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Received: 26 November 2019 Oral antiretroviral agents provide life-saving treatments for millions of people living

with HIV, and can prevent new infections via pre-exposure prophylaxis'~>. However,
some people living with HIV who are heavily treatment-experienced have limited or
no treatment options, owing to multidrug resistance®. In addition, suboptimal
adherence to oral daily regimens can negatively affect the outcome of treatment—
which contributes to virologic failure, resistance generation and viral transmission—
aswellas of pre-exposure prophylaxis, leading to new infections**’"%, Long-acting
agents from new antiretroviral classes can provide much-needed treatment options
for people living with HIV who are heavily treatment-experienced, and additionally
canimprove adherence'’. Here we describe GS-6207, asmall molecule that disrupts
the functions of HIV capsid protein and is amenable to long-acting therapy owing to
its high potency, low in vivo systemic clearance and slow release kinetics from the
subcutaneous injection site. Drawing on X-ray crystallographic information, we
designed GS-6207 to bind tightly at a conserved interface between capsid protein
monomers, where it interferes with capsid-protein-mediated interactions between
proteins that are essential for multiple phases of the viral replication cycle. GS-6207
exhibits antiviral activity at picomolar concentrations against all subtypes of HIV-1
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that we tested, and shows high synergy and no cross-resistance with approved
antiretroviral drugs. In phase-1 clinical studies, monotherapy with a single
subcutaneous dose of GS-6207 (450 mg) resulted in amean log,,-transformed
reduction of plasma viral load of 2.2 after 9 days, and showed sustained plasma
exposure at antivirally active concentrations for more than 6 months. These results
provide clinical validation for therapies that target the functions of HIV capsid
protein, and demonstrate the potential of GS-6207 as along-acting agent to treat or
preventinfection with HIV.

HIV-1capsid protein (p24; hereafter abbreviated CA) has essential roles
throughout the viral replication cycle, making it an attractive target
for therapeutic intervention™2 Unlike the viral enzymes (protease,
reverse transcriptase and integrase) that are currently targeted by
small-molecule antiretroviral drugs, CA functions throughinteractions
between proteins; targets that function in this way have historically
posed considerable challenges for interventions using small-molecule
drugs®. CAisinitially expressed within the Gag and Gag—Pol polypro-
teins, and provides key interactions between proteins that are necessary
for assembly of the virion™. In the virion, CA is released by precursor
cleavage mediated by HIV-1 protease, and self-assemblesinto a conical
capsid composed of about 250 CA hexamers and 12 pentamers®. The
correct formation and integrity of the capsid are essential for virus
infectivity™. Upon infection of a new cell, controlled intracellular
transport and disassembly of the viral capsid is regulated, in part, by
interactions with host factors, and supports reverse transcription and
proviral DNA integration' 8,

We assayed small molecules for effects on the kinetics of in vitro
CAassembly, and identified multipleinhibitor and accelerator series.
Potency improvements through chemical modification were limited
for compounds thatinhibited CA assembly, presumably because these
compounds could not overcome mass action and excess of the CA
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subunit in the virion (about 4 mM)"*. Compounds that worked in
concert with mass action to increase the rate and extent of CA assem-
bly proved more amenable to improvement of their antiviral activity.
Ultimately, extensive potency and pharmacokinetic optimization was
required to discover aclinical candidate directed against HIV CA. The
activity of GS-CAl has previously been reported®. Here we report on
GS-6207 (Fig.1a), a CA-targeting inhibitor of HIVreplication thatis even
more potent and more metabolically stable than GS-CAl and that is suit-
ablefor clinical trials??. GS-6207 showed a dose-dependent increase in
therateand extent of invitro CA assembly (Fig. 1b).Inacellular context,
this acceleration of CA assembly produced malformed capsids that
are morphologically distinct from mature and immature particles
(Fig.1c, d). Importantly, GS-6207 showed a mean half-maximum effec-
tive concentration (ECs,) of 105 pM in MT-4 cells infected with HIV-1,
which makes this inhibitor significantly more potent than all of the
approved HIV antiretroviral drugs that we tested (Fig. 1e). GS-6207
showed picomolar mean EC,, values in primary human CD4" T cells
(32 pM) and macrophages (56 pM) infected with HIV-1, and remained
broadly active against 2 HIV-2 isolates (885 pM) and 23 clinical HIV-1
isolates (50 pM, range of 20 to 160 pM) in human peripheral blood
mononuclear cells (Fig. 1f). GS-6207 exhibited minimal cytotoxicity
in human cell lines and primary cells, showing a mean half-maximal
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Fig.1/GS-6207is apotent CA-targeting inhibitor of HIV replication. a, GS-
6207.b, Light scattering (absorbance at 350 nm) responses showing therate
and extent of in vitro CA (20 pM) assemblyin2 M NaCl, in the presence and
absence of GS-6207. Data arerepresentative of fourindependent experiments
(n=2biological replicates each). ¢, Representative thin-sectionelectron
micrographimages of HIV-1 produced in the presence of 0.2% dimethyl
sulfoxide (DMSO) (left), GS-6207 (15nM) (middle) or the HIV-1 protease
inhibitor atazanavir (500 nM) (right). Scale bars, 50 nm. d, Quantification for c.
Dataaremean+s.d.fromrepresentative images of HIV-1producedin one of
twoindependent experiments. DMSO, n =737 virions; GS-6207,n =591 virions;
atazanavir (ATV), n=618 virions. Pvaluesinall figures are by unpaired
two-tailed Student’s t-test with Welch’s correction. ****P<0.0001. e, Inhibition
of HIV-1strainIlIBin MT-4 cells. Dataare mean + s.d. from 4 biological replicates

cytotoxic concentration (CCs,) in peripheral blood mononuclear cells
of >50 pM and atherapeuticindex (CCs,/ECs,) of more than1,000,000
(Extended Data Table 1). When combined with other antiretroviral
agents, GS-6207 displayed synergy (Extended Data Table 2) and
retained full activity against HIV-1variants that areresistant to current
drug classes (Extended Data Table 3), which demonstrates its potency
in combination and against drug-resistant strains of HIV.

The molecular underpinnings of the role of GS-6207 as an accelera-
tor of CA monomer assembly are apparent in a 2.0 A resolution X-ray
crystal structure of GS-6207 in complex with a cross-linked CA hexamer
(Fig.1g-i, Extended Data Table 4). In this structure, GS-6207 binding is
located between the N-terminal domain of one subunit of the CA hex-
amer (CAymp) and the C-terminal domain (CA¢rp) of an adjacent subunit
inthe hexamer. GS-6207 exhibits notable shape complementarity with
adjacent CA monomers (contacting more than 2,000 A2of buried pro-
teinsurface area), and displays extensive hydrophobic and electrostatic
interactions thatinclude two cation-minteractions and seven hydrogen

HIV-1

ineachof8to115independent experiments. GS-6207 (n=8), rilpivirine (RPV)
(n=113), efavirenz (EFV) (n=113), dolutegravir (DTG) (n=115), bictegravir (BIC)
(n=20), ATV (n=113), darunavir (DRV) (n = 60) and tenofovir alafenamide (TAF)
(n=15).***P<1x107".f, Inhibition of HIV-2 and HIV-1group M (subtypes A-G,
circulating recombinant forms (CRFs)), Nand O clinical isolates. Datarepresent
individualisolates (n=3biological replicates each). g, X-ray crystal structure of
GS-6207-CA hexamer complex. Top and side views of CA hexamer (individual
CAmonomerscoloured alternately in cyanand grey). The GS-6207 binding site,
located between the NTD of one CAmonomer and the CTD of anadjacent
monomer, is boxed. h, Space-filling view of GS-6207 inits binding site (X-ray
structure). i, Hydrogen bonds (dashed black lines, n=7) and cation-m
interactions (dashed yellow lines, n=2) are shown between GS-6207 and CA
residues.

bonds. The GS-6207 sulfonamide is the linchpinin ahydrogen-bonding
network that bridges from CAyp residues N74 and K70 of one subunit
to CAp residue N183 of the neighbouring subunit, and orders aloop
that is unstructured in the apo hexamer crystal (Fig. 1i). Consistent
withits binding position between neighbouring CAmonomersin this
crystalstructure, GS-6207 showed saturable dose-dependent binding
to Gagand CA; the slow dissociation of GS-6207 from CA multimers is
consistent with a tenfold-higher affinity relative to the CA monomer
(Extended Data Table 5).

To define the functional consequences of GS-6207 binding to cap-
sid, we measured the potency of GS-6207 during early and late stages
of the viral replication cycle in target MT-2 and producer HEK293T
cells, respectively. GS-6207 showed sub-nanomolar potency in tar-
get cells (EC5, =23 pM), in a full-cycle assay (ECs, =25 pM) and in pro-
ducer cells (ECs, = 439 pM), which indicates that GS-6207 interferes
with both the early and late stages of HIV-1 replication but exhibits
greater potency against the early stage (Fig. 2a). Time-of-addition
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Fig.2|GS-6207 inhibits multiple CA-dependent steps of HIV-1replication.
a, Antiviral activity of GS-6207 throughout a full replication cycle, or when
selectively present during target-cellinfection (early events) or virus
production (late events). Dataare mean +s.d.from 4 independent experiments
(n=3biological replicates each). b, Time-of-addition study indicating when
GS-6207inhibits HIV-1replicationrelative torilpivirine (reverse transcriptase
inhibitor) and bictegravir (integrase inhibitor). Data are mean from one of two
representative independent experiments (n=8biological replicates per group
in each experiment). h.p.i., hours post-infection. ¢, Effect of GS-6207 (1.25 nM)
ontheintracellularabundance of various forms of HIV-1DNA. Data are

studies relative to anon-nucleoside reverse-transcriptase inhibitor
and an integrase strand-transfer inhibitor indicated that GS-6207
targets one or more steps that occur after reverse transcription and
before integration (Fig. 2b). In quantitative PCR assays, we measured
the accumulation of the products of reverse transcription, the for-
mation of two-long-terminal-repeat (2-LTR) circles (which indicate
nuclearlocalization but aborted integration) and proviralintegration
(Fig.2c). GS-6207 at1.25nM (12.5-fold EC,,) did not alter the synthesis
of HIV complementary DNA (cDNA) but significantly reduced forma-
tionof 2-LTR circles and integrated proviruses. These data suggest that
GS-6207 might prevent the nuclearimport of viral cDONA—possibly via
direct competition with host-cell nuclear import cofactors (such as
nucleoporin153 (NUP153) and cleavage and polyadenylation specific-
ity factor 6 (CPSF6)* %) that bind CA and share a CA binding site with
GS-6207 (Fig. 2d). In addition to these early effects and the effects on
capsid formation, GS-6207 inhibited the production of HIV-1that con-
tains mature wild-type CA but not the CA(M66I) binding-site mutant
that reduces GS-6207 binding affinity to CA oligomers (Extended

mean +s.d. fromone of two representative independent experiments
(n=3biological replicates each).d, Overlay of GS-6207 with CA-binding
peptides from nuclear-import factors CPSF6 and NUP153 (ref. »%) in their shared
binding pocket. e, Effect of GS-6207 on HEK293T producer-cell viability, HIV-1
particle productionandinfectivity. Dataare mean fromone of three
representative independent experiments (n=3biological replicates each).
Mé66I, GS-6207 resistance-associated CA-binding-site variant; WT, wild type.
f,Effect of GS-6207 onintracellular p24 levels. Dataare mean +s.d. from
3independentexperiments (n=3biological replicates each). For gel source
data, see Supplementary Fig. 1.

Data Table 5), as measured by a p24 enzyme-linked immunosorbent
assay (Fig. 2e). GS-6207 did not inhibit HIV-1 protease cleavage activity
invitro (half-maximal inhibitory concentration of more than 50 pM)
butreducedintracellular Gagand processed CAlevelsinthe producer
cells (Fig. 2f), which indicates that the loss of p24 production probably
reflected GS-6207 binding to CA precursors, and a reduction in Gag
and/or Gag-Pol stability, trafficking and/or viral assembly.

To evaluate drugresistance, we serially passaged HIV-1in MT-2 cells
inthe presence of increasing concentrations of GS-6207 for more than
three months (Fig. 3a). Sequence analysis identified an N74D substi-
tution in CA (passages 4-6) followed by a CA(Q67H/N74D) variant
(passages 7-10). The N74D substitution has previously been shown
toalter the viral pathway of nuclear entry?. Viruses with these GS-6207
resistance-associated mutations remained fully sensitive to agents
from other antiretroviral classes (Fig. 3b). Selections performed in
the presence of fixed concentrations of GS-6207 in human peripheral
blood mononuclear cellsindependently infected with six HIV-1isolates
similarly identified Q67H and N74D as the major resistance-associated
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Fig.3|Resistance to GS-6207 mapsto CA.a, Emergent CA substitutions
denoted duringresistanceselectionin MT-2 cellsinfected with HIV-1strain
HXB2D, by escalation of the GS-6207 dose. Data are representative of one of
two biological replicates from asingle selection experiment. b, Fold resistance
of GS-6207-selected viralisolate passage (P)3to10 (each tick mark corresponds
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to one passage) to GS-6207, and control antiretroviral agents. Dataare

mean *s.d.from3independent experiments (n=3biological replicates each).
Red dotted line defines the cut-off for drug resistance. ¢, Frequency of
GS-6207-selected CA variants observed at fixed GS-6207 concentrationsin
peripheralblood mononuclear cellsinfected with clinical HIV-1isolates.
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Fig.4|Clinical testing of GS-6207 in humans. a, Mean plasma concentration—
time profile of GS-6207 after asingle subcutaneous administration of

30-450 mg of drug to uninfected individuals (n =8 within each dosing arm).

b, Mean plasma concentration-time profile of GS-6207 after asingle
subcutaneous administration of 20-450 mgto individuals infected with HIV

mutations, with additional variants (L561, M661, K70N, Q67H/N74S
and Q67H/T107N) that were each independently detected in a sin-
gle GS-6207-selected culture (Fig. 3¢). These resistance-associated
mutations, alone or in combination, conferred reduced susceptibil-
ity to GS-6207 (6- to >3,200-fold resistance relative to the wild-type
virus), consistent with the assignment of CA as the functional target
of GS-6207. All CAresidues that confer resistance map to the GS-6207
binding site and are highly conserved across subtypes of HIV-122830,
Ofthe mutants that we tested, all but the low-level-resistant Q67H vari-
ant (sixfold resistance to GS-6207 relative to wild-type virus) display
reduced replication capacity in vitro (Extended Data Table 6).

Low hepatic clearanceis an essential attribute for along-acting agent.
Thus, along with enhancement of potency, the design process that
culminated in GS-6207 also focused on blocking metabolically labile
sites throughincorporation of electron-withdrawing groups (halogens
and sulfonyls), metabolically stable ring systems (cyclopropane and
pyrazoles) and rigidifying elements. Tritiation ([*H]) of GS-6207 was
necessary toaccurately measure the low turnover of GS-6207 in primary
human hepatocytes, and showed a predicted rate of hepatic clearance
of 0.011h kg™, or 0.8% of the hepatic extraction.

In a single-ascending-dose clinical study that was randomized,
double-blind and placebo-controlled, we administered a suspension
formulation of 30 to 450 mg GS-6207 to healthy participants (32 active
and 8 placebo)—most of whom were male (27 of 40) and in their 30s
(median age of 37 years old, range 19 to 44 years old), and had normal
kidney and liver function—as a subcutaneous injection (Fig. 4a). Con-
sistent with nonclinical safety studies, GS-6207 was generally safe and
well-tolerated. The most frequent adverse events were mild erythema
and/or pain at the injection site that resolved in a few days (Extended
Data Table 7). GS-6207 pharmacokinetic profiles showed slow, sus-
tained drug release, with a median apparent terminal half-life (¢,,) of
about 38 days. Increases in exposure to GS-6207 were approximately
dose-proportional. At doses of 2100 mg, GS-6207 plasma concen-
trations exceeded the human serum protein-adjusted 95% effective
concentration (EC,s) for wild-type HIV-1 (4.0 nM or 3.87 ng ml™ in
MT-4 cells) for 212 weeks, and doses of >300 mg exceeded the human
protein-adjusted ECy for more than 24 weeks.

In a subsequent clinical study (which was also randomized,
double-blind and placebo-controlled), 20 to 450 mg GS-6207 was admin-
istered to trial participants with untreated HIV-1infection (24 active and
8 placebo) as asingle-dose subcutaneous suspension. We conducted a
prespecified interim analysis of this part of the study. Most of the par-
ticipants were male (30 of 32), in their 30s (median age of 34 years old,
range 19 to 59 years old) and treatment-naive (25 0f 32), and had median
HIV-1RNA loads of log,,-transformed copies per millilitre of 4.48 (range
0f3.86105.01) and median CD4" T cell counts of 458 cells per microlitre
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(n=6withineach dosingarm).Red dotted line defines protein-adjusted EC,s for
GS-6207.¢,Meanlog,,-transformed change in plasma HIV-1RNA after asingle
subcutaneous administration of20-450 mg GS-6207 to 8 individuals with
untreated HIV-linfection randomized to drug (n=6) or placebo (n =2) within
eachdosingarm.

(range 0f200t01,009). GS-6207 was generally safe and well-tolerated
(Extended Data Table 8), and the concentration-time profiles of GS-6207
were consistent with those in HIV-negative participants throughto nine
days after administration of the dose (Fig. 4b, Extended Data Table 9). A
single subcutaneous administration of 20, 50,150 or 450 mg GS-6207
led to mean maximum log,,-transformed reductions of 1.35,1.79,1.76
and 2.20, respectively, in plasma HIV-1 RNA by the ninth day (Fig. 4c,
Extended Data Table 10). A genetic mixture of wild-type CA and the
CA(Q67H) mutant emerged on day 9 in one participant in the 20-mg
cohort, which was associated with a1.6-fold decrease in phenotypic
susceptibility but not with viral escape by day 9 of monotherapy.

These dataestablish GS-6207 as afirst-in-class HIV-1capsid inhibitor
with potent antiviral activity against both wild-type virus and vari-
antsthatareresistant to current antiretroviral agents. The favourable
safety profile, prolonged pharmacokinetic exposure and observed
antiviral efficacy in humans support continued clinical development
of GS-6207 as a long-acting antiretroviral agent for the treatment of
infection with HIV-1, including for people living with HIV who are heavily
treatment-experienced and have multidrug-resistant virus. In addition,
the infrequent subcutaneous dosing renders GS-6207 an attractive
candidate for the simplified prevention of the acquisition of HIV in
at-risk populations—making this drug a potentially transformative
toolin efforts to end the global HIV epidemic.
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Methods

No statistical methods were used to predetermine sample size. The
invitro experiments were not randomized and investigators were not
blinded to sample allocation duringin vitro experiments and outcome
assessment.

Compounds

GS-6207 was synthesized at Gilead Sciences, and chemical identity
(*H-nuclear magnetic resonance (NMR), >C-NMR and high-resolution
mass-spectrometry spectra) and sample purity were established using
reverse-phase high-performance liquid chromatography (HPLC)
(Supplementary Information). The control antiretroviral agents
emtricitabine (FTC), tenofovir alafenamide (TAF), elvitegravir (EVG),
raltegravir (RAL), bictegravir (BIC), darunavir (DRV), atazanavir (ATV)
and bevirimat (BVM) were synthesized at Gilead Sciences, and efa-
virenz (EFV) and dolutegravir (DTG) were purchased from Toronto
Research Chemicals and Porton Shanghai R&D Center, respectively.
Puromycin (a control compound for cytotoxicity assays) was pur-
chased from Sigma-Aldrich.

Viruses

The HIV-1strains I1IB and BaL were obtained from the NIH AIDS Rea-
gent Program and from Advanced Biotechnologies, respectively. Two
HIV-2 isolates (CBL20 and CDC310319) and 23 clinical HIV-1isolates
from the Southern Research virus collection were selected for sus-
ceptibility profiling: subtype A (92UG031 and 92UG037), subtype
B (89BZ_167,90US_873, YU-2,91US001, 91US004, 96™ NP1538, BaL
and JR-CSF), subtype C (92BR025 and 98US_MSC5016), subtype D
(92UG001and 98UG_57128), subtype E (CMUO2 and CMUO0S8), subtype
F (93BR020), subtype G (JV1083), group N (YBF30), group O (BCFO01),
CRFO1_AE (90TH_CM235) and CRF02_AG (01CMOOO08BBY, 91DJ263).
HIV-1recombinant strains encoding mutation(s) that confer resist-
ance to nucleoside reverse transcriptase inhibitors, non-nucleoside
reverse transcriptase inhibitors, integrase strand transfer inhibitors,
protease inhibitors or maturation inhibitors have previously been
described® 2 Single-cycle HIV-1 encoding firefly luciferase with and
without mutations within the capsid gene was made by co-transfecting
HEK293T cells with pKS13AEnv and pHCMV-G plasmids. Cell-free viral
supernatant was collected 3 days after transfection, clarified using a
0.45-pumsyringe filter and stored at -80 °C. The amount of HIVineach
sample was quantified by p24 antigen enzyme-linked immunosorb-
ent assay (Perkin EImer) and areverse transcriptase activity assay
(Southern Research).

Celllines

Human MT-2 and MT-4 T-cell lines were obtained from the NIH AIDS
Reagent Program and maintained in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100 units ml™ peni-
cillin,and 10 pg ml*streptomycin (complete RPMI). MT-2 cells chroni-
cally infected with HIV-1strain IlIB were cultured in complete RPMI.
HEK293T cells were obtained from the Gladstone Institute for Virol-
ogy and Immunology and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with10% FBS, 100 units ml™ penicillin,
and 10 pg ml™ streptomycin (complete DMEM). The human hepatoma
Huh-7 cell line was obtained from ReBLikon and cultured in complete
DMEM?®, The human hepatoblastoma cell line HepG2, human prostate
carcinoma cell line PC-3 and normal human fetal-lung-derived MRC-5
cells were obtained from the American Type Culture Collection. PC-3
and HepG2 cells were adapted to grow in 0.2% galactose-containing,
glucose-free DMEM supplemented with 10% FBS, 1% non-essential
amino acids, 1% pyruvate, and 1% GlutaMAX. MRC-5 cells were main-
tained in Eagle’s Minimum Essential Medium (MEM) supplemented
with 10% FBS. Each cell culture medium was further supplemented
with100 units ml™ penicillin and 100 pg ml™ streptomycin. The above

eukaryoticcell lines were not authenticated and were judged to be free
of mycoplasma contamination using the MycoProbe Mycoplasma
Detection Kit (R&D Systems).

Primary cells

Human peripheral blood mononuclear cells (PBMCs) were collected
from healthy volunteers under informed consent; their use was
approved by an institutional review board at AllCells. The prepara-
tion of human PBMCs, CD4" T lymphocytes and monocyte-derived
macrophage cultures have previously been described®. Before infec-
tion, PBMCs and CD4' T cells were activated for 48 hat 37 °C by addition
of 1 pg ml™ phytohaemagglutinin (PHA) and 50 international units
ml™ recombinant human interleukin 2 (IL-2). Primary human hepato-
cytes fromthreeindependent donors were purchased from Invitrogen
and cultured in William’s Medium E medium containing cell mainte-
nance supplement. Donor profiles were limited to 4-65 years of age,
non-smokers with limited alcohol consumption. Upon arrival at Gilead
Sciences, hepatocytes were allowed to recover in a 37-°C incubator
with 5% CO, and 90% humidity for 12-18 h in complete medium with
vendor-supplied supplements before treatment with compounds.

Antiviral assays

The five-day cytoprotection antiviral assays using MT-2 and MT-4 T-cell
lines have previously been described™. Data analysis was performed
using GraphPad Prism 7.0 to calculate ECs, values. The ECy; value for
GS-6207 was calculated from the ECy, and Hill coefficient, n, determined
in MT-4 cells using the equation: ECys = ECs, X (95/5)".

For time-of-addition antiviral assays, MT-2 cells were infected with
single-cycle reporter HIV-1for1h at 37 °C, washed and seeded into
96-well plates (75-pl aliquots; 1.5 x10* cells per well). A 25-pl aliquot of
complete RPMImediumwas added to 8 uninfected and 8 infected wells
as respective minimum (0%) and maximal (100%) infection controls.
Twenty-five-microlitre aliquots of 4x drug-medium were added to 8
replicate wells atindicated times after infection. GS-6207 and control
antiretroviral agents were tested at concentrations equivalent to 10x
and 100x EC,,, producing similar results. Assay plates were keptin a
humidified 37-°Cincubator before and after drug-medium additions.
Plates were developed 48 h.p.i. using ONE-Glo Luciferase Assay reagent
(Promega) and the resulting luminescence data were collected and
analysed using EnVision Manager 1.13.3009 and GraphPad Prism 7.0
software, respectively. Wheninvestigatinginhibitor potency across the
phases of viral replication, single-cycle antiviral assays were performed
in MT-2 cells in a manner such that GS-6207 was present selectively at
early stage, late stage or during a full course of infection as previously
described*. Assays evaluating the effect of GS-6207 on HIV-1 particle
production (by p24 antigen enzyme-linked immunosorbent assay)
and intracellular CA levels (by anti-p24 and anti-tubulin western blot
analyses) have previously been described®.

For invitro two-drug combination studies, compounds within a test
pairwere combinedin384-well assay plates to create atwo-dimensional
matrix of diluted drugs. Positive control (EVG) and negative control
(DMSO) wells were included in every assay plate to define 100% and
0% protection fromviral replication-mediated cytopathic effect (CPE),
respectively. The final DMSO concentration in the assay was 0.5%. MT-2
cells were bulk-infected in complete RPMI medium with HIV-1strain
11IB at amultiplicity-of-infection (MOI) of 0.01for 3hat 37 °C,added to
the assay plates (3 x10° cells per well) and incubated at 37 °C for 5 days.
Cellviability was determined by adding CellTiter-Glo reagent and the
resulting luminescence data were collected using EnVision Manager
1.13.3009. Data were normalized to positive and negative controls in
each plate, expressed as per cent CPE protection and analysed with
MacSynergy Il software®. Combination data were analysed at the 95%
confidencelevel, with synergy and antagonism volumes defined as fol-
lows: high synergy (>100 uM?%), moderate synergy (50 to <100 uM*%),
additivity (>-50 to <50 uM?%) and antagonism (<-50 pM?%).
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Antiviral assays using HIV-1strain BaL in primary human CD4" T lym-
phocytes and macrophage cultures were conducted using a p24 end-
pointassay as previously described®. A seven-day reverse transcriptase
endpoint antiviral assay using fresh human PBMCs independently
infected with a panel of clinical HIV-1and HIV-2 isolates was performed
by Southern Research as a contracted research study.

Cytotoxicity assays

For cytotoxicity assessmentin MT-4 cells, PBMCs, primary human CD4*
T cells and monocyte-derived macrophages, the protocol was identi-
cal to that of the respective antiviral assay, including assay duration,
except that novirus was added to the plates. Protocols for cytotoxicity
assessmentsin Huh-7, Gal-HepG2, Gal-PC-3 and MRC-5 cell lines, as well
asin primary human hepatocytes, have previously been described™.
The effect of test compounds on cell viability was measured using
CellTiter-Glo. Data analysis was performed using GraphPad Prism 7.0
to calculate CC, values.

GS-6207 resistance analysis

Dose-escalation selections for drug-resistant HIV-1 variants were
performed in MT-2 cells infected with HIV-1strain HXB2D using two-
fold incremental increases in GS-6207 concentration as previously
described®. Theresistance profile of each emergent virus passage was
thenassessedinthe five-day cytoprotection antiviral MT-2 assay after
titrating virusinoculums to normalize the MOl across all samples. Viral
breakthrough selections were conducted under conditions of fixed,
constant drug concentrations over a period of 35 days in human PBMCs
independently infected with 6 different HIV-1isolates (BaL, 92US657,
91US0006, 7406, 7467 and 7576) as previously described”. GS-6207
was tested at fixed drug concentrations equal to 4-fold, 8-fold and
16-fold its ECys value of 0.23 nM (0.92 nM, 1.9 nM, and 3.7 nM GS-6207,
respectively), using 6 replicate cell cultures per experimental condi-
tion. Viruses thatemerged in the presence of GS-6207 were genotyped
by population sequencing. Total RNA was isolated from mock- and
GS-6207-selected virus-containing supernatants using the QiaAMP
Viral RNA MiniKit (Qiagen). A 986-bp fragment encoding HIV-1 capsid
andtheadjacent p2 spacer peptide was amplified by PCR with reverse
transcription (RT-PCR) using the Qiagen OneStep RT-PCRKitin com-
bination with primers 5-CAGTAGCAACCCTCTATTGTGTGC-3" and
5’-CCTAGGGGCCCTGCAATTT-3".RT-PCR products were sequenced by
Elim Biopharmaceuticals. Toidentify codon changes, gene sequences
from selected HIV-1 variants were aligned using DNA Sequencher 4.9
Software (Gene Codes) with that of theinput virus and virus passagedin
the absence of GS-6207. For samples containing >1 codon change, PCR
products were subcloned, DNA was isolated fromindividual bacterial
colonies and the gene encoding CA was sequenced to assess the linkage
of all observed substitutions.

The resistance profile and infectivity of each GS-6207-selected CA
variant was determined in MT-2 cells after introducing each substitu-
tion, alone and in combination, into wild-type single-cycle reporter
HIV-1. The replication level (fitness) of select CA variants introduced
into wild-type replication-competent reporter HIV-1was evaluated in
primary human CD4" T cells over a period of 19 days®.

Recombinant HIV-1Gag and CAs

Recombinant HIV-1,,, CA was prepared as previously described®. Solu-
ble cross-linked CA hexamers of HIV-1strain NL4.3 (wild type and the
Mé66l variant), as well as CA pentamers, were prepared as previously
described®°, Recombinant Gag protein of HIV-1strain NL4.3 was
prepared as previously described®.

Crystallization, data collection and structure determination

HIV-1CA hexamer (25 mg ml™in 20 mM Tris, pH 8.0) was thawed and
diluted to 12 mg ml™in the same buffer and incubated onice for 10 min
with 1 mM GS-6207. Crystallization droplets were assembled in MRC2

microplates with 100 nl of the complex and 100 nl of 12% polyethylene
glycol (PEG) 3350, 0.2 M sodium thiocyanate, 0.1M sodium cacodylate,
pH 6.7. The assembled 200-nl droplet was then subjected to vapour
diffusion with 50 pl of 1% PEG 3350, 0.2 M sodium thiocyanate, 0.1M
sodium cacodylate, pH 6.7 in the large reservoir. Large hexagonal crys-
tals 30 um x160 pm x160 pm) grewin4 d at 25 °C and were subsequently
cryo-protected for X-ray diffractionin30% PEG 3350, 7% glycerol, 0.2M
sodium thiocyanate, 0.1 M sodium cacodylate, pH 6.7, and 0.3 mM
GS-6207. X-ray diffraction data to 2.0 A resolution were collected on a
single frozen (=180 °C) crystal at the Advanced Light Source, Beamline
5.0.1. The protein-inhibitor complex crystallized in space group P3 with
cell parameters: a=158.3 A, b=158.3 A, c=55.6 A, a=90.0°, f=90.0°
and y=120.0°. The data were processed and scaled with the programs
DENZO and SCALEPACK (HKL Research), respectively. Initial models
were obtained by molecular replacement using the program EPMR*
and using the coordinates from a single monomer of a previously deter-
mined HIV-1CA hexamer-inhibitor complex (with coordinates for the
inhibitor atomsremoved) as the search model. The molecular replace-
ment solution included six monomers. The initial model was further
refined using multiple rounds of simulated annealing in the PHENIX
software package* followed by manualrefitting of the modelin COOT*.
Inthe later stages of refinement, strong residual electron density in the
capsid modulator binding site allowed for unambiguous placement of
GS-6207 into the structure followed by final refinement of the model (see
Supplementary Fig. 2 for sampleinhibitor density). Data collectionand
model refinement statistics are summarized in Extended Data Table 4.

Invitro HIV-1CA assembly assay

The in vitro assembly of HIV-1 CA in the presence and absence of
small-moleculelibrary compounds (10 pM) or twofold serially diluted
GS-6207 was monitored by measuring changes in sample absorbance
over time at 350 nm. Final assembly reactions contained 20 uM CA,
2 M NacCl, 50 mM sodium phosphate pH 7.5, 0.005% Antifoam 204
(Sigma-Aldrich) and 1% DMSO. Sample absorbance values at 350 nm
were monitored over time at 25 °C in 96-well or 384-well plates using an
M5 plate reader (Molecular Devices), corrected for absorbance values
inthe absence of CA or NaCl, and the data analysed using SoftMax Pro
6.3.1as previously described®,.

GS-6207 binding assay

Surface plasmonresonance biosensor binding experiments were per-
formed using the ProteOn XPR36 platform (CA hexamer and pentamer
proteins) or the Biacore T100 platform (CA monomer and Gag proteins)
as previously described”. Datawere analysed using ProteOn Manager
3.1.0 or Scrubber 2.0 and fit with a simple kinetic model with aterm for
mass transport added when necessary.

Quantification of HIV-1DNA

MT-2 cells (2 x 10° cells mI™) were infected with single-cycle reporter
HIV-1,added to 24-well plates containing drug medium and transferred
to ahumidified 37-°Cincubator. For each condition, cells from each of
3replicate wellswere collected at 12 h.p.i. for late reverse transcription
product quantification, 24 h.p.i.for 2-LTR circle quantification, and 48
h.p.i.for Alu-LTR product quantification. Viral DNA was isolated from
cell pellets using a QlAamp DNA mini kit (Qiagen) and quantified using
the TagManreal-time PCR and ABIPrism 7900HT sequence detection
system (Applied Biosystems) or the QX200 Droplet Digital PCR System
(Bio-Rad) as previously described?.

Ultrastructural analysis of HIV-1by electron microscopy

MT-2 cells infected with HIV-1 strain llIB were washed and cultured
at 37 °Cin complete RPMI containing 0.25% DMSO, 15 nM GS-6207
or 500 nM ATV. After a four-day incubation, samples were pelleted,
fixed, stained, sectioned and imaged onaJEOL JEM-1230 transmission
electron microscope as previously described?.



Metabolic stability of PH]GS-6207 in primary human hepatocytes
A500-ulsuspensionofhumanhepatocytes (1x10°cellsml™) and 0.25uM
[®H]GS-6207 was prepared in Krebs-Henseleit Buffer (KHB) medium
andincubatedinahumidified 37-°Cincubator with 5% CO,in duplicate
wells of a24-well plate. Propranolol (1 uM final), acompound known to
be efficiently metabolized by hepatocytes by oxidation and conjuga-
tion, was used as a positive control. A cell-free control wasincubatedin
parallel as anegative control. Aliquots (100 pl) were removed after O,
1,3 and 6 h, mixed with 200 pl quenching solution, placed on ashaker
for10 min and then centrifuged at 3,000g for 60 min. The supernatant
was transferred to anew plate, diluted with 100 plwater and placedona
shaker for 10 min. The quantification of [’(H]GS-6207 and its metabolites
was performed by radio flow chromatography using a Perkin ElImer
Radiomatic 625TR flow scintillation analyser witha 500 pl flow cell cou-
pled to aDionex Ultimate 3000 HPLC system. The scintillation cocktail
was Perkin EImer Ultima-Flo and was mixed with the HPLC effluent ata
ratio of 1:1. The sample (100 pl) was injected with a Leap Technologies
CTC PAL autosampler. Separation was achieved on a Phenomenex
Synergi Fusion-RP 80 A pore size, 4-pum particle size, 150 x 4.6-mm
column maintained at 32 °C. Mobile phase A consisted of 95% water,
5% acetonitrile, and contained 0.1% trifluoroacetic acid (TFA). Mobile
phase B consisted of 95% acetonitrile, 5% water, and contained 0.1% TFA.
Elution was achieved, at a flow rate of 1 ml min, by linear gradients:
initial condition was 2% B at O min which was increased to 75% B over
45 min, holding for 4 min at 75% B and then returning to initial condi-
tions. The column was allowed to re-equilibrate for 12 min between
injections. Quantification was by radiochromatographic peak area.

Competitive equilibrium dialysis

Humanserum protein binding to GS-6207 was determined by competi-
tive equilibrium dialysis. Human plasma (10%) was spiked with GS-6207
(2 uM) and blank RPMI cell culture medium containing 2% FBS were
placedinduplicateinto opposite sides of assembled dialysis cells. After
a24-hequilibration period at37 °C, GS-6207 concentrations in plasma
and cell culture mediumwere determined by aliquid chromatography
with tandem mass spectrometry (LC-MS/MS) method and multiplied
by 10 to obtain the protein-adjusted shift for 100% human plasma.

Ethical conduct and consent in clinical trials

The clinical trials were conducted in accordance with Good Clinical
Practice, as defined by the International Conference on Harmonization
and in accordance with the ethical principles underlying the United
States Code of Federal Regulations, Title 21, Part 50 (21CFR50). The
protocol and the participant informed-consent form received insti-
tutional review board, independent ethics committee approval and/
or favourable opinion (Advarra) before initiation of the study. Freely
given written informed consent was obtained from every individual
before participation in the clinical studies.

Single ascending-dose study in healthy participants

For clinical study GS-US-200-4070, we enrolled healthy men and women
uninfected with HIV-1,18-45years of age, withnormal kidney and liver
function, body mass index between 19 and 30 kg/m? and no relevant
medical history. Ten trial participants in each dosing arm were ran-
domized in a blinded fashion in a 4:1 ratio to receive either the drug
(GS-6207) or placebo (vehicle alone). The primary objectives were
to assess the safety and tolerability of escalating single subcutane-
ous doses of GS-6207 compared with placebo in healthy participants
andto assessits pharmacokinetics. GS-6207 was formulated as a ster-
ile, preservative-free, injectable aqueous suspension (100 mg m17™).
Serial blood samples were collected for plasma pharmacokinetics
analysis through day 197 (30- and 100-mg cohorts) or day 225 (300-
and 450-mg cohorts). Plasmasamples were analysed using a validated,
high-performance LC-MS/MS bioanalytical method with multiple

reactionmonitoring and electrospray ionizationin the positive mode
(Covance Laboratories). Quantification was performed using multiple
reaction monitoring of the transitions m/z968.2t0869.2 and m/z974.3
to 875.2 for GS-6207 and an isotopically labelled internal standard,
respectively. The bioanalytical method was validated over a calibrated
range of 0.5to 500 ng ml™. Inter-assay precision, based on coefficient
of variation, was < 8.7%, and accuracy ranged from 95.2% to 104.6%.
All plasma samples were analysed within the timeframe supported
by frozen stability storage data. Pharmacokinetic parameters were
estimated using Phoenix WinNonlin 6.4 (Certara, L.P.) software using
standard noncompartmental methods. Pharmacokinetics parameters
for GS-6207 included area under plasma concentration versus time
curve extrapolated to infinity (AUC,,¢), the per cent of the area that is
extrapolated (AUC,,,,), and areaunder the concentration versus time
curve from time zero to the last quantifiable concentration (AUC,,,),
maximal concentration (C,,,), time to Cpay (Emax) and £y,

Single ascending-dose study in participants living with HIV

For clinical study GS-US-200-4072 (registered with ClinicalTrials.
gov, NCT03739866), we enrolled treatment-naive or -experienced,
but HIV-capsid-inhibitor-naive and integrase-strand-transfer-
inhibitor-naive, men and women, 18-65 years of age with plasma HIV-1
RNA >5,000 copies ml™ (viaamendment; originally 10,000 copies ml™)
but <400,000 copies ml™and CD4" T cell counts >200 cells per mm?.
Eighttrial participantsin each dosingarmwererandomizedina3:1ratio
to receive either the drug (GS-6207) or placebo (vehicle alone) (part
A). GS-6207 was formulated as a sterile, preservative-free, injectable
aqueous suspension (100 mg m17).

Plasma HIV-1RNA levels were determined using the Roche COBAS
Ampliprep/COBAS TagMan HIV-1test v.2, which has a limit of detection
of 20 copies ml™ and a range of quantification of 20 to 10,000,000
HIV-1RNA copies ml™. All samples were analysed by a central labora-
tory. Serial blood samples were collected for plasma pharmacokinetics
through at least day 9. Pharmacokinetics samples were analysed as
above for study 200-4070.

HIV-1resistance analyses for study GS-US-200-4072 were carried
out at Monogram Biosciences using the research-grade gag-protease
genotyping (population-level sequencing) and phenotyping assay
to assess resistance to GS-6207 using HIV-1 DNA fragment of each
participant that encompasses the gag-protease HIV-1region, and/or
using the CLIA-certified PhenoSense GT +Integrase or GenoSure PRIme
assay to assess resistance to the components of Biktarvy (which was
administered to all participants following the 9-day GS-6207 mono-
therapy). Resistance analyses were conducted at screening and day 9
(last GS-6207 monotherapy visit).

Within part A, we conducted aninterim analysis, which was prespeci-
fiedinthe protocol tobe conducted after atleast 50% of the participants
and/or after all participants within each cohort completed the day-10
visit. The purpose of this interim analysis was to select the doses of
GS-6207 to evaluate in each subsequent cohort.

Statistics

GraphPad Prism 7.0 was used for statistical analysis. In each case, an
unpaired two-tailed Student’s t-test with Welch’s correction was per-
formed for parametric analysis of two groups. A P value < 0.05 was
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data to understand and assess the conclusions of this research are
availableinthe Article and Supplementary Information. Raw gel source
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data for Fig. 2f are available in Supplementary Fig. 1. Small-molecule
X-ray crystallographic coordinates and structure factor files have
been deposited in the Protein Data Bank (PDB) with accession num-
ber 6V2F. Study GS-US-200-4072 was registered with ClinicalTrials.
gov, NCT03739866. The datasets generated during and/or analysed
duringthe current study are available from the corresponding author
onreasonable request.
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Extended Data Table 1| Cytotoxicity of GS-6207 in human cell lines and primary cells

CCs (uM)
GS-6207 Puromycin

Human cell lines

MT-4 247 +18.3 0.2+0.1

Huh-7 >44 4 05+1.7

Gal-HepG2 >44 .4 1.0£1.7

Gal-PC-3 >44.4 04+15

MRC-5 >44.4 0.3+15
Human primary cells

Hepatocytes >50.0 1.6+0.6

Quiescent PBMCs >44 4 06+15

Stimulated PBMCs >50.0 0.2+0.1

CD4* T-lymphocytes >50.0 0.2+0.1

Monocyte-derived macrophages >50.0 45+28

Data are mean + s.d. from 3 independent experiments (n = 4 biological replicates each). Puromycin was assayed in parallel as a positive control for cytotoxicity.



Article

Extended Data Table 2 | In vitro combination studies with GS-6207

TAF EFV DTG DRV GS-6207
ﬁJyM”f_f,%m'“me 87 +32 101 £ 40 116 13 119 £ 39 18£8
ﬁr,‘\;az%‘ism volume 8+7 -8+8 8+7 3+3 16+6
Combination effect ';A;\dei;ai;?ilz sy:é?'gilgtic sy?;grggtic sy:ziegrgilgtic Additive

TAF is a nucleotide reverse transcriptase inhibitor; EFV is a nonnucleoside reverse transcriptase inhibitor; DTG is an integrase strand transfer inhibitor); DRV is an HIV protease inhibitor; GS-6207
in combination with itself was included as a positive control for additivity. Data are mean + s.d. from 3 independent experiments (n = 3 biological replicates each). The high-antagonism control
combination of ribavirin and stavudine produced the expected results (synergy volume = 0 + O; antagonism volume =-398 + 23).



Extended Data Table 3 | GS-6207 activity against HIV-1isolates that are resistant to existing antiretroviral inhibitors

Fold resistance (n)

Antiretroviral Class HIV-1 Mutant GS-6207 Control Antiretroviral Agent
Nucleotide reverse K65R 0.6+0.2(3) FTC 14.1£2.6 (3)
transcriptase inhibitor
(NRTI) M184V 0.3+0.3(3) FTC >23.0 (3)
6TAMs 0.2+0.1(3) FTC 4.0+28(3)
Nonnucleoside reverse Y188L 0.5+0.1(3) EFV >22.5(3)
transcriptase inhibitor
(NNRTI) L1001+K103N 0.5+0.2(3) EFV >22.5(3)
K103N+Y181C 0.6+0.2(3) EFV >22.5(3)
Integrase strand E138K+Q148K 0.6 +0.3 (3) EVG >53.8 (3)
transfer
inhibitor (INSTI) G140S+Q148R 0.8+0.3(3) EVG >53.8 (3)
E92Q+N155H 0.8+0.4 (3) EVG >53.8 (3)
N155H+Q148R 1.2+0.7 (3) EVG >52.9 (3)
Maturation inhibitor V230l in CA 0.7+0.2 (6) BVM >67.5 (6)
(M1)
V7Ain SP1 0.8+0.4 (8) BVM >67.5 (7)
Protease inhibitor (PI) M461+150V 0.7+0.2 (3) DRV 27.1+23.1(3)
184V+L90M 0.3+0.1(3) ATV 327+7.8(3)
G48V+V82A+L90M 0.5+0.2(3) ATV 31.0+11.9(3)
G48V+V82S 04 +0.2(3) ATV 15.2+3.2(3)

SP1, 14-amino-acid spacer peptide 1, located between CA and nucleocapsid (NC) in HIV-1 Gag; 6TAMs, six non-polymorphic HIV-1 reverse-transcriptase mutations (M41L, D67N, K70R, L210W,
T215Y and K219Q) that confer resistance to thymidine analogues. Data are geometric mean + s.d. from three biological replicates in each of at least three independent experiments (exact n
given in parentheses).
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Extended Data Table 4 | Data collection and refinement statistics (molecular replacement)

HIV-1 Capsid hexamer - GS-6207 complex

Data collection
Space group
Cell dimensions

a, b, ¢ (A)

a, B,y (%)
Resolution (A)
Rsym or Rmerge
I/l
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran statistics

Favored (%)
Allowed (%)
Outliers (%)
Rotamer outliers

P3

158.30, 158.30, 55.65

90, 90, 120

30.00 - 2.00 (2.07 - 2.00) *
0.119 (0.795)

18.80 (1.94)

98.66 (90.82)

5.2 (4.3)

29.18 - 2.00 (2.07 -2.00)
105,864 (9,768)
0.2051/0.2492 (0.2447/0.2712)

9,456
384
896

30.72
25.60
38.83

0.003
0.570

99.40
0.60
0.00
0.00

All data were collected from a single crystal. For inhibitor electron density defined by X-ray crystallography, see Supplementary Fig. 2.

*Values in parentheses are for the highest-resolution shell.



Extended Data Table 5 | Biosensor surface-plasmon-resonance assays of GS-6207 binding to recombinant CA

Immature capsid Mature capsid
Gag CA CA CA CA
polyprotein monomer pentamer hexamer hexamer_M66I
Ko (pM) 1,100 + 900 2,500 + 500 220 + 160 240 + 90 60,000 + 20,000
Ko (M-1s1) ND ND 2+1x10° 6.5+0.3 x 10 6+4x10%
Koit (s°1) ND ND 27+04x10% 1.4+£04x10° 2.6+0.3x10°

M66l is an in vitro GS-6207-selected CA binding-site mutant that confers high-level resistance to GS-6207. ND, not determined (because the binding rate was too fast to be determined reliably).
Data are mean + s.d. from four independent experiments (or three for the M661 variant), assayed in singlet.
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Extended Data Table 6 | Resistance profile of HIV-1 CA mutants identified in viruses selected by GS-6207

Q67H Q67H Q67H
HIV-1 CA Sequence WT Q67H N74D K70N N74S T107N L56l N74D Mé6l
Mean ECs, (pM) in MT-2 cells * 31 196 682 741 996 1,910 7,400 34,069 >100,000
Fold GS-6207 resistance 1 1 6 22 24 32 62 239 1,099 >3,226
Infectivity (% WT) in a single-
cycle replication assay in MT-2 100 95 48 7 34 41 9 29 6
cells £
Peak replication level (% WT)
in primary human CD4* T-cells 100 100 1 1 69 28 3 <1 <1

infected with a replication-
competent reporter HIV-1 §

*Data are mean single-cycle ECy, values from 3 independent experiments (n = 3 biological replicates each).

'Data are mean ECs, ratios of mutant to wild type, from 3 independent experiments (n = 3 biological replicates each).

‘Data are mean luminescence values expressed as a percentage of those of the wild-type virus, from 3 independent experiments (n = 3 biological replicates each).
Data are mean luminescence values expressed as a percentage of those of the wild-type virus from 2 independent experiments (n = 6 biological replicates each).



Extended Data Table 7 | Baseline characteristics and clinical adverse events in healthy participants (that affected
>1 participant overall) in study GS-US-200-4070

GS-6207
30 mg 100 mg 300 mg 450 mg Placebo Overall
Baseline characteristics (n=28) (n=18) (n=28) (n=28) (n=28) (n = 40)
Age, years, median (range) 40 36 34 36 41 37
(29-43) (19-42) (22-41) (27-42) (21-44) (19-44)
Sex at birth: female, n (%) 3(38) 5(63) 3(38) 1(13) 1(13) 13 (33)
Race: black, n (%) 3(38) 2 (25) 1(13) 3(38) 2 (25) 11 (28)
Body mass index, kg/mz, median (range) 28 26 24 28 27 26
(23-30) (21-29) (23-30) (23-30) (21-30) (21-30)
Safety: preferred term
Any AE, n (%) 4 (50) 8 (100) 7 (88) 6 (75) 4 (50) 29 (73)
Injection site erythema 1(13) 5 (63) 6 (75) 3(38) 0 15 (38)
Injection site pain 0 3(38) 6 (75) 3(38) 2 (25) 14 (35)
Injection site nodule 0 5 (63) 3(38) 1(13) 0 9 (23)
Injection site induration 0 0 6 (75) 2 (25) 0 8 (20)
Injection site swelling 1(13) 5 (63) 1(13) 0 0 7(18)
Headache 2 (25) 1(13) 2 (25) 0 0 5(13)
Injection site pruritus 1(13) 0 1(13) 1(13) 0 3(8)
Viral upper respiratory tract infection 0 0 0 2 (25) 1(13) 3(8)
Acne 0 0 0 2 (25) 0 2(5)
Back pain 0 0 2 (25) 0 0 2(5)
Dizziness 0 0 1(13) 1(13) 0 2(5)
Injection site bruising 0 0 1(13) 0 1(13) 2 (5)
Nausea 1(13) 0 1(13) 0 0 2 (5)
Oropharyngeal pain 1(13) 0 0 0 1(13) 2(5)
Skin mass 0 0 1(13) 1(13) 0 2 (5)

AE, adverse event.
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Extended Data Table 8 | Baseline characteristics and clinical serious adverse events (that affected any participant) and
adverse events (that affected >1 participant overall) in participants living with HIV in study GS-US-200-4072

GS-6207 20 mg

GS-6207 50 mg

GS-6207 150 mg

GS-6207 450 mg

or Placebo or Placebo or Placebo or Placebo
Baseline characteristics (n=18) (n=8) (n=8) (n=18)
Age, years, median (range) 35 28 36 29
9e, years, 9 (23-50) (19-56) (24-56) (20-59)
Sex at birth: female, n (%) 1(13) 0 1(13) 0
Race: black, n (%) 2 (25) 2 (25) 3(38) 3(38)
. . 25 25 26 25
Body mass index (kg/mz), median (range) (21-38) (21-28) (20-34) (23-29)
. . 4.47 4.33 4.57 4.48
HIV-1RNA, log;, copies i, median (range) (3.86-5.01) (4.01-4.85) (4.15-4.92) (4.31-4.84)
’ 472 594 388 430
-1
CD4 count, cells i, median (range) (217-574) (362-1009) (204-800) (200-968)
ARV treatment naive, n (%) 8 (100) 6 (75) 4 (50) 7 (88)

Median duration of follow up, Days (range)*

38 (17 to 73)

129 (122 to 136)

199 (164 to 199)

122 (113 to 136)

Safety: Preferred term

Serious AE, n (%)

Atrial fibrillation 0 0 0 1(13)f
Any AE, n (%) 5(63) 6 (75) 7 (88) 6 (75)
Injection site pain 0 4 (50) 5 (63) 4 (50)
Injection site erythema 1(13) 1(13) 5 (63) 2 (25)
Injection site induration 0 1(13) 4 (50) 2 (25)
Injection site nodule 0 1(13) 1(13) 2 (25)
Upper respiratory tract infection 0 0 0 4 (50)
Headache 1(13) 0 1(13) 1(13)
Nausea 2(25) 1(13) 0 0
Oropharyngeal pain 1(13) 1(13) 0 1(13)
Vomiting 2 (25) 1(13) 0 0
Arthralgia 0 0 2 (25) 0
Constipation 0 1(13) 0 1(13)
Haemorrhoids 0 1(13) 0 1(13)
Nasopharyngitis 0 0 2 (25) 0
Rash 1(13) 1(13) 0 0
Syphilis 0 1(13) 0 1(13)

*All participants were administered the components of Biktarvy (bictegravir, emtricitabine, and tenofovir alafenamide) after nine days of GS-6207 monotherapy.

'One participant who received either 450 mg GS-6207 or placebo experienced a serious adverse event of atrial fibrillation on day 113, while receiving Biktarvy, after amphetamine use.



Extended Data Table 9 | Clinical pharmacokinetic parameters in healthy volunteers and participants living with HIV

GS-6207 in Healthy Volunteers GS-6207 in PLWH
30 mg 100 mg 300 mg 450 mg 20 mg 50 mg 150 mg 450 mg
Parameter (n=8) (n=28) (n=8) (n=28) Parameter (n=6) (n=6) (n=6) (n=86)
AUC, 8,700 27,300 86,100 108,000 Cpg 2.58 4.40 12.9 38.2
(hr*ng ml-") (27.1) (41.5) (18.3) (24.4) (ng ml") (41.5) (89.9) (39.3) (35.1)
AUC . 5,500 23,600 73,100 97,600 Cpg,PaECqs
(hrng mi-") (42.2) (45.1) (35.4) (29.9) (mean) 0.67 1.14 333 9.87
17.6 6.78 5.39 3.29

AUCq, (%) (69.4) (65.0) (126) (69.9)
C. (ng mi) 32 14.7 47.9 58.4

max (N9 (39.8) (58.4) (27.7) (39.2)
T, .. (day) 35.0 21.0 315 14.0

(16.5,38.5)  (9.50,39.0)  (14.0,35.0)  (6.00, 31.5)

T., (day) 37.0 31.9 45.4 39.7
12 (daY (32.8,462)  (21.3,482)  (26.6,62.5)  (29.7, 48.7)

Data are shown to three significant figures and are presented as mean (per cent coefficient of variation), except for T, ., and t,,, which are median (with first and third quartiles in parentheses).
PLWH, people living with HIV; Cp,e, GS-6207 plasma concentration on day 9; Cpe/protein-adjusted (pa)ECg; = fold ECos coverage on day 9.
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Extended Data Table 10 | Plasma HIV-1 RNA levels and genotype in participants living with HIV (GS-US-200-4072)

Baseline (day 0) Maximum HIV-1 RNA Capsid genotype (day 9)
GS-6207 Participant HIV-1 RNA change through day 9 (relative to baseline
Dose ID (log,, copies mi) (log,, copies mi) sequence)
20 mg 20-1 4.84 -0.83 wild-type
20-2 3.86 -1.58 wild-type
20-3 4.90 -1.74 Q67Q/H
20-4 419 -1.43 wild-type
20-5 4.21 -1.33 wild-type
20-6 473 -1.21 ND
50 mg 50-1 4.01 -2.39 ND
50-2 4.81 -1.55 wild-type
50-3 4.3 -1.61 wild-type
50-4 4.33 -2.32 ND
50-5 4.85 -1.16 wild-type
50-6 4.32 -1.73 ND
150 mg 150-1 4.61 -2.06 ND
150-2 4.55 -1.68 wild-type
150-3 4.58 -1.86 wild-type
150-4 4.25 -1.49 ND
150-5 4.61 -1.87 wild-type
150-6 4.31 -1.62 ND
450 mg 450-1 4.31 -2.32 ND
450-2 4.38 -2.86 ND
450-3 4.53 -2.11 ND
450-4 4.84 -1.83 wild-type
450-5 4.44 -1.58 wild-type
450-6 4.62 -2.52 ND

ND, not determined owing to repeated sequence assay failures.
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Software and code
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Data collection EnVision Manager 1.13.3009 was used to collect luminescence data.
JEOL JEM-1230 transmission electron microscope was used to collect images of ultra-thin sectioned HIV-1 virions.
SoftMax Pro 6.3.1 was used to collect CA in vitro assembly and p24 ELISA data.
ImagelJ 1.46 was used to collect and quantify western blot data.
VnmrJ (versions 3.2A and 4.2A) and Topspin 4.0.6 and 3.5pl7 softwares were used to acquire NMR data.
Thermo Scientific Xcalibur 2.0.0.0 was used to collect LC/MS data.
X-ray crystallographic coordinates were collected on beamline 5.0.1 at Advanced Light Source, Berkeley, CA.
Quantstudio Real-Time PCR v1.3 was used to acquire quantitative RT-PCR data
BioRad Quantasoft Version 1.6.6.0320 was used to collect droplet digital PCR data.
Thermo Scientific Xcalibur 4.1.50 was used to collect high-resolution mass spectrometry data.

Data analysis GraphPad Prism 7.0 was used to represent data and for statistical analyses.
SoftMax Pro 6.3.1 was used to analyze CA in vitro assembly and p24 ELISA data.
ProteOn Manager 3.1.0 or Scrubber 2.0 was used to analyze surface plasmon resonance biosensor binding data.
ImagelJ 1.46 was used for quantification of western blots.
Sequencher 4.9 was used for DNA sequence analyses.
PyMOL 2.3.0 was used to analyze protein/small-molecule X-ray co-crystallography structures.
MacSynergy Il version 1.0 was used to analyze synergy/antagonism of in vitro drug combinations.
Phoenix WinNonlin 6.4 was used for noncompartmental analyses of pharmacokinetic (PK) parameters.
MestReNova 11.0.4-18998 was used to analyze NMR data.
Waters Empower 3 version FR3 was used to analyze HPLC data.
Thermo Scientific Xcalibur 2.0.0.0 and 4.1.50 was used to analyze LC/MS and high-resolution mass spectrometry data, respectively.
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All data to understand and assess the conclusions of this research are available in the main text and Supplementary Information. Raw gel source data for Fig. 2f is
available in Supplementary Figure 1. Small molecule X-ray crystallographic coordinates and structure factor files have been deposited in the Protein Data Bank (PDB,
www.rcsb.org) with accession number 6V2F. Study GS-US-200-4072 was registered with ClinicalTrials.gov, NCT03739866. The datasets generated during and/or
analyzed during the current study are available from the corresponding author on reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No samples size calculation was performed. Sample sizes were chosen to provide a minimum of two independent samples in each of a
minimum of 3 independent experiments in order to generate a convincing and reproducible result. If after doing so, the data did not produce
convincing and reliable results with reasonably low standard deviations, additional experiments were performed to better assess the
reproducibility of the phenotype under investigation. Exceptions were the virus-based electron microscopy experiment, which was performed
twice. To ensure a reliable result in this instance, we analyzed >500 virions across multiple independent image fields at two different
magnifications to rigorously assess the effect of each treatment on HIV-1 virion morphology. Results from those studies were quantified in a
blinded fashion over 16 representative images to evaluate their statistical significance and to ensure the data presented were truly
representative. The time-of-addition studies involved two independent experiments, each using 8 replicate cell cultures for each condition
and time point, and produced similar results. The quantitative PCR studies used triplicate cell cultures for each of 3 time points in each of two
independent experiments and produced similar results. The determination of peak replication level for wild-type and CA mutant HIV-1
variants involved two independent experiments, each using 6 replicate cell cultures originating from a mixture of CD4+ T cells isolated from 4
independent PBMC donors, and produced similar results. The dose-escalation drug resistance selection with GS-6207 was performed once
using two replicate cell cultures and produced similar results.

No sample size calculation was performed for clinical Study GS-US-200-4070. The sample size in this study is determined based on practical
considerations and past experience with similar types of studies. A sample size of 40 subjects across 4 cohorts (10 subjects per cohort,
including 8 active and 2 placebo) will provide a suitable assessment of the descriptive PK and safety profile.

For clinical Study GS-US-200-4072, a sample size of 6 subjects in each of 4 GS-6207 dose groups and a total of 8 subjects in the placebo group
will provide 99% power to detect a treatment difference of 2.79 log10 copies/mL in maximum reduction of HIV-1 RNA between at least one of
the GS-6207 dose groups and the placebo group. In this power analysis, it is assumed that a common standard deviation for maximum
reduction in HIV-1 RNA is 0.526 log10 copies/mL (based on Study GS-US-141-1219) and a 2-sided t-test is conducted at an alpha level of 0.05.

Data exclusions  No data sets were excluded.

Replication The majority of in vitro experiments were repeated at least three times to ensure reproducibility. All attempts at replication were successful.
For clinical trial studies, the analyses were performed on individual trial participants. Experiments did not include replicates as all
participants and data points are unique.

Randomization  Not relevant to any of the in vitro studies as samples and corresponding controls were always processed at the same time.
For each group in clinical studies GS-US-200-4070 and GS-US-200-4072, trial participants were randomized in a 4:1 and 3:1 ratio within each
cohort, respectively, to receive either the drug (GS-6207) or placebo (vehicle alone).

Blinding No blinding was done for any of the in vitro studies, except for each of the two studies evaluating the effect of drug treatment on capsid
morphology. In both of these instances, virus-based electron microscopy images were collected in a blinded fashion by one individual at an
external organization (Gladstone Institute) and then the associated virion phenotypes within each image (normal, abnormal, and immature)
were scored and quantified in a blinded fashion by a research colleague. All other in vitro studies were conducted in an unblinded manner and
instead were repeated multiple times each with multiple independent biological replicates to ensure reproducibility and, if appropriate,
evaluate statistical significance of any observed phenotypes.

Both clinical studies were double-blinded and placebo-controlled.

o]
Q
==
=
=
(D
=
D
wn
D
Q
=
@)
o
=
D
°
©)
3
-]
(o]
(2]
C
Q
=
S

810 4290120




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
X Eukaryotic cell lines XI|[ ] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging

[] Animals and other organisms
|Z| Human research participants

[X] Clinical data
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Antibodies

Antibodies used Anti-HIV-1-p24 mouse monoclonal antibody (Thermo Fisher Scientific, Cat # MA1-71516, clone N17_05-004, Lot # SH2424811,
1:1000 dilution) was used for Western blot analysis.
Anti-alpha-tubulin rabbit monoclonal antibody (Cell Signaling Technology, Cat # 2125S, clone 11H10, lot # 11, 1:2000 dilution)
was used for Western blot analysis.
HRP-conjugated goat anti-rabbit polyclonal antibody (Thermo Fisher Scientific, Cat # 31460, lot # SA245916, 1:5000 dilution) was
used for Western blot analysis.
HRP-conjugated goat anti-mouse polyclonal antibody (Thermo Fisher Scientific, Cat # 31430, lot # RK244131, 1:5000 dilution)
was used for Western blot analysis.

Validation All antibodies were validated by manufacturers and in previous publications.

HIV1 p24 Monoclonal Antibody (N17 (05-004)) from Thermo Fisher Scientific is a mouse monoclonal antibody generated using
recombinant p24 protein of HIV-1 B-subtype consensus purified from E. coli as the immunogen. It reacts with HIV-1 and has
been shown to work in applications such as ELISA (1:10,000) and Western Blot (1:1,000). This antibody reacts with HIV-1 p24
subtypes B, C and A, and has been mapped to the C-terminus, aa 165- 231, which are well outside all of the N-terminal capsid
mutations assessed in this new report. The manufacturer shows that this antibody detects recombinant HIV-1 Gag (Han-2
subtype) by Western blot analysis. Our data presented here also confirm this antibody does not cross-react with host cell
proteins in mock-transfected samples.

a-Tubulin (11H10) Rabbit mAb #2125 from Cell Signaling Technology is a rabbit monoclonal antibody generated using a synthetic
peptide corresponding to the amino terminus of human a-tubulin protein as the immunogen. It has been validated for Western
blot applications (1:1,000 dilution) and the manufacturer shows that it detects endogenous levels of total a-tubulin protein and
does not cross-react with recombinant B-tubulin. It shows reactivity with Human, Mouse, Rat, Monkey, D. melanogaster,
Zebrafish, Bovine, and Pig and is predicted to react with Dog based on 100% sequence homology. There are currently 17
citations using this antibody for Western blot analysis again human a-Tubulin.

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) MT-2 and MT-4 cell lines were obtained from the NIH AIDS Reagent Program.
HEK293T cells were obtained from the Gladstone Institute for Virology and Immunology. Huh-7 cells were obtained from
ReBLikon GmbH. HepG2, PC-3, and MRC-5 cell lines were obtained from the American Type Culture Collection.
Authentication No authentication.

Mycoplasma contamination All cell lines were tested and judged free of mycoplasma contamination using a commercial kit.

Commonly misidentified lines  None of the cell lines used are commonly misidentified cell lines.
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

8107 120120

Population characteristics Leucopacks were purchased from AllCells (Alameda, CA, USA). Donors underwent a screening process at three month intervals
and attributes, such as age, sex, HLA typing, and medical history, were captured during each screening. Screening is done for
viral status, CBC, changes in health status (illness, medication use). Donors utilized herein included both genders, ranged in age
from 18 - 50, and most importantly for the sake of the studies described herein, all were negative for HIV-1, hepatitis B virus, and
hepatitis C virus infections. All donors were obtained from the Alameda California location and were deemed medication-free




(i.e., no over the counter, prescription, birth control, steroid drugs, or vitamins/supplements used for the 2 days prior to sample
collection) to avoid any confounding effects due to unforeseen drug-drug interactions.

For clinical Study GS-US-200-4070, we enrolled HIV-1-uninfected healthy men and women, 18-45 years of age.

For clinical Study GS-US-200-4072 (registered with ClinicalTrials.gov, NCT03739866), we enrolled treatment-naive or -
experienced, but HIV capsid inhibitor naive and integrase strand transfer inhibitor naive, men or nonpregnant, nonlactating
women, 18-65 years of age with plasma HIV-1 RNA levels > 10,000 copies/ml but < 400,000 copies/ml and CD4+ T cell counts >
200 cells/mm3.

Recruitment For clinical Study GS-US-200-4070, eligible HIV-1-uninfected healthy men and nonpregnant, nonlacting women, 18-45 years of
age, negative for HIV-1 and HCV antibodies and HBV surface antigen, were enrolled in the study sequentially. As this study
enrolled from a single site (Quotient Sciences - Miami LLC) in Florida, the study participants were mostly young and healthy
people who were willing to participate in clinical trials from the Miami metropolitan area. For example, the study participants
were mostly Hispanic or Latino males in their 30s.

For clinical Study GS-US-200-4072, eligible viremic participants were pre-screened for sensitivity to BIC/FTC/TAF. Participants
harboring sensitive viruses were enrolled in the study sequentially. As this study enrolled mostly treatment naive people, the
study population reflected the current HIV epidemic in the US. For example, the study participants were mostly non-Hispanic (or
Latino) White or Black males in their 30's.
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We acknowledge there is a potential for bias for both studies. However, we believe that the data generated from both studies
are valid and sufficient to support further clinical development of GS-6207, where we will evaluate GS-6207 in a larger and more
diverse population.

Ethics oversight The leukopack collection protocols and donor informed consent were approved by an Institutional Review Board (IRB) at AllCells,
with strict oversight. HIPAA compliance and approved protocols are also followed. Donors are screened and tissues are collected
in accordance with GMP, FDA, CFR 21CFR1271 and EU directives 2004/23/EC and 2006/17/EC.

The clinical trials were conducted in accordance with Good Clinical Practice, as defined by the International Conference on
Harmonisation and in accordance with the ethical principles underlying the United States Code of Federal Regulations, Title 21,
Part 50 (21CFR50). The protocol and the subject informed consent form received institutional review board/independent ethics
committee approval/favorable opinion (Advarra, Columbia, MD) before initiation of the study. Freely given written informed
consent was obtained from every subject before participation in the clinical studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT03739866 (GS-US-200-4072).
GS-US-200-4070 is not registered with ClinicalTrials.gov, as it is a Phase 1 study, where the primary goal is to determine the
antiviral activity and pharmacokinetics of GS-6207.

Study protocol The full protocol for Study GS-US-200-4072 is not publicly available, because it is not a Phase 2 or 3 studies, but a Phase 1 study,
where the primary goal is to determine the antiviral activity and pharmacokinetics of GS-6207. As Phase 1 studies, CONSORT
checklist is not needed per Nature Research policy information about clinical studies.

Data collection Participants for Study GS-US-200-4070 were enrolled from a single site in the United States: Quotient Sciences (Miami, FL),
which specializes in Phase 1 studies in healthy volunteers. First participant was enrolled on 16 February 2018, and the last one
on 12 July 2018. Last participant last observation was on 21 February 2019. Database finalization occurred on 24 May 2019, and
treatment unblinding on 06 June 2019.

Participants for Study GS-US-200-4072 were enrolled across 5 clinical sites within the United States, which are clinics where
people living with HIV are diagnosed, treated, and followed: the Ruane Clinical Research Group, Inc. (Los Angeles, CA), the
Lundquist Institute for BioMedical Innovation at Harbor-UCLA Medical Center (Torrance, CA), AIDS Arms, Inc., DBA Prism Health
North Texas (Dallas, TX), North Texas Infectious Diseases Consultants (Dallas, TX), Tarrant County Infectious Disease Associates
(Fort Worth, TX), and the Crofoot Research Center, Inc. (Houston, TX). The first participant for the 20-450 mg cohorts was
enrolled on 08 January 2019, and the last one on 09 July 2019. The last participant, last observation for these cohorts is
projected to be on 18 February 2020. Database finalization is projected to occur on 21 August 2020. This study is still blinded and
ongoing.

Qutcomes For Study GS-US-200-4070, the primary and secondary outcome measures were pre-defined as per the usual first-in-human
study in healthy volunteers. The outcome measures were assessed using conventional methods as follows:
-Primary outcome measures: safety and pharmacokinetics (AUCinf, AUClast, %AUCexp, Cmax, Tmax, Clast, Tlast, lambda z, CL/F,
t1/2, and Vz/F).
-Secondary outcome measures: none

810 4290120

For Study GS-US-200-4072, the primary and secondary outcome measures were pre-defined as per the usual proof-of-concept
study in people living with HIV. The outcome measures were assessed using conventional methods as follows.

-Primary outcome measures: maximum reduction of plasma HIV-1 RNA (log10 copies/mL) from Day 1 through Day 10
-Secondary outcome measures: safety and pharmacokinetics (AUCO-t, AUCinf, AUClast, CL/F, t1/2, lambda z, Vz/F, Cmax, Tmax,
Clast, CD10, Tlast)
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