TIGIT Safeguards Liver Regeneration Through
Regulating Natural Killer Cell-Hepatocyte Crosstalk

Jiacheng Bi,' Xiaodong Zheng,' Yongyan Chen,' Haiming Wei,"* Rui Sun,"* and Zhigang Tian"?

Overactivation of innate immunity, particularly natural killer (NK) cells, is harmful to
liver regeneration; however, the molecular mechanisms that limit NK cell overactivation
during liver regeneration are still elusive. Here we show that a coinhibitory receptor, T
cell Ig and ITIM domain (TIGIT), was selectively up-regulated on NK cells, along with
high expression of its ligand, poliovirus receptor (PVR/CD155), on hepatocytes during
liver regeneration. The absence of TIGIT impaired liver regeneration iz vivo, along with
overactivation of NK cells and higher NK-derived interferon-gamma (IFN-y) produc-
tion. We also show that both depletion of NK cells and deficiency of IFN-y, but not
deficiency of RAGI, rescued impaired liver regeneration caused by the absence of
TIGIT. Adoptive transfer of Tigif'~ NK cells into NK-deficient Nfzl3”~ mice sufficiently
led to impairment of liver regeneration. On the other hand, silencing PVR in hepato-
cytes rescued impaired liver regeneration caused by TIGIT deficiency in vivo, while
blockade of TIGIT in NK-hepatocyte coculture increased IFN-y production by NK cells
in vitro. Conclusion: TIGIT is a safeguard molecule to improve liver regeneration
through negatively regulating NK-hepatocyte crosstalk. This finding suggests a novel
mechanism of NK cell self-tolerance towards regenerative hyperplasia of the host.

(HeraTOLOGY 2014360:1389-1398)

he liver is an organ with highly regenerative

potential.’ Liver regeneration is a process of

physiologically compensatory hyperplasia. An
intrinsic need to compensate for the loss of the hepatic
tissue and its function, as well as multiple growth fac-
tors and cytokines, such as hepatocyte growth factor
(HGF),? interleukin (IL)-6,> and tumor necrosis factor
alpha (TNF-u),% have been characterized as important
factors that initiate and drive the process until the
physiological function of the liver is fully regained.
Other factors including interferon-gamma (IFN-y)°
and IL-10,° on the other hand, were reported to be
negative regulators of the process. In recent years, the
role of various cellular populations of the innate
immune system in liver regeneration have drawn atten-
tion,” "
the regenerative hyperplasia process in the liver. We
previously reported activation of NK cells'* or NKT
cells,” in different contexts, impaired liver regenera-

posing an extrinsic immune “checkpoint” for

tion. NK cells, in particular, after activated in response
to virus/viral analogs, further lost self-tolerance and
produced excessive IFN-y to compromise liver regener-
ation.'> This suggests that mechanisms are normally
required to preserve NK cell self-tolerance and to limit
the innate immune checks for such regenerative hyper-
plasia process.

NK cells, as a crucial component of the innate
immune system,'*'> are recognized to play an impor-
tant role in the surveillance against malignant hyper-
plasia'®'”; however, NK cells otherwise keep relatively
tolerant to tissue/organ regeneration, another kind of
host hyperplasia, the underlying mechanisms of which
remain unknown. NK cell activation is controlled by
synergistic signals from combinations of activating and
inhibitory receptors,'® of which multiple inhibitory
receptors that mediate NK cell tolerance have been
defined."”?* Among them, coinhibitory receptor T
cell Ig and ITIM domain (TIGIT), first identified by

Abbreviations: ALT, alanine aminotransferase; IFN, interferon; MINC, mononuclear cell; NK, natural killer; NKT, natural killer T; PHx, partial hepatectomy
or partially hepatectomized; PVR, poliovirus receptor; TIGIT, T cell Ig and ITIM domain.
From the ' Department of Immunology, School of Life Sciences, University of Science and Technology of China, Hefei, Anhui, China; °Hefei National Laboratory

for Physical Sciences at Microscale, Hefei, Anhui, China.
Received January 15, 2014; accepted May 26, 2014.

Supported by the Ministry of Science & Technology of China (973 Basic Science Project 2013CB530506, 2013CB944902) and the Natural Science Founda-

tion of China (#31270954, #91029303).

1389



1390  BI ET AL.

Yu et al. in 2009,”" was recently reported by our
group to mediate NK cell self-tolerance by interacting
with poliovirus receptor (PVR), its ligand, expressed
on Kupffer cells, during acute hepatic viral infection,*’
shedding light on role of TIGIT in organ homeostasis,
especially in the liver. We wondered whether TIGIT
also plays an important role in the regenerative process
in the liver. PVR, on the other hand, highly expressed
by tumor cells, was reported to be up-regulated at the
messenger RNA (mRNA) level in hepatocytes during
liver regeneration in rats.”* However, the physiological
function of hepatocyte-expressing PVR on liver regen-
eration has not been investigated.

We previously demonstrated that NK negatively reg-
ulate liver regeneration by producing IFN-y. This
effect was more prominent after MCMYV infection,
which preactivated NK cells.'” NK cell activation and
IFN-y production, on the other hand, was reported by
us to be inhibited by TIGIT in acute viral hepatitis.*’
In this study, we observed that TIGIT and PVR were
selectively up-regulated on NK cells and hepatocytes,
respectively, during liver regeneration. TIGIT played
important roles in keeping NK cell tolerance by inhib-
iting NK cell activation and thereafter decreasing its
IFN-y production, through interacting with PVR on
hepatocytes, which finally protects liver regeneration.

Materials and Methods
Mice. The 5 to 10-week-old C57BL/6 wild-type

mice were purchased from the Shanghai Experimental
Animal Center (Shanghai, China). Age-matched
Tigit"~ C57BL/6 mice, Nfil37"C57BL/G mice, and
]ﬁi—y_/_ C57BL/6 (GKO) mice were used, which were
kindly provided by Bristol-Myers Squibb, Dr. Tak W.
Mak (University of Toronto, Toronto, Ontario, Can-
ada), and Dr. Shaobo Su (Shantou University, Shan-
tou, China), respectively. Age-matched Rag]ik
C57BL/6 mice, originally obtained from the Jackson
Laboratory (Bar Harbor, ME), were purchased locally
from the Model Animal Research Center (Nanjing,
China). All mice were maintained in a specific
pathogen-free facility for use according to the guide-
lines for experimental animals at the University of Sci-

ence and Technology of China.
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Two-Thirds Partial Hepatectomy (PH). Two-
thirds of the surgically
described.”

Reagents. Antimouse TIGIT monoclonal antibody
13G6 was generated by Absea (Beijing, China) and
tested for its ability to block TIGIT-PVR interactions
in vitro. Antimouse IFN-y monoclonal antibody (clone
HB170) was purified from the culture supernatant of
R4-6A2 cells (ATCC, Manassas, VA). To block TIGIT
or to neutralize IFN-y in vivo, 125 pug of anti-TIGIT
or anti-IFNy was intraperitoneally injected, respec-
tively, 1 day before PH and every other day after that.
Rat IgG purified from rat serum was used as a
control.

Antibody Staining and Flow Cytometry. We pur-
chased eFluor 660-anti-TIGIT and PE-anti-PVR from
eBioscience, and all other antibodies for flow cytome-
try from BD Biosciences. Prior to staining with anti-
bodies, cells were incubated with rat immunoglobulin
for 30 minutes to block Fc receptors. We performed
flow cytometry on a FACSCalibur platform (BD Bio-
sciences) and analyzed data with FlowJo software (Tree

liver was removed as

Star).
Cell  Preparation. Liver mononuclear  cells
(MNCs) were isolated essentially as previously

described.”® Hepatocytes and Kupffer cells were iso-
lated using a two-step collagenase perfusion method as
described previously.””

Cell Depletion. For NK cell depletion, mice were
intravenously injected with 30 ug of ant-ASGM1
antibody (Wako, Tokyo, Japan) 24 hours before PH.

Analysis of Liver Transaminase Activity. Liver
injury was assessed by measuring serum enzyme
activity of alanine aminotransferase (ALT) using a
commercially available kit (Rong Sheng, Shanghai,
China).

Cell Sorting and Transfer. A FACSAria cell sorter
(BD Biosciences) was used to purify CD3 NKI1.1"
NK cells. The purity of sorted NK cell population was
>95%, as verified by post-sort flow cytometric analy-
sis. For adoptive transfer of NK cells, 2 X 10° purified
CD3 NKI1.1" splenocytes from wild-type (WT) or
Tigit'"~ mice were intravenously injected into Nf/37~
mice 48 hours before PHx.
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Hematoxylin & Eosin Staining. For histological
analysis, liver sections were fixed in 10% buffered for-
malin and embedded in paraffin. Tissue sections were
mounted on slides, deparaffinized, stained with
hematoxylin-eosin (H&E), and examined under light
microscopy.

Immunobhistochemical Staining. For the bromo-
deoxyuridine (BrdU) incorporation assay, 50 ug BrdU
per gram body weight was injected intraperitoneally 2
hours before harvesting the liver after PHx. Sections
from formalin-fixed and paraffin-embedded liver tissue
were stained for BrdU using the BrdU In-Situ Detec-
tion Kit (BD Biosciences) according to the manufac-
turer’s Percentage of BrdU-labeled
hepatocytes was determined by counting positively
stained hepatocyte nuclei and total hepatocyte nuclei
in 3 to 6 low-power (10X) microscope fields, and the
mean was calculated.

NK-Hepatocyte Coculture System. For the NK-
hepatocyte coculture, 10° purified NKI1.17CD3~
hepatic NK cells (>95% purity) were cocultured with
2.5 X 10 purified hepatocytes in 96-well U-bottom
tissue culture plates in 100 pL Dulbecco’s modified
Eagle’s medium (DMEM) medium supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine,
10 mM HEPES, 10 mM 2-mercaptoethanol, and 100
IU/mL  penicillin/streptomycin. IgG control or rat
antimouse TIGIT (13G6, produced in-house) mono-
clonal antibodies (5 ug/mlL) were added to the culture
when indicated. The supernatant was harvested 24
hours later for determination of IFN-y concentration
by enzyme-linked assay (ELISA)
according to the manufacturer’s instructions (Dakewe
Biotech, Shenzhen, China).

Statistics. Statistically significant differences were
determined by Student # tests when appropriate.
P <0.05 was considered significant.

instructions.

immunosorbent

Results

TIGIT on NK cells Is Up-Regulated During Liver
Regeneration. We previously showed that TIGIT was
up-regulated during NK cell activation in acute viral
hepatitis.”> Since NK cells were also shown to be acti-
vated during liver regeneration,'? wondered
whether TIGIT would be regulated in a similar man-
ner during liver regeneration. Indeed, we observed sig-
nificant up-regulation of TIGIT expression on hepatic
NK cells, but not on splenic NK cells, in mice that
received partial hepatectomy (PHx), compared with
that in mice receiving a sham operation (Fig. 1A). On
the other hand, TIGIT expression on T cells were

we
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Fig. 1. TIGIT on NK cells is up-regulated during liver regeneration.
(A,B) Percentage of TIGIT cells in CD3'NK1.1" NK cells (A) and
CD3*NK1.1" T cells (B) after mice received PHx or sham-operation
(n=>5 or 6). Data are representative of at least three independent
experiments and are represented as the mean = SEM. *P < 0.05.

comparable between PHx and sham-operation (Fig.
1B). Meanwhile, CD226 as well as CD96, although to
a less extent, were down-regulated on hepatic NK cells
during liver regeneration (Supporting Fig. 1.A,B),
which coincided with what we observed in acute viral
hepatitis.>?

TIGIT Is Beneficial to Liver Regeneration. In
order to investigate the role of the up-regulated TIGIT
expression in liver regeneration, 7igit”~ mice were sub-
jected to PHx. Compared to WT mice, the recovery of
liver weight to body weight ratio after PHx was sup-
pressed and delayed in 7igis”~ mice (Fig. 2A; Support-
ing Fig. 2), and in mice with TIGIT signaling
blockade by monoclonal antibody (mAb) treatment
(Supporting Fig. 3A). Also, the incorporation of BrdU
by hepatocytes in the absence of TIGIT was signifi-
cantly reduced (Fig. 2B,C; Supporting Fig. 3B,C),
indicating that TIGIT might normally benefic liver
regeneration. We previously showed that TIGIT pre-
vented hepatocytes from immune attack in acute viral
hepatiti523; however, we did not detect serum ALT
changes between WT mice and 7igif”~ mice during
liver regeneration (Fig. 2D). Also, only occasional ter-
minal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)-positive hepatocytes were observed



72

WT
KO

40+

304

204

10+

HEPATOLOGY, October 2014

Fig. 2. TIGIT  deficiency
impairs liver regeneration. (A)
Liver weight to body weight
ratio of WT or Tigit”~ mice are
shown before or after PHx
(n=6). (B) Representative
BrdU staining of liver sections
from WT or Tigit”~ mice 48
hours after PHx. (C) Percen-
tages of BrdU-positive hepato-
cytes from WT or Tigit”~ mice
before or after PHx (n=6).
(A,C) Data are representative of
at least three independent
experiments and are repre-
sented as the mean = SEM.
*P<0.05, **P<0.005. (D)
Serum ALT concentration was
measured from WT or Tigit”"
mice that received PHx.
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Fig. 3. TIGIT deficiency promotes NK cell activation during liver regeneration. (A) Absolute number of MNCs and CD3'NK1.1™" cells in the liver
was evaluated before or after PHx (n = 6). (B) IFN-y expression in liver tissue was evaluated before or after PHx (n = 6). (C) Percentages of IFN-
y-containing cells in the CD3'NK1.1™" hepatic NK cells, CD3"NK1.1™ hepatic NKT cells, and CD3"NK1.1™ hepatic T cells before or after PHx
are shown (n = 6). (A-C) Data are representative of at least three experiments and are represented as the mean = SEM. *P < 0.05.
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from 24 to 72 hours post-PH, which was comparable
between WT mice and ﬁgit_/_ mice (data not shown).
These indicated that the impaired liver regeneration of
Tigit”~ mice might not be due to aggravated hepato-
Cyte injury or apoptosis.

TIGIT Prevents NK Cells From Overactivation in
Liver Regeneration. Although neither total lympho-
cyte nor NK cell infiltration into the liver was altered
by TIGIT deficiency (Fig. 3A), we detected higher
IFN-y production in the liver of 7igir”~ mice (Fig.
3B), which was reported to inhibit liver regeneration.
This higher production of IFN-y might be contributed
by NK cells, since we detected significantly higher
intracellular IFN-y level in hepatic NK cells, but not
in hepatic NKT cells or T cells, in Tigz’fF mice (Fig.
3C). These suggest that TIGIT inhibits NK cell activa-
and its IFN-y production
regeneration.

We previously reported that activated NK cells pro-
duced IFN-y and inhibited liver regeneration.'”> We
wondered whether TIGIT-mediated inhibition of NK
cell activation was critical for liver regeneration. We
found that, after depletion of NK cells, both recovery
of liver weight (Fig. 4A; Supporting Fig. 4A) and
incorporation of BrdU by hepatocytes (Fig. 4B; Sup-
porting Fig. 4B,C) were similar in the presence or
absence of TIGIT, indicating that TIGIT-mediated
protection of liver regeneration depended on the pres-
ence of NK cells. Next, in order to further characterize
the role of NK cells in TIGIT-mediated protection of
liver regeneration, we used T- and B-deficient Rczg]ik
mice and NK-deficient Nfi/37~ mice®® (Supporting
Fig. 5). We found that, as in WT mice, loss of TIGIT
signaling resulted in impaired recovery of liver weight
(Fig. 4C) and lower percentage of BrdU-positive hepa-
tocytes (Fig. 4D) in Ragl”~ mice, indicating that
TIGIT-mediated protection of liver regeneration is not
dependent on T cells or B cells. Furthermore, reconsti-
tution of NK-deficient Nfi/37~ mice with NK cells
from WT or Tigir’”~ mice showed that TIGIT defi-
ciency in NK cells sufficiently impaired recovery of
liver weight (Fig. 4E) and BrdU incorporation by
hepatocytes (Fig. 4F). These results collectively suggest
that TIGIT prevents NK cells from overactivation and
overproduction of IFN-y to improve
regeneration.

Hepatocyte PVR Contributes to TIGIT-Mediated
Improvement of Liver Regeneration. We previously
showed that PVR on hepatocytes was down-regulated
during poly I:C/D-GalN-induced acute hepatitis.*’
Here we found that PVR on hepatocytes, but not on
Kupffer cells, was up-regulated during liver regenera-

tion liver

during

liver
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tion (Fig. 5A). In order to study the role of PVR, we
hydrodynamically injected a plasmid expressing
shRNA targeting PVR (shPVR) to knockdown PVR
expression on hepatocytes23 (Fig. 5B). We found that
after silencing PVR, TIGIT deficiency did not signifi-
cantly impair liver regeneration (WT+shPVR versus
Tigit"+shPVR, Fig. 5C-E), as it did without PVR
silencing (WT+shNeg versus 7igir’~+shNeg, Fig. 5C-
E), indicating that TIGIT-sustained normal liver
regeneration is dependent on the up-regulated hepato-
cyte-PVR. These results also demonstrated that silenc-
ing PVR partially recovered both liver weight and
hepatocyte proliferation in 7igir”~ mice (Tigir” +sh-
Neg versus 7Tigit” +shPVR, Fig. 5C-E), where PVR
engagement by activating CD226 might be enhanced,
suggesting that activating PVR-binding receptors
CD226 might contribute to NK cell activation and
compromise liver regeneration, at least in the absence
of inhibitory PVR-binding receptor TIGIT. On the
other hand, we did not observe any significant changes
in liver weight or hepatocyte proliferation after silenc-
ing PVR in WT mice, which weakened signaling from
both inhibitory TIGIT and activating CD226
(WT+shNeg versus WT+shPVR, Fig. 5C-E), suggest-
ing that opposing signaling from these PVR-binding
receptors counterbalanced each other in WT mice, and
that TIGIT normally prevents NK cell from overactiv-
ity and improves liver regeneration by keeping activat-
ing PVR-binding receptors CD226 under control.
TIGIT-PVR Interaction Negatively Regulates NK-
Hepatocyte Crosstalk. Given that NK cell activation
and subsequent IFN-y production abrogates liver
regeneration and that hepatocyte PVR contributes to
TIGIT-mediated improvement of liver regeneration,
we wondered whether TIGIT-PVR interaction between
NK cells and hepatocytes regulated IFN-y production
by NK cells. We observed the elevated IFN-y produc-
tion in hepatic MNC-hepatocytes coculture experi-
upon blocking TIGIT (Fig. 6A)
hepatocytes were isolated from mice that received
PHx, but not sham-operation (Fig. 6A). Such an effect
of blocking TIGIT was not observed when using NK-
depleted hepatic MNCs (Fig. 6B). More important,
blocking TIGIT enhanced IFN-y production in hepa-
tocytes coculture with NK cells alone (Fig. 6C). Also,
this effect was only observed when hepatocytes were
isolated from mice that received PHx, but not sham-
operation (Fig. 6C). Given that PVR was up-regulated
on hepatocytes in mice that received PHx, but not
sham-operation (Fig. 5A), and PVR expression on
hepatocytes was critical for TIGIT-mediated improve-
ment of liver regeneration (Fig. 5C-E), the above

ment when
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Fig. 4. TIGIT deficiency in NK cells impairs liver regeneration. (A) WT mice were injected with anti-ASGM1 to deplete NK cells, together with

anti-TIGIT mAb or control 1gG, 24 hours before PHx. Liver weight to body weight ratio was calculated before or after PHx (n = 6). (B) Percentages
of BrdU-positive hepatocytes from NK-depleted mice before or after PHx (n = 6) from (A) were calculated (left). Representative BrdU staining of
liver sections 48 hours after PHx is shown (right). (C) Rag1”™ mice were treated with anti-TIGIT mAb or control IgG 24 hours before PHx. Liver
weight to body weight ratio was calculated before or after PHx (n = 6-11). (D) Percentages of BrdU-positive hepatocytes from Ragl”~ mice
before or after PHx (n=6-11) from (C) were calculated (left). Representative BrdU staining of liver sections 48 hours after PHx was shown
(right). (C,D) Data were pooled from two experiments. (E) CD3'NK1.1™ splenocytes from WT or Tigit”~ mice were adoptively transferred into
Nfil3”~ mice 48 hours before PHx. Liver weight to body weight ratio was calculated after PHx (n = 6-10). (F) Percentages of BrdU-positive hepa-
tocytes from Nfil37~ mice after PHx (n = 6-10) from (E) were calculated (left). Representative BrdU staining of liver sections 48 hours after PHx
is shown (right). (E,F) Data are pooled from two experiments. (A-F) Data are represented as the mean = SEM. *P < 0.05, **P < 0.005.

explored the importance of IFN-y to TIGIT-mediated
protection of liver regeneration. We found that in the

results collectively indicated that TIGIT-PVR interac-
tion negatively regulates NK-hepatocyte crosstalk and

IFN-y production by NK cells.

TIGIT Protection of Liver Regeneration Is Due to
Inhibiting Production of IFN-y. We showed above
that TIGIT inhibited NK cell-derived IFN-y produc-
tion during liver regeneration (Fig. 3C) upon interac-
tion with PVR on hepatocytes (Fig. 6C). We then

absence of IFN-y, blocking TIGIT signaling iz vivo by
mAb treatment failed to impair either liver weight
recovery (Fig. 7A; Supporting Fig. 6A) or BrdU incor-
poration by hepatocytes (Fig. 7B,C; Supporting Fig.
6B,C), further confirming that TIGIT might normally
prevent overproduction of NK cell-derived IFN-y,
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positive hepatocytes 48 hours after PHx from WT or Tigit”~ mice preinjected with ShRNA-expressing plasmids (n = 9-12). (C,E) Data were pooled
from two experiments and are represented as the mean = SEM. *P < 0.05, **P < 0.005.

which directly mediate cell cycle arrest in hepato-
,12,2 . . .
1229 1o improve liver regeneration.

Discussion

In this study we investigated the molecular interac-
tions that mediate NK cell self-tolerance during hepatic
regenerative hyperplasia. After partial hepatectomy, NK
cells in the liver are activated and produce IFN-y, which
negatively regulates liver regeneration.”'* This poses an
extrinsic “checkpoint” from the innate immune system
for hyperplasia events in the body. Therefore, mecha-
nisms exist to protect regenerative hyperplasia from
attack by the immune system. Here, our data indicated
that up-regulated TIGIT on NK cells are normally
required to mediate NK cell self-tolerance and protect
regenerative hyperplasia in a manner dependent on up-
regulated PVR on hepatocytes during liver regeneration.
We provided both iz vive and in vitro evidence that
TIGIT inhibits NK cell activation and IFN-y produc-

tion in NK-hepatocyte crosstalk, preventing proliferat-
ing hepatocytes from cell cycle arrest by excessively
produced IFN-y.

In the current study we provided evidence of NK-
hepatocyte crosstalk. Activation of NK cells upon con-
tact with hepatocytes has long been reported.”™! Here
we observed the augmented IFN-y production by NK
cells in the absence of TIGIT upon interaction with
hepatocytes (Fig. 6), especially those from regenerating
livers. Up-regulation of PVR expression on hepatocytes
during liver regeneration (Fig. 5A) might explain why
the effect of blocking TIGIT in the coculture experi-
ment was more prominent when using hepatocytes
from regenerating livers instead of from intact livers.
However, we also observed that such hepatocytes from
regenerating livers showed enhanced NK-stimulatory
effects compared with those from intact livers (Fig. 6),
suggesting that there might exist certain stimulatory
molecular patterns associated with the proliferating sta-
tus of hepatocytes, which still needs further studies.
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Fig. 6. TIGIT-PVR interaction negatively regulates NK-hepatocyte crosstalk. (A) Hepatic MNCs and hepatocytes from mice that received PHx or
sham-operation were coincubated for 24 hours in the presence of anti-TIGIT mAb or control IgG. IFN-y concentration in the supernatant from was
determined by ELISA. (B) Coculture of NK-depleted hepatic MNCs and hepatocytes was performed as in (A). (C) Coculture of MACS-enriched NK
cells and hepatocytes was performed as in (A). (A-C) Data are represented as the mean = SEM. *P < 0.05, **P < 0.005.

PVR is a multfunctional protein. Besides as a
ligand for NK cell receptors, CD226/CD96°>° and
TIGIT,”' PVR is involved in cell growth,% migra-
tion,?” adhesion,?® and immunomodulation.?!
nection with its role in cell growth, a group reported
that PVR expression is up-regulated at mRNA levels
during liver regeneration in rats.”*
such processes is not clear. Here we found that TIGIT
protects liver regeneration in a manner depending on
the up-regulated PVR expression on hepatocytes (Fig.
5C-E). On the one hand, our data showed that knock-
ing down PVR in hepatocytes to pre-PH level had lit-
tle effects on liver regeneration in WT mice, suggesting

In con-

However, its role in

that the hepatocyte-intrinsic functions of PVR (at least
for the up-regulated part) might be redundant in this
respect. However, whether the basal level of PVR on
hepatocytes contributes to liver regeneration still needs
further studies by using PVR-deficient mice. On the
other hand, however knocking down PVR in hepato-
cytes in Tigif”~ mice rescued the impaired liver regen-
eration, indicating that PVR on hepatocytes may
overactivate NK cells to break immune tolerance if the
safeguard molecule TIGIT is absent. that
TIGIT-mediated protection of liver regeneration is
dependent on the presence of NK cells (Fig. 4A,B;
Supporting Fig. 4), CD226 and/or CD96, two other

Given
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Fig. 7. TIGIT blockade impairs liver regeneration dependent on IFN-y. (A) WT mice were injected with anti-IFN-y to neutralize IFN-y in vivo,
together with anti-TIGIT mAb or control IgG, 24 hours before PHx, and injected with anti-IFN-y every other day after the first injection. Liver weight
to body weight ratio was calculated before or after PHx (n = 6). (B) Percentages of BrdU-positive hepatocytes from IFN-y-neutralized mice before
or after PHx (n = 6) from (A) were calculated (left). Representative BrdU staining of liver sections 48 hours after PHx is shown (right). Data are

represented as the mean = SEM.
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NK cell receptors which also interact with PVR, might
be involved in interaction between NK cells and hepa-
tocytes. The actual interaction of the NK cell receptor
array of both inhibitory and activating ones in liver
regeneration, however, remains to be elucidated.

The role of IFN-y in regulating liver regeneration has
been extensively investigated.”*” Instead of inducing
apoptosis,”” TFN-y was reported to cause cell cycle arrest
of hepatocytes through the generation of NO.*” Specific
cellular populations, which are reported to be critical for
IFN-y production during liver regeneration, varied
depending on the animal model used, although they
mainly belong to the innate immune system. We previ-
ously found that IFN-y produced by activated NK cells
inhibits liver regeneration in WT mice. Such an effect is
further augmented if the mice were pretreated with
MCMV or viral dsRNA analog poly I:C, enhancing NK
cell activation and IFN-y production,'>wWhereas in
HBYV transgenic mice it is NKT cells that are critical for
IFN-y production and inhibit liver regeneration. '’

As reviewed recently,”” both hypertrophy®’ and
hepatocyte proliferation contribute to liver regenera-
tion after 70% PHx. According to previous research'?
and the current study, NK cells regulate liver regenera-
tion by producing IFN-y to inhibit hepatocyte prolif-
eration, which is proposed to be regulated by TIGIT.
At 24 hours post PHx, when hypertrophy peaks but
low DNA synthesis/hepatocyte proliferation occurs,*?
low IFN-y levels might be insufficient to produce sig-
nificant effects (Fig. 3B). Also at this timepoint, the
effects of TIGIT on IFN-y production and liver mass
gain was not significant (“24h” in Figs. 2A-C, 3B,C).
Therefore, it is not likely that either NK cell-IFN-y or
TIGIT might affect hypertrophy-induced early liver
mass gain. However, whether NK cells or TIGIT regu-
late hypertrophy in a later phase still needs further
investigation, by employing mouse models (e.g., 30%
PHx*®) in which the liver mass gain mostly comes
from hypertrophy, so as to exclude the effects of NK-
IFN-y-proliferation pathway on liver mass gain.

On the other hand, after the peak of hepatocyte
proliferation, along with the declining production of
IFN-y (Fig. 3B,C), the effect of TIGIT-deficiency on
liver regeneration might be gradually diminished in
Tigifp mice, thus possibly allowing the liver in such
mice to respond normally to the physiologically com-
pensating need and gradually recover the liver mass.
Indeed, although liver regeneration was suppressed in
Tigit"~ mice around 48 hours post-PH, at later time-
points the liver mass in such mice were getting closer
to that in the WT mice (Supporting Fig. 2). This sug-
gests that TIGIT might normally function to protect
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liver regeneration mainly by regulating NK cell-
mediated innate immune response.

Unlike on murine NK cells, TIGIT expression on
human NK cells was reported to be constitutive.”’
Besides, human NK cells are highly enriched in the liver
(accounting for 30% of all intrahepatic lymphocytes on
average).43 The constitutive expression of TIGIT, as well
as the enriched NK cells in human liver, suggests that
TIGIT might play an important role in regulating NK
cell-mediated hepatic innate immune response in human
and might benefit regeneration after liver transplantation
or liver injury in patients with liver diseases. Furthermore,
TIGIT expression on human NK cells is differentially
regulated by different cytokines. While stimulatory IL-2
plus IL-15 up-regulates TIGIT,*' immune-suppressive
TGE-f alone, on the contrary, down-regulates TIGIT.*
The final pattern of regulation might depend on the cyto-
kine predominance in a specific immune microenviron-
ment, which thereafter might either amplify or diminish
the impact of TIGIT-mediated effects. Therefore, the
exact mode of TIGIT-mediated protection might be
context-dependent, which calls for further investigation.

In conclusion, our study demonstrated the role of
TIGIT in NK cells as a safeguard of liver regeneration.
We suggested that TIGIT is normally required to
mediate NK cell self-tolerance to regenerative hyper-
plasia, in order to limit innate immunity against the
regenerating organ/tissue, especially for the liver, an
organ with high regenerative potential. This also sheds
light on the mechanisms by which the immune system
regulates organ/tissue homeostasis in the body.
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