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DISEASES AND DISORDERS
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Liver steatosis is an increasing health issue with few therapeutic options, partly because of a paucity of exper-
imental models. In humanized liver rodent models, abnormal lipid accumulation in transplanted human hepa-
tocytes occurs spontaneously. Here, we demonstrate that this abnormality is associated with compromised
interleukin-6 (IL-6)-glycoprotein 130 (GP130) signaling in human hepatocytes because of incompatibility
between host rodent IL-6 and human IL-6 receptor (IL-6R) on donor hepatocytes. Restoration of hepatic IL-
6-GP130 signaling, through ectopic expression of rodent IL-6R, constitutive activation of GP130 in human he-
patocytes, or humanization of an //6 allele in recipient mice, substantially reduced hepatosteatosis. Notably,
providing human Kupffer cells via hematopoietic stem cell engraftment in humanized liver mice also corrected
the abnormality. Our observations suggest an important role of IL-6-GP130 pathway in regulating lipid accu-
mulation in hepatocytes and not only provide a method to improve humanized liver models but also suggest
therapeutic potential for manipulating GP130 signaling in human liver steatosis.

INTRODUCTION

Humanized liver mouse and rat models, in which donor human he-
patocytes repopulate recipient rodent livers, have been widely used
to study human liver biology, diseases, and therapeutics (I1-6).
However, it has been widely observed that engrafted human hepa-
tocytes in both humanized liver mice and rats show defects, includ-
ing increased lipid droplet accumulation (5-7). Ameliorating such
defects would improve the accuracy of the models to recapitulate
normal human liver biology and shed light on some of the under-
lying mechanisms that regulate lipid accumulation in hepatocytes.
In addition, abnormal accumulation of lipid droplets in liver is a
major feature of fatty liver disease, an increasing health issue in de-
veloped countries (8). This phenotype could provide a unique op-
portunity to address liver fattiness with human hepatocytes in an in
vivo model.

Numerous clinical and preclinical studies suggest that cytokine
imbalance plays a critical role in the pathogenesis of fatty liver
disease (9, 10). Interleukin-6 (IL-6) is among the major cytokines
frequently observed to be dysregulated in patients with hepatic stea-
tosis (10, 11). In livers, hepatocytes receive IL-6 signals through
paracrine interaction between IL-6 receptor (IL-6R) on their cell
surface and IL-6 predominately produced by nonparenchymal
cells, including Kupffer cells (11). Up to now, whether IL-6 and
its downstream glycoprotein 130 (GP130) signal pathway is benefi-
cial or detrimental in human liver steatosis remains controversial
(11-20).
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Here, we demonstrate that lipid droplet accumulation in human-
ized mouse and rat livers is associated with impaired IL-6R signal-
ing in human hepatocytes, which is a result of incompatibility
between rodent IL-6 and human IL-6R (hIL-6R) expressed on
donor hepatocytes. Restoration of IL-6 pathway activity, either
through ectopic expression of rodent IL-6R or through constitutive
activation of GP130 in engrafted human hepatocytes, substantially
reduced lipid droplet accumulation. Furthermore, supplementing
human IL-6 (hIL-6) in humanized liver mice or rats not only pre-
vented but also reversed lipid droplet accumulation in human he-
patocytes. Notably, providing human myeloid cells via
hematopoietic stem cell (HSC) engraftment in humanized liver
mice eliminated the abnormal lipid droplets in human hepatocytes.

RESULTS

Human, but not rodent, hepatocytes engrafted in host mice
or rats showed hepatosteatosis

We generated humanized liver mouse and rat models by engrafting
human hepatocytes in the livers of FSRG (Fah™~, Sirpa™/",
Rag2™'~, I12rg™"") mice or FRG (Fah™~, Ragl/2™'~, l12rg”"") rats,
respectively. In both models, humanized livers showed a steatosis-
like phenotype marked by positive Oil Red O staining (Fig. 1, A and
B). Moreover, extensive distribution of eosin-negative vacuoles oc-
curred in fumarylacetoacetate hydrolase (FAH)—positive areas of
humanized mouse or rat livers, suggesting an accumulation of
lipid droplets within human engraftments (Fig. 1, A and B).
Accordingly, immunohistological analysis showed positive cyto-
plasmic staining of lipid binding protein 173-hydroxysteroid dehy-
drogenase type 13 (HSD17B13) in all human asialoglycoprotein
receptor 1 (hASGR1)—-positive regions (Fig. 1, A and B), confirming
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Fig. 1. Abnormal lipid accumulation in humanized liver mice and rats. (A) Hematoxylin and eosin (H&E) staining; FAH, hASGR1, and HSD17B13 immunohistochem-
istry (IHC); and Oil Red O staining of humanized mouse liver sections, collected at 12 weeks posttransplant. (B) H&E staining; FAH, hASGR1, and HSD17B13 IHC; and Oil Red
O staining of humanized rat liver sections, collected at 7 months posttransplant. (C) H&E staining and FAH IHC of rat or human primary hepatocytes engrafted into FSRG
mice (left) or mouse or human primary hepatocytes engrafted into FRG rat (right) livers . FSRG mouse livers were harvested at 13 weeks postengraftment, and FRG rat livers

were harvested at 15 weeks posttransplant.

a human-specific hepatosteatosis phenotype in humanized liver
rodents. This abnormality did not occur in rat or mouse hepatocytes
engrafted in either FSRG mice or FRG rats (Fig. 1C), suggesting that
it is not a result of the engraftment process. Such a phenomenon
raises the possibility that lipid overaccumulation in engrafted
human hepatocytes could be a result of impaired signaling in
donor cells because of cross-species incompatibility between recip-
ient rodents and human hepatocytes.

Carbonaro et al., Sci. Adv. 9, eadf4490 (2023) 14 April 2023

Restoration of IL-6-IL-6R signaling through ectopic
expression of rodent IL-6R in human hepatocytes
eliminates lipid droplet accumulation in humanized livers
Incompatibilities of ligand-receptor interactions across species have
been widely observed, especially in interspecies transplantation
studies [for a recent review, see (21)]. In the liver, a number of re-
ceptors expressed on the surface of hepatocytes needs to interact
with ligands produced by other cell types to transduce downstream
signals (22), some of which show cross-species incompatibility
between murine ligands and human receptors. A lack of reactivity
between murine ligands and their human receptors might contrib-
ute to the fatty phenotype in humanized liver mouse models. Such
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ligand-receptor pairs include fibroblast growth factor 19
(FGF19)-FGF receptor 4 (FGFR4) (23), hepatocyte growth factor
(HGF)—mesenchymal epithelial transition factor receptor (MET)
(24), growth hormone (GH)-GH receptor (GHR) (7), oncostatin
M (OSM)—-OSM receptor (OSMR) (25), and IL-6-IL-6R (26). We
tested this concept by overexpressing human FGF19 or by applying
activating antibodies to MET receptor in humanized liver mice and
found that neither restoration of FGR19-FGFR4 nor MET signaling
in humanized livers lead to correction of this phenotype (fig. S1).
Separately, an earlier study demonstrated that administration of
human GH in humanized liver mice could correct fatty liver in hu-
manized liver mice (7). However, genetic defects in the GH-GHR
pathway have not been found in patients with fatty liver disease.
Rather, observations both in patients and in experimental animal
models show dysregulation of multiple cytokines in development
of hepatic steatosis (10). In particular, IL-6 is among the cytokines
frequently dysregulated in patients with hepatic steatosis, including
nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steato-
hepatitis (NASH) (11). We therefore sought to investigate the role of
IL-6-IL-6R signaling in hepatic lipid droplet accumulation. As
shown in Fig. 2A, treatment with mouse IL-6 (mIL-6) or rat IL-6
(rIL-6) can induce signal transducer and activator of transcription
3 (STAT3) phosphorylation in both primary murine and rat hepa-
tocytes, but not in human hepatocytes, consistent with suboptimal
interaction between mIL-6 or rIL-6 ligand and hIL-6R. We there-
fore hypothesized that cross-species incompatibility between mIL-
6 or rIL-6 and hIL-6R might play a role in lipid droplet accumula-
tion in humanized liver mice and rats.

To test this hypothesis, we sought to restore IL-6R signaling by
ectopic expression of rodent IL-6R in humanized livers. To this end,
primary human hepatocytes were transduced with lentivirus carry-
ing mll6r or rll6r expression vectors before implantation into recip-
ient mice or rats, respectively. As shown in Fig. 2B, unlike untreated
cells, lentivirus-treated primary human hepatocytes responded ro-
bustly to mIL-6 treatment by elevation of STAT3 phosphorylation
ex vivo. In vivo, mIL-6R expression in humanized livers was detect-
ed by in situ hybridization using a FLAG-specific RNAscope probe
(Fig. 2C) or immunoreactivity to an antibody (fig. S2A) that recog-
nizes a FLAG-tag sequence fused to the mIL-6R transgene. Because
no selection procedure was applied before implantation, humanized
livers consisted of both mIL-6R—expressing (FLAG-positive) and
nonexpressing (FLAG-negative) regions of hASGR1-expressing
human hepatocytes. As expected, contrary to the evident steatosis
observed in FLAG-negative human hepatocytes, FLAG-positive,
mIL-6R—expressing areas showed a substantial reduction, if not
complete disappearance of lipid droplet accumulation (Fig. 2C
and fig. S2A). Similarly, human hepatocytes expressing rIL-6R
also showed efficient phospho-STAT3 (pSTAT?3) activation upon
rIL-6 treatment ex vivo (Fig. 2D) and lack of lipid droplet accumu-
lation in humanized liver rats (Fig. 2E and fig. S2B). Thus, restora-
tion of IL-6R signaling in human hepatocytes through ectopic
expression of rodent IL-6R reactive to host-derived IL-6 eliminated
lipid droplet accumulation in humanized livers.

Restoration of GP130 signaling through ectopic expression
of constitutively active GP130 in human hepatocytes also
eliminates lipid droplet accumulation in humanized livers
Upon IL-6 binding, IL-6R requires interaction with GP130 co-re-
ceptor to activate downstream pathways (27). Therefore, we next
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asked whether hepatic activation of GP130 is sufficient to prevent
lipid droplet accumulation. To this end, we expressed a ligand-in-
dependent, constitutively activated form of GP130 with a deletion
from Tyr186 to Tyr190 (GP130Y186-Y190dely (50 in human hepato-
cytes through lentiviral transduction. Expression of this mutant re-
sulted in an elevation of pSTAT3 level in primary human
hepatocytes ex vivo, even without treatment with hIL-6 (Fig. 2F).

Upon engraftment of the transduced hepatocytes in recipient
mouse livers, GP130¥!8¢-Y190del expression was detected by in situ
hybridization using an RNAscope probe specific to a GFP tag se-
quence in the transgene. As expected, humanized livers consisted
of both GP130Y'86¥19%4¢L_expressing (GFP-positive) and nonex-
pressing (GFP-negative) regions of hASGR1-expressing human he-
patocytes (Fig. 2G). Furthermore, in humanized murine livers,
contrary to the evident steatosis morphology of GFP-negative
human hepatocytes, GFP-positive, GP130Y186'Y190del-expressing
areas showed a complete absence of lipid droplet accumulation
(Fig. 2G). Therefore, GP130 activation is sufficient to protect hu-
manized engraftments from hepatosteatosis in humanized
liver mice.

hIL-6 prevents lipid droplet accumulation in human
hepatocytes

Our observations on correction of liver fattiness through restoration
of hepatic IL-6-GP130 signaling suggested that supplementation
with hIL-6 in host animals would protect humanized livers from
hepatic steatosis. To test this hypothesis, immediately before
human hepatocyte implantation, FSRG mice were dosed with
adeno-associated virus 9 (AAV9) encoding an expression vector
in which the hIL6 coding region was placed under control of the
muscle-specific promoter, MHCK?7, a hybrid promoter with the en-
hancer/promoter regions of mouse muscle creatine kinase (Ck) and
a-myosin heavy chain genes. As a result, hIL-6 expression was
maintained in the serum of humanized liver mice until 8 weeks
postimplantation, when tissues were harvested. At 8 weeks postim-
plantation of human hepatocytes, AAV9-hIL6—dosed FSRG mice
expressed 1.7 to 4.8 ng/ml of hIL-6 in the serum and exhibited
robust phosphorylation of STAT3 in the liver (Fig. 3A). In contrast,
neither serum hIL-6 nor liver STAT3 phosphorylation were detect-
able in control humanized liver mice. In addition, we also observed
increased expression of IL-6 target genes, including human SOCS3
and SAA2, in the livers (fig. S3). Notably, compared to control
animals with similar amounts of human engraftment, humanized
livers of mice expressing hIL-6 showed a substantial decrease of
the eosin-negative area (two- to sixfold, almost to baseline level),
mostly in FAH" regions, indicative of a reduction of lipid droplet
accumulation (Fig. 3B) and supporting a protective role of hIL-6
against hepatic steatosis in this model.

Systemic supplementation of hIL-6 through AAV dosing result-
ed in serum levels of the cytokine that are higher than the normal
range, which could cause nonphysiological and potentially detri-
mental effects. To address these concerns, we generated a recipient
mouse with an FSRG background in which the coding region of
murine 116 allele was replaced with its human homolog. In such
an animal, human IL6 gene expression is controlled by the endog-
enous murine /6 promoter. Lipopolysaccharide (LPS) treatment re-
sulted in induction of hIL-6 expression in the serum of mice with
homozygous humanized 116 allele (Fig. 4A). In comparison, only
murine IL-6 was detected in mice with wild-type murine 1l6
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Fig. 2. Ectopic overexpression of rodent IL-6R or constitutively active GP130 protects human hepatocytes from lipid droplet accumulation in humanized liver
models. (A) Phospho-STAT3 (pSTAT3) Western blot of primary human, rat, or mouse hepatocytes treated with hIL-6, rIL-6, or mIL-6. (B) pSTAT3 Western blot of protein
lysates from nontransduced primary human hepatocytes (PHH) or PHH transduced with lentivirus carrying mil6r and treated with miL-6. (C) H&E and hASGR1-IHC/FLAG-
RNAscope double staining of FSRG mouse liver sections with engrafted PHH expressing miL-6R. Livers were harvested 14 weeks postengraftment. mIL-6R—expressing
human hepatocytes (Hu—mIL-6R) were detected using a human-specific ASGR1 antibody (blue) and FLAG RNAscope probe (pink). Nontransduced human hepatocytes
(Hu) were positive for hASGR1, but not FLAG. Nonengrafted regions (Mo) are negative for both hASGR1 and FLAG RNAscope. Experiment was performed twice with two
different hepatocyte donors, n = 6 per cohort. (D) pSTAT3 Western blot of nontransduced PHH or PHH transduced with lentivirus carrying rat //6r and treated with riL-6. (E)
H&E and hASGR1-IHC/FLAG-RNAscope staining of FRG rat liver sections with engrafted PHH expressing rIL-6R. Livers were harvested 22 weeks postengraftment. rlL-6R—
expressing human hepatocytes (Hu-rlL-6R) were positive for both hASGR1 and FLAG. Nontransduced human hepatocytes (Hu) were hASGR1-positive, but FLAG-negative.
Nonengrafted regions (R) are negative for both hASGR1 and FLAG. The experiment was performed twice, n = 5 per cohort. (F) pSTAT3 Western blot of protein lysates from
nontransduced PHH or PHH transduced with lentivirus carrying GFP (control) or GP130"86"199%! (G) H&E and hASGR1-IHC/GFP-RNAscope double staining of FSRG mouse
liver sections with engrafted PHH expressing GP130Y'85Y1904¢! (1y,_GP130%). Livers were harvested 8 weeks postengraftment. Hu-GP130* hepatocytes were detected by
hASGR1 IHC and GFP RNAscope. Nontransduced human hepatocytes (Hu) were positive for hASGR1, but not GFP. Nonengrafted regions (Mo) are negative for both. The
experiment was performed twice with two hepatocyte donors, n = 3 per cohort.

alleles (Fig. 4A). In heterozygous mice, in which the 1I6 locus has
one allele each of human and murine IL6 genes, both human and
murine IL-6 proteins were detected in the serum (Fig. 4A). After
liver humanization, human C-reactive protein (hCRP) was detected
in the serum of both FSRG-1I6""“""") and FSRG-1l6"*mInhome)
mice, but not FSRG-16""" mice (fig. S4A), confirming a human-
specific IL-6 response in humanized liver mice with humanized
116 allele. Consistently, human hepatocytes engrafted in the livers

Carbonaro et al., Sci. Adv. 9, eadf4490 (2023) 14 April 2023

of FSRG-116""" mice showed abundant lipid droplet accumulation,
whereas humanized livers in both FSRG-1l6"“""(""*") o1 FSRG-
Ilemintome) mice showed significant alleviation of the fatty phe-
notype, with two- to threefold reduction of the eosin-negative
vacuole area in FAH" regions (Fig. 4B), demonstrating a role of en-
dogenous hIL-6 in protecting human hepatocytes from lipid droplet
accumulation in this model.
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Fig. 3. Systemic supplementation with hiIL-6 prevents lipid droplet accumulation in humanized livers. (A) hiL-6 enzyme-linked immunosorbent assay (ELISA) of
serum and pSTAT3 Western blot of liver protein extract of PHH-engrafted mice treated with AAV9-hiL6 (n = 7) versus phosphate-buffered saline (PBS) control (n = 5) at the
time of hepatocyte transplant. (B) H&E and FAH IHC of mouse livers 8 weeks after AAV9-hiL6 dosing and PHH transplant. Quantification of the percentage of fatty area and
percentage of FAH positivity confirms a decrease in lipid accumulation in hiL-6-treated mice despite similar humanization levels. Data are shown as means + SD (each dot

represents one mouse; two to three liver lobes per mouse were analyzed).

hIL-6 reverses lipid droplet accumulation in human
hepatocytes

Next, we asked whether hIL-6 treatment can reverse the steatosis
phenotype in humanized livers. This question was addressed in
both humanized liver mouse and rat models. Rather than adminis-
tering AAV9-hIL6 before hepatocyte implantation, viral dosing was
performed in FSRG mice and FRG rats that were already engrafted
with human hepatocytes. At 4 weeks after AAV9-hIL6 dosing,
tissues were collected. Again, hIL-6 expression and hepatic IL-6
pathway activation was confirmed by serum hIL-6 and hCRP,
liver pSTAT3, and quantitative reverse transcription polymerase
chain reaction (qQRT-PCR) for IL-6 target genes (figs. S5 and S6).
In both mouse (Fig. 5A) and rat (Fig. 5B) models, hIL-6 dosing
led to a nearly complete elimination of lipid droplet accumulation,
marked by robust reduction of eosin-negative vacuoles in FAH"
regions and disappearance of Oil Red O staining in humanized
livers. Thus, activated IL-6R signaling in human hepatocytes not
only prevents but also reverses hepatic steatosis formation in hu-
manized liver rodents. In addition, dosing with human OSM
(hOSM), another hepatic GP130/STAT3 pathway activating ligand
also led to correction of liver fattiness in humanized liver mice (fig.

Carbonaro et al., Sci. Adv. 9, eadf4490 (2023) 14 April 2023

S7), supporting a protective role of GP130 pathway against lipid
droplet accumulation in human hepatocytes.

IL-6—producing human Kupffer cells protect human
hepatocytes from lipid droplet accumulation in humanized
liver mice

Kupfter cells have long been known to be one of the major sources
of IL-6 in the liver (28, 29). These cells are located adjacent to he-
patocytes where Kupffer cell-derived IL-6 could support IL-6R
pathway activation in nearby hepatocytes without elevating circulat-
ing IL-6 to harmful levels. We therefore attempted to address the
role of Kupffer cells in protecting human hepatocytes from lipid
droplet accumulation by reconstituting human immune cells in
FSRG mice before human hepatocyte implantation (Fig. 6A).
Human fetal liver (FL) cells containing hematopoietic stem cells
(HSCs) were engrafted into irradiated neonatal FSRG pups. By
week 12, about 25 to 50% of total leukocytes in the peripheral
blood of these mice were human immune cells expressing human
CD45 (hCD45) (fig. S8A). Impressively, abundant #CD68-positive
cells that also express human IL6 were detected in the livers of these
animals, suggesting the engraftment of human Kupffer cells
(Fig. 6B). Following human immune cell reconstitution, human
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Fig. 4. Humanization of the I/6 gene in recipient mice results in hiL-6 expression in Kupffer cells and correction of fatty phenotype of humanized livers. (A) hiL-6
or mIL-6 levels detected in the plasma of FSRG-1l6"7, FSRG-II6"™"€t o FSRG-lI6!mnthomo) mice either before or after LPS treatment for 2 hours (1 mg/kg, intraperitoneal
injection). Blue and pink icons represent male and female mice, respectively. (B) H&E staining and FAH IHC of liver sections of PHH-engrafted FSRG-1I6"", FSRG-Il6"“m'net,

or FSRG-lI6"umnthomo) mice 7 weeks after engraftment. Quantification shows the

percentage of fatty area (negative H&E staining) and percentage of FAH™ staining

[means + SD; three liver sections per group; **P < 0.01 one-way analysis of variance (ANOVA)].

hepatocytes were then implanted to repopulate the liver parenchy-
ma to generate double-humanized mice engrafted with both human
immune system (HIS) and human hepatocytes (HuHEP) (Fig. 6A).
As shown in Fig. 6C, hCD45-positive human immune cells inter-
mingled with FAH" human hepatocytes in the livers of double-hu-
manized mice. Most of the hCD45-positive cells in the liver were
also hCD68 positive (fig. S8B). We confirmed the expression of
hIL-6 in the serum of these mice at physiological levels, as well as
expression of hCRP produced by engrafted human hepatocytes,
suggesting that the IL-6 signaling pathway was restored in the
double-humanized mice (fig. S8A). Notably, in contrast to the
evident hepatic steatosis in humanized liver mice without human
immune cells (Fig. 6C, top), humanized livers engrafted with
human immune cells showed very low, if any, lipid droplet accumu-
lation (Fig. 6C, bottom), indicating a role of engrafted human
Kupffer cells in protection of human hepatocytes from steatosis.
To validate the role of engrafted human Kupffer cells, we phar-
macologically depleted this cell population in the livers of double-

Carbonaro et al., Sci. Adv. 9, eadf4490 (2023) 14 April 2023

humanized mice and assessed whether such treatment would lead
to lipid droplet accumulation in human hepatocytes. The colony-
stimulating factor 1 receptor (CSF1R) pathway has been shown to
serve as a critical survival signal for macrophages including Kupffer
cells (30). In our study, we specifically depleted human Kupffer cells
by blocking the interaction between hCSFIR, but not mCSF1R, and
its ligands with a human-specific CSFIR antibody. As shown in
Fig. 6D, hCD68-expressing cells in humanized livers of HIS-
HuHEP mice were almost completely depleted upon hCSFIR anti-
body treatment. However, expression of other nonmacrophage
human immune cell markers such as h/CD3 and hCD20 showed
only moderate changes (fig. S8D), implying that the anti-hCSF1R
antibody specifically ablated hCD68-positive cells in livers of HIS-
HuHEP mice. Impressively, RNA expression of human IL6 and its
target genes hSOCS3, hSAA2, and hCRP in the liver, as well as hCRP
protein in the serum, was markedly decreased (fig. S8, C and D),
and extensive steatosis reoccurred in anti-hCSFIR antibody—
treated HIS-HuHEP mice (Fig. 6E). Immunohistochemical analysis
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Fig. 5. hIL-6 overexpression corrects lipid droplet accumulation in humanized liver mice and rats. (A) H&E staining, FAH IHC, and Oil Red O staining of liver sections
from humanized liver mice treated with AAV9-hIL6 or PBS control 8 weeks after PHH transplantation and collected 4 weeks after AAV dosing. The experiment was per-
formed three times, with two different hepatocyte donors. Quantification of the percentage of fatty area (negative H&E staining), FAH, and Oil Red O staining shows
means + SD from one experimental repeat. Each dot represents one mouse (n = 4 per group); two to three liver lobes per mouse were analyzed. (B) H&E staining, FAH IHC,
and Oil Red O staining on liver sections from humanized liver rats treated with AAV9-hiL6 versus PBS at 12 weeks post-PHH transplant and collected 4 weeks after AAV
dosing (n = 4 per group). Quantification of the percentage of fatty area (negative H&E staining), FAH, and Oil Red O staining shows means + SD (each dot represents one
rat; two to three liver lobes per rat were analyzed). *P < 0.05, **P < 0.01, and ***P < 0.001; unpaired t test.

confirmed a more than threefold increase in lipid droplet accumu-
lation, marked by eosin-negative vacuoles in FAH", humanized
regions of the livers (Fig. 6E). Therefore, Kupffer cells producing
hIL-6 play a major role in controlling lipid droplet accumulation
in hepatocytes in this model.

DISCUSSION

Hepatic steatosis in humanized liver rodent models, resulting from
incompatibility between human hepatocyte—expressed receptors
and host-derived ligands, provides an opportunity to identify im-
portant signaling pathways involved in fatty liver disease. Here,

Carbonaro et al., Sci. Adv. 9, eadf4490 (2023) 14 April 2023

we addressed the role of IL-6-IL-6R/GP130 signaling in human
hepatosteatosis. First, we demonstrated that excessive lipid droplet
accumulation in humanized livers is associated with incompatibility
between rodent IL-6 ligand expressed by nonparenchymal cells of
host animals and hIL-6R expressed on donor hepatocytes. We
showed that lipid accumulation could be corrected by ectopic ex-
pression of rodent IL-6R or constitutive activation of GP130 in
donor hepatocytes. Furthermore, supplementation of hIL-6 sys-
temically, either via ectopic expression or genetic humanization
of the murine 116 allele, again corrected the hepatosteatosis. Last,
engraftment of human Kupffer cells into host animals also corrected
the fatty phenotype. Our results in humanized rodent liver models
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Fig. 6. Human Kupffer cell engraftment in humanized liver mice leads to correction of fatty phenotype in human hepatocytes. (A) Scheme of dual engraftment of
human immune system (HIS) and human hepatocytes (HUHEP). huHSCs, human HSCs; NTBC, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione. (B) hiL6 and
hCD68 RNAscope staining of adjacent liver sections of HIS-engrafted FSRG mice after 2 hours of LPS treatment (1 mg/kg, intraperitoneal injection). (C) H&E and FAH,
hCD45, and hCD68 IHC staining of liver sections of mice engrafted with HUHEP only (HUHEP), HIS only (HIS), or dual-engrafted HIS-HUHEP. Quantification shows a cor-
rection of fatty liver phenotype in HIS-HUHEP versus HUHEP mice (each dot represents one mouse; two to three liver lobes per mouse were analyzed; *P < 0.05, one-way
ANOVA). (D) hCD68 IHC of liver sections from double-humanized HIS-HUHEP mice treated with either control antibody (control Ab) or an anti-hCSF1R antibody (anti-
hCSF1R Ab) (20 mg/kg, two times per week), starting at the time of PHH transplant. The experiment was performed three times, with three different HSC donors. (E) H&E
staining and FAH IHC of liver sections from control Ab or anti-hCSF1R Ab—treated HIS-HUHEP mice. Quantification shows means + SD from one experimental repeat with a
single HSC donor (each dot represents one mouse; two to three liver lobes per mouse were analyzed; *P < 0.05, one-way ANOVA).
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reveal a role for hepatic GP130 signaling, maintained by IL-6 that is
normally provided by nonparenchymal liver cells, in protecting he-
patocytes from excessive lipid accumulation.

Here, we used multiple approaches to demonstrate the impor-
tance of the hepatic IL-6-GP130 signaling pathway in regulating
liver fattiness. Each approach has its own advantage and limitations.
For example, consistent observations in both FSRG mouse and FRG
rat models strengthened the rationale of the cross-species incompat-
ibility hypothesis as the mechanism of hepatosteatosis phenotypes
in humanized liver animals. However, only FSRG mice were used in
the human Kupffer cell engraftment and 116 allele humanization ex-
periments because of technical challenges of humanizing Sirpa and
116 alleles in FRG rats. In addition, systemic overexpression of hIL-6
by AAV dosing results in serum concentrations of the ligand much
higher than physiological levels and could produce nonphysiologic
effects. This limitation was addressed by either genetically human-
izing the II6 allele in host mice or engrafting IL-6—expressing human
Kupffer cells through HSC implantation. In FSRG-II6""""" mice,
hIL-6 expression is controlled by the promoter of the host animal
and regulated physiologically, thus resulting in normal levels of IL-
6. However, genes encoding other paracrine factors including po-
tential GP130 activating cytokines were not humanized, potentially
masking roles for other ligands. Therefore, it is not unexpected that
steatosis in humanized livers in FSRG-II6'"""" mice was reduced
but not completely eliminated. Two examples of such factors are
GH and OSM. Similar to IL-6, both mGH and mOSM show
species specificities in receptor binding (7, 25), and hepatosteatosis
in humanized liver mice can be corrected by supplementing with
high levels of either hGH (7) or hOSM. Humanization of these
two genes in FSRG-II6"™" host mice might result in further ame-
lioration of hepatosteatosis in humanized livers. In liver humaniza-
tion models, Kupffer cell-derived hIL-6 appears to be sufficient to
correct steatosis in human hepatocytes, as depletion of engrafted
human Kupffer cell through anti-hCSFIR monoclonal antibody
treatment reproduced the fatty liver phenotype. However, in
normal liver, some sinusoidal endothelial cells also express IL-6
in addition to Kupffer cells (3I). Such a source, which is present
in the genetically humanized 1l6 model but not in the double-hu-
manized HIS-HuHEP model, could provide hIL-6 and maintain
hepatic GP130 signaling upon Kupffer cell depletion. Previous
studies have shown that removal of hepatic macrophages did not
induce hepatosteatosis in mouse models (32-34). In contrast,
Kupftfer cell depletion showed a preventive effect on high-fat diet-
induced pathological changes, including hyperlipidemia, in mouse
livers (33, 34). These observations suggest that Kupffer cells might
be dispensable in preventing liver fattiness in the presence of other
IL-6—producing cells. Notably, although hepatocytes have been
shown to express IL-6 protein under certain conditions (35), no ev-
idence of hepatic parenchymal IL-6 expression was observed in our
humanized liver animals.

Our study demonstrated a critical role of IL-6-IL-6R cis-signal-
ing in controlling steatosis in humanized livers. However, we cannot
rule out the involvement of IL-6/soluble IL-6R trans-signaling
through GP130. Because human GP130 shows no species prefer-
ence in binding to IL-6/soluble IL-6R complex (36), mIL-6/
soluble mIL-6R complex might activate GP130 pathway in human-
ized livers even without hIL-6, albeit not strong enough to correct
steatosis. The impact of IL-6/soluble IL-6R trans-signaling could be
tested by treatment of humanized liver mice with soluble GP130Fkc,
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which blocks IL-6 trans- but not cis-signaling and assesses the
degree of fatty liver phenotype exacerbation.

Although an ameliorating effect of IL-6R/GP130 signaling in
fatty liver disease was demonstrated in this report, elevated IL-6
levels are frequently detected in patients with fatty liver and have
been suggested as a contributing factor in progression of the
disease (9-11, 13, 37). Thus, potential feedback mechanisms
might exist among pathogenesis of liver fattiness, IL-6 ligand pro-
duction, and hepatic IL-6R—GP130 pathway regulation. Further
study to unveil such regulatory networks is warranted.

Defects in IL-6—GP130 signaling appear to contribute to hepatic
steatosis in humanized liver models. However, increased liver fat
has not been reported as a side effect in therapeutic settings of
IL-6R blockade [for a review, see (38)]. One potential explanation
is that other GP130-STATS3 activating ligands could compensate for
diminished IL-6 pathway activity and, thus, protect hepatocytes
from lipid accumulation. Besides IL-6, a number of hepatic
GP130 activating cytokines have been identified, such as OSM,
IL-11, etc. (27). In addition, leptin receptor is similar to GP130 in
that it also activates STAT3 upon binding to its ligand, leptin (39). A
recent clinical study demonstrated that administration of modified
leptin reduced hepatic fat in patients with NAFLD (40). Therefore,
administration of other GP130 and/or STAT?3 activating ligands or
reagents might be beneficial in fatty liver disease, with fewer poten-
tial pleiotropic effects than IL-6.

Lipid droplet accumulation in humanized liver models repre-
sents a major defect that greatly compromises the ability to model
human liver biology and disease. Our observations show an impor-
tant role of both Kupffer cell-derived IL-6 and its downstream IL-
6R/GP130 signaling in regulating lipid accumulation in hepato-
cytes. These findings not only provide a method to improve human-
ized liver animal models but also suggest therapeutic potential for
manipulating GP130 signaling in human liver steatosis.

MATERIALS AND METHODS

Animals

FSRG and FSRG-116'™"™"" mice were generated with VelociGene and
VelociMouse technologies as described previously (41, 42). FRG
rats were generated as previously described (6). All studies were
done in accordance with the Institutional Animal Care and Use
Committee guidelines at Regeneron Pharmaceuticals Inc. Animals
were maintained with drinking water containing 2-(2-nitro-4-tri-
fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) at a concen-
tration of 8 or 16 mg/liter for mice or rats, respectively. NTBC
was purchased from Medinoah (90-1596). The drinking water
also contained antibiotics, sulfamethoxazole (640 pg/ml; RPI
$47000) and trimethoprim (128 ug/ml; RPI T59000), in 3% dextrose
water. For diet, mice received the PicoLab High Energy Mouse Diet
(5LJ5) and rats received the PicoLab Rodent Diet 20 (5053).

Hepatocyte transplantation

Cyro-preserved rat (Sprague-Dawley; male) and mouse (C57Bl/6)
hepatocytes were purchased from Thermo Fisher Scientific
(RTCP10) and Yecuris (20-0019), respectively. Human cyroplatable
primary hepatocytes were purchased from BioIVT (female, F00995-
P and male, M00995-P). An adenoviral vector expressing human
urokinase (uPA) was purchased from Yecuris (CuRx uPA Liver
Tx Enhancer, 20-0029) and was given by tail vein intravenous

9 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

injection at 1.25 x 10° PFU (plaque-forming units) per 25 g of body
weight in 100-pl sterile phosphate-buffered saline (PBS), 24 hours
before hepatocyte transplant. Hepatocyte number and viability was
determined using a ViaStain AOPI staining solution (Nexcelom,
CS2-0106), using the Nexcelom Cellometer Auto 2000. Mouse
and rat transplantations were performed as described previously
(3, 6). In general, transplantations were done in female FSRG
mice or mix-gendered FSRG-II6"™""" mice at ages of 6 to 9 weeks
or male FRG rats at ages of about 9 to 12 weeks.

HSC engraftment and immune check

Human FL samples were obtained from Advanced Bioscience Re-
sources (Alameda, CA) with proper consent. Single-cell suspension
of human FL tissue was prepared by collagenase D digestion (100
ng/ml; Roche) for 25 min at 37°C. hCD34" HSCs were isolated
from the cell suspension by positive immunomagnetic selection
using anti-hCD34 microbeads according to the manufacturer’s in-
structions (Miltenyi Biotec). Mixed-gendered newborn pups were
sublethally irradiated (360 cGy; X-RAD 320 irradiator) 4 to 24
hours before an intrahepatic injection of 1 x 10° human FL-
derived CD34" cells. Engraftment with HIS was checked by retro-
orbital bleed of mice 12 weeks post-HSC injection, and red blood
cell-lysed blood cells were analyzed by fluorescence-activated cell
sorting for hCD45 (Thermo Fisher Scientific, #MHCD4518; clone
HI30) and mouse CD45 (BD Biosciences, #557659; clone 30-F11,
RRID:AB_396774). Upon engraftment check, mice were subjected
to human hepatocyte transplantation.

Enzyme-linked immunosorbent assays

Blood was collected from the submandibular vein and spun in Min-
iCollect serum separator tubes (#450472). Engraftment of human
hepatocytes was monitored using the human albumin enzyme-
linked immunosorbent assay (ELISA) kit (abcam, ab108788). hIL-
6, mIL-6, and hCRP were measured using SimpleStep ELISA kits
(abcam, ab178013, ab222503, and ab260058, respectively). FGF19
was detected using the human FGF19 ELISA kit (abcam, ab230943).

Hepatocyte culture and Western blotting

Primary human, mouse, or rat hepatocytes were thawed in cryopre-
served hepatocyte recovery medium (CM7000, Thermo Fisher Sci-
entific) and plated in Williams E Media, with no phenol red
(A1217601, Thermo Fisher Scientific) with primary hepatocyte
thawing/plating supplements (CM3000, Thermo Fisher Scientific).
Twenty-four hours postplating, the medium is changed and
primary hepatocyte maintenance supplements (CM4000, Thermo
Fisher Scientific) and 1% fetal bovine serum (FBS) are added. He-
patocytes were treated with recombinant hIL-6 (ab119444), mIL-6
(ab238300), rIL-6 (Cell Applications, RP3009), human HGF (R&D
Systems, 294-HG-025), or mouse HGF (R&D Systems, 2207-HG-
025) for 15 min at 50 ng/ml. Cells were lysed using radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific, 89900), con-
taining protease and phosphatase inhibitors (Thermo Fisher
Scientific, A32965 and 88667), run by SDS—polyacrylamide gel elec-
trophoresis and probed using antibodies against pSTAT3 (Cell Sig-
naling Technology, 9145, RRID:AB_2491009), total STAT3 (Cell
Signaling Technology, 4904, RRID:AB_331269), pMET (Cell Sig-
naling Technology, 3077, RRID:AB_2143884), and p-actin
(Sigma-Aldrich, A5316, RRID:AB_476743).
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Histology, immunohistochemistry, and RNAscope

Livers were fixed in 10% normal buffered formalin for 24 hours,
washed, and stored in 70% ethanol until paraffin embedding and
sectioning. Sections were stained by hematoxylin and eosin
(H&E), according to standard protocols (staining performed by
Histoserv Inc.). Engrafted hepatocytes were detected by immuno-
histochemistry (IHC) staining for FAH (abcam, ab151998) and
human ASGRI1 (abcam, ab254261), HSD17B13 (Sigma-Aldrich,
HPA029125; RRID:AB_10601580), and FLAG (abcam, ab205606;
RRID:AB_2916341), and human immune cells were detected
using antibodies against hCD45 (Agilent, GA75161-2;
RRID:AB_2661839) and hCD68 (Agilent, GA60961-2;
RRID:AB_2661840). RN Ascope probes for hIL6 (310371), mll6
(315891), hCD68 (818681), mCd68 (316611), GFP (400281), and
FLAG (1139121-S1) were purchased from Advanced Cell Diagnos-
tics. Oil Red O staining was performed on livers fresh-frozen in
Tissue-Tek O.C.T. Compound (Thermo Fisher Scientific, 14-373-
65). All histology slides were scanned using a Leica Aperio AT2
scanner. FAH THC, H&E, and Oil Red O staining were quantified
using Image]. Statistical analysis was performed using Prism 8 by
GraphPad.

AAV production and delivery

AAV production and delivery was performed as previously de-
scribed with slight modifications (6). Recombinant AAV was pro-
duced by transient transfection of human embryonic kidney (HEK)
293T cells. Briefly, cells were transfected with AAV Rep-Cap, Ade-
novirus Helper, and AAV genome plasmids using PEI-Max (Poly-
sciences). Virus-containing supernatants were concentrated by
tangential flow filtration, and cells were lysed by sequential freeze
and thaw (three times). Lysates were treated with benzonase (Milli-
pore Sigma) for 1 hour at 37°C and clarified by centrifugation and
filtration (0.2 um of polyether sulfone (PES) ). AAV was purified
from clarified cell lysates and concentrated supernatant by iodixa-
nol gradient ultracentrifugation. Virus fractions were concentrated
and buffer-exchanged to 1x PBS + 0.001% Pluronic F68 (Thermo
Fisher Scientific) using Amicon 100 kDa MWCO Ultra Centrifugal
filters (Millipore Sigma). AAV genomes were quantified by qPCR
using TagMan primers and probes specific for inverted terminal
repeats. A standard curve was generated using serial dilutions of
virus with a known concentration. AAVs were delivered intrave-
nously by tail vein injection at 5 x 10! viral genomes (VG) per
mouse. Animals were randomized before AAV injection based on
serum human albumin levels.

Lentiviral vector production, titration, and infection

Lentiviral vector production, titration, and infection were per-
formed as previously described with slight modifications (6). Len-
tiviral particles were produced following standard Lipofectamine-
mediated cotransfection of HEK 293 T cells with the transfer
plasmid encoding mIl6r, r1l6r, or human GP130"'5¢ Y1904 ypder
the cytomegalovirus (CMV) promoter (pLVX-CMV-, subcloned
from pLVX-EFIa-IRES-puro plasmid, Takara), a second-generation
packaging plasmid encoding the gag, pol, and rev genes (psPAX2,
obtained from the Tronolab at Ecole Polytechnique Fédérale de
Lausanne, Switzerland) and a plasmid encoding the vesicular sto-
matitis virus envelope glycoprotein G (VSV-G) as an envelope
plasmid (pMD2-G, Tronolab). The day before transfection, cells
were washed with PBS solution and detached from the vessel with
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TrypLE Express (Life Technologies). After neutralization of TrypLE
Express with cell medium containing FBS, cells were centrifuged at
1200 rpm for 5 min at 25°C, then resuspended in complete Dulbec-
co's modified Eagle's medium, counted, and seeded in 150-mm cell
culture dishes at a density of 10 x 10° cells per plate. On the day of
transfection, the cell culture medium was replaced by fresh Opti-
MEM medium (Gibco/Life Technologies) and supplemented with
25 nM chloroquine (Sigma-Aldrich). The DNA mix was prepared
by mixing 20 pg of transfer plasmid DNA, 20 pg of packaging
plasmid, and 10 pg of envelope plasmid, as well as 1.5 ml of Opti-
MEM with 60 pl of PLUS Reagent (Life Technologies). In parallel,
100 ml of Lipofectamine TLX (Life Technologies) was diluted in 1.5
ml of Opti-MEM medium. DNA mix was then added to the Lipo-
fectamine mix, and the new combined solution was incubated at
room temperature for 20 min before being added directly to the
cells dropwise. The culture medium was changed 6 to 8 hours
after transfection, and the cells were then incubated for 48 hours
at 37°C in an incubator with 5% CO, atmosphere. At day 2 post-
transfection, cell media containing the lentiviral particles were cen-
trifuged for 10 min at 3000 rpm to remove the debris and then
passed through a 0.45-um pore size filter. The filtered supernatants
were then treated with deoxyribonuclease (DNAse) (1 pg/ml) and 1
mM MgCl, for 15 min at 37°C to remove residual DNA. To concen-
trate the lentiviral vector batch, the supernatants were ultracentri-
fuged at 27,100 rpm for 90 min. After ultracentrifugation, pellets
were resuspended in 50 to 100 ml of PBS overnight. The resuspend-
ed virus was finally processed through a series of short centrifuga-
tions (30 s at 13,500 rpm) to clarify the lentiviral solution of
remaining debris. The batches of lentiviral particles were titrated
by qRT-PCR using a SYBRO technology—based kit from Clon-
tech/Takara and then stocked at —80°C until use for transduction.
Lentivirus infection of human hepatocytes was done ex vivo before
engraftment, at a multiplicity of infection of 5 x 10* or 1 x 10° VG
per cell. Cells were infected for 30 min in suspension immediately
upon thawing cryopreserved cells, were washed with PBS, and were
prepared for engraftment as above.

Antibody dosing

The human-specific cMET antibody (Regeneron, REGN6753) was
dosed one time per week at 25 mg/kg. The anti-CSFIR antibody
(Regeneron, H4H32090P) was given two times per week at a con-
centration of 20 mg/kg. An anti—Fel d1 antibody (Regeneron,
REGN1945), which does not bind any human or mouse proteins,
was used as the control. Antibodies were diluted in PBS and given
by intraperitoneal injection. Mice were randomized on the basis of
hCD45 levels in the blood before anti-CSFIR or anti—Fel d1
treatment.

TagMan real-time PCR

TagMan real-time PCR was performed as previously described with
slight modifications (43). Tissues were homogenized in RNAlater
and were purified using the MagMAX-96 for microarrays total
RNA isolation kit (Ambion by Life Technologies). Genomic DNA
was removed using a ribonuclease-free DNase set (QIAGEN).
mRNA was reverse-transcribed into cDNA using the SuperScript
VILO master mix (Invitrogen Life Technologies) and a Veriti 96-
well PCR thermal cycler (Thermo Fisher Scientific). cDNA was am-
plified with SensiFAST Probe Hi-ROX (Meridian Life Science)
using 12k Flex System (Applied Biosystems). PCR reactions were
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done in triplicate, and GAPDH was used to normalize cDNA
input differences. Data are reported as relative quantification
using AACt. Primer and probe sequences are listed in table SI.

Supplementary Materials
This PDF file includes:

Figs. S1 to S8

Table S1

View/request a protocol for this paper from Bio-protocol.
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