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ABSTRACT

Introduction: The biologics abatacept and
adalimumab have different mechanisms of
action (MoAs). We analyzed data from patients
with rheumatoid arthritis treated in AMPLE
(NCT00929864) to explore the pharmacody-
namic effects of abatacept or adalimumab on

anti-citrullinated protein antibodies (ACPAs)
and gene expression.
Methods: AMPLE was a phase IIIb, 2-year, ran-
domized, head-to-head trial of abatacept versus
adalimumab. Post hoc analyses of baseline anti-
cyclic citrullinated peptide-2 (anti-CCP2, an
ACPA surrogate) positive (?) status and ACPA
fine-specificity profiles over time, as well as
transcriptional profiling (peripheral whole
blood), were performed.
Results: Of 646 patients treated (abatacept,
n = 318; adalimumab, n = 328), ACPA and gene
expression data were available from 508 and
566 patients, respectively. In anti-CCP2? pa-
tients (n = 388), baseline fine specificities for
most ACPAs were highly correlated; over
2 years, levels decreased with abatacept but not
adalimumab. By year 2, expression of genes
associated with T cell co-stimulation and anti-
body production was lower for abatacept versus
adalimumab; expression of genes associated
with proinflammatory signaling was lower for
adalimumab versus abatacept. Treatment mod-
ulated the expression of T- and B-cell gene sig-
natures, with differences in CD8? T cells,
activated T cells, plasma cells, B cells, natural
killer cells (all lower with abatacept versus
adalimumab), and polymorphonuclear leuko-
cytes (higher with abatacept versus
adalimumab).
Conclusions: In AMPLE, despite similar clinical
outcomes, data showed that pharmacody-
namic/genetic changes after 2 years of abatacept
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or adalimumab were consistent with drug
MoAs. Further assessment of the relationship
between such changes and clinical outcomes,
including prediction of response, is warranted.
Trial Registration: ClinicalTrials.gov identifier,
NCT00929864.

Keywords: Abatacept; Adalimumab; Anti-
citrullinated protein autoantibodies (ACPAs);
Disease-modifying antirheumatic drugs
(DMARDs); Gene expression; Rheumatoid
arthritis

Key Summary Points

Why carry out this study?

Improved knowledge of the relevant
pathological processes in rheumatoid
arthritis (RA) has led to the development
of targeted therapies with differing
mechanisms of action (MoAs), such as
adalimumab and abatacept.

We aimed to provide new insights into the
pharmacodynamic (PD) effects of
treatment with abatacept versus
adalimumab by profiling ACPAs and gene
expression in patients from the AMPLE
phase 3 clinical study.

What was learned from this study?

PD changes, as reflected by differing ACPA
and gene expression profiles and immune
cell signatures, observed after 2 years of
abatacept or adalimumab treatment were
consistent with the hypothesized MoAs of
these agents; expression of genes related
to activation of the immune system was
lower with abatacept.

These findings illustrate how gene
expression studies can provide potentially
valuable information in addition to that
gained from conventional clinical
assessments, as they investigate
underlying processes that are beyond the
clinical manifestations of disease.

Further analysis of this data set from the
AMPLE study is warranted and may
provide valuable information regarding
predictive biomarkers of response and
disease progression.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic
autoimmune disease that primarily impacts
joints and has a complex and still incompletely
understood etiology, despite the remarkable
innovations in available therapies [1]. In RA,
constant renewal of the T cell–initiated immune
response results in the production of autoanti-
bodies, particularly anti-citrullinated protein
antibodies (ACPAs), and the perpetuation of
proinflammatory cytokines [1–5]. The under-
standing of the relevance of ACPAs in RA has
evolved over time as their role in disease
pathogenesis [6–8] and association with poor
prognosis has been elucidated [1, 9]. This has
led to their clinical utility being recognized; as
such, ACPAs are included in the 2010 American
College of Rheumatology (ACR)/European Lea-
gue Against Rheumatism diagnostic criteria
[10]. In parallel, an understanding of the rele-
vance of key cytokines and their impact on
cellular pathways has led to better
immunophenotyping approaches, and such
information continues to guide targeted thera-
peutic development [11].

Biologic (b) disease-modifying antirheumatic
drug (DMARD) therapies are included in the
current treatment paradigm for patients with
active RA. For those with an inadequate
response to conventional synthetic
(cs)DMARDs [9, 12], a treat-to-target approach is
recommended, with the goal of suppressing
inflammation and preventing joint damage that
can lead to disability. Improved knowledge of
the relevant pathological processes has led to
the development of targeted therapies with
differing mechanisms of action (MoAs), such as
adalimumab and abatacept. Abatacept is an
immunomodulator that disrupts the T cell
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activation that is characteristic of RA by block-
ing CD28-mediated activation [1, 13], while
adalimumab is a monoclonal antibody that
binds to tumor necrosis factor (TNF)-alpha and
inhibits its functions [1]. Currently, there is no
evidence-based approach to inform bDMARD
treatment selection based on the particular
characteristics of individual patients. A better
understanding of how to match patients with
RA to specific therapies is desirable.

The head-to-head abatacept versus adali-
mumab comparison in biologic-naive RA sub-
jects with background methotrexate (AMPLE;
NCT00929864) trial demonstrated non-inferi-
ority for subcutaneous (SC) abatacept versus
adalimumab at 1 year [14], with responses
maintained over 2 years [15]. These group-level
clinical effects were seen across multiple clinical
outcomes, including radiographic assessments,
for both drugs. Although the treatment groups
in AMPLE showed similar responses, it is rea-
sonable to ask if these therapies with different
MoAs produced similar pharmacodynamic (PD)
effects, or if, despite the similar clinical out-
comes seen, there could still be other physio-
logical differences that might have implications
for treatment selection. For this reason, we ini-
tiated post hoc assessments of biomarkers from
patients in the AMPLE trial. Group-level PD
differences with potentially relevant clinical
implications have been previously reported.
Analysis of anti-cyclic citrullinated peptide-2
(anti-CCP2, an ACPA surrogate) positivity (?) at
baseline was associated with better response in
both the abatacept and adalimumab treatment
groups [6]. Response was more pronounced in
the subgroup of patients in the highest anti-
CCP2? concentration quartile receiving abata-
cept compared with adalimumab [6]. In addi-
tion, an association of anti-CCP status with
abatacept but not TNF inhibitors (TNFis) has
been observed in registry data [16, 17].

The clinical relevance of a reduction in levels
of autoantibodies including ACPAs in response
to treatment is unknown, but there is some
evidence that, when tapering csDMARD or
bDMARD therapy, the profile of autoantibody
response against modified proteins, including
citrullinated proteins, is associated with risk of
relapse [18]. Furthermore, in an observational

study of 100 patients with RA followed up for
2.5 years, differential effects of DMARD treat-
ments on anti-CCP2 antibody levels have been
shown: levels were significantly decreased by
abatacept and rituximab treatment, and
unchanged with methotrexate (MTX), tocilizu-
mab, or TNFi treatment [19], which may reflect
the different drug MoAs.

Based on our initial findings, we postulate
that the underlying PD effects of abatacept and
adalimumab have notable differences based on
their MoAs. These differences hint at patient-
level differential responses to therapy for some
patients with RA, as well as the potential for
biomarker-guided therapeutic decision making.
The AMPLE trial is particularly well suited to
explore the relationship between drug MoA, PD
effects, and clinical outcomes due to its well-
characterized, relatively large sample size and
long observation period. In this post hoc anal-
ysis of AMPLE, we aimed to provide new
insights into the PD effects of treatment with
abatacept versus adalimumab by profiling
ACPAs and whole-blood gene expression.
Understanding the impact of specific treat-
ments on ACPAs may improve our knowledge
of the dynamic changes in autoantibody-medi-
ated downstream effector pathways, whereas
characterizing gene expression may help to
reveal the broader impact of treatment on cel-
lular functions. Specifically, the objectives of
this analysis were to: (1) assess ACPA fine-
specificity profiles and identify changes in
ACPAs over time associated with abatacept or
adalimumab treatment in patients who were
anti-CCP2? at baseline; (2) evaluate whole-
blood transcriptional profiling data to deter-
mine the changes in mRNA gene expression
over time; and (3) estimate changes in immune
cell–type signatures associated with abatacept
or adalimumab treatment.

METHODS

Study Design, Patient Population,
and Sample Collection

The design of the AMPLE trial has been reported
previously [14]. Briefly, AMPLE was a phase IIIb,
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2-year, multinational, prospective, randomized,
investigator-blinded, head-to-head trial with a
primary endpoint of treatment non-inferiority,
assessed by the proportion of patients with 20%
improvement in ACR criteria at 1 year. Biologic-
naive patients with active RA and an inadequate
response to MTX were randomized 1:1 to abat-
acept 125 mg SC weekly or adalimumab 40 mg
SC bi-weekly, both with a stable dose of MTX.

Serum and peripheral blood mononuclear
cell samples were collected, frozen, and stored
for exploratory biomarker analysis. Collections
were performed at baseline, day 85, year 1, and
year 2.

Analysis Outcomes

The analyses reported here were performed post
hoc. In the ACPA analysis, outcomes in patients
who were anti-CCP2? were the assessment of
the correlation of different ACPA fine-specificity
profiles at baseline and changes in ACPA reac-
tivity over time. In the analysis of whole-blood
gene expression, outcomes were the identifica-
tion of specific genes showing PD effect in
whole blood and the estimation of changes over
time in levels of immune cells, including
plasma cells, derived from gene expression
surrogates.

ACPA Analysis

Serum samples collected at baseline, day 85,
year 1, and year 2 were analyzed to determine
ACPA fine-specificity profiles by Luminex Mul-
tiplex Assay (R&D Systems, MN, USA), as pre-
viously described [20]. A panel of 19 ACPAs (14
citrullinated peptides and five citrullinated
proteins) was used for reactivity testing (peptide
sequences are shown in Supplementary Material
Table S1). Reactivity to two forms of CCP and
rheumatoid factor testing were also included.
Anti-CCP2? status was determined at baseline
using the commercial anti-CCP2 immunoglob-
ulin G (IgG) enzyme-linked immunosorbent
assay (Euro Diagnostica Immunoscan CCPlus,
Malmö, Sweden; obtained from IBL America);
patients with an anti-CCP2 IgG concentration
of C 25 AU/ml were considered to be positive. A

linear regression mixed-effects model was
applied to the profiles to evaluate treatment
difference at year 2.

ACPA fine-specificity profiles were generated
separately for the 30.2% of patients across both
treatment groups who met the definition of
major clinical response (MCR; defined as
maintenance of 70% improvement in ACR cri-
teria over a continuous 6-month period) during
the study period.

Gene Expression Analysis

Peripheral whole blood was collected in PAX-
gene tubes (BD Biosciences, San José, CA, USA)
at baseline, day 85, year 1, and year 2 for tran-
scriptional profiling. RNA was isolated from all
available samples (Qiagen Kit, Hilden, Ger-
many) following the manufacturer’s
instructions.

Transcriptional profiling was performed
using Affymetrix U219 GeneChips. Blood sam-
ples were collected over a 3-year period
(2009–2012). Samples were processed in two
batches: an early cohort comprising baseline
and day 85 and a late cohort comprising year 1
and year 2 samples. The strategy to remove
batch effect was as follows: RNA profiling from a
representative set of 54 patients (9.5% of the
568 patients at baseline) was repeated in the late
cohort; a linear model was used to compute the
batch-specific differences using the repeated
samples. Poor probes and non-informative gene
matches were sequentially eliminated via an
alternative chip definition file (BrainArray
Ensembl chip definition file based on Human
Genome build GRCh37) [21] and I/NI filter,
respectively.

Differential Gene Expression,
Transcriptional Modules, and Molecular
Pathway Analyses

Differential expression of genes over time and
between treatment arms was assessed with a
linear model using clinical covariates and a
multiple testing correction. A mixed measures
repeated model (MMRM) was employed. In the
linear MMRM analysis, covariates were baseline
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Disease Activity Score in 28 joints using C-re-
active protein, country, race, and sex; to capture
individual-level variation in gene expression
over time, ‘visit’ and ‘patient’ were used as
random effects. A correction for multiple
hypothesis testing was applied using the false
discovery rate (FDR) method [22] (Supplemen-
tary Material). The model was as follows:

Gene expression ¼ Arm� Visit Day

þ Baseline DAS28 CRPð Þ
þ Countryþ Raceþ Sex

þ Visitj Patient

Differentially expressed genes were
considered to be those with a fold-change of
[0.2 (up-regulated) and\ - 0.2 (down-
regulated), and adjusted p value\0.05 from
baseline to year 2 (see Supplementary Material
for note on programming code). p values were
calculated using the Imer4 package; an
additional analysis was also implemented to
test the robustness of random effect estimates
using bootstrapping to estimate empirical
p values. Genes that were differentially
expressed between treatment arms over time
with FDR\0.1 are reported.

Genes that were differentially expressed
between treatment arms over time with FDR\
0.05 were analyzed for molecular pathway
enrichment using MetaCore process networks
(Clarivate Analytics, Philadelphia, PA, USA).
Single Sample Gene Set Enrichment Analysis
[23] was used to calculate enrichment for tran-
scriptional modules derived from the literature
[24].

Analysis of Immune Cell Types by Gene
Signature

Transcriptional profiling of naive and activated
immune cell types was used to generate gene
signatures specific to an immune cell type, as a
proxy for circulating cell concentrations, using
computational deconvolution methods. Gene
signatures were derived from purified cell types
and validated using a separate cohort from the
Benaroya Research Institute at Virginia Mason
(Seattle, WA, USA), comprising normal healthy
volunteers, patients with systemic lupus

erythematosus (SLE), and patients with multiple
sclerosis (Supplementary Material Fig. S1)
[25, 26]. Immune cells assessed were T and B
lymphocytes, including CD4?, CD8?, and T
cells stimulated with CD3/CD28 (CD4/CD8
mixed), polymorphonuclear (PMN) leukocytes,
natural killer (NK) cells, and monocytes. The
mean expression of cell type-specific signatures
was used to compare treatment arms and a t test
was applied to the profiles to evaluate treatment
difference at year 2.

Compliance with Ethics Guidelines

All patients in AMPLE provided written
informed consent. The trial was conducted in
accordance with the Helsinki Declaration of
1964, and its later amendments, and the pro-
tocol was approved by the institutional review
boards and independent ethics committees at
the participating sites.

RESULTS

Sample Availability and Baseline
Characteristics of Patients

Overall, 646 patients were randomized and
treated (abatacept, n = 318; adalimumab,
n = 328). At baseline, serum for determination
of anti-CCP2? status and ACPA profiling was
available from 251 patients treated with abata-
cept and 257 patients treated with adalimumab.
Anti-CCP2 was not measured at later time
points; ACPAs were also measured at day 85
(abatacept, n = 213; adalimumab, n = 215), year
1 (abatacept, n = 204; adalimumab, n = 199),
and year 2 (abatacept, n = 139; adalimumab,
n = 131). Affymetrix gene expression data were
available for 566 patients at baseline, 493
patients at year 1, and 430 patients at year 2. Of
430 evaluable patients at year 2, 218 were trea-
ted with abatacept and 212 were treated with
adalimumab.

Baseline demographic and clinical charac-
teristics were generally similar for the ACPA
analysis and gene expression analysis subsets,
and the overall population (Table 1).
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ACPA Profiles at Baseline and Over Time

We tested baseline serum samples for all avail-
able patients who were anti-CCP2? (n = 388)
for ACPA fine-specificity profiles against a panel

of 14 citrullinated peptide and five citrullinated
protein antigens (Fig. 1a). Most ACPAs on the
panel were found to be highly correlated with
other ACPAs at baseline. Inspection of the

Fig. 1 Fine-specificity ACPAs in patients who were anti-
CCP2? at baseline. a Correlation plot of ACPAs at
baselinea; b Change in ACPA specificity profiles from
baseline to year 2 in the overall population of patients
treated with abatacept or adalimumab; c Change in ACPA
specificity profiles from baseline to year 2 in patients with
MCR treated with abatacept or adalimumab. aVertical and
horizontal axes list the ACPAs tested in the analysis; at the

intersection between each row/column, spots of varying
shades are presented depending on how correlated the two
ACPAs were. ACPA anti-citrullinated protein antibody,
anti-CCP2 anti-cyclic citrullinated peptide-2, FDR false
discovery rate, MCR major clinical response. c adapted
from Connolly SC, et al. EULAR Congress 2014; June
11–14, 2014; Paris France; poster FRI0039 (with permis-
sion of the authors)
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distributions showed that very few patients had
high signal (Supplementary Material Fig. S2).

Reactivity profiles from baseline to year 2
differed by treatment (Fig. 1b; Supplementary
Material Fig. S3). In general, levels decreased in
both treatment groups in year 1 but in year 2,
while the levels continued to decrease in the
abatacept arm, they tended to increase in the
adalimumab arm. Profiles that were signifi-
cantly different between treatments were fib-
rinogen A 211–230, fibrinogen B 246–267, and
apolipo E 277–296. In the subset of patients
who achieved an MCR, the increase in median
change from baseline in the adalimumab arm
were more pronounced (Fig. 1c).

Identification of Differentially Expressed
Genes, Transcriptional Modules,
and Molecular Pathways

Results of gene expression analysis from base-
line to year 2 showed notable differences
between treatment groups (Table 2, Fig. 2),
which appeared to be related to the respective
MoAs. The expression of genes that encode
proteins associated with T cell co-stimulation
and antibody production was lower in the
abatacept arm versus the adalimumab arm
(Table 2). Genes transcribed in response to
proinflammatory signals (CXCL1, IL1b, ORM1)

Table 2 Differentially expressed genes, gene modules, and estimateda immune cell types between treatment arms at year 2

Lower expression in the abatacept arm Lower expression in the adalimumab arm

ID Function ID Function

Genes IGHA1

IGHA2

IGKC

Antibody production CXCL1

IL1b

Cytokine signaling

CTLA4

SLAMF1

TIGIT

Cell co-stimulatory signaling MMP9 Collagen degradation

HLA-DPB1 Antigen presentation LCN2

CAMP

CEACAM3

ADM

Innate immune response

CCR4

CCR5

CXCR6

Chemokine receptors ORM1 Acute phase inflammation

Immune gene modules M3.6 IL-2-activated NK cells M6.16 Cell cycle, metaphase

M4.10 B Cells M9.42

Estimateda immune cell types Plasma cells

B cells

NK cells

Granulocytes

aFrom cell-specific gene signatures generated using isolated immune cells
IL interleukin, NK natural killer
Reprinted from ACR Convergence held November 3–8, 2017. The American College of Rheumatology does not guarantee,
warrant, or endorse any commercial products or services. Reprinted by Bristol Myers Squibb
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were expressed at lower levels in the adali-
mumab arm compared with the abatacept arm
(Table 2).

Expression of modules of immune genes also
differed between the two arms, with modules
for ‘IL-2–activated NK cells’ and ‘B cells’ down-
regulated with abatacept, and modules for ‘cell
cycle metaphase’ down-regulated with adali-
mumab (Table 2).

The most differentially expressed genes at
year 2 are shown (Fig. 2). There were 99 genes
with FDR\0.1, with a number of genes dis-
playing lower expression levels with abatacept
compared with adalimumab, and other genes
showing higher expression levels with abatacept
compared with adalimumab. Of the genes
showing lower expression levels with abatacept
compared with adalimumab treatment, CTLA4,
CCR4, and SLAMF1 were the most statistically
significant (Fig. 2a); the plasma cell gene IGHA1
had the largest magnitude of fold change
(Fig. 2a and 2b). Among genes showing

increased levels of expression with abatacept
compared with adalimumab treatment, the
PCSK5 gene was the most statistically signifi-
cant (Fig. 2a); the PI3 gene had the largest
magnitude of fold change (Fig. 2a and 2b).

Certain molecular pathways, including those
involved in T-helper cell differentiation and T
cell receptor signaling, were significantly lower
in the abatacept treatment arm compared with
the adalimumab arm (Table 3). Other pathways
were significantly lower in their expression
levels in the adalimumab treatment arm com-
pared with the abatacept arm (Table 3).

Estimating Immune Cell Types by Gene
Signatures

Results from transcriptional profiling of cell
type signatures from baseline to year 2 are
shown (Fig. 3). By year 2, both T- and B-cell
gene signatures increased, but differences
between treatment arms were observed,

Fig. 2 Genes differentially expressed between treatment
arms at year 2. a Volcano plota; b Heat map of top 20
differentially expressed genes. aStatistical significance (ad-
justed p value) versus magnitude of change (effect size) is

shown so that genes with large effect sizes that are also
statistically significant can be quickly identified. FDR false
discovery rate
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Table 3 Significantly enriched molecular pathways at year 2, by functional category (immune response, inflammation,
other)

Category Lower expression in the abatacept arm Lower expression in the adalimumab arm

MetaCore pathway description Genes MetaCore pathway description Genes

Immune

response

Antigen presentation 18/

197

Phagocytosis 16/

222

T-helper cell differentiation 14/

139

BCR pathway 10/

137

TCR signaling 15/

174

Phagosome in antigen presentation 13/

243

Phagosome in antigen presentation 14/

243

Th17-derived cytokines 7/98

Antigen presentation 10/

197

TCR signaling 8/174

Inflammation NK cell cytotoxicity 17/

164

Amphoterin (HMG1) signaling 15/

118

IL-4 signaling 9/115 IL-10 anti-inflammatory response 11/87

JAK-STAT pathway 10/

186

Protein C signaling 11/

108

Neutrophil activation 15/

215

IL-6 signaling 11/

119

IL-2 signaling 10/

104

Innate inflammatory response 11/

180

Histamine signaling 11/

213

Inflammasome 8/118

IgE signaling 8/137

IFN-gamma signaling 7/109

TREM1 signaling 8/145

IL-4 signaling 7/115

Kallikrein–kinin system 9/185

MIF signaling 7/140

IL-12,-15,-18 signaling 4/59
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including in CD8 ? T cells and activated T cells
(anti CD3 and anti CD28), which were
decreased with abatacept compared with adali-
mumab treatment. In addition, gene signatures
of plasmablasts, B cells, and NK cells were
decreased with abatacept treatment, and PMN
leukocyte levels were increased compared with
levels in patients treated with adalimumab.

DISCUSSION

The AMPLE trial was the first head-to-head
study in RA to compare two bDMARDs, abata-
cept and adalimumab, and the only trial to
obtain controlled data over 2 years of treat-
ment. To our knowledge, this post hoc analysis
of data from the large randomized controlled
AMPLE trial is the first of its kind to assess a
range of PD effects over 2 years in response to
therapies with different MoAs but with identical
group-level responses, and to provide a detailed

Table 3 continued

Category Lower expression in the abatacept arm Lower expression in the adalimumab arm

MetaCore pathway description Genes MetaCore pathway description Genes

Other Proliferation: lymphocyte

proliferation

15/

210

Cell cycle: G1-S IL regulation 12/

128

Cell cycle: G2M 13/

206

Chemotaxis 11/

137

Cell adhesion: leukocyte

chemotaxis

12/

180

Cell cycle: G1-S growth factor regulation 11/

195

Cell cycle: core 9/115 Cell adhesion: platelet–endothelium–leukocyte interactions 10/

174

Cell cycle: mitosis 11/

179

Development: regulation of angiogenesis 11/

222

DNA damage: DSB repair 8/116 Apoptosis: anti-apoptosis mediated by external signals via

PI3K/AKT

11/

233

Cell cycle: S phase 9/149 Development: blood vessel morphogenesis 10/

228

Chemotaxis 8/137 Reproduction: feeding and neurohormone signaling 9/210

Cytoskeleton: actin filaments 8/176

Muscle contraction: relaxin signaling 5/82

Signal transduction: nitric oxide signaling 5/88

Cell adhesion: integrin-mediated cell–matrix adhesion 8/214

All pathways shown are statistically significantly enriched (FDR adjusted p value\ 0.05)

BCR B-cell receptor, DSB double-strand break, FDR false discovery rate, HMG1 high-mobility group protein 1, IFN interferon, IgE

immunoglobulin E, IL interleukin, JAK-STAT Janus kinase-signal transducer and activator of transcription, MIF macrophage migration

inhibitory factor, NK natural killer, PI3K/AKT phosphatidylinositol 3-kinase/protein kinase B, TCR T cell receptor, Th17 T helper 17,

TREM1 Triggering Receptor Expressed on Myeloid Cells 1

Reprinted from ACR Convergence held November 3–8, 2017. The American College of Rheumatology does not guarantee, warrant, or
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characterization of the impact of TNFis on
ACPAs. We have shown broad and differential
impact on the overall pattern of ACPA fine
specificities, immune cell profiles, and gene
expression during treatment, which provides
insights into each drug’s respective effects on
adaptive immunity and autoimmune processes.
Distinguishing which of these effects represent
abnormalities that drive early disease develop-
ment and which reflect later phenotypic chan-
ges that amplify disease progression or are
counter regulatory is an ongoing effort.

At baseline, individual ACPAs were highly
correlated with each other in patients who were
anti-CCP2?. ACPAs may be present in serum
prior to clinical disease onset [20, 27]; therefore,
the finding of high correlation between ACPAs
suggests broad activation of ACPA-producing B
cells prior to the onset of clinical RA symptoms.
ACPA reactivity profiles are known to change
over time; while the relevance of such changes
to understanding response to specific therapies
is of interest, it is not well established [28–30].
Here, changes in ACPA reactivity over time
showed a prominent global effect of treatment
in a large sample size, such that, over 2 years of
treatment, ACPA reactivity profiles decreased

with abatacept but less so with adalimumab.
The findings are consistent with those previ-
ously observed for overall ACPA levels during
abatacept treatment of anti-CCP2? RA [31, 32].
The greater decrease in ACPA titers seen with
abatacept is congruent with its MoA, whereby T
cell-dependent B cell responses such as ACPA
generation are inhibited. ACPA testing in a
clinical setting has usually been relegated to a
diagnostic role. These findings suggest that
effective therapy can decrease ACPA levels but
the relationship is complex. Both therapies ini-
tiated a decrease in overall titers that was sus-
tained over 2 years in the abatacept group but
that started to reverse in the adalimumab group
after year 1. Paradoxically, this differential
response was more pronounced, compared with
the overall population, among the best respon-
ders (i.e., those who achieved MCR and who
therefore represent a unique sample of patients
with very deep and sustained responses to
therapy). This suggests that an ongoing decrease
in ACPA titers may not be associated with
clinical efficacy, and also suggests that the
impact of ACPA titers can be mitigated by
specific therapy (i.e., TNF inhibition). It clearly
shows that abatacept and adalimumab have a

Fig. 3 Expression of immune cell type-specific gene
signatures from baseline to year 2. *Profiles which were
significantly different (p\ 0.05; t test) between treatments

at year 2. IL interleukin, IZ isoleucine zipper, MFI mean
fluorescence intensity, NK natural killer, PMN polymor-
phonuclear, SC subcutaneous, SE standard error

Rheumatol Ther (2022) 9:391–409 403



differential impact on a relevant pathogenic
biomarker, which could suggest differential
benefit in patients whose disease process is
more driven by ACPAs.

RA is characterized by the dysregulation of
multiple cytokines, chemokines, and cellular
abnormalities. We wanted to describe the
overall differential effects associated with abat-
acept and adalimumab therapy. Effects of
treatment on gene expression profiles were
consistent with the known MoA of each drug,
but the specific genes affected were of interest.
Genes known to be involved in T cell co-stim-
ulation and antibody production were down-
regulated with abatacept versus adalimumab,
whereas proinflammatory signal genes were up-
regulated. Some of the most differentially
expressed genes have not been previously asso-
ciated with RA, or are poorly studied (e.g., PI3/
elafin, ALPL, PROK2, GBP5, and ZNF683) and
warrant further investigation. Transcriptional
modules of genes that are co-expressed have
proven useful in identifying disease-specific
gene expression patterns that inform disease
pathogenesis [33]. Therefore, we extended our
analysis beyond the level of individual genes to
look at immune-specific transcriptional mod-
ules, in order to explore whether bDMARDs of
differing MoAs would impact different tran-
scriptional modules. We found that modules
identified as being differentially expressed
between treatment arms were consistent with
the known MoAs. These gene modules were
derived from a modular analysis framework of
gene sets that co-cluster across diseases, which
was previously used to characterize blood
microarray transcriptional profiles from
patients with SLE [24]. Use of such strategies for
the analysis of large-scale transcriptomic data
may provide insights into mechanisms of dis-
ease pathogenesis and provide a source of
potential biomarkers.

Changes in levels of immune cell types over
time were also in line with the known MoA of
each drug. Levels of plasma cells, B cells, and NK
cells were lower in the abatacept treatment arm
compared with the adalimumab treatment arm,
consistent with the mechanism of disruption of
T cell activation and subsequent T cell help with
abatacept. In a previous study of cell-specific

gene signatures in patients with SLE, a higher
proportion of activated (CD3/CD28-stimulated)
T cells corresponded with higher interferon
activity levels [25]; the significance of these
findings is not fully understood. Distinct
immune cell phenotypic clusters have been
suggested to predict potential response to
abatacept therapy [34]; although treatment
response was not assessed in the current analy-
sis, the clearest difference between abatacept
and adalimumab was seen with the cluster
enriched with antibody-producing plasma cells
(and double-stranded [ds] DNA). A recent study
of whole-blood cell signatures at baseline iden-
tified immune cell phenotypes that were asso-
ciated with poor response to abatacept in
patients with newly diagnosed type 1 diabetes,
most notably a transient increase in activated B
cells [35]. This finding suggests that baseline cell
profiles may predict treatment resistance in type
1 diabetes, which may also be true for RA and
other autoimmune disorders.

There is a scarcity of literature from other
phase III trials investigating the effect of
bDMARD treatment on gene expression in
whole blood over time in patients with RA. A
retrospective, observational study in patients
with RA examined the gene expression signa-
tures in patients treated with one of three
bDMARDS, including abatacept, and found no
overlap of gene sets between the three agents,
suggesting that the molecular targets of each are
distinct [36], which is in line with the results
from the current analysis. Studies investigating
gene expression biomarkers for MTX response
have also been scarce, although a whole-blood
transcript profiling study showed that changes
in gene expression (specifically, type I inter-
feron signaling pathway genes) soon after MTX
initiation may provide an early classifier of
those patients with RA who are unlikely to
benefit from MTX over the longer term [37].
Although these data require validation, they
support the importance of biomarker monitor-
ing early in RA treatment.

The production of T cell-dependent autoan-
tibodies such as ACPAs is a hallmark of RA. By
disrupting T cell activation, and thus the pro-
vision of T cell help, abatacept inhibits down-
stream autoantibody production in RA [1, 13].
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Previous analysis of data from the two RA trials
that included both abatacept and TNFi treat-
ment arms, AMPLE and ATTEST (abatacept or
infliximab versus placebo, the Trial for Tolera-
bility, Efficacy and Safety in Treating rheuma-
toid arthritis) showed that on-therapy
autoantibody (antinuclear antibody [ANA] and
anti-dsDNA) development occurred more fre-
quently in the TNFi arm than in the abatacept
treatment arm. In addition, in the ATTEST trial,
most patients who had seroconverted from
negative to positive (either ANA or anti-dsDNA)
after 1 year of TNFi therapy, reverted to
seronegative when switched to abatacept ther-
apy [38]. These results are consistent with our
current findings suggesting that abatacept can
impact T cell-dependent autoantibody
production.

The clinical relevance of the PD differences
between abatacept and adalimumab observed in
this study is not fully understood. These find-
ings do illustrate how gene expression studies
can provide insights in addition to those gained
from conventional clinical assessments and
should form the basis of future analyses for
identification of relevant biomarkers with the
potential to guide personalized treatment deci-
sion-making. RA is clearly a complex disease
that can be subdivided into various subtypes
(e.g., ACPA? and ACPA–) which will each likely
respond differently to different therapies [39].
The findings reported here and from related
biomarker work led to a follow-on exploratory
study of ACPA? /RF? patients with early RA
with the aim of further understanding the dif-
ferential benefit of abatacept therapy, including
the impact of HLA-DRB1 shared epitope status
[40]. The results strongly suggested the differ-
ential benefit of the use of abatacept in this
population, which is not likely limited to
impacts on T cells [13, 41, 42]. A confirmatory
study is underway to evaluate abatacept
response in ACPA?/RF? patients with early RA
(NCT04909801).

Limitations of this analysis should be
acknowledged. Estimation of appropriate tests
for significance in multiple measurements is an
area of active investigation. The central issue is
that, as repeated measures are correlated to each
other in a mixed model framework where

‘patient’ is treated as a random effect, the null
distribution is not known. Estimation of the
null distribution can be performed using per-
mutation tests or approximations (R-specific
methods) [43]. Employment of the MMRM
analysis for the multiple measures over time
means that p values and resulting significant
differences should be interpreted with caution
and validated with orthogonal data. Although
the software package Bioconductor LIMMA is
often used for gene expression analyses, here
MMRM analysis was deemed more appropriate
due to the large sample size and multiple mea-
surements. It should be noted that certain
assumptions are made when conducting t tests
(e.g., normally distributed data) and linear
regression modeling (linear relationship in
independent and dependent variables which
may not always be biologically true; and the
relationship is based on means, not on the
complete distribution). Finally, while changes
observed were statistically significant, they were
numerically small, which could be attributed to
the heterogeneity of a large trial and measure-
ment of effects distal to the joints. Follow-up
studies using serum proteins are ongoing and
will be used to corroborate current findings.

CONCLUSIONS

PD changes, as reflected by differing ACPA and
gene expression profiles and immune cell sig-
natures, observed after 2 years of abatacept or
adalimumab treatment were consistent with the
hypothesized MoAs of these agents. The find-
ings suggest that abatacept fundamentally
down-regulates the adaptive anti-citrullinated
protein immune response in RA, providing the
potential to treat the adaptive immune response
that drives the pathogenesis of RA. Further
analysis of this data set from the AMPLE study is
warranted and may provide valuable informa-
tion regarding predictive biomarkers of
response and disease progression.
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