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Monocytic MDSCs homing to thymus contribute to
age-related CD8"* T cell tolerance of HBV
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Hepatitis B virus exposure in children usually develops into chronic hepatitis B (CHB). Although hepatitis B surface antigen
(HBsAg)-specific CD8* T cells contribute to resolve HBV infection, they are preferentially undetected in CHB patients.
Moreover, the mechanism for this rarely detected HBsAg-specific CD8"* T cells remains unexplored. We herein found that the
frequency of HBsAg-specific CD8* T cells was inversely correlated with expansion of monocytic myeloid-derived suppressor
cells (mMDSCs) in young rather than in adult CHB patients, and CCR9 was upregulated by HBsAg on mMDSCs via activation of
ERK1/2 and IL-6. Sequentially, the interaction between CCL25 and CCR9 mediated thymic homing of mMDSCs, which caused
the cross-presentation, transferring of peripheral HBsAg into the thymic medulla, and then promoted death of HBsAg-specific
CD8* thymocytes. In mice, adoptive transfer of mMDSCs selectively obliterated HBsAg-specific CD8* T cells and facilitated
persistence of HBV in a CCR9-dependent manner. Taken together, our results uncovered a novel mechanism for establishing

specific CD8* tolerance to HBsAg in chronic HBV infection.

Introduction

An estimated 257 million people are living with chronic hepatitis
B (CHB) virus (HBV) infection globally, which is one of the most
important causative factors in the development of hepatocellular
carcinoma. When more than 95% of HBV exposure is self-
limiting in adults, there is a high rate of chronicity in infants
and children (Liaw and Chu, 2009; Ott et al., 2012). Clearance of
hepatitis B surface antigen (HBsAg) indicating functional cure is
hardly achieved in patients who are exposed to HBV when they
are young (Boonstra et al., 2008). Recent studies showed that CD8*
T cells targeting different HBV proteins, such as polymerase and
HBcAg, have different features (Bertoletti and Kennedy, 2019;
Hoogeveen et al., 2019; Schuch et al., 2019). Particularly, HBsAg-
specific CD8* T cells are rarely detectable in CHB patients
(Hoogeveen et al., 2019; Rivino et al., 2018) but easily demon-
strated in acute and resolving HBV infection (Thimme et al., 2003;
Yang et al., 2002), These rarely detected HBsAg-specific CD8*
T cells in CHB patients should be the important reason for hard
achievement of HBV functional cure. Nevertheless, mechanisms
underlying these rarely detected HBsAg-specific CD8* T cells in
CHB patients remain unexplored yet.

Myeloid-derived suppressor cells (MDSCs) possess strong
immunosuppressive activities to antigen-specific CD8* T cells
(Kusmartsev et al., 2004; Nagaraj et al., 2010; Solito et al., 2011).
Previously, we reported that substantial HBsAg promotes po-
larization of monocytic MDSCs (mMDSCs) from monocytes in
CHB (Fang et al., 2015). We herein collected blood samples from
CHB patients of ages from 2 mo to 62 yr and found that HBsAg-
specific CD8* T cells decreased with age, which is consistent
with the latest study reporting an age-related reduction of
HBsAg-specific CD8* T cells in CHB patients (Le Bert et al.,
2020). Furthermore, we found that mMDSCs were negatively
correlated with HBsAg-specific CD8* T cells in infants and
children but not in adults, indicating that mMDSCs might reg-
ulate HBsAg-specific CD8* T cells in an age-related manner.
Interestingly, we found that mMDSCs from CHB patients ex-
pressed a high level of CCR9, which classically mediates thymic
recruitment of immune cells (Hadeiba et al., 2012). HBsAg was
further proved to induce the expression of CCR9 on mMDSCs via
activation of ERK1/2 and IL-6. These CCR9* mMDSCs, carrying
and cross-presenting HBsAg, could migrate to the thymic
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medulla and selectively eliminate HBsAg-specific CD8* thymo-
cytes, resulting in HBV persistence. We also found that blocking
CCR9 with an antibody could efficiently inhibit the thymic mi-
gration of mMDSCs and could rescue HBsAg-specific CD8*
thymocytes, which results in breaking of HBV persistence.

As the thymus contributes to the generation of peripheral
T cell repertoires and involutes with age (Buchholz et al., 2011),
our finding uncovered a novel mechanism for establishing
specific CD8* tolerance to HBsAg via mMDSCs in infants and
young patients after HBV exposure. This work raises a possi-
bility that targeting mMDSCs or their migration should be a
potential treatment for chronic HBV infection in infants and
young patients, in whom the tolerance is not fully established.

Results

Expansion of mMDSCs correlates with a decrease in HBsAg-
specific CD8* T cells in young subjects with CHB

In previous study, we demonstrated that HBsAg-polarized
mMDSCs can inhibit the activation of CD8* T cells in vitro
(Fang et al., 2015). Based on this work, we planned to evaluate
the frequencies of mMDSCs and HBV-specific CD8* T cells from
CHB patients. To this end, patients were initially typed for HLAs.
16 out of 40 subjects, covering the ages from 2 mo to 62 yr, were
identified as HLA-A2* (Fig. Sl A), the most common HLA phe-
notype in populations. Corel8-27 (HBcAg) and Env335-343
(HBsAg) are well-defined HLA-A2-restricted epitopes (Boni
et al, 2007; Hoogeveen et al., 2019); therefore we examined
HBsAg- and HBcAg-specific CD8* T cells using MHC-1 tetramers
based on these epitopes (Fig. S1B). Results showed that the level of
HBsAg-specific CD8* T cells was dramatically lower than the level
of HBcAg-specific CD8* T cells, but both of them could be detected
in at least some of the HLA-A2* patients when comparing with
values from HLA-A2- samples (Fig. 1, A and B). In contrast, HLA-
A2-restricted HPV E7 protein-specific CD8* T cells were almost
undetectable in HLA-A2* subjects, as shown in Fig. SI C.

A recent report showed that age was associated with HBsAg-
specific CD8* response (Le Bert et al., 2020). Analogously, we
observed that the frequency of HBsAg-specific (Fig. 1 B), but not
HBcAg-specific (Fig. 1 C) or HBV polymerase-specific (Fig. S1 D),
CD8* T cells was higher in young subjects compared with that in
adults. In contrast, the level of cytomegalovirus (CMV) pp65-
specific CD8" T cells was higher in adults (Fig. S1 E). We further
correlated age with HBV-specific CD8* T cells. No correlation was
found between HBcAg-specific CD8* T cells and age (R = -0.2057,
P = 0.4448, Fig. 1 E), but HBsAg-specific CD8* T cells showed an
inverse correlation with age (R = -0.5821 and P = 0.018, Fig. 1 D).

To assess the roles of mMDSCs in the regulation of HBV-
specific CD8* T cells, we analyzed the correlations between
mMDSCs (HLA-DR-/°%CD33*CD1lb* CD14*) and HBV-specific
CD8* T cells and found that HBsAg-specific (R = -0.5944, P =
0.0152, Fig. 1 F), but not HBcAg-specific (R = -0.01407, P =
0.9588, Fig. 1 1), CD8* T cells were inversely correlated with
mMDSCs. As the frequency of HBsAg-specific CD8* T cells was
higher in young CHB patients (Fig. 1 B), we divided patients into
two cohorts according to age and analyzed the correlations
again. Interestingly, the inverse correlation was only observed
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in young patients (R = -0.7566, P = 0.0298, age <18, Fig. 1G), but
not in adult subjects (R = -0.1014, P = 0.8112, age > 18, Fig. 1H). In
contrast, we did not find any correlations between mMDSCs and
HBcAg-specific CD8* T cells in young patients (R = 0.6375, P =
0.0981, Fig. 1]) or in adults (R = -0.2353, P = 0.5784, Fig. 1 K).
Additionally, despite the level of mMDSCs being positively
correlated with age (R = 0.511, P = 0.043, Fig. S1 F), this corre-
lation was not observed after dividing the patients into two
cohorts (Fig. S1, G and H). The reason might be that there are
multiple factors contributing to the level of MDSCs, such as an
increased risk of hepatocellular carcinoma in aged CHB patients
and changes in hormones after adulthood. In summary, these
results indicated that impairment of HBsAg-specific CD8* T cells
by mMDSCs operated differently in young patients and adults.

HBsAg induces expression of CCR9 on mMDSCs

The thymus contributes to the generation of peripheral T cell
repertoires (Buchholz et al., 2011). In humans, thymic involution
starts from as early as the first year of life, but a more rapid rate of
attenuation starts from ages between 20 and 30 yr (Ackman et al.,,
2013). Immature dendritic cells (DCs) have been demonstrated to
migrate into the thymus through CCR9 and regulate the negative
selection of thymocytes (Bonasio et al., 2006; Hadeiba et al., 2012).
Analogously, mMDSCs were also described as immature myeloid
cell population (Condamine and Gabrilovich, 2011; Peranzoni et al.,
2010). This raises a possibility that mMDSCs might participate in
the development of HBsAg-specific CD8* thymocytes.

To prove this, we detected the expression of CCR9 on
mMDSCs. Since in healthy donors, almost all CD14* cells are
HLA-DR*, but not HLA-DR/°¥, mMDSC populations, we used
total CD14* myeloid cells as controls (Fang et al., 2015). The
frequencies of CCR9* cells and median fluorescence intensity
(MFT) of CCR9 on CD14* myeloid cells from CHB patients were
significantly enhanced (Fig. 2 A), whereas there is no difference
in MFI of CCR9 on CD14~ cells between these subjects (Fig. S2 A).
We then analyzed peripheral blood mononuclear cells (PBMCs)
from patients with chronic hepatitis C virus (HCV) and tuberculosis
infections, in which MDSCs were also described to mediate immune
suppression (Dorhoi and Du Plessis, 2017). CCR9 was slightly in-
creased in chronic HCV patients, whereas it was dramatically en-
hanced in TB patients (Fig. S2 B). We then correlated CCR9 levels
with clinical indicators in CHB patients (n = 20, Table S1). Serum
HBsAg (R = 0.5729, P = 0.0083, Fig. 2 B), rather than hepatitis B e
antigen (HBeAg; Fig. 2 C), HBV DNA (Fig. 2 D), alanine transami-
nase (ALT), or age (Fig. S2, C and D), showed a positive correlation
with CCR9. Accordingly, after incubating with exogenous HBsAg
(Chinese hamster ovary-derived, vaccine quality, adjuvant-free),
expression of CCR9 was enhanced on CD14* myeloid cells (Fig. 2 E),
but not on T cells from healthy donors (Fig. S2 E). In contrast, ex-
ogenous HBeAg and OVA did not enhance CCR9 expression (Fig. S2,
Fand G). HBsAg-activated ERK1/2 and IL-6 have been demonstrated
to promote polarization of mMDSCs from monocytes (Fang et al,,
2015). We herein found that the ERK1/2 inhibitor or IL-6 neutrali-
zation antibody could efficiently block CCR9 expression mediated
by HBsAg (Fig. 2 F).

Then, a persistent HBV strain plasmid, with a pUC18 back-
bone and HBV sequence derived-promoter (designated as BPS),
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Figure 1. Analysis of correlations between HBV-specific CD8* T cells and mMDSCs or age. (A) Analysis of HBV-specific CD8" cells targeting HBsAg or
HBcAg from HLA-A2* CHB patients (n = 16). (B and C) Comparing the frequencies of HBsAg-specific (B) or HBcAg-specific (C) CD8* T cells between subjects at
different ages. (D and E) Correlating the age with HBsAg-specific (D) or HBcAg-specific CD8* T cells (E; n = 16). (F) Correlating mMDSCs with HBsAg-specific
CD8* T cells in all subjects (n = 16). (G and H) Correlating mMDSCs with HBsAg-specific CD8* T cells in subjects at age < 18 (G) or age > 18 (H; n = 8).
(1) Correlating mMDSCs with HBcAg-specific CD8* T cells in all subjects (n = 16). (J and K) Correlating mMDSCs with HBcAg-specific CD8* T cells in subjects at

age < 18 (J) or age > 18 (K; n = 8). *, P < 0.05.

as previously reported (Shen et al., 2017), was used to obtain
HBV-persistent mice through hydrodynamic injection (HDI)
of C57BL/6 mice. Murine mMDSCs were identified as the
Grl*Ly6ChigbLy6G- population (Fang et al., 2015). We found that
CCR9 was upregulated on mMDSCs in these HBV-persistent HDI
mice compared with cells (defined with same markers) in naive
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mice (Fig. 2 G). In addition, the level of CCL25, a ligand of CCR9,
was not altered in the thymus from these mice (Fig. S2 H). These
results proved that HBsAg-activated ERK/IL-6 signaling also
contributes to the expression of CCR9 on mMDSCs, indicating
that induction of CCR9 and polarization of mMDSCs by HBsAg
are simultaneous events.
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Figure 2. Increase of CCR9 on mMDSCs. (A) Flow cytometry staining of CCR9 on CD14* myeloid cells from CHB patients (n = 7) or healthy donors (n = 5).
(B-D) Correlating the median fluorescence intensity (MFI) of CCR9 with the levels of serum HBsAg (B), HBeAg (C), and HBV DNA (D) from CHB patients (age <
18, n = 20). (E) Detecting CCR9 on exogenous HBsAg-stimulated CD14* myeloid cells from heathy subjects (n = 7, 10 pg/ml). (F) Detecting HBsAg-induced CCR9
in the presence of inhibitors of P38, ERK1/2, and anti-IL-6 antibody (20 pg/ml) or exogenous IL-6 (5 ng/ml) without HBsAg (n = 3). (G) Detecting the level of
CCR9 on endogenous mMDSCs from HBV-persistent HDI mice or naive mice (n = 5). **, P < 0.01; ***, P < 0.001.

Interaction between CCL25 and CCR9 mediates thymic homing
of mMDSCs

We further investigated whether CCR9* mMDSCs could be re-
cruited by CCL25. A dose-dependent migration of mMDSCs from
CHB patients was observed in a Transwell culture with human
CCL25 (hCCL25), as shown in Fig. 3 A. In contrast, hCCL19 and

Fang et al.
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hCXCL12 did not recruit mMDSCs (Fig. S3 A). Time-course as-
says of cultures of hCCL25-embedded agarose dots with purified
mMDSCs (CFSE labeled) from patients confirmed this migration
(Fig. 3 B). Using mouse CCL25 (mCCL25)-embedded agarose
dots, we visualized the process of attraction of mMDSCs from
HBV-persistent HDI mice (Fig. S3 B). Then, peripheral blood
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Figure 3. Thymic homing of mMDSCs. (A) Transwell migration study of mMDSCs from CHB patients toward hCCL25 (n = 3). (B) Time-course migration
study of mMDSCs toward agarose dots containing hCCL25, triplicate. (C) Transwell migration study of PBLs from HBV-persistent HDI mice (n = 3).
(D) Separately detecting mMDSCs in different tissues from naive mice at 36 h after ADT with CFSE-labeled mMDSCs from HBV-persistent HDI mice (107 cells per
mice, n = 9). (E) Detecting allelic cells via flow cytometry after ADT of CD45.2* HBV-persistent HDI- or naive mice-derived mMDSCs to CD45.1* mice (n = 6).
(F) Detecting mMDSCs in thymi of CD45.1* mice after transfer of CCR9 antibody-blocked CD45.2* mMDSCs (n = 5). (G) Detecting thymic allelic mMDSCs in pairs
of WT and CCR9 knockout (CCR9~/") HBV or naive mouse pairs from parabiosis study (n = 6). (H) Detecting endogenous mMDSCs in the thymi from HDI-
persistent HBV C57BL/6 mice (n = 5). (1) Location of endogenous mMDSCs in the thymi of HBV-persistent HDI mice. Nucleus (DAPI, blue), mMDSCs (Grl, red),
thymic medulla (cytokeratin-5, green), IF, triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

leukocytes (PBLs) from HBV-persistent HDI mice were studied
in Transwell. We found that mCCL25-responsive cells in PBLs
expressed Grl, the marker for mMDSCs, but not CD3 or CD19
(Fig. S3 C), and there was a dose-dependent migration for these
cells (Fig. 3 C).
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Mouse mMDSCs were then isolated through a magnetic ac-
tivated cell sorting kit from Miltenyi Biotec, and purity was
determined using flow cytometry (Fig. S3 D). We then adop-
tively transferred mMDSCs from HBV-persistent HDI mice to
naive mice after labeling them with CFSE and found that a
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significant number of mMDSCs existed in the thymus, rather
than in the spleen, mesenteric lymph node, or the liver from the
recipients (Fig. 3 D). Furthermore, we used allelic mice to con-
firm this migration. Transferring the same number of purified
mMDSCs from CD45.2* HBV or naive mice to CD45.1* mice
verified that HBV-persistent HDI mice-derived mMDSCs had a
significantly stronger thymus-homing capability compared with
cells from naive mice (Fig. 3 E), whereas blocking CCR9 with the
antibody (9B1) inhibited this migration (Fig. 3 F). To investigate
the thymic homing of endogenous mMDSCs from the periphery,
we performed mice parabiosis. Detection of allelic PBLs verified
the successful surgical operation (Fig. S3 E). In the pairs of
CD45.1* WT and CD45.2* CCR9~/~ HBV-persistent HDI mice,
only few CD45.2* CCR9~/~ mMDSCs migrated to the thymus of
CD45.1* WT mice, whereas CD45.1* WT mMDSCs significantly
increased in the thymus of the CD45.2* CCR9™/~ counterparts
(Fig. 3 G). In contrast, in naive mice pairs, the migration was
limited (Fig. 3 G). Moreover, the migrated allelic Gr1* cells ex-
pressed Ly6C, but not CDllc, CD19, or Ly6G (Fig. S3 F), sug-
gesting that they were mMDSCs but not DCs, B cells, or
granulocytes.

Next, we studied thymic increase of mMDSCs in HBV-
persistent HDI mice. The thymic mMDSCs in HBV-persistent
HDI mice dramatically rose from 4 to 8% (Fig. 3 H). mMDSCs
were also found to be located in the cytokeratin-5-positive
thymic medulla (Fig. 3 I), the site for T cell negative selection.
Additionally, adoptively transferred mMDSCs were also located
in the thymic medulla (Fig. S3 G). These results indicated that
mMDSCs were able to migrate into the thymic medulla from the
periphery.

mMDSCs transfer HBsAg to mouse thymic medulla

MDSCs have been demonstrated to pick up and present tumor
antigens to CD8* T cells (Kusmartsev et al., 2004; Nagaraj et al.,
2007; Nagaraj et al., 2010). We herein observed that HBsAg was
carried by mMDSCs from CHB patients (Fig. 4 A), corresponding
to the report that HBsAg can only be internalized by peripheral
CD14" myeloid cells (Gehring et al., 2013). In contrast, exogenous
HBeAg could not be taken up by mMDSCs (Fig. S4 A). Using
blocking antibodies, we further verified that this internalization
was mediated by the mannose receptor (MR), rather than TLR2,
TLR4, or CD14 (Fig. 4 B), which is supported by the finding that
the MR contributes to internalization of HBsAg into DCs and
macrophages (Wang et al., 2013).

We then observed that mMDSCs had increased expression of
ubiquitin-proteasome subunits, including PSMAl, PSMA2,
PSMCe6, UPS12, and UBTD2, whereas MHC-II expression de-
creased (Fig. 4 C). HBsAg was also found to colocalize with
PSMD], a subunit of proteasome, but not with CD63, a marker
for endosome (Fig. 4 D). A TCR-like antibody can bind to the
complex of the HBsAg epitope and HLA-A2 (Env183/A2; Sastry
et al., 2011). Using this antibody, we found that the level of
Env183/A2 was significantly enhanced on HBsAg-induced (Fig. 4
E), but not on IL-6-induced, HLA-A2* mMDSCs polarized from
healthy monocytes as reported in our previous work (Fang et al.,
2015). In contrast, there was no difference in MFI of Env183/A2
between HBsAg-induced and IL-6-induced HLA-A2- mMDSCs
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(Fig. S4 B). Additionally, the level of this Envi83/A2 complex,
but not the Corel8/A2 complex, on mMDSCs from HLA-A2* CHB
patients was higher compared with that on control cells from
healthy donors (Fig. S4, C and D). Ex vivo coculture also showed
that HBV-persistent HDI mice-derived mMDSCs could promote
death of HBsAg-TCR transgenic but not WT CD8*CD4~ thymo-
cytes (Fig. 5 G), which was consistent with the report that DCs
generated from HBsAg-carried CD14* myeloid cells could acti-
vate HBsAg-specific CD8* T cells (Gehring et al., 2013). These
data suggested that mMDSCs could efficiently cross-present
HBsAg via MHC-I.

We further determined whether mMDSCs can transfer
HBsAg to the thymus and found that HBsAg was observed in
endogenous thymic mMDSCs from HBV-persistent HDI mice via
flow cytometry (Fig. 4 F) and immunohistochemistry (Fig. S4 E).
In contrast, HBsAg is almost undetectable in the thymus of
CCR9~/~ HBV HDI mice (Figs. 4 G and S4 F). Importantly, HBsAg-
carried mMDSCs were mainly located in the cytokeratin-
8-negative area of the thymic medulla (Fig. 4 H). These results
suggested that mMDSCs could transfer and cross-present HBsAg
into the thymic medulla.

Thymic-homed mMDSCs promote death of HBsAg-specific
CD8* thymocytes

Immune reconstitution with hematopoietic stem cells (HSCs) of
mice allows us to investigate T cell deletion in the thymus
(Hadeiba et al., 2012). We thereby reconstituted mice with
mixed HSCs from HBsAg CD8*-TCR transgenic and WT BALB/c
mice. A graphic representation of the experimental steps is
shown in Fig. 5 A. HBsAg-specific CD8* thymocytes were iden-
tified by MHC-I tetramer (Fig. 5 B). High dosage of the peptide
(TPQSLDSWWTSL) was used as a positive control for thymocyte
deletion (Bonasio et al., 2006). Results showed that transfer of
mMDSCs from HBV-persistent HDI mice, rather than from naive
mice, resulted in a decrease in HBsAg-specific CD8* thymocytes,
whereas blocking CCR9 on mMDSCs with the antibody before
transfer abolished this decrease (Fig. 5 C). Although OVA cannot
enhance CCRY (Fig. S2 G), we found that OVA-specific thymo-
cytes in mice reconstitued with HSCs from OT-1 mice can also be
eliminated after loading the OVA peptides onto mMDSCs from
HBV subjects (Fig. S4 G). We were also able to visualize the
physical contact of HBsAg-specific CD8* thymocytes and
mMDSCs in the thymus from recipients (Fig. 5 D). Furthermore,
cleaved caspase-3 could be detected in thymic tissues after
transferring with mMDSCs (Fig. 5 E).

Ex vivo coculture of mMDSCs with HBsAg CD8*-TCR trans-
genic thymocytes or peripheral T cells revealed that mMDSCs
were able to promote the death of CD8*CD4~ thymocytes, but not
peripheral CD8* T cells, in a dose-dependent manner (Fig. 5 F).
We further verified that mMDSCs did not promote the death of
CD8-CD4*, CD8*CD4* (Fig. 5 G), or WT CD8*CD4" thymocytes
(Fig. 5 H). Cell death-related genes were also found to be up-
regulated in TCR transgenic CD8*CD4~ thymocytes after cocul-
ture with mMDSCs (Fig. 5 I). We previously demonstrated that
NOX1 is upregulated in mMDSCs (Fang et al., 2015), and NOX1 is
described to induce cell death (Kim et al., 2007). We herein
found that the NOX1 inhibitor MLI171 efficiently blocked the
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PSMA2, PSMC6, UPS12, UBTD2, HLA-DMA, HLA-DMB, and HLA-DPAL in HBsAg-induced mMDSCs (n = 5). (D) Colocalization of intracellular HBsAg with PSMD1
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mice. Arrows indicate the positive signaling in the IHC staining (brown, 400X, four views). (H) Localization of endogenous mMDSCs and HBsAg in the thymi of
HBV-persistent HDI mice. Nucleus (DAPI), mMDSCs (Grl), HBsAg, thymic cortex (cytokeratin-8), IF, triplicate. Dotted lines indicate the border of thymic cortex
and medulla. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. mMDSCs promote death of HBsAg-specific CD8* thymocytes. (A) Experimental steps for immune reconstitution and adoptive transfer of
mMDSCs. (B) Gating strategy for HBsAg-specific CD8* thymocytes. (C) Detecting HBsAg-specific CD8* thymocytes via flow cytometry in reconstituted mice on
day 3 after transfer of mMDSCs (107 cells per mice, n = 5). (D) IF detection of colocalization of mMMDSCs (Grl, green) and HBsAg-specific CD8* thymocytes
(MHC-I tetramer, red) at 36 h after transfer of mMMDSCs, triplicate. Arrows indicate the positive signaling in the IF detection. (E) Detecting cleaved caspase-3 in
thymi of mice at 36 h after transfer of MMDSCs (brown, 400X), triplicate. Arrows indicate the positive signaling in the IHC staining. (F) Coculture of HBV-
persistent HDI mice-derived mMDSCs (effector, E) with CD8*CD4~ (CD8sp) thymocytes or peripheral CD8* T cells (target, T) from HBsAg-TCR transgenic mice
for 18 h. Detection of Annexin V and 7-ADD double negative cells (n = 5). (G) Coculture of naive (empty) mice- or HBV-persistent HDI (filled) mice-derived
mMDSCs with HBsAg-TCRtg thymocytes (E: T = 1: 2; n = 4). (H) Coculture of HBV-persistent HDI mice-derived mMDSCs with thymocytes from WT or HBsAg-
TCRtg mice (E: T = 1: 2; n = 4). (1) Levels of genes related to cell death in HBsAg-TCRtg CD8*CD4~ thymocytes after coculture with HBV-persistent HDI
mice-derived mMDSCs (5 h). (J) Coculture of HBV-persistent HDI mice-derived mMDSCs with TCRtg CD8*CD4~ thymocytes in the presence of 5 pM NOX1

inhibitor (ML171). **, P < 0.01; ***, P < 0.001.
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death of HBsAg-specific CD8*CD4~ thymocytes cocultured with
mMDSCs (Fig. 5 J). Taken together, these results suggested that
mMDSCs from HBV-persistent HDI mice could promote the
death of HBsAg-specific CD8*CD4~ thymocytes.

CCR9 blocking interrupts the effects of mMDSCs
To study the impact of deletion of HBsAg-specific CD8* thy-
mocytes on anti-HBV immune responses, we reconstituted
CD45.2* mice with CD45.1* HSCs following with adoptive
transfer of mMDSCs (107 cells per mice, 14 d after reconstitution)
and immunized them with pcDNA3.1-HBsAg plasmid or OVA
protein at week 4 after transfer. The frequencies of IFN-
y-positive CD8* T cells (HBsAg peptide-stimulated) and
HBsAg-specific CD8" T cells could be efficiently detected in the
spleen of vaccinated mice, whereas mMDSCs from HBV-
persistent HDI mice impeded the response and level of HBsAg-
specific CD8* T cells (Fig. 6, A and B). Importantly, CCR9-blocked
mMDSCs lost the capability to regulate HBsAg-specific CD8*
T cells as expected (Fig. 6, A and B). Conversely, mMDSCs did not
alter the frequency of OVA-specific CD8* T cells (Fig. 6 C).
Thymic sides peak at 4-6 wk of age in the mice (Aw et al.,
2007); therefore, we performed HDI on 3-4-wk-old mice or 7-8-
wk-old mice with an HBV Bé strain, which could be rapidly
eliminated in adult mice (Shen et al., 2017). As expected, this
HBV model is characterized by age-related viral persistence and
HBsAg-specific CD8* T cell generation (Fig. 6, D and E), whereas
the level of ALT and generation of HBcAg-specific CD8* T cells
were not related to age (Fig. 6, F and G). To determine the
contribution of mMDSCs to viral persistence and generation of
HBsAg-specific CD8* T cells, mMDSCs were transferred into
naive 4-wk-old C57BL/6 mice, and then, these mice were hy-
drodynamically injected with the HBV B6 plasmid when they
were 7 wk old. In mMDSC-transferred mice, HBsAg-specific
CD8* T cells were significantly lower (Fig. 6 H), and the dura-
tion of HBsAg in serum was much longer (Fig. 6 I). Notably,
CCR9-blocked mMDSCs did not change the frequency of T cells
and viral persistence (Fig. 6, H and I). These data suggested that
mMDSCs selectively obliterated peripheral HBsAg-specific CD8*
T cells and facilitated HBsAg persistence in a CCR9-dependent
manner.

Discussion

Children are able to mount virus-specific T cell responses to-
ward different kinds of viral infections (Hong and Bertoletti,
2017). Accordingly, vaccination in infants can activate protec-
tive immune responses to HBV (Li et al., 2018), but HBV expo-
sure in infants easily leads to chronic infection. The mechanism
underlying these conflicting phenomena is not clear. A study
showing that maternal HBeAg crosses the placenta and sup-
presses T cell response gives an explanation for this (Tian et al.,
2016), but loss of HBeAg accompanied by the activation of
HBeAg/HBcAg-specific CD8* T cells usually occurs in most of
CHB patients without HBV cure (Cheng et al., 2019; Matsumura
et al., 2001). Interestingly, HBsAg-specific CD8* T cells, prefer-
entially undetected in CHB adults (Hoogeveen et al., 2019; Rivino
etal., 2018), are convincingly shown to play a pivotal role in HBV
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clearance (Nitschke et al., 2016; Thimme et al., 2003). Although
MDSCs in CHB have been described to inhibit CD8* T cell acti-
vation in vitro (Fang et al., 2015; Yang et al., 2019), this does not
explain the age-related outcome of HBV exposure. Importantly,
MDSCs have been found to be critical for the control of in-
flammation in neonates (He et al., 2018). We herein demon-
strated that HBsAg-specific CD8* T cells were eliminated by
mMDSCs before their release from the thymus. Notably, bone
marrow cellularity declines, and the thymus involutes as early
as the first year of life in humans and loses its function in adults
(Hakim and Gress, 2007; Thapa and Farber, 2019). Studies have
showed there are two rapid decreasing periods of thymic T cell
output. One is between the ages of 0 and 5 yr, and another is
between the ages of 20 and 30 yr (Ye and Kirschner, 2002).
Similarly, from infancy to age 5, the chronicity upon exposure to
HBV decreases precipitously occurring at 90-50%, respectively.
Therefore, mMDSC-mediated deletion of antigen-specific CD8*
thymocytes should operate differently in HBV-exposed adults
and children.

Progression of CHB is known as natural history, which is
usually classified into five phases, including HBeAg-positive
chronic infection, HBeAg-positive chronic hepatitis, HBeAg-
negative chronic infection, HBeAg-negative chronic hepatitis,
and HBsAg-negative phase (European Association for the Study
of the Liver, 2017). In the beginning phase, after HBV exposure,
there is almost no inflammation in livers, which results in pe-
ripheral immune cells being difficult to migrate into livers.
Nevertheless, substantial HBsAg in circulation could modify the
phenotype and function of immune cells, such as monocytes
(Fang et al., 2015). Our previous work showed that without
multiple cooperation of other cytokines, HBsAg-induced IL-6
could contribute to polarization of mMDSCs and upregulation of
CCR9 on mMDSCs, which was supported by the finding that IL-6
could promote CCR9 expression on monocytes (Rolin et al.,
2014). CCL25, the only ligand for CCRY, is secreted by the in-
testine under inflammation (Trivedi et al., 2016) and by the
thymus under normal conditions (Vicari et al., 1997), which
means that although there is no inflammation in the beginning
phase of CHB, CCR9* mMDSCs could still be recruited into the
thymus. Similarly, Tregs expressing CCR9 are capable of homing
to the intestines with respect to CCL25, demonstrating alterna-
tive phenotypic fates dependent on IL-6 signaling (Ma et al.,
2019). Besides, we also found enhancements of CCR2 (data not
shown), which might help mMDSCs home to the liver in the
later hepatitis phase of CHB.

Clonal deletion of T cells in the thymus is known as central
tolerance. Cross-presentation of tissue-restricted self-antigens
by resident DCs was shown to mediate CD8* thymocyte selec-
tion (Koble and Kyewski, 2009; Lancaster et al., 2019). Never-
theless, it remains unclear whether antigen-specific CD8* T cell
precursors could be deleted by transporting antigen from pe-
riphery to the thymus, whereas thymic-homed DCs and B cells
only mediate negative selection of CD4* thymocytes (Lopes et al.,
2015; Yamano et al., 2015). Our finding provides direct evidence
that HBV was able to hijack thymic tolerance and alter the pe-
ripheral CD8* repertoires through polarizing thymic-recruited
mMDSCs. We demonstrated that peripheral mMDSCs could take
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Figure 6. mMDSCs mediate HBsAg-specific CD8* T cell deletion and HBsAg persistence through CCR9. (A) Intracellular staining IFN-y-positive CD8"

T cells in HBsAg peptide-stimulated (5 ug/ml) PBLs from HBsAg-vaccinated mice after transfer of HBV-persistent HDI mice-derived mMDSCs (n =

5).

(B) Detecting HBsAg-specific CD8* T cells with the MHC tetramer in splenocytes of HBsAg-vaccinated mice (n = 5). (C) Detecting OVA-specific CD8* T cells in
splenocytes of OVA-vaccinated mice after transfer of HBV-persistent HDI mice-derived mMDSCs (n = 5). (D) Persistence of serum HBsAg in C57BL/6 mice with
different ages (n = 6). (E-G) The levels of HBsAg-specific CD8* T cells (E), HBcAg-specific CD8* T cells (F), and ALT (G) in C57BL/6 mice with different ages, day
10 after HDI of HBV B6 strain (n = 5). (H) Level of HBsAg-specific CD8* T cells in mice after pretransfer of HBV B6 HDI mice-derived mMDSCs (n = 5).

(1) Persistence of serum HBsAg in mice with pretransfer of mMDSCs (n = 5). *, P < 0.05; **, P < 0.0

up HBsAg through the MR and transfer it to the thymus. The MR
has been reported to mediate antigen internalizing into cytosol
for proteasomal degradation and cross-presentation (Zehner
and Burgdorf, 2013), which is consistent with our finding that
HBsAg could be cross-presented by mMDSCs. To investigate
cross-presentation of HBsAg, we first observed the colocaliza-
tion of HBsAg and a subunit of proteasome (PSMD]), the site for
generating peptides presented on MHC-I (Zehner and Burgdorf,
2013). Testing activation of antigen-specific CD8* T cells cocul-
tured with DCs or macrophages is most powerful method to
explore antigen cross-presentation (Gehring et al., 2013). How-
ever, mMDSCs do not activate CD8* T cells. We therefore ex-
amined death instead of activation of HBsAg-specific CD4-CD8*
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thymocytes after coculture with mMDSCs, which also offered
testimony for the cross-presentation. Beyond this, we examined
the complex of MHC-I and the HBsAg epitope (Env183/A2) on
mMDSCs using a TCR-like antibody, providing direct evidence
for the cross-presentation.

A number of studies have demonstrated that human immu-
nodeficiency virus-, simian immunodeficiency virus (SIV)-,
lymphocytic choriomeningitis virus-, CMV-, Epstein-Barr
virus-, and Mycobacterium tuberculosis-associated chronic in-
fections have detrimental effects on the thymic function
(Nunes-Alves et al., 2013). However, none of them has been
demonstrated to directly regulate CD8* thymocytes so far. In this
study, we observed that mMDSCs promoted the death of CD8*
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thymocytes rather than peripheral CD8* T cells, although
mMDSCs have been well studied in restraining their activation.
The next question will be how mMDSCs acquire the capability to
eliminate CD8* thymocytes. iNOS, NOX2, and PD-LI all are
found to affect both thymic negative selection (Aiello et al.,
2000; Daley et al., 2013) and MDSC-mediated T cell suppres-
sion (Condamine and Gabrilovich, 2011; Corzo et al., 2009;
Lechner et al., 2010; Lechner et al., 2011). Accordingly, we found
an enhanced expression of NOX2 in HBsAg-polarized mMDSCs
(Fang et al., 2015). Moreover, we detected the cleavage of
caspase-3 and NOX1, indicating that mMDSCs could promote the
death of thymocytes via NADPH oxidase. The most likely reason
for the different effects of mMDSCs to peripheral CD8* T cells
and CD8* thymocytes should be distinct level of Bcl-2. Bcl-2 has
been reported to inhibit cell death, and thymocytes express less
Bcl-2 compared with peripheral T cells (Veis et al., 1993). Bcl-2 has
also been shown to help in the survival of peripheral CD8* T cells
(Kurtulus et al., 2011) and prevent cell damage induced by NOX1
(Zanetti et al., 2014). We believe this mechanism deserves further
investigation.

Recently, interruption of recruitment of immune suppressor
cells has been suggested as an efficient strategy for therapy.
Anti-CCL2 antibody can block recruitment of tumor-associated
macrophage and breakdown of immunological tolerance in
prostate cancer (Izhak et al., 2010). Disruption of CCR5 on reg-
ulatory T cells can benefit mice with pancreatic cancer (Tan
et al., 2009). Similarly, our data from HBV model mice dem-
onstrated that neutralization of CCR9 was able to block thymic
homing of mMDSCs and disrupt effects of mMDSCs on deletion
of HBsAg-specific CD8* thymocytes, which resulted in the per-
sistence of HBV being interrupted. This raises a potential
strategy for CHB treatment through selectively interfering or
neutralizing CCR9 on mMDSCs.

As we provide insight into a novel mechanism that HBV
eliminates HBsAg-specific CD8* thymocytes through mMDSCs,
the pharmacological interference of mMDSCs or their migration
toward the thymus might represent a new approach of anti-HBV
therapies, and the better age for HBV therapies should be as
young as possible. Besides that, this study also gives direct evi-
dence that chronic infection of HBV could affect development of
antigen-specific CD8* thymocytes.

Materials and methods

Human subjects

Peripheral blood samples were collected from CHB patients
(positive for HBeAg, HBsAg, and HBV-DNA) who were not re-
ceiving any therapy in the past 6 mo. Patients with other in-
fections, autoimmune hepatitis, or tumors were excluded.
HBsAg, HBeAg, HBV DNA, and ALT were measured in the
Clinical Laboratory of the Shanghai Public Health Clinical Cen-
ter. Healthy PBMCs from anonymous donors were provided by
the Red Cross Blood Center of Shanghai, China. The Ethics
Committee of the Shanghai Public Health Clinical Center ap-
proved the use of peripheral blood samples from all human
subjects, and we have obtained informed consent from all
participants.
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Mice

BALB/c and C57BL/6 (CD45.2) mice were purchased from Super-
B&K Laboratory Animal Corp. Ltd. C57BL/6-congenic CCR9~/~
mice (No. 027041) and BALB/c-congenic HBsAg-TCR transgenic
mice (No. 027510) were purchased from The Jackson Laboratory.
A volume of 5 pg of BPS or B6 plasmid in PBS equivalent to 8% of
the body weight was hydrodynamically injected into the tail
vein of C57BL/6 or BALB/c mice to establish an HBV repli-
cation model. All mice were housed and bred under specific
pathogen-free conditions according to the protocol approved
by the Ethics Committee of the Shanghai Public Health Clin-
ical Center.

MHC-I tetramers

HLA-A2-restricted HPV E7 11-19 peptide or HBV peptides,
including Pol455-463 (polymerase), Corel8-27 (HBcAg), Env335-
343 (HBsAg), and Flex-T HLA-A*02:01 Monomer UVX (Bio-
Legend), were used to prepare MHC-I tetramers. APC H-2Kb
HBsAg190-197 (VWLSVIWM) and PE H-2Ld HBsAg28-39
(IPQSLDSWWTSL) MHC-I tetramers were purchased from
HelixGen Corp. Ltd.

Flow cytometry

The following antibodies were purchased from BD Pharmingen:
anti-human CD3 PE (HIT3a), anti-human CD4 FITC (RPA-T4),
anti-human CD8a APC (RPA-T8), and anti-human IFN-y FITC
(S. B3). The following antibodies were purchased from Bio-
Legend: anti-human HLA-DR APC-CY7 (L243), anti-human CD3
Brilliant Violet 421 (UCHT1), anti-human CD4 APC-CY7(RPA-
T4), anti-mouse CD3 APC-CY7 (17A2), anti-mouse CD4 PerCP
(GK1.5), and anti-mouse CD8a FITC (53-6.7). The following an-
tibodies were purchased from eBioscience: anti-human HLA-A2
APC (BB7.2), anti-mouse IFN-y APC (XMG1.2). TCR-like anti-
bodies targeting Env183/A2 and Corel8/A2 were used to detect
HLA-A2/peptide complexes on mMDSCs. TCR-like antibodies
(10 pg/ml) were first incubated with cells for 1 h, and then,
AF647 goat anti-mouse IgG (minimal x-reactivity, BioLegend)
was added for further 30 min incubation. All samples were
analyzed with BD LSR Fortessa.

Immunofluorescence and immunohistochemistry

Mouse thymi were cut into 8 pum frozen sections using a Leica
CM1520 cryostat (Leica Biosystems). Anti-mouse Grl and anti-
mouse CD45.2 were purchased from BioLegend. Anti-mouse cyto-
keratin 5, anti-mouse cytokeratin 8, anti-HBsAg, and anti-HBsAg
were from Bioss Inc. H-2Ld HBsAg28-39 (IPQSLDSWWTSL) MHC-I
tetramer (PE) was used to detect HBsAg-specific CD8* thymocytes
in the immunofluorescence (IF) test.

Migration assays

Mouse mMDSCs (Grl*Ly6Chie"Ly6G-) were isolated using an
MDSC isolation kit (Miltenyi Biotec), and human mMDSCs
(HLA-DR-/°wCD33*CD11b* CD14*) were isolated through flow
cytometry sorting. Approximately 10° PBLs, PBMCs, or purified
mMDSCs from CHB mice or patients were placed in the upper
chamber insert (8 um pores) of Transwell inserts (Cat. 3422;
Corning), and CCL25 was added to the lower chambers. After 3 h
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of incubation, cells in the lower wells were analyzed by flow
cytometry. In agarose dot assay, murine or human CCL25 (Bio-
Legend) was added to molten 0.5% agarose solution at 40°C, and
a drop was pipetted onto the base of a sterile 20-mm-diameter
glass-bottomed 8-well chambered cell culture slide (MatTek
Corporation).

Adoptive transfer and parabiosis

In adoptive transfer, mouse mMDSCs were isolated as men-
tioned above and i.v. injected into recipient mice. Recipients
were sacrificed at 36 h after transfer. For parabiosis, mice were
anesthetized to attain full muscle relaxation and were joined.
2 wk after parabiosis, mouse thymi were analyzed.

Immune reconstitution

Recipients were irradiated with 9 Gy (C57BL/6) or 8 Gy deliv-
ered in two episodes separated by 4 h (BALB/c; Cui et al., 2002;
Wang et al., 2018). HSCs were isolated using a MojoSort mouse
HSC isolation kit (BioLegend). A mixture of HSCs from WT and
HBsAg-TCR or OVA-TCR transgenic donors (5:1) were i.v. in-
jected into irradiated recipients (105 HSCs per mouse). On days
14 and 15 after HSCs transfer, mice were injected with two doses
of mMDSCs. Anti-CCR9 blocking Ab (50 pg/ml, clone: 9B1; Bio-
Legend) was used to block CCR9 on mMDSCs before transfer
(Rivera-Nieves et al., 2006). On day 3 after the first mMDSC
transfer, mice were sacrificed.

Statistical analysis

Data were analyzed using GraphPad Prism 5. Statistical signifi-
cance was assessed by Mann-Whitney test or unpaired/paired
two-tailed t tests. Nonparametric correlations between two
continuous variables were tested using the coefficient of de-
termination, R. Error bars in figures presented the median with
interquartile range. *, P < 0.05; **, P < 0.0L; ***, P < 0.001.

Online supplemental material

Fig. S1 shows analysis of antigen-specific CD8* cells in PBMCs
from CHB patients, including gating strategy, frequencies, and
correlations. Fig. S2 shows analysis of chemokine receptors on
mMDSCs and other cells from patients or antigen-stimulated
PBMC cultures. Fig. S3 shows migration of mMDSCs toward
different chemokines and their thymic homing capability in
parabiosis assay. Fig. S4 shows antigen transfer and OVA-
specific CD8* thymocytes deletion by mMDSCs. Table S1 shows
basic clinical information of the studied patients.
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Figure S1.  Analysis of HBV-specific CD8* cells in PBMCs from CHB patients. (A) Detecting HLA-A2 expression on PBMCs from CHB patients. (B) Gating
strategy of flow cytometry for HBsAg-specific (Env335-343) and HBcAg-specific (Core18-27) CD8* T cells from PBMCs. (C) Analysis of HPV-specific CD8* cells
from three HLA-A2-positive CHB patients. (D and E) Comparing the frequencies of HBV polymerase-specific (D) or CMV pp65-specific (E) CD8* T cells
between subjects at different ages. (F) Correlating age with the frequency of MMDSCs in in CHB patients (n = 40). (G and H) Correlated age with the frequency
of mMDSCs in in CHB patients at age > 18 (n = 20; G) or at age < 18 (n = 20; H). *, P < 0.05; ***, P < 0.001.
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Figure S2. Analyzing the expression of chemokine receptors on mMDSCs. (A) Level of CCR9 on total CD14- cells in CHB patients (n = 7) and healthy
donors (n = 5). (B) Level of CCR9 on CD14* myeloid cells in blood from chronic HCV and TB infection. (C and D) Correlation between serum ALT (C) or age (D)
with median fluorescence intensity (MFI) of CCR9 on mMDSCs from CHB patients (age < 20, n = 20). (E) Detection of CCR9 on CD4* or CD8"* T cells after
stimulating healthy PBMCs with HBsAg (n = 3). (F) Detecting CCRS on mMDSCs after stimulation with HBeAg in different concentrations or HBsAg (ug/ml).
(G) Detecting CCR9 after stimulation with OVA or HBsAg. (H) Detection of CCL25 in the thymus from HBV-persistent HDI mice or naive mice (n = 5). *, P < 0.05;

**, P < 0.0
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Figure S3.  Migration of mMDSCs. (A) Transwell migration study of mMDSCs from CHB patients toward hCCL19 or hCXCLI12 (n = 3, 500 ng/ml). (B) Dose-
dependent migration of purified mouse mMDSCs toward agarose dots containing mCCL25, triplicate. Scale bars, 50 um. (C) Identifying surface markers (CD3,
CD19, and Gr-1) on migrated cells from the Transwell study. (D) Purity of mMDSCs using for adoptive transfer (ADT). (E) Detection of allelic cells in the blood
from surgically joined CD45.2* and CD45.1* mice. (F) Flow cytometry analyzing the expression of CD11c, CD19, Ly6G, and Ly6C on allelic mMDSCs from the
parabiosis study. (G) Detection of allelic mMMDSCs in the thymus of CD45.1* mice transferred with CD45.2* mMDSCs from HBV-persistent HDI mice, IF,

triplicate.
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Figure S4. Antigen transfer and thymocyte deletion by mMDSCs. (A) Detection of HBeAg or HBsAg in their stimulated mMDSCs (ug/ml). (B) Detection of
the Env183/A2 complex on IL-6 or HBsAg-induced HLA-A2-negative mMDSCs with TCR-like antibody (n = 7). (C) Flow cytometry determining MFI of the
Env183/A2 complex on HLA-A2-positive mMDSCs from CHB and CD14* myeloid cells from healthy donors. (D) Flow cytometry determining MFI of the Corel8/
A2 complex on HLA-A2-positive mMDSCs from CHB and CD14* myeloid cells from healthy donors. (E) IHC staining of HBsAg in the thymus from HBV-
persistent HDI mice. Nucleus (violet), Gr-1(brown), HBsAg (red), IHC, 200X, triplicate. Arrows indicate the positive signaling in the IHC staining. (F) Detection of
HBsAg in the thymus from WT and CCR9~/~ HBV-persistent HDI mice (brown, 100X), triplicate. Arrows indicate the positive signaling in the IHC staining.
(G) Detecting OVA-specific CD8* thymocytes via flow cytometry in reconstituted mice on day 3 after transfer of OVApp 257-264-loaded mMDSCs (107 cells per

mice, n = 5). **, P < 0.0L

Provided online is Table S1. Table S1 shows the characteristics of CHB patients.
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