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ABSTRACT This study summarizes drug resistance analyses in 4 recent phase 2b tri-
als of the respiratory syncytial virus (RSV) fusion inhibitor presatovir in naturally in-
fected adults. Adult hematopoietic cell transplant (HCT) recipients, lung transplant
recipients, or hospitalized patients with naturally acquired, laboratory-confirmed RSV
infection were enrolled in 4 randomized, double-blind, placebo-controlled studies
with study-specific presatovir dosing. Full-length RSV F sequences amplified from na-
sal swabs obtained at baseline and postbaseline were analyzed by population se-
quencing. Substitutions at RSV fusion inhibitor resistance-associated positions are
reported. Genotypic analyses were performed on 233 presatovir-treated and 149
placebo-treated subjects. RSV F variant V127A was present in 8 subjects at baseline.
Population sequencing detected treatment-emergent substitutions in 10/89 (11.2%)
HCT recipients with upper and 6/29 (20.7%) with lower respiratory tract infection,
1/35 (2.9%) lung transplant recipients, and 1/80 (1.3%) hospitalized patients treated
with presatovir; placebo-treated subjects had no emergent resistance-associated sub-
stitutions. Subjects with substitutions at resistance-associated positions had smaller
decreases in viral load during treatment relative to those without, but they had simi-
lar clinical outcomes. Subject population type and dosing regimen may have influ-
enced RSV resistance development during presatovir treatment. Subjects with geno-
typic resistance development had decreased virologic responses compared to those
without genotypic resistance but had comparable clinical outcomes.
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Respiratory syncytial virus (RSV) can cause severe disease in elderly and immuno-
compromised adults. Adult hematopoietic cell transplant (HCT) recipients infected

with RSV are at high risk for complications; in a representative study of 33 patients, 20
(61%) progressed to pneumonia, and 12 had a fatal outcome (1). Community-acquired
respiratory viral infections, including RSV infections, are associated with chronic lung
allograft dysfunction in lung transplant recipients (2). An estimated 10,000 to 14,000
deaths in people �65 years of age in the United States each year are attributable to RSV
infection, and RSV-associated morbidity and mortality rates are comparable to those for
influenza in adults with underlying cardiopulmonary conditions (3, 4).

Despite the disease burden of RSV in adults, no therapies are approved for treat-
ment in this population. Inhaled ribavirin is approved only for treatment of severe lower
respiratory tract disease in infants and young children, and its effectiveness is ques-
tionable (5, 6). Palivizumab, an anti-RSV F antibody, is approved for prevention of severe
lower respiratory disease due to RSV among children �24 months of age who are
considered to be at very high risk for severe RSV infection, but it is neither indicated nor
effective for treatment of RSV infection (7–9). Thus, there is a significant unmet need for
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an effective RSV-specific antiviral therapy for both infants and adults at high risk for
severe RSV disease.

Presatovir, an orally bioavailable RSV fusion inhibitor, has a favorable safety profile
and significantly reduced viral load and symptoms relative to placebo in healthy adults
experimentally challenged with RSV (10–12). In a phase 2a challenge study, the rate of
treatment-emergent substitutions associated with presatovir resistance ranged from
7.7% to 35.3%, depending on the dosing regimen (13). Virologic response was atten-
uated in subjects who developed resistance-associated substitutions during treatment
relative to those without such substitutions; however, clinical responses were similar
between subjects with and without treatment-emergent presatovir resistance-
associated substitutions (13).

Four recent phase 2b clinical trials assessed the efficacy and safety of presatovir for
treatment of naturally acquired RSV infection in different adult populations at high risk
of severe RSV disease, including HCT recipients with isolated RSV upper respiratory tract
infection (URTI), HCT recipients with RSV lower respiratory tract infection (LRTI), lung
transplant recipients, or nonimmunocompromised hospitalized patients (11, 14–16).
Presatovir was generally well tolerated in all populations. Despite achieving adequate
plasma exposures, presatovir treatment did not meet the prespecified primary efficacy
endpoint of decrease in time-weighted average change in nasal RSV viral load from
baseline compared with placebo in any study population (11, 14–16). Here, we report
the genotypic resistance analyses performed for the RSV F gene across these 4 trials.

(Portions of this analysis were presented at IDWeek 2018, San Francisco, CA, 3 to 7
October 2018 [17].)

RESULTS
Subject populations. A total of 499 subjects were randomized to the 4 phase 2b

studies, of whom 441 received study drug, had detectable RSV RNA at baseline, and
were included in the efficacy populations for each of the respective studies (Table 1).

Genotypic analysis of RSV F from baseline nasal swabs. Baseline RSV F gene
population sequencing data were available for 373/441 subjects in the efficacy analysis
populations for the 4 phase 2b studies. The most frequent reason for a lack of available
baseline sequence data was an RSV RNA level below the limit of detection of the F gene
sequencing assay (�1,000 copies/ml). Partial F gene sequencing data were available for
some samples with viral loads close to the limit of detection of the sequencing assay.

TABLE 1 Study populations, key inclusion criteria, presatovir treatment regimens, nasal swab sampling schedules, and primary endpoints
in the 4 phase 2b trialsa

Parameter GS-US-218-0108 GS-US-218-1502 GS-US-218-1797 GS-US-218-1227

Population HCT recipients HCT recipients Lung transplant recipients Hospitalized patients
RSV infection site Isolated URTI LRTI URTI or LRTI URTI or LRTI
Randomization 1:1 1:1 2:1 1:1
Efficacy population (n) 176 57 54 154
Presatovir dosing 200 mg on days 1, 5, 9,

13, and 17
200 mg on days 1, 5, 9,

13, and 17
200 mg on day 1

followed by 100 mg
daily on days 2–14

Single 200-mg dose on
day 1

Nasal swab days for
genotypic analysisb

1, 9, 28, or last detectable 1, 9, 28, or last detectable 1, 7, 28, or last detectable 1, 5, 14, or last detectable

Primary endpoint Time-weighted avg
change in nasal RSV
viral load from day 1–9
and proportion of
subjects developing
lower respiratory tract
complications through
day 28 (coprimary)

Time-weighted avg
change in nasal RSV
viral load from day 1–9

Time-weighted avg
change in nasal RSV
viral load from day 1–7
in the entire efficacy
population and in
subjects with shorter-
than-median symptom
duration before start of
study treatment
(coprimary)

Time-weighted avg
change in nasal RSV
viral load from day 1–5

aHCT, hematopoietic cell transplant; LRTI, lower respiratory tract infection; RSV, respiratory syncytial virus; URTI, upper respiratory tract infection.
bOnly samples with RSV RNA levels of �1,000 copies/ml were analyzed.
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Baseline sequences were analyzed for the presence of any amino acid substitutions
known to be associated with resistance to presatovir or other RSV fusion inhibitors as
listed in Table 2. In the baseline analysis, the only substitution detected at any
resistance-associated position in RSV F was V127A in 2.1% of presatovir-treated and
1.4% of placebo-treated subjects across all 4 studies (Table 3). Among the 8 subjects
with the V127A substitution at baseline, 3 were infected with RSV subtype A and 5 with
RSV subtype B.

Genotypic analysis of RSV F from postbaseline nasal swabs. Postbaseline RSV F
population sequencing results were available for 217/233 presatovir-treated and 104/
208 placebo-treated subjects in the efficacy analysis populations. Failure to obtain
postbaseline sequences was generally due to low RSV RNA levels; partial sequences
were available for some samples with viral loads near the limit of detection (1,000
copies/ml). Across all 4 studies, substitutions at any presatovir resistance-associated
position were detected by population sequencing in a total of 18 of 233 presatovir-
treated subjects (Table 4); no treatment-emergent resistance-associated substitutions
were detected in placebo-treated subjects. The rate of resistance development was
lowest among hospitalized patients (1.3%) and lung transplant recipients (2.9%) and
highest among HCT recipients with RSV LRTI (20.7%) or URTI (11.2%) (Table 4). No
subject with V127A at baseline developed resistance-associated substitutions during
treatment. The most frequently observed presatovir resistance-associated substitutions
were T400A/I (3.0%), L141F/W (1.3%), S398L (1.3%), and F140I (0.9%) (Table 4); these
substitutions were previously determined to confer high-level reduced susceptibility to
presatovir. Six of 18 subjects developed multiple substitutions at presatovir resistance-
associated positions during the study (Table 5).

Two novel substitutions at resistance-associated positions, D486V and E487G, were
detected in postbaseline sequences from presatovir-treated subjects (D486V in 3
subjects; E487G in 1 subject) (Table 4). The effects of the D486V and E487G substitu-
tions on presatovir susceptibility have not been characterized, but other amino acid
substitutions at positions 486 and 487 were previously observed to confer high-level

TABLE 2 Known amino acid substitutions in RSV F associated with reduced susceptibility to presatovir or other RSV fusion inhibitors

Category Substitutions

Presatovir resistance-associated substitutionsa V127A, L138F, L138I, F140I, F140L, L141F, L141W, T323A, D338Y, S398L, K399I, K399N,
T400I, T400A, T400V, I474T, D486N, E487D, F488L, F488S, F488Y, N517I

Fusion inhibitor resistance-associated substitutionsb G143S, V144A, D392G, K394R, D401E, D486E, F488I, F488V, D489E, D489Y
Other substitutionsc M396I, T397S
aSubstitutions previously selected by presatovir treatment in a clinical study or in vitro and shown to reduce susceptibility to presatovir.
bSubstitutions previously selected by or shown to reduce susceptibility to RSV fusion inhibitors other than presatovir in vitro (18, 20, 29, 31, 32). The effect of these
substitutions on susceptibility to presatovir is unknown.

cSubstitutions that developed during presatovir treatment in a clinical study for which presatovir susceptibility was unable to be characterized.

TABLE 3 Baseline genotypic analysis of RSV F gene

Subject group

No. (%) of subjects in study populationa

HCT URTI
(GS-US-218-0108)

HCT LRTI
(GS-US-218-1502)

Lung transplant
(GS-US-218-1797)

Hospitalized patients
(GS-US-218-1227) All

Presatovir-treated subjects 89 29 35 80 233
With baseline F sequence data 89 (100) 28 (96.6) 33 (94.3) 76 (95.0) 226 (97.0)
With any substitutions at resistance positionsb 3 (3.4) 1 (3.4) 1 (2.9) 0 5 (2.1)
With V127A 3 (3.4) 1 (3.4) 1 (2.9) 0 5 (2.1)

Placebo-treated subjects 87 28 19 74 208
With baseline F sequence data 44 (50.6) 26 (92.9) 19 (100) 58 (78.4) 147 (70.7)
With any substitutions at resistance positions 2 (2.3) 1 (3.6) 0 0 3 (1.4)
With V127A 2 (2.3) 1 (3.6) 0 0 3 (1.4)

aHCT, hematopoietic cell transplant; LRTI, lower respiratory tract infection; URTI, upper respiratory tract infection.
bResistance substitutions are listed in Table 2.
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reduced susceptibility to presatovir (D486N and E487D) or other fusion inhibitors
(D486E) (18).

An induced-fit model (19) of presatovir bound to the prefusion RSV F trimer was
developed based on the cocrystal structure of JNJ-2408068 (PDB code 5EA3) (20). The
majority of treatment-emergent substitutions observed in the phase 2b studies could
be mapped to the proposed interaction site, a region consistent with the location of
known resistance substitutions (Fig. 1).

Characteristics of subjects with treatment-emergent substitutions in RSV F.
Details of the 18 subjects who developed substitutions at resistance-associated posi-
tions during presatovir treatment are presented in Table 5. Eleven subjects were
infected with RSV A and 7 with RSV B. The median time from baseline to detection of
new resistance-associated substitutions was 17 days in HCT recipients with RSV URTI
and 25 days in HCT recipients with LRTI.

Numerous subject characteristics were evaluated for their potential association with
resistance development, including symptom duration prior to study treatment, baseline
lymphocyte count, baseline viral load, RSV subtype, ribavirin use, plasma presatovir
exposure, and duration of viral shedding. The only subject characteristic significantly
associated with resistance development was baseline lymphocyte count in HCT recip-
ients with URTI (study GS-US-218-0108). Relative to HCT recipients with isolated RSV
URTI and without lymphopenia, patients with lymphopenia (�200 cells/�l) at baseline
were significantly more likely (7/15 [47%] versus 3/74 [4%]; P � 0.001) to develop
presatovir resistance-associated substitutions.

Outcomes of subjects with genotypic resistance development. Presatovir-
treated subjects with genotypic resistance development generally had smaller reduc-

TABLE 4 Summary of postbaseline RSV F genotypic resistance development in presatovir-treated subjects

Presatovir-treated subject group

No. (%) in study populationa

HCT URTI
(GS-US-218-0108)

HCT LRTI
(GS-US-218-1502)

Lung transplant
(GS-US-218-1797)

Hospitalized patients
(GS-US-218-1227) All

Total 89 29 35 80 233
With available postbaseline F sequence data 85 (95.5) 27 (93.1) 30 (85.7) 75 (93.8) 217 (93.1)
With any substitutions at resistance positionsb 10 (11.2) 6 (20.7) 1 (2.9) 1 (1.3) 18 (7.7)

With known presatovir resistance-
associated substitutions

8 (9.0) 4 (13.8) 1 (2.9) 1 (1.3) 14 (6.0)

L138I 0 0 0 1 (1.3) 1 (0.4)
F140I 2 (2.2) 0 0 0 2 (0.9)
L141F/W 2 (2.2) 1 (3.4) 0 0 3 (1.3)

L141F 1 (1.1) 1 (3.4) 0 0 2 (0.9)
L141W 1 (1.1) 0 0 0 1 (0.4)

D338Y 1 (1.1) 0 0 0 1 (0.4)
S398L 2 (2.2) 1 (3.4) 0 0 3 (1.3)
T400A/I 4 (4.5) 2 (6.9) 1 (2.9) 0 7 (3.0)

T400A 1 (1.1) 0 0 0 1 (0.4)
T400I 3 (3.4) 2 (6.9) 1 (2.9) 0 6 (2.6)

D486N 0 1 (3.4) 0 0 1 (0.4)

With known fusion inhibitor resistance-
associated substitutions

2 (2.2) 1 (3.4) 0 0 3 (1.3)

G143S 1 (1.1) 0 0 0 1 (0.4)
K394R 1 (1.1) 0 0 0 1 (0.4)
D486E 0 1 (3.4) 0 0 1 (0.4)

With novel substitutions at known fusion inhibitor
resistance-associated positions

2 (2.2) 1 (3.4) 1 (2.9) 0 4 (1.7)

D486V 1 (1.1) 1 (3.4) 1 (2.9) 0 3 (1.3)
E487G 1 (1.1) 0 0 0 1 (0.4)

With other substitutions 1 (1.1) 0 0 0 1 (0.4)
M396I 1 (1.1) 0 0 0 1 (0.4)

aHCT, hematopoietic cell transplant; LRTI, lower respiratory tract infection; URTI, upper respiratory tract infection.
bResistance substitutions are listed in Table 2.
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TABLE 5 Characteristics of individual subjects with development of substitutions at resistance-associated positions in RSV Fa

Study and subject
RSV
subtype

Baseline lymphocyte
count (cells/�l)b

Time-weighted avg change
in nasal RSV viral load
(log10 copies/ml)c Visit

RSV RNA
(copies/ml)

Resistance-associated
substitution(s)

HCT URTI (GS-US-218-0108)
1 A �200 �1.88 Baseline 7,900,000 None

Day 9 12,000,000 None
Day 17 87,100 None
Day 22 92,400 None
Day 28 11,100 F140F/I, T400T/I

2 B �200 �0.06 Baseline 11,000,000 None
Day 9 81,000,000 M396M/I, S398S/L
Day 13 54,700 T400T/A

3 A 160 �0.46 Baseline 83,000,000 None
Day 9 12,000,000 None
Day 17 55,000,000 None
Day 22 532,000 S398S/L, T400T/I
Day 28 10,900 D486D/V

4 A 480 �0.13 Baseline 28,000,000 None
Day 9 24,000,000 None
Day 17 199,000 D338D/Y

5 B �200 �0.66 Baseline 54,000,000 None
Day 9 85,000,000 K394K/R
Day 13 18,700 None
Day 22 3,400 Assay failure

6 B 610 0.28 Baseline 10,000,000 None
Day 9 11,000,000 None
Day 17 10,700 F140F/I
Day 22 157,000 E487E/G

7 A 420 �0.25 Baseline 4,400,000 None
Day 9 36,000 None
Day 28 10,600 G143S

8 A 100 �0.08 Baseline 1,300,000 None
Day 9 4,200 None
Day 17 47,600 L141L/F
Day 28 3,400 L141F

9 B �200 �0.03 Baseline 10,000,000 None
Day 9 93,200 L141W
Day 13 14,100 None

10 A �200 �0.51 Baseline 69,000,000 None
Day 9 18,000,000 None
Day 17 2,900,000 T400T/I
Day 28 4,300 None
Day 42 524,000 T400I
Day 49 902,000 None
Day 56 33,900 None

HCT LRTI (GS-US-218-1502)
1 A 1,140 1.19 Baseline 40,600 None

Day 9 419,000 None
Day 28 4,200 D486V

2 A 180 �0.24 Baseline 15,000,000 None
Day 9 8,900,000 None
Day 22 3,800,000 None
Day 56 5,400,000 T400I

3 B 400 �0.44 Baseline 28,000,000 None
Day 9 23,000,000 None
Day 22 7,400,000 L141L/F
Day 28 54,000 L141F

4 B 1,000 �0.98 Baseline 42,000,000 None
Day 9 7,800 None
Day 22 11,000,000 D486E
Day 28 290,000 D486E

5 A 270 �0.49 Baseline 28,000,000 None
Day 9 1,600,000 None
Day 28 1,100,000 D486D/N

(Continued on next page)
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tions in time-weighted average nasal RSV viral load than those without development
of resistance (Table 6). Clinical outcomes were similar between HCT recipients with
URTI with and without resistance development (Table 6). In HCT recipients with
RSV LRTI who received presatovir, subjects with resistance development had fewer
supplemental-oxygen-free days than those without resistance (median [interquartile
range], 3 [0 to 6] versus 28 [25 to 28] days) (Table 6); however, this result was
confounded by a higher proportion of subjects who developed resistance requiring
supplemental oxygen at baseline (5 of 6 subjects with resistance versus 5 of 23 subjects
without resistance). Other clinical outcomes in HCT recipients with RSV LRTI were
similar between those who did and did not develop resistance (Table 6). In the lung
transplant recipient and hospitalized patient populations, clinical outcomes were
not compared between subjects with and without treatment-emergent resistance-
associated substitutions due to low rates of genotypic resistance development.

DISCUSSION

In the 4 phase 2b trials of presatovir efficacy and safety in naturally RSV-infected
adults, substitutions at resistance-associated positions developed in 18 of 233
presatovir-treated subjects. Rates of resistance development varied among the individ-
ual phase 2b studies, with the lowest rate of resistance development observed in
hospitalized patients (1.3%) and the highest in HCT recipients with LRTI (20.7%). No
substitutions at resistance-associated positions developed during placebo treatment in
any study; based on this finding, it is unlikely that inclusion of the remaining placebo
recipients in the studies of HCT recipients with URTI and hospitalized patients would
affect the results.

Most of the substitutions in RSV F that developed in presatovir-treated subjects have
been previously characterized and are known to reduce susceptibility to presatovir. A
small number of subjects developed novel amino acid substitutions at positions
previously identified as being involved with fusion inhibitor resistance; these substitu-
tions require further characterization to determine their impact on presatovir suscep-
tibility. The majority of the observed treatment-emergent substitutions map to the
trimer interface of the prefusion RSV F structure.

In the phase 2a study of presatovir in healthy adults experimentally challenged with
RSV, the frequency of resistance development ranged from 7.7% to 35.3% among dose
cohorts and was generally lowest among subjects receiving presatovir treatment at the

TABLE 5 (Continued)

Study and subject
RSV
subtype

Baseline lymphocyte
count (cells/�l)b

Time-weighted avg change
in nasal RSV viral load
(log10 copies/ml)c Visit

RSV RNA
(copies/ml)

Resistance-associated
substitution(s)

6 B 270 1.44 Baseline 6,200 None
Day 7 2,100,000 S398L
Day 17 134,000 T400I

Lung transplant
(GS-US-218-1797)

1 A 370 0.60 Baseline 13,000,000 None
Day 7 52,000,000 None
Day 9 8,300,000 None
Day 21 307,000 D486D/V
Day 28 16,500 T400I

Hospital inpatients
(GS-US-218-1227)

1 A 430 0.11 Baseline 1,700,000 None
Day 5 6,000,000 None
Day 14 5,100 L138L/I

aHCT, hematopoietic cell transplant; LRTI, lower respiratory tract infection; RSV, respiratory syncytial virus; URTI, upper respiratory tract infection.
bLymphocyte count is listed as �200 cells/�l when the patient was recorded as lymphopenic for stratification but the exact lymphocyte count was not recorded.
cFrom baseline to day 9 for HCT recipients, day 7 for lung transplant recipients, and day 5 for hospitalized patients.
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FIG 1 Model of the interaction of presatovir with respiratory syncytial virus F protein. (A) Model of presatovir
bound to the prefusion conformation of the RSV F protein trimer based on an X-ray crystal structure (PDB
code 5EA3). A single presatovir molecule is shown in a space-filling representation. Each monomer of the
trimer is shown as a ribbon diagram in a different color. (B) Detail of the modeled presatovir binding site in
F protein. Key binding site residues that were mutated following presatovir treatment are highlighted.
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highest doses for the longest duration (13). Dosing regimens in the phase 2b studies
generally included higher doses and longer treatment durations, and resistance-
associated substitutions developed during presatovir treatment at lower rates—rang-
ing from 1.3% to 20.7%—than in the challenge study.

The phase 2b studies differed from the challenge study mainly in the subject
populations enrolled and presatovir dosing regimens used; these factors likely contrib-
uted to the different rates of resistance development observed among the phase 2b
studies. Hospitalized patients, who had the lowest rate of resistance development
(1.3%), were generally not immunocompromised and not receiving strongly immuno-
suppressive therapy, as patients receiving chronic systemic immunosuppressive agents
within 28 days or oral corticosteroid equivalent to prednisone at �20 mg/day for
�14 days before screening were excluded. These patients received a single dose of
presatovir, and this level of drug exposure likely did not impose sufficient selection
pressure on the virus to favor the development of resistance. Lung transplant recipients
had the next-lowest rate of resistance development (2.9%) and were immunosup-
pressed but had higher presatovir exposure with daily dosing for 14 days. The consis-
tent presatovir exposure in these subjects may have efficiently suppressed RSV repli-
cation, thereby preventing the development of resistance. Relative to the other
populations, HCT recipients had higher rates of resistance development (11.2% and
20.7%), and HCT recipients with URTI and lymphopenia at baseline had significantly
higher rates of resistance development relative to those without lymphopenia. The HCT
recipients received presatovir every 4 days through day 17, resulting in a cyclical drug
exposure over several days which may have contributed to the development of drug
resistance by providing the opportunity for viral replication to occur in the respiratory
tracts of these immunocompromised patients during trough levels of drug exposure.
While no association between plasma presatovir exposure and resistance development
was identified in the phase 2b studies, it is possible that the drug level at the site of viral
replication in the respiratory tract may have differed from that measured in the plasma.

In the phase 2b studies of presatovir, subjects who developed presatovir resistance-
associated substitutions had smaller decreases in viral load but similar clinical outcomes
relative to subjects without such substitutions, suggesting that the development of
presatovir-resistant RSV variants likely did not have a significant impact on RSV clinical
progression. This is consistent with results from the challenge study, in which subjects
who developed presatovir resistance substitutions had increased RSV viral loads, but

TABLE 6 Virologic and clinical outcomes in presatovir-treated subjects with and without genotypic resistance development in RSV F in
studies of HCT recipients (GS-US-218-0108 and GS-US-218-1502)a

Study group and outcome

Value for subjects:

P value
Value for all
subjectsWith resistance Without resistance

HCT URTI (GS-US-218-0108)
No. of subjects 10 79 89
Change in viral load from day 1–9 (log10 copies/ml)b,c �0.19 (�0.51, �0.06) �1.42 (�1.96, �0.79) 0.002d �1.35 (�1.84, �0.51)
No. (%) with LRTC through day 28 1 (10) 9 (11) 1.0e 10 (11)
No. (%) with respiratory failure or mortality through day 28 0 5 (6) 1.0e 5 (6)

HCT LRTI (GS-US-218-1502)
No. of subjects 6 23 29
Change in viral load from day 1–9 (log10 copies/ml)b,c �0.34 (�0.49, 1.19) �1.44 (�2.34, �0.78) 0.019 �1.03 (�1.84, �0.44)
No. of supplemental-O2-free days through day 28c 3 (0, 6) 28 (25, 28) �0.001f 26 (10, 28)
No. (%) with mechanical ventilation use through day 28 2 (33) 1 (4) 0.100e 3 (10)
No. (%) with all-cause mortality through day 28 0 0 NA 0

aHCT, hematopoietic cell transplant; LRTC, lower respiratory tract complications; LRTI, lower respiratory tract infection; NA, not applicable; URTI, upper respiratory tract
infection.

bTime-weighted average change in nasal RSV viral load.
cMedian (interquartile range).
dP value for resistance versus no resistance calculated from the ANCOVA model including baseline values and stratification factors.
eP value for resistance versus no resistance calculated using Fisher’s exact test.
fP value for resistance versus no resistance calculated from the negative binomial model with stratification factors as covariates. Five of 6 (83%) subjects with
resistance and 5 of 23 (22%) subjects without resistance required supplemental oxygen at baseline.
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not significantly different symptom scores and mucus weights, relative to those without
resistance substitutions (13). The RSV viral load and viral sequence data from the phase
2b and challenge studies were obtained from nasal samples and may not accurately
reflect viral dynamics at the site of RSV replication within the lungs, possibly explaining
the discordant effects of presatovir resistance-associated mutations on viral load and
clinical outcomes. Alternately, as RSV disease severity in adults is associated with nasal
cytokine levels at the time of diagnosis (21)—prior to development of resistance-
associated substitutions in the phase 2b studies— early immune responses may medi-
ate RSV symptoms and clinical outcomes. Compared with the challenge study (10),
presatovir treatment in the phase 2b studies was initiated later in the course of RSV
infection, likely past the peak viral load and symptomatic period in many subjects.
While treatment-emergent substitutions were first detected as late as day 56 in some
subjects, indicating that RSV replication and infection of new cells continue late into the
disease course, the impact of this level of viral replication on clinical disease is not clear.
It is possible that the development of resistance resulted from residual viral replication
in subjects whose immune systems were unable to clear the virus efficiently. As a
minority of subjects developed resistance-associated substitutions, and resistance in
most subjects was detected at time points after the primary efficacy endpoint analysis,
presatovir resistance is likely not responsible for the lack of significant virologic
response in the phase 2b studies. Based on the discordant results of the clinical studies
compared with the challenge study, and subgroup analyses of HCT recipients with URTI
with shorter- versus longer-than-median symptom duration, initiation of treatment
earlier in the course of RSV infection (as in the challenge study and GS-US-218-0108)
(13, 14) is potentially needed to achieve significant virologic and clinical efficacy with
presatovir.

Similar to the present study, trials of the anti-influenza drug oseltamivir had discor-
dant virologic and clinical outcome patterns in subjects with treatment-emergent
resistance. Patients who developed resistance-associated substitutions during oselta-
mivir treatment had extended viral shedding but comparable clinical outcomes relative
to those with wild-type influenza (22). In contrast, emergence of oseltamivir resistance
in immunocompromised individuals may contribute to treatment failure (23, 24); this
could also be a concern for presatovir treatment. Initial infection with oseltamivir-
resistant influenza virus is also associated with poor clinical outcomes (25), suggesting
that transmission of RSV with resistance-associated substitutions could be a concern. In
the RSV challenge study, resistance-associated substitutions that emerged during
presatovir treatment were associated with reduced viral fitness in competitive out-
growth assays with wild-type RSV and are therefore not anticipated to spread in the
general population. However, competitive outgrowth assays are not necessarily pre-
dictive of in vivo fitness; variants of influenza virus resistant to another drug, baloxavir
marboxil, demonstrate impaired replication relative to wild-type virus in competitive
cell culture assays but retain fitness and pathogenicity in animal models and have been
transmitted between humans (26–28). Some RSV F variants with substitutions associ-
ated with fusion inhibitor resistance located close to those observed in the current
study, such as D401E, also remain pathogenic in animal models (29). Further work in
animal models could help elucidate the potential impact of presatovir resistance
substitutions on RSV fitness and pathogenesis.

The RSV F V127A variant was the only known substitution at a resistance-associated
position detected at baseline (8 subjects total) across the 4 phase 2b studies. This amino
acid substitution is found in 2% to 45% of naturally circulating RSV isolates belonging
to the dominant Buenos Aires RSV B genotype (19, 30) and may represent a polymor-
phism rather than a resistance-associated substitution. The combination of V127A and
F140L reduces susceptibility to presatovir �410-fold (13), but it is unclear how V127A,
which is not part of the RSV F trimer interface (Fig. 1), contributes to presatovir
resistance, and the effect of V127A alone on RSV susceptibility to presatovir has not
been evaluated. Presatovir-treated subjects with baseline V127A did not develop F140L
or any other resistance-associated substitution during treatment and had a virologic
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response to treatment similar to that of subjects without V127A. These results indirectly
suggest that V127A has little effect on presatovir susceptibility. However, it is possible
that V127A could contribute indirectly to drug resistance by compensating for fitness
costs of other resistance substitutions that reduce presatovir susceptibility.

Areas for future research include determining the effect on presatovir susceptibility
of several substitutions observed in these studies, including V127A alone and in
combination with known resistance substitutions, the novel substitutions D486V and
E487G, and substitutions previously associated with resistance to other fusion inhibitors
(G143S, K394R, and D486E) that emerged during presatovir treatment. Sequencing of
samples at additional time points, including deep sequencing, would also be useful for
longitudinal analysis of the timing of resistance emergence and patterns of resistance
substitutions. Furthermore, as fusion inhibitors have a relatively low genetic barrier to
resistance and can confer cross-class resistance (29), combination treatments of RSV
antivirals using different mechanisms of action may be warranted to minimize resis-
tance development.

MATERIALS AND METHODS
Trials and study design. The 4 randomized, double-blind, placebo-controlled phase 2b studies of

presatovir efficacy and safety in HCT recipients with isolated RSV URTI (GS-US-218-0108; ClinicalTrials
registration no. NCT02254408), HCT recipients with RSV LRTI (GS-US-218-1502; ClinicalTrials regis-
tration no. NCT02254421), lung transplant recipients (GS-US-218-1797; ClinicalTrials registration no.
NCT02534350), and hospitalized patients admitted before or after RSV infection (GS-US-218-1227;
ClinicalTrials registration no. NCT02135614) were previously described (11, 14–16). Briefly, adults with
naturally acquired, laboratory-confirmed RSV infection and acute onset of new or worsening respiratory
symptoms prior to screening were enrolled; key study design elements are summarized in Table 1.
Subjects were randomized 2:1 for lung transplant recipients and 1:1 for all other populations to receive
oral presatovir or placebo. Dosing schedules were designed to maintain adequate plasma presatovir
levels for the expected duration of RSV viral shedding in transplant recipients or long enough to observe
significant antiviral effect in hospitalized patients; the target trough plasma presatovir concentration was
�4- to 5-fold over the protein binding-adjusted effective concentration of presatovir to inhibit 95% of
virus replication for wild-type RSV strains of 25 ng/ml. All HCT recipients received 200 mg presatovir on
days 1 (baseline), 5, 9, 13, and 17; lung transplant recipients received 200 mg presatovir on day 1 followed
by 100 mg presatovir once daily on days 2 to 14. Hospital inpatients received a single dose of 200 mg
presatovir on day 1 (Table 1). Subjects were followed for 28 days after dosing with optional extended
viral monitoring through day 56 for HCT and lung transplant recipients. The studies were conducted in
accordance with the International Conference on Harmonisation Good Clinical Practice Guidelines and
the Declaration of Helsinki, and all subjects provided written informed consent.

Sample collection. Bilateral nasal swab specimens were collected at baseline and during and after
study treatment as scheduled per each study protocol for measurement of nasal RSV viral load and
genotypic analysis of RSV F.

Genotypic analyses. Genotypic analyses were conducted for samples from subjects in the efficacy
analysis population who received �1 dose of study drug and had baseline RSV RNA levels above the
lower limit of detection of the reverse transcription quantitative real-time PCR (RT-qPCR) assay (approx-
imately 1,000 copies/ml). All presatovir-treated subjects and a proportion of placebo-treated subjects
(GS-US-218-1227, at least 25%; GS-US-218-0108, at least 50%; GS-US-218-1502 and GS-US-218-1797,
100%) were included in the resistance analyses. Respiratory syncytial virus RNA was extracted from nasal
swab samples using a standard total nucleic acid extraction protocol (NucliSENS easyMAG; bioMérieux,
Inc., Durham, NC, USA) and quantified by RT-qPCR at a central laboratory (Viracor Eurofins, Lee’s Summit,
MO, USA) using Superscript III RT PCR master mix (Life Technologies Corporation, Carlsbad, CA, USA). The
same RT-qPCR assay identified RSV subtype A or B. Genotypic analysis of RSV F was performed on
samples from protocol-specific study days (Table 1), or the last sample with RSV RNA levels of �1,000
copies/ml as measured by RT-qPCR, and all extended viral monitoring samples with detectable RSV RNA.
The full-length RSV F gene was amplified by reverse transcription-PCR using custom oligonucleotide
primers. Population sequencing was performed on amplified F gene sequences by Sanger sequencing
using custom oligonucleotide primers. Samples from lung transplant recipients were sequenced at DDL
Diagnostic Laboratory (Rijswijk, the Netherlands), and all other samples were sequenced by Viracor
Eurofins (Lee’s Summit, MO, USA).

Data analysis. Baseline RSV F sequences were compared with the subtype-specific RSV reference
sequences RSV A2 (GenBank accession number M74568) and RSV B1 (GenBank accession number
AF013254) and analyzed for the presence of preexisting substitutions at known resistance-associated
positions. Postbaseline RSV F sequences were compared with subject-specific baseline sequences to
determine whether resistance-associated substitutions had developed during presatovir treatment.
Known amino acid substitutions previously associated with resistance to presatovir or other RSV fusion
inhibitors are listed in Table 2. Presatovir resistance-associated substitutions were previously selected by
presatovir treatment in a clinical study or in vitro and have been shown to reduce susceptibility to
presatovir. Fusion inhibitor resistance-associated substitutions were selected for or shown to have
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reduced susceptibility to RSV fusion inhibitors other than presatovir in vitro (18, 20, 29, 31, 32); the effects
of these substitutions on susceptibility to presatovir are unknown. Two other substitutions, M396I and
T397S, developed during presatovir treatment in clinical studies; their effect on presatovir susceptibility
has not been characterized due to poor replication of the recombinant variant viruses in cell culture.
Time-weighted average change in nasal RSV viral load was compared between subjects with and without
treatment-emergent resistance-associated substitutions using analysis of covariance (ANCOVA) models
adjusted for the baseline viral load and randomization stratification factors in each individual study.
Binary clinical outcomes were compared between subjects with and without treatment-emergent
resistance-associated substitutions using Fisher’s exact test. The 95% confidence intervals for numbers
and percentages were calculated using the Clopper-Pearson method. Number of supplemental oxygen-
free days in the study of HCT recipients with LRTI was compared between subjects with and without
treatment-emergent resistance-associated substitutions using a negative binomial model with the
randomization stratification factors as covariates, and an offset parameter to account for the on-study
duration.

Data availability. Sequences are available from GenBank under accession no. MT543327 to
MT544300.
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