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Natural antibody IgG levels are 
associated with HBeAg‑positivity 
and seroconversion in chronic 
hepatitis B patients treated 
with entecavir
Youkyung H. Choi1*, Hyun Woong Lee2 & Michael A. Purdy1

B1 cell‑derived natural antibodies are non‑specific polyreactive antibodies and can activate the 
complement pathway leading to lysis of enveloped virus particles before activation of the adaptive 
immune response. We investigated the relationship between natural antibody levels and treatment 
outcomes of 126 treatment‑naïve chronic hepatitis B (CHB) patients, who underwent entecavir (ETV) 
treatment. Serum IgG1‑3 and complement C3 levels were significantly higher in HBeAg‑positive 
patients. In pre‑treatment, IgG1 (odd ratios [OR] 2.3, p < 0.0001), IgG2 (OR 9.8, p < 0.0001), IgG3 (OR 
7.4, p < 0.0001), and C3 (OR 7.2, p < 0.0001) were associated with HBeAg‑positive patients. At baseline, 
IgG2 (OR 10.2, p = 0.025), IgG4, (OR 3.4, p = 0.026), and complement C1q (OR 5.0, p = 0.0068) were 
associated with seroconverters. Post‑treatment levels of IgG1‑4 and C3/C1q were also associated 
with HBeAg‑positive patients and seroconverters. High levels of IgG2‑4 and C1q were observed in 
seroconverters but not in virological responders. Thus, high pretreatment and post‑treatment levels 
of natural antibody IgG1‑4, complement C3, and/or C1q were significantly associated with HBeAg‑
positivity and HBeAg seroconverters in CHB patients with ETV treatment. These results suggest that 
the presence of preexisting host immunity against chronic hepatitis B is closely related to outcome of 
ETV treatment.

Hepatitis B virus (HBV) infection causes liver diseases, which affected an estimated 257 million persons globally 
in  20151,2. There were about 1.89 million persons with chronic hepatitis B (CHB) in the United States in  20183,4. 
The course of hepatitis B can be asymptomatic or variable including symptoms like nausea, vomiting, diarrhea, 
anorexia, jaundice, and  headaches5. Hepatitis B surface antigen (HBsAg) can be detected in the serum from sev-
eral weeks before onset of symptoms to months after  onset6 and is present in the serum during acute infection and 
persists in chronic phase of  infections7. The presence of HBsAg indicates that the person is potentially infectious. 
Resolved CHB infection is defined by clearance of HBsAg with acquisition of antibody to  HBsAg8. Most adult 
patients recover completely from their HBV infection, but about 5 to 10% progress to become asymptomatic 
carriers or develop chronic hepatitis, potentially resulting in cirrhosis and/or liver  cancer9,10.

The current treatment of adults with CHB includes nucleotide analogues (NA) inhibiting the reverse tran-
scription of pregenomic RNA to HBV  DNA8. Success of anti-viral therapy against CHB is associated with nor-
malization of alanine aminotransferase (ALT) activity, loss of HBsAg with or without detection of antibody to 
HBsAg (anti-HBs), and improvement in liver  histology8,11. However, functional cure is only achieved in 1–5% 
of patients with more than 10 years of NA  therapy8,12,13.

Antigen-specific antibodies produced by viral infection or vaccines are effective at preventing viral disease. 
However, humans and higher primates possess “natural antibodies” (IgA, IgM, and IgG) which are present in the 
serum before any viral  infections14,15. B1 cell-derived natural antibody helps to dispose of cells that die or trigger 
opsonization of the invading pathogen and invoke activation of immune pathways leading to lysis of enveloped 
virus particles long before the adaptive immune response is  activated16–18. In addition, complement facilitates the 
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uptake and destruction of pathogens by phagocytic  cells19. Innate B-cell responses are active during the immune 
active phase in HBeAg-positive patients with chronic  hepatitis20,21. IgG is the most common antibody (70% to 
80%) and has four subtypes (IgG1, IgG2, IgG3, and IgG4)22. High levels of IgG1 and IgG3 in convalescent serum 
from patients recovering from HBV infection and IgG4 were found in circulating immune complexes from 
patients with  CHB23. A high level of serum fucosyl-agalactosyl IgG1 present before NA treatment was associ-
ated with liver inflammatory severity and damage and favors the treatment outcome for HBeAg-positive  CHB24. 
Other than HBV, natural antibody IgM and the classical complement pathway work to neutralize influenza virus 
in the absence of prior  immunity17.

We studied the association between the serum natural antibody levels and outcomes of long-term NA treat-
ment in treatment naïve CHB patients. In this study, serum levels of natural antibodies separated on differ-
ent treatment outcomes were assessed in pre- and post-treatment serum samples of patients, who underwent 
entecavir (ETV) treatment. The serum levels of IgG isotypes (IgG1, IgG2, IgG3, and IgG4), complement C3 
and C1q, and inflammatory cytokines were compared in HBeAg-positive and HBeAg-negative patients before 
treatment and patients with virological response (VR), partial virological response (PVR), seroconverters (SC), 
and non-SC post-treatment.

Results
Baseline patient characteristics. Seventy-six (60%) of 126 patients were HBeAg-positive and 50 (40%) 
were HBeAg-negative (Fig. 1).

The mean age of the HBeAg-positive patients was 52 years and 56 years for the HBeAg-negative patients. The 
HBeAg-positive patients were younger than the HBeAg-negative patients, but this difference was not statisti-
cally significant (p = 0.147) (Table 1). Both HBeAg-positive and HBeAg-negative patients had more males than 
females. For HBeAg-positive patients, the mean baseline ALT level was 167 IU/L, and serum HBV DNA was 9.2 
 log10 copies/ml. The mean baseline ALT level was 119 IU/L, and serum HBV DNA was 7.9  log10 copies/ml in the 
HBeAg-negative patients. The ALT levels and HBV DNA levels were higher in the HBeAg-positive patients than 
the HBeAg-negative patients. The mean duration of ETV therapy was 64 months for HBeAg-positive patients 
and 62 months for the HBeAg-negative patients.

Clinical outcomes in treatment naïve CHB patients after ETV monotherapy. Seventy (56%) of 
126 treatment-naïve patients were virological responders (VR) defined as undetectable HBV DNA at 1 year after 
ETV treatment and 56 (44%) patients were partial virological responders (PVR) defined as a decrease in HBV 
DNA of more than 1  log10 copies/ml but detectable HBV DNA at 1 year of therapy (Fig. 1 and Table 2).

The percentage of VR at 1 year after ETV treatment was higher in HBeAg-negative patients (59%) than in the 
HBeAg-positive patients (41%) patients. After the ETV therapy, 31 (41%) of 76 HBeAg-positive patients were 

Figure 1.  Treatment-naïve chronic hepatitis B patients treated with entecavir (ETV) and treatment outcome. 
All patients (n = 126) were treated with entecavir for 22–87 months. Three patient groups were used, HBeAg-
positive vs. HBeAg-negative; VR, virological response vs. PVR; and SC, seroconverters vs non-SC, no 
seroconversion. Asterisk, HBeAg-negative patients were anti-HBe antibody positive before the treatment.

Table 1.  Baseline clinical characteristics of 126 patients with chronic hepatitis B.

HBeAg-positive HBeAg-negative P value

No. patients (%) 76 (60) 50 (40)

Mean age (years) 52 (24–88) 56 (33–75) 0.147

Male/female (no, %) 63/13 (83/17) 29/21 (58/42)  < 0.001

Baseline ALT (IU/L) 167 (23–400) 119 (11–340) 0.013

Baseline HBV DNA titer  (log10 copies/ml) 9.2 (4.6–10.6) 7.9 (4.7–9.6) 0.017

Mean treatment duration (mo) 64 (24–86) 62 (22–87) 0.148
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HBeAg negative and developed anti-HBeAg antibody indicating seroconversion (SC) and 45 (59%) patients did 
not lose HBeAg or develop an anti-HBeAg antibody response, indicating a lack of seroconversion (non-SC). 
The VR/PVR and SC/non-SC groups showed similar clinical characteristics with regards to mean age, ratio 
between male and female, baseline HBV DNA levels, and mean months of treatment duration (Table 2). Mean 
baseline ALT levels were higher in the VR patients and SC patients than PVR and non-SC patients, respectively. 
Patients with non-SC had higher baseline HBV DNA levels. However, ALT levels and HBV DNA titers were not 
statistically significant.

The treatment outcomes after ETV therapy were divided into three patient comparison groups: HBeAg-
positive vs. HBeAg-negative patients before ETV treatment (Patient Group 1), VR vs. PVR (Patient Group 2), 
and SC vs. non-SC after ETV treatment (Patient Group 3) (Fig. 1). Serum levels of IgG subtypes (IgG1-4), C3, 
C1q, and IL-2, IL-8, IL-6, IL-10, IFN-α, IFN-γ, TNF-α, granzyme, and TRAIL were evaluated and compared 
across these groups.

Levels of natural antibody subtypes (IgG1–4) and complement C3 and C1q in HBeAg‑positive 
and HBeAg‑negative patients. Levels of natural antibody subtypes (IgG1–4) and complement C3 and 
C1q were analyzed before (pre-treatment, 0 month) and after ETV therapy (post-treatment). IgG1–3 and C3 
levels were significantly higher in both pre-treatment and post-treatment of HBeAg-positive patients compared 
to that of HBeAg-negative patients (Fig. 2). IgG4 and complement C1q levels were higher in pre-treatment and 
post-treatment of HBeAg-negative patients compared to HBeAg-positive patients. Levels of IgG1-4 and comple-
ment C3 and C1q in 24 normal human serum samples (n = 24) were analyzed as control (IgG1, 2824 ± 776 µg/ml; 
IgG2, 846 ± 448 µg/ml; IgG3, 422 ± 164 µg/ml; IgG1, 178 ± 139 µg/ml; C3, 2.7 ± 0.21 µg/ml; C1q, 44 ± 8.4 µg/ml).

Levels of natural antibody subtypes (IgG1–4) and complement C3 and C1q in patients with VR, 
PVR, SC, and non‑SC. Pre-treatment levels of IgG1–4 and C3 were higher in the PVR patients than in the 
VR patients, (Fig. 3). However, changes in levels of IgG2 and IgG3 levels were not statistically significant. Pre- 
and post-treatment C1q levels were higher in the VR patients than in the PVR patients. Post-treatment levels of 
IgG1, IgG3 and C3 were also higher in the PVR patients compared to those in the VR patients, but IgG3 between 
PVR and VR patients were not statistically significant. Pre-treatment levels of IgG1 and C3 were higher in the 
non-SC patients than in the SC patients (Fig. 4). Post-treatment IgG2, IgG3, IgG4, and C1q were higher in the 
SC patients than those in the non-SC patient. Post-treatment levels of IgG1 and C3 in the non-SC patients were 
higher than in the SC patients.

Cytokine levels in patients with HBeAg‑positive, HBeAg‑negative, VR, PVR, SC, and 
non‑SC. Pretreatment serum levels of IFNγ, TNFα, granzyme, IL-8, and IL-6 were higher in HBeAg-positive 
patients (Fig. 5). Post-treatment levels of, IFNγ, TNFα, granzyme, IL-8 in the HBeAg-positive patients were 
higher than in the HBeAg-negative patients. Post-treatment levels of IL-10 and TRAIL were higher in HBeAg 
negative and HBeAg positive patients, respectively (Fig. S1). IFNα, IL-6, and TRAIL levels in pre- and post-
treatment between VR and PVR were not statistically significant (Fig. 6). Pretreatment levels of IL-8, IL-10, 
TNFα, and granzyme were higher in the PVR patients than those in the VR patients (Fig. S2).

Pre-treatment, IL-6, granzyme, and TRAIL levels were significantly higher in the SC than in non-SC (Fig. 7). 
Post-treatment IFNα, IFNγ, and TNFα were higher in the non-SC patients compared to the SC patients (Fig. S3). 
However, IFNγ levels were not statistically significant. Post-treatment levels of granzyme in the SC patients and 
IFNα and TNFα in the non-SC patients were significantly higher compared to those in the non-SC patients and 
the SC patients, respectively.

Odd ratios of natural antibody, complement, and inflammatory cytokines in three patient 
groups. The association between natural antibodies, complement, inflammatory cytokines, and the treat-
ment outcome are shown as forest plots (Fig. 8). IgG1–4, C3 or C1q were associated with HBeAg-positive and 

Table 2.  Clinical characteristics of treatment outcome of CHB patients after ETV monotherapy. SC 
seroconversion.

Viral response 
(n = 70)

Partial viral response 
(n = 56) p value HBeAg SC (n = 31)

Non-HBeAg SC 
(n = 45) p value

Mean age (years) 53 (33–75) 53 (24–88) 0.442 59 (34–88) 59 (24–75) 0.323

Male/female (no, %) 48/20 (71/29) 42/14 (75/25) 0.357 26/5 (34/6.6) 37/8 (49/11) 0.393

Baseline ALT (IU/L) 
(range) 156 (16–400) 138 (11–396) 0.368 180 (32–396) 157 (23–400) 0.396

HBeAg positive 
(no, %) 31 (41) 45 (59) 0.0016 n/a n/a

Virological response at 
1 year (no, %) n/a n/a 18 (58) 14 (31) 0.063

Baseline HBV DNA 
(log10 copies/ml) 9.0 (4.6–10.6) 9.0 (5.3–9.8) 0.37 8.8 (4.6–9.6) 9.3 (5.6–10.6) 0.07

Mean treatment dura-
tion (mo) 62 (22–84) 64 (27–87) 0.111 66(24–86) 63 (27–84) 0.393
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seroconversion patients in both pre-treatment (baseline) and posttreatment serum samples. However, IgG1–4 
levels were not associated with the VR patients in pre- and post-treatment samples except for C1q [OR 2.3 (95% 
CI = 1.7–3.1), p < 0.0001 in post-treatment].

In pre-treatment samples, IgG1 (OR 2.3 [95%CI 1.2–4.5], p < 0.0001), IgG2 (OR 9.8 [95%CI 3.4–29.98], 
p < 0.0001), IgG3 (OR 7.4 [95%CI 2.8–21.7], p < 0.0001), and C3 (OR 7.2 [95%CI 4.6–11.5], p < 0.0001) were 
closely associated with HBeAg-positive patients and post-treatment serum samples (IgG1, OR 2.1 [95%CI 
1.6–2.7], p < 0.0001), IgG2, OR 6.0 [95%CI 4.1–9.0], p < 0.0001), IgG3 (OR 5.5 [95%CI 3.7–8.2], p < 0.0001), 
and C3 (OR 8.4 [95%CI 6.7–10.8], p < 0.0001). High levels of IgG2-4 and C1q levels were associated with the SC 
patients in pre-treatment serum samples (IgG2, OR 10.2 [95% CI = 2.46–61.91], p = 0.025; IgG3, OR 2.6 [95% 
CI = 0.7–10.24], p = 0.57; IgG4, OR 3.4 [95% CI = 1.6–7.9], p = 0.026; C1q, OR 5.0 [95% CI = 1.8–16.22], p = 0.0068) 
and post-treatment samples (IgG2, OR 10.2 [95% CI = 5.7–19.63], p < 0.0001; IgG3, OR 2.8 [95% CI = 1.7–4.9], 
p = 0.083; IgG4, OR 2.8 [95% CI = 2.1–3.8], p = 0.0001; C1q, OR 2.2 [95% CI = 1.5–3.2], p = 0.0088). However, 
odds ratio for IgG3 in pre-treatment was not statistically significant.

IFNγ (OR 4.2 [95%CI 1.7–12.5], p < 0.0001), IL-8 (OR 58.36 [95%CI 13.4–448]; p < 0.0001), and TNFα (OR 
3.3 [95%CI 1.5–7.9]; p < 0.0001) were associated with HBeAg-positive patients in the pre-treatment. IFNγ (OR 
2.0 [95%CI 1.1–3.6], p < 0.0001), and IL-8 (OR 2.9 [95%CI 1.9–4.5], p < 0.0001) were associated with post-
treatment samples of HBeAg-positive patients. Association between IFNα and VR patients were detected, ORs 
of 2.3 ([95%CI 1.7–3.1], p < 0.0001) in pretreatment samples. At pre-treatment, granzyme (OR 9.8 [95%CI 
3.9–30.24], p < 0.0001), TRAIL (OR 5.1 [95%CI 2.0–15.35], p = 0.0024), and IL-8 (OR 4.9 [95%CI 1.4–20.5], 
p = 0.041), were significantly associated with the SC patients. Granzyme and TRAIL was closely associated with 
SC patients in post-treatment samples with ORs of 2.52 [95%CI 1.6–4.0], p < 0.0001) and 2.6 [95%CI 1.4–5.0, 
p = 0.027), respectively. Association between IL-8 (OR 1.3), IL-6 (OR 1.4), IL-2 (OR 1.7), and IL-10 (OR 1.5) 
and post-treatment samples of SC patients was detected but these were not statistically significant. Multivariate 
Cox regression analysis showed similar hazard ratios between the VR and SC groups in baseline HBV DNA 
titer, baseline ALT level, age, sex, and age (Supplemental Table S1). IgG1 and C1q and IgG1, IgG3, and C1q were 
significant variables related to the VR or SC groups, respectively.

Figure 2.  Serum levels of IgG subtypes and complement C3 and C1q in CHB patients with HBeAg-positive 
and HBeAg-negative patients. Serum levels of IgG1-4, complement C3, and C1q were measured in pretreatment 
and posttreatment (1–87 months) serum samples of HBeAg-positive (n = 76, red dots) and HBeAg-negative 
patients (n = 50, blue dots). Shaded areas indicate 95% confidence intervals around the regression lines. Bar 
graphs represent concentration of IgG1-4, complement C3, and C1q in pre-treatment (dark red), post-treatment 
(light red) of HBeAg-positive and pre-treatment (dark blue), post-treatment (light blue) of HBeAg-negative 
patients. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Discussion
B cells are involved in antibody production and humoral immunity where seroconversion of HBsAg is associated 
with the functional cure for CHB  patients11,12. B cells are more activated in CHB compared to healthy  donors21. 
In this study, we investigated the relationship between natural antibody IgG and outcomes of ETV therapy in 
CHB patients. B1 cell-derived natural antibodies play a critical homeostatic role in clearing apoptotic debris 
and pathogens and invoke activation of the immune pathway leading to lysis of enveloped virus particles long 
before the adaptive immune response is  activated16–18. Complement can also induce neutralization of pathogens, 
regulation of inflammatory responses, and enhancement of the adaptive immune  response25–27. We found that 
high pretreatment and post-treatment levels of natural antibody IgG1–4, C3, and/or C1q were significantly 
associated with HBeAg-positive and seroconverters (SC) (Fig. 8). These results suggest that natural antibody 
IgG and C3 or C1q are closely related to ETV treatment outcomes in CHB patients.

We observed that natural antibody IgG1–3 and C3 levels were higher before and after treatment in HBeAg-
positive patients than those in HBeAg-negative patients (Fig. 2). HBeAg-negative patients tended to be older 
than HBeAg-positive patients, but the difference was not significant (Table 1). Previous studies showed that 
immunoglobulin-encoding genes were highly up-regulated during the HBeAg-positive immune active phase 
and memory B cells have enhanced differentiation into immunoglobulin-producing cells in CHB  patients20,21. 
In another study, serum levels of agalactosylated IgG1 (Ag-specific Ab) were associated with the severity of liver 
inflammation and damage but favored treatment responses in HBeAg-positive  patients24. B cells provided anti-
viral defense through production of inflammatory  cytokines28. We found that serum levels of IFNα, IFNγ, TNFα, 
IL-6, IL-8, and granzyme were highly elevated in HBeAg-positive patients (Fig. 5). IL-6 and IL-8 are expressed 
under inflammatory conditions against viral  infections29,30. IL-6, B cell stimulation factor 2, can increase IgM 
and IgG secretion in either freshly stimulated B cells or immortalized  cells31. IFNγ and TNFα produced by T 
cells reduced HBV persistence by the cytokine-mediated noncytolytic  process32. These observations suggest 
that the higher baseline levels of natural antibody, complement C3, and inflammatory cytokines in the HBeAg-
positive patients may have a role in the treatment responses of HBeAg-positive patients. Levels between pre-and 
post-treatment levels of natural antibody, complement C3, and inflammatory cytokines in the HBeAg-positive 
patients were not much changed, suggesting that host immune regulation by natural antibody and complement 
may be a steady-stage process during chronic hepatitis B. In contrast, natural antibody IgG1-3 and C3 levels 
were lower in the HBeAg-negative patients but virological response rate at 1 year after ETV treatment was higher 
in these patients (Table 2). These results may be related to lower levels of baseline HBV DNA in the HBeAg-
negative patients rather than the natural antibody levels. One IgG subtype, IgG2 was significantly associated with 

Figure 3.  Levels of IgG subtypes and complement C3 and C1q in serum of CHB patients with virological 
response (VR) and partial virological response (PVR) patients. Serum levels of IgG1–4, complement C3, and 
C1q were measured in VR patients (n = 70, purple dots) and PVR patients (n = 56, orange dots). Shaded areas 
indicate 95% confidence intervals around the regression lines. Bar graphs represent concentration of IgG1-4, 
complement C3 and C1q in pre-treatment (dark purple), post-treatment (light purple) of VR and pre-treatment 
(dark orange), post-treatment (light orange) of PVR patients. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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HBeAg-positive patients in pre- and post-treatment samples (Fig. 2). IgG2 can activate the complement system 
only in the presence of high antigen  concentration18,33. Circulating serum HBsAg is persistently present dur-
ing chronic HBV  infection34. It is possible that high levels of IgG2 produced by circulating HBsAg may involve 
complement activation and opsonization of viral antigen to reduce HBV replication in HBeAg-positive patients.

Nucleoside analogs (NA) are the treatment of choice for CHB  patients8,11. NA blocks reverse transcriptase, 
which inhibits HBV DNA synthesis, but is less effective at removing cccDNA or  HBsAg35,36. Decline of serum 
HBsAg levels was significantly associated with HBeAg loss in HBeAg-positive patients with elevation of ALT 
activity by either peginterferon or ETV  treatment35. However, in HBeAg-negative patients, HBsAg reduction 
was associated with peginterferon treatment but not ETV  treatment35, indicating that a preexisting host immune 
response is required for HBsAg loss for CHB patients with ETV treatment. We observed that pre- and post-
treatment levels of natural antibodies were associated with HBeAg-positive patients but not association with the 
VR patients, suggesting that natural antibodies may be an independent factor to differentiate virological response 
at 1 year by ETV treatment (Fig. S2).

High baseline levels of IgG2-4 and C1q, and ALT activity were closely associated with SC patients (Fig. 8). In 
addition, SC patients had high levels of IL-6, granzyme, and TRAIL levels (Fig. 6). B1-cell derived natural anti-
body IgG promotes different immune responses by interacting with innate immune cells to remove infected cells 
such as antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and complement-
dependent  cytotoxicity16 and these immune responses have been reported in CHB  patients37–39. IgG was found 
in the plasma membrane of hepatocytes and was associated with increased susceptibility to in vitro cytotoxicity 
by NK cells in  CHB37. TRAIL-expressing NK cells were found to be enriched in the liver of CHB  patients40. 
These studies suggest natural antibody-induced nonspecific immunity could be one of the pathogenic pathways 
participating in clearance of viral particles during chronic HBV infection. This is supported by our findings on 
the association of high levels of natural antibody IgG2-4 C1q, granzyme, and TRAIL with pre- and posttreat-
ment samples of SC patients.

Polyreactive natural antibodies are used as biomarkers for patients with Alzheimer’s and Parkinson’s  diseases41 
and chronic rejection in kidney  transplant42. Moreover, a natural antibody drug (rHIgM22) was developed for 
a possible treatment for multiple sclerosis (MS)43. In this study, observations on the association of natural anti-
bodies with HBeAg-positive and seroconversion patients in pretreatment and posttreatment samples suggest 
natural antibodies could serve as biomarkers for management of CHB patients or even in therapeutics. Current 
treatments, including nucleotide analogues or peg-IFN for CHB, do not induce sustained seroconversion of 
HBsAg in PVR patients with long duration of  treatment44. Rather than T cell lymphocytes, studies have shown 

Figure 4.  Levels of IgG subtypes and complement in serum of CHB patients with loss of HBeAg and detection 
of anti-HBe antibody, seroconversion (SC) and non-SC. Serum levels of IgG1–4, complement C3, and C1q 
were measured in SC patients (n = 31, orange dots) and non-SC patients (n = 45, green dots). Shaded areas 
indicate 95% confidence intervals around the regression lines. Bar graphs represent concentration of IgG1–4, 
complement C3 and C1q in pre-treatment (dark orange), post-treatment (light orange) of SC and pre-treatment 
(dark green), post-treatment (light green) of non-SC patients. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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important immunoregulatory roles for B cells in controlling HBV infection. Treatment of the B cell-depleting 
drug rituximab induced HBV reactivation in B cell lymphoma  patients45 and in vivo depletion of B cells using 
rituximab led to the development of a severe form of cholangitis in  mice46. Taken together, polyreactive natural 
antibodies could be considered as a therapeutic approach to restore or increase host immunity for a functional 
cure of CBH patients.

Limitations of this study include the patient population which was retrospective, using a nonrandomized 
design, and patients who are mainly infected with genotype C. Natural antibody levels were analyzed only in 
serum samples of CHB patients. It is possible that circulating natural antibodies could originate from other tis-
sues than the liver in CHB patients. Further studies need to be done to recognize B1 cells and natural antibodies 
at the cellular level.

In summary, our study confirms previous observations that the presence of preexisting host immunity against 
chronic hepatitis B is important and closely related to outcome of ETV treatment. HBeAg-positive patients 
showed higher levels of natural antibody IgG, complement C3, inflammatory cytokines in pretreatment and 
posttreatment samples than in HBeAg-negative patients. In pretreatment and posttreatment, natural antibod-
ies were closely associated with SC patients but not with VR patients. Natural antibody levels could be useful as 
biomarkers and possibly therapeutics for management of CHB patients.

Materials and methods
Study population. All participants in this study provided written informed consent. The collection of 
samples used in this study was approved by the Institutional Review Board of Yonsei University College of 
Medicine, South Korea (IRB No. 3-2018-0358). All methods were performed in accordance with the relevant 
guidelines and conducted according to the ethical standards laid down in the Declaration of Helsinki. A total 
of 126 treatment-naïve patients with CHB, who underwent ETV treatment between January 2010 and January 
2013, in South Korea were enrolled in the study. Duration of the ETV treatment was from 22 to 87 months. 
Serum specimens were collected prior to ETV treatment as pre-treatment (baseline) and then at 5 to 7 different 
time points every 6 months after ETV therapy. The baseline characteristics of all patients used in this study are 
summarized in Table 1. Six-hundred eighty-nine pretreatment and post-treatment serum samples, ranging from 
a follow-up period of 1 to 87 months, were obtained from the patients with different therapy outcomes. As con-
trols, 24 normal human serum samples that were negative for all markers of infection for hepatitis A, hepatitis B, 
and hepatitis C viruses were commercially acquired from Zeptometrix (Buffalo, NY).

Figure 5.  Cytokine levels in HBeAg-positive patients and HBeAg-negative patients. Circulating IFNα, IFNγ, 
TNFα, granzyme, IL-8, and IL-6 levels in HBeAg-positive patients (red dots) and HBeAg-negative patients 
(blue dots). Shaded areas indicate 95% confidence intervals around the regression lines. Bar graphs represent 
concentration of each cytokine in pre-treatment (dark red), post-treatment (light red) of HBeAg-positive 
and pre-treatment (dark blue), post-treatment (light blue) of HBeAg-negative patients. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001.



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4382  | https://doi.org/10.1038/s41598-022-08457-w

www.nature.com/scientificreports/

HBV DNA and serological assessment. Serum HBV DNA levels were quantified with the Roche COBAS 
Amplicor PCR assay (Roche Molecular Systems, Branchburg, NJ, USA) with the limit of detection of 116 HBV 
copies/ml. Levels of serum hepatitis B e antigen (HBeAg), and antibodies to HBeAg (anti-HBe) were deter-
mined by the ARCHITECT HBeAg chemiluminescence immunoassays (Abbott Laboratories, North Chicago, 
IL, USA). Alanine aminotransferase (ALT) activity was analyzed by the Beckman Coulter Chemistry Analyzer 
AU5800 (Beckman Coulter, Brea, CA, USA). Virological response (VR) was defined as undetectable HBV DNA 
by quantitative PCR assay as described above (< 116 copies/ml) at 1 year of ETV therapy. The follow-up period 
was calculated from the date of ETV treatment initiation to the date of the event or the last date of follow-up. Par-
tial virological response (PVR) was defined as a decrease in HBV DNA of more than 1  log10 copies/ml (tenfold) 
but detectable HBV DNA at 1 year of ETV therapy. HBeAg seroconversion was defined as the loss of HBeAg and 
detection of anti-HBe antibody in a patient who was previously HBeAg positive and anti-HBe antibody negative 
during total follow-up period.

Quantification of IgG subtypes concentration. IgG subclasses (IgG1–IgG4) in patients before and 
after ETV therapy were quantified by ELISA using Human IgG Subclass Profile Kit (Life Technologies Corpora-
tion, Cat# 991000) according to the manufacturer’s instruction. Briefly, 50 µL of serum samples diluted at 1:2000 
for IgG1 and 1:1000 for IgG2-4 were incubated for 30 min at room temperature (18–25 °C) with anti-human 
IgG1–IgG4 subclass-specific antibodies, respectively. Plates were washed three times in wash buffer and peroxi-
dase anti-human IgG solution was added and incubated for 30 min at room temperature. After three washes, the 
samples were developed using 3,3’,5,5’ tetramethylbenzidine and the optical density of the plate was measured at 
450 nm. All samples were tested in duplicate.

Quantification of complement C3 and C1q. Levels of complement C3 and C1q in patient’s serum 
before and after ETV therapy were analyzed using a Human Complement C3 ELISA kit (Abcam, Cat# ab108822) 
and Human Complement C1q ELISA kit (Abcam, Cat# ab170246) following the manufacturer’s instructions. 
Briefly, for C3 levels, 25 μl of serum samples diluted at 1:800 was mixed with the same amount of 1X biotinylated 
anti-C3 antibody and incubated for 2 h at the room temperature. For analyzing C1q levels, 50 μL of serum sam-
ples diluted at 1:100,000 were added to the plate and incubated for 2 h at the room temperature. After washing 
the plate three times, 50 μl of 1X biotinylated anti-C1q antibody were added and incubated for 1 h at room tem-

Figure 6.  Levels of cytokine levels in VR patients and PVR patients. Circulating IFNα, IL-6, and TRAIL levels 
in VR (purple dots) patients and PVR patients (orange dots). Shaded areas indicate 95% confidence intervals 
around the regression lines. Bar graphs represent concentration of each cytokine in pre-treatment (dark purple), 
post-treatment (light purple) of VR and pre-treatment (dark orange), post-treatment (light orange) of PVR 
patients. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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perature. For both C3 and C1q analysis, 1X streptavidin-peroxidase conjugate was added after washing the plate 
and incubated for 30 min at room temperature. The samples were developed using chromogen substrate and the 
optical density of the plate was measured at 450 nm. Each sample was tested in duplicate.

Host gene expression. Quantitative assessment of 9 cytokines (IL-8, Granzyme, IFNα, IFNγ, IL-10, IL-2, 
IL-6, TNFα, and TRAIL) in patients’ serum specimens before and after ETV therapy was performed using the 
Magnetic Luminex Performance Assay analyte-specific kit, (R&D systems, Minneapolis, MN) according to the 
manufacturer’s recommendations. Briefly, 50 μl samples were mixed with 50 μl of cytokine-specific antibody-
linked magnetic beads on 96-well plates and incubated at room temperature for 2 h. Room temperature incu-
bation steps were performed on an orbital shaker at 500 rpm. Plates were washed three times with wash buffer 
using a magnetic device designed to accommodate a microplate, and then incubated with biotinylated detection 
antibody for 1 h at room temperature on an orbital shaker at 500 rpm. Samples were washed three times as 
described above and resuspended in streptavidin-PE. After incubation for 30 min at room temperature on an 
orbital shaker at 500 rpm, and the samples were washed and resuspended in wash buffer before reading. Each 
sample was tested in duplicate wells. Plates were read using a Bio-Plex MAGPIX multiplex (Bio-Rad) with a 
lower bound of 50 beads per sample per cytokine. Each sample was measured in duplicate. xPONENT 3.1 soft-
ware (Luminex Corp.) was used for data acquisition on the Bio-Plex MAGPIX multiplex (Bio-Rad). Standard 
wells provided by the kit were tested, and 6- or 7-point standard curves were generated with a 5PL (5-parameter 
logistic regression) algorithm for calculation of each cytokine level.

Patient groups. The levels of the natural antibody subtypes (IgG1-4), complement (C3 and C1q), and 
cytokines (IL-8, Granzyme, IFNα, IFNγ, IL-10, IL-2, IL-6, TNFα, and TRAIL) were compared in three patient 
groups (Fig. 1). The first comparison group was HBeAg positive patients vs. HBeAg negative patients before 
ETV therapy, the second comparison group was patients with virological response (VR) vs. partial virological 
response (PVR), and the third comparison group was the patients with HBeAg seroconverters (SC) vs. non 
HBeAg seroconverters (non-SC).

Statistical analysis. Data and statistical analyses were performed in Prism 9.3.1 (GraphPad, San Diego, 
CA). A p value ≤ 0.05, (2-tailed) was considered statistically significant. Levels of IgG subtypes (IgG1–4), C3, 
C1q, IL-8, granzyme, IFNα, IFNγ, IL-10, IL-2, IL-6, TNFα, and TRAIL had skewed distributions and were used 

Figure 7.  Levels of cytokine levels in SC patients and non-SC patients. Circulating IL-8, IL-6, IL-10, granzyme, 
TRAIL, and IL-2 in SC patients (orange dots) and non-SC patients (green dots). Shaded areas indicate 95% 
confidence intervals around the regression lines. Bar graphs represent concentration of each cytokine in in pre-
treatment (dark orange), post-treatment (light orange) of SC and pre-treatment (dark green), post-treatment 
(light green) of non-SC patients. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Figure 8.  Association between IgG1–4, C3, C1q, cytokines and CHB patients with different treatment 
outcomes. (A) Forest plot of pre-treatment (baseline) levels of IgG1–4, C3, C1q, and cytokines in HBeAg-
positve vs. HBeAg-negative; VR vs. PVR; SC vs. non-SC. (B) Post-treatment levels of the analytes in HBeAg-
positve vs. HBeAg-negative; VR vs. PVR; SC vs. non-SC. Odd ratios were calculated using simple logistic 
regression models fitted with the outcome variables. The horizontal lines of each variable represent the 95% 
confidence interval of each odd ratio.
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after removing the outliers from nonlinear regression using the ROUT method, which is based on the False Dis-
covery Rate (FDR), in all  analyses47. Shaded areas in the scatter graphs indicate 95% confidence intervals (CI) 
around the regression lines. Medians of expression levels of IgG1–4, C3, C1q and IL-8, granzyme, IFNα, IFNγ, 
IL-10, IL-2, IL-6, TNFα, and TRAIL between the three patient groups (HBeAg-positive vs. HBeAg-negative; 
VR vs. PVR; SC vs. non-SC) were compared using nonparametric Wilcox matched-pair signed rank test. Odds 
ratios were calculated to analyze the associations of natural antibodies, complement, or inflammatory cytokines 
in the three patient groups. Simple logistic regression models were fitted for the outcome variables; HBeAg-
positive vs. HBeAg-negative; VR vs. PVR; SC vs. non-SC. All models were analyzed using a univariate model, 
where it described the association of each individual marker (natural antibodies, complement, or inflammatory 
cytokines) with treatment outcome without adjusting for age, gender, ALT levels or HBV DNA levels. Forest plots 
were used to visually display the association between analytes and outcome variables. Multivariable Cox pro-
portional hazards analysis was performed to analyze the relationship between levels of serum markers (IgG1–4, 
C3, and C1q), cytokines markers in different periods and treatment outcomes (VR and SC) with adjusting for 
clinical characteristics (baseline HBV DNA titer, sex, age, HBeAg status, baseline ALT level). Results of the Cox 
regression analysis was described by means of hazard ratio (HR) together with 95% confidence intervals. Z- and 
p-values were based on the Wald test using the Prism Version 9.3.1 (GraphPad, San Diego, CA).

Received: 23 November 2021; Accepted: 15 February 2022

References
 1. World Health Organization. Hepatitis B Fact Sheet. http:// www. who. int/ media centre/ facts heets/ fs204/ en/. Accessed 18 July 2018 

(2017).
 2. WHO. Hepatitis B vaccines: WHO position paper—July 2017. Wkly. Epidemiol. Rec. 92, 369–392 (2017).
 3. Wong, R. J. et al. An updated assessment of chronic hepatitis B prevalence among foreign-born persons living in the United States. 

Hepatology 74, 607–626. https:// doi. org/ 10. 1002/ hep. 31782 (2021).
 4. Lim, J. K. et al. Prevalence of chronic hepatitis B virus infection in the United States. Am. J. Gastroenterol. 115, 1429–1438. https:// 

doi. org/ 10. 14309/ ajg. 00000 00000 000651 (2020).
 5. Hollinger, F. & Liang, T. Fundamental Virology. 4th edn. 2971–3036. (Lippincott Williams & Wilkins, 2001).
 6. Ponde, R. A. Atypical serological profiles in hepatitis B virus infection. Eur. J. Clin. Microbiol. Infect. Dis. 32, 461–476. https:// doi. 

org/ 10. 1007/ s10096- 012- 1781-9 (2013).
 7. Trepo, C., Chan, H. L. & Lok, A. Hepatitis B virus infection. Lancet 384, 2053–2063. https:// doi. org/ 10. 1016/ S0140- 6736(14) 

60220-8 (2014).
 8. Terrault, N. A. et al. Update on prevention, diagnosis, and treatment of chronic hepatitis B: AASLD 2018 hepatitis B guidance. 

Hepatology 67, 1560–1599. https:// doi. org/ 10. 1002/ hep. 29800 (2018).
 9. Hyams, K. C. Risks of chronicity following acute hepatitis B virus infection: A review. Clin. Infect. Dis. 20, 992–1000 (1995).
 10. McMahon, B. J. The natural history of chronic hepatitis B virus infection. Hepatology 49, S45-55. https:// doi. org/ 10. 1002/ hep. 

22898 (2009).
 11. European Association for the Study of the Liver. EASL 2017 Clinical Practice Guidelines on the management of hepatitis B virus 

infection. J. Hepatol. 67, 370–398. https:// doi. org/ 10. 1016/j. jhep. 2017. 03. 021 (2017).
 12. Cornberg, M., Lok, A. S., Terrault, N. A. & Zoulim, F. Faculty, E-AHTEC Guidance for design and endpoints of clinical trials 

in chronic hepatitis B - Report from the 2019 EASL-AASLD HBV treatment endpoints conference (double dagger). J. Hepatol. 
72(539–557), 2020. https:// doi. org/ 10. 1016/j. jhep. 2019. 11. 003 (2020).

 13. Marcellin, P. et al. Ten-year efficacy and safety of tenofovir disoproxil fumarate treatment for chronic hepatitis B virus infection. 
Liver Int. 39, 1868–1875. https:// doi. org/ 10. 1111/ liv. 14155 (2019).

 14. Avrameas, S. Natural autoantibodies: From “horror autotoxicus” to “gnothi seauton”. Immunol. Today 12, 154–159. https:// doi. 
org/ 10. 1016/ S0167- 5699(05) 80045-3 (1991).

 15. Coutinho, A., Kazatchkine, M. D. & Avrameas, S. Natural autoantibodies. Curr. Opin. Immunol. 7, 812–818. https:// doi. org/ 10. 
1016/ 0952- 7915(95) 80053-0 (1995).

 16. Panda, S. & Ding, J. L. Natural antibodies bridge innate and adaptive immunity. J. Immunol. 194, 13–20. https:// doi. org/ 10. 4049/ 
jimmu nol. 14008 44 (2015).

 17. Jayasekera, J. P., Moseman, E. A. & Carroll, M. C. Natural antibody and complement mediate neutralization of influenza virus in 
the absence of prior immunity. J. Virol. 81, 3487–3494. https:// doi. org/ 10. 1128/ JVI. 02128- 06 (2007).

 18. Schur, P. H. IgG subclasses—A review. Ann. Allergy 58, 89–96 (1987) ((99)).
 19. Aderem, A. & Underhill, D. M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 17, 593–623. https:// doi. org/ 

10. 1146/ annur ev. immun ol. 17.1. 593 (1999).
 20. Vanwolleghem, T. et al. Re-evaluation of hepatitis B virus clinical phases by systems biology identifies unappreciated roles for the 

innate immune response and B cells. Hepatology 62, 87–100. https:// doi. org/ 10. 1002/ hep. 27805 (2015).
 21. Oliviero, B. et al. Enhanced B-cell differentiation and reduced proliferative capacity in chronic hepatitis C and chronic hepatitis 

B virus infections. J. Hepatol. 55, 53–60. https:// doi. org/ 10. 1016/j. jhep. 2010. 10. 016 (2011).
 22. Irani, V. et al. Molecular properties of human IgG subclasses and their implications for designing therapeutic monoclonal antibod-

ies against infectious diseases. Mol. Immunol. 67, 171–182. https:// doi. org/ 10. 1016/j. molimm. 2015. 03. 255 (2015).
 23. Rath, S. & Devey, M. E. IgG subclass composition of antibodies to HBsAg in circulating immune complexes from patients with 

hepatitis B virus infections. Clin. Exp. Immunol. 72, 164–167 (1988).
 24. Ho, C. H. et al. Favorable response to long-term nucleos(t)ide analogue therapy in HBeAg-positive patients with high serum 

fucosyl-agalactosyl IgG. Sci. Rep. 7, 1957. https:// doi. org/ 10. 1038/ s41598- 017- 02158-5 (2017).
 25. Walport, M. J. Complement. First of two parts. N. Engl. J. Med. 344, 1058–1066. https:// doi. org/ 10. 1056/ NEJM2 00104 05344 1406 

(2001)
 26. Walport, M. J. Complement. Second of two parts. N. Engl. J. Med. 344, 1140–1144. https:// doi. org/ 10. 1056/ NEJM2 00104 12344 

1506 (2001).
 27. Dunkelberger, J. R. & Song, W. C. Complement and its role in innate and adaptive immune responses. Cell Res. 20, 34–50. https:// 

doi. org/ 10. 1038/ cr. 2009. 139 (2010).
 28. Shen, P. & Fillatreau, S. Antibody-independent functions of B cells: A focus on cytokines. Nat. Rev. Immunol. 15, 441–451. https:// 

doi. org/ 10. 1038/ nri38 57 (2015).

http://www.who.int/mediacentre/factsheets/fs204/en/
https://doi.org/10.1002/hep.31782
https://doi.org/10.14309/ajg.0000000000000651
https://doi.org/10.14309/ajg.0000000000000651
https://doi.org/10.1007/s10096-012-1781-9
https://doi.org/10.1007/s10096-012-1781-9
https://doi.org/10.1016/S0140-6736(14)60220-8
https://doi.org/10.1016/S0140-6736(14)60220-8
https://doi.org/10.1002/hep.29800
https://doi.org/10.1002/hep.22898
https://doi.org/10.1002/hep.22898
https://doi.org/10.1016/j.jhep.2017.03.021
https://doi.org/10.1016/j.jhep.2019.11.003
https://doi.org/10.1111/liv.14155
https://doi.org/10.1016/S0167-5699(05)80045-3
https://doi.org/10.1016/S0167-5699(05)80045-3
https://doi.org/10.1016/0952-7915(95)80053-0
https://doi.org/10.1016/0952-7915(95)80053-0
https://doi.org/10.4049/jimmunol.1400844
https://doi.org/10.4049/jimmunol.1400844
https://doi.org/10.1128/JVI.02128-06
https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1002/hep.27805
https://doi.org/10.1016/j.jhep.2010.10.016
https://doi.org/10.1016/j.molimm.2015.03.255
https://doi.org/10.1038/s41598-017-02158-5
https://doi.org/10.1056/NEJM200104053441406
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.1056/NEJM200104123441506
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1038/nri3857
https://doi.org/10.1038/nri3857


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4382  | https://doi.org/10.1038/s41598-022-08457-w

www.nature.com/scientificreports/

 29. Paludan, S. R. Requirements for the induction of interleukin-6 by herpes simplex virus-infected leukocytes. J. Virol. 75, 8008–8015. 
https:// doi. org/ 10. 1128/ jvi. 75. 17. 8008- 8015. 2001 (2001).

 30. Matsukura, S., Kokubu, F., Noda, H., Tokunaga, H. & Adachi, M. Expression of IL-6, IL-8, and RANTES on human bronchial 
epithelial cells, NCI-H292, induced by influenza virus A. J. Allergy Clin. Immunol. 98, 1080–1087. https:// doi. org/ 10. 1016/ s0091- 
6749(96) 80195-3 (1996).

 31. Hirano, T. et al. Purification to homogeneity and characterization of human B-cell differentiation factor (BCDF or BSFp-2). Proc. 
Natl. Acad. Sci. USA 82, 5490–5494. https:// doi. org/ 10. 1073/ pnas. 82. 16. 5490 (1985).

 32. Xia, Y. et al. Interferon-gamma and tumor necrosis factor-alpha produced by T cells reduce the HBV persistence form, cccDNA, 
without cytolysis. Gastroenterology 150, 194–205. https:// doi. org/ 10. 1053/j. gastro. 2015. 09. 026 (2016).

 33. Spiegelberg, H. L. Biological activities of immunoglobulins of different classes and subclasses. Adv. Immunol. 19, 259–294. https:// 
doi. org/ 10. 1016/ s0065- 2776(08) 60254-0 (1974).

 34. Kim, J. H. et al. Circulating serum HBsAg level is a biomarker for HBV-specific T and B cell responses in chronic hepatitis B 
patients. Sci. Rep. 10, 1835. https:// doi. org/ 10. 1038/ s41598- 020- 58870-2 (2020).

 35. Reijnders, J. G. et al. Kinetics of hepatitis B surface antigen differ between treatment with peginterferon and entecavir. J. Hepatol. 
54, 449–454. https:// doi. org/ 10. 1016/j. jhep. 2010. 07. 046 (2011).

 36. Werle-Lapostolle, B. et al. Persistence of cccDNA during the natural history of chronic hepatitis B and decline during adefovir 
dipivoxil therapy. Gastroenterology 126, 1750–1758. https:// doi. org/ 10. 1053/j. gastro. 2004. 03. 018 (2004).

 37. Vergani, D., Mieli-Vergani, G., Mondelli, M., Portmann, B. & Eddleston, A. L. Immunoglobulin on the surface of isolated hepato-
cytes is associated with antibody-dependent cell-mediated cytotoxicity and liver damage. Liver 7, 307–315. https:// doi. org/ 10. 
1111/j. 1600- 0676. 1987. tb003 61.x (1987).

 38. Michalak, T. I. et al. Antibody-directed complement-mediated cytotoxicity to hepatocytes from patients with chronic hepatitis B. 
Clin. Exp. Immunol. 100, 227–232. https:// doi. org/ 10. 1111/j. 1365- 2249. 1995. tb036 58.x (1995).

 39. Tharinger, H. et al. Antibody-dependent and antibody-independent uptake of HBsAg across human leucocyte subsets is similar 
between individuals with chronic hepatitis B virus infection and healthy donors. J. Viral Hepatol. 24, 506–513. https:// doi. org/ 10. 
1111/ jvh. 12667 (2017).

 40. Dunn, C. et al. Cytokines induced during chronic hepatitis B virus infection promote a pathway for NK cell-mediated liver damage. 
J. Exp. Med. 204, 667–680. https:// doi. org/ 10. 1084/ jem. 20061 287 (2007).

 41. Nagele, E. P. et al. Natural IgG autoantibodies are abundant and ubiquitous in human sera, and their number is influenced by age, 
gender, and disease. PLoS ONE 8, e60726. https:// doi. org/ 10. 1371/ journ al. pone. 00607 26 (2013).

 42. Gao, B. et al. Pretransplant IgG reactivity to apoptotic cells correlates with late kidney allograft loss. Am. J. Transplant 14, 1581–
1591. https:// doi. org/ 10. 1111/ ajt. 12763 (2014).

 43. Warrington, A. E. et al. Human monoclonal antibodies reactive to oligodendrocytes promote remyelination in a model of multiple 
sclerosis. Proc. Natl. Acad. Sci. U.S.A. 97, 6820–6825. https:// doi. org/ 10. 1073/ pnas. 97. 12. 6820 (2000).

 44. Lee, H. W. et al. Prolonged entecavir therapy is not effective for HBeAg seroconversion in treatment-naive chronic hepatitis B 
patients with a partial virological response. Antimicrob. Agents Chemother. 59, 5348–5356. https:// doi. org/ 10. 1128/ AAC. 01017- 15 
(2015).

 45. Matsue, K. et al. Reactivation of hepatitis B virus after rituximab-containing treatment in patients with CD20-positive B-cell 
lymphoma. Cancer 116, 4769–4776. https:// doi. org/ 10. 1002/ cncr. 25253 (2010).

 46. Dhirapong, A. et al. B cell depletion therapy exacerbates murine primary biliary cirrhosis. Hepatology 53, 527–535. https:// doi. 
org/ 10. 1002/ hep. 24044 (2011).

 47. Motulsky, H. J. & Brown, R. E. Detecting outliers when fitting data with nonlinear regression—A new method based on robust 
nonlinear regression and the false discovery rate. BMC Bioinform. 7, 123. https:// doi. org/ 10. 1186/ 1471- 2105-7- 123 (2006).

Acknowledgements
We would like to thank Somilez Francis, Coleen Tran, and Tashfia Chowdhury for technical assistance and 
Jiangwei Yao and John Phan from the Scientific Computing & Bioinformatics Team at CDC for initial statistical 
assessments of natural antibody levels.

Disclaimer
The findings and conclusions in this report are those of the authors and do not necessarily represent the official 
position of the (U.S.) Centers for Disease Control and Prevention. Use of trade names and commercial sources 
is for identification only and does not imply endorsement by the Centers for Disease Control and Prevention, 
the Public Health Services, or the U.S. Department of Health and Human Services.

Author contributions
Conceptualization, Y.C.; methodology, Y.C.; validation, Y.C., H.W.L., and M.A.P.; formal analysis, Y.C. and 
M.A.P.; resources, H.W.L.; data curation, Y.C.; writing-original draft, Y.C.; writing-reviewing and editing, Y.C., 
H.W.L., and M.A.P.; supervision, M.A.P.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 08457-w.

Correspondence and requests for materials should be addressed to Y.H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1128/jvi.75.17.8008-8015.2001
https://doi.org/10.1016/s0091-6749(96)80195-3
https://doi.org/10.1016/s0091-6749(96)80195-3
https://doi.org/10.1073/pnas.82.16.5490
https://doi.org/10.1053/j.gastro.2015.09.026
https://doi.org/10.1016/s0065-2776(08)60254-0
https://doi.org/10.1016/s0065-2776(08)60254-0
https://doi.org/10.1038/s41598-020-58870-2
https://doi.org/10.1016/j.jhep.2010.07.046
https://doi.org/10.1053/j.gastro.2004.03.018
https://doi.org/10.1111/j.1600-0676.1987.tb00361.x
https://doi.org/10.1111/j.1600-0676.1987.tb00361.x
https://doi.org/10.1111/j.1365-2249.1995.tb03658.x
https://doi.org/10.1111/jvh.12667
https://doi.org/10.1111/jvh.12667
https://doi.org/10.1084/jem.20061287
https://doi.org/10.1371/journal.pone.0060726
https://doi.org/10.1111/ajt.12763
https://doi.org/10.1073/pnas.97.12.6820
https://doi.org/10.1128/AAC.01017-15
https://doi.org/10.1002/cncr.25253
https://doi.org/10.1002/hep.24044
https://doi.org/10.1002/hep.24044
https://doi.org/10.1186/1471-2105-7-123
https://doi.org/10.1038/s41598-022-08457-w
https://doi.org/10.1038/s41598-022-08457-w
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4382  | https://doi.org/10.1038/s41598-022-08457-w

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2022

http://creativecommons.org/licenses/by/4.0/

	Natural antibody IgG levels are associated with HBeAg-positivity and seroconversion in chronic hepatitis B patients treated with entecavir
	Results
	Baseline patient characteristics. 
	Clinical outcomes in treatment naïve CHB patients after ETV monotherapy. 
	Levels of natural antibody subtypes (IgG1–4) and complement C3 and C1q in HBeAg-positive and HBeAg-negative patients. 
	Levels of natural antibody subtypes (IgG1–4) and complement C3 and C1q in patients with VR, PVR, SC, and non-SC. 
	Cytokine levels in patients with HBeAg-positive, HBeAg-negative, VR, PVR, SC, and non-SC. 
	Odd ratios of natural antibody, complement, and inflammatory cytokines in three patient groups. 

	Discussion
	Materials and methods
	Study population. 
	HBV DNA and serological assessment. 
	Quantification of IgG subtypes concentration. 
	Quantification of complement C3 and C1q. 
	Host gene expression. 
	Patient groups. 
	Statistical analysis. 

	References
	Acknowledgements


