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SUMMARY

Background
Matrix metalloproteinase-9 is a proteolytic enzyme whose expression is increased in ulcera-
tive colitis.

Aim
To evaluate the safety and efficacy of GS-5745, a fully humanised anti-matrix metallopro-
teinase-9 monoclonal antibody, in moderately-to-severely active ulcerative colitis.

Methods
We randomised 74 patients with ulcerative colitis to treatment with single or multiple ascend-
ing intravenous or subcutaneous doses of GS-5745 or placebo. Multiple-dose cohorts received
either IV infusions (0.3, 1.0, 2.5 or 5.0 mg/kg GS-5745 or placebo) every 2 weeks (three total
IV infusions) or five weekly SC injections (150 mg GS-5745 or placebo). The primary out-
comes were the safety, tolerability and pharmacokinetics of escalating single and multiple doses
of GS-5745. Exploratory analyses in the multiple-dose cohorts included clinical response (≥3
points or 30% decrease from baseline in Mayo Clinic score and ≥1 point decrease in the rectal
bleeding subscore or a rectal bleeding subscore ≤1) and clinical remission (a complete Mayo
Clinic score ≤2 with no subscore >1) at Day 36. Biological effects associated with a clinical
response to GS-5745 were explored using histological and molecular approaches.

Results
Twenty-three of the 42 patients (55%) receiving multiple doses of GS-5745 had adverse
events, compared with 5/8 patients (63%) receiving placebo. GS-5745 showed target-
mediated drug disposition, approximately dose-proportional increases in maximum plasma
concentration and more than dose-proportional increases in the area under the plasma drug
concentration-time curve. Clinical response occurred in 18/42 patients (43%) receiving GS-
5745 compared with 1/8 patients (13%) receiving placebo. Clinical remission occurred in 6/
42 patients (14%) receiving GS-5745 and 0/8 (0%) receiving placebo. Patients with a clinical
response to GS-5745 had reductions in matrix metalloproteinase-9 tissue levels (mean 48.9%
decrease from baseline compared with a mean 18.5% increase in nonresponders, P = 0.008)
significant improvements in histopathology scores (confirmed with three separate histologi-
cal disease activity indices), as well as changes in colonic gene expression that were consis-
tent with reduced inflammation.

Conclusion
This phase 1 trial provides preliminary evidence for the safety and therapeutic potential of
GS-5745 in the treatment of ulcerative colitis.

Aliment Pharmacol Ther 2016; 44: 157–169

ª 2016 The Authors. Alimentary Pharmacology & Therapeutics published by John Wiley & Sons Ltd. 157
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
doi:10.1111/apt.13653

Alimentary Pharmacology and Therapeutics

http://creativecommons.org/licenses/by-nc/4.0/


INTRODUCTION
Ulcerative colitis (UC) is a chronic inflammatory disor-
der of the colonic mucosa limited to the rectum and
colon, and characterised histologically by the presence of
both acute and chronic inflammation. The hallmark
symptom of UC is bloody diarrhoea that is frequently
accompanied by rectal urgency and tenesmus. A dysreg-
ulated mucosal immune response to commensal gut flora
in genetically susceptible individuals seems likely to be
involved in the aetiology of UC, although the precise
pathogenesis is unknown.1, 2

Treatment for UC is tailored to the severity, location
and extent of the disease, and includes aminosalicylates
for mild disease, corticosteroids for patients who are
failing or do not respond to first-line therapies,
immunomodulators for corticosteroid-weaning and
maintenance of remission, and biologic agents (tumour
necrosis factor – and a4b7-integrin antagonists), which
are typically reserved for patients with severe or corticos-
teroid-refractory disease.2–4 While both tumour necrosis
factor antagonists and vedolizumab target biologically
and pathologically relevant molecules (cytokines) and
processes (gut-specific leucocyte trafficking) in UC, new
therapies directed towards alternative disease mecha-
nisms are needed to address the unmet medical need of
patients who do not respond to, or lose response to, cur-
rently available biologics.5–7

Matrix metalloproteinases are a family of structurally
related zinc-dependent proteases, whose members are
grouped according to substrate preference (i.e., collage-
nases, gelatinases, stromelysins and membrane-type). Ini-
tially believed to facilitate cell migration, infiltration and
tissue remodelling through their ability to degrade extra-
cellular matrix and basement membrane, matrix metallo-
proteinases are now understood to play a much broader
role in cellular homoeostasis as enzymatic modulators of
cytokines, chemokines, receptors, proteases and adhesion
molecules.8–11 Matrix metalloproteinase activity is tightly
regulated on multiple levels, from transcription to activa-
tion of enzymatic activity. However, increased concentra-
tions of active matrix metalloproteinases lead to
extracellular matrix breakdown and tissue destruction,
and their dysregulated expression has been implicated in
a number of pathological processes.9, 12

The involvement of matrix metalloproteinases in
intestinal inflammation and inflammatory bowel disease
is well-documented.9, 13–15 Basic and clinical research in
the past decade has produced abundant evidence in sup-
port of one matrix metalloproteinase in particular;

gelatinase-2, or matrix metalloproteinase-9, in the patho-
physiology of inflammatory bowel disease and more
recently as a potential biomarker for UC.14–19 Matrix
metalloproteinase-9 activity in UC appears both to initi-
ate and perpetuate an inflammatory state, and has been
proposed to contribute to tissue damage and disease
pathology through destruction of basement membrane,
alteration in barrier permeability, defective re-epitheliali-
sation, activation of pro-inflammatory cytokines and
angiogenesis.9, 12, 15, 20, 21

Matrix metalloproteinase-9 mucosal expression, pro-
tein and serum antigen levels, and activity have all been
shown to be significantly higher in UC patients than
in healthy controls and to correspond to disease activ-
ity.22–26 Faecal matrix metalloproteinase-9 levels, which
are significantly increased in patients with UC compared
with healthy controls and those with irritable bowel syn-
drome, are correlated with clinical and endoscopic activ-
ity scores, serum C-reactive protein (CRP) and faecal
calprotectin, and are highly sensitive for the detection of
endoscopically active UC.16, 19

GS-5745 (Gilead Sciences, Inc, Foster City, CA, USA)
is a fully humanised high-affinity IgG4 monoclonal
antibody that selectively binds and inhibits matrix metal-
loproteinase-9.21 We performed a randomised placebo-
controlled phase 1b single and multiple ascending
dose-ranging study to determine if inhibition of matrix
metalloproteinase-9 is safe and effective in patients with
active UC. The primary outcomes of the study were the
safety and pharmacokinetics of GS-5745. This paper
reports the safety, tolerability and pharmacokinetics of
GS-5745 in the entire study population (for single and
multiple doses), as well as exploratory efficacy, immuno-
histochemistry and gene expression outcomes in the
multiple-dose cohorts.

MATERIALS AND METHODS
This trial (ClinicalTrials.gov NCT01831427) was per-
formed at 17 centres in the USA, Hungary, Canada, Bel-
gium, the Netherlands, Moldova and Romania between
March 2013 and January 2015. The study was funded by
Gilead Sciences, Inc. An independent ethics committee
or investigational review board at each centre approved
the protocol and all patients gave written informed con-
sent. Patients and all personnel directly involved in the
conduct of the study remained blinded to treatment
assignment. All authors had access to the study data and
reviewed and approved the final manuscript. The study
protocol has been provided as supporting information.
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Patients
Eligible patients were 18–65 years of age with docu-
mented moderately-to-severely active UC extending at
least 15 cm from the anal verge. Patients in the single
ascending dose cohort had to have a minimum Partial
Mayo score ≥3 with a rectal bleeding and stool frequency
subscore of at least 1. Patients in the multiple ascending
dose cohorts had to have a complete Mayo Clinic score
≥6 and an endoscopic subscore ≥2 by blinded central
read. The Mayo Clinic scoring system assesses UC dis-
ease activity based on four subscores (stool frequency,
rectal bleeding, endoscopic findings and physician’s glo-
bal assessment). Total scores range from 0 to 12 with
higher scores indicating more severe disease.27 The Par-
tial Mayo score ranges from 1 to 9 based on 3 of the 4
subscores, excluding endoscopy.28 Treatment with stable
doses of corticosteroids (≤20 mg/day) were allowed as
were oral aminosalicylates, azathioprine, mercaptopurine
and methotrexate, provided there were no dose adjust-
ments for these agents within 30 days of screening or
during the course of the study. Treatment with approved
and investigational biologics within 8 weeks of randomi-
sation and during the study was not permitted. Addi-
tional inclusion and exclusion criteria are described in
the study protocol provided as supporting information.

Study design
The study design (Figure 1) included single and multiple
ascending intravenous (IV) doses as well as an adaptive
SC dose (150 mg SC cohort; administered in multiple
doses), and was conducted in a staggered, parallel cohort
manner to allow for assessment of dose-dependent
adverse events before proceeding to higher doses (Fig-
ure S1).

In the single ascending dose portion of the trial, four
sequential cohorts of patients, each randomised 5:1 (GS-
5745:placebo), received a single IV infusion of 0.3, 1.0,
2.5 and 5.0 mg/kg GS-5745 on Day 1. The first two
patients in each dose cohort received their infusions of
GS-5745 in a staggered fashion 24 h apart. Provided no
untoward adverse events were observed within 24 h
post-infusion in the first two patients, the remaining four
in each dose cohort received infusions. Escalation to a
higher dose of GS-5745 in the single ascending dose por-
tion of the trial was not performed until a thorough
assessment of safety and tolerability of the preceding
lower dose was completed through Day 14.

Dosing in the multiple ascending dose portion of the
trial was initiated following review of the safety and tol-
erability of a single IV dose of GS-5745 1.0 mg/kg

(single-dose cohort 2) through Day 15. In this portion of
the trial, four sequential cohorts of patients, each ran-
domised 8:2 (GS-5745:placebo), received three infusions
of 0.3, 1.0, 2.5 and 5.0 mg/kg GS-5745 every 2 weeks on
Days 1, 15 and 29. Successive multiple-dose cohorts
received infusions only after the safety data through Day
43 for the preceding lower multiple-dose cohort, and
through Day 15 for the subsequent higher single-dose
cohort were reviewed.

Patients in the 150-mg SC multiple-dose cohort were
randomised to receive five weekly SC doses of GS-5745
150 mg on Days 1, 8, 15, 22 and 29. Dosing in this por-
tion of the trial was not initiated until safety data from
the GS-5745 2.5 mg/kg multiple-dose cohort were
reviewed through Day 43. Randomisation was performed
centrally using a computerised interactive voice/web
response system.

Collection of samples
Patients were seen on Days 1, 2, 3, 8, 15, 29 and 43 in
the single ascending dose cohorts, Days 1, 8, 15, 29, 36,
43 and 71 in the multiple ascending dose cohorts and
Days 1, 8, 15, 22, 29, 36, 43, and 71 in the 150-mg SC
multiple-dose cohort. Adverse events, vital signs and
concomitant medications were recorded at each visit in
all cohorts. Blood sampling for pharmacokinetic analysis
occurred at the following timepoints: pre-dose and 1, 2
and 6 h post dose on Day 1, 24 h, 48 h, and Days 8, 15,
29, and 43 in the single ascending dose cohorts and
Days 1, 8, 15, 29 (pre-dose, 1 h, 2 h, and 6 h post dose
on each dosing day) in the multiple ascending and 150-
mg SC dose cohorts (with additional sampling on Day
22 in the 150-mg SC multiple-dose cohort). Flexible sig-
moidoscopy was performed on Days 1 and 36 for calcu-
lation of the complete Mayo Clinic score in the multiple
ascending and 150-mg SC dose cohorts. During both sig-
moidoscopies, colonic biopsies (three samples) were
taken from an area with active disease on Day 1 and at
the same distance from the anal verge on both days.
Biopsy samples were used for histological and gene
expression analyses. Blinded central reading of endo-
scopic videos and histology was performed. Urine and
blood samples were obtained (pre-dose on infusion vis-
its) for urinalysis, clinical chemistry and haematology,
determination of CRP concentrations and erythrocyte
sedimentation rates (ESR), and for use in coagulation
assays. Stool samples were collected for measurement of
faecal calprotectin and lactoferrin concentrations on
Days 1 and 15 in the single ascending dose cohorts and
Days 1 and 36 in the multiple ascending and 150-mg SC
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dose cohorts. Collection and preparation of samples for
immunohistochemistry assessments are described in the
supporting information.

For analysis of gene expression, transcriptome
sequencing assays were completed on paired (Day 1 and
Day 36) samples using the Hi-Seq platform (Illumina,
San Diego, CA, USA). RNA-seq short reads were aligned
to the human reference genome (GRCh37) using STAR
(v2.3.0e) software.29

Outcome measures
Primary measures. Clinical and laboratory adverse
events were coded using the Medical Dictionary for Reg-
ulatory Activities (MedDRA). Adverse event severity was
recorded and graded according to the Common Termi-
nology Criteria for Adverse Events Version 4.03.

The pharmacokinetic parameters for the single
ascending dose cohorts included GS-5745 area under the
plasma concentration–time curve from time 0 to infinity
and to the last quantifiable concentration, maximum
plasma concentration and for the multiple ascending
dose cohorts, area under the concentration–time curve at
the end of the dosing interval, maximum plasma concen-
tration and plasma concentration at the end of the dos-
ing interval.

Pre-specified exploratory assessments. Exploratory
assessments of efficacy were conducted in patients in the

multiple-dose cohorts. These assessments included the
proportions of patients who achieved clinical response,
clinical remission and endoscopic response. Clinical
response was defined as reduction in the complete Mayo
Clinic score of ≥3 points and a decrease in at least 30%
from the baseline score, with a decrease of ≥1 point on
the rectal bleeding subscore or an absolute rectal bleed-
ing subscore of ≤1.28, 30 Clinical remission was defined
as a complete Mayo Clinic score ≤2 with no subscore
>1. Endoscopic response was defined as Mayo Clinic
endoscopic subscore of 0 or 1.

Absolute values and change from baseline in the com-
plete Mayo Clinic score at Day 36 in the multiple
ascending and 150-mg SC dose cohorts were also calcu-
lated, as were shifts in distribution from baseline in the
Mayo Clinic endoscopic subscore.

Exploratory pharmacodynamic analyses included
change from baseline in serum CRP concentrations and
ESR as well as faecal concentrations of calprotectin and
lactoferrin. The biologic effects associated with a clinical
response to GS-5745 were also explored histologically by
comparing the change and percentage change in matrix
metalloproteinase-9 tissue levels by immunohistochem-
istry. Thresholds were determined for low, medium and
high matrix metalloproteinase-9 staining and the per-
centage of cells within each category was calculated.
Overall matrix metalloproteinase-9 staining intensity was
expressed as a matrixmetalloproteinase-9 histological

Patients/
CohortCohort

Single dose (IV) 6

Baseline/
Day 1

Endoscopy
Histology
RNA sequencing
MMP9 H-score

IV/SC Dose IV/SC Dose IV/SC DoseSC Dose SC Dose

Day 15 Day 29 Day 36

5:1 4 0.3, 1.0, 2.5, 5.0 mg/kg

10 8:2 4 0.3, 1.0, 2.5, 5.0 mg/kg
10 10:0 1 150 mg/kg

Multiple dose (IV)
Subcutaneous

Cohorts GS-5745 Dose/CohortActive:Placebo
No. of

Figure 1 | Study design. The study included single and multiple ascending intravenous (IV) dose groups as well as an
adaptive subcutaneous (SC) dose group. Patients were randomised 5:1 (GS-5745:placebo) in the single dose and 8:2
(GS-5745:placebo) in the multiple-dose groups to treatment with 0.3, 1.0, 2.5 and 5.0 mg/kg GS-5745 or placebo.
Patients in the adaptive SC dose group were randomised to treatment with 150 mg GS-5745. Patients in the single IV
dose groups had a single infusion on Day 1, whereas patients in the multiple IV dose groups had three infusions
separated by 2 weeks, on Days 1, 15 and 29. Patients in the SC dose group received five weekly injections on Days 1,
8, 15, 22 and 29. Adverse events were assessed at all clinic visits and blood sampling for pharmacokinetic sampling
was performed as described in the Methods section. Endoscopies and biopsies for endoscopic, histological and
molecular analyses were performed on Days 1 and 36.
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score (calculated as 19 [(% low)] + 2 9 [% medium] +
3 9 [% high]) that considers the distribution and inten-
sity of staining (range, 0–300).

Post hoc assessments. Post hoc assessments included
proportion of patients with histological remission,
defined as a Geboes score31 of <3 at Day 36. Histological
disease activity at Day 36 was also measured using three
separate indices (the Geboes and modified Riley scores,
and the Robarts Histopathology Index.4, 32, 33 Differen-
tial gene expression analyses comparing Day 1 and Day
36 samples as well as samples from patients with a clini-
cal response (‘responders’) and patients who did not
meet the criteria for a clinical response (‘nonresponders’)
were performed using the Bioconductor edgeR package.34

A GeneGo MetaCore (Thomson Reuters, New York, NY,
USA) pathway enrichment analysis against an annotated
disease database was performed on the top 50 differen-
tially expressed genes.

Statistical methods
GS-5745 plasma concentrations and pharmacokinetic
parameters, and efficacy and pharmacodynamic out-
comes were listed and summarised using descriptive
statistics by cohort. Changes from baseline to Day 36 in
efficacy outcomes and matrix metalloproteinase-9 levels
were measured using nonparametric methods, and com-
pared using the Wilcoxon two-sided sample text. For
efficacy outcomes, patients without a Day 36 complete
Mayo score were considered nonresponders and 95%
confidence intervals were calculated using the exact
method.35 Data from patients who received placebo in
each single and multiple ascending dose cohort were
pooled.

Whole transcriptome gene expression before and after
treatment with GS-5745 was analysed using a generalised
linear model with negative binomial as the link function.
False discovery rate was derived using the Benjamini–
Hochberg procedure for multiple testing corrections.36

The top 50 differentially expressed genes in patients trea-
ted with GS-5745 and putative genes associated with a
clinical response were selected based on raw P values for
the log2 fold change in expression from Day 1 to Day
36. Top differentially expressed genes were then com-
pared against the MetaCore disease-related gene sets for
a disproportionate overlap or enrichment.37 Fisher exact
test was used to determine the statistical significance of
enrichment.

Due to the exploratory nature of this study and no
reliable variability estimation, no formal sample size

calculations were used to determine cohort size. Sample
sizes in each cohort were based on industry convention
for a similar type of study.

RESULTS

Patient disposition and characteristics
Of 124 patients who were screened for enrolment, 74
were randomised and entered the study. Of these, 70
(95%) completed study treatment and 64 (86%) com-
pleted the study (Figure 2).

The baseline characteristics of the patients participat-
ing in the single-dose portion of the trial are shown in
Table 1. The baseline characteristics of the patients par-
ticipating in the multiple-dose portion of the trial are
shown in Table 2. The mean age of the patients ran-
domised to treatment with multiple doses of GS-5745 in
the combined IV and SC groups was 44 years (range
21–65 years) and there was an equal distribution of
males and females. Patients randomised to treatment
with GS-5745 had a mean baseline [standard deviation
(s.d.)] complete Mayo score of 8 (1.4), a mean Partial
Mayo score of 5 (1.2), and a mean endoscopic subscore
of 2 (0.5). Mean baseline UC disease duration was
7 years (range 0–28 years). Disease characteristics of the
patients treated with placebo at baseline were similar to
those treated with GS-5745.

Safety
Safety findings in the single ascending dose cohorts are
shown in Table S1.

Among patients in the multiple ascending and SC
dose cohorts, 23 of 42 (55%) of those treated with GS-
5745, and five of eight (63%) treated with placebo
reported at least one adverse event during the study,
and most were Grade 1 or 2 in severity (Table 3). The
most common adverse events in patients treated with
GS-5745 in the multiple-dose groups were anaemia,
fatigue, nasopharyngitis and headache. Ten patients
treated with GS-5745, and three treated with placebo
had adverse events that were considered related to
study drug by the investigator. Two patients treated
with GS-5745 had serious adverse events, both of
which were considered treatment-related by the investi-
gator; one patient in the GS-5745 0.3 mg/kg multiple-
dose cohort had a Grade 4 serious adverse event of
hypersensitivity on Day 14 during the second infusion
which lead to study drug discontinuation, and one
patient in the GS-5745 1.0 mg/kg multiple-dose cohort
had Grade 3 worsening of UC that led to

Aliment Pharmacol Ther 2016; 44: 157–169 161

ª 2016 The Authors. Alimentary Pharmacology & Therapeutics published by John Wiley & Sons Ltd.

Randomised clinical trial: GS-5745 vs. placebo for ulcerative colitis



hospitalisation and required treatment with IV steroids.
The serious adverse event of hypersensitivity was the
only adverse event leading to study drug discontinua-
tion in patients treated with GS-5745.

Pharmacokinetics
In single-dose cohorts, GS-5745 displayed typical nonlin-
ear pharmacokinetic profiles, with nonparalleled terminal
phases across dose levels and plasma concentrations drop-
ping relatively faster at lower concentrations. Maximum
plasma concentrations of GS-5745 increased approxi-
mately dose proportionally, the area under the plasma
concentration–time curve increased more than dose pro-
portionally, and half-lives were longer at higher doses
(Table S2). Overall, these results suggested a contribution

of target-mediated drug disposition to GS-5745 pharma-
cokinetics. Consistent with typical monoclonal antibodies,
the steady state volume of distribution was low
(Table S2), suggesting limited extravascular distribution.

In multiple-dose cohorts, GS-5745 displayed typical
nonlinear pharmacokinetic profiles with nonparalleled
terminal phases across IV dose levels (Figure 3). Consis-
tent with single-dose pharmacokinetic data, after three
IV infusions every other week, GS-5745 maximum
plasma concentration increased approximately dose pro-
portionally and the area under the plasma concentra-
tion–time curve at the end of the dosing interval
increased more than dose proportionally (Table S3). At
the lower doses of GS-5745 (0.3, 1.0, and 2.5 mg/kg IV),
maximum plasma concentration was similar on Days 1

Screened
N = 124

Randomized
N = 74

GS-5745 SAD
N = 20

GS-5745 MAD
N = 32

GS-5745 150 mg SC

Completed study
treatment

N = 10
Placebo SAD

N = 4

N = 24

Completed study
treatment

N = 37

Completed study
treatment

N = 9

Completed study
N = 22

Completed study
N = 33

Completed study
N = 9

Placebo MAD

Discontinued study
treatment

Discontinued study
treatment

0.3 mg/kg GS-5745 (1)
Placebo (2)

Adverse event

Discontinued study

1.0 mg/kg GS-5745 (1)

5.0 mg/kg GS-5745 (1)

Adverse event

Investigator’s discretion

Discontinued study

2.5 mg/kg GS-5745 (1)

1.0 mg/kg GS-5745 (2)
Placebo (1)

Adverse event

Withdrew consent

Withdrew consent (1)

N = 8

Figure 2 | Patient disposition. Of 124 patients screened for eligibility, 74 were randomised to single or multiple doses
of GS-5745 or placebo; 24 were randomised to a single intravenous infusion (n = 20 GS-5745, n = 4 placebo), 40
were randomised to multiple intravenous infusions (n = 32 GS-5745, n = 8 placebo) and 10 were randomised to
multiple subcutaneous injections of GS-5745. Of the randomised patients, the following proportions completed study
treatment: 24/24 (100%) in the single intravenous dose group, 37/40 (92.5%) in the multiple intravenous dose group
(one patient treated with GS-5745 and two patients treated with placebo discontinued due to an adverse event), and
9/10 (90%) in the multiple subcutaneous GS-5745 dose group (1 patient withdrew consent). Of the patients who
completed study treatment, the following proportions completed the study: 22/24 (91.7%) in the single intravenous
dose group (one patient each treated with GS-5745 discontinued the study due to an adverse event or at the
discretion of the investigator), 33/37 (89.2%) in the multiple intravenous dose group (1 patient treated with GS-5745
discontinued the study due to an adverse event, and two patients in the GS-5745 group and one patient in the
placebo group withdrew consent), and 9/9 (100%) in the multiple subcutaneous GS-5745 dose group.
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and 29 and plasma concentration at the end of the dos-
ing interval was below detection level for all or most
patients, consistent with the short plasma half-life at
these dose levels and expected lack of accumulation after
multiple dosing. There was modest accumulation (27%
increase in mean maximum plasma concentration) fol-
lowing every other week dosing with GS-5745 5.0 mg/kg
IV, which is consistent with reduced target-mediated
drug disposition and longer half-life at this dose level. A
schedule-adjusted area under the concentration–time
curve demonstrated that exposure to GS-5745 150 mg
SC weekly was similar to exposure to GS-5745 2.5 mg/
kg IV every 2 weeks.

Clinical efficacy
The results of the exploratory efficacy analyses by dose
are shown in Table 4. In the pooled multiple-dose
cohorts, clinical response occurred in 18 of 42 [43%;
95% confidence interval (CI) 28–59%] patients treated

with GS-5745 and 1 of 8 (13%; 95% CI <1–53%)
patients treated with placebo. Clinical remission
occurred in 6 of 42 patients (14%; 95% CI 5–29%) trea-
ted with GS-5745 and 0 of 8 (0%; 95% CI 0–37%)
patients treated with placebo. Endoscopic response
occurred in 14 of 42 (33%; 95% CI 20–50%) of patients
treated with GS-5745 and 2 of 8 (25%; 95% CI 3–65%)
of patients treated with placebo. Histological remission
occurred in 18 of 37 (49%; 95% CI 32–66%) patients
treated with GS-5745 and 3 of 5 (60%; 95% CI 15–
95%) patients treated with placebo.

The mean change in the Mayo Clinic score from
baseline to Day 36 for each patient in the multiple-dose
cohorts (IV and SC) is shown in Figure 4. In the multi-
ple-dose cohorts, Mayo Clinic scores decreased a mean
(s.d.) of 2 (2.6) points in patients treated with GS-5745
and 1 (1.8) points in patients treated with placebo.
Overall, 28 of 42 patients (67%) treated with GS-5745
had an improvement, 6 of 42 (14%) had a worsening,

Table 1 | Demographics of patients in the single ascending dose cohorts

Characteristic

GS-5745

Pooled placebo
(N = 4)

0.3 mg/kg
(N = 5)

1.0 mg/kg
(N = 5)

2.5 mg/kg
(N = 5)

5.0 mg/kg
(N = 5)

Age, years 42 � 11.3 37 � 11.3 45 � 15.4 42 � 12.9 41 � 15.1
Female sex, n (%) 4 (80) 3 (60) 1 (20) 3 (60) 3 (75)
White race, n (%) 2 (40) 3 (60) 5 (100) 5 (100) 3 (75)
BMI, kg/m2 30.2 � 9.0 24.5 � 2.1 25.2 � 7.9 27.7 � 9.1 31.0 � 13.5
Weight, kg 82.8 � 24.1 70.8 � 9.8 79.3 � 28.5 79.7 � 23.1 91.1 � 41.1
Modified Mayo Score 6 � 1.1 6 � 1.3 5 � 1.5 4 � 1.5 6 � 0.0
Disease duration, years 5 � 4.7 2 � 2.0 20 � 15.1 6 � 5.7 8 � 5.6
Concomitant medications, n (%)
Aminosalicylates 5 (100) 4 (80) 5 (100) 5 (100) 4 (100)
Corticosteroids 4 (80) 4 (80) 4 (80) 3 (60) 3 (75)
Azathioprine/mercaptopurine 3 (60) 1 (20) (40) 1 (20) 4 (100)

Prior anti-tumour necrosis
factor therapy

0 1 (20) 1 (20) 0 2 (50)

Faecal calprotectin, mg/kg
Median 852.5 284.1 261.1 84.8 1120.3
Range 88.8–1852.2 23.7–1300.4 69.5–1963.1 47.0–5768.8 511.4–2228.9

Faecal lactoferrin, lg/g
Median 190.8 36.5 63.4 17.9 501.3
Range 19.2–349.9 0.81–800.0 32.4–252.2 2.0–542.5 263.8–750.8

Serum CRP, mg/dL
Median 0.44 0.61 0.20 0.57 0.37
Range 0.03–2.03 0.02–4.08 0.07–2.45 0.24–1.85 0.18–1.90

ESR, mm/hour
Median 22 12 21 29 26
Range 17–71 3–64 5–25 7–65 11–39

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate.

Plus–minus values are means � s.d.
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and 8 of 42 (19%) had no change (or were missing a
complete Mayo Clinic score) in the complete Mayo
Clinic score through Day 36. For patients treated with
placebo three of eight patients (38%) had an improve-
ment, one of eight (13%) had a worsening and four of
eight (50%) had no change (or were missing a complete
Mayo Clinic score). Twenty patients treated with GS-
5745 had 1 (n = 15) or 2 (n = 5) point decreases in the
Mayo Clinic endoscopic subscore from baseline to Day
36, whereas 23 patients had unchanged subscores, and
two patients had a 1 point increase. One patient each in
the placebo group had a 1 or 2 point decrease in the
Mayo Clinic endoscopic subscore from baseline, three
had unchanged subscores, and one patient had a 1 point
increase.

Pharmacodynamics. There was no apparent treatment
effect of GS-5745 on the change from baseline to Day 36
in median concentrations of CRP, or faecal calprotectin

and lactoferrin. Similar results were observed for change
from baseline in median ESR (Table S4).

Histology
A statistically significant reduction in matrix metallopro-
teinase-9 staining (as measured by matrix metallopro-
teinase-9 histologic score) was observed in Day 36
biopsy sections in patients who were in clinical response
following treatment with GS-5745 (‘responders’) com-
pared to those who did not meet the response criteria
(‘nonresponders’). The change and percentage change
from baseline to Day 36 in the matrix metallopro-
teinase-9 histological score are shown in Table 5. A
clinical response to GS-5745 and a reduction in matrix
metalloproteinase-9 tissue levels were accompanied by
histological improvement at Day 36 as measured by
three independent disease activity indices (Table 6). His-
tological disease activity scores were unchanged at Day
36 in patients who were considered ‘nonresponders’,

Table 2 | Demographics of patients in the multiple ascending intravenous and subcutaneous dose cohorts

Characteristic

GS-5745

Pooled placebo
(N = 8)

0.3 mg/kg IV
(N = 8)

1.0 mg/kg IV
(N = 8)

2.5 mg/kg IV
(N = 8)

5.0 mg/kg IV
(N = 8)

150 mg SC
(N = 10)

Age, years 42 � 13.9 39 � 11.7 38 � 13.7 50 � 9.8 48 � 8.8 44 � 15.8
Female sex, n (%) 5 (63) 3 (38) 5 (63) 2 (25) 6 (60) 3 (38)
White race, n (%) 7 (88) 7 (88) 8 (100) 8 (100) 8 (80) 8 (100)
BMI, kg/m2 27.9 � 5.6 26.9 � 8.3 25.9 � 5.3 26.1 � 2.8 28.2 � 6.4 27.0 � 5.1
Weight, kg 80.1 � 24.4 77.6 � 23.0 73.1 � 16.4 77.2 � 13.2 82.0 � 21.6 81.0 � 18.1
Complete Mayo Score 8 � 1.0 8 � 1.5 8 � 1.1 7 � 1.1 9 � 1.6 8 � 1.8
Partial Mayo Score 6 � 0.7 5 � 1.5 5 � 0.8 5 � 1.2 6 � 1.3 5 � 1.6
Disease duration, years 8 � 8.6 3 � 3.3 6 � 6.6 8 � 9.2 9 � 5.8 6 � 5.6
Concomitant medications, n (%)
Aminosalicylates 7 (88) 7 (88) 8 (100) 8 (100) 10 (100) 5 (63)
Corticosteroids 6 (75) 7 (88) 4 (50) 4 (50) 7 (70) 4 (50)
Azathioprine/mercaptopurine 3 (38) 2 (25) 2 (25) 4 (50) 3 (30) 6 (75)

Prior anti-tumour necrosis
factor therapy

0 2 (25) 2 (25) 2 (25) 3 (30) 1 (13)

Faecal calprotectin, mg/kg
Median 578.3 599.2 847.8 597.1 544.1 800.9
Range 85.8–4964.8 198–2560.0 106.4–2781.3 94.8–1427.8 71.6–677.8 62.3–7341.8

Faecal lactoferrin, lg/g
Median 255.6 147.4 99.9 199.8 183.4 176.2
Range 2.9–800.0 49.1–800.0 21.6–460.9 16.4–437.3 3.4–800.0 14.6–800.01

Serum CRP, mg/dL
Median 0.40 2.12 0.63 0.37 0.54 0.57
Range 0.07–9.12 0.27–4.9 0.08–3.48 0.05–2.18 0.02–1.07 0.05–5.28

ESR, mm/hour
Median 28 27 18 21 10 17
Range 4–36 7–40 3–92 6–36 1–23 5–80

TNF, tumour necrosis factor; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate

Plus–minus values are means � s.d.
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whereas ‘responders’ had scores below the thresholds
associated with other definitions of disease remission for
the Geboes score and the Robarts Histopathology
Index.31, 38

Gene expression
Samples from 26 patients treated with GS-5745 and six
patients treated with placebo were evaluable based on
quality assessment and were subjected to transcriptome
sequencing for analysis of gene expression. The top 50
differentially expressed genes between Day 36 and base-
line (based on log2 fold change in expression in patients
treated with GS-5745) are shown in Table S5. Unsuper-
vised hierarchical clustering was carried out based on log
fold change in the top 50 differentially expressed genes
derived from the treatment group (Figure S2). Patient
clusters showed a modest separation based on disease
severity. The top 50 genes were found to be enriched for
genes relevant to pathogenesis of inflammatory bowel
diseases based on the MetaCore disease marker database
(e.g. PI3, CXCL6, FCGR3A, PDK4, CD86, S100A9,
IL2RA and IL19). Genes among these top 50 were also
found to be associated with immune response (e.g.
CCL18, FCGR3A, CD86, IL2RA) and inflammatory
defence pathways (e.g. S100A7, S100A9, CXCL6). Several
potentially biologically relevant genes were observed to
show a more pronounced change in the responder group
(n = 15) compared with nonresponders (n = 11, for
example, IL19, FCGR3A, CXCL6, IL2RA, CD86, S100A9,
AQP1). However, the differences in expression levels
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Figure 3 | Dose-dependent GS-5745 plasma
concentrations over time. GS-5745 displayed typical
nonlinear pharmacokinetic profiles with nonparalleled
terminal phases across intravenous dose levels in the
multiple-dose cohorts.

Table 3 | Summary of safety findings in the multiple ascending intravenous and subcutaneous dose cohorts

GS-5745, n (%)

Pooled
placebo
(N = 8)

0.3 mg/kg IV
(N = 8)

1.0 mg/kg IV
(N = 8)

2.5 mg/kg IV
(N = 8)

5.0 mg/kg IV
(N = 8)

150 mg SC
(N = 10)

IV + SC
combined
(N = 42)

Any adverse event 2 (25) 6 (75) 5 (63) 5 (63) 5 (50) 23 (55) 5 (63)
Grade 3 or above
adverse event

1 (13) 1 (13) 0 0 0 2 (5) 2 (25)

Grade 2 or above
adverse event

1 (13) 4 (50) 3 (38) 1 (13) 3 (30) 12 (29) 5 (63)

Adverse event related
to study drug

1 (13) 3 (38) 2 (25) 3 (38) 1 (10) 10 (24) 3 (38)

Serious adverse event 1 (13)* 1 (13)† 0 0 0 2 (5) 1 (13)‡
Adverse event leading to
study drug
discontinuation

1 (13) 0 0 0 0 1 (2) 2 (25)

Adverse event occurring in ≥5% of patients in any GS-5745 group
Anaemia 0 3 (38) 2 (25) 0 0 5 (12) 4 (50)
Fatigue 0 2 (25) 1 (13) 0 0 3 (7) 1 (13)
Nasopharyngitis 1 (13) 0 0 2 (25) 0 3 (7) 0
Headache 0 0 0 2 (25) 1 (10) 3 (7) 2 (25)

* Grade 4 hypersensitivity after 2nd dose.

† Worsening of UC at Day 43 requiring IV steroids.

‡ Grade 3 anaemia requiring peripheral blood mononuclear cell transfusion.
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based on responder status were not statistically signifi-
cant, likely due to the small sample size. The top 50 dif-
ferentially expressed genes between Day 36 and baseline
based response status in patients treated with GS-5745
are shown in Table S6. Differentially expressed genes
derived from the responder group were enriched for
genes relevant to pathogenesis of inflammatory bowel
disease. The expression of a number of these genes (in-
terleukin-17 and -23, matrix metalloproteinase-3) was
decreased in responders compared with nonresponders.

DISCUSSION
In this phase 1 randomised placebo-controlled trial,
short-term treatment with both single and multiple (IV
and SC) ascending doses of the anti-matrix metallopro-
teinase-9 monoclonal antibody GS-5745 were shown to
be safe and well-tolerated in patients with moderately-to-
severely active UC. Patients in the multiple-dose cohorts
demonstrated clinical, endoscopic and histological
responses to treatment. Furthermore, both immunohisto-
chemistry and gene expression analyses revealed an

Table 5 | Change in matrix metalloproteinase-9 levels according to response status in patients treated with GS-5745

Matrix metalloproteinase-9 histologic score

Clinical response status at Day 36

P valueNonresponder (n = 21) Responder (n = 14)

Change from baseline
Mean (s.d.) �6.0 (38) �44.3 (42.5) 0.016
Median (range) �4.7 (�70–68.2) �41.5 (�134.6–23.4)

Percentage change from baseline
Mean (s.d.) 18.5 (82.1) �48.9 (41.1) 0.008
Median (range) �2.55 (�69.2–235.8) �50.0 (�99.1–62.5)

Table 4 | Summary of efficacy outcomes in the multiple ascending intravenous and subcutaneous dose cohorts

Outcome

GS-5745, n/N (%)

Pooled
placebo0.3 mg/kg IV 1.0 mg/kg IV 2.5 mg/kg IV 5.0 mg/kg IV 150 mg SC

IV + SC
combined

Clinical response 3/8 (38) 4/8 (50) 4/8 (50) 3/8 (38) 4/10 (40) 18/42 (43) 1/8 (13)
Clinical remission 0/8 (0) 2/8 (25) 2/8 (25) 0/8 (0) 2/10 (20) 6/42 (14) 0/8 (0)
Endoscopic response 2/8 (25) 3/8 (38) 3/8 (38) 1/8 (13) 5/10 (50) 14/42 (33) 2/8 (25)
Histological remission* 2/6 (33) 4/7 (57) 4/8 (50) 3/7 (43) 5/9 (56) 18/37 (49) 3/5 (60)

*Data are reported for patients who had paired baseline and Day 36 biopsy samples
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Figure 4 | Individual patient changes in the Mayo Clinic Score from baseline to Day 36. Overall, 28 of 42 patients
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association between clinical outcomes and the biologic
effect of treatment with GS-5745. Patients with clinical
response to GS-5745 had reduced tissue levels of matrix
metalloproteinase-9 (indicating target engagement by
GS-5745), histologic improvement (and remission) and
significant changes in the expression of genes that are
involved in the host immune response.

Clinical response, remission and mucosal healing rates
were highest in the 1 mg/kg IV, 2.5 mg/kg IV and
150 mg SC cohorts and were lowest in the 0.3 mg/kg IV
and 5.0 mg/kg IV cohorts (Figure 2). The reasons for
the least efficacy in the lowest and highest tested doses
are unknown. The baseline disease characteristics, gene
expression and matrix metalloproteinase-9 tissue levels
were not different in these patients. When the mean
change in overall Mayo score and rates of histological
remission are compared, however, all doses – with the
exception of the lowest dose (0.3 mg/kg) – performed
relatively similarly. These data may suggest that tissue
matrix metalloproteinase-9 is saturated at low GS-5745
concentrations and thus higher doses provide no addi-
tional therapeutic benefit.

Although the therapeutic potential of targeting matrix
metalloproteinases has long been recognised in multiple
disease states, development of matrix metalloproteinase
inhibitors, including inhibitors of matrix metallopro-
teinase-9 has been hampered by their association with
unacceptable safety profiles, including the development of
musculoskeletal syndrome.39, 40 The dose-limiting toxici-
ties of earlier agents, however, were likely due to their
broad spectrum and semi-selective activities. Our results

are consistent with those reported with AB0041 (the
mouse precursor to humanised GS-5745) in the rat mus-
culoskeletal syndrome model – patients in the current trial
did not report adverse events associated with musculoske-
letal syndrome through Day 71 (the last study-follow-up
visit).21 Consistent with the nonlinear pharmacokinetic
profile of GS-5745, there did not appear to be dose-depen-
dent increases in the types or frequency of adverse events.
Although slightly more than half of the patients treated
with multiple doses of GS-5745 reported at least one
adverse event in the study, most of these events were mild
to moderate. Given that IV and SC dosing had comparable
safety and efficacy profiles, SC dosing of GS-5745 is being
pursued in further clinical development.

The comparison of gene expression profiles between
patients treated with GS-5745 and those treated with pla-
cebo suggest that targeting matrix metalloproteinase-9 has
a specific effect on immune-related pathways. This
immunomodulatory effect (e.g. decreased expression of
interleukin-17B and interleukin-23) is more pronounced in
responders than in nonresponders, but whether this is a
direct effect of matrix metalloproteinase-9 inhibition or a
consequence of improvements in disease severity is unclear.

In summary, our results show that GS-5745 is well-
tolerated in patients with active UC, and that treatment
with multiple IV or SC doses results in favourable clini-
cal, endoscopic and histological outcomes, particularly in
patients with reductions in matrix metalloproteinase-9
tissue levels. This integrated approach of assessing clini-
cal (Mayo clinic score with centrally read endoscopy),
biological (gene and tissue expression) and histological
components as a response to therapy has provided evi-
dence of the therapeutic potential of GS-5745 despite a
small sample size. These positive data support further
clinical development of GS-5745 for patients with mod-
erately-to-severely active UC.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Study cohort dosing overview.
Figure S2. Hierarchical clustering with Log2 fold

change in the top 50 differentially expressed genes from
baseline to Day 36 by treatment.
Table S1. Summary of safety findings in the single-

dose cohorts.
Table S2. GS-5745 plasma pharmacokinetic parame-

ters in the single-dose cohorts.
Table S3. GS-5745 plasma pharmacokinetic parame-

ters in the MAD and SC cohorts.

Table 6 | Histological outcomes according to response
status in patients treated with GS-5745

Clinical response status at Day 36

Nonresponder Responder P value

Robarts Histopathology
Index

(n = 18) (n = 14)

Baseline 15.2 16.2
Day 36 17.8 4.14
Change from baseline 2.6 �12.1 <0.001

Modified Riley Score (n = 21) (n = 14)
Baseline 5.2 4.9
Day 36 5.3 2.1
Change from baseline 0.14 �2.7 0.002

Geboes Score* (n = 21) (n = 14)
Baseline 4.4 4.1
Day 36 4.5 2.1
Change from baseline 0.05 �1.9 0.004

*Scored 0 -5 (2a and 2b scores are combined).
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Table S4. Biomarker values according to treatment
group
Table S5. Top differentially expressed genes from

baseline to Day 36 by treatment.
Table S6. Top differentially expressed genes from

baseline to Day 36 by response status for patients treated
with GS-5745.
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