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Introduction
Hepatitis B virus (HBV) and hepatitis C virus (HCV) together  
infect more than 300 million people worldwide. Due to the 
shared modes of transmission and epidemiological features, they 
frequently coexist in patients in highly endemic areas or among 
subjects at high risk of infection, such as persons who inject 
drug and men having sex with men. The worldwide prevalence 
of HBV-HCV dual infection is estimated to be 1% to 15%, which 
varies among geographical regions and study populations (1, 2). 
Patients coinfected with HBV and HCV have a high risk of more 
severe liver disease compared with monoinfected individuals (3, 
4). Recently, with the advance of direct-acting antivirals (DAAs) 
in treating HCV, HBV reactivation has been reported in HBV-
HCV–coinfected patients (5, 6). In some cases, fulminant hepatic 
failure occurred and required liver transplantation. Based on these 
events, the United States Food and Drug Administration (FDA) 
has issued warnings regarding the risk of HBV reactivation in 
coinfected patients receiving DAA (7). However, the mechanism 
of this reactivation remains largely unknown.

Although both HBV and HCV primarily infect hepatocytes, 
they belong to different virus families. HBV has a partially double- 

stranded DNA genome, which is transported into the nucleus to 
form covalently closed circular DNA (cccDNA). Viral replication 
occurs in the cytoplasm via reverse transcription that is mediated  
by virus-encoded polymerase (8). During its propagation, the 
innate immunity of hepatocytes does not efficiently detect the 
virus (9), which leads to a significantly muted interferon (IFN) 
response and IFN-stimulated gene (ISG) expression in the infected  
liver despite high levels of viral replication (10). IFN-α and its 
pegylated form are approved treatments for chronic HBV infec-
tion that function through both direct antiviral and immunomod-
ulatory effects (11, 12). Studies on its direct anti-HBV effects have 
identified multiple ISGs targeting different steps of the HBV life 
cycle. For example, APOBEC3G (A3G) from the APOBEC3 family 
was initially shown to inhibit HBV replication through interfer-
ing with viral pregenomic RNA packaging or hypermutation of 
viral RNA (13, 14). Recently, A3A of the same family was shown 
to interact with core protein and target cccDNA for degradation 
(15). IFN-stimulated exoribonuclease gene of 20 kDa (ISG20) has 
been shown to inhibit HBV replication through degradation of 
HBV RNA both in vitro and in vivo (16, 17). In addition, a recent 
study demonstrated that a secreted ISG expressed by hepatocytes 
can block HBV entry to hepatocytes (18).

In contrast, HCV is an RNA virus that replicates exclusively 
in the cytoplasm. Unlike the stealth nature of HBV, HCV is rec-
ognized by host pattern-recognition receptors (PRRs) upon infec-
tion, resulting in a brisk IFN response marked by upregulation of 
hundreds of ISGs (19).

Many studies have attempted to address the potential inter-
play of HBV and HCV in coinfection. Available data from cell cul-
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Hence, we conclude that de novo HCV infection impairs preexist-
ing HBV replication.

To perform the experiment in a reverse format, we infected 
PHHs first with HCV for 2 days before subsequent HBV infec-
tion (Supplemental Figure 2A). At the time of HBV inoculation, 
transcriptional analysis showed that IFNL1 and downstream ISG 
(ISG15, CXCL10, A3G, and ISG20) expression was readily detect-
able in HCV-infected but not mock-infected cells. Simultaneous 
SOF treatment effectively abolished induction of IFN and ISGs 
(Supplemental Figure 2B). Four days after HBV infection, assess-
ment of HBV replication showed that HBV markers were substan-
tially reduced in HBV-HCV–coinfected cells as compared with 
the HBV-monoinfected cells. In SOF-treated cells in which HCV 
infection and ISG induction were abolished, HBV replication 
attained a similar level as the HBV-monoinfected cells (Supple-
mental Figure 2C).

Thus, in coinfected PHH culture, HCV replication strongly 
suppresses concurrent HBV infection irrespective of the infection 
order. This suppression disappeared following either the natural 
decrease in HCV replication or DAA-induced HCV clearance.

Restoration of HBV replication by inhibiting IFN signaling in 
HBV-HCV–coinfected hepatocytes. Based on the above findings, we 
hypothesized that HCV-induced IFN signaling may play a role in 
inhibiting HBV replication during coinfection. To test this hypoth-
esis, HBV-infected PHHs were superinfected with HCV. Concur-
rently infected cells were treated with a broad-spectrum Janus 
kinase inhibitor (Jaki) that dampens ISG expression by inhibit-
ing the Jak family (30), entecavir (ETV) that targets HBV reverse 
transcription, or SOF as indicated (Figure 2A). As expected,  
ETV and Jaki had no impact on HBV intracellular RNA levels, as 
seen in HBV-monoinfected culture. Intracellular HBV RNA in 
coinfected cells was suppressed to less than 60% of the monoin-
fected cell level (Figure 2B). When Jaki was added to the HBV-
HCV–coinfected cells, HBV replication was fully restored to the 
same level as in untreated HBV monoinfection, while HCV infec-
tion in the same cell culture was also markedly enhanced. This 
finding strongly supports the idea that HBV suppression by HCV 
coinfection does not result from direct virus-virus interference. 
When SOF was added to the coinfection, HCV was significantly 
suppressed and HBV RNA levels increased. Finally, HBV repli-
cation did not have much impact on HCV replication. HCV RNA 
levels were comparable between HCV-monoinfected and HBV-
HCV–coinfected cells with or without ETV treatment (Figure 2B).

To assess the status of the IFN response, transcription of 
CXCL10, ISG15, A3G, and ISG20 was examined (Figure 2C). In 
HBV monoinfection, ETV had no effect on ISGs but the CXCL10 
level was slightly decreased by Jaki (not significant). The basal 
expression of certain ISGs may be dependent on a low-level sig-
naling of the Jak/Stat pathway that can be suppressed by Jaki. 
In uninfected cells, ISG-like 2′-5′-oligoadenylate synthetase 3 
(OAS3) but not CXCL10 (lower but not significant) was suppressed 
by Jaki treatment (Supplemental Figure 3). In HCV-infected cells, 
all measured ISGs were upregulated regardless of HBV infection 
status, and downregulated when SOF was applied. With Jaki treat-
ment, ISG15, A3G, and ISG20 expression levels were all reduced 
compared with coinfected cells without treatment, while CXCL10 
expression was not. Interestingly, the magnitudes of reduction for 

tures are inconsistent; several reports proposed that HCV could 
directly impact HBV infection, with contradictory findings of 
either enhanced or suppressed HBV replication (20–23), while 
many other studies claimed HBV and HCV were able to replicate 
within the same hepatocyte without interference (24, 25). In clin-
ical studies, reciprocal inhibition of HBV and HCV replication in 
the liver has been suggested (26).

To elucidate the mechanism of viral interference and treat-
ment responses in HBV-HCV coinfection, here we studied var-
ious model systems ranging from cell culture to animal models 
to human studies, and demonstrate a complex interplay between 
HBV and HCV with the innate immune response at the nexus of 
virus-virus interactions.

Results
Suppression of HBV replication by HCV in coinfected hepatocytes. 
To closely mimic the natural host cell, we used primary human 
hepatocytes (PHHs) rather than hepatoma cell lines or other 
hepatocyte-derived systems as our in vitro model for HBV-HCV 
coinfection (27, 28). PHHs were first infected with HBV for 5 days 
and then either superinfected with HCV or allowed to persist as 
HBV monoinfection. Culture media were changed daily and kinet-
ics of intracellular and extracellular viral markers were analyzed at 
indicated times (Figure 1A). Compared with HBV-monoinfected  
cells, HBV-HCV–coinfected cells produced fewer HBV virions, 
less HBV surface antigen (HBsAg) and e antigen (HBeAg) in the 
supernatant, and had reduced intracellular HBV RNA (Figure 1B). 
The differential HBV infection was observed as early as the second 
day after HCV infection and peaked on day 3 after HCV infection 
and gradually diminished, with HBeAg eventually rebounding to 
the same level as in HBV monoinfection, suggesting a transient 
negative effect of HCV on HBV replication. Consistent with this 
observation, HCV replication in PHHs lasted only for a short  
period of time, as demonstrated by declining intracellular and 
extracellular HCV RNA levels over time (Figure 1C). In PHH cul-
ture, HCV replication occurs transiently but is rapidly inhibited by 
the activated IFN response (29).

The activated IFN response in our coinfected culture was evi-
dent, as IFNB and IFNL1 as well as several representative ISGs 
including C-X-C motif chemokine 10 (CXCL10) that is also known 
as IFN-γ–inducible protein 10 (IP10), IFN-stimulated gene 15 
(ISG15), A3G, and ISG20 were substantially upregulated (Figure 
1, D and E). With decreasing HCV replication, the IFN response 
also diminished. In contrast to the aforementioned differential 
IFN gene expression, transcription of genes indicative of hepato-
cyte functions like hepatocyte nuclear factor 4 (HNF4) and trans-
ferrin (TF) remained stable during the experiment, eliminating 
the concern that the PHHs became dedifferentiated or nonviable 
(Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/JCI135616DS1). We pre-
viously reported that HBV infection of PHHs does not activate 
the IFN response (9). To ascertain that activation of the IFN path-
way indeed results from authentic HCV replication rather than 
contaminant in the inoculum, PHHs were infected with HCV in 
the same way overnight with the addition of sofosbuvir (SOF), a 
potent DAA against HCV. As expected, blockade of HCV repli-
cation greatly reduced IFN activation (Supplemental Figure 1B). 
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mental Figures 4 and 5). Hybridization to HBV or HCV probe sets 
resulted in specific signals mainly distributed in the cytoplasm of 
infected cells. As expected, HBV infection was not accompanied 
by positive CXCL10 signals, which were evident in HCV infection. 
Exogenous IFN-α treatment reduced signals of both HBV- and 
HCV-monoinfected cells and increased CXCL10 staining regard-
less of the infection status of the cell. Consistent with the preced-
ing qPCR data (Figure 1), Jaki treatment did not change the HBV 
signal levels but greatly enhanced HCV signal levels in monoin-
fected cells. CXCL10 levels in the same HCV-infected culture 
were not visibly altered by Jaki treatment. Of note, HCV staining 
was much weaker than HBV staining, with only a small fraction 

A3G and ISG20, both of which have well-known anti-HBV func-
tions (14, 16), were greater in Jaki-treated coinfected cells com-
pared with SOF-treated cells, potentially explaining the full rescue 
of HBV replication by Jaki treatment but only a partial restoration 
in SOF-treated coinfected cells. These findings further support the 
predominant role of the activated-IFN response to HCV in medi-
ating HBV suppression.

Visualizing HBV-HCV coinfection at the single-cell level. To 
directly visualize molecular events at the single-cell level, fluo-
rescent multiplex in situ hybridization (RNAScope) was used to 
stain transcripts of target genes. We first validated the specificity 
of the assay using HBV- or HCV-monoinfected PHHs (Supple-

Figure 1. Kinetics of viral replication and host IFN responses in mono- and coinfected PHHs. (A) Schematic representation of the experimental setting. 
PHHs (lot Hu1832) were either monoinfected with HBV for 12 days or superinfected with HCV for 7 days starting on day 5 after HBV infection. (B) HBV 
replication was analyzed by qPCR for extracellular HBV-DNA, ELISA for HBsAg and HBeAg, and RT-qPCR for intracellular HBV-RNA. (C) HCV replication was 
measured by RT-qPCR for intracellular and extracellular HCV RNA and concurrent host cell IFN response was measured by RT-qPCR for (D) expression of IFNB 
and IFNL1, and (E) expression of ISG15, CXCL10, A3G, and ISG20. Time of sample collection is indicated on the x axis. Antigen measurements by ELISA were 
compared to background level from noninfected cell culture medium. Normalized gene expression relative to that of the HBV-monoinfected cells on 1 day 
post HCV infection (dp-C) (set as 1) are shown as relative levels for IFNB, IFNL1, ISG15, A3G, and ISG20. For CXCL10, the detection limit was set as 1. Details 
of RT-qPCR can be found in Supplemental Methods. Means ± SD are shown. Unpaired t test was followed by Hochberg’s procedure to correct for multiple 
comparisons (B). *P < 0.05; **P < 0.01; ***P < 0.001. The results are representative of 3 separate experiments. Triplicate wells were used for each group.
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HCV-positive cells reached around 40%. In coinfected cells, 93% 
of cells were HBV positive, similar to the 97% HBV-positive cells 
in HBV-monoinfected cultures (Figure 4C). In this experiment, 
suppression of HBV infection was mainly reflected by a reduced 
number of signal dots in individual cells (Figure 4D).

Using this RNAScope technique, we were able to study cells 
that were positive for both HBV and HCV. The suppression of HBV 
replication by HCV coinfection was not limited to coinfected cells, 
but also involved cells negative for HCV, which is consistent with a 
paracrine suppression via induced IFN. When HCV-induced ISGs 
were blocked by Jaki, high levels of HBV and HCV genomes could 
be detected in the same hepatocytes, underscoring the absence of 
a direct interplay between HBV and HCV.

HCV suppresses HBV infection in coinfected humanized cDNA-
uPA/SCID mice. Although PHH culture is the most physiologically 
relevant cell culture model to study native hepatocytes, PHHs lose 
their differentiation status with time in vitro and thus cannot model  
long-term infection. To validate the observed interplay between 
HBV and HCV in PHH culture in vivo, we established HBV-HCV 
coinfection using PHH-transplanted cDNA-uPA/SCID mice, as 
mouse hepatocytes are not susceptible to HCV infection. Thirty 
humanized chimeric mice were inoculated intravenously with HBV 
patient serum (genotype C). Four weeks later, 17 of them were inoc-
ulated with HCV patient serum (genotype 1b) (Figure 5A). All mice 
were monitored continuously until week 10. Mice inoculated with 
HCV all became HCV viremic at week 3 after HCV infection (Sup-
plemental Figure 6). Notably, at the same time, significantly lower 
levels of HBV DNA were observed in coinfected mice compared 
with HBV-monoinfected mice (Figure 5B). HCV replication in those 
mice reached a plateau around week 6 after HCV inoculation, with a 
mean titer of 8.4 × 106 copies/mL (range: 4.4 × 105 to 1.3 × 108 copies/
mL), which is comparable to the HCV levels in HCV-monoinfected 
mice (31, 32). Similar levels of human albumin ensured no apparent 
difference in hepatocyte functionality between HBV-monoinfected 
mice and superinfected mice (Figure 5B).

Having observed HCV suppression of HBV in coinfected mice, 
we reasoned that human IFN signaling was activated in the liver by 
HCV to suppress HBV. To test this hypothesis, 9 mice were trans-
planted with PHHs and 6 of them were inoculated with HBV. Fol-
lowing the establishment of HBV viremia (Supplemental Figure 
7A), 3 HBV-infected mice were superinfected with HCV at week 6 
after HBV infection (Figure 5C). All 3 mice became HCV positive 
at week 2 after inoculation (Supplemental Figure 7B). No obvious 
differences in serum human albumin levels were found among 
the different groups (Supplemental Figure 7C). All mice were 
sacrificed at week 4 after superinfection to examine intrahepatic 
gene expression. In support of our findings in vitro, IFNL1 and ISG 
(CXCL10 and ISG20) levels were markedly elevated in HBV-HCV–
coinfected mouse livers as compared with the HBV-monoinfected 
livers (Figure 5D). Due to a small group size (n = 3) and variations 
in HBV viremia in this experiment, a statistically significant dif-
ference was not reached when circulating HBV DNA levels were 
compared between coinfected and HBV-monoinfected mice 
at the end of the experiment. Alternative analysis based on the 
aggregate change (area under the curve) of HBV viremia during 
the coinfection period (4 weeks) was then conducted (Supplemen-
tal Figure 7D, left). Such an analysis showed that the aggregate 

of HCV-positive cells. Image quantification supported a low HCV 
infection efficiency of 20%, and this number increased to 46% 
with Jaki treatment.

Having confirmed the accuracy and reliability of RNAScope, 
we proceeded to study HBV-HCV coinfection. PHHs infected with 
HBV for 6 days were superinfected with HCV (Figure 3A). IFNL1 
was stained to directly visualize the endogenous IFN response. As 
shown, nearly all the cells became positive for HBV signals after 
8 days of monoinfection. In line with our previously published 
data, HBV-monoinfected cells did not induce IFNL1 (9). In HCV- 
infected cultures, IFNL1 expression was easily visible with its 
mRNA signals scattered around a cluster of HCV-infected cells 
(Figure 3B). HCV superinfection caused a general reduction of 
HBV signals in all the cells irrespective of whether the cells were 
positive for HCV or not, implying a paracrine signaling–mediated 
inhibition instead of a direct virus-virus inhibition. Importantly, 
when Jaki was applied to coinfected culture, not only were HBV 
signals restored but also HCV and IFNL1 signals were upregulated,  
making HBV and HCV double-positive cells readily visible. Quan-
tification of infection efficiency by enumerating cells with virus 
signal dot numbers above those of controls revealed that HBV 
monoinfection was highly efficient and reached almost 100% pos-
itivity. This number decreased to 70% in HBV-HCV–coinfected  
culture, with 12% being HBV-HCV double positive. In coinfected  
culture, we did not detect HCV-positive-only cells. In HCV 
monoinfection, approximately 15% of cells were counted as HCV 
positive. This number increased to 58% when Jaki was added (Fig-
ure 3C). By quantifying dots per cells, we showed that the HBV 
infection level in individual cells was reduced by HCV superinfec-
tion. In the presence of Jaki in coinfected cells, the HBV level was 
restored to the HBV-monoinfection level, which was also accom-
panied by enhanced HCV and IFNL1 signals (Figure 3D).

To consolidate our data, we also stained for CXCL10 (Figure 
4). After HCV superinfection, enhanced CXCL10 signals were 
found in both HCV-positive and -negative cells, similar to what 
was shown above for HCV monoinfection (Supplemental Fig-
ure 5). Blockade of ISG expression by Jaki clearly enhanced HCV 
signals. The number of CXCL10 dots did not change apprecia-
bly after Jaki treatment (Figure 4B), which is consistent with the 
qPCR data described above. Image quantification confirmed our 
visual inspection and further revealed that with this lot of PHHs, 

Figure 2. Jaki or SOF treatment of mono- and coinfected PHHs. (A) 
Schematic representation of the experimental setting. PHHs (lot Hu1574) 
were infected with HBV or mock infected for 6 days and followed by HCV 
superinfection at MOI = 1 TCID50/cell for 3 days. One micromolar ETV, 5 μM 
Jaki, or 10 μM SOF was added to mono- or superinfected cells for 3 days 
before harvesting the cells for analysis. (B) Relative HBV and HCV levels 
and (C) ISG expression were measured by RT-qPCR. Relative viral levels 
were determined by normalizing to monoinfected nontreated samples set 
as 100 and are shown in linear scale. Relative ISG levels were determined 
by normalizing to HBV-monoinfected nontreated samples (set as 1) and 
are shown in log10 scale (CXCL10 and ISG15) or linear scale (A3G and ISG20). 
Details of RT-qPCR can be found in Supplemental Methods. Means ± SD 
are shown. Unpaired t test was followed by Hochberg’s procedure to cor-
rect for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P 
< 0.0001. NS, not significant. The results are representative of 3 separate 
experiments. Triplicate wells were used for each group.
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HBV production was significantly reduced by HCV superinfection 
(Supplemental Figure 7D, right), consistent with the finding from 
the larger group of mice described above.

DAA treatment of HCV leads to decreased serum CXCL10 and 
increased HBV in coinfected cDNA-uPA/SCID mice. Based on pre-
vious findings that suppressed HBV replication was accompanied 
by an active IFN response in coinfected mice, we reasoned that 
increased HBV replication should occur after eradication of HCV 
due to a diminished IFN response in the liver. To address this 
question, 10 HBV-infected mice were superinfected with HCV (6 
mice at week 4 after HBV infection, 4 mice at week 8 after HBV 
infection). Six weeks after HCV infection, 3 of the 6 mice in the 
4-week-post-HBV group, and 2 of the 4 mice in the 8-week-post-
HBV group were randomly selected to receive a cocktail of daclat-
asvir (HCV NS5A inhibitor) and asunaprevir (protease inhibitor) 
for 4 weeks (Figure 6A). As expected, this DAA regimen efficiently 
reduced circulating HCV RNA to levels below the detection limit 
(3 log10 copies/mL) for all 5 mice within 2 weeks with no relapse 
(Figure 6B). To overcome the heterogeneity of HBV viremia due 
to differences in the time of HCV inoculation, we again analyzed 
the change in HBV DNA during the entire treatment period. Other 
than mouse 2 with DAA treatment showing a marginal increase 
in HBV viremia, the overall HBV production in DAA-treated mice 
was significantly higher than that of the untreated group (Figure 
6C). We also measured the intrahepatic ISG mRNA levels of the 
mouse livers, and observed the expected downregulation of IFNL1 
and ISGs in DAA-treated coinfected mice compared with the coin-
fected mice without treatment (Supplemental Figure 8A).

We further examined changes in human CXCL10 levels in 
the serum of coinfected mice from week 0 until week 2 on DAA 
treatment when all treated mice had cleared HCV (Figure 6D). All 
the nontreated mice maintained a stable high level of CXCL10 
over time. In contrast, the DAA-treated mice had a clear CXCL10 
reduction by week 2 on treatment compared with baseline, with 
the exception of mouse 2. We suspected additional factors might 
account for a higher CXCL10 level in mouse 2, as we noted that 
starting from the baseline, mouse 2 had 5-fold higher CXCL10 
levels compared with the mean values of the other animals. Inter-
estingly, its HBV level also showed the least change after HCV 
clearance, as mentioned above. To further demonstrate the differ-
ent dynamics of CXCL10 between groups, the fold-change (FC) of 

CXCL10 was calculated by comparing the level during treatment 
to baseline for each mouse (Figure 6D). The DAA-treated mice 
collectively showed a significantly greater reduction in CXCL10 
(borderline in week 1 and significant in week 2). Similar human 
albumin levels in these mice ruled out the possibility that DAAs 
might cause significant human hepatocyte death (Supplemental 
Figure 8B). This observation further supports the idea that the IFN 
response is the key mediator of HBV suppression in the context of 
coinfection. Serum CXCL10 level thus can be a surrogate marker  
for the intrahepatic IFN response. Because of the SCID back-
ground of the mouse model, it is reasonable to conclude that host 
adaptive immunity does not mediate this HBV-HCV interplay, nor 
is it necessarily involved in the HBV increase after HCV clearance.

Higher pretreatment plasma CXCL10 levels are associated 
with HBV reactivation in coinfected patients. Recently, Liu et al. 
reported a study on 111 HBV-HCV–coinfected patients receiving 
combined sofosbuvir/ledipasvir treatment (33). HBV reactiva-
tion, which is defined as an increase in HBV DNA from a base-
line below the lower limit of quantification (LLOQ, 20 IU/mL) 
to LLOQ or greater, or an increase of greater than 1 log10 IU/mL 
from a baseline greater than LLOQ following DAA treatment, 
was identified in a substantial portion of patients (33).

To gain insight into the dynamic changes of immune 
responses and ISG expression in HBV-HCV–coinfected humans, 
we first measured various plasma immune mediators in a sub-
group of 35 patients randomly selected from the 111 patients 
reported by Liu et al. (33). Among the 16 cytokines measured by 
multiplex cytokine ELISA, only CXCL10, CCL5, CCL13, CCL2, 
and CXCL6 were above the LLOQ for most of the patients and 
thus used for analyses.

The detailed baseline characteristics of the 35 patients are 
provided in Table 1. The percentage of patients with unquanti-
fiable HBV DNA was higher (41%) in the group that experienced 
HBV reactivation than in the group without HBV reactivation 
(31%) (P = 0.7, χ2 test), and the difference became significant 
in the larger original cohort of 111 patients (41% versus 13%, P 
= 0.01, χ2 test). In patients who had quantifiable baseline HBV 
DNA, their levels were comparable between the HBV-reactiva-
tion group and nonreactivation group, and so were the baseline 
HCV levels. Interestingly, baseline CXCL10 and alanine amino-
transaminase (ALT) levels were significantly higher in patients 
who had HBV reactivation compared with those who did not (Fig-
ure 7A and Table 1). Baseline CXCL10 levels correlated with ALT 
levels (Spearman’s r = 0.6231, P < 0.0001) (Supplemental Fig-
ure 9A). Following DAA treatment, CXCL10 and ALT decreased 
markedly in all patients by week 1, coinciding with a sharp reduc-
tion in HCV viremia (Supplemental Figure 9B), which is consis-
tent with published data on HCV monoinfection (34, 35). From 
week 1 to week 12 on treatment, no significant differences in 
CXCL10 and ALT levels were observed between the HBV-reacti-
vation and control groups (Figure 7A). After treatment, CXCL10 
levels remained low despite ongoing HBV infection and fluctuat-
ed when HBV flare occurred in some patients (Supplemental Fig-
ure 10). Three patients had hepatitis at various time points after 
completing the DAA treatment, necessitating anti-HBV nucle-
oside analog treatment (33). These observations indicated that 
HCV is the dominant stimulus of hepatic inflammation in coin-

Figure 3. In situ RNA detection of viral replication and IFNL1 expression 
in mono- and coinfected PHHs. (A) Schematic representation of the 
experimental setting. PHHs (lot Hu1794) were first infected with HBV for 
6 days, followed by HCV superinfection for 2 days in the presence of 5 μM 
Jaki as indicated. (B) Probe sets targeting HBV nucleic acids, HCV RNA, and 
IFNL1 mRNA were used to stain all the cells. Signals are shown as green 
for HBV, red for HCV, white for IFNL1, and blue for cell nuclei (counter-
stained by DAPI). Scale bars: 20 μm. (C) Virus-infected cells were defined 
as having signal dots higher in number than noninfected control cells. 
Infection efficiency for each virus was calculated as percentage of total 
number of cells counted in each condition. (D) Numbers of target dots in 
individual cells were plotted. Cells with 0 signal dots were input as 0.1. 
Four random views were analyzed. Details of image quantification can be 
found in Supplemental Methods. Unpaired t test was used for compar-
isons. Means ± SEM are shown. NS, not significant. **P < 0.01; ****P < 
0.0001. The results are representative of 3 separate experiments.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd
https://www.jci.org/articles/view/135616#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 2 1 2 jci.org   Volume 130   Number 6   June 2020

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 2 1 3jci.org   Volume 130   Number 6   June 2020

DAA-treated coinfected patients in Japan and Germany, and mea-
sured the CXCL10 and CCL5 levels. We did not analyze the ALT 
levels because they were done by various clinical laboratories with 
nonuniform standards at various times. The detailed patient infor-
mation is listed in Supplemental Table 4 and HBV reactivation was 
defined by the same criteria as mentioned above. Although we 
could not verify the upregulation of CCL5 with the current small 
number of patients who had available week 1 samples, we could 
indeed validate the higher reduction of CXCL10 in HBV-reacti-
vation patients as compared with that of no-reactivation patients 
(Figure 7D). With an FC cutoff of 0.55 for CXCL10 to predict HBV 
reactivation based on the above model, the calculated sensitivity 
is 78%, specificity 86%, the positive predictive value 88%, and 
negative predictive value 75% in this smaller validation cohort.

Discussion
To understand the molecular mechanism of HBV reactivation in 
DAA-treated patients, we investigated HBV-HCV interactions in 
established coinfection models in vitro and in vivo. We demon-
strated that in both cell culture and mouse models lacking adap-
tive immunity, HBV was suppressed by HCV infection regardless 
of infection sequence. Those observations are consistent with 
data from chimpanzees showing that HBV replication was greatly  
attenuated by HCV irrespective of the inoculation sequence (36, 
37). Previous in vitro studies failed to reveal this interaction mainly  
because of the usage of hepatoma cell lines (24, 38), which are 
known to have impaired innate immune function in both viral 
sensing and IFN signaling (28). Instead, several in vitro studies 
have claimed direct viral interactions. One study reported that 
HCV NS5A protein enhanced HBV replication and other stud-
ies showed that the HCV core protein directly suppressed HBV 
enhancer 1 and 2 (20, 22, 23). Many of those studies relied on over-
expression of viral proteins in hepatoma cell lines. In contrast, our 
in vitro study used an infectious system in PHHs, which closely 
resembles natural infection. We observed that PHHs can support 
high levels of HBV and HCV in the same cells when ISG expres-
sion is blocked, thus supporting the notion that HBV and HCV do 
not interfere with each other’s replication via direct interaction of 
their viral components.

In line with our finding that HBV infection did not affect 
HCV replication in coinfected PHHs, studies in chronically HCV- 
infected chimpanzees superinfected with HBV indicated that 
HCV viremia did not change significantly during HBV superinfec-
tion (36). Yet in chronically coinfected patients, HCV levels were 
reported to be lower compared with HCV-monoinfected patients 
(415,000 IU/mL vs. 750,000 IU/mL, respectively) (39). It is pos-
sible that, during chronic infection, viruses may shape the host 
environment and cellular responses in a way that is suboptimal for 
either virus. Several studies have shown that HBV or HCV infec-
tion modifies hepatic gene expression profiles differently (40, 
41). In livers of HBV-infected patients, genes involved in cell cycle 
arrest, induction of apoptosis, and hepatocyte differentiation 
are preferentially expressed, whereas cell cycle promotion, lipid 
metabolism, and epidermal growth factor receptor signaling are 
up regulated in livers of chronic hepatitis C patients (40). Unveil-
ing such indirect interference experimentally is challenging due to 
the short infection duration with any experimental model.

fection. After HCV eradication by DAA, inflammatory responses 
including IFN activity marked by circulating CXCL10 as well as 
ALT released from liver injury diminished quickly, with a much 
greater net reduction in HBV-reactivation patients because of a 
higher pretreatment level (Figure 7A).

To better illustrate the dynamic changes of the measured 
cytokines, we determined the FC of the 5 cytokines/chemokines 
over the baseline plasma levels (Figure 7B). CXCL10 showed 
the greatest FC (week 1/baseline) of 0.29 for patients with HBV 
reactivation and 0.63 for patients who did not. In contrast, CCL5, 
CCL13, CXCL6, and CCL2 did not differ in their baseline levels 
between HBV-reactivated patients and nonreactivated patients, 
nor did they show any changes following HCV clearance. Inter-
estingly, CCL5 displayed an early increase in HBV-reactivation 
patients (week 1 on DAA) (Supplemental Figure 11) and its FC 
from baseline to week 1 showed a difference, although not signifi-
cant, between the 2 groups (Table 1). It is not clear why CCL5 lev-
els increased at week 1 after DAA treatment in HBV-reactivation 
patients or whether such a difference is indeed significant.

We next evaluated whether CXCL10, ALT, and CCL5 could 
be used to predict HBV reactivation. Univariate logistic regression 
analysis suggests CXCL10 FC is of higher predictive value (Table 
1). To develop a more accurate model, we examined CXCL10, 
CCL5, and ALT levels of an additional 53 patients from the same 
original cohort (Supplemental Table 2). The resulting data con-
firmed that baseline CXCL10 and ALT are correlated (Spearman’s 
r = 0.4948, P < 0.001) and higher in HBV-reactivation patients (P = 
0.03). When modeled together with the previous 35 patients (Table 
2), baseline ALT with interaction with CXCL10 FC can be count-
ed as one independent variable and constitutes the best predictive 
model of HBV reactivation when added together with CCL5 FC. 
The modeling was further evaluated by receiver operating charac-
teristic (ROC) curve (Figure 7C), and is detailed further in Supple-
mental Table 3, which demonstrates that combining baseline ALT 
interacting with CXCL10 FC and CCL5 FC (AUC, 0.82) has the 
optimal sensitivity of 0.7 and specificity of 0.9. CXCL10 FC (AUC, 
0.81) and baseline ALT interacting with CXCL10 FC are almost as 
good (AUC, 0.81). The CCL5 FC appears to play a minor role in the 
prediction model. A scatter plot of baseline ALT and CXCL10 FC 
was also generated to show the individual data and optimal predic-
tive cutoff values for the entire cohort (Supplemental Figure 12).

To validate our finding in an independent patient cohort, 
we collected baseline and on-treatment blood samples from 

Figure 4. In situ RNA detection of viral replication and CXCL10 expression 
in mono- and coinfected PHHs. (A) Schematic representation of the exper-
imental setting. PHHs (lot Hu1832) were first infected with HBV for 6 days, 
followed by HCV superinfection for 3 days in the presence of 5 μM Jaki as 
indicated. (B) Probe sets targeting HBV nucleic acids, HCV RNA, and CXCL10 
mRNA were used to stain all the cells. Signals are shown as green for HBV, 
red for HCV, white for CXCL10, and blue for cell nuclei (counterstained by 
DAPI). Scale bars: 20 μm. (C) Infection efficiency for each virus was calcu-
lated as percentage of total number of cells counted in each condition. (D) 
Numbers of target dots in individual cells were plotted. Cells with 0 signal 
dots were input as 0.1. Six random views were analyzed. Details of image 
quantification can be found in Supplemental Methods. Unpaired t test was 
used for comparisons. Means ± SEM are shown. NS, not significant. ****P < 
0.0001. The results are representative of 3 separate experiments.
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like receptor 3 (TLR3) or retinoic acid–inducible protein I (RIG-I) 
engagement in infected cells (44, 45), which can serve as a serum 
marker for hepatic IFN responses.

Serum CXCL10 has been shown to be mainly derived from 
hepatocytes in HCV patients and has been proposed as a marker 
for activated hepatic inflammation (46). Previous studies showed 
that CXCL10 decreased rapidly following the sharp decrease 
in serum HCV RNA by DAA treatment (34, 35, 47). Our study is 
the first to our knowledge reporting a similarly rapid decrease in 
CXCL10 levels in the blood of coinfected mice and patients within 
weeks of DAA initiation. This CXCL10 decrease strongly suggests 
a reduced intrahepatic IFN activity after HCV clearance in coin-
fected liver, which likely contribute to HBV reactivation, similar to 
patients undergoing immunosuppression.

Our study does not completely rule out the role of cell- 
mediated immunity in HBV reactivation of DAA-treated coinfect-
ed patients. In particular, NK cells exhibit increased cytotoxicity 
driven mainly by IFN (48). Thus, NK cells may also participate 
in repressing HBV replication through IFN effects in coinfection. 
HBV-specific T cells are either depleted or in an exhausted state in 

Using a Jaki to specifically block ISG expression, we observed 
that  IFNL1 expression was enhanced in HCV-infected cells, 
which could be explained by enhanced HCV replication or block-
age of ISGs involved in negative feedback of the IFN response 
(42). With blockage of anti-HBV ISG expression, we could show 
that the HCV-induced IFN response is the main mediator of 
HBV suppression. Our in vitro data showed that coinfected cells 
produced fewer HBV transcripts, progeny viruses, and antigens, 
which are indicative of hampered HBV replication and transcrip-
tion. This finding is consistent with previous reports that IFN can 
inhibit different steps of the HBV life cycle including viral entry, 
viral RNA transcription, nucleocapsid formation, and cccDNA 
degradation (15–18, 43).

CXCL10 is a highly upregulated ISG in HCV monoinfection 
(19). In our study, we observed that CXCL10 was not reduced by 
the addition of Jaki like other ISGs, nor was its level enhanced, 
like for IFNL1, following an increase in HCV replication, indicat-
ing both IFN-dependent and -independent CXCL10 production. 
The IFN-independent CXCL10 production is mediated by a direct 
transcriptional activation of the CXCL10 promoter following Toll-

Figure 5. Analysis of HBV-HCV coinfection in cDNA-uPA/SCID mice. (A) Thirty mice were infected with HBV for 4 weeks before 17 mice were randomly 
selected for HCV inoculation. All mice were maintained until week 10 after HBV inoculation, as shown by the schematic representation. (B) Serum HBV 
genome (upper) and human albumin (lower) concentrations were determined at the indicated time. (C) In a separate experiment, 9 mice were engrafted 
with PHHs from the same donor. Three of them were not infected and served as no-infection controls. Six were infected with HBV and on week 6 after HBV 
infection, 3 mice were coinfected with HCV until week 10. (D) Normalized hepatic HCV levels are presented as relative levels. Negative HCV RNA was input 
as 0. Normalized human IFNL1, CXCL10, and ISG20 levels relative to those of no-infection control (set as 1) are shown as fold induction. Details of RT-qPCR 
can be found in Supplemental Methods. Unpaired t test was used alone (D) or followed by Hochberg’s procedure to correct for multiple comparisons (B). 
Means ± SD are shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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complicated than the observed IFN effect and reflects the mul-
tifactorial nature of immunologically mediated viral control and 
disease. Interestingly, Jakis developed clinically to treat malig-
nancies have been associated with HBV reactivation (53, 54). It is 
tempting to speculate that endogenous IFN signaling may be an 
intrinsic component of viral control in HBV infection and blocking 
this pathway with Jakis can lead to HBV reactivation.

Our comprehensive analyses of a large panel of serum cyto-
kines and chemokines in this study point to a high pretreatment 
serum CXCL10 level, a marker of the magnitude of endogenous 
IFN response, or its FC from baseline to week 1 is highly associated  
with HBV reactivation. This observation together with the addi-
tional association of higher baseline ALT levels and HBV reacti-
vation suggests that a highly inflammatory state of the coinfected  
liver with high endogenous IFN activity may be prone to HBV 
reactivation after HCV is eliminated. A previous cross-sectional 
study of HBV-HCV–coinfected patients suggested an association 
of lower HBsAg levels with higher serum CXCL10 levels (55). 
HBsAg levels were not available in this cohort so we could not val-
idate this finding, but we noted more patients with baseline HBV 

HBV patients (49). HCV coinfection has not been shown to affect 
the T cell response of HBV and vice versa (50, 51). In addition, 
HCV clearance following DAA treatment in HCV patients does not 
affect other T cell responses (52). Thus, the role of T cells in HBV 
and HCV interactions may be minor. Our studies in the cDNA-
uPA/SCID mice also support the hypothesis that the observed 
HBV-HCV interaction is mostly a result of an IFN effect because 
of the absence of cellular immunity in this model.

The lack of involvement of HBV-specific adaptive immunity  
in the clinical setting probably explains why a large percent-
age of treated patients had increased HBV viremia, but few had 
ALT greater than 2 times the upper limit of normal after DAA 
treatment. However, more severe outcomes of HBV reactivation 
in patients after HCV clearance have been reported (5). In our 
patient cohort, serum cytokine/chemokine levels and the timing 
and severity of the HBV reactivation seem to be quite variable. 
Similar to spontaneous or immunosuppression-associated HBV 
reactivation observed in chronic hepatitis B patients, the mecha-
nism whereby HBV replication increases and results in clinically 
relevant outcome in DAA-induced HBV reactivation is likely more 

Figure 6. DAA treatment of HBV-HCV–coinfected cDNA-uPA/SCID mice. (A) Ten mice infected with HBV for 4 (n = 6) or 8 (n = 4) weeks were inoculated 
with HCV. Six weeks after HCV infection, 5 mice (n = 3, 10 weeks of HBV infection; n = 2, 14 weeks of HBV infection) were treated with daclatasvir (10 mg/
kg daily) and asunaprevir (20 mg/kg twice daily) via oral gavage for 4 weeks. Mice were continuously observed for 2 weeks after stopping treatment. (B) 
Serum HCV RNAs were measured with a lower limit of quantification (3.45 log10 copies/mL) and a lower limit of detection (3 log10 copies/mL) shown as a 
gray zone on the graph. (C) Changes in HBV viremia (upper ) were calculated by subtracting the baseline levels before DAA initiation from the viral levels at 
indicated time points. Area under the curve (AUC, lower) for the total change in HBV viremia during the 6 weeks of follow-up was generated by Prism soft-
ware for individual mice. Means ± SEM are shown. (D) Left: Serum human CXCL10 concentration from mice was measured by ELISA. Right: Fold-change of 
CXCL10 for each mouse was calculated by dividing its on-treatment levels (week 1 or 2) by the baseline level. Results were grouped based on treatment and 
are shown in log2 scale. Medians ± 95% confidential intervals are shown. Unpaired t test was used. *P < 0.05.
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(8, 60). In the clinical study of HBV-HCV coinfection undergoing 
DAA treatment described here (33), the majority of patients carry 
the favorable SNP (77% homozygous and 23% heterozygous) and 
no correlation with HBV reactivation was observed.

Although HCV infection is curable, treatment of HBV-HCV–
coinfected patients can be challenging because of potential HBV 
reactivation. In addition, the fundamental science behind the 
intricate and complex interactions between 2 common pathogenic  
human viruses infecting the same cell type is highly intriguing. 
Our study elucidates a potentially unique aspect of these interac-
tions and provides a molecular mechanism that explains why HCV 
is the so-called “dominant” virus in coinfection and treatment of 
HCV by DAAs leads to HBV reactivation. Along the same line with 
official recommendations by professional medical societies (AAS-
LD HCV Guidance; ref. 61) and the FDA (62), our data support the 
idea that HBV-HCV–coinfected patients with low or undetectable 
HBV DNA levels should be either prophylactically treated with 
anti-HBV nucleoside analogs, or monitored at regular intervals 
during DAA treatment and treated as soon as HBV reactivation 
occurs. Based on our multivariate model, serum CXCL10 and 
baseline ALT may serve as a useful tool to assess the risk of HBV 
reactivation and provide guidance for managing these patients.

Methods
PHH culture and virus infection. Cryopreserved PHHs from different 
donors (Hu1894, Hu1574, Hu1832, Hu1663, and Hu8196) were pur-
chased from Thermo Fisher Scientific. Cell thawing and culture were 
done as described previously (63). Infection was typically initiated 24 
hours after cell plating. HBV infection was performed at a multiplicity 
of infection (MOI) of 400 genomes/cell. HCV (JFH1) inoculation was 
performed at an MOI of 0.5 or 1 TCID50/cell, as indicated. Entecavir (1 
μM, Sigma-Aldrich), sofosbuvir (10 μM, Advanced ChemBlock Inc.), 
or Jaki (CAS 457081-03-7, Sigma-Aldrich) was added to the culture 
media as indicated.

Human chimeric mice, virus infection, and human cytokine ELISA.  
Generation of the cDNA-uPA/SCID mice and transplantation 
of PHHs were performed by PhoenixBio Co., Ltd., as previously 
described under an approved animal protocol (64, 65). For infec-
tion, male mice at 12 weeks after transplantation were injected 
intravenously with 100 μL of diluted HBV-positive patient serum 
(genotype C, 1 × 106 genomes) and 100 μL of diluted HCV-positive 
patient serum (genotype 1b, 1 × 106 genomes) at indicated times. 
Coinfected mice receiving DAA treatment were administered asu-
naprevir (40 mg/kg, twice a day, Bristol-Myers Squibb) combin-
ing daclatasvir (10 mg/kg, once a day, Bristol-Myers Squibb) for 4 
weeks, as previously described (66).

Human CXCL10 and CCL5 in mouse serum were mea-
sured using Human Quantikine ELISA kits (DIP100 for CXCL10, 
DRN00B for CCL5; R&D Systems). Species specificity was validat-
ed by the manufacturer.

Patient samples and multiplex cytokine ELISA. Serial plasma sam-
ples of HBV-HCV–coinfected patients from a previously published 
study had been collected at multiple time points including a pretreat-
ment baseline, on drug at weeks 1, 2, 4, 8, and 12, and posttreatment 
week 4, 12, and every 12 weeks thereafter up to posttreatment week 
108 (33). For the current study, an initial 35 patients who had avail-
able plasma samples were randomly selected from the original cohort. 

DNA below the LLOQ in the HBV reactivation group that also had 
high pretreatment CXCL10. A high pretreatment serum CXCL10 
level has been used as a negative predictor for response to IFN-
based therapy in HCV patients (56, 57), for which a high-baseline 
IFN response may result in a refractory state or nonresponse to 
exogenous IFN treatment (58). The mechanisms whereby these 
2 phenomena can be explained may be similar. During chronic  
HBV-HCV coinfection, an equilibrium state of host antiviral func-
tions and viral escape mechanisms of persistence exists and the 
natural course of coinfection depends on the balance of these 
opposing forces. A higher baseline IFN response may contribute 
to a stronger anti-HBV state in the coinfected liver. A rapid and 
marked reduction in the IFN response by DAA treatment in some 
patients may trigger an imbalance of the anti-HBV state and thus 
an increase in HBV replication.

Of interest, a high baseline ALT level in HBV-monoinfected 
patients is a predictor for better response to IFN treatment (59). 
In those patients, ALT elevation is mainly caused by cytolytic 
immune responses targeting HBV. In the coinfected patients, the 
situation is more complicated. As mentioned above, coinfected 
patients with a higher baseline ALT and/or CXCL10 levels may 
have a more inflammatory and endogenous IFN response to HCV, 
which keeps HBV replication under better control, and once the 
endogenous IFNs diminish with DAA treatment, it is more likely  
that HBV will rebound. At present, we are not clear about the 
importance of CCL5 in HBV reactivation. It does not seem to play 
a prominent role in the predicative model nor has it been validated 
in an indepedent cohort.

Previous studies have identified single-nucleotide polymor-
phisms (SNPs) in the IFN-λ genes to be highly associated with 
IFN-based treatment response and baseline hepatic ISG levels 

Figure 7. Baseline and longitudinal changes of ALT and immune cyto-
kines in coinfected patients undergoing DAA regimen. A pilot cohort of 
35 coinfected patients were randomly selected for circulating cytokine 
measurement by multiplex cytokine ELISA. (A) Serum ALT level (upper) 
and plasma CXCL10 (lower) at indicated times are shown. Sample numbers 
for CXCL10 measurement are below the x axis. Means ± SEM are shown. 
Unpaired t test was used. *P < 0.05; **P < 0.01. (B) Dynamic fold-changes 
of cytokines during the early course of treatment were calculated by com-
paring to baseline levels. The available sample numbers are given in the 
upper-left corner of each spider plot. Means are shown. For CXCL10, week 
1 P = 0.0007, week 2 P = 0.0036, week 4 P = 0.0012. For CCL5, week 1 P = 
0.034. After Bonferroni’s correction for multiple comparisons (5 cytokines), 
the P values for CXCL10 are still significant (*P < 0.05; **P < 0.01) but 
not those for CCL5. (C) Performance of ROC curves of CCL5 fold-change 
(FC-CCL5) (black dotted line; AUC, 0.63; 95% CI, 0.50–0.75), baseline ALT 
(red dotted line; AUC, 0.68; 95% CI, 0.56–0.80), FC-CXCL10 (green dotted 
line; AUC = 0.81, 95% CI, 0.71–0.90), baseline ALT × FC-CXCL10 (blue solid 
line; AUC, 0.81; 95% CI, 0.71–0.90), and combined baseline ALT × FC-CX-
CL10 with FC-CCL5 (red solid line; AUC, 0.82; 95% CI, 0.73–0.90) for pre-
dicting coinfected patients with HBV reactivation. Interactions are denoted 
by ×. (D) Blood CXCL10 and CCL5 of an independent coinfected-patient 
cohort were measured. Fold-change of CXCL10 was calculated by compar-
ing the earliest on-treatment level available (10 patients from week 1; 2 
patients from week 2; 1 patient from week 3, 4, and 12) to baseline level. 
Fold-change of CCL5 was calculated by comparing week 1 to baseline level 
(10 patients have available samples). The final data were grouped based 
on HBV outcome following the same reactivation criteria. Means ± SEM are 
shown. Unpaired t test was used. **P < 0.01.
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Statistics. Continuous variables are reported as means ± SD 
or means ±  SEM as indicated. Differences between groups were 
compared by Student’s 2-sample t tests if the data were normally 
distributed; otherwise, Mann-Whitney U tests were used, followed 
by the application of Hochberg’s multiple-comparisons procedure 
under circumstances where more than 3 simultaneous inferences 
(comparisons) were performed (67). Spearman’s coefficient was 
used to evaluate association. Logistic regression analysis was 
used to identify variables independently associated with HBV 
reactivation. ROC analysis was used to determine the prediction 
strengths of the potential biomarkers in identifying HBV reactiva-
tion, and it was internally validated using a 10-fold cross-validation 
approach. All statistical tests were 2-sided and conducted at a 0.05  
nominal level of statistical significance. Analyses were performed 
with GraphPad Prism (version 7.0), R (version 3.5.0), and SAS (ver-
sion 9.4 TS1M6).

Samples from 28 patients were analyzed until posttreatment week 96 
when available. After initial analysis, 7 remaining patients were tested 
only for the baseline and on-treatment samples. Multiplex cytokine 
ELISAs to quantify CCL5, CXCL6, CXCL11, IL-28A, IL-6, CXCL10, 
CCL13, CCL4, CXCL1, IFN-γ, IL-28B, CXCL8, CCL2, CXCL9, TNF-α, 
and IFN-β were performed following the manufacturer’s instructions 
(LXSAHM, R&D Systems). Briefly, plasma was thawed on ice 1 hour 
before the experiment and diluted 5-fold for measurement of CCL5 
and 2-fold for the rest of the cytokines. Cytokine concentrations were 
measured using a standard curve of each specific cytokine provided by 
the kit. The plate was read in a Bio-Plex 200 system (Bio-Rad) using 
Bio-Plex Manager software 5.0. Cytokine analysis was performed 
according to the manufacturer’s instructions. A second round of 
measurement of CXCL10 and CCL5 in baseline and week 1 samples 
of the additional 53 patients was performed with the same standard 
Luminex kit containing one analyte.

Table 2. Multivariate logistic regression analysis of variables predictive of HBV reactivation

Variable Reactivation (n = 60) No reactivation (n = 28) Odds ratio Multivariate logistic regression 
Baseline ALT, U/L
 Mean (range) 73.18 (17–228) 53.57 (17–281) 2.7A P = 0.16A

FC-CXCL10B

 Mean (range) 0.5 (0.1–1.3) 0.7 (0.4–1.3) 0.25 P = 0.019
FC-CCL5
 Mean (range) 1.4 (0.3–5.4) 1.0 (0.2–3.8) 6.15 P = 0.038
Baseline ALT × FC-CXCL10C 34.56 P = 0.036
AOdds ratio or P value shown is taking ALT as independent variable in the multivariate logistic analysis of ALT, FC-CXCL10, and FC-CCL5. BFC = week 1 value/
baseline value. CBaseline ALT was identified to correlate with FC-CXCL10 (Spearman’s r = –0.5019, P < 0.0001). This interaction is denoted by ×. Baseline 
ALT × FC-CXCL10 is considered as 1 independent variable. FC, fold-change.   

Table 1. Disease characteristics and serum markers of 35 coinfected patients

Characteristic Reactivation (n = 22)A No reactivation (n = 13) Odds ratio Univariate logistic regression 
Baseline HBV DNA, log10 IU/mL
 Mean (range) 2.0 (1.3–5.5) 2.3 (1.3–4.0) 0.6 P = 0.40
 ≥LLOQ,B n (%) 13 (59) 9 (69)
 Positive HBsAg, n (%) 22 (100) 13 (100)
Baseline HCV RNA, log10 IU/mL
 Mean (range) 6.0 (4.5–7.1) 5.8 (4.4–6.6) 1.5 P = 0.59 
Baseline ALT, U/L
 Mean (range) 107.6 (30–228) 73.08 (21–281) 3.4 P = 0.14
FC-ALTC

 Mean (range) 0.45 (0.25–0.87) 0.63 (0.33–1) 0.1 P = 0.02
Baseline CXCL10, pg/mL
 Mean (range) 283.5 (53.8–634.2) 144.4 (26.2–368.4) 17.3 P = 0.02
FC-CXCL10 
 Mean (range) 0.37 (0.14–1.0) 0.72 (0.42–1.3) 0.03 P = 0.004
Week1 CCL5, pg/mL
 Mean (range) 9454 (1253–28177) 5385 (815.7–19281) 5.0 P = 0.11
FC-CCL5
 Mean (range) 2.0 (0.4–5.4) 1.0 (0.2–3.8) 7.24 P = 0.06
ASeventeen patients had HBV reactivation during DAA treatment and 5 patients had HBV reactivation after DAA treatment. BLLOQ = 1.3 log10IU/mL, ≤LLOQ 
is considered as 1.3 in the range. CFC = week 1 value/baseline value. HBV, hepatitis B virus; LLOQ, lower limit of quantification; HCV, hepatitis C virus; ALT, 
alanine aminotransferase; DAA, direct-acting antiviral; FC, fold-change. 
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