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Growth Hormone Stops Excessive 
Inflammation After Partial Hepatectomy, 
Allowing Liver Regeneration and Survival 
Through Induction of H2-Bl/HLA-G
Mayumi Ishikawa,1,2* Andrew J. Brooks ,1,3* Manuel A. Fernández-Rojo,1,3-6* Johan Medina,3 Yash Chhabra,1,3 Shiro Minami,2 
Kathryn A. Tunny,3 Robert G. Parton,1,7 Julian P. Vivian,8,9 Jamie Rossjohn,8-10 Viral Chikani,11 Grant A. Ramm ,4,5  
Ken K.Y. Ho,11 and Michael J. Waters1

BaCKgRoUND aND aIMS: Growth hormone (GH) 
is important for liver regeneration after partial hepatectomy 
(PHx). We investigated this process in C57BL/6 mice that 
express different forms of the GH receptor (GHR) with de-
letions in key signaling domains.

appRoaCH aND ReSUltS: PHx was performed on 
C57BL/6 mice lacking GHR (Ghr−/−), disabled for all GH-
dependent Janus kinase 2 signaling (Box1−/−), or lacking only 
GH-dependent signal transducer and activator of transcrip-
tion 5 (STAT5) signaling (Ghr391−/−), and wild-type litter-
mates. C57BL/6 Ghr−/−mice showed striking mortality within 
48  hours after PHx, whereas Box1−/− or Ghr391−/− mice 
survived with normal liver regeneration. Ghr−/− mortality 
was associated with increased apoptosis and elevated natu-
ral killer/natural killer T cell and macrophage cell markers. 
We identified H2-Bl, a key immunotolerance protein, which 
is up-regulated by PHx through a GH-mediated, Janus ki-
nase 2–independent, SRC family kinase–dependent pathway. 
GH treatment was confirmed to up-regulate expression of 
the human homolog of H2-Bl (human leukocyte antigen G 
[HLA-G]) in primary human hepatocytes and in the serum 

of GH-deficient patients. We find that injury-associated in-
nate immune attack by natural killer/natural killer T cell 
and macrophage cells are instrumental in the failure of liver 
regeneration, and this can be overcome in Ghr−/− mice by 
adenoviral delivery of H2-Bl or by infusion of HLA-G pro-
tein. Further, H2-Bl knockdown in wild-type C57BL/6 mice 
showed elevated markers of inflammation after PHx, whereas 
Ghr−/− backcrossed on a strain with high endogenous H2-Bl 
expression showed a high rate of survival following PHx.

CoNClUSIoNS: GH induction of H2-Bl expression is cru-
cial for reducing innate immune-mediated apoptosis and pro-
moting survival after PHx in C57BL/6 mice. Treatment with 
HLA-G may lead to improved clinical outcomes following liver 
surgery or transplantation. (Hepatology 2021;73:759-775).

The innate immune system has been shown to 
play a major role in liver regeneration, with 
key roles being attributed to hepatic natural 

killer (NK) and natural killer T cells (NKT), the major 
resident lymphoid cell populations that are located 
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particularly in the liver sinusoids. These cells normally 
protect against viral infection and tumor formation, 
but are now known to contribute to the progression 
of liver injury in rodent models. Partial hepatectomy 
(PHx) in mice results in an increase in hepatic NK, 
and particularly hepatic NKT cell number.(1) These 
inflammatory cells have complex roles in the regener-
ation process, in some cases promoting regeneration, 
but in most cases acting to delay or prevent regen-
eration, such as through NK or invariant NKT cell 
induction of interferon γ (IFNγ).(1,2) Both NK and 
NKT cells recognize damaged/stressed hepatocytes 
and kill them using Fas ligand (NKT cells) or tumor 
necrosis factor–related apoptosis-inducing ligand, as 
well as lysis through granzyme B and perforin.(1,2) 
These processes are amplified by activated NKT and 
Kupffer cells, as these enhance NK cell cytotoxicity 
and IFNγ production.(2)

Previous studies found that PHx in transgenic 
mice overexpressing the growth hormone (GH) 
receptor antagonist G118R resulted in a high level of 
early mortality (43%) as well as a major and delayed 
reduction in hepatocyte proliferation.(3) Mortality 
rates of approximately 40% have been reported for 
mice with deletion of the key priming factors tumor 
necrosis factor (TNF) receptor and interleukin (IL)-
6,(4,5) although mortality was more delayed than for 

growth hormone receptor (GHR) antagonist mice 
that still retain significant GH action (hepatic insu-
lin-like growth factor 1 [IGF-1] transcript level 
around 45% of wild type). To define the GH signal-
ing roles following PHx, we used a panel of mutant 
GHR knock-in mice that sequentially remove the 
GH signaling elements in the receptor cytoplasmic 
domain (Fig. 1A).(6,7) These knock-in lines have 
been key in defining a second pathway used by the 
GHR, which initiates from a SRC family kinase 
(SFK) bound to the receptor rather than the con-
ventional Janus kinase 2 ( JAK2), which binds to 
the Box1 sequence within the receptor cytoplasmic 
domain. This second pathway activates extracellu-
lar signal–regulated kinase (ERK) through RAS, as 
opposed to the conventional JAK/signal transducer 
and activator of transcription (STAT) pathway.(6,8) 
We were able to identify that the key component 
responsible for the high mortality in mice defi-
cient in GHR following PHx was the absence of 
GH-mediated SFK activation, which leads to a dys-
regulated inflammatory response. We have shown 
that GH induction of the immunotolerance pro-
tein H2-Bl (homolog of human leukocyte antigen 
G [HLA-G] in humans) through SFK signaling is 
vital in suppressing this inflammatory response and 
preventing mortality in C57BL/6 mice. A number 
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of studies provide increasing evidence demonstrat-
ing the potent immunosuppressive effects mediated 
by HLA-G.(9,10) As we identified that HLA-G is 

also GH-regulated in humans, these findings may 
have clinical applications in treatment of liver fail-
ure and transplantation.

FIg. 1. Survival of Ghr mutant C57BL/6 mouse strains after PHx. (A) Signaling capabilities of GHR mutant mice. The cytoplasmic 
domain of receptor is shown, with remaining signaling pathways for each mutant. Ghr391−/− eliminates STAT5 signaling; Box1−/− removes 
all JAK/STAT signaling while maintaining SFK signaling; and Ghr−/− removes all GH mediated signaling. (B) Survival of mouse strains 
after PHx (number of mice for each genotype shown), in which the mortality of Ghr−/− is partially rescued by adenoviral expression of 
H2-Bl. Abbreviations: CIS, cytokine-inducible SH2 (Src homology 2) protein; SHC, Src Homology and Collagen protein; SHP1, Src 
homology region 2 domain-containing phosphatase-1; SHP2, Src homology region 2 domain-containing phosphatase-2.
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Materials and Methods
C57BL/6 mice with partial or total loss of 

GH-induced STAT5 or JAK2 activation by GH were 
derived as previously described.(6,7) Two-thirds partial 
hepatectomy on 8-13 week old male mice were per-
formed as previously described.(11) Further details on 
mice including backcrossing, adenoviral expression, 
and osmotic pump delivery of HLA-G are detailed 
in the Supporting Information. Animal experimen-
tal protocols were approved by the University of 
Queensland Animal Ethics Committee and the Office 
of the Gene Technology Regulator, Canberra, ACT.

Details regarding expression and purification of 
HLA-G, construction of adenoviral delivery vectors, 
histology and TUNEL staining, western blot analysis, 
quantitative PCR (qPCR), quantification of HLA-G 
from serum, hepatocyte NK cell co-culture apopto-
sis assay, AML12 mouse hepatocyte culture, human 
hepatocyte culture, and statistical analysis are pro-
vided in the Supporting Information.

Blood and specimens for human study analysis were 
taken from patients after informed consent, approved 
by the human research ethics committee at the 
Princess Alexandra Hospital, Brisbane (HREC/12/
QPAH/126 and SSA/12/QPAH/140). The cul-
ture of the human hepatocyte cells was approved by 
the Tokyo Metropolitan Medical Examiner’s Office  
(No. 788, 1996).

Results
pHx IN C57Bl/6 gHR NUll MICe IS 
letHal

Initially we studied the survival of Ghr mutant 
(Ghr391−/−, Box1−/−, and Ghr−/−) and wild-type (wt) 
mouse strains over a 7-day period after two-thirds 
PHx. Strikingly, only Ghr−/− mice exhibited significant 
mortality, so that all but one of the eight Ghr−/− mice 
were dead within 38 hours (the remaining mouse had 
to be euthanized 48 hours following PHx) (Fig. 1B).  
Over half of the Ghr−/− mice were dead within 
30 hours following PHx. All other Ghr mutant mouse 
strains appeared healthy 7  days later, except for the 
loss of two Ghr391−/− mice (2 of 10) around 48 hours. 
Importantly, the dwarf Box1−/− mice lacking ability to 

activate the JAK/STAT pathway, but retaining SRC/
ERK signaling, showed no mortality after PHx.

Analysis of liver sections by hematoxylin and 
eosin staining was undertaken at 6  hours after PHx 
because of the early mortality of Ghr−/− mice. No 
change was evident in wt and Box1−/− liver histology 
compared with the nonoperated controls, whereas 
Ghr−/− liver sections revealed numerous lipid drop-
lets with ballooning of hepatocytes (Fig. 2A). At 
6 hours after PHx there was a significant increase in 
apoptosis (by terminal deoxynucleotidyl transferase– 
mediated deoxyuridine triphosphate nick-end labeling 
[TUNEL]) for Box1−/− mice and a striking increase in 
Ghr−/− mice (Fig. 2B,C), whereas there was no signifi-
cant difference in apoptosis between genotypes before 
PHx. This was confirmed by cleaved caspase-3 stain-
ing (Fig. 7B). Increased apoptosis was accompanied 
by a significant rise in Fas transcript in Ghr−/− (but 
not Box1−/−) relative to wt mice, although not of Fas 
ligand (Fig. 3A).

NK, NKt, aND MaCRopHage Cell 
MaRKeRS aRe Up-RegUlateD 
IN C57Bl/6 gHR NUll MICe 
FolloWINg pHx

Although bromodeoxyuridine (BrdU) incorpo-
ration or proliferating cell nuclear antigen (PCNA) 
expression analysis are common methods for analyz-
ing liver regeneration following PHx, no significant 
increase in BrdU-positive cells or PCNA staining 
could be detected 24 hours following PHx in mice.(12) 
Given the extent of rapid mortality (Fig. 1B), and the 
increased apoptosis following PHx in the Ghr−/− mice 
(Fig. 2B,C), we hypothesized that immune attack 
was the central issue. Therefore, we measured tran-
scripts for the NK/NKT marker NK1.1 (CD161) 
and the macrophage/Kupffer cell marker F4/80, and 
investigated their protein expression by immunohis-
tochemistry (IHC). Transcript for NK1.1 and F4/80 
were significantly elevated approximately 3-fold and 
5-fold, respectively, in Ghr−/− mice relative to wt mice 
at 6  hours following PHx (Fig. 3B). This correlated 
with stronger staining for CD161 and F4/80 in liver 
sections from Ghr−/− mice 6  hours following PHx 
compared with wt mice (Fig. 3C and Supporting  
Fig. S1), indicating strongly increased infiltration or 
activation of NK/NKT cells and macrophages into 
the Ghr−/− liver following PHx.
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FIg. 2. The livers of Ghr−/− mice 6 hours following PHx show lipid droplets, ballooning, and increased apoptosis compared with wt and 
Box−/− mice. (A) Liver histology from Box1−/− and Ghr−/− mice compared with wt 6 hours after PHx, showing lipid droplets and ballooning 
in Ghr−/− liver. Lower panel shows high magnification images. (B) TUNEL staining in livers at 0 hours and 6 hours after PHx, showing 
increased apoptosis in Box1−/− mice compared with wt, but particularly in Ghr−/− mice compared with wt. Staining without primary 
antibody is shown (No Ab Control). (C) TUNEL quantification in livers at 0 hours and 6 hours after PHx. Six to nine sections were 
analyzed for each mouse at 0 hours and 6 hours following PHx, with n = 4-11 mice per group. Abbreviation: H&E, hematoxylin and eosin.
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aCtIVatIoN oF JUN KINaSe IS 
IMpaIReD IN C57Bl/6 gHR-NUll 
MICe

Hepatic jun expression is a key requirement for 
normal regeneration after PHx, with its deletion 
resulting in approximately 50% survival of mice 
together with impaired regeneration.(13) A striking 
decrease in hepatic phospho-JUN was evident in the 
Ghr−/−, but not in mice lacking the ability to activate 

JAK2 by GH (i.e., Box1−/−), implying that JUN kinase 
is being largely activated by the SRC kinase path-
way in wt mice and Box1−/−, but not in Ghr−/− mice  
(Fig. 4A,B and Supporting Fig. S2). The lack of 
GHR-mediated ERK1/2 activation by SRC is evi-
dent in Ghr−/− liver 6 hours after PHx compared with 
wt and Box1−/− mice (Fig. 5A). Accordingly, GH stim-
ulated JUN phosphorylation in AML12 hepatocyte 
cells, and this was suppressed by SRC inhibitor PP2  
(Fig. 5B).

FIg. 3. Immune attack is elevated in Ghr−/− mice compared with wt mice following PHx, and this elevation can be ameliorated by 
expression of H2-Bl. (A) Fas and fasl transcripts at 0 hours and 6 hours after PHx, showing significantly elevated Fas transcript relative to 
wt in Ghr−/− mice at 6 hours. (B) NK/NKT marker NK1.1 and macrophage marker F4/80 transcripts in livers at 0 hours and 6 hours after 
PHx, showing increased level of NK/NKT marker 6 hours after PHx in Ghr−/− mice, and elevated macrophage marker at both 0 hours and 
6 hours in Ghr−/− relative to wt. (C) Protein expression of NK1.1 and F4/80 by IHC, showing correspondence with transcript levels. Also 
shown is the ability of ad-H2-Bl, but not ad-GFP, to reverse these changes in Ghr−/− mice (n = 4-6 mice per group).
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gH Up-RegUlateS tHe 
eXpReSSIoN oF tHe 
IMMUNotoleRaNCe geNe 
H2-Bl IN MICe aND Hla-g IN 
HUMaNS

We previously identified a restricted set of hepatic 
gene transcripts unique to Ghr−/− mice by compar-
ison of Illumina (San Diego, CA) expression pro-
files for Ghr391, Box1−/−, and Ghr−/− mice.(6) This 
list included the transcript for a key immunotoler-
ance gene, H2-Bl.(14) Importantly, expression of the 
human homolog of H2-B1, HLA-G, correlates with 

lower rates of rejection in liver transplant recipi-
ents.(15) We observed a 5-fold lower expression of 
H2-Bl in Ghr−/− liver relative to wt and Box1−/− liver 
at 6 hours following PHx (Fig. 5C). H2-Bl expres-
sion increased significantly following PHx in wt 
mice; however, the increase at 6  hours is not seen 
in Ghr−/− mice. A previous study in 129/Sv Ghr−/− 
mice reported no mortality after PHx(16); there-
fore, we investigated the difference in expression 
of hepatic H2-Bl between wt C57BL/6 and 129/
Sv strains. We found that the H2-Bl transcript is 
around 5-fold higher basally in 129/Sv mice, and 
this level is greater than that reached at 6  hours 

FIg. 4. JUN is activated in livers of wt and Box1−/− mice after PHx, but not in Ghr−/− mice. (A) JUN activation/phosphorylation is 
deficient in Ghr−/− mice, but not in wt or Box1−/− mice, 6 hours after PHx. Representative high-magnification IHC sections are shown. 
Staining without primary antibody is shown (No Ab Control). (B) Quantification of large nuclei with phospho-JUN immunoreactivity is 
shown (five sections per mouse, n = 3 mice per group).
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following PHx in wt C57Bl/6 mice (Fig. 5D). We 
also found that Ghr−/− mice on a mixed 129/SvJ/
C57BL/6 background did not exhibit significant 
mortality following PHx (Fig. 7A), in accord with 
the previous report.(16)

The SRC pathway stimulated by GH is the only 
signaling pathway remaining in Box1−/− mice.(6) 
This implies that H2-Bl transcript expression 
is SRC-dependent, through ERK or additional 
SRC-dependent pathways such as JNK. We used 

FIg. 5. GH activates JUN and up-regulates H2-Bl and HLA-G expression in a SRC-ERK pathway–dependent manner, protects 
hepatocytes from NK cell attack, and H2-Bl expression is induced in livers of wt and Box1−/− C57BL/6 mice after PHx, but not in Ghr−/− 
C57BL/6 mice. (A) ERK1/2 activation in Ghr−/− liver 6 hours after PHx is impaired compared with Box1−/− and wt mice (quantification 
from western blot, n = 3 for each mouse line). (B) Immunoblot showing suppression of GH-stimulated JUN phosphorylation by SRC 
kinase inhibitor PP2 (10 μM) in AML12 hepatocyte cells and its quantification (n = 3 wells per condition). (C) H2-Bl transcript level does 
not increase after PHx in Ghr−/−, whereas wt and Box1−/− show a significant increase (n = 3-6 per group). (D) Basal expression of H2-Bl 
transcript in the 129/Sv mouse strain is high compared with C57BL/6. (E) GH treatment increases H2-Bl transcript in AML12 mouse 
hepatocyte cells, and this increase is blocked by the MEK inhibitor PD98059 (20 μM) (n = 3 replicates per group). Inhibition of ERK1/2 
is shown in Supporting Fig. S3. (F) GH treatment increases HLA-G transcript in human hepatocyte cells, and this increase is blocked by 
the MEK inhibitor PD98059 (20 μM) (n = 3 replicates per group). Quantification of TUNEL staining of human hepatocytes following 
co-culture with human NK cells and treatment with either GH (G) or HLA-G (H) protein. Abbreviations: GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; PP2, pyrazolopyrimidine (PP)2; and rRNA, ribosomal RNA.
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GH-responsive murine AML12 hepatocytes and 
showed that H2-Bl transcript is induced by GH, 
and that this induction is blocked by the upstream 
MEK1 inhibitor PD98059 (Fig. 5E). We also found 
that HLA-G transcripts (Fig. 5F) and protein levels 
(Supporting Fig. S4) are induced by GH in primary 
human hepatocytes in a similar manner to that shown 
for AML12 cells (Fig. 5E).

gH oR Hla-g BloCKS NK 
Cell–MeDIateD apoptoSIS oF 
HUMaN HepatoCyteS IN VITRO

The importance of GH and HLA-G for hepato-
cyte viability was evident from the finding that 
hepatocyte apoptosis induced by co-culture of 
human NK-cells with primary human hepatocytes is 
prevented with GH (Fig. 5G) or HLA-G addition 
(Fig. 5H).

aDeNoVIRal eXpReSSIoN oF 
H2-Bl oR INFUSIoN oF Hla-g 
pRoteIN peRMItS lIVeR 
RegeNeRatIoN aND SURVIVal 
oF C57Bl/6 gHR-NUll MICe 
FolloWINg pHx

To establish that H2-Bl deficiency is the criti-
cal factor in the high mortality seen in C57BL/6 
Ghr−/− mice, we used adenoviral expression of H2-Bl 
and GFP, or GFP alone as a control, delivered by 
tail vein injection to determine whether this could 
confer increased survival of Ghr−/− mice after PHx 
(Supporting Fig. S5 showing H2-Bl transcript lev-
els). Strikingly, the H2-Bl vector was able to prevent 
48-hour mortality, and 50% of all adenovirus- 
expressing H2-Bl and GFP (ad-H2-Bl)–injected 
mice were alive after 7  days, whereas all control  
adenovirus-expressing GFP (ad-GFP) mice were 
dead within 48 hours of the PHx (Fig. 1B). In agree-
ment with this, liver regeneration indexes (shown 
as liver to body mass ratio) were not significantly 
different for Ghr391 or Box1−/− (Supporting Fig. 
S6A,B); however, for Ghr−/− mice (with ad-H2-Bl), 
regeneration was significantly impaired (Supporting  
Fig. S6C). Accordingly, apoptosis in liver sam-
ples taken at 6  hours following PHx was markedly 
decreased in ad-H2-Bl mice compared with control 

Ghr−/− mice or the ad-GFP controls (Fig. 6A,B). 
Moreover, phospho-JUN (a measure of regenera-
tion) was restored at 6  hours (Fig. 6A,C), whereas 
the increase in IFNγ evident in Ghr−/− mice was 
reduced to wt levels by ad-H2-Bl expression at both 
transcript and protein level, a reduction not seen 
with control ad-GFP-injected mice (Fig. 6D,E). 
This decrease in IFNγ correlated with a decrease in 
NK/NKT and macrophage cell invasion (Fig. 3B,C). 
The decline in macrophage F4/80 expression at 
6 hours following PHx, compared with basal levels, 
correlated well with survival (Fig. 3C).

In light of the therapeutic potential for H2-Bl/
HLA-G, we infused homogeneous recombinant 
HLA-G(17) (shown to bind PIR-B,(18) the mouse 
homolog of LILRB1 [ILT2] and LILRB2 [ILT4]) 
by osmotic minipump into the Ghr−/− C57BL/6 mice 
before and after PHx, and observed that a similar per-
centage of mice survived (Fig. 7A) and apoptosis was 
reduced (Fig. 7B), as was observed with the adenovi-
rus delivery of H2-Bl.

RNa-INteRFeReNCe 
KNoCKDoWN oF H2-Bl IN 
C57Bl/6 MICe SHoWS eleVateD 
MaRKeRS oF INFlaMMatIoN 
FolloWINg pHx

To further demonstrate that H2-Bl plays an 
important role in modulating inflammation fol-
lowing PHx we used adenovirus expression of 
microRNA RNA interference (RNAi) to knock 
down the expression of H2-Bl in wt C57BL/6 
mice. Increased transcripts of Fas and Fasl were 
shown with ad-RNAi-H2-Bl 6  hours following 
PHx compared with the nontargeting (nt) con-
trol, ad-RNAi-nt (Fig. 7C). The NK/NKT marker 
NK1.1 also showed elevated transcription at 6 hours 
after PHx with ad-RNAi-H2-Bl compared with 
ad-RNAi-nt (Fig. 7D), which correlated with an 
increase in IFNγ (Fig. 7E), although no significant 
change was identified for F4/80 (Fig. 7D). In addi-
tion, liver indices showed reduced liver regeneration 
with ad-RNAi-H2-Bl compared with ad-RNAi-nt 
in wt C57BL/6 mice following PHx (Supporting 
Fig. S7), supporting the important role of H2-Bl in 
liver regeneration following surgery.
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FIg. 6. Indicators of immune attack are reversed by adenoviral delivery of H2-Bl in Ghr−/− mice. (A) TUNEL and phospho-JUN staining 
shows ability of ad-H2-Bl to prevent apoptosis and restore phospho-JUN level in Ghr−/− mice at 6 hours following PHx. Quantification of 
TUNEL (B) and phospho-JUN staining (C), five sections per mouse (n = 3 mice/group). (D) The increase in IFNγ transcript levels after 
PHx is higher in Ghr−/− mice compared with wt mice, and this increase in IFNγ transcript in Ghr−/− is reduced by adenoviral expression 
of H2-Bl. (E) IFNγ expression by IHC shows increased expression at 6 hours in wt, but 3.5-fold higher expression in Ghr−/−, which is 
markedly decreased by ad-H2-Bl but not by ad-GFP (five sections per mouse, n = 3 mice/group).
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CIRCUlatINg Hla-g 
leVelS aRe DeCReaSeD IN 
gH-DeFICIeNt patIeNtS 
aND ReStoReD WItH gH 
ReplaCeMeNt

Finally, we showed that serum HLA-G is sig-
nificantly increased in GH-deficient patients by 
6  months of GH replacement to restore normal 
IGF-1 levels (Fig. 7F). Thus, GH induces expres-
sion of both H2-Bl in mice and its homolog HLA-G 
in humans.

Discussion
We sought to elucidate the molecular mechanisms 

by which GH deficiency compromises survival after 
PHx in C57BL/6 mice by using a panel of mouse 
models with different GHR signaling domains 
deleted. Early studies in rats showed that GH 
(but not IGF-1) administration increased hepato-
cyte proliferation and final liver size after PHx.(19) 
Furthermore, the increase in Hgf transcript seen 
approximately 5  hours after PHx was delayed in 
hypophysectomized rats until 10-18 hours following 
PHx, unless GH was administered previously.(20) 
The first study to examine the role of GH in recov-
ery from PHx in transgenic mice used mice express-
ing the GH antagonist G118R, which decreases, 
but does not eliminate, GH signaling. That study 
reported a high mortality (approximately 43%, most 
within 48  hours) in a mixed genetic background 
after PHx. In addition, the study found that liver 
Igf-1-deleted mice showed minimal mortality, while 
extensive areas of necrosis were evident at 24 fol-
lowing PHx only in the GH-antagonist transgenic 
mice.(3) GH levels decrease with age, and GH treat-
ment of aged mice has been shown to stimulate 

hepatocyte proliferation in a FOXM1B-dependent 
manner; this was associated with an increase in 
expression of CDC25A/B phosphatases and cyclin 
B1, while p27Kip1 was decreased.(21) These results 
imply a specific action of GH to reduce mortality 
and to increase hepatocyte proliferation after PHx 
in mice.

We demonstrated almost complete mortality of 
Ghr−/− C57BL/6 mice within 48 hours following PHx, 
whereas mice that lacked canonical GH-mediated 
JAK/STAT signaling but retained the GH-mediated 
SRC/ERK pathway showed complete survival 7 days 
following PHx. This allowed us to establish that 
a GHR-dependent SRC/ERK pathway(6) confers 
resistance to mortality after liver resection in mice. 
Through hepatic transcript profiling with Illumina 
arrays, we identified the immunotolerance protein 
H2-Bl as a likely candidate crucial for mouse survival 
following PHx.(6) The central role of GH induction 
of H2-Bl was supported by demonstrating survival 
and allowing liver regeneration in Ghr−/− mice fol-
lowing PHx only when deficient H2-Bl expression 
had been overcome either with an H2-Bl adenoviral 
expression vector or by infusion of the homogeneous 
human ortholog, HLA-G.(22)

H2-Bl (blastocyst major histocompatibility complex 
[MHC]) is an MHC class 1b gene.(14) Transcripts of 
H2-Bl were first identified in mouse blastocysts and 
proposed to induce tolerance to maternal NK cells at 
the maternal–fetal interface in a similar manner to 
its human ortholog, HLA-G.(9,22) As for HLA-G,(9) 
H2-Bl can be secreted as a soluble form consequent 
to alternative splicing of its transcript. Expression of 
H2-Bl was shown to protect a T-cell line lacking sur-
face MHC class Ia molecules from NK cell attack,(22) 
demonstrating the same function as HLA-G.(23) The 
potent immunosuppressive properties of HLA-G act 
by binding to two separate immune inhibitory recep-
tors, LILRB1 on monocytes, macrophages, dendritic, 

FIg. 7. Treatment with HLA-G or mixed background mice with high expression of H2-Bl improves survival of Ghr−/− mice, while 
markers of immune attack are elevated in C57BL/6 mice by knockdown of H2-Bl following PHx. (A) Survival of mouse strains after PHx 
(number for each genotype shown) and osmotic pump infusion of HLA-G. (B) Infusion of HLA-G protein markedly reduced apoptosis 
levels in Ghr−/− mice. TUNEL staining showing ability of HLA-G to prevent apoptosis in Ghr−/− mice at 6 hours PHx with representative 
images shown (right). Quantification of TUNEL and cleaved caspase-3, 5 sections per mouse (n = 3 mice per group). (C) Transcripts 
analysis in liver at 6 hours after PHx with H2-Bl RNAi show elevated levels of Fas and fasl compared to non-targeting control. (D) NK/
NKT marker NK1.1 is elevated at 6 hours following PHx with H2-Bl RNAi compared to non-targeting RNAi while macrophage marker 
F4/80 transcripts showed no significant change. (E) IFNγ transcript levels in the liver are increased with H2-Bl RNAi 6 hours after PHx 
compared with nontargeting RNAi (n = 6 ad-RNAi-H2-Bl and n = 4 ad-RNAi-nt). (F) HLA-G levels in serum from patients with 
GHD, patients with GDH following GH treatment, and healthy controls. Abbreviation: ns, not significant.
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NK, B cells and T cells, and LILRB2 on NK cells, 
monocytes, macrophages, and dendritic cells.(9,17,24) 
Transgenic expression of HLA-G in mice allows 
skin allografts to survive substantially longer than in 
wt controls, with delaying of maturation of dendritic 
macrophages.(25) Similarly, transgenic HLA-G expres-
sion on swine endothelial cells was shown to sup-
press human macrophage–mediated cytotoxicity.(26) 
Moreover, human CD4+HLA-G+T cells, characteris-
tic of an important Treg population, act as potent sup-
pressors of graft-versus-host disease in vivo,(10) while 
increased levels of soluble HLA-G correlate with 
reduced graft-versus-host disease.(27) These findings 
are congruent with in vitro data showing that HLA-G 
is also able to decrease T-cell responses, presumably 
by inhibiting the development of antigen-presenting 
cells such as macrophages.(28) Importantly, expression 
of HLA-G has been shown to correlate with lower 
rates of rejection in liver, kidney, and heart transplant 
recipients.(9)

Given the strong correlation between elevated 
HLA-G and absence of transplant rejection, a key 
question remains as to why some patients have high 
levels of HLA-G and others do not. Therefore, it is 
indeed relevant that GH is able to induce expression 
of H2-Bl in mice and that the serum level of HLA-G 
in GH-deficient (GHD) patients is increased by GH 
replacement. In addition, patients with GHD have 
an elevated prevalence of nonalcoholic steatohepatitis 
(NASH), which is characterized by elevated inflam-
mation.(29) GH replacement therapy has been shown 
to improve NASH in patients with GHD,(30) and our 
study reveals that GH induction of HLA-G may play 
a role in this process.

Expression level of H2-Bl is critical for survival in 
mice following PHx. This is illustrated by our find-
ing of almost total mortality in C57BL/6 Ghr−/− mice 
by 48  hours after PHx, in stark contrast to a report 
showing zero mortality after PHx in Ghr−/− mice,(16) 
associated with a striking decrease in hepatocyte 
proliferation, cyclin A, and cyclin D expression at 
40-48  hours following PHx. That study was per-
formed in mice on a Sv129Ola background, whereas 
our study used C57BL/6 mice, and the study using 
GHR antagonist mice showing partial mortality fol-
lowing PHx used an undefined mix of C57BL/6, 129/
Sv, and FVB/N strains.(3) In agreement with previous 
reports,(14,31) we confirmed that H2-Bl expression is 
significantly higher in the 129/Sv strain relative to 

the hypomorphic C57BL/6 strain (Fig. 5D), and that 
PHx in Ghr−/− mice on a mixed 129/SvJ/C57BL/6 
background did not result in significant mortality 
(Fig. 7A). This supports the importance of differen-
tial expression of H2-Bl between these strains as a key 
survival factor. The finding that C57BL/6 mice are 
much more susceptible to ischemia reperfusion dam-
age than 129/Sv mice is potentially a consequence of 
the strain difference in H2-Bl expression.(32) Strain 
differences in H2-Bl expression may recapitulate the 
variations of HLA-G expression in patients and their 
outcomes from liver transplants. These differences 
would be significant, given the normally low level of 
HLA-G expression in liver.(9)

A key question is the mechanism of action of 
H2-Bl/HLA-G in promoting survival after PHx. 
The strongest correlate with survival following 
adenoviral expression of H2-Bl was the decreased 
level of the macrophage/Kupffer cell marker F4/80 
and IFNγ expression at 6  hours following PHx. 
Decreasing Kupffer and macrophage cell number 
pharmacologically before PHx with gadolinium 
chloride has been reported to enhance liver regen-
eration.(33) A time-series microarray analysis of the 
Kupffer cell transcriptome following PHx shows a 
decline in immune function expression soon after the 
procedure,(34) correlating with our observed loss of 
the F4/80 marker. We suggest that HLA-G binding 
to inhibitory LILRB1 and LILRB2 receptors pres-
ent on macrophage cells or recruited dendritic cells 
blocks their activation by DAMPs (danger-associ-
ated molecular pattern molecules) (Fig. 8). DAMPs 
such as HMGB1, hyaluronic acid, and S100 pro-
teins released from necrotic parenchymal cells can 
activate TLR4 on Kupffer and dendritic cells, and 
this has been implicated in sterile innate inflamma-
tory responses to ischemia/reperfusion injury, which 
may be expected during PHx.(35,36) Additionally, 
histones and HMGB1 released for necrotic paren-
chymal cells activate TLR9 on Kupffer cells, with 
a similar outcome through the NLRP3 inflam-
masome.(37) Excessive activation of these inflam-
matory cells would release dangerous levels of TNF, 
IL-12, cleaved IL-1β and IL-18, which would not 
only induce apoptosis of parenchymal cells, but also 
serve to recruit and activate NK and NKT cells to 
release IFNγ and further TNF.(38)

As H2-Bl/HLA-G exists in a membrane-bound 
form and as a soluble ectodomain, both forms would 
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be expected to dampen the innate immune response 
to damaged cells. We instead used the ectodomain, 
supplied both as an adenoviral construct or by con-
tinuous infusion of the protein. In further support of 
the immunosuppressive actions of H2-Bl/HLA-G, 
we have shown that RNAi knockdown of H2-Bl in 
wt C57BL/6 mice results in elevation of markers of 
inflammation 6  hours following PHx (Fig. 7C-E). It 
has been reported that soluble HLA-G impairs NK/
dendritic cell crosstalk by inhibiting dendritic cell 
maturation and IL-12 secretion, as well as inhibiting 
associated NK/NKT cell IFNγ cell secretion, all of 
which would contribute to inhibition of cytolysis and 
apoptosis.(9,23) Similarly, it has been shown that soluble 
HLA-G is able to inhibit the production of TNF and 
IFNγ from decidual mononuclear cells.(39) Human 
liver stem cells (HLSCs) have been shown to express 
HLA-G and suppress NK cell activation, and this sup-
pression of NK cells was able to be blocked with an anti-
body against HLA-G.(40) In further support, HLSCs 

reduced liver necrosis and apoptosis and enhanced liver 
regeneration in a model of fulminant liver failure.(41) In 
a liver transplant animal model, recombinant human 
growth hormone (rhGH) has been shown to attenu-
ate ischemic injury of intrahepatic bile ducts,(42) and 
a clinical study has shown HLA-G to be expressed in 
biliary epithelial cells in liver allografts of patients with 
combined liver-kidney transplants.(9) Moreover, studies 
using carbon tetrachloride–treated mice showed that 
transplantation of HLA-G-expressing human amni-
otic epithelial cells reduces hepatic fibrosis and that 
soluble HLA-G1 (extracellular domain of HLA-G) 
reduced TGF-β1 protein levels and reduced the intra-
cellular collagen content of hepatic stellate cells.(43) A 
study investigating HLA-G expression in liver trans-
plantation found that cirrhotic explant livers showed 
robust HLA-G expression in hepatocytes, whereas 
most of the noncirrhotic livers and graft biopsies taken 
before or after liver transplantation showed no or weak 
HLA-G expression. In addition, the study suggested 

FIg. 8. Growth hormone protects the liver from excessive inflammation through SFK-dependent induction of HLA-G (H2-B1 in mice) 
after PHx. Following PHx surgery, immune cells such as NK cells and macrophages are activated and release inflammatory cytokines, 
which may contribute to liver failure and mortality. GH induces the expression of HLA-G, which inhibits immune cell activation, keeping 
inflammation in check, which permits regeneration.

Binding of HLA-G to LILRB1
and LILRB2 inhibits activation
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that HLA-G expression in hepatocytes in end-stage 
liver diseases may be due to a negative feedback to 
protect the liver against immunological damage.(44) 
This mechanism is supported by investigations that 
show how end-stage liver disease is associated with 
an immunosuppressed state with reduced HLA-DR 
expression and reduced capacity for lipopolysaccha-
ride stimulation of TNF production, and that HLA-G 
reduces HLA-DR expression.(45,46) Based on our data 
and supportive studies, we propose that the anti-in-
flammatory action of H2-Bl on macrophage cells and 
dendritic cells is the primary mechanism responsible 
for enhanced survival after PHx, that this is enhanced 
by direct actions on NK/NKT cells, and that these 
actions are initiated by GH through its ability to 
induce expression of H2-Bl (Fig. 8). Accordingly, we 
show that both GH and HLA-G are able to block 
apoptosis of human hepatocytes by human NK cells 
in vitro.

Our previous studies(7,47) suggest several other 
factors could contribute to impaired regeneration in 
Ghr−/− mice, resulting in significantly impaired regen-
eration even in H2-Bl replaced mice. First, egfr (epi-
dermal growth factor receptor) transcripts are 8-fold 
decreased in Box1−/− (and Ghr391−/−) mice lacking 
STAT5 activation by GH, and this decrease is accom-
panied by strongly decreased EGFR protein expres-
sion. We also found 2-fold elevated phospho-STAT1 
in livers of Ghr−/− (and Ghr391−/−) mice, owing to loss 
of STAT5-dependent suppressor of cytokine signaling 
expression.(47) STAT1 is a major signaling element 
used by IFNγ and has been proposed to contribute 
to impaired liver regeneration in hepatic stat5a/b−/− 
mice, as concomitant stat1 deletion restored prolif-
erative ability of the liver.(48) The elevation of IFNγ 
transcript we observe in Ghr−/− mice following PHx, 
presumably as a result of NK/NKT cell activation, 
would exacerbate this action of phospho-STAT1. We 
also note that p21 (cdkn1a) transcript is 3-fold-ele-
vated in Ghr−/− mice relative to Box1−/− mice,(6) and 
this is an inhibitor of hepatocyte proliferation.(49) We 
suggest that these additional elements would act to 
reduce liver regeneration in Ghr−/− mice, while survival 
depends critically on the level of H2-Bl expression 
and its role in regulating the inflammatory response. 
These other elements may account for the death of 
about 50% of Ghr−/− mice following PHx, even with 
H2-Bl or HLA-G replacement, although effectiveness 
of adenoviral tail vein injection or an incompletely 

optimized replacement dose of HLA-G would also 
be important factors.

In conclusion, our study demonstrates an important 
role for H2-Bl/HLA-G in suppressing inflammatory 
responses to facilitate liver regeneration (Fig. 8). Our 
study suggests that previous treatment of liver-trans-
plant patients with HLA-G or with rhGH or both 
will be beneficial in suppressing inflammation, and 
this together with the other positive hepatic actions 
of GH may also account for the striking decrease in 
mortality reported in patients with liver failure fol-
lowing administration of rhGH.(50)
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