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Background. GLS4 is a first-in-class hepatitis B virus (HBV) capsid assembly modulator (class I) that can inhibit HBV replica-
tion by interfering with the assembly and disassembly of HBV nucleocapsid. Here, we evaluated its antiviral activity, pharmacoki-
netics, and tolerability in a double-blind, randomized, parallel, entecavir-controlled study.

Methods. Twenty-four patients with chronic HBV were randomized to receive a 28-day course of GLS4 (120 or 240 mg) and 
ritonavir (100 mg) combination (cohorts A and B, respectively) or entecavir treatment (cohort C) at a 1:1:1 ratio. Patients were fol-
lowed up for 40 days in a phase 1b study.

Results. The GLS4/ritonavir combination was a tolerated combination for the treatment of chronic HBV infection. A total of 
2, 3, and 3 subjects presented with alanine aminotransferase flare in cohorts A, B, and C, respectively. This contributed to the with-
drawal of 1, 2, and 1 patient from cohorts A, B, and C, respectively. The mean Ctrough of GLS4 was 205–218 ng/mL, which was ap-
proximately 3.7–3.9 times the 90% effective concentration (55.8 ng/mL), with a lower accumulation (accumulation rate, 1.1–2.0). In 
cohorts A, B, and C, the mean declines in HBV DNA after 28 days of treatment were −1.42, −2.13, and −3.5 log10 IU/mL; in hepatitis 
B surface antigen were −0.06, −0.14, and −0.33 log10 IU/mL; in pregenomic RNA were −0.75, −1.78, and −0.96 log10 copies/mL; and 
in hepatitis B core antigen were −0.23, −0.5, and −0.44 log10 U/mL, respectively.

Conclusions. Treatment with 120 mg GLS4 was tolerated and had antiviral activity in patients with chronic HBV infection.
clinical Trials Registration. Chinese Clinical Trial Registry; CTR20160068. http://www.chinadrugtrials.org.cn.
Keywords.  hepatitis B treatment; capsid assembly modulator; clinical trial; hepatitis B virus; response.

Chronic viral hepatitis due to hepatitis B virus (HBV) remains 
a leading cause of premature mortality worldwide, with an esti-
mated 0.6–1 million deaths/year [1, 2]. Currently, treatment of 
chronic HBV infection is mainly based on the use of interferon 
and nucleos(t)ide analogues (NUCs). Nevertheless, the emer-
gence of drug resistance and viral relapse and side effects pose 
a major concern [3].

HBV capsid protein plays an important role in viral DNA 
synthesis from pregenomic RNA (pgRNA) [4, 5]. The encap-
sidation of HBV pgRNA is an evolutionarily conserved step [6, 

7]. Therefore, developing pharmacological agents that target the 
HBV capsid may be efficient for various HBV genotypes [8].

GLS4 is a novel HBV class  I  capsid assembly modulator 
(CpAM), which induces the formation of aberrant nucleocapsid 
structures (Supplementary Material) [9, 10]. GLS4 is derived from 
phenylpropenamide and has better anti-HBV activity in vitro 
than Bay 41–4109 (a phenylpropenamide derivative) [11]. GLS4 
was shown to be well tolerated and metabolized by cytochrome 
P450 3A4 (CYP3A4) metabolic enzymes in a preclinical study in 
dogs [12]. To increase the exposure level of GLS4, ritonavir was 
selected to inhibit CYP3A4 metabolic enzymes. Following GLS4 
(120 or 240 mg) in combination with 100 mg ritonavir treatment, 
the steady-state minimum concentration (Cmin) was increased to 
the 90% effective concentration (EC90) (mean steady-state Cmin was 
187.9  ng/mL and 300.7  ng/mL, ~3.37- and 5.38-fold that of the 
EC90 value in vitro), and the treatment was shown to be tolerated 
by healthy subjects (unpublished observations).

In this study, we examined the tolerance, pharmacokinetics 
(PK), and efficacy of GLS4 (120 or 240 mg) in combination with 
100 mg ritonavir for treating chronic HBV infection compared 
with entecavir in a phase 1b trial.

mailto:yanhuad2019@163.com?subject=
http://creativecommons.org/licenses/by-nc-nd/4.0/
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METHODS

Study Design and Participants

This was a randomized, open-label, active-controlled, phase 
1b study (Chinese Clinical Trial Registry, registration no. 
CTR20160068). Patients received a combination of GLS4 and 
ritonavir or entecavir. A total of 24 eligible patients with chronic 
HBV infection were enrolled between April 2016 and July 2016. 
They were randomized 1:1:1 to receive a combination of GLS4 
120 mg/day and ritonavir 100 mg/day or GLS4 240 mg/day and 
ritonavir 100 mg/day (cohorts A or B, respectively) or entecavir 
0.5 mg/day (cohort C) for 28 days (Figure 1). Each group in-
cluded 8 subjects to avoid exposing patients to toxic or inef-
fective dosages, according to the guidance on the clinical PK of 
novel candidate compounds.

The main inclusion criteria were as follows: patients with a neg-
ative blood human chorionic gonadotropin; presence of chronic 
HBV infection (hepatitis B surface antigen [HBsAg] positive [+], 
hepatitis B e antigen positive [HBeAg+] and hepatitis B core an-
tibody [HBcAb] immunoglobulin M [IgM] negative [−]); HBV 
DNA  ≥1  ×  105 IU/mL; serum alanine aminotransferase (ALT) 
levels within 2–10 times the upper limit of normal (ULN); a 
FibroScan score of 17.5 or less within 6  months or liver tissue 
showing no cirrhosis within 12  months prior to enrollment; 
treatment-naive patients or patients who stopped interferon or 
NUCs treatment at least 6 months prior to enrollment; and patients 

who did not receive any antiviral therapy including Chinese herbal 
medicine, immunomodulators, thymosin, or other immune-
stimulating factors within 6 months before enrollment. The main 
exclusion criteria included a serum total bilirubin of more than 2 
times the ULN; coinfection with human immunodeficiency virus 
or hepatitis C virus or syphilis; subjects with concurrent severe 
chronic medical conditions or with malignancy; and subjects with 
liver cirrhosis (FibroScan score >17.5 within 6 months and clinical 
judgement [liver and spleen ultrasound and platelet count or liver 
tissue showing signs of cirrhosis]) were excluded (Supplementary 
Material).

Procedures

Patients were required to visit the facility for follow-up at days 
7, 14, 21, 27, and 40; and early termination (Supplementary 
Material). FibroScan was performed during screening. Alcohol 
consumption and smoking were not allowed 7 days before the 
initial dosing until the end of the study.

This study was conducted at the Phase I Clinical Research Center, 
The First Hospital of Jilin University. The study protocol and in-
formed consent forms adhered to the principles of the Declaration 
of Helsinki and were approved by an independent ethics committee 
or institutional review board. All subjects provided written informed 
consent before participating in any study-related procedure.

Treatment with silibinin and glutathione was done according 
to the physician’s discretion to protect and repair the hepatocyte 

Figure 1. A, Study flow chart. B, The trial duration and test schedules in the study. Abbreviations: ALT, alanine aminotransferase; D, day; PD, pharmacodynamics; PK, phar-
macokinetics; QD, once a day; RTV, ritonavir; SAE, serious adverse events.

https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
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membrane and reduce the hepatic cell damage in subjects 
with ALT flares. Therefore, several subjects were treated with 
silibinin and glutathione, while others were not.

Outcomes

The primary objective of this study was to evaluate the safety/
tolerability of GLS4 after administration for 28 days. Secondary 
objectives included the PK and antiviral activities of GLS4.

Assessments

Safety and tolerability evaluations were based on adverse events 
(AEs), clinical laboratory tests, vital signs, electrocardiograms 
(ECGs), and physical examination. The Common Terminology 
Criteria for Adverse Events (CTCAE) 4.03 were used to grade 
AEs and laboratory and ECG abnormalities; PK assessments 
were obtained with the noncompartmental model. Antiviral 
activity assessments were based on observed antiviral activity, 
and the primary endpoint was the change in serum HBV DNA 
within the 28 days of treatment. Other endpoints included the 
change in the serum HBsAg, HBeAg, pgRNA and hepatitis B 
core-related antigen (HBcrAg). These factors were detected by 
quantitative polymerase chain reaction (PCR), Abbott Architect 
assays, and the Lumipulse G HBcrAg assay. The virus resistance 
profile was detected by PCR or DNA sequencing in all subjects 
as previously described [1, 2]. Detection methods are detailed 
in the Supplementary Material.

Statistical Analysis

Plasma PK parameters, including the maximum observed plasma 
concentration (Cmax), time to maximum observed plasma concen-
tration (Tmax), area under the concentration-time curve from the 
dosing start point to the last time point with measurable plasma 

concentration (AUC0–t) prior to next dose, AUC from time of dosing 
extrapolated to infinity (AUC0–∞), as well as the terminal elimina-
tion half-life of the drug in plasma (t½), clearance (CL/F), volume 
(Vz/F), accumulation rate, and degree of fluctuation, were estimated 
by the noncompartmental PK approach using WinNonlin software. 
Variables were also analyzed by the Student’s t test or Kruskal–Wallis 
test, regression analysis, or correlation analysis using SAS software 
(SAS Institute).

RESULTS

Among the 63 recruited patients, 24 fulfilled the inclusion and 
exclusion criteria and all of them were NUCs naive. A total of 
20 of 24 (83%) patients were males and 4 of 24 (17%) patients 
were females. Five patients withdrew from the study without 
completing the antiviral treatment and PK analysis. Specifically, 
4 patients withdrew due to ALT flares (cohort A, patient 024; 
cohort B, patients 001 and 007 [serious AEs, SAEs]; and cohort 
C, patient 008)  and 1 patient withdrew from cohort B (010; 
SAE) due to deafness (Figure 1). The demographic character-
istics and clinical features were matched among the different 
cohorts (Table  1). However, HBsAg and HBeAg levels were 
lower in cohort C (entecavir treatment) compared with cohorts 
A and B. All enrolled patients were HBeAg-positive and of Han 
Chinese ethnicity.

Tolerability

Among the enrolled patients, 18 of 24 (75%) subjects experienced 
an adverse reaction (5, 6, and 7 patients in cohorts A, B, and C, 
respectively), with adverse reaction frequencies of 15, 29, and 22 
in cohorts A, B, and C, respectively. The most common adverse re-
actions were ALT elevation, aspartate aminotransferase elevation, 
and γ-glutamyl transferase elevation (Supplementary Table 1). 

Table 1. Baseline Demographic Characteristics and Clinical Features

Baseline Parameter Cohort A (n = 8)  Cohort B (n = 8) Cohort C (n = 8)

Gender (male/female), n/n 6/2 7/1 4/4

Ethnicity (Han/other), n/n 6/2 7/1 7/1

Age, years 33.6 ± 9.05 36.4 ± 10.56 31.5 ± 4.28

Smoking (yes/no), n 3/5 4/4 0/8

Drinking (yes/no), n 0/8 2/6 0/8

BMI, kg/m2 24.30 ± 3.42 23.85 ± 3.49 23.54 ± 2.07

HBV DNA, log10 IU/mL 8.24 ± 0.89 8.274 ± 0.89 8.044 ± 0.49

HBsAg, log10 IU/mL 4.51 ± 0.67 4.21 ± 0.52 3.77 ± 0.52

HBeAg, log10 IU/mL 3.09 ± 0.38 2.96 ± 0.53 2.50 ± 1.15

HBV pgRNA, log10 copies/mL 7.50 ± 1.00 7.50 ± 1.00 7.33 ± 0.61

ALT, U/L 144 ± 97 160 ± 87 162 ± 107

FibroScan score 8.44 ± 4.01 9.01 ± 2.40 8.15 ± 2.20

AFP,a ng/mL 4.14(3.07,6.42) 5.01(2.98,7.03) 11.61(2.93,23.51)

Genotype B = 1, C = 6, other = 1 B = 0, C = 5, other = 3 B = 0, C = 7, other = 1

Data are presented as means ± SDs unless otherwise indicated. 

Abbreviations: AFP, alpha fetoprotein; ALT, alanine aminotransferase; BMI, body mass index; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; pgRNA, 
pregenomic RNA; Q1, quartile1; Q3, quartile3.
aValues are medians (Q1, Q3).

https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
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Most adverse reactions were mild or moderate in intensity and did 
not require treatment. Eight subjects had ALT flares, and 4 discon-
tinued GLS4/ritonavir or entecavir treatment, withdrew from the 
study, and needed silibinin and glutathione treatment. In addition, 
another subject experienced ALT flares and required silibinin and 
glutathione treatment without discontinuing the antiviral treat-
ment (Figure 1, Supplementary Table 2).

Patient 007 experienced ALT flares (maximum ALT, 511 IU/
mL, grade 4 according to the CTCAE criteria) after 8 days of GLS4 
treatment, with liver injury (SAE), and this patient recovered after 
receiving silibinin and glutathione for 31 days. In addition, patients 
001, 008, and 024 experienced ALT flares (grade 3–4), which led to 
their withdrawal from the study at 7 to 8 days. Those patients re-
covered after taking silibinin and glutathione for 9–35 days. Other 
subjects with ALT flares were not treated and they spontaneously re-
covered, except for patient 023 who received treatment for 15 days. 
Silibinin and glutathione treatment was effective in reducing ALT 
flares, as demonstrated by the decline in ALT level (Supplementary 
Figure 1, Supplementary Table 2).

Patient 010 presented with deafness (SAE) in the right ear, which 
occurred after 8 days of GLS4 treatment. However, it was not re-
lated to treatment as judged by an otolaryngologist because early 
signs of deafness were present before starting the treatment. This 
patient withdrew from the study at 8 days, and his laboratory results 
were normal or similar to the level at initial screening. Furthermore, 
the screening FibroScan scores ranged from 4.3 to 11.7, except for 
patient 012 (cohort A) who had a score of 16.9. Interestingly, this 

patient did not show signs of ALT flare and GLS4 treatment resulted 
in antiviral activity (Figure 2A).

Antiviral Activity

The mean declines in level of HBV DNA were −1.42, −2.13, and 
−3.5 log10 IU/mL in cohorts A, B, and C, respectively (Figures 2 
and 3). On day 40, virological relapse was more frequently 
observed in cohorts A and B.  It is worth noting that patients 
003, 005, and 022 in cohort A  had a poor response to GLS4 
treatment (decline in HBV DNA levels of <0.5 log10 IU/mL). 
Following the 28 days of treatment, the mean declines in HBsAg 
were −0.06, −0.14, and −0.33 log10 IU/mL, and the mean de-
clines in HBeAg were −0.25, −0.30, and −0.43 log10 IU/mL in 
cohorts A, B, and C, respectively. None of the treated patients 
had HBsAg clearance, HBeAg seroconversion, or HBsAg sero-
conversion (Figure 3, Supplementary Figure 2).

The mean declines in pgRNA were −0.75, −1.78, and −0.96 
log10 copies/mL in cohorts A, B, and C, respectively. HBV 
pgRNA significantly declined in cohort B compared with 
cohorts A and C (Supplementary Material). None of the en-
rolled patients had undetectable HBV pgRNA by the end of 
treatment, and pgRNA levels returned to baseline levels in 
most patients. After the 28 days of treatment, the mean de-
clines in HBcrAg were −0.23, −0.50, and −0.44 log10 U/mL in 
cohorts A, B, and C, respectively. Patient 007 had a clear de-
cline in HBcrAg in cohort B (Figures 2 and 3, Supplementary 
Figure 2).

Figure 2. Changes in therapeutic effect factors at different time points following treatment in each cohort. Patients in cohort A were treated with a combination of GLS4 
120 mg/day and ritonavir 100 mg/day; cohort B, GLS4 240 mg/day and ritonavir 100 mg/day; and cohort C, entecavir 0.5 mg/day for 28 days. A–C, Change in HBV DNA among 
patients in cohorts A, B, and C, respectively. D–F, Change in the HBV pgRNA value of cohorts A–C, respectively. Abbreviations: HBV, hepatitis B virus; pgRNA, pregenomic 
RNA.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
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Compared with baseline levels, the mean change in ALT 
levels demonstrated a decreasing trend among all patients 
(Figure 3F). It is noteworthy that GLS4 resistance was not 
observed among patients in cohorts A and B, and GLS4 was 
effective even in those who were resistant to lamivudine 
or adefovir dipivoxil treatment (cohort A: patient 013; co-
hort B: patient 020). Interestingly, all subjects with ALT 
flares had lower HBV DNA and HBV pgRNA, and a total 
of 6 patients (018, 001, 007, 008, 017, and 023)  had de-
creased HBsAg and HBeAg after treatment (Figure  2, 
Supplementary Figure 1).

Pharmacokinetics of GLS4

The GLS4 concentration-time profiles of the different co-
horts are shown in Figure  4, and their PK parameters are 
shown in Table 2. Following the first and last dose of GLS4/
ritonavir on days 1 and 28, respectively, GLS4 concentrations 
increased after drug administration, reaching a maximum 
level at approximately 3–3.5 hours. GLS4 exposure also in-
creased with dose and time. The end-stage elimination of 
GLS4 was a 2-phase process. The half-life (t1/2) of GLS4 was 
longer after multiple doses (Supplementary Material). GLS4 
concentration reached a steady state approximately 6  days 
after administration. The mean trough concentration (Ctrough) 
of GLS4 was 205–218 ng/mL (cohorts A and B). GLS4 was me-
tabolized into GLS4-M1 to GLS4-M4 by oxidation, and these 

metabolites did not demonstrate anti-HBV activity. The accu-
mulation rates (AUC0–24 of day 28 vs AUC0–24 of day 1 or Cmax 
of day 28 vs Cmax of day 1) were similar between cohorts A and 
B: 1.6–2.0 with AUC0–24 and 1.1–1.2 with Cmax. The AUC, t1/2, 
and Vz/F of GLS4 increased, while CL/F decreased, and Cmax 
and Tmax did not change between the first and the last dose. 
The range of GLS4 exposures (Cmax and AUC) demonstrated a 
saturation trend (regression coefficient, 0.23 to 0.91).

Relationship Between Maximum ALT Level With Baseline Factors and 
GLS4 Exposure Level

A strong relationship was observed between maximum ALT 
levels and baseline ALT levels during treatment. A positive cor-
relation was also observed between baseline ALT levels and the 
intensity of AEs. In particular, a baseline ALT level greater than 
3 times the ULN was associated with the patient being prone to 
ALT flares, whereas a baseline ALT level of more than 5 times the 
ULN was associated with the patient being prone to treatment 
discontinuation (patients 001, 007, and 024)  (Supplementary 
Figures 3 and 4). There was a minor association between base-
line HBV DNA and GLS4 exposure with maximum ALT levels 
(Supplementary Figure 3).

DISCUSSION

In this study, we examined the clinical tolerability, efficacy, 
and PK of GLS4 in patients with chronic HBV infection. 

Figure 3. The mean change of therapeutic effect factors at different time points following GLS4 and ritonavir combination or entecavir treatment. Patients in cohort A were 
treated with a combination of GLS4 120 mg/day and ritonavir 100 mg/day; cohort B, GLS4 240 mg/day and ritonavir 100 mg/day; and cohort C, entecavir 0.5 mg/day for 
28 days. A–F show the means changes in mean HBV DNA, HBsAg, HBeAg, HBcrAg, HBV pgRNA, and ALT values, respectively. Abbreviations: ALT, alanine aminotransferase; 
HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; HBcrAg, hepatitis B core-related antigen; HBV, hepatitis B virus; pgRNA, pregenomic RNA. 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa961#supplementary-data
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Interestingly, our results demonstrated a decline in serum 
HBV DNA and HBV pgRNA in patients of cohorts A  and 
B.  Compared with cohort B, patients in cohort A  were less 
susceptible to ALT flares (2/8 vs 3/8), withdrawal from the 
study due to ALT flares (1/8 vs 2/8), frequency of adverse 

reactions (15 vs 29), frequency of grade 3–4 adverse reac-
tions (2 vs 7), and presence of SAEs (0 vs 1). Therefore, it is 
plausible that the drug combination in cohort A  was safer 
than that in cohort B, and thus tolerance in cohort A  was 
acceptable.

Table 2. Comparison of Pharmacokinetic Parameters of GLS4 Between the First and Last Dose in Each Treatment Cohort

Study Day

Parameter 

Cohort A Cohort B

Day 1 (24 Hours) Day 28  
(24 Hours)

Day 28  
(120 Hours)

P Day 1 (24 Hours) Day 28 (24 Hours)Day 28 (120 
Hours)

P

AUC0–∞, ng × hours/mL … … 24 240 (39)  … … 22 585 (60)  

AUC0–t, ng × hours/mL 4268 (27) 7871(56) 17 161 (49) <.01 8055 (34) 11 289(29) 20 166 (37) <.01

Cmax, ng/mL 885 (27) 865 (66) 865 (66) .9 1447 (39) 1461 (24) 1461 (24) .98

Median Tmax (minimum–
maximum), hours

3 (1.5,4) 3 (0.5, 4) 3 (0.5, 4) .625 3.5 (2, 4) 3 (2, 4) 3 (2, 4) .89

CL/F, mL/min 22 134 (27) 6727(76) 5523 (45) <.01 24 094 (42) 14 461(49) 9538 (38) .01

Vz/F, mL 408 677 (37) 294 145(51) 499 250 (60) >.05 355 766 (31) 310 831(32) 873 579 (58) <.01

t1/2, hours 13.1 (3.4) 32.1(11.7) 64.2 (14.8) <.01 10.6 (3.3) 16.3(7.6) 67.3 (24.2) <.01

AUC0–24, ng × hours/mL 4268 (27) 7871 (56) 7871 (56) >.05 8055 (34) 11 289 (29) 11 289 (29) >.05

Df, % … … 204 (36)  … … 265 (33)  

Ctrough, ng/mL … 218(59) …  … 205(63) …  

Accumulation rate AUC0–24 … … 2.0(45)  … … 1.6(7)  

Accumulation rate Cmax … … 1.1(53)  … … 1.2(31)  

Data are presented as means (CV). The time range for PK parameter calculation were 24, 24 and 120 hours at day1 (24 hours), day 28 (24 hours), and day 28 (120 hours), respectively. 

Abbreviations: AUC0–t, area under the concentration-time curve from time of dosing to the last time point with measurable plasma concentration prior to next dose; AUC0–∞, AUC from time 
of dosing extrapolated to infinity; CL/F, clearance; Cmax, maximum observed plasma concentration; Ctrough, trough concentration; CV, coefficient of variation; Df, degree of fluctuation; Tmax, 
time to maximum observed plasma concentration; t1/2, terminal elimination half-life of the drug in plasma; Vz/F, volume.

Figure 4. The plasma concentration-time profiles in cohorts A and B following the first and last treatment dose. Patients in cohort A were treated with combination of GLS4 
120 mg/day and ritonavir 100 mg/day, and patients in cohort B were treated with GLS4 240 mg/day and ritonavir 100 mg/day for 28 days. A, Mean log (±SD) GLS4 plasma 
concentration-time profiles. B, Mean log GLS4 plasma concentration-time profiles at 0–24 hours.
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A total of 5 patients were treated with silibinin and glu-
tathione treatment following ALT flares. One subject in the 
control group (cohort C) was given silibinin and glutathione 
treatment starting on day 14 of the study, for a total of 15 days. 
This had some confounding effects on the study, such as tol-
erance, but this subject was diagnosed with ALT flare. The re-
maining 4 patients were treated with silibinin and glutathione 
after discontinuation of the clinical study drug, and were also 
diagnosed with ALT flares. Therefore, the confounding effect 
on tolerance was relatively small. In terms of efficacy, silibinin 
and glutathione have no antiviral effects and only protect and 
repair the hepatocyte membranes [13, 14]. Therefore, it is plau-
sible to state that silibinin and glutathione treatment had little 
confounding effect on efficacy.

In this study, subjects with high baseline ALT levels were 
prone to ALT flares. However, ALT flares were also correlated 
with the decline in HBV DNA and viral antigens, indicating 
the occurrence of therapeutic flares [15]. Therefore, higher 
ALT level at baseline is a double-edged sword as it indicates im-
mune system activation and liver cell damage [15]. Following 
treatment, the rise in ALT level can possibly be attributed to a 
further activation of the immune system [16]. In our previous 
study, we observed that adefovir dipivoxil treatment resulted in 
an increase in T-helper cell 1 (Th1)/Th2 cytokines producing T 
cells and serum cytokine levels and a decline in HBV DNA level 
[17]. Those findings (decreased viral antigens and HBV DNA 
level observed in some patients) were observed in cohort C fol-
lowing treatment, which also supports the above-mentioned 
analysis (Supplementary Material). Further, due to the absence 
of ALT flares in healthy subjects, ALT flares may be immune 
mediated or attributed to the induction of death in infected 
hepatocytes [15].

Our patient cohort had higher mean baseline ALT levels 
(144–162 vs 27–45 IU/mL) than the baseline ALT levels ob-
served in class  II heteroaryldihydropyrimidines (capsid as-
sembly modulators [CpAMs]) phase I clinical studies such as 
ABI-H0731, without ALT flare [16, 18]. Subjects with higher 
baseline ALT levels were prone to have higher maximum ALT 
levels. Therefore, appropriate ALT levels such as those less than 
5 times the ULN can be recommended as inclusion criteria for 
GLS4-based therapy. The small sample size (8 subjects/cohort) 
and inconsistent ALT baseline of our patients hindered the 
computation of relationship analysis between GLS4 exposure 
and maximum ALT level. Therefore, future studies are needed 
to fully address this issue.

Finally, the ALT flare was neither accompanied by an in-
crease in bilirubin, international normalized ratio, or pro-
thrombin time nor a decrease in serum albumin; thus, the risk 
of developing severe liver injury is low, albeit this requires care-
fully designed and larger cohort studies. It is worth mentioning 
that we reported SAEs in the initial phase of the study when 
ALT was increased by 10 times even if those patients recovered 

after silibinin treatment or spontaneously. Meanwhile, future 
immune-function evaluation will be needed to analyze the 
causes of the elevated transaminase.

GLS4 could trigger aberrant HBV core particle assembly in 
vitro, thereby inhibiting the accumulation of covalent close 
circle DNA (cccDNA) and core gene expression [12, 19]. The 
primary efficacy analysis of serum HBV DNA levels revealed a 
consistent antiviral effect in the GLS4-treated cohort. Following 
GLS4 treatment, the mean change in HBV DNA was approxi-
mately −1.42 to −2.13 log10 IU/mL, which was higher than that 
observed after class  II CpAMs NVR 3–778 treatment (−1.43 
log10 IU/mL). The mean declines (log10 IU/mL) in HBsAg 
and HBeAg levels were also superior than those observed 
after NVR 3–778 treatment (HBsAg: −0.14 vs −0.02; HBeAg: 
−0.43 vs −0.09, respectively) [9]. These results indicate that 
class I CpAMs GLS4 can efficiently inhibit HBV DNA, HBsAg, 
and HBeAg levels.

Serum HBV pgRNA and HBcrAg levels reflect the status of 
viral replication and cccDNA inside hepatocytes [20]. Previous 
preclinical research revealed that capsid inhibitors have multi-
faceted antiviral mechanisms [11]. CpAMs was found to induce 
HBV core protein aggregation and degradation, which can in-
duce endoplasmic reticulum stress and cell death. In addition, 
the destruction of capsid protein increases the viral nucleic acid 
exposure, thereby stimulating the innate immune response 
through a pattern-recognition receptor [21–23]. GLS4 be-
longs to CpAMs. Moreover, the HBcrAg level could also reflect 
HBV core protein level. The decreased HBcrAg level observed 
in this study supports the degradation of core protein, thereby 
resulting in a stronger HBV-specific immune response in the 
infected hepatocytes [24]. Meanwhile, GLS4 prevents capsid as-
sembly, depletes cccDNA levels, inhibits the production of HBV 
pgRNA-containing particles, and prevents viral replication [20, 
25–27]. On the other hand, entecavir inhibits the polymerase-
mediated reverse transcription of encapsidated HBV pgRNA 
to DNA, but does not prevent continued formation and secre-
tion of pgRNA-containing particles [9]. Therefore, theoretically, 
entecavir should not inhibit pgRNA levels within the 28 days of 
treatment.

Interestingly, the correlation between HBV DNA and pgRNA 
responses was lower in cohort C (regression coefficient = 0.39) 
than in cohorts A and B (regression coefficients = 0.62 and 0.76, 
respectively). These results likely reflect the different antiviral 
mechanisms of HBV nucleo(s)tides and class I CpAMs.

In patients enrolled in cohorts A and B, our results demon-
strated that the efficient absorption of GLS4 (Tmax ~3 h) with slow 
plasma elimination (t1/2 ~64.2–67.3 hours when combined with 
ritonavir vs 1.09–15.8 hours of GLS4 monotherapy in healthy 
subjects; data not shown). GLS4 accumulation was lower and its 
mean Ctrough (steady-state concentration: 205–218 ng/mL) after 
dosing reached 3.7–3.9 times the EC90 (55.8 ng/mL). Therefore, 
the addition of ritonavir increased the antiviral effect of GLS4 
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by increasing its steady-state concentration beyond that of EC90 
[11].

This study provides the first clinical evidence that the inhibition 
of viral production can be achieved in patients with HBV by the 
novel class I CpAMs, GLS4 [9]. Long-term entecavir therapy is as-
sociated with a decreased incidence of liver decompensation and 
hepatocellular carcinoma [28]. Nevertheless, long-term oral anti-
viral therapy is associated with several disadvantages and virologic 
relapse is frequently reported after stopping the treatment [28]. 
Thus, it seems plausible that combination therapies consisting of a 
capsid inhibitor and another target drug may be more efficient in 
treating patients with HBV [29]. Indeed, the combination of anti-
HBV drugs of different mechanisms (such as NUCs) to treat HBV 
could overcome the possibility of resistance to HBV monotherapy, 
which may lead to a functional cure.

With regard to limitations, the lack of immune inflammatory 
factor analysis can be considered as a major study limitation. 
This will be addressed in a future multicenter cohort study with 
longer follow-up period.

In conclusion, administration of 120 mg GLS4 for 28 days re-
sulted in the reduction in serum HBV DNA and HBV pgRNA 
levels in the treated patients without major AEs, especially in 
patients with lower baseline ALT level (<5 times the ULN). 
Further, HBsAg, HBeAg, and HBcrAg reductions were also ob-
served in some patients. Therefore, 120 mg GLS4/100 ritonavir 
may be a potential drug treatment for chronic HBV infection.
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