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Extramedullary hematopoietic cells are present in the liver of normal neonates in the first few

days of life and persist in infants with biliary atresia. Based on a previous report that liver genes
are enriched by erythroid pathways, we examined the liver gene expression pattern at diagnosis
and found the top 5 enriched pathways are related to erythrocyte pathobiology in children who
survived with the native liver beyond 2 years of age. Using immunostaining, anti-CD71 antibodies
identified CD71* erythroid cells among extramedullary hematopoietic cells in the livers at the time
of diagnosis. In mechanistic experiments, the preemptive antibody depletion of hepatic CD71*
erythroid cells in neonatal mice rendered them resistant to rhesus rotavirus-induced (RRV-induced)
biliary atresia. The depletion of CD71* erythroid cells increased the number of effector lymphocytes
and delayed the RRV infection of livers and extrahepatic bile ducts. In coculture experiments, CD71*
erythroid cells suppressed the activation of hepatic mononuclear cells. These data uncover an
immunoregulatory role for CD71* erythroid cells in the neonatal liver.

Introduction

Biliary atresia (BA) presents with a rapidly progressive inflammation, fibrosis, and obstruction of extra-
hepatic bile ducts (EHBDs) in early infancy (1). Studies in animal models and human tissues suggest the
injury of intrahepatic and EHBDs is biologically linked to DCs, NK cells, and CD8" T cells, as well as
myeloid cells that accumulated in neonatal liver (2-7). In neonatal mice, the injury of bile ducts occurs
as early as day 1 after infection with rhesus rotavirus (RRV), preceding the onset of cholestasis and bile
duct obstruction (8). With a low number of Tregs in the first 3 days of life, RRV promotes the activation
of hepatic DCs, NK cells, and T lymphocytes (7) and requires o, -integrin by cholangiocytes for the
full expression of the BA phenotype in newborn mice (9). In addition to the population of the neonatal
liver by immune cells, the presence of extramedullary hematopoietic cells is a common finding in liver
biopsies at the time of diagnosis of BA (10, 11).

Although the precise phenotype of hepatic hematopoietic cells is not fully understood, some cells
express CD71 (transferrin receptor, TFRC gene) and TER119 (erythroid lineage molecule, GYPA gene,
CD235a in human). Here termed CD71* erythroid cells, these cells play an important role in the reg-
ulation of the developing neonatal immune system (12, 13), including the suppression of the neonatal
response to pathogenic and commensal microorganisms during the transition to the extrauterine envi-
ronment (14). CD71" erythroid cells use arginase-2 and direct cell contact to inhibit lymphocytes and
myeloid cells, potentially skewing the expression of cytokines toward a Th2 commitment (15, 16). In
mice, the depletion of these cells by the administration of anti-CD71 antibodies allows for the activa-
tion of neonatal myeloid and NK cells and clearance of L. monocytogenes and E. coli (17, 18). Based on
these properties, we hypothesized that hepatic CD71* erythroid cells regulate the immune response that
injures the duct epithelium. Using the model of RRV-induced experimental BA in mice, we found that
depletion of CD71" erythroid cells protect mice from bile duct injury and obstruction by the attenua-
tion of immune cells and the timely clearance of the virus from the liver and bile ducts.
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Results

Gene signature is enriched for erythrocyte-associated pathways in children surviving with native livers. We reported
recently that liver gene expression profiling at diagnosis identifies children with BA likely to be alive with
the native liver at 2 years of age (19). Among the gene groups were those related to erythrocyte function.
For an in-depth analysis of these genes or gene groups, we analyzed the mRNA expression data for the
entire cohort of 171 BA patients by identifying genes that changed by 1.5-fold between the patients who
survived with their native liver or those who died or required liver transplantation. A total of 26 genes were
significantly upregulated in surviving patients, with functional enrichment analyses of the top 5 pathways
relating to erythrocyte pathobiology (-log, (FDR) > 2; Figure 1). In contrast, the genes upregulated in the
low-survival group did not show any enriched pathways (Supplemental Table 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.135751DS1). These data suggest a
biological link between the erythroid lineage population in the liver and pathogenesis of BA.

CD71* erythroid cells reside in human and mouse livers and increase after RRV infection. To explore the poten-
tial role of erythroid cells in disease pathogenesis, we first investigated whether the CD71* erythroid cells
are present among extramedullary hematopoietic cells that populate the liver at the time of diagnosis of BA
(Figure 2A). Using dual-staining immunofluorescence, the liver contained cells double-positive for CD71
and CD235a (Figure 2B). Using anti-CD71 antibodies, single-antibody IHC showed these cells to reside
within foci of extramedullary hematopoiesis in human livers and in livers of neonatal mice with adminis-
tration of saline or RRV at 1 day of age (Figure 2C).

To explore the potential role of CD71* erythroid cells in pathogenesis of BA, we first used FACS to
quantify cells that were double-stained for CD71* and TER119* (the murine homolog of human 235a)
in hepatic mononuclear cells harvested at 1, 3, and 7 days after RRV or saline injection. RRV induced a
transient but statistically significant surge of hepatic CD71*Ter119" cells within 1 day (RRV, 64% * 2.7%;
saline, 53% * 5.7%; P = 0.04), with a return to the saline-control liver by 3 days (RRV, 40.0% * 3.9%; saline,
40.7% = 1.0%; P = 0.87) and below saline-control liver at 7 days (RRV, 5.7% * 1.2%; saline, 13.9% =+ 2.2%;
P =0.0006) (Figure 2, D and E). This increase was the first indication that CD71* erythroid cells may rep-
resent a biologically relevant response to RRV challenge.

Preemptive depletion of CD71" erythroid cells suppresses bile duct injury. To investigate if the increase in
hepatic CD71* erythroid cells plays a mechanistic role in bile duct injury in experimental BA, we exam-
ined the clinical symptoms and bile duct injury induced by RRV infection in neonatal mice depleted of
CD71* erythroid cells. First, to precisely define the level of depletion of CD71" erythroid cells, we admin-
istered 20 pg of anti-CD71 depleting antibody i.p. to newborn mice and quantified CD71* erythroid cells
by FACS. This strategy decreased levels of CD71*/Ter119* cells at 1 day (20.6% + 1.4% versus 51.4% =+
2.4%, P < 0.0001) and 3 days (27.8% * 4.1% versus 53.7% + 3.3%, P = 0.0028) after injection when com-
pared with mice administered rat IgG isotype as controls; anti-CD71 antibodies had a small effect on the
number of these cells in the spleen (Figure 3, A and B).

Using the same protocol, we administered anti-CD71 antibody soon after birth, followed by RRV injec-
tion 24 hours later. Mice injected with anti-CD71 antibody had significantly better weight gain compared
with isotype controls, had only 23.8% incidence of jaundice, and had improved survival to 57.1% at 3
weeks of life, compared with 18.7% survival of RRV-infected control mice that received rat IgG isotype
control (Figure 3C). Investigating the liver to determine the basis for the improved clinical outcome, we
found a decrease in inflammation and expansion of portal tracts in mice receiving anti-CD71 antibody at
7 and 11 days after RRV (Figure 3D). At the same time points, EHBDs showed less inflammation, largely
intact epithelial layer, and patent lumen in 78.6% of the mice, which differed substantially from mice infect-
ed with RRV but not receiving anti-CD71 antibody (0% of them with patent lumen). These data show that
preemptive depletion of CD71* erythroid cells significantly decreased bile duct inflammation, maintained
patency of EHBDs, and improved survival in RRV-infected mice.

Increases in effector immune cells within 24 hours of infection. To understand the mechanisms of improved
phenotype induced by the depletion of CD71" erythroid cells, we quantified the population of immune
cells after RRV based on the previous reports that CD71* erythroid cells suppress neonatal T lymphocytes
and NK cells (18, 20). Twenty-four hours after infection, anti-CD71 antibodies prevented the rise of CD71*
TER119" cells (10.0% * 3.4% versus 30.7% =+ 2.8%, P = 0.003) after RRV (Figure 4A) and allowed for
a surge in CD4* T cells (15.5% £ 0.8% versus 3.3% * 0.6%, P < 0.0001), CD8" T cells (21.2% * 0.6%
versus 9.2% + 2.2%, P = 0.006), and activated NK cells (56.2% * 0.9% versus 41.8% =+ 3.4%, P = 0.0066)
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Figure 1. Enriched pathways of upregulated genes in patients surviving with native livers. Gene expression data for
171 patients with biliary atresia were divided into 2 groups: (a) survival with native liver at 2 years of age and (b) trans-
plant or death before 2 years. Differentially expressed genes were identified by Cuffdiff 2, with the fold-change cutoff
at 1.5 or higher and Benjamini-Hochberg FDR-adjusted P < 0.05. The list of genes upregulated in the survival group
were further subjected to functional enrichment analysis shown above, with the top 5 significantly enriched pathways
in red being related to erythrocyte pathobiology.

(Figure 4, B and C). These data support a potential role of CD71* erythroid cells in suppressing hepatic
immune cells in the immediate neonatal period. The data also raise the possibility that an early inflamma-
tory response may have suppressed the RRV infection of the hepatobiliary system.

Loss of CD71" erythroid cells delays the virus infection in the liver and EHBD. To examine the potential
mechanisms of the improved phenotype induced by the depletion of CD71* erythroid cells, we determined
whether anti-CD71 antibodies interfered with the ability of RRV to infect cholangiocytes. We found that
preincubation of RRV or cholangiocytes with anti-CD71 antibodies or IgG controls had no effect on the
ability of RRV to infect cholangiocytes (Figure 5, A and B). Next, to investigate whether the increases in
hepatic mononuclear cells induced by the depletion of CD71" erythroid cells suppressed RRV infection
of the hepatobiliary system, we quantified RRV in liver and EHBD at days 3 and 7 after RRV infection
in mice injected with anti-CD71* erythroid cells or IgG controls. RRYV titers at 3 days after infection were
lower in the liver and EHBD of mice receiving anti-CD71 antibodies and increased at day 7 in both tissues
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Figure 2. Localization of erythroblasts in liver tissues. (A) H&E staining of liver biopsies at the time of diagnosis of
biliary atresia shows variable population of extramedullary cells (absent, scarce, or extensive cell clusters). Scale bar: 20
uM. (B) Immunofluorescence staining of surface markers, CD235a and CD71, identifies erythroblasts among hematopoi-
etic cells. Scale bar: 20 pM. (€) Immunohistochemical staining using anti-CD71 antibody shows similar features in livers
of a human neonate and newborn mice. The human liver tissue was obtained at the time of autopsy of a neonate with-
out liver disease, and the mouse livers were obtained from saline- or RRV-injected neonatal mice at 1 day old. Scale bar:
20 pM. (D and E) Quantification of hepatic erythroblasts in response to RRV infection by using flow cytometry after
incubation with anti-CD71 and anti-TER119 antibodies at days 1, 3, and 7 after injection of RRV or saline. *P < 0.05,
***P < 0.001. Differences in mean values were statistically analyzed by 2-tailed Student’s t test. n = 3-4/group.

compared with isotype controls (Figure 5, C and D). This lower RRV titer in EHBDs and livers early after
infection raised the possibility that the virus suppression may be due to an increase in inflammatory cells
that were no longer under the immunosuppression of CD71* erythroid cells.

Because Tregs provide important immune suppressive functions, we compared the relative abundance
of Tregs and CD71" erythroid cells at day 3 and day 7 after RRV infection. Immunostaining with anti-
CD71 and anti-Foxp3 antibodies showed an absence of hepatic Tregs and abundant CD71* erythroid 3
days after RRV infection, with both cell types being present at low numbers at 7 days (Supplemental Figure
1). These data indicate hepatic CD71* erythroid cells might play an important role in immune suppression
in the immediate postnatal period when Tregs are still largely absent.

Neonatal CD71* erythroid cells suppress mononuclear cells. To directly test if hepatic CD71" erythroid
cells suppress the activation of inflammatory cells, we cocultured neonatal CD71* erythroid cells from
the neonatal liver (as effector cells) with hepatic mononuclear cells from 8-week-old mice (as respond-
er cells) at a 1:1 ratio, and the concentration of TNF-o in supernatant was measured after 72 hours
of stimulation with anti-mouse CD3 antibody. Responder cells increased the expression of TNF-a
upon stimulation, but when cocultured with neonatal CD71* erythroid cells, TNF-a production was
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Figure 3. Phenotypic changes induced by the depletion of CD71" cells in RRV-infected mice. (A and B) Flow cytometry
plots and graphical quantification of CD71*Ter119* erythroblasts after anti-CD71 antibody or rat IgG injection within 12
hours of birth. Livers or extrahepatic bile ducts (EHBD) were harvested at day 1and day 3 after injection. **P < 0.01,

***p < 0.001, ****P < 0.0001, n = 4 for each group. (C) Weight, jaundice, and survival percentage after the administra-
tion of anti-CD71 antibody or isotype (rat I1gG) into newborn mice, followed by the i.p. administration of RRV 24 hours lat-
er. Two-tailed Student’s t test was used for weight comparison, and y? test was used for jaundice percentage. *P < 0.05,
***p < 0.001, ****P < 0.00071; Kaplan-Meier survival curve was analyzed by the log-rank (Mantel-Cox) test; n = 16 for Rat
IgG group and n = 21 for anti-CD71 antibody group. (B) H&E staining of liver and EHBD at days 7 and 11 after RRV infec-
tion. n =5 for rat IgG-treated group and n = 14 for anti-CD71 antibody-treated group. PV, portal vein. Scale bar: 20 pM.

significantly reduced (Figure 6). These data suggest that neonatal CD71* erythroid cells suppress the
activation of hepatic mononuclear cells.

Repopulation by CD71" erythroid cells promotes long-term survival. Last, we reasoned that if CD71* eryth-
roid cells have immunosuppressive properties, they would need to repopulate the neonatal liver after anti-
body injection in order to suppress the activation of effector lymphocytes. To investigate this possibility, we
designed an experiment to reproduce the RRV model with and without pretreatment with depleting anti-
CD?71 antibodies, along with a third group that received a second dose of anti-CD71 antibodies the day after
RRYV inoculation (Figure 7A). Quantification of CD71* erythroid cells 3 days after RRV inoculation showed
a rebound after a single dose of anti-CD71 antibodies that was significantly higher than the increase induced
by the RRV infection. Notably, the second dose of anti-CD71 antibodies promoted a significant cell depletion,
jaundice in > 90% of mice, and early mortality (Figure 7, B and C). Quantifying the population of hepatic
mononuclear cells between the groups of 1 and 2 antibody injections, we found a significant increase in CD4*
and CD8* T cells and NK lymphocytes in mice with the second antibody injection (Figure 7D). These data
support the role of CD71" cells in suppression of hepatic effector cells to prevent further liver injury.

Discussion
We found that CD71* erythroid cells populate the neonatal liver at birth and further increase in response to
RRV infection. The depletion of these cells by the administration of anti-CD71 antibodies within 24 hours
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Figure 4. Increases of effector immune cells 24 hours after depletion of CD71* erythroid cells. (A-C) Representative
plots and quantification of CD71*Ter119* cells (A), CD4* T cells and CD8* T cells (B), and activation marker NKp46 in
CD3-CD49b" cells and total NK cell counts (C) in livers of RRV-infected mice pretreated with either rat IgG or anti-CD71
antibody. Differences in mean values analyzed by 2-tailed Student’s t test; **P < 0.01; ****P < 0.0001; n = 4/group.

of birth triggered an immediate increase in effector immune cells in the liver, decreased the tissue viral load,
and minimized cholangiocyte injury of EHBDs. This initial response was accompanied by a subsequent
decrease in the number of hepatic inflammatory cells, maintained patency of bile ducts, and improved
long-term survival of neonatal mice. Quantifying the temporal dynamics of hepatic CD71* erythroid cells
after RRV infection, we found that the number of these cells increased and restored previous numbers with-
in 3 days. Blocking this surge by a new administration of anti-CD71 antibodies allowed hepatic inflamma-
tory cells to injure the bile duct epithelium and obstruct the bile ducts, manifesting the high mortality that is
typical of experimental BA. These data are in keeping with an immunosuppressive role of hepatic CD71*
erythroid cells in the regulation of the immediate response of the neonatal immune system to a virus insult
and the ability to suppress an inflammatory injury of bile ducts in early postnatal life.

The response of the neonatal immune system to RRV infection is a central pathogenic mechanism
of BA. Upon virus exposure, cells of the innate and adaptive immune systems increase in the liver and
EHBDs (21-25). In fact, an early increase of neutrophils and plasmacytoid DCs upon RRV infection
and their release of IL-8 and IL-15 indirectly drive epithelial injury by activating NK lymphocytes, as
reported previously in studies using protein depletion and gene activation in mice (2, 26, 27). In adop-
tive transfer experiments, Tregs were shown to suppress this immune response and to largely prevent
the BA phenotype (6, 7). These experiments also showed that the absence of Tregs in the first 3 days of
life makes neonatal mice susceptible to an uncontrolled activation of immune cells, which, in the BA
model, is responsible for tissue injury (7). In this context, the ability of resident CD71" erythroid cells to
block the activation of mononuclear cells raises the possibility that they may fill the immunoregulatory
deficit created by the transient lack of Tregs in the immediate postnatal period. Despite a recent study
reporting an interplay between CD71* erythroid cells and Tregs (28), we found that the highest popula-
tion of hepatic CD71* cells 3 days after RRV infection was not accompanied by a discernable number
of Tregs. The existence of a crosstalk between these 2 cells and the potential for functional synergy
require more in-depth analysis in future studies.
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In nonhepatic tissues, CD71* erythroid cells modulate the immune response to bacterial infection, gut
microbiome colonization, fetal-maternal tolerance, and carcinogenesis (15, 17, 18, 29, 30). Our data expand
their suppressive roles to immune cells of the neonatal liver, with a direct link to mechanisms driving the hepa-
tobiliary injury induced by an exposure to rotavirus soon after birth. The population of human and murine
livers by hematopoietic cells at birth has been interpreted as residual extramedullary hematopoiesis that sponta-
neously ends in the first week of life. Here, we show that these cells are biologically relevant and contain CD71*
cells, whose depletion allows hepatic mononuclear cells to undergo activation upon virus exposure. Soon after
cellular activation, CD71* cells repopulate the liver within 3 days and suppress immune cells; if such a repop-
ulation is blocked by the administration of a new dose of anti-CD71 antibodies, hepatic inflammatory cells
injure the bile duct epithelium, promote lumen obstruction, and allow for the full expression of the BA pheno-
type. The demonstration of these biological events in our studies support a biological role of CD71* erythroid
cells in the regulation of the immune response of the neonatal liver to exogenous insults. CD71" erythroid
cells in humans are reported to be a major source of ROS, and the role of ROS in BA was reported previously
(31-34). This implies CD71" erythroid cells can play a role in BA not only through immune suppression, but
also through other mechanisms, such as the regulation of ROS production, which require further investigation.

In summary, we report that extramedullary hematopoiesis of neonatal livers contains CD71*
erythroid cells with unique immunosuppressive properties to hepatic mononuclear cells. We provide

500

—~ 400+ |

E -£

S 300

&

. . . 3 200

Figure 6. Suppression of adult hepatic mono- % ole®
nuclear cells by neonatal hepatic mononuclear = 1004
cells. Adult hepatic mononuclear cells (MNCs) can e % .F
produce TNF-o upon anti-CD3 stimulation; there- 0 T T T T T
fore, they were used as responder cells. Neonatal
liver harvested at 24 hours of life, or 3 days after Anti-CD3 - + + + +
antibody depletion followed by RRV infection, was ]
used as erythroblast pool to function as effector Adult hepatic MNCs + - + + +
cells. TNF-a levels were measured in supernatant )
72 hours after coculture. “+” denotes presence. “-" Neonatal hepatic MNCs - + - + -
denotes absence. One-way ANOVA test was per- RRV-primed _ _ _ _ +
formed. *P < 0.05, ***P < 0.001. n = 3/group. Neonatal hepatic MNCs


https://doi.org/10.1172/jci.insight.135751

RESEARCH ARTICLE

A Birth Day 0 Day 1 Day 3
“‘RRV S WS > RRV ------ > IgG ------ > Harvest 4
‘AD*RRV” 4 Ap  ------ > RRV ------ > 1gG ----- > Harvest 4
“Ab+RRV+Ab” $ Ab - » RRV ______ > Ab ----— > Harvest 4

Ab: anti-CD71 antibody; IgG: Rat IgG isotype control.
B 3 days after RRV injection °
© K kkkk
“RRV” “Ab+RRV" “Ab+RRV+Ab” 2 = RRV
30 é © - Ab+RRV
_ ? Fold -+ Ab+RRV+Ab
~ v
[m) —
o 5 IS5
X
o
TER119
(o]
3 e
2 g
=3
< S
Days after infection
D 3 days after RRV injection
CD4* T cells CD8* T cells NK cells = RRV
*kk + s+ Ab+RRV
N dik P g *x v Ab+RRV+Ab
L] 2 *k
S E R I el -
il * a * -+
[a] 010 O 50
© 10 _:E = 5 _}
5 . T &s faf T
3 £ 3] £ £
X ol L} — S

Figure 7. Continuous depletion of CD71* cells worsens the biliary atresia phenotype. (A) Schematic diagram of the injection
timeline for anti-CD71 antibodies or rat IgG isotypes into newborn mice. (B) The quantification of hepatic CD71*Ter119* cells

by flow cytometry shows the prevention of the 3-day surge after RRV infection. Data were analyzed by 1-way ANOVA; ***P

< 0.001; ****P < 0.0001; n = 4/group. (C) Jaundice and survival differences in 3 groups. Kaplan-Meier survival curve were
analyzed by log-rank (Mantel-Cox) test; *P < 0.05; **P < 0.01; n = 8-16 in each group. (D) CD4* T cells, CD8* T cells, and NK cells
were quantified by flow cytometry. Data were analyzed by 1-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; n = 3-4/group.

evidence that their ability to suppress hepatic immune cells renders neonatal mice susceptible to virus
infection and the BA phenotype. This is supported by the low virus titer in the liver when mice are
depleted of CD71* erythroid cells. The immunoregulatory function of CD71* erythroid cells is also is
also evidenced by the ability to repopulate the liver, suppress immune cells, and protect the tissue from
injury. We propose a unifying functional model in which CD71* erythroid cells provide a immunosup-
pressive role during the immediate postnatal period, a time when the absence of Tregs makes neonatal
mice unable to regulate the eventual activation of inflammatory cells as the organism enters the micro-
biota-rich extrauterine environment after birth. In humans, this is supported by an enrichment of gene
groups related to erythroid function in children with BA surviving beyond 2 years of age. Altogether,
these studies raise the possibility that the manipulation of CD71" erythroid cells may represent a ther-
apeutic target to block progression of liver disease in BA.

Methods

Human tissue and gene expression envichment pathway analysis. Tissue sections were obtained from deidentified par-
affin-embedded liver tissues obtained from children at the time of diagnosis of BA and archived in the biobank
repository of CCHMC. RNA sequencing (RNAseq) data of 171 BA patients was retrieved from previous depo-
sition in the Gene Expression Omnibus database under accession number GSE122340 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE122340) (19). For this analysis, we divided patients into 2 groups: survival
with native liver at 2 years of age and transplant or death before 2 years. Differentially expressed genes were iden-
tified by Cuftdiff 2. Upregulated genes are defined as genes showing at least 1.5-fold upregulation, with P < 0.05.
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A group of 13 upregulated genes was identified (Supplemental Table 1) and subjected to pathway analysis with
ToppFun (https://toppgene.cchmc.org/enrichment.jsp). The significance of individual pathways in functional
enriched analysis is defined as Benjamini and Hochberg—corrected P < 0.01 (or —log,, [FDR] > 2).

Experimental model of BA. Eight- to 12-week-old BALB/c mice were purchased as mating pairs from
Charles River Laboratories. The disease model was created in newborn mice; thus, the sex was not iden-
tifiable. Neonatal mice were injected i.p. with 1.5 x 10° fluorescence focus units (ffu) of RRV in 20 pL of
DMEM or an equal volume of normal saline (NS; serving as controls) within 24 hours of birth to induce
experimental BA, as described previously (35).

Antibodies for depletion and flow cytometric analysis. For in vivo depletion of CD71* erythroid cells, 20 pg puri-
fied anti-CD71 antibody was administered i.p. within 24 hours of birth, similarly to what was described pre-
viously (17). The same amount of rat IgG2a isotype was administered to different mice to serve as controls.
Mononuclear cells were isolated from livers of neonatal mice (35) and subjected to antibody staining for flow
cytometric analysis, which was performed using FACS Canto II dual-laser flow cytometer (BD Biosciences),
and the data were analyzed using FlowJo software (Tree Star Inc.). Fluorochrome-conjugated mouse antibodies
were as follows: FITC-conjugated CD71 from eBioscience; APC-conjugated Cd8a and Pan-NK (CD49b) from
Miltenyi Biotec; PerCP-conjugated CD3, CD4, CD49b, and anti-NKp46 antibody and BV605-conjugated CD3
and CD45 from BioLegend; and PE-conjugated TER119 from R&D Systems.(catalog FAB1125P).

Histopathology, IHC, and immunofluorescence. Livers and EHBD/gallbladder were harvested from neonatal
mice using a dissecting microscope. Paraffin-embedded sections were examined after staining with H&E. To
localize CD71" erythroid cells and Tregs in liver tissues from patients and experimental mice, IHC staining
against CD71 (Invitrogen, catalog 13-6800) or against Foxp3 (Invitrogen, catalog 14-5773-80) was performed at a
dilution of 1:100 in 4°C over night. For human samples, biotinylated anti-mouse antibody (Vector Laboratories)
(catalog BP-9200) was used as a secondary antibody, followed by detection using avidin/biotin (VECTASTAIN
ABC reagent PK-4001; Vector Laboratories) and the DAB substrate (Vector kit, SK-4100; Vector Laboratories).
For mouse samples, the same anti-CD71 (Invitrogen, catalog 13-6800) was used in a mouse anti-mouse fashion
with a Vector M.O.M. Kit (catalog BMK-2202). For CD235a (TER119) staining; mouse anti-human CD235a
(Thermo Fisher Scientific, catalog MS-1843-R7) antibody was ready to use without dilution. Rat anti-mouse
TER119 (Stemcell Technologies, catalog 60033) antibody were used at 1:200 dilutions for 1 hour at room tem-
perature. For immunofluorescence staining, Dylight-488— (catalog 112-486-143) and -594—conjugated (catalog
112-517-003) secondary antibodies were obtained from Jackson ImmunoResearch.

RRYV titer. RRV titers in EHBD/gallbladder and liver were determined in 96-well plates seeded with monkey
kidney cells (cell line MA-104, information in Supplemental Table 1) using an antirotavirus hyper immune
serum-based assay to quantify RRV ffu, as described previously (36).

Coculture and stimulation. Hepatic mononuclear cells from 1-day-old mice or 3 days after antibody deple-
tion, followed by RRV infection, were used in coculture assays of immune activation as suppressor cells.
Hepatic mononuclear cells from 8-week-old mice were used as responder cells. In these assays, 4 X 10° of
responder cells were seeded into 96-well round-bottom plates individually or together with suppressor cells
(neonatal hepatic mononuclear cells) at a 1:1 ratio and then stimulated for 72 hours with 0.125 pg/mL anti—
mouse CD3 antibody (clone 145-2C11, BioXcell). The concentrations of TNF-o was measured by enzyme-
linked immunosorbent assay (ELISA, R&D Systems).

Statistics. Statistical analysis of experimental data were performed using the GraphPad PRISM Version
8.3.0 (GraphPad Software). Values are expressed as mean * SD. Differences in mean values of 2 groups
were analyzed by 2-tailed Student’s ¢ test. Chi-square test was used to assess differences in the percentage of
mice that developed jaundice between groups. Differences among 3 or more groups were analyzed by 1-way
ANOVA. Kaplan-Meier survival curves were analyzed by log-rank test. Data are presented as mean * SD.
(*P<0.05; *P<0.01; ***P < 0.001; **** P< 0.0001).

Study approval. Animal studies were reviewed and approved by Cincinnati Children’s IACUC (protocol
no. IACUC2017-0007). Human samples were obtained after informed consent from patients’ parents/legal
guardians according to study protocols approved by Cincinnati Children’s IRB.
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