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BACKGROUND AND AIMS: GS-9688 (selgantolimod) is
an oral selective small molecule agonist of toll-like receptor
8 in clinical development for the treatment of chronic hepa-
titis B. In this study, we evaluated the antiviral efficacy of
GS-9688 in woodchucks chronically infected with woodchuck
hepatitis virus (WHV), a hepadnavirus closely related to hep-

atitis B virus.

APPROACH AND RESULTS: WHV-infected woodchucks
received eight weekly oral doses of vehicle, 1 mg/kg GS-
9688, or 3 mg/kg GS-9688. Vehicle and 1 mg/kg GS-9688
had no antiviral effect, whereas 3 mg/kg GS-9688 induced
a >5 log,, reduction in serum viral load and reduced WHV
surface antigen (WHsAg) levels to below the limit of detec-
tion in half of the treated woodchucks. In these animals, the
antiviral response was maintained until the end of the study
(>5 months after the end of treatment). GS-9688 treatment
reduced intrahepatic WHV RNA and DNA levels by >95%
in animals in which the antiviral response was sustained after
treatment cessation, and these woodchucks also developed
detectable anti-WHsAg antibodies. The antiviral efficacy of
weekly oral dosing with 3 mg/kg GS-9688 was confirmed in
a second woodchuck study. The antiviral response to GS-9688
did not correlate with systemic GS-9688 or cytokine levels

,2 Paul Cote,>

but was associated with transient elevation of liver injury
biomarkers and enhanced proliferative response of peripheral
blood mononuclear cells to WHV peptides. Transcriptomic
analysis of liver biopsies taken prior to treatment suggested
that T follicular helper cells and various other immune cell
subsets may play a role in the antiviral response to GS-9688.

CONCLUSIONS: Finite, with
a clinically relevant dose of GS-9688 is well tolerated and
can induce a sustained antiviral response in WHV-infected

short-duration treatment

woodchucks; the identification of a baseline intrahepatic tran-
scriptional signature associated with response to (GS-9688
treatment provides insights into the immune mechanisms that

mediate this antiviral effect. (HepaToLOGY 2021;73:53-67).

pproximately 260 million individuals are
chronically infected with hepatitis B virus
(HBV), and over half a million people are
estimated to die each year due to liver diseases associ-
ated with chronic hepatitis B (CHB), such as cirrhosis
and hepatocellular carcinoma (HCC). Immunological
control of CHB (“functional cure”) is defined as

Abbreviations: AST, aspartate aminotransferase; ccDNA, covalently closed circular DNA; CD, cluster of differentiation; ¢cDC, conventional
dendritic cell; CHB, chronic hepatitis B; CN%, chronically infected antiviral nonresponder; CX, chronically infected antiviral responder; CXCL13,
chemokine (C-X-C motif, ) ligand 13; FDR, false discovery rate; GSEA, gene set enrichment analysis; HBsAg, hepatitis B surface antigen; HBV]
hepatitis B virus; HCC, hepatocellular carcinoma; IFN, interferon; IL-12, interleukin-12; MARCO, macrophage receptor with collagenous structure;
NK, natural killer; PBMC, peripheral blood mononuclear cell; PD, pharmacodynamic; PK, pharmacokinetic; Rl, replicative intermediates; SDH,
sorbitol dehydrogenase; TFI-P Sfollicular helper T cell; TLR, toll-like receptor; Treg, T regulatory cell; U, uninfected; WHsAb, anti-WHsAg antibody;
WHsAg, woodchuck hepatitis surface antigen; WHYV, woodchuck hepatitis virus.
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sustained loss of HBV surface antigen (HBsAg) off
treatment, with or without seroconversion to antibody
to HBsAg. Several nucleos(t)ide analogs, as well as
interferon-alpha (IFN-a), are approved for the treat-
ment of CHB. These therapies reduce viremia and
improve long-term outcome but rarely lead to cure.
Consequently, there is an urgent need for therapies
that induce durable immune control of HBV.

The host immune response to HBV plays a pivotal
role in whether infection is cleared or becomes persistent.
Individuals who spontaneously resolve HBV infection
following an acute infection display vigorous, polyclonal,
HBV-specific CD8" and CD4" T-cell responses.” In
contrast, CHB is associated with a limited and dysfunc-
tional CD8" T-cell response, as well as impaired natural
killer (NK) cell antiviral function.? Various mechanisms
have been identified which may play a role in immune
dysfunction in CHB, including persistent antigen pre-
sentation leading to T-cell dysfunction (“exhaustion”),
HBsAg-specific B-cell dysfunction, and increased activ-
ity of immunosuppressive cell types (e.g., regulatory T
cells [Tregs] and myeloid-derived suppressor cells).?

Toll-like receptor 8 (TLR8) and TLR7 are members
of the pattern recognition receptor family, whose func-
tion is to recognize pathogen-associated molecular pat-
terns and initiate innate and adaptive immune responses.
In contrast to TLR7, which is predominantly expressed
in plasmacytoid dendritic cells and B cells, human
TLRS is expressed by conventional (“myeloid”) den-
dritic cells (¢cDC1 and ¢cDC2), monocytes, macrophages,
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neutrophils, and Tregs.®™ As a result, TLRS activation
triggers the production of immunomodulatory cytokines
(e.g., interleukin-12 [IL-12], IL-18) and proinflamma-
tory cytokines (e.g., tumor necrosis factor alpha, IL-1f),
whereas TLR7 activation predominantly leads to the
production of IFN-o.®) TLRS agonists indirectly acti-
vate the cytotoxic function of NK cells and trigger pro-
duction of the antiviral cytokine IFN-y from NK cells
and mucosa-associated invariant T cells through IL-12
and IL-18.%" TLRS activation also directly induces the
maturation of professional antigen-presenting cells (e.g.,
cDCs) and stimulates antigen-specific T-cell responses,
including a CD8" T-cell response to HBsAg.® In addi-
tion, TLR8 agonists enhance CD8" T-cell function by
directly reversing the immunosuppressive function of
Tregs® and drive development of a humoral immune
response by promoting follicular helper T-cell (T,)
differentiation.”’

The eastern North American woodchuck (Marmota
monax) can be naturally infected with woodchuck
hepatitis virus (WHV), a hepadnavirus closely related
to human HBV. The woodchuck model of CHB dis-
plays many characteristics of human disease and has
been used to evaluate the antiviral efficacy of various
immunomodulatory agents, including the TLR7 ago-
nist GS-9620 (vesatolimod)."'” However, the antivi-
ral efficacy of a TLR8 agonist has not been reported.
We therefore evaluated the therapeutic potential of
GS-9688 (selgantolimod), a selective small molecule
agonist of TLR8, in WHV-infected woodchucks.
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We also explored the relationship between systemic
pharmacokinetic (PK) and pharmacodynamic (PD)
profiles, the baseline intrahepatic transcriptional sig-
nature, and the antiviral response to GS-9688.

Materials and Methods
ETHICS STATEMENT

The animal protocol and all procedures involv-
ing woodchucks were reviewed and approved by the
Northeastern Wildlife IACUC and adhered to the
national guidelines of the Animal Welfare Act, the
Guide for the Care and Use of Laboratory Animals, and
the American Veterinary Medical Association. Bufty
coats from healthy human volunteers were obtained
from Stanford Medical School Blood Center (Palo
Alto, CA). Consent was obtained from each donor for
use of these samples and their derivatives for research
purposes using IRB-approved authorizations.

INVESTIGATIONAL DRUG

GS-9688 (selgantolimod), a small molecule agonist
of TLR8, was manufactured by Gilead Sciences, Inc.
(Foster City, CA).

SINGLE DOSE GS-9688 STUDIES IN
UNINFECTED WOODCHUCKS

Uninfected adult woodchucks were assigned to
treatment groups based on gender and body weight.
For each study, woodchucks (n = 3-6 per dose group)
were orally administered a single dose of vehicle or
(GS-9688. For all studies, evaluations included clinical
observations, clinical pathology (hematology, coagu-
lation and clinical chemistry), pharmacokinetics (PK)

and pharmacodynamics (PD).

REPEAT DOSE GS-9688 EFFICACY
STUDIES IN WHV-INFECTED
WOODCHUCKS

Study designs are described in Supplementary Fig.
3 and 7. Briefly, woodchucks chronically infected with
WHYV (n = 5-14 per group) were dosed orally once

per week with vehicle or GS-9688 for 8-12 weeks.
Woodchucks were monitored at various time points
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before, during and after treatment for multiple param-
eters including safety, tolerability, PK, PD, and antivi-
ral efficacy.

RNA-Seq ANALYSIS

Isolation of total cellular RNA and RNA-Seq was
conducted by Expression Analysis (Durham, NC) as
described previously.(lo) Sequence count normalization,
differential gene expression analysis, false discovery
rate (FDR) calculation, gene set enrichment analysis
(GSEA) and Ingenuity” Pathway Analysis (IPA; Qiagen,
Redwood City, CA) were performed as described pre-
viously. "% All differentially expressed genes (DEGs)
had an absolute fold change >2 and FDR <0.05. Cell
type enrichment analysis was performed using the xCell
method, as described in the Supplementary Materials.

STATISTICAL ANALYSIS

Data is expressed as mean * standard error of
the mean (SEM) unless otherwise stated. Adjusted
P-values (i.e. FDR) and unadjusted P-values are
indicated in the text. For all analyses, a value of P <
0.05 was considered significant. Additional details are
provided in the Supplementary Materials.

Additional methods are available in
Supplementary Materials and Methods.

the

Results

SINGLE-DOSE PK AND PD
OF GS-9688 IN UNINFECTED
WOODCHUCKS

We performed a series of in witro studies which
demonstrated that woodchuck TLR8 is functional
and selectively activated by GS-9688 and that the
response of woodchuck and human peripheral blood
mononuclear cells (PBMCs) to TLRS8 activation is
comparable (Supporting Figs. S1 and S2). Because
these data established the translational value of the
woodchuck model of CHB for evaluating TLRS8
agonists, we next evaluated the PK, PD, tolerabil-
ity, and safety of escalating oral doses of GS-9688
in uninfected adult woodchucks. Plasma GS-9688
levels were approximately dose-proportional after a

single oral dose of 0.3, 1, 3, and 10 mg/kg GS-9688
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FIG. 1. PK and PD response of uninfected woodchucks to oral GS-9688. (A-D) Uninfected woodchucks (n = 3-6/group) were orally
administered a single dose of 0.3, 1, 3, or 10 mg/kg GS-9688. Note that only female animals (n = 3) were administered 1 and 3 mg/kg
GS-9688. (A) Plasma GS-9688 concentration after dosing. The lower limit of quantification for the assay is 0.1 nM. (B) Whole blood
MARCO mRNA levels measured by quantitative real-time PCR. Data are expressed as fold-change relative to predose (baseline). (C)
Whole blood lymphocyte count. Normal range 3.3-4.4 (10%/ pL). (D) Whole blood platelet count. Normal range 506-642 (10%/ pl). (E,F)
Uninfected woodchucks (n = 4/group) were orally administered a single dose of vehicle or 0.3, 1, or 3 mg/kg GS-9688. Serum IL.-12p40
and IFN were measured by electro-chemiluminescence assay and bioassay, respectively. Of note, the IFN bioassay detects woodchuck
IFN-a and IFN-y with similar sensitivity. However, because GS-9688 is a potent inducer of IFN-y but not IFN-a or IFN-p, any signal
detected by the IFN bioassay in the serum of GS-9688-treated woodchucks is likely to be predominantly due to IFN-y. The lower limit
of detection of the IL-12p40 assay is 4 pg/mL. The lower limit of detection of the IFN assay is 100 pg/mL and is indicated by a dotted
line. For all plots, circles indicate the mean and error bars represent the SEM. For (B-E), statistical significance relative to baseline was
calculated by two-way analysis of variance with Dunnett’s multiple comparison correction. Only P values <0.05 are labeled; *P < 0.05,
P <0.01,"*P < 0.001.

(Fig. 1A). Due to the lack of quantitative assays to
measure woodchuck serum cytokines at the time of this
initial in vivo study, the PD response was assessed by
measuring whole blood macrophage receptor with col-
lagenous structure (MARCO) mRNA levels. Expression
of this macrophage-expressed scavenger receptor was
strongly induced by a tool TLR8 agonist in both

56

woodchuck and human PBMCs (Supporting Figs.
S1D and S2B). Oral doses of > 3 mg/kg GS-9688 sig-
nificantly induced whole blood MARCO mRNA lev-
els, which peaked at 24 hours postdose and returned to
near baseline (pretreatment) levels by 48 hours postdose
(Fig. 1B). MARCO mRNA induction was comparable
at 3 and 10 mg/kg GS-9688. There was no gender
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difference in PK and PD responses and no changes in
coagulation and clinical chemistry parameters at any
dose (data not shown). There were no clinically sig-
nificant changes in hematology parameters at doses <
3 mg/kg GS-9688, although a non-dose-dependent
minimal to mild transient decrease in lymphocytes was
observed (Fig. 1C). In contrast, 10 mg/kg GS-9688
transiently induced a marked (>75%) decrease in both
peripheral lymphocyte and platelet counts (Fig. 1C,D).
This is comparable to the effect of the TLR7 agonist
vesatolimod in woodchucks and may reflect cell traf-
ficking and/or margination."” In a subsequent study,
we used recently developed woodchuck IL-12p40 and
IFN assays (see Supporting Information) to charac-
terize the systemic cytokine profile of GS-9688. Oral
doses of > 1 mg/kg GS-9688 significantly induced
serum IL-12p40 levels in uninfected woodchucks,
which peaked at 4-8 hours postdose and returned to
baseline levels by 48 hours postdose (Fig. 1E). In con-
trast, GS-9688 did not increase serum IFN levels (Fig.
1F). Based on these data, 1 and 3 mg/kg GS-9688
were selected as the doses to be evaluated in an antiviral

efficacy study in woodchucks chronically infected with
WHV.

GS-9688 REDUCED SERUM
WHYV DNA AND WHYV SURFACE
ANTIGEN LEVELS IN
WOODCHUCKS CHRONICALLY
INFECTED WITH WHV

WH V-infected woodchucks were dosed with vehi-
cle (n = 10), 1 mg/kg GS-9688 (n = 6), or 3 mg/kg
GS-9688 (n = 6) for 8 weeks and followed for an
additional 24 weeks (Supporting Fig. S3). GS-9688
was administered orally once per week to match the
dose route and schedule being evaluated in patients
with CHB in ongoing clinical studies. The animals
were assessed for antiviral efficacy, PK, PD, and
safety/tolerability before, during, and after treat-
ment. Serum WHV surface antigen (WHsAg) and
WHYV DNA levels in woodchucks dosed with vehicle
or 1 mg/kg GS-9688 did not decrease by > 1 log,,
at any time during the study (Fig. 2A-D). In con-
trast, 3 mg/kg GS-9688 substantially reduced serum
WHsAg (range 2.2 to >4.6 log,, ng/mL) and serum
WHYV DNA (range 2.8-7.4 log,, copies/mL) in four
out of six woodchucks (“antiviral responders”) by the
end of treatment (Fig. 2E,F). This antiviral response
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was sustained after treatment cessation for three
of the responders (“sustained responders”), whereas
the antiviral responder animal with the smallest on-
treatment reduction in serum viral parameters (orange
circles) rebounded to baseline levels after treatment
was stopped (“transient responder”). There was no
reduction in serum viral endpoints at any time during
the study in the two remaining woodchucks treated
with 3 mg/kg GS-9688 (“nonresponders”).

GS-9688 REDUCED INTRAHEPATIC
LEVELS OF WHV NUCLEIC ACIDS
IN A SUBSET OF ANIMALS

All woodchucks were assessed for hepatic viral
parameters including WHV RNA, WHV DNA rep-
licative intermediates (RI), and WHV covalently
closed circular DNA (cccDNA) using liver biopsies
obtained before treatment (week —2), 1 week after end
of treatment (week 8), and at end of study (week 31).
Woodchucks dosed with vehicle or 1 mg/kg GS-9688
had little to no decrease in intrahepatic viral parameters
at either week 8 or week 31 (Fig. 3A). In contrast, treat-
ment with 3 mg/kg GS-9688 led to a strong decrease
in the intrahepatic levels of WHV RNA, DNA RI, and
cccDNA (34% to >98% reduction at week 8 and > 96%
at week 31) in the three sustained responders (Fig. 3B).
There was no reduction at either week 8 or week 31 in
either the transient responder or the two nonresponders.
These data are consistent with the reduction in antiviral

parameters measured in the periphery (Fig. 2EF).

GS-9688 SUSTAINED RESPONDERS
HAD DETECTABLE LEVELS

OF Anti-WHsAg ANTIBODIES

AND ENHANCED PBMC
PROLIFERATIVE RESPONSE TO
WHYV PEPTIDES

Serum anti-WHsAg antibody (WHsAb) was not
detected in woodchucks dosed with either vehicle or
1 mg/kg GS-9688 (Fig. 4A,C). In contrast, treatment
with 3 mg/kg GS-9688 induced serum WHsAD levels
in the three sustained responder animals, whereas the
transient responder and the two nonresponders in the
3 mg/kg dose group did not have detectable serum
WHsAD (Fig. 4E). Similarly, treatment with 3 mg/kg
(GS-9688 enhanced the proliferative response of
PBMCs to WHV peptides in two of the sustained
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FIG.2. Serum WHsAg and WHV DNA levels in WHV-infected woodchucks treated with GS-9688. WHV-infected woodchucks were
dosed orally once per week for 8 weeks with vehicle, 1 mg/kg GS-9688, or 3 mg/kg GS-9688 (Supporting Fig. S3). Vertical dotted lines
denote the dosing period. (A,C,E) Serum WHsAg levels by dose group. (B,D,F) Serum WHV DNA levels by dose group. Each line
represents an individual animal. Abbreviation: Pre-Tx, pretreatment.

responders (red and blue circles), and there was also in the 3 mg/kg dose group (Fig. 4F; Supporting
a modest increase in the third sustained responder Fig. S4). There was also no change in the PBMC pro-
(green circles) (Fig. 4F; Supporting Fig. S4). There liferative response in woodchucks dosed with either
was no increase in PBMC proliferative response in  vehicle or 1 mg/kg GS-9688 (Fig. 4B,D; Supporting
the transient responder and the two nonresponders Fig. 54).
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FIG. 3. Intrahepatic viral parameters in WHV-infected woodchucks treated with GS-9688. WHV-infected woodchucks were dosed
orally once per week for 8 weeks with vehicle, 1 mg/kg GS-9688, or 3 mg/kg GS-9688 (Supporting Fig. S3). Liver biopsies were obtained
before treatment (week —2), 1 week after treatment (week 8), and at end of study (week 31); and intrahepatic WHV DNA RI, WHV RNA,
and WHYV cccDNA levels were measured by northern blot (WHV RNA) or Southern blot (WHV DNA RI and cccDNA). (A) Data
from woodchucks dosed with vehicle (open circles) and 1 mg/kg GS-9688 (gray circles). (B) Data from woodchucks dosed with 3 mg/kg
GS-9688. For all plots, each line represents an individual animal; circle colors match those in Fig. 2. The lower limit of detection for the
assays is approximately 2 pg/pg cellular nucleic acid and is indicated by a horizontal dotted line.

TOLERABILITY AND SAFETY OF
ORAL GS-9688 IN WOODCHUCKS
CHRONICALLY INFECTED WITH
WHV

There were no GS-9688-related effects on body
weight, temperature, serum chemistry, hematology, and
coagulation during the dosing phase. The only finding
considered potentially GS-9688-related was decreased
platelet count in a single woodchuck dosed with 3 mg/kg
GS-9688 (red circles, Figs. 2-4). This finding was
most apparent following doses 3-5, after which dos-
ing of this animal was interrupted for 1 week (dose 6).
Following this 1-week dose interruption, the platelet
count returned to baseline and no additional changes
were noted upon readministration of GS-9688. In
addition, the four antiviral responders had a transient,
typically modest increase in liver enzymes sorbitol
dehydrogenase (SDH) and aspartate aminotransfer-
ase (AST) during treatment that temporally correlated
with serum WHsAg reduction (Fig. 5). No change in
these liver injury biomarkers was observed for other
animals, except those that were diagnosed with or died
of HCC (Fig. 5; Supporting Fig. S5). Liver histology

scores tended to correlate with liver enzyme levels,
with only mild liver disease typically being observed in
WHV-infected woodchucks in the absence of HCC
(Supporting Table S1). In line with normalization of
these liver injury biomarkers during the posttreatment
tollow-up period, portal and lobular inflammation
(when evaluable) was not observed at the end of study
(week 31) in animals with a sustained antiviral response

to GS-9688 (Supporting Table S1).

GS-9688 PK AND PD IN
WOODCHUCKS CHRONICALLY
INFECTED WITH WHV

This efficacy study predated development of
the woodchuck IL-12p40 assay, and therefore, the
PD response was assessed by measuring MARCO
mRNA levels. Plasma GS-9688 levels and induc-
tion of whole blood MARCO mRNA levels in
chronically infected woodchucks were consistent
with single-dose data in uninfected woodchucks
(Supporting Fig. S6). There was a trend toward
higher mean plasma GS-9688 maximum concen-
tration (and presumably higher hepatic exposure of
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FIG. 4. Serum WHSsAD levels and PBMC proliferative response to viral peptides in WHV-infected woodchucks treated with GS-
9688. WHV-infected woodchucks were dosed orally once per week for 8 weeks with vehicle, 1 mg/kg GS-9688, or 3 mg/kg GS-9688
(Supporting Fig. S3). Vertical dotted lines denote the dosing period. (A,C,E) Serum WHsADb levels by dose group. (B,D,F) Proliferative
response of PBMCs to WHYV core peptides by dose group. A proliferation index of > 2.0 is considered positive in this assay. Each line
represents an individual animal; circle colors match those in Fig. 2. Abbreviation: Pre-Tx, pretreatment.

GS-9688) in woodchucks with a sustained antiviral ~(Supporting Fig. S6B). We therefore conducted a
response (Supporting Fig. S6A). In contrast, 3 mg/kg  second, larger efficacy study to more thoroughly
(GS-9688 significantly induced whole blood MARCO  probe the relationship between systemic PK-PD,
mRNA levels, but the degree of induction did not the intrahepatic immune profile, and the antiviral
appear to be associated with treatment response response to GS-9688.
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FIG.5. Serum WHsAg and liver enzyme levels in WH V-infected woodchucks treated with 3 mg/kg GS-9688. WH V-infected woodchucks
were dosed orally once per week for 8 weeks with 3 mg/kg GS-9688 (Supporting Fig. S3). Serum WHsAg (open circles) is plotted on the
left y-axis. Serum alanine aminotransferase (blue circles), AST (red circles), SDH (orange circles), and gamma-glutamyltransferase (green
circles) are all plotted on the right y-axis. Liver enzyme data at week 31 (24 weeks after last dose) were not plotted because some surviving
animals had developed HCC by this time. The color of responder/nonresponder labels at the top right of each plot matches the circle color
in Fig. 2E,F. Abbreviations: ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase; Pre-Tx, pretreatment.

SYSTEMIC GS-9688 AND IL-12p40
LEVELS DO NOT CORRELATE
WITH ANTIVIRAL RESPONSE
TO GS-9688 IN WHV-INFECTED
WOODCHUCKS

WHV-infected woodchucks were dosed orally
with vehicle (n = 5) or 3 mg/kg GS-9688 (n = 14)

once per week for 12 weeks and followed for an addi-
tional 10 weeks (Supporting Fig. S7). Similar to the
first efficacy study, treatment with 3 mg/kg GS-9688
substantially reduced serum WHsAg in a subset of
woodchucks (antiviral responders, n = 6) (Fig. 6A).
Although there were only two sustained responders in
this follow-up study, WHsAg levels were reduced to

below the limit of detection in five of the six antiviral
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FIG. 6. Antiviral response does not correlate with systemic GS-9688 and IL-12p40 levels in WHV-infected woodchucks treated with
GS-9688. WHV-infected woodchucks were dosed orally once per week for 12 weeks with 3 mg/kg GS-9688 (Supporting Fig. S7). (A)
Serum WHsAg in woodchucks dosed with 3 mg/kg GS-9688. Vertical dotted lines denote the dosing period. Each line represents an
individual animal. Antiviral responders (green circles, n = 6) are defined as animals with a > 1.0 log, ; reduction of serum WHsAg during
treatment (nonresponders shown as red circles, n = 8). (B) Serum IL-12p40 levels before and after GS-9688 treatment in uninfected
woodchucks (n = 4, orange circles) and WHV-infected woodchucks (n = 14, purple circles). Each circle represents an individual animal at
a single time point, except for the serum IL-12p40 levels in WHV-infected woodchucks after GS-9688 treatment (each circle represents
the mean of weeks 1, 3,5, 7,9, and 11 for an individual animal). The horizontal line indicates the median, and error bars represent the
range. Statistical significance was calculated by unpaired # test with Welch’s correction. (C) Relationship between serum 1L-12p40 levels
at 4 hours postdose (expressed as fold-change relative to pretreatment) and the maximum reduction in WHsAg during treatment. (D)
Relationship between plasma GS-9688 levels at 4 hours postdose and the maximum reduction in WHsAg during treatment. For (C,D),
circles indicate the mean of six time points (weeks 1,3, 5, 7,9, and 11), and error bars represent the SEM. Circle colors match those in (A).
Abbreviations: NR, nonresponder; Pre-Tx, pretreatment; R, responder.

responders. Because this degree of antiviral suppres-
sion was only achieved late in the dosing period for
the transient responders, extending the treatment
duration may have induced sustained response in
at least some of these woodchucks. In line with the
first efficacy study, the antiviral response temporally
correlated with elevations in liver enzymes in some
(although not all) animals (Supporting Fig. S8).
Baseline serum IL-12p40 levels were not impacted
by infection status, and the magnitude of IL-12p40
induction by GS-9688 treatment was comparable
in uninfected and chronically infected woodchucks
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(Fig. 6B). Analogous to blood MARCO mRNA in
the first study, the increase in IL-12p40 levels did
not correlate with antiviral response to GS-9688 (Fig.
6C). While there was a trend toward higher plasma
GS-9688 exposure in woodchucks with sustained
antiviral response in the initial efficacy study, plasma
(GS-9688 levels were comparable in the responder and
nonresponder animals in this larger follow-up study
(Fig. 6D). Unfortunately, due to sampling limitations,
only very limited PBMC proliferation data were avail-
able for this second efficacy study (data not shown), and
no data were available for the sustained responders.
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BASELINE INTRAHEPATIC
TRANSCRIPTIONAL

PROFILE DIFFERENTIATES
ANTIVIRAL RESPONDERS AND
NONRESPONDERS TO GS-9688
TREATMENT

Recent studies have identified specialized immune
cell subsets that are enriched or resident in the liver,
highlighting the need to sample this compartment
when evaluating the response to immunomodula-
tory agents.(z) Although we could not serially biopsy
the liver of woodchucks during the treatment phase
of the study, we were able to characterize the tran-
scriptional profiles of liver biopsies taken from the
GS-9688-treated and vehicle-treated animals one or
two weeks before dosing was initiated (Supporting
Fig. S7). Transcriptional profiling of liver biop-
sies from uninfected adult woodchucks (n = 9) was
included as a comparator. There were substantial dif-
ferences between the transcriptional profiles of livers
from uninfected (U) and chronically infected wood-
chucks (C), with >1,000 differentially expressed genes
(DEGs) associated with persistent WHYV infection
(data not shown). In line with a previous study,?
immune cell gene enrichment analysis (xCell),
Ingenuity Pathway Analysis, and gene set enrich-
ment analysis (GSEA) collectively demonstrated that
chronic WHYV infection is associated with an intra-
hepatic IFN-y transcriptional response and that the
liver of chronically infected animals is significantly
enriched for B-cell, T-cell, and neutrophil gene sig-
natures, as well as for markers associated with T-cell
exhaustion (Supporting Fig. S9 and Tables S2 and
S3). In contrast, there was no difference in baseline
intrahepatic gene expression between the antiviral
responder (C® and nonresponder (C™ animals
based on DEG count, with no individual gene being
differentially expressed (absolute fold-change >2, false
discovery rate [FDR] < 0.05) between the groups.

To characterize the intrahepatic transcriptional
signatures of responder and nonresponder animals in
more detail, we employed analytical approaches that
do not depend on arbitrary thresholds to select genes
(i.e., GSEA and xCell). In addition, because statis-
tical power was limited by the small number of ani-
mals in each response group (n = 6-8), we compared
transcriptional profiles between CN versus U and
C™® versus U animals to identify interesting trends

DAFFIS ET AL.

in C® versus CNR expression patterns. GSEA iden-
tified B-cell and neutrophil gene signatures as being
significantly enriched in the nonresponder versus
responder animals (Supporting Table S4). Similarly,
there was greater enrichment of pro-B-cell, memory
B-cell, activated dendritic cell, and monocyte signa-
tures in the nonresponders by xCell analysis (Fig. 7A).
These transcriptional patterns are consistent with the
higher expression of various neutrophil and B cell-
associated genes in the nonresponder animals (Fig.
7B,C; Supporting Table S5). Conversely, the baseline
intrahepatic gene expression profiles of responders
were selectively enriched in Treg, plasma cell, and
M1 macrophage signatures (Fig. 7A). On an indi-
vidual gene level, elevated expression of the hallmark
transcription factor forkhead box P3 as well as the
ubiquitin ligase HECT and RLD domain containing
E3 ubiquitin protein ligase family member 6 is con-
sistent with the enriched Treg transcriptional signa-
ture in the antiviral responders (Fig. 7D; Supporting
Table S5).%% Increased intrahepatic expression of
the gene for butyrophilin subfamily 1 member Al,
an inhibitor of T-cell activation, also suggests that
there is negative regulation of T-cell function in the
liver of antiviral responders prior to GS-9688 treat-
ment (Fig. 7D).

Various studies have identified a potential role for
1L-21 in the immune control of HBV infection,(ls_m
and it is therefore striking that baseline intrahe-
patic IL21 expression was significantly elevated in
antiviral responders (Fig. 7D). Ty, are major pro-
ducers of IL-21, and the expression of other Ty~
associated genes (chemokine [C-X-C motif] receptor
5 [CXCR5], inductible T-cell costimulator, and CD4)
was increased in antiviral responders, although not all
markers reached statistical significance (Supporting
Table S6). The elevated expression of these Ty
associated genes is also consistent with enrichment of
the plasma cell signature in responder animals."® In
contrast to CD4, intrahepatic CD84 and CD&B levels
were higher in C™® versus U compared to C® versus U
(Supporting Table S6), suggesting that CXCR5"'CD8"
T cells are not the source of the Tpy-type signature
in antiviral responders. Higher intrahepatic expression
of the costimulatory T-cell receptor OX40 (tumor
necrosis factor receptor superfamily member 4) in C}
versus U, but not C™® versus U (Supporting Table
S6), is also notable because hepatic OX40'CD4" T
cells play a key role in IL-21 production by Ty, and
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the development of an effective immune response to
HBV in an adoptive transfer mouse model.*”)

Collectively, these analyses indicate that the baseline
intrahepatic immune profile influences the antiviral
response to GS-9688 and that enrichment of various
immune cell subsets (e.g., T;;) may be important for
treatment response (Supporting Fig. 510).

HEPATOLOGY, January 2021

Discussion

(GS-9688 is an oral, selective, small-molecule
agonist of TLR8 being developed for the treatment
of CHB. The main goal of the current study was
to evaluate the antiviral efficacy of GS-9688 in the
woodchuck model of CHB. We first determined
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FIG. 7. Baseline intrahepatic transcriptional profile in WHV-infected woodchucks correlates with antiviral response to GS-9688
treatment. WHV-infected woodchucks were dosed orally once per week for 12 weeks with 3 mg/kg GS-9688 (Supporting Fig. S7). Liver
biopsies collected from uninfected woodchucks (U, n = 9) and from WHV-infected woodchucks prior to GS-9688 treatment (baseline)
were analyzed by RNA-sequencing. The WHV-infected animals were classified as antiviral responders (CR, n = 6) or nonresponders (CNR,
n = 8) to GS-9688 treatment, as defined in Fig. 6. (A) RNA-sequencing data were analyzed by xCell. Each column represents a different
animal, and each row represents an individual cell type; overexpression (red) and underexpression (blue) are indicated by the scale bar for
z-score values. The mean z score was greater for C~ than C® for the top four rows, whereas the mean z score was greater for CX than
C™® for the bottom four rows. Symbols a}%{fcent to the cell type names indicate statistical significance: funadjusted P value <0.05 for C}
versus U, funadjusted Pvalue <0.05 for C™® versus U. The complete xCell analysis (n = 39 cell subsets) is provided in Supporting Fig. S9.
(B-D) RNA-sequencing data for select genes that were differentially expressed in CRversus C™R. (B) Neutrophil-associated genes. (C) B
cell-associated genes. (D) T, and Treg-associated genes. Data are expressed as fold-change relative to uninfected woodchucks; bar height
indicates the mean, and error bars represent the SEM. Adjusted P values (FDR) for C® versus U and CN® versus U are displayed for each
gene. No gene reached FDR < 0.05 in the C® versus CN* comparison; unadjusted P values are displayed and are denoted by an asterisk.
All statistical analyses were performed using a Wilcoxon rank-sum test with or without multiple testing correction by the Benjamini and
Hochberg method. Abbreviations: BTN1A1, butyrophilin subfamily 1 member A1l; DEFA, defensin alpha; ELANE, elastase, neutrophil
expressed; FOXP3, forkhead box P3; IGHG1, immunoglobulin heavy constant gamma 1; MZB1, marginal zone B and B1 cell specific

protein.

that woodchuck TLRS is functional and that TLRS
activation induces a comparable response in human
and woodchuck PBMC:s. Collectively, these in vitro
data established the translational relevance of the
woodchuck model for evaluating small molecule
agonists of human TLR8. Consequently, we per-
formed single-ascending dose studies with GS-9688
in uninfected woodchucks and then an 8-week effi-
cacy study in WHV-infected woodchucks. In the
latter, weekly oral dosing with 3 mg/kg GS-9688
substantially reduced serum and intrahepatic viral
endpoints in a subset of WHV-infected wood-
chucks. Strikingly, serum WHsAg and intrahepatic
cccDNA levels were reduced to below the limit of
detection in those animals with a sustained antivi-
ral response to GS-9688. These animals also devel-
oped detectable WHsAb. Interestingly, although
these animals had a >5 log,, reduction in viral load,
serum WHV DNA was still detectable in the sus-
tained responders throughout the postdosing period.
However, the viral load in these animals remained
stable and did not rebound through end of study
(24 weeks after the last dose of (GS-9688). This
suggests that GS-9688 treatment of chronically
infected woodchucks resembles natural resolution
of HBV infection in humans; i.e., a small percent-
age of hepatocytes remain infected, but an ongoing
immune response effectively controls the virus.”
An important observation from the current study
is that GS-9688 did not induce an effective anti-
viral response in all chronically infected wood-
chucks. Elucidating the key differences between
antiviral responders and nonresponders may identify

biomarkers that predict antiviral response and could
also help define the immune determinants of viral
control. It is therefore notable that antiviral response
was not associated with either systemic GS-9688 or
IL-12p40 levels, whereas there was an enhanced pro-
liferative response of PBMCs to WHYV peptides in
animals with a sustained antiviral response. Because
there was also a temporal correlation between reduc-
tion in serum viral endpoints and liver enzyme eleva-
tions in some (although not all) animals, these data
raise the possibility that virus-specific, cytotoxic T
cells play a role in the antiviral response to GS-9688.
Interestingly, the PBMC proliferative response in sus-
tained antiviral responders was greatest during the
treatment follow-up period, after WHsAg loss and
detection of WHsAb. This delay between WHsAg
loss and the increase in peripheral immune response
may reflect localization of virus-specific T cells in the
liver until clearance of infected hepatocytes is com-
plete.(zo) Future studies will therefore focus on char-
acterizing the intrahepatic immune response during
GS-9688 treatment.

Another notable finding from this study is that the
baseline intrahepatic transcriptional immune profile
of WHV-infected woodchucks influences antiviral
response to GS-9688 treatment. For example, antivi-
ral responders were enriched in Ty}, and Treg gene
signatures. Ty play a pivotal role in the development
of intrahepatic, virus-specific CD8" T-cell and B-cell
responses in various mouse models of HBV infection
but can be effectively blocked by Tregs.">*" Moreover,
the frequency of circulating Tp;; and systemic levels
of T -associated cytokines and chemokines (IL-21,
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chemokine [C-X-C motif] ligand 13 [CXCL13])
are associated with immune control in patients with
HBV.!61722) Because TLR8 agonists promote Ty
differentiation through production of IL-12 and
directly inhibit Treg function,” our data suggest
that GS-9688 may induce effective antiviral immu-
nity by augmenting a preexisting T, response in the
liver (Supporting Fig. §10). In addition to T and
Tregs, antiviral responders were enriched for an intra-
hepatic M1 macrophage transcriptional signature.
Mouse models have recently identified a central role
for hepatic macrophages (Kupffer cells) in effective
CD8* T-cell priming in the liver.?*?* For example,
studies in an adoptive transfer model demonstrated
that Kupffer cell-derived CXCL13 facilitates orga-
nization of CD8" T cells, CD4" T cells (including
Ty, and B cells in the liver and that these lymphoid
structures support intrahepatic immune priming.(15’23)
Similarly, the antiviral response to high-dose TLR7
agonist vesatolimod in HBV-infected chimpanzees
was temporally correlated with induction of intra-
hepatic CXCL13 expression as well as aggregates of
CD8" T cells, CD4" T cells (likely including Thpyy),
and B cells.") Because human macrophages express
TLR8 and GS-9688 induces CXCL13 production
from human PBMCs (Supporting Fig. S11), these
data suggest that direct activation of Kupffer cells
may play a role in the antiviral immune response to
GS-9688 (Supporting Fig. 510).

Like GS-9688, the TLR7 agonist vesatolimod also
demonstrated antiviral efficacy in WHV-infected
woodchucks.? However, vesatolimod had no anti-
viral effect in patients with CHB. The current study
addressed this discrepancy in preclinical versus clin-
ical antiviral response by characterizing the cytokine
response to vesatolimod in woodchucks and compar-
ing it to the PD response in humans. This revealed
that the efficacious dose of vesatolimod induced a
substantially higher systemic cytokine response in
woodchucks than was induced in humans at a safe
and tolerable dose (Supporting Information and
Table S7). Interestingly, our data also suggest that the
efficacious dose of vesatolimod may activate TLRS
as well as TLR7 in WHV-infected woodchucks
(see Supporting Information). In contrast, GS-9688
is a selective agonist of woodchuck TLRS, and the
level of serum IL-12p40 induced by the efficacious
dose (3 mg/kg) in WHV-infected woodchucks (6.1-
fold + 0.9) is comparable to that induced by 3 mg
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GS-9688 in virally suppressed (6.8-fold + 0.6) and
viremic (6.0-fold * 0.4) patients with CHB.*
Importantly, the 3 mg dose was safe and generally well
tolerated in this phase 1 study in patients with CHB
and so was selected as the top dose for the ongoing
phase 2 studies.

In summary, our data demonstrate that finite,
short-duration treatment with a clinically relevant
dose of GS-9688 was well tolerated and induced a
sustained antiviral response in the woodchuck model
of CHB. Strikingly, GS-9688 treatment substantially
reduced serum and intrahepatic viral endpoints and
induced detectable WHsAb levels, indicating it has
potential for inducing functional cure of CHB. Taken
together, these data support clinical development of

(GS-9688 for the treatment of CHB.
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