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Abstract

Background & Aims: GS-9620, an oral agonist of toll-like receptor 7 (TLR7), is in clinical 

development for the treatment of chronic hepatitis B (CHB). GS-9620 was previously shown 

to induced prolonged suppression of serum viral DNA and antigens in the chimpanzee and 

woodchuck models of CHB. Here we investigated the immunomodulatory mechanisms underlying 

these antiviral effects.

Methods: Archived liver biopsies and paired PBMC samples from a previous chimpanzee study 

were analyzed by RNA-Seq, qRT-PCR, immunohistochemistry (IHC) and in situ hybridization 

(ISH).

Results: GS-9620 treatment of CHB chimpanzees induced an intrahepatic transcriptional profile 

significantly enriched with genes associated with hepatitis B virus (HBV) clearance in acutely 

infected chimpanzees. Type I and II interferon, CD8+ T cell and B cell transcriptional signatures 

were associated with treatment response, together with evidence of hepatocyte death and liver 

regeneration. IHC and ISH confirmed an increase in intrahepatic CD8+ T cell and B cell numbers 

during treatment, and revealed that GS-9620 transiently induced aggregates predominantly 

comprised of CD8+ T cells and B cells in portal regions. There were no follicular dendritic cells 

(FDCs) or IgG-positive cells in these lymphoid aggregates and very few CD11b+ myeloid cells. 

There was no change in intrahepatic NK cell number during GS-9620 treatment.

#Corresponding Author: Mailing address: Gilead Sciences, Inc., 333 Lakeside Drive, Foster City, CA 94404, USA, Phone: (650) 
372-7663. Fax: (650) 522-5890. simon.fletcher@gilead.com.
*Contributed equally to this work
Author’s Contributions: Conceived study: S. Fletcher. Participated in research design: S. Daffis, D. French, I. Mikaelian, R. Lanford, 
W. Delaney, S. Fletcher. Provided supervision: S. Daffis, D. French, I. Mikaelian, W. Delaney, S. Fletcher. Provided chimpanzee 
samples: R. Lanford. Conducted experiments: V. Barry, C. Niu, E. Huntzicker. Performed data analysis: L. Li, S. Daffis, E. Huntzicker, 
S. Fletcher. Wrote or contributed to the writing of the manuscript: D. French, V. Barry, E. Huntzicker, S. Fletcher. All authors reviewed 
and approved the final manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest: L. Li, V. Barry, S. Daffis, C. Niu, E. Huntzicker, D. French, I. Mikaelian, W. Delaney and S. Fletcher are 
employees of Gilead Sciences, Inc.

HHS Public Access
Author manuscript
J Hepatol. Author manuscript; available in PMC 2023 February 20.

Published in final edited form as:
J Hepatol. 2018 May ; 68(5): 912–921. doi:10.1016/j.jhep.2017.12.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion: The antiviral response to GS-9620 treatment in CHB chimpanzees was associated 

with an intrahepatic interferon response and formation of lymphoid aggregates in the liver. Our 

data indicate these intrahepatic structures are not fully differentiated follicles containing germinal 

center reactions. However, the temporal correlation between development of these T and B cell 

aggregates and the antiviral response to treatment suggests they play a role in promoting an 

effective immune response against HBV.

Graphical Abstract

Lay summary:

New therapies to treat chronic hepatitis B (CHB) are urgently needed. In this study we performed 

a retrospective analysis of liver and blood samples from a chimpanzee model of CHB to help 

understand how GS-9620, a drug in clinical trials, suppressed hepatitis B virus (HBV). We found 

that the antiviral response to GS-9620 was associated with accumulation of immune cells in the 

liver that can either kill cells infected with HBV or can produce antibodies that may prevent HBV 

from infecting new liver cells. These findings have important implications for how GS-9620 may 

be used in patients and may also help guide the development of new therapies to treat chronic 

HBV infection.
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INTRODUCTION

Approximately 240 million individuals live with chronic hepatitis B (CHB), and over half 

a million people are estimated to die each year due to CHB-associated liver diseases such 

as cirrhosis and hepatocellular carcinoma. Various nucleos(t)ides and interferon-α (IFN-α) 

are currently licensed for the treatment of CHB, but while these therapies reduce viremia 

and improve long-term outcome, they rarely lead to functional cure. The rarity of complete 

treatment response, together with the difficulty in obtaining liver biopsy specimens from 

CHB patients, has hindered characterization of the immune determinants of viral control. 

Accordingly, animal models have been extensively used to identify potential mechanisms 

of HBV clearance. Most notably, characterization of acute hepadnavirus infection in 

woodchucks and chimpanzees, together with studies in transgenic and hydrodynamic mouse 

models have identified important determinants of HBV clearance [1–4]. However, these 

studies were performed in models of self-limiting natural infection and/or in models that 

are absent viral spread and the authentic HBV genome, and therefore it remains to be 

determined whether the identified mechanisms can be therapeutically induced to achieve 

functional cure of CHB in patients. Fortunately, the development of novel therapies provides 

new possibilities for studying the immune determinants of viral clearance during chronic 

infection.

GS-9620 is a potent, orally active small molecule agonist of toll-like receptor 7 (TLR7) 

in clinical development for the treatment of CHB [5]. In humans, TLR7 is expressed 

predominantly by plasmacytoid dendritic cells (pDCs) and B cells. Activation of pDCs by 

TLR7 agonists induces IFN-α and various other cytokines. IFN-α is a pleiotropic cytokine 

that has both direct antiviral and immunomodulatory functions, including activation of 

natural killer (NK) cells, B cells and cytotoxic CD8+ T cells (CTLs) [6]. Direct activation 

of TLR7 in B cells can also contribute to the development of effective antiviral antibody 

responses [7]. GS-9620 was previously shown to induce prolonged suppression of serum 

viral DNA and antigens in the woodchuck and chimpanzee models of CHB [8, 9]. However, 

these preclinical studies did not comprehensively characterize the intrahepatic cellular and 

molecular characteristics of the antiviral response to GS-9620. Defining the immunological 

basis for response is an important goal since mechanistic understanding of GS-9620 activity 

could drive rational design of novel immunotherapeutic strategies.

The chimpanzee is the only immunocompetent model of natural HBV infection. 

Chimpanzees also share high genetic similarity with humans, and have a comparable 

immune system. In addition, the cross-reactivity of human-specific reagents with the 

chimpanzee permits more extensive immune characterization than is possible in the 

woodchuck model. This is an important distinction because a number of studies have 

illustrated the challenge in determining the relative contribution of intrahepatic NK and 

CD8+ T cells to antiviral response in the woodchuck model [8, 10]. Comprehensive 

characterization of the immune determinants of antiviral response to GS-9620 treatment 

in CHB chimpanzees is therefore of translational value and is also practicable.

In the current study, we performed transcriptome, immunohistochemistry (IHC) and in situ 

hybridization (ISH) analysis of archived liver biopsy samples from previous chimpanzee 
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studies to characterize the immune environment in the liver of chimpanzees chronically 

infected with HBV, and to identify the intrahepatic immune correlates of GS-9620 treatment 

response in these animals.

MATERIALS AND METHODS

Animals and treatment

Chimpanzee liver biopsy and PBMC samples were archived from previous studies (Table 

1) and were collected prior to December 15, 2011. The GS-9620 study has been previously 

described [9]. Additional details are provided in the Supplementary Materials

Additional materials and methods

Reagent details are provided in the Supplementary Materials and the Supplementary CTAT 

Table. Total cellular RNA was analyzed by RNA-Seq and real-time quantitative RT-PCR 

(qRT-PCR) as described in the Supplementary Materials. Immunohistochemistry (IHC) and 

in situ hybridization (ISH) procedures are also provided in the Supplementary Materials. 

Validation of IHC antibodies (Supplementary Table 1) and ISH probes is presented in 

Supplementary Figs. 1 and 2, respectively.

Statistical analysis

Data is expressed as mean ± standard error of the mean (SEM). Statistical significance was 

tested by one-way ANOVA with multiple comparison correction. A value of p<0.05 was 

considered significant.

RESULTS

GS-9620 treatment dramatically altered the liver and PBMC transcriptomes of chimpanzees 
chronically infected with HBV

To examine the host immune response to chronic HBV infection prior to treatment with 

GS-9620, we performed whole transcriptome profiling and IHC of liver biopsies taken from 

chimpanzees chronically infected with either HBV or HCV, as well as from uninfected 

(naïve) animals (Table 1). These data (Supplementary Figs. 3–5, Supplementary Tables 2 

and 3) are described in the Supplementary Materials. We next performed a series of studies 

to identify the immune correlates of antiviral response to GS-9620 treatment in a previous 

study in CHB chimpanzees [9]. The design of the GS-9620 study is summarized in Fig. 

1A and additional details are provided in the Supplementary Materials. There was a modest 

reduction in serum HBV DNA in the first treatment cycle (1 mg/kg GS-9620) without ALT 

or AST elevation (Fig. 1B). In contrast, there was a rapid decline in serum HBV DNA 

during the second treatment cycle (2 mg/kg GS-9620) that was accompanied by transient 

increase in both ALT and AST (Fig. 1B). Changes in serum HBsAg paralleled HBV DNA, 

although the degree of reduction was more modest [9].

In the current study we performed retrospective analysis of archived liver biopsies and 

paired PBMC samples collected before treatment, during both treatment cycles and after 

treatment (Fig. 1A). RNA-Seq analysis of the liver biopsies demonstrated that 1 mg/kg 
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GS-9620 had little impact on intrahepatic gene expression, with less than 65 of the 21,787 

genes analyzed being differentially expressed at any one time-point (Fig. 1C). In contrast, 

2 mg/kg GS-9620 strongly modulated the intrahepatic transcriptome of these animals, 

with >2000 DEGs after the first (day 31) and last dose (day 57) of the second treatment 

cycle (Fig. 1C). There was a very similar trend for PBMC DEGs (Supplementary Fig. 6). 

However, there were markedly fewer liver and PBMC DEGs after the 7th dose (day 45) of 

2 mg/kg GS-9620. Lower compound exposure after this dose may account for the weaker 

pharmacodynamic response [9]. Alternatively, frequent administration of GS-9620 may have 

induced tachyphylaxis (TLR tolerance), as has been described for other TLR7 agonists [11]. 

The complete liver and PBMC DEG lists are provided in Supplementary Tables 9 and 10.

Intrahepatic IFN, CD8+ T cell and B cell transcriptional signatures correlate with the 
antiviral response to GS-9620 treatment

Module analysis determined that 1 mg/kg GS-9620 had only a modest effect on the 

transcriptional profiles of liver and PBMCs, with only the IFN gene signature (Module, 

M3.1) being induced (Fig. 2A, Supplementary Fig. 7). This is consistent with IFN-α being 

the most strongly induced serum cytokine during the first treatment cycle [9]. There was also 

pronounced induction of the IFN module (M3.1) during the second treatment cycle in both 

compartments (Fig. 2A, Supplementary Fig. 7). Interestingly, there were different patterns 

of intrahepatic interferon-stimulated gene (ISG) induction during GS-9620 treatment. For 

example, Viperin (RSAD2) and OASL, which are elevated in the liver during resolution of 

acute WHV infection of woodchucks [4], were significantly induced during both treatment 

cycles (Supplementary Table 4). ISG15 and PD-L1 (CD274) displayed a similar pattern, 

albeit induction of these ISGs was only statistically significant during the second treatment 

cycle (Fig. 2B). In contrast, the type II IFN-biased ISG CXCL9 was only significantly 

induced during the later stages of second treatment cycle (Fig. 2B), suggesting a differential 

dose- and time-dependence for IFN-α vs. IFN-γ induction by GS-9620.

In contrast to the lower dose, 2 mg/kg GS-9620 induced a broad intrahepatic immune 

response, with cytotoxic cell (NK cell/CD8+ T cell) (M2.1), T cell (M2.8), B cell (M1.3) 

and plasma cell (M1.1) gene signatures prominently up-regulated (Fig. 2A). Notably, T cell 

(M2.8) and B cell (M1.3) gene signatures in the liver were progressively induced during the 

second treatment cycle, and most strongly up-regulated at the peak of antiviral response (day 

54-64) (Fig. 2A). The cytotoxic cell module (M2.1) was only induced at the peak of antiviral 

response. The progressive change in intrahepatic signatures during the second treatment 

cycle was not clearly reflected in module analysis of paired PBMC samples (Supplementary 

Fig. 7).

The transcriptional signature induced by the second treatment cycle was significantly 

enriched with genes induced during HBV clearance in acutely infected chimpanzees [2] 

(Fig. 3A). Strikingly, this HBV clearance signature, which is predominantly comprised of 

genes associated with T cell response, was temporally associated with the peak antiviral 

response to GS-960 treatment. The induction of CD3D and CD8A but not CD4, suggests 

that the number of CTLs (but not T helper cells) was increased in the liver during the 

second treatment cycle (Fig. 3B, Supplementary Table 4). The over-expression of genes 
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associated with T cell activation (ICOS), inhibition (PD-1, CTLA4) and survival (TNFSF18, 
GITR ligand) is also consistent with increased intrahepatic T cell frequency during 2 mg/kg 

GS-9620 treatment (Fig. 3B, Supplementary Table 4). Interestingly, the second treatment 

cycle also upregulated a large number of genes associated with MHC class I antigen 

processing and presentation (Supplementary Table 5), suggesting that GS-9620 may enhance 

recognition of infected hepatocytes by CD8+ T cells. The induction of CD19 and CD79a 
suggest that B cell numbers in the liver were also increased by the second cycle of GS-9620 

treatment (Fig. 3B, Supplementary Table 4). The strong intrahepatic upregulation of various 

CC and CXC chemokine mRNAs (Supplementary Table 4), is consistent with elevated 

serum chemokine levels [9] and suggests that the apparent increase in cell number is due, at 

least in part, to migration of CTLs and B cells into the liver during treatment. In contrast to 

T and B cell response genes, intrahepatic NK, NKT and MAIT cell associated genes such as 

CD56 (NCAM1), CD16 (FCGR3A), CD161 (KLRB1), NCR1 (NKp46), NKG2A (KLRC1) 

and NKG2D (KLRK1) were not significantly modulated by GS-9620 treatment (Fig 3B, 

Supplementary Table 4). Collectively, these data indicate that IFN signaling, together with 

migration (and/or expansion) of CD8+ T cells and B cells in the liver of CHB chimpanzees, 

is associated with the antiviral response to GS-9620 treatment.

Intrahepatic CD8+ T cell response to GS-9620 is associated with cytolytic and non-cytolytic 
transcriptional signatures

CD8+ T cells can inhibit HBV infection by non-cytolytic mechanisms mediated by TNF-α 
and IFN-γ, as well as by killing infected hepatocytes via cytotoxic effector molecules. As 

mentioned previously, the IFN-γ responsive gene CXCL9 was highly induced during the 

later stages of the second GS-9620 treatment cycle. CXCL9 expression correlated closely 

with the intrahepatic T cell signature, whereas expression of the type I IFN-biased ISG15 

did not (compare Fig. 2B and Fig. 3B). Since intrahepatic levels of NK, NKT and MAIT 

cell-associated genes were not modulated, these data suggest that intrahepatic CTLs are the 

predominant source of IFN-γ during GS-9620 treatment. This interpretation is consistent 

with in vitro studies in human PBMCs demonstrating that GS-9620 induces a weak IFN-γ 
response in NK and MAIT cells (data not shown).

It was previously demonstrated that the antiviral response to GS-9620 treatment and 

elevation of liver injury biomarkers was temporally correlated (Fig. 1B, Supplementary 

Fig. 12) [9]. This biochemical evidence of liver damage is consistent with intrahepatic 

induction of the cytotoxic effector genes granzyme B (GZMB) and perforin 1 (PRF1), 
as well as the receptor-mediated cell death gene Fas ligand (FASLG/CD95L) during the 

second treatment cycle (Fig. 3B, Supplementary Table 4). In contrast, TRAIL (TNFSF10) 
was not significantly induced during either treatment cycle (Supplementary Table 4). The 

induction of transcriptional signatures indicative of hepatocyte apoptosis and proliferation 

are consistent with the upregulation of cytotoxic effector genes (Supplementary Table 6). 

These expression data are also in line with a previous analysis, which demonstrated there 

are increased numbers of hepatocytes expressing activated caspase 3 (apoptosis marker) and 

Ki67 (proliferation marker), as well as a substantially lower number of HBV core-positive 

cells, at the end of the second treatment cycle [9].
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GS-9620 treatment induced lymphoid aggregates in the liver of chimpanzees chronically 
infected with HBV

The histological features of liver biopsies from CHB chimpanzees treated with GS-9620 

have previously been described [9]. H&E staining confirmed pronounced infiltration of 

mononuclear cells, primarily in the portal areas of the liver, during the second treatment 

cycle (Supplementary Fig. 8). To better characterize this immune infiltrate we performed 

IHC with markers for total T cells (CD3), CTLs (CD8), B cells (CD20) and NK cells 

(CD56). This revealed that CD3+ T cells, CD8+ T cells and B cells formed lymphoid 

aggregates in the portal regions of the liver during the second GS-9620 treatment cycle 

(Fig. 4, Supplementary Figs. 9 and 10). These lymphoid aggregates had formed at most 

portal regions at the peak of antiviral response (Supplementary Fig. 11). Morphometric 

analysis demonstrated that a significant increase in intrahepatic T cell, CTL and B cell 

numbers in these aggregates temporally correlated with the peak of antiviral response (Fig. 

5, Supplementary Fig. 12). Interestingly, these immune cells were also increased in the 

adjacent liver parenchyma (or lobule), but did not form aggregates there (Supplementary 

Fig. 13). Intrahepatic T and B cell numbers returned to almost pre-treatment levels during 

the follow-up period (Fig. 5, Supplementary Fig. 13). Staining of serial sections suggested 

that majority of CD3+ cells in the aggregates (although not all) were CD8+, indicating 

that CTLs were the prominent T cell population in these structures. Consistent with 

the transcriptional analysis (Fig. 3B), there was moderate PD-1 staining throughout the 

lymphoid aggregates as well as in a few cells within the hepatic sinusoids (Fig. 6). CD20+ 

cells comprised the bulk of the remaining cells in the aggregates. In contrast to T and 

B cells, very few CD56+ cells were detected and there was not a significant change in 

intrahepatic NK cell number during GS-9620 treatment (Fig. 5, Supplementary Fig. 13). In 

line with the transcriptome analysis, these data indicate that an increase in the numbers of 

intrahepatic CTLs and B cells (but not NK cells) is temporally associated with the antiviral 

response to GS-9620 in CHB chimpanzees.

TLR agonists have previously been shown to induce intrahepatic aggregates of CD11b+ 

myeloid cells that facilitate expansion of CTLs in the liver of mice [12]. These 

structures (“iMATEs”) induced intrahepatic expansion of HBV-specific CTLs generated by 

vaccination, and led to HBV clearance in the adenovirus mouse model [12]. In contrast to 

iMATES, the intrahepatic aggregates induced by GS-9620 treatment were comprised of a B 

cell “core” surrounded and admixed with T cells (Fig. 4, Supplementary Figs. 9 and 10), and 

lacked CD11b+ myeloid cells (Supplementary Fig. 14). Therefore, the lymphoid aggregates 

in the liver of HBV-infected chimpanzees temporally associated with GS-9620 treatment 

response were structurally and phenotypically distinct from iMATEs described in mice.

Intrahepatic lymphoid aggregates induced by GS-9620 treatment are not fully differentiated 
tertiary lymphoid structures

In contrast to iMATEs, the lymphoid aggregates induced by GS-9620 treatment in the 

liver of HBV-infected chimpanzees are reminiscent of intrahepatic lymphoid aggregates 

commonly observed in portal areas of individuals with chronic hepatitis C virus (HCV) 

infection [13]. A similar lymphoid structure was identified in the portal region of an 

untreated HCV-infected chimpanzee (Supplementary Fig. 15). The majority of intrahepatic 
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lymphoid aggregates/follicles in HCV patients comprise a core of B cells mixed with CD4+ 

T cells, with an outer ring formed predominantly of CD8+ T cells [13]. A small percentage 

of these follicles have been reported to contain a functional germinal center (GC) and stain 

positive for both follicular dendritic cells (FDCs) and CD4+ T follicular helper cells (TFH) 

[14–16]. The presence of organized tertiary lymphoid structures (TLS) in HBV-infected 

chimpanzees treated with GS-9620 was suggested by the temporal association between 

intrahepatic induction of CXCL13 (a major organizational chemokine for B cell follicles 

and GCs), CXCR5 (the CXCL13 receptor, expressed by both B cells and TFH in GCs) 

and ICOS (highly expressed by TFH) with T and B cell infiltration into the liver (Fig. 3B, 

Supplementary Table 4). Consistent with TLS formation, B cells and potentially admixed 

CD3+CD8− T cells (e.g. TFH cells) –but likely not CD8+ T cells– expressed CXCR5 in the 

lymphoid aggregates (Fig. 7). An increase in the intrahepatic expression of CCR7 and its 

ligands CCL19 and CCL21 also suggested that organized lymphoid structures were induced 

by GS-9620 treatment (Supplementary Table 4). However, the absence of positive CD21 

and IgG staining (markers of FDCs and a subset of plasma cells, respectively) indicated 

that these aggregates do not represent fully differentiated follicles that support germinal 

center reactions (Fig. 6). Moreover, intrahepatic expression of AICDA (activation-induced 

cytidine deaminase, AID) was not induced by GS-9620 treatment (Supplementary Table 4), 

suggesting that immunoglobulin class switching and somatic hypermutation did not occur in 

these structures. Collectively these data indicate that the intrahepatic lymphocyte aggregates 

induced by GS-9620 treatment lack key features of fully differentiated TLS.

DISCUSSION

In this study we performed a retrospective analysis of archived samples to characterize 

the immune environment in the liver of chimpanzees chronically infected with HBV. 

Transcriptome and immunohistochemical analyses revealed important parallels with the 

intrahepatic immune environment of CHB in man. The detection of intrahepatic CD8+ 

T cells together with a T cell exhaustion transcriptional signature in HBV-infected 

chimpanzees is consistent with the presence of exhausted HBV-specific CD8+ T cells in the 

liver of CHB patients [17]. Although it was not possible to determine the antigen-specificity 

of the intrahepatic CD8+ T cells in HBV-infected chimpanzees (see below), there was 

no biochemical evidence of hepatocyte injury in these animals (Table 1). This is notable 

because non virus-specific CD8+ T cells, rather than HBV-specific CD8+ T cells, are 

associated with liver damage in untreated CHB patients [18]. These data therefore suggest 

that CD8+ T cell dysfunction may play a role in HBV persistence in chimpanzees.

The absence of an intrahepatic type I IFN transcriptional signature in HBV-infected 

chimpanzees is consistent with various studies in woodchucks, chimpanzees and humans [2, 

4, 19–21]. However additional comparisons between the intrahepatic immune environment 

associated with chronic HBV infection in chimpanzees and humans is challenging because 

the latter is poorly characterized. In contrast, the transcriptional response of woodchucks 

to chronic hepadnavirus infection has recently been described [20]. We identified 

important parallels between the intrahepatic transcriptome profiles of the chimpanzee and 

woodchuck models of CHB (Supplementary Table 7). However, the absence of a neutrophil 

transcriptional signature in chronically infected chimpanzees may represent an important 
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difference between these animal models, and raises the possibility that they might reflect 

different stages of HBV natural history in humans. This difference in intrahepatic immune 

environment may also have contributed to the difference in degree of antiviral response to 

GS-9620 in the woodchuck and chimpanzee models [8, 9].

We also performed a retrospective analysis of archived samples to characterize the 

intrahepatic immune correlates of antiviral response to the oral TLR7 agonist GS-9620 

in CHB chimpanzees. An important finding from this study is that the disparate antiviral 

response to low (1 mg/kg) and high dose (2 mg/kg) GS-9620 appears to reflect differential 

dose requirements for induction of intrahepatic innate and adaptive immune responses. In 

the first treatment cycle, the modest antiviral response to GS-9620 was associated with 

intrahepatic ISG induction, but not a significant increase in B cell or CTL number, or 

evidence of liver injury. Although transcriptional analysis of whole biopsy samples cannot 

determine whether these ISGs are expressed in hepatocytes and/or non-parenchymal cells, it 

was previously demonstrated that hepatocyte ISG15 protein levels are elevated following 

GS-9620 treatment [9]. In addition, the accompanying study demonstrates that type I 

IFN induced by GS-9620 in human PBMCs stimulates ISG expression in HBV-infected 

primary human hepatocytes (PHH) in vitro [22]. These data therefore indicate that HBV 

was primarily controlled by type I IFN-mediated, non-cytolytic mechanisms during low 

dose GS-9620 treatment. Based on comprehensive kinetic studies of self-limiting HBV 

infection in chimpanzees, it was suggested that immune-mediated non-cytolytic mechanisms 

can control cccDNA levels by inhibiting viral replication (thereby preventing viral spread) 

and, at least theoretically, by destabilizing cccDNA [23]. Although intrahepatic cccDNA 

content was not monitored during the GS-9620 chimpanzee study, GS-9620-induced type I 

IFN reduced viral RNA, DNA and antigens in HBV-infected PHH, but did not alter cccDNA 

levels [22]. Taken together, these data suggest that the first GS-9620 treatment cycle induced 

non-cytolytic control of HBV by suppressing viral replication.

In contrast to the first treatment cycle, the higher GS-9620 dose induced accumulation of 

CTLs and B cells (but not NK cells) in the liver. This intrahepatic response is consistent 

with activation of CD8+ T cells in the periphery being limited to the second GS-9620 

treatment cycle [9]. The higher GS-9620 dose also increased intrahepatic expression of 

genes associated with MHC class I antigen processing and presentation, suggesting the 

second cycle of treatment may have promoted antigen recognition by HBV-specific CD8+ 

T cells. Consistent with this notion, GS-9620-induced cytokines increased expression of 

a similar set of genes and enhanced presentation of an immunodominant viral peptide by 

HBV-infected PHH [22]. Elevation of intrahepatic CTL numbers during GS-9620 treatment 

was temporally associated with the peak of antiviral response and was accompanied by 

biochemical, immunohistochemical and transcriptional evidence of hepatocyte killing and 

liver regeneration [9]. Collectively, these data indicate that the antiviral response induced by 

higher dose GS-9620 was mediated, at least in part, by killing of HBV-infected hepatocytes 

by CD8+ T cells. The intrahepatic expression of IFN-γ responsive genes during the second 

treatment cycle suggests that non-cytolytic CD8+ T cell effector mechanisms may also 

have contributed to the antiviral response. Comparable immune mechanisms are associated 

with viral clearance during self-limiting hepadnavirus infection [2–4, 23], indicating there 
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are important parallels between the immune pathways that mediate natural resolution of 

infection and those induced by GS-9620 treatment.

The transcriptomic analysis of paired liver biopsy and PBMC samples in CHB chimpanzees 

treated with GS-9620 provides a rare opportunity to directly compare immune parameters 

in the liver and periphery. This revealed that ISGs were strongly induced in both 

compartments, but the T and B cell signatures that closely correlated with antiviral response 

were only significantly induced in the liver. The pharmacokinetic properties of GS-9620 

likely explain these anatomic differences in immune response, with oral administration 

expected to provide high gut and liver exposure but minimal systemic exposure [24]. 

Activation of specialized immune cells enriched or compartmentalized in the liver may also 

have contributed to the disparity between the intrahepatic and peripheral immune responses. 

The localized intrahepatic response to GS-9620 underscores the need to include immune 

monitoring of the liver in future immunotherapeutic studies.

Interestingly, the increase in immune cell numbers in the liver during GS-9620 treatment 

was predominantly due to the formation of lymphoid aggregates in portal regions. These 

aggregates contained large numbers of CD8+ T cells and CD20+ B cells, but very few 

CD11b+ myeloid lineage cells, and so were distinct from iMATEs induced by TLR agonists 

in the liver of rodents [12]. FDCs and IgG-positive cells were not detected in the aggregates, 

suggesting that they are not fully differentiated follicles containing a GC reaction. Instead, 

the aggregates resemble the FDC-negative intrahepatic lymphoid follicles regularly observed 

in HCV patients (and infrequently in CHB patients) [13, 15], and which we also identified 

in an HCV-infected chimpanzee. The temporal association between the development of 

these structures and the antiviral response to GS-9620 treatment raises the possibility that 

they support development of an effective immune response to HBV. In accordance with 

this hypothesis, various studies have suggested that similar structures promote antiviral, 

antibacterial and antitumor immunity [25]. However, our data does not establish a causal 

relationship between the intrahepatic aggregates and antiviral response. Additional studies 

are therefore required to confirm these structures play a role in initiation, differentiation, 

maturation or expansion of HBV-specific CD8+ T cells and/or B cells. It is also important 

to identify the molecular and cellular pathways necessary for the formation and function of 

the aggregates. In particular, given the close proximity of T and B cells, it will be interesting 

to determine whether these structures support T-B cooperation, e.g. T cell help to B cells or 

antigen presentation by B cells to T cells.

Antiviral CD8+ T cell responses can be limited by a variety of mechanisms, including 

NK cell-mediated deletion and T cell exhaustion [17, 26]. GS-9620 substantially increased 

intrahepatic CD8+ T cell numbers without altering NK cell frequency, and did not induce 

intrahepatic TRAIL expression. Our data therefore do not suggest that GS-9620 treatment 

stimulated NK cell-mediated elimination of antiviral CD8+ T cells in the liver of HBV-

infected chimpanzees. In contrast, GS-9620 strongly induced intrahepatic expression of the 

inhibitory T cell receptor CTLA4, as well as PD-1 and its ligand PD-L1. This raises the 

possibility that combination with checkpoint blockade may improve the antiviral response to 

GS-9620 treatment.
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One limitation of the current study is the small number of animals that were evaluated. 

Nevertheless, the intrahepatic IFN and T cell transcriptional signatures are a common feature 

of antiviral response to GS-9620 treatment in both chimpanzee and woodchuck models 

(Supplementary Fig. 16). Another limitation is that the original chimpanzee efficacy study 

did not characterize the antigen specificity of the intrahepatic CD8+ T cells during GS-9620 

treatment. Unfortunately, it is now extremely challenging to do so with the remaining FFPE 

liver samples. While it is possible that virus non-specific cells induced liver injury during 

GS-9620 treatment and contributed to antiviral response, this is considered unlikely for 

several reasons. Firstly, in the woodchuck study substantial ALT elevations (mean >4-fold 

over baseline at end-of-treatment) were observed in chronically infected but not uninfected 

animals dosed with the GS-9620 [8]. Secondly, in the chimpanzee study the largest 

ALT elevation occurred in the animal with the highest percentage of HBV core-positive 

hepatocytes [9]. Importantly, the relative increase in intrahepatic CD8+ cells at the peak of 

antiviral response was similar in all chimpanzees. Thirdly, the lack of viral rebound after 

cessation of treatment (both models) together with the induction of an anti-surface antigen 

antibody response (woodchuck study) suggests induction of an effective antiviral memory T 

and/or B cell response [8, 9].

In summary, by characterizing the intrahepatic immune correlates of antiviral response 

to GS-9620 in the chimpanzee model of CHB, this study provides new insights into the 

immune mechanisms that can suppress chronic HBV infection. Encouragingly, our data 

suggest that administration of an immunomodulatory agent can induce an effective antiviral 

CD8+ T cell response despite HBV infection persisting for more than two decades. Ongoing 

clinical studies with a variety of immunotherapies are evaluating whether it is possible to 

achieve the same goal in CHB patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CTL cytotoxic T lymphocyte

DEG differentially expressed gene

FDC follicular dendritic cell

FDR false discovery rate

GC germinal center

GSEA gene set enrichment analysis

HBsAg hepatitis B surface antigen

HBV hepatitis B virus

HCV hepatitis C virus
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iMATEs intrahepatic myeloid-cell aggregates for T cell population expansion

IPA Ingenuity Pathway Analysis

ISG interferon-stimulated gene
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pDC plasmacytoid dendritic cell

PHH primary human hepatocytes

TFH T follicular helper cell

TLR toll-like receptor

TLS tertiary lymphoid structure

WHV woodchuck hepatitis virus
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• GS-9620 treatment induced the expression of genes associated with HBV 

clearance

• GS-9620 treatment transiently induced intrahepatic lymphoid aggregates

• The aggregates were not fully differentiated tertiary lymphoid structures

• Intrahepatic NK cell number did not change during GS-9620 treatment
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Fig. 1. GS-9620 study in CHB chimpanzees.
(A) Design of the GS-9620 study in CHB chimpanzees (n=3). The timing of liver biopsies 

and PBMC sampling are indicated. Tx: treatment. (B) Mean change in serum HBV DNA 

(top), ALT (pink, bottom) and AST (blue, bottom). Data is adapted from Lanford et al. [9], 

with permission. (C) DEG count relative to pre-treatment (day -28) for each time point (red: 

over-expressed; blue: under-expressed). F/U: follow-up. Note: animal 4x0139 was excluded 

from analysis at day 45 because GS-9620 was not administered to this animal on days 43, 45 

and 47.
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Fig. 2. Intrahepatic transcriptional signature of CHB chimpanzees treated with GS-9620.
(A) Modular analysis of intrahepatic transcriptional signatures relative to pre-treatment (day 

-28). Columns represents the mean of n=3 animals (except day 45, n=2) on different study 

days. Spot intensity (red: over-expressed; blue: under-expressed) denotes the percentage 

of transcripts significantly changed in each module and is defined by the scale bar. The 

functional interpretation of each module is displayed on the right. Only modules with 

a functional annotation and enrichment greater than 10% at one or more time-point are 

displayed. F/U: follow-up. (B) qRT-PCR data expressed as fold-change relative to naïve 

animals. The bar height indicates the mean and the errors bars represent the SEM. Column 

color matches the study phase as described in Fig. 1A. Statistical significance relative to 

pre-treatment (day −28) was calculated with log-transformed values by one-way ANOVA 

with Dunnett’s multiple comparison correction. Only p values <0.05 are labeled.
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Fig. 3. Intrahepatic expression of genes associated with HBV clearance in CHB chimpanzees 
treated with GS-9620.
(A) Expression of HBV clearance-associated genes [2] relative to pre-treatment (day 

−28) plotted by mean log2 fold-change. Heatmap columns represents the mean of n=3 

animals (except day 45, n=2) on different study days. Rows represent individual genes; over-

expression (red) and under-expression (blue) indicated by the scale bar for log2 fold-change 

values. F/U: follow-up. (B) qRT-PCR data expressed as fold-change relative to naïve animals 

as described in Fig. 2.
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Fig. 4. Lymphoid aggregates of CD8+ T cells and B cells in CHB chimpanzees treated with 
GS-9620.
IHC labeling of serial liver biopsy sections for CD3 (T cell), CD8 (CTL), CD20 (B cell) and 

CD56 (NK cell) immunoreactivity on different study days for a single representative animal 

(4x0139). All immunolabels are stained dark brown. The maximum viral load reduction in 

this animal occurred on study day 54. Image magnification is 10X. The scale bar (bottom 

right image) represents 100 μm. Tx: treatment.

Li et al. Page 19

J Hepatol. Author manuscript; available in PMC 2023 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Quantitation of intrahepatic immune cells in CHB chimpanzees treated with GS-9620.
Number of lymphocytes in areas of immune cell aggregation on different study days as 

determined by quantitative image analysis. Bar height indicates the mean and error bars 

represent the SEM for all animals for which IHC slides were evaluable (n=2-3, except for 

n=1 on day 25 for CD56 labeling). Column color matches the study phase as described 

in Fig. 1A. Statistical significance relative to pre-treatment (day −28) was calculated by 

one-way ANOVA with Dunnett’s multiple comparison correction. Only p values <0.05 are 

labeled.

Li et al. Page 20

J Hepatol. Author manuscript; available in PMC 2023 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Intrahepatic aggregates in CHB chimpanzees treated with GS-9620 contain PD-1+ 

lymphocytes but not follicular dendritic cells or IgG+ plasma cells.
IHC labeling of serial liver biopsy sections for CD8 (CTL), CD20 (B cell), PD-1 (marker 

of T cell activation/exhaustion), CD21 (follicular dendritic cell) and IgG (subset of plasma 

cells) immunoreactivity on study day 57. All immunolabels are stained dark brown. Image 

magnification is 10X. The scale bar (bottom right) represents 100 μm.
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Fig. 7. Lymphoid aggregates in CHB chimpanzees treated with GS-9620 contain CXCR5+ B 
cells.
IHC and ISH staining of serial liver biopsy sections from animal 4x0139 for CD20 (left 

image, dark brown), CD8 (middle image, dark brown), CD8A RNA (right image, red) and 

CXCR5 RNA (right image, dark brown) on study day 57. Image magnification is 40X. 

The scale bars (bottom right of images) represent 50 μm. Higher magnification views of 

ISH staining are provided on the right. Cells that stained positive for both CD8A RNA and 

CXCR5 RNA were not detected. Note that biopsies from animals 4x0328 and 4x0506 were 

not evaluable by ISH (see Supplementary Materials).
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