the percent of IFNY"TNF", IL-2*IFNY", and IL-2"TNF" CD8 OT-1
T cells compared to DC-mediated acute stimulation of T cells,
demonstrating that in vitro DC chronic stimulation of antigen-
specific CD8 effector T cells results in the generation of exhausted T
cells (Figure 6E). We next determined if LSEC, under similar
chronic stimulation conditions, could also induce antigen-specific
CD8 T cell exhaustion. Our results demonstrate that naive OT-I
CD8 T cells activated by LSEC presenting N4 peptide and
subsequently stimulated in the presence of low dose peptide
(chronic stimulation) resulted in phenotypically exhausted CD8 T
cells. Specifically, chronic stimulation of OT-I CD8 T cells by LSEC
resulted in a significant increase of PD-1MTIGIT*, PD1MTim3", and
TIGIT*Tim3" CD8 T cell populations compared to acutely
stimulated T cells (Figures 6B, C). Interestingly, chronic
stimulation by LSEC induced a higher percent of CD8 T cells that
were PD-1"TIGIT* compared to DC chronic stimulation which
instead induced a higher percent of PD-1"Tim3* CD8 T cells,
suggesting that LSEC preferentially increase the expression of
TIGIT on exhausted T cells compared to Tim3. Nonetheless, OT-
I CD8 T cells chronically stimulated by LSEC were also functionally
exhausted as demonstrated by their significantly impaired ability to
express diverse cytokines after antigen-specific stimulation
(Figures 6D, E). Here, chronically stimulated OT-I CD8 T cells
harbored decreased percentages of IFNY"TNF", IL-2"IFNY", and
IL-2"TNF" polyfunctional CD8 OT-I T cells compared to LSEC-
mediated acute stimulation of T cells (Figures 6D, E). Thus, these
findings demonstrate that LSEC are able to induce CD8 T cell
exhaustion under chronic stimulation conditions with low dose
antigen. Together, the results in our study show that LSEC-
mediated antigen-specific stimulation significantly impacts T cell
functions. Indeed, the DEN/CCIl,; model demonstrates that, during
the early stages of tumor development including liver injury and
fibrosis, LSEC expression of immunoregulatory molecules
increases, and this increase corresponds with the generation of
exhausted hepatic CD8 and CD4 T cells. Furthermore, LSEC alter
the function of T cells at various stages of T cell development
including altering DC-mediated activation of T cells, inhibiting
effector CD8 T cell cytolytic activity while increasing IFNy
production, and by inducing T cell exhaustion under chronic
stimulation conditions. Thus, LSEC act to temper T cell
activation and function and as such appear as gatekeepers to T
cell function that likely impact hepatic immunosurveillance and the
development of cancer.

Discussion

The sheer abundance and strategic location of LSEC within the
liver allow LSEC to be key regulators of both hepatic function and
immune regulation. The proximity of LSEC to hepatocytes, HSC,
and KC enable LSEC to regulate hepatic pathologies including
fibrosis, which is initiated by LSEC-hepatocyte interactions that
lead to activation of HSC and KC to drive early fibrotic
reprogramming (63-65). LSEC also dynamically interact with
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immune cells, including T cells, as these cells pass through the
LSEC-lined sinusoids (19-21). Moreover, the enhanced scavenger
ability and capacity to cross-present antigen permit LSEC to
internalize and present antigen 100-fold more efficiently than
proximal DC (20). Therefore, we propose that liver injury and
fibrosis induce LSEC to become more immunosuppressive and
thereby contribute to HCC progression. Indeed, we show here
that LSEC induce dysfunction of CD8 T cells at various stages of
differentiation/activation and that fibrosis results in T cell
exhaustion which likely contributes to HCC development.

In this study, we sought to identify the immunophenotypic
changes that were directly associated with liver fibrosis. Specifically,
we used a model that uncouples the effects of chronic infection,
steatosis, and alcohol-induced damage from the establishment of
fibrosis (32, 38, 39). We demonstrate that fibrosis (caused by CCly),
combined with DNA damage (caused by DEN), does indeed induce
a CD8 and CD4 T cell exhausted phenotype indicated here by a
significant upregulation of inhibitory receptors associated with T
cell exhaustion. DEN-induced DNA damage alone (66) is not
sufficient to promote T cell exhaustion in the time-frame assessed
here, indicating that liver injury alone is not sufficient to promote
exhaustion, and that malignant cells can be effectively controlled by
the immune system in this scenario. However, upon induction of
fibrosis by CCly in the DEN/CCl, model, T cell exhaustion
correlated with an increased expression of immunosuppressive
molecules by LSEC including PD-L1, ICAM-1, and MHC-L
Increased PD-L1 expression by various cell types, including
tumor cells, has been extensively shown to reduce T cell function
and promote exhaustion (1, 16, 67, 68). Upregulation of ICAM-1
expression on hepatic stellate cells has also previously been shown
to impair T cell function by introducing competing immune
synapses (69). Increased expression of both ICAM1 and MHC-I
by LSEC retains CD8 T cells in the liver (21, 51-53). Thus, the
combined increased expression of PD-L1, ICAM-1, and MHC-I
likely increases interactions between LSEC and CD8 T cells and
retains CD8 T cells in the liver leading to T cell exhaustion. The
source of low dose antigen required to induce T cell exhaustion in
this model is likely from DEN-induced DNA-damaged cells and
could be envisioned to be alpha fetoprotein or glypican-3 (70-72).
The most abundant antigen presenting cells in the liver include
LSEC, KC, and IM (18), and we show here that LSEC, but not KC or
IM, increase expression of immunosuppressive molecules. Further
studies will be needed to determine if KC or IM contribute to T cell
exhaustion by mechanisms not assessed here. Nonetheless, these
results suggest that fibrosis enhances the immunosuppressive
capabilities of LSEC resulting in T cell exhaustion.

The antigen-specific stimulation of naive CD8 T cells by antigen
presenting cells leads to their differentiation into effector cytotoxic
CD8 T cells that, upon encounter with a target cell presenting the
same specific antigen, results in directed target cell killing. We
demonstrate here that LSEC presenting cognate antigen, to
previously activated effector CD8 T cells that recognize the same
antigen, severely impeded the killing of target cells by these cytotoxic
effector T cells. The scavenging ability of LSEC prevents the release of
dietary antigens into the periphery as well as the unwanted uptake of
dietary antigens by hepatic DC, both of which could lead to adverse
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immune responses (19, 20, 23, 53, 64). Nonetheless, the presentation
of cognate antigen by LSEC to effector cells, and the resulting
inhibition of killing ability, likely represents a self-preservation
mechanism to prevent effector cell-mediated LSEC death and liver
injury under physiologically normal conditions (62). However, this
self-preservation mechanism will likely impact the killing of
malignant hepatocytes by effectors in an environment where the
hepatocytes are releasing tumor antigens that are being taken up and
presented by LSEC to effector cells that had been previously activated
in the lymph nodes. Importantly, presentation of an irrelevant
peptide by LSEC to effector CD8 T cells did not impede the killing
of antigen-specific target cells by these cytotoxic cells. Moreover,
despite preventing target cell killing, LSEC presenting cognate antigen
increased eftector cell IFNy production by 50-100 fold during the 6
hour coculture. Target cell killing requires the formation of a
functional immune synapse between target cells and effectors that
is driven by peptide-pulsed MHC-I interactions with cognate TCR,
respectively (47). The results presented here suggest that LSEC
outcompete with target cells for interaction with the TCR expressed
on effector cells, thereby inhibiting killing of the target cells and
enhancing IFNy production. The mechanism driving the substantial
increase in IFNy production by effector cells is unclear, however, IFNy
production has been shown to increase PD-L1 expression (73),
thereby further contributing to an immunosuppressive
environment. Therefore, LSEC, as protectors and repairers of liver
injury, likely contribute to the development of HCC by impairing the
selective killing of damaged/malignant hepatocytes by effector CD8
T cells.

LSEC are within close proximity to DC within the portal regions of
the liver (59, 60), and we demonstrate here that simultaneous
presentation of the same antigen by LSEC and DC results in a
unique activation and functional phenotype of naive T cells
compared to naive T cells activated by either LSEC or DC alone. A
previous study, aimed at identifying antigen presentation-independent
effects of LSEC on DC-mediated naive T cell activation, demonstrated
that LSEC with mismatched MHC, that were unable to stimulate T
cells via the antigen receptor, were nevertheless able to impair DC-
mediated naive T cell proliferation, activation, and function (26). Here,
we sought to assess naive T cell activation when LSEC and DC are both
presenting the same cognate antigen, a possible scenario given their
close proximity within the portal regions of the liver. Although
proliferation of naive T cells upon activation by DC and LSEC
together did not change after stimulation by either cell type alone,
naive T cells activated by LSEC and DC together failed to upregulate
CD44 and PD-1 as efficiently as T cells activated by DC alone, however
CD25 was upregulated to a similar level as DC alone. Since the naive T
cells activated by both LSEC and DC remained as a single population, it
is likely that the naive T cells are interacting with both LSEC and DC
with the TCR competing for MHC I and other costimulatory molecules
on both the LSEC and DC. It is also possible that LSEC and DC have
direct effects on each other that alters their ability to fully activate naive
T cells. Importantly, IL-2 and TNF production by naive T cells
activated by LSEC and DC together, displayed an intermediate
phenotype between LSEC or DC alone, while IFNy production
remained unchanged. Together these results suggest that the ability
of LSEC to present the same antigen as nearby DC to cognate naive T
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cells results in an altered phenotype and function of the resulting
activated T cells. These dysfunctional T cells are unlikely to provide
efficient immunosurveillance and therefore may contribute to
HCC development.

The ability of LSEC to induce functional T cell exhaustion,
suggested by the DEN/CCl, model (Figures 2, 3), was confirmed
using an in vitro chronic stimulation assay (Figure 6). Utilizing a
previously described in vitro method to induce T cell exhaustion with
chronic low dose antigen presentation via DC (48), we show that LSEC
not only induce a T cell exhaustion phenotype (high PD-1, Tim3, and
TIGIT expression), but LSEC also decrease the percent of dual-
cytokine producing T cells (i.e. polyfunctional) upon restimulation, a
feature of functional T cell exhaustion (48). Interestingly, comparing
DC- vs LSEC-mediated T cell exhaustion, we found that LSEC induce
an increased percentage of TIGIT+ T cells compared to DC, and
conversely DC induce an increased percentage of Tim3+ T cells
compared to LSEC. Recent findings suggest that TIGIT expression
occurs on PD-1™, but not PD-1'°, CD8 T cells, and that blocking the
TIGIT signaling pathway can reverse T cell exhaustion (15-17, 49).
Accordingly, immunotherapy targeting both PD-1 and TIGIT has
shown increased efficacy in reversing T cell exhaustion compared to
either therapy alone (15-17, 49). Therefore, the understanding that
LSEC do indeed promote T cell exhaustion at the fibrotic stage of HCC,
and that many of these exhausted T cells express TIGIT, could lead to
further investigations into the use of anti-TIGIT antibodies as an
effective co-immunotherapy during advanced stages of fibrosis and
cirrhosis to prevent or delay the progression of HCC. The induction of
T cell exhaustion does not result in complete inhibition of T cell
function, but rather an impaired T cell function, which is thought to
prevent immunopathology that could harm otherwise healthy tissues
while attempting to limit, but not eliminate, infectious or malignant
progression (62). Thus, LSEC may induce T cell exhaustion to limit
LSEC-mediated cell death and liver injury, similar to LSEC-mediated
inhibition of effector T cell function.

Together, the results in this study demonstrate that LSEC alter CD8
T cell function at various stages of T cell differentiation by modifying
the level of T cell activation initiated by other antigen presenting cells,
the ability of effector CD8 T cells to kill target cells, and the types and
amounts of cytokines produced by T cells upon initial activation or
restimulation. Importantly, T cell exhaustion is associated with liver
disease prior to HCC formation, mediated in part by LSEC, indicating
the potential of targeted interventions, such as co-immunotherapy with
PD-1 and TIGIT, for those affected by chronic liver disease.
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