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BACKGROUND. The clearance of hepatitis B surface antigen (HBsAg) loss, defined as functional
cure, is a clinical target in patients with chronic hepatitis B (CH). To understand the immune
responses underlying functional cure, we evaluated cytokine and chemokine expression profiles
from patients with resolving and nonresolving acute hepatitis B (AH).

METHODS. We cross-sectionally evaluated 41 chemokines and cytokines at the peak of hepatitis
in the sera from 41 self-limited AH patients who achieved HBsAg seroconversion, 8 AH patients
who failed to clear HBsAg within 1year after the diagnosis, 8 CH patients with hepatic flare, and 14
healthy volunteers. We longitudinally examined 41 chemokines and cytokines in the sera from 4
self-limited AH patients, 3 chimpanzees inoculated with hepatitis B virus (HBV), and 2 CH patients
treated with nucleotide analogs and PEG-IFN-a, one resulting in functional cure.

RESULTS. In AH patients and HBV-inoculated chimpanzees with HBsAg loss, CXCL9, CXCL10,
CXCL11, CXCL13, and IL-21 were elevated at hepatitis with subsequent decline of HBsAg.
Interestingly, IL-21 elevation was observed only in resolving AH patients but not in nonresolvers.
CXCL13 and IL-21 elevation was not observed in CH patients who failed to attain HBsAg loss, even
at hepatic flare. A concomitant increase of CXCL13 and IL-21 was significant in CH patients who
attained HBsAg seroconversion with a sequential therapy.

CONCLUSION. Elevation of serum CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 might be a hallmark of
functional cure of AH or CH patients.

Introduction
It is estimated that 257 million people globally, or 3.5% of the population, were living with chronic hepati-
tis B virus (HBV) infections in 2015 (1). Left untreated, HBV can lead to cirrhosis and hepatocellular car-
cinoma in approximately 20% of infected patients. To prevent or reduce the risk of life-threatening com-
plications, eradication of HBV from chronically infected people is desired. Hepatitis B surface antigen
(HBsAg) is regarded as a surrogate marker of HBV covalently closed circular DNA (cccDNA) in infected
hepatocytes. HBsAg clearance is a clinical target for risk reduction of hepatocellular carcinoma. However,
in patients with chronic HBV (CH) infection, the probability of spontaneous HBV eradication is less than
1% per year, and HBsAg loss is achieved by PEG-IFN-a and/or nucleos(t)ide analog (NA) treatments
in 9% after a 5-year follow-up (2—4). It is thus critical to develop new antiviral strategies for achieving a
realistic functional cure of CH infection (HBsAg loss with/without anti-HBs Ab seroconversion) (5, 6).
Primary HBV infection is self-limited in more than 95% of immunocompetent adults, while CH patients
rarely attain spontaneous HBsAg clearance. Cumulative reports showed that immune response against
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HBYV is downregulated in patients with CH, probably due to the exhausted phenotype of T cells. Regardless
of such difference, extensive studies on the immune control of HBV at primary infection would provide
insights into the fundamental mechanisms of HBsAg loss. A significant impact of IFN-a or TNF-a on the
reduction of HBV or cccDNA levels has been reported (7), providing a proof of concept for immune-mod-
ulating therapy. The important roles of HBV-specific CD4* and CD8" T cells in HBV clearance have also
been well demonstrated by studies enrolling acute hepatitis B (AH) patients or HBV-infected chimpanzees
(8-11). Moreover, Fisicaro et al. reported that NK cells are activated prior to the increase of Ag-specific
CD4" or CD8* T cells in blood donors who cleared HBV without apparent alanine aminotransferase (ALT)
elevation (12). We recently reported that CXCR3 ligands (CXCL9, CXCL10, and CXCL11) are robustly
elevated at the peak of ALT elevation in patients with AH, being induced by coexisting NK cells and plas-
macytoid DCs (pDCs) in response to HBV (12, 13). Macrophages have also been drawing much attention
as a key player in the prevention of HBV transmission and replication (14). These data suggest that the
coordinated activation of innate and adaptive immune cells is key to successful anti-HBV responses at pri-
mary infection. However, the underlying mechanisms linking the innate and adaptive immune systems in a
timely manner, in light of the clinical course of hepatitis, have largely remained undetermined.

In this study, in order to gain insight into the mechanisms of functional cure in patients with CH, we
intended to clarify the machinery of the immune response that underscores resolving AH. To this end, we
comprehensively analyzed chemokine dynamics in different cohorts: patients with AH or CH, and HBV-
inoculated chimpanzees. Longitudinal and cross-sectional analyses of the subjects revealed that the timely
activation of chemokines could lead to subsequent immune reactions, probably by mobilizing the relevant
immune cells. Simultaneous increase of CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 at hepatitis is of
significance in resolving patients with AH.

Results

CXCLY9, CXCL10, CXCL11, CXCL13, and IL-21 at ALT peak were higher in resolving AH patients than those in CH
patients with persistent infection. We examined 41 chemokines and cytokines in the sera from 49 AH patients
(41 self-limited AH [sAH] and 8 AH patients with persistence [pAH]), 8 CH patients with hepatic flare,
and 14 healthy volunteers (HVs) (Table 1). CX3CL1, CXCL1, CXCL9, CXCL10, CXCL11, CXCL12,
CXCL13, CCL1, CCL3, CCL7, CCL8, CCL11, CCL13, CCL15,CCL17, CCL20, CCL24, CCL25, IL-1,
IL-2, IL-4, IL-6, IL-8, IL-21, IFN-y, and TNF-o were significantly higher in HBV-infected patients (sAH,
pAH, and CH) than those in HVs (data not shown). To understand the immune responses underlying
HBsAg loss, we compared the serum levels of chemokines and cytokines between the sAH group with
HBsAg clearance and the CH group at flare with persistent infection. Among 41 chemokines and cyto-
kines, CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 were significantly higher in the sAH group than
those in the CH group at flare (Figure 1A). These data suggest that dysregulation of secretion of CXCL9,
CXCL10, CXCL11, CXCL13, and IL-21 might be associated with persistent infection in CH patients.
Serum CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 levels for AH patients were comparable among
the patients with genotype A, B, and C (Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.122268DS1).

IL-21 was elevated more vigorously in sAH patients than in pAH patients. To identify the factor determining
spontaneous clearance in AH infection, we compared 41 chemokines and cytokines at the peak of ALT
between the SAH (n = 41) and pAH (n = 8) group. Interestingly, the levels of IL-21 were significantly higher
in the sAH than those in the pAH (Figure 1A). CXCL9 tended to be higher in the sAH than in the pAH
(P = 0.07) (Figure 1A), whereas CXCL10, CXCL11, and CXCL13 were comparable between them (Fig-
ure 1A). The ALT levels were higher in the sSAH than those in the pAH (Figure 1A). The HBV DNA and
HBsAg levels were lower in the sAH than those in the pAH (Figure 1A). These data suggest that higher
levels of IL-21 and ALT, and lower HBV DNA and HBsAg levels are related to HBV resolution in patients
with primary HBV infection.

We performed a focused analysis of chemokines and cytokines between HBeAg-positive/anti-HBe-
negative sAH cases (n = 18) and pAH cases (n = 8), because HBeAg-positive/anti-HBeAg-positive (n = 16)
or HBeAg-negative/anti-HBe-positive (n = 7) sAH patients might be in the recovering phase of AH. Serum
IL-21 levels were significantly higher in the HBeAg-positive/anti-HBe-negative sAH than in pAH patients
(Supplemental Figure 2A). In addition, serum CXCL9 and CXCL10 levels were significantly higher in
the HBeAg-positive/anti-HBe-negative SAH than in the pAH group, while CXCL11 levels tended to be
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Table 1. Clinical background of the participants in the cross-sectional analyses

Gender: male/female
Age (year)

ALT (1U/1)

HBV DNA (log copies/ml)
HBeAg (+/-)

HBsAg (IU/ml)

HBV genotype: A/B/C

HVs sAH pAH CH CH At Flare
10/4 33/8 6/2 4/4
45+ M 33+ 36+14 34+5

2,338 1,178 935 + 956 26+15 433 £ 339

5.8+16 76+1.2 41+0.8 72+1.2
34/7 8/0 0/8 5/3
12,962 + 24,142 64,445 + 38,019 3,942 + 6,288 3,952 £ 4,324

15/6/20 6/1/1 0/1/7

All patients were negative for anti-HCV, anti-HDV, and anti-HIV Abs, and had no apparent history of autoimmune or malignant diseases. Values are
expressed as the mean + SD. HVs, healthy volunteers; sAH, self-limited acute hepatitis patients; pAH, acute hepatitis patients with persistence; CH,

chronic hepatitis patients.

higher in the sAH group (Supplemental Figure 2A). These results suggest that serum CXCL9, CXLC10,
and CXCL11 levels, as well as IL-21, ALT, HBV DNA, and HBsAg at the peak of ALT, could be related to
HBV resolution in patients with primary HBV infection.

Next, we compared chemokines and clinical markers among the sAH patients with different HBeAg/
anti-HBe status, such as HBeAg-positive/anti-HBe-negative (n = 18), HBeAg-positive/anti-HBe-positive
(n = 16), and HBeAg-negative/anti-HBe-positive (n = 7) cases. Serum CXCL9, CXCL13, HBV DNA, and
HBsAg levels were higher in the HBeAg-positive/anti-HBe-negative sAH group than those in the HBeAg-
negative/anti-HBe-positive sAH group (Supplemental Figure 2B), suggesting that CXCL9 and CXCL13
might be induced at the early phase of HBV infection. In CH patients at flare, serum CXCL9, CXCL10,
CXCL11, and CXCL13 levels were comparable between HBeAg-positive and -negative cases (Supplemen-
tal Figure 2C). Therefore, HBeAg status is related to the phase of acute HBV infection, thereby involving
higher levels of certain chemokines/cytokines. In contrast, in the CH group, certain chemokines/cytokines
were comparable regardless of HBeAg status.

Serum IL-21 levels had an inverse correlation with HBsAg levels in AH patients. We examined whether I1L-21,
CXCL9, CXCL10, CXCL11, and CXCL13 were correlated or not with HBV markers and ALT levels.
Serum IL-21 levels at the ALT peak had an inverse correlation with HBsAg levels in AH patients (sSAH +
pAH) (Figure 1B), but not with HBV DNA titers (Figure 1B). Serum CXCL13 levels at the ALT peak were
positively correlated with HBV DNA levels, but not with HBsAg in AH patients (sSAH + pAH) (Figure 1C).
Serum CXCL9, CXCL10, and CXCL11 levels had no correlations with HBsAg and HBV DNA titers (data
not shown). The levels of CXCL9, CXCL11, and IL-21 at the ALT peak had a weak positive correlation with
ALT levels (Figure 1D). These results suggest that CXCL9, CXCL11, and IL-21 are partly induced by liver
inflammation and CXCL13 is partly induced by HBV DNA, respectively. Inverse correlation between IL-21
and HBsAg levels in AH cases raises the possibility of IL-21 playing a substantial role in HBsAg reduction.

CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 were increased at the peak of ALT elevation in SAH patients.
‘We longitudinally analyzed 41 chemokines and cytokines in 4 sAH patients (Table 2). CXCL9, CXCL10,
CXCL11, CXCL13, and IL-21 increased at the peak of ALT elevation and thereafter promptly decreased
together with a decrease in HBV DNA (Figure 2). The other factors showed no fixed trend throughout
the course (Supplemental Figure 3, A-D). These data indicate that these factors are induced in response
to HBV infection or hepatitis.

CXCLY, CXCL10, CXCL11, CXCLI13, and IL-21 were elevated in chimpanzees with primary HBYV infection. To
understand the kinetics of immune responses from the HBV incubation phase to clearance of HBsAg, we
examined 41 chemokines and cytokines in 3 HBV-inoculated chimpanzees (Ch1-3) (Table 3). Chl, Ch2, and
Ch3 were sacrificed at week 34, 38, and 54, respectively. The early resolvers (Chl and Ch2) attained HBsAg
loss at week 19 and 20, respectively, while the late resolver (Ch3) did at week 50. Chl and Ch2 obtained
anti-HBsAb at week 20 and 27, respectively, while Ch3 failed to do so throughout the observation period
until week 54. In the early resolvers (Ch1l and Ch2), at the peak of ALT or HBV DNA elevation, CXCL9,
CXCL10, CXCL11, CXCL13, and IL-21 were elevated and thereafter decreased together with HBV DNA
(Figure 3). The elevation of CXCL9, CXCL10, and CXCL11 was small and no elevation of CXCL13 and
IL-21 was observed in the late resolver (Ch3) (Figure 3). The other factors showed no fixed trend throughout
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Figure 1. The comparison of serum CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 levels for the patients with acute or chronic HBV infection. (A) Serum
CXCLY, CXCL10, CXCL11, CXCL13, IL-21, ALT, HBV DNA, and HBsAg levels levels are shown. For patients with sAH, pAH, or CH at flare, samples obtained at
the peak of alanine aminotransferase (ALT) elevation were analyzed. HV (n = 14), healthy volunteers; sAH (n = 41), self-limited acute hepatitis B patients;
pAH (n = 8), acute hepatitis B patients who fail to clear HBsAg for more than 12 months after primary HBV infection; CH (n = 8), chronic hepatitis B
patients; n.d., not detected; NT, not tested. Box-and-whisker plots show median, lower and upper quartiles, and minimum and maximum values. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Kruskal-Wallis test. (B) Correlations between IL-21 and serum HBsAg, HBV DNA, and ALT levels at the
peak of ALT elevation in AH patients (including the sAH and pAH groups). (C) Correlations between CXCL13 and serum HBsAg, HBV DNA, and ALT levels
at the peak of ALT elevation in AH patients (including the sAH and pAH groups). (D) Correlations between serum CXCL9, CXCL10, CXCL11, and ALT levels
at the peak of ALT elevation in AH patients (including the sAH and pAH groups). The values for Spearman’s correlation coefficient are given in B-D.

the course (Supplemental Figure 4, A—C). Thus, the simultaneous upregulation of CXCL9, CXCLI10,
CXCL11, CXCL13, and IL-21 was also associated with HBV resolution in the chimpanzees.

CXCLI13 and IL-21 were elevated in CH patients who attained HBsAg loss with a sequential therapy. In
order to gain insight into the roles of chemokines in HBsAg loss from patients with CH, we examined
2 cases who had been treated with a sequential combination of NAs followed by PEG-IFN-a. Case
S1 (50-year-old male) attained HBsAg seroconversion in the follow-up after the treatment (Figure 4).
During NA treatment, CXCL9 was transiently increased. Following PEG-IFN-a treatment, CXCL10
and CXCL11 were increased. Of particular interest, CXCL13 and IL-21 showed the peak at the point
of HBsAg loss and decreased after the cessation of PEG-IFN-a. Subsequently, case S1 gained anti-HBs
antibody (Figure 4). In clear contrast, in case S2 (36-year-old female) who failed to reduce HBsAg titer
in the course of a sequential combination therapy, such dynamic changes in CXCL13 and IL-21 during
PEG-IFN-o0 administration were not observed, although a similar increase in CXCL10 and CXCL11
at the beginning of PEG-IFN-o was observed (Figure 4). After the cessation of PEG-IFN-a, case S2
developed hepatic flare accompanied with the elevation of CXCL9, CXCL10, and CXCL11. Even at
flare in this case, CXCL13 and IL-21 levels were not increased, supporting the notion that CXCL13 and
IL-21 elevations are not only caused by inflammatory response. These cases suggest that the activation
of the CXCL13 and IL-21 axis, as reflected by the increase in their serum levels, is associated with
attaining functional cure in patients with CH.

Discussion

Functional cure is a desirable clinical target in patients with CH, the probability of which is approxi-
mately 9% in 5 years of a combination therapy with PEG-IFN-a and tenofovir disoproxil fumarate
(TDF) (4). In this study, we investigated serum chemokines and cytokines and their potential role in
functional cure of HBV. We interrogated cohorts of patients with AH infection that clear infection or
develop persistence, CH infection, and CH infection with acute flare as well as HBV-inoculated chim-
panzees using a chemokine panel and IL-21 ELISA. We also analyzed 2 patients treated with NAs
followed by PEG-IFN-a, one resulting in functional cure. We found that CXCL9, CXCL10, CXCL11,
CXCL13, and IL-21 were increased at the peak of ALT elevation and decreased together with HBV
DNA reduction during acute infection. Secretion of CXCL9, CXCL10, CXCL11, CXCL13, and IL-21
was impaired in CH patients with persistent infection. Only IL-21 was specifically elevated in patients
that continued to resolve acute infection, compared with AH patients resulting in persistent infection.
Induction of CXCL13 and IL-21 was also temporally linked with clearance in the one CH patient treated
successfully with antiviral therapy, implying that CXCL13 and IL-21 induction might have some roles
in HBsAg loss. A positive correlation of IL-21 with HBeAg or HBsAg seroconversion was reported in

Table 2. Clinical background of the patients in the longitudinal analysis

Case Sex Age (yr) HBV Genotype HBeAg/Ab

AH1 female 35 A +/-

AH2 male 47 C +/-

AH3 male 39 A +/-

AH4 male 35 A +/-
insight.jci.org  https://doi.org/10.1172/jci.insight.122268 5
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Figure 2. Longitudinal and comparative analysis of CX3CL1, CXCL9, CXCL10, CXCL11, CXCL13, and IL-21 in patients with self-limited HBV infection.
Four representative cases are shown (AH1-AH4). Dotted lines in the panels indicate the average chemokine concentration in healthy volunteers. The
shaded area depicts the time period of HBsAg negativity. In top panels, the left vertical axes are for alanine aminotransferase (ALT, 1U/l), and the right
vertical axes are for HBV DNA (log copies/ml).

CH patients who underwent NA therapy (15, 16). In support of these reports, we showed here a case of
CH who attained HBsAg seroconversion by a sequential therapy (Figure 4). Serum levels of CXCL13
and IL-21 were significantly increased after the beginning of PEG-IFN-a in parallel with HBsAg loss,
suggesting some responsiveness of IFN-a in the production of CXCL13 or subsequent IL-21.

IL-21 is expressed mainly on activated human CD4* T cells, such as T follicular helper (Tth) cells
(17) and Th17 cells (18). IL-21 regulates differentiation, proliferation, and activation of T cells, B cells,
or NK cells (19). Publicover et al. first discovered the role for IL-21 in HBV clearance using a mouse
model, and confirmed relevance to human disease by showing that patients who clear HBV have higher
IL-21 expression in peripheral blood mononuclear cells compared with CH patients and uninfected
controls (20). They also showed that IL-21 production by Tfh cells facilitates IgG class switching in B
cells and diversification of HBV-specific T cell response including increased IFN-y production (20). In a
mouse model of in vivo HBV transduction, it is also reported that activation of intrahepatic CD4* (Tth)
cells and their relevant signaling molecules, including IL-21, was associated with HBV clearance (21).
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Table 3. Clinical background of the chimpanzees in the longitudinal analysis

Chimp

Ch1
Ch2
Ch3

Age (years)

9
n
13

Sex Genotype  Virus Inoculum ALT levels at peakHBV DNA negative = HBsAg loss HBsADb positive
(copies) (1u/ml) (weeks) (weeks) (weeks)
M C 5.3 x10° 253 28 19 20
M C 30 607 27 20 27
M A 6.9 x 10* 290 50 50 =

insight.jci.org

The forced expression of IL-21 enhanced clearance of preestablished HBV (22). CD4* T cell-derived
IL-21 plays an important role in sustaining effector function of CD8* T cells during chronic viral infec-
tion (23, 24). Further investigation of the mechanisms underlying the induction of IL-21 and how IL-21
achieves functional cure might lead to developing new anti-HBV drugs.

CXCL9, CXCL10, and CXCL11 are selective ligands for CXCR3. The ligands are usually expressed
at low levels in homeostatic conditions, but upregulated by IFN-y, IFN-a/f, or TNF-a. CXCR3 is high-
ly expressed on activated T cells, memory T cells, and NK cells. CXCL9 is induced by IFN-y but not by
IFN-a/f (25). CXCL10 is strongly induced by IFN-y as well as IFN-a/p (26). CXCL11 is induced by
IFN-y and IFN-B, and weakly by IFN-a (27). As for the mechanism of CXCL9, CXCL10, and CXCL11
induction, we previously reported that CXCL9, CXCL10, and CXCL11 are induced by HBV-positive
hepatocytes with coexisting NK cells and pDCs, which synergistically produce IFN-o and IFN-y in
response to HBV (13). A positive correlation among CXCL9, CXCL10, and CXCL11 levels observed in
patients with AH suggests a causal link to immune cells responding to these chemokines.

An increase in CXCL13 at hepatitis was seen in AH patients and HBV GT-C-infected chim-
panzees (Chl, Ch2). Several reports published recently showed that CXCL13 and macrophages are
involved in the prevention of HBV transmission and its persistence. Publicover et al. reported that age-
dependent HBV clearance in a mouse model of hepatitis B is mainly attributable to CXCL13 expres-
sion by hepatic macrophages (14). The critical role of macrophages in the fetal liver in the prevention
of mother-to-child transmission of HBV has been reported in a mouse model (28). Moreover, a genetic
variant of the CXCL13 gene is associated with susceptibility to intrauterine infection by HBV (27-29).
In response to CXCL13, mature B cells and Tth cells (30, 31), which express the receptor CXCR5,
could be subsequently attracted to the liver and produce HBV-specific antibodies. A positive correla-
tion of HBV DNA titer with CXCL13 was observed in patients with resolving AH (Figure 1C), while
CXCL13 was not elevated in CH patients who failed to attain HBsAg loss, even at flare (Figure 1A).
These data might suggest the important role of Tth cells in HBsAg loss.

In summary, we showed here the dynamics of serum cytokines and chemokines in resolving patients
with AH or in a CH patient who gained HBsAg loss after treatment. Activation of CXCL9, CXCL10,
CXCL11, CXCL13, and IL-21 response might be a signature pattern in attaining functional HBV cure.

Methods

Study design and sample collection

Patients. Adult AH and CH patients who were followed in Kohnodai Hospital and Osaka National Hospital
were enrolled in this study. For cross-sectional analysis, 41 sAH patients who achieved HBsAg loss with anti-
HBs antibody within 6 months of diagnosis, 8 AH patients who failed to achieve HBsAg loss (pAH), and
8 CH patients with the absence of HBeAg who experienced hepatic flare were studied (Table 1). Fourteen
healthy uninfected people were analyzed as controls. The pAH group was defined as patients who were
HBsAg positive more than 1 year after they were diagnosed as AH. They were all anti-HBc IgM greater than
10 S/CO (sample/cut-off). Not less than 1 S/CO is positive for anti-HBc IgM. Hepatic flare was defined as
elevation of ALT of more than 5 times the upper limit of the normal range (32). The levels of ALT, HBV
DNA, chemokines, and cytokines in CH patients were compared between those at stable conditions and
those at hepatic flare. For longitudinal analysis, we enrolled 4 patients with AH who accomplished HBsAg
loss with anti-HBs antibody (Figure 2 and Table 2) and 2 patients who had been treated with a sequential
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Figure 3. Sequential analyses of serum chemokines in HBV-inoculated chimpanzees. The left vertical axes are for ALT (bar charts), HBsAg (dotted lines)
and anti-HBs (solid gray lines), and the right vertical axes are for HBV DNA(solid black lines). In top panels, the shaded area depicts the time period of
HBV DNA negativity. n.d., not detected.
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combination of NAs followed by 48 weeks of PEG-IFN-o. (Figure 4). All the enrolled patients were negative
for hepatitis C virus (HCV), hepatitis delta virus (HDV), and human immunodeficiency virus (HIV). HBsAg
was quantified using Architect HBsAg QT (Abbott). HBV DNA was quantified by quantitative real-time
PCR using the COBAS TagMan HBYV test (Roche Diagnostics). Anti-HDV IgM was tested using AccuDiag
HDV IgM ELISA (Diagnostic Automation).

Chimpanzees (Pan troglodytes)

Three healthy adult chimpanzees, Chl (high-titer genotype C [GT-C]), Ch2 (low-titer GT-C), and Ch3
(high-titer GT-A) were studied for the analysis of the minimum infectious dose and early dynamics of HBV
at Sanwa Kagaku Kenkyusho Co., Ltd, conducted by Hiroshima University in 2003 (33) (Table 3). None of
the 3 chimpanzees had serologic or molecular biologic evidence of past or present HBV infection prior to the
inoculation. Blood samples were drawn from them after the inoculation while they were under anesthesia
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Figure 4. Sequential analyses of serum chemokines in chronic hepatitis patients with a sequential therapy of nucleoside analogues and PEG-IFN-q.
Case S1(50 years old, male) was HBsAg positive (HBsAg titer 156 IU/ml, genotype B), HBeAg negative, and HBeAb positive at the start of a sequential
therapy consisting of a combination of nucleoside analogs (NAs) and subsequent PEG-IFN-a (48 weeks). Case S2 (36 years old, female) was HBsAg
positive (HBsAg titer 1,130 IU/ml, genotype C), HBeAg negative, and HBeAb positive at the start of the sequential therapy. At the end of treatment,
HBV DNA was negative but HBsAg was 876 IU/ml. Two months after the end of treatment, case S2 had hepatic flare (HBV DNA 5.5 log copies/ml, ALT
585 IU/1). The durations of NA and PEG-IFN-a treatments in cases S1and S2 are shown as gray and black bars at the top of the panels. The left vertical
axes are for ALT (bar chart), CX3CL1, CXCLY, CXCL10, CXCL11, CXCL13, and IL-21 (solid black line). The right vertical axes are for HBsAg titers (dotted line)
and anti-HBs (solid gray line). The additional right vertical axis is for HBV DNA titers (triangles) (case S2). n.d., not detected.
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with ketamine hydrochloride. The chimpanzees were studied under an animal study protocol. All were kept
in individual cages and received humane care in accordance with all relevant requirements for the use of
primates in the facility approved by the Ethics Committee.

Chemokine secretion assays

Serum samples were prepared by centrifugation at 300 g for 15 minutes and stored at —80°C. A Bio-Plex Pro
Human Chemokine Panel (40 plex) (Bio-Rad) was used per the manufacturer’s instructions. The complete
panel was screened for the expression of the following: CXCL9 (MIG), CXCL10 (IP-10), CXCL11 (I-TAC),
CXCL13 (BCALl), CCL1 (I-309), CCL2 (MCP-1), CCL3 (MIP-1a)), CCL7 (MCP-3), CCL8 (MCP-2), CCL11
(eotaxin), CCL13 (MCP-4), CCL15 (MIP-15), CCL17 (TARC), CCL19 (MIP-3p), CCL20 (MIP-3a;), CCL21
(6Ckine), CCL22 (MDC), CCL23 (MPIF1), CCL24 (eotaxin-2), CCL25 (TECK), CCL26 (eotaxin-3),
CCL27 (CTACK), CXCL1 (Gro-a), CXCL2 (Gro-p), CXCL5 (ENA-78), CXCL6 (GCP-2), CXCL12 (SDF-
lo+p), CXCL16 (SCYB16), CX3CL1 (Fractalkine), GM-CSF, MIF, TNF-o, IFN-y, IL-1b, IL-2, IL-4, IL-6,
IL-8,IL-10, and IL-16. IL-21 was measured by ELISA (eBioscience). The sera from chimpanzees were exam-
ined using human assay systems. Given the extremely close evolutionary relationship, chimpanzee proteins
are, on average, more than 99% identical to human proteins (34). Values of more than 2 times above the upper
limit of the normal range or the baseline of each individual were defined as being elevated.

Statistics

Mann-Whitney nonparametric U test and box-and-whisker plots were used for comparisons among HYV,
sAH, pAH, CH, and CH-at-flare groups. Spearman’s rank correlation coefficients were used for analyzing
correlations among the levels of chemokines, cytokines, HBsAg, HBV DNA, and ALT. GraphPad Prism
software was used, and a P value less than 0.05 was considered significant.
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