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Abstract

Interleukin-6 (IL-6) levels are known to be increased in patients with rheumatoid arthritis (RA).
Tocilizumab, a monoclonal antibody to the IL-6 receptor (IL-6R), reduces disease activity in RA,
although its mechanisms of action remain unclear. Since IL-6 regulates cytokine production by
CD4 T cells during activation, we investigated whether treatment with tocilizumab altered the
phenotype and cytokine production by CD4 T cells in patients with rheumatoid arthritis. We show
here that tocilizumab treatment does not change the production of cytokines by naive CD4 T cells.
However, tocilizumab treatment causes a selective decrease of IL-2]1 production by
memory/activated CD4 T cells. Since IL-21 is known to promote plasma cell differentiation, we
examined the effect of tocilizumab on the production of autoantibodies. We show that there is a
decrease in the levels of 1gG4 anti-CCP antibodies, but there is no effect on IgG| anti-CCP an-
tibodies. In addition, we show that IL-21 is a powerful inducer of IgG4 production by B cells. Thus,
IL-6 contributes to the presence of 1gG4-specific anti-CCP autoantibodies in RA patients, likely
through its effect on IL-21 production by CD4 T cells, and IL-6R blockade down-regulates this
pathway.
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Introduction

IL-6 is a cytokine produced by cells from the in-
nate immune system (e.g. macrophages, dendritic
cells, mast cells, neutrophils), B cells and, to a lesser
extent, by some CD4 effector Th cells. In addition, in
response to specific stimuli IL-6 is also secreted by a
variety of non-leukocytes (e.g. endothelial cells, fi-
broblasts, epithelial cells, and some malignant cells)
(1, 2, 3). IL-6 binds to its specific IL-6 receptor (IL-6R)
which then associates with the signal transducer
gp130 and triggers the JAK/STAT3 pathway as well
as Ras/MAP kinase pathway. In addition to mem-

brane bound IL-6R, a soluble form of IL-6R (sIL-6R)
can be generated by cleavage or alternative splicing,
bind to IL-6 and provide signals to cells lacking the
receptor through a process call trans-signaling (4).
Since elevated levels of IL-6 are found in a number of
inflammatory conditions, IL-6 has been considered as
a byproduct of an ongoing inflammation, rather than
as a cytokine that drives the inflammatory response.
As such, IL-6 is often used as a marker of inflamma-
tion. While TNFa and IL-1, the other two major pro-
inflammatory cytokines, were soon after their identi-
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fication used as targets for potential therapies, IL-6
was not thought to be an essential player in the
pathogenesis of those inflammatory diseases.

During the last decade, however, a number of
studies have shown that IL-6 is an important factor in
determining the pattern of cytokine production by
effector CD4 T cells (5). IL-6 inhibits Thl differentia-
tion and promotes Th2 differentiation through dif-
ferent mechanisms (6, 7). In addition, IL-6 in combi-
nation with TGFp, but not IL-6 alone, promotes the
generation of Th17 cells in mice (8, 9). IL-6 by itself is
also sufficient and required for IL-21 production by
naive and memory CD4 T cells (10). The effect of IL-6
on IL-21 is independent of Th17 cell differentiation
(11). The most well-characterized function of IL-21 in
mouse and human is its role in promoting the differ-
entiation of naive and memory B cells into
Ab-secreting plasma cells and the production of IgG
(not IgM or IgE) (12-19). While IL-6 was identified as
an inducer of B cell antibody production, recent
studies have shown that the effect of IL-6 on Ab pro-
duction is indirectly mediated by its effect on IL-21
production by CD4 T cells, both mouse and human
(10, 20). IL-21 then promotes B cell differentiation and
increases IgG production. In addition, IL-6 has been
associated with the differentiation of T follicular
helper (Tfh) cells, a cell population characterized by
the production of IL-21 as effector cytokine (21, 22).

Increased levels of IL-6 are found both in serum
as well as synovial tissues of patients with rheuma-
toid arthritis (RA) (2, 23), a chronic autoimmune in-
flammatory disease that targets the synovial mem-
brane of multiple joints. RA is a complex disease in
which a number of immune cells, including macro-
phages, B cells and CD4 T cells among others, con-
tribute to the inflammatory cascade. Although the
levels of IL-6 are elevated in RA, these levels do not
necessary correlate with higher levels of TNFa, IL-1 or
other proinflammatory cytokines, and they are not
elevated in all RA patients. However, high levels of
IL-6 were also shown to correlate with disease sever-
ity in RA (2), further suggesting that IL-6 contributes
to RA pathogenesis. Studies using different mouse
models of arthritis, including the collagen-induced
arthritis (CIA) model and IL-6 deficient mice, were the
first evidence that IL-6 contributes to arthritis onset
and disease severity (24, 25). Several clinical trials
have shown that tocilizumab, a humanized mono-
clonal Ab (mAb) against the IL-6 receptor (IL-6R), is
effective in the treatment of RA (26-29). A recent clin-
ical trial comparing tocilizumab with adalimumab
(anti-TNF blocking antibody) has indicated that IL-6R
blockade has superior efficacy than TNF blockade in
RA patients as a monotherapy (EULAR 2012). Despite
the growing evidence that supports a role of IL-6 in

the pathogenesis of RA, it remains unclear how this
cytokine specifically promotes inflammation and tis-
sue damage.

We had a unique opportunity to explore the role
of IL-6 in the pathogenesis of RA by performing a
laboratory-based research study on patients with RA
who were entered into an open-label Phase IIIb clini-
cal study of tocilizumab. We obtained blood and se-
rum samples from the patients at several fixed time
points over 6 months, both prior to and after treat-
ment with tocilizumab. The goal of the laboratory
study was to determine if treatment with tocilizumab
was associated with changes in levels of cytokines
IL-21 and IL-17, immunoglobulins and composition of
T cell subsets. The data show that blockade of the
IL-6R in RA patients with tocilizumab is associated
with  reduced  production of IL-21 by
memory/activated CD4 T cells. Moreover, we found a
selective reduction of IgG4 anti-CCP antibodies in this
group. We also show that IL-21 is a major inducer of
IgG4 production in purified human B cells, suggesting
the presence of a pathway involving IL-6, IL-21 and
IgG4 autoantibodies in RA.

Material and Methods

Study Population. Patients with RA who agreed
to enter a Phase IlIb study of tocilizumab entitled,
“An open-label, randomized study to evaluate the
safety, tolerability and efficacy of tocilizumab (TCZ)
monotherapy or TCZ in combination with
non-biologic disease modifying antirheumatic drugs
(DMARD:s) in patients with active rheumatoid arthri-
tis who have an inadequate response to current
non-biologic or biologic DMARDs (ACT-STAR)” were
offered the opportunity to enter a separate laborato-
ry-based research study to investigate the mechanism
of action of tocilizumab in RA. The laboratory study
was entitled “IL-6 and IL-21 in rheumatoid arthritis.”
Patients who agreed to enter the laboratory study
signed a separate consent form that was approved by
the Institutional Review Board of The University of
Vermont.

Peripheral blood was obtained from 8 patients
with RA who participated in the ACTSTAR protocol.
Patients enrolled in the study were adult men and
women with moderate to severe disease activity of
RA, who were currently experiencing an inadequate
clinical response or experiencing safety or tolerability
related issues to stable doses of non-biological or bi-
ological DMARD therapy. Patients had to be >18
years of age, with moderate-to-severe RA of 26
months' duration, with a swollen joint count (SJC) of
>4 and a tender joint count (TJC) of >4, Eligible pa-
tients receiving permitted DMARDs (methotrexate,
hydroxychloroquine, sulfasalazine, azathioprine, and
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leflunomide) must have received stable doses for =7
weeks prior to study entry. Oral glucocorticoids (<10
mg/day prednisone or equivalent) and nonsteroidal
antiinflammatory drugs (NSAIDs)/cyclooxygenase 2
inhibitors were permitted but dose changes were not
allowed. Patients were excluded if treated with
rituximab within 6 months before screening. In pa-
tients who were receiving biologic drugs, these were
discontinued prior to study entry, but traditional
DMARDs were continued. After the initial screening
visit, the 8 patients enrolled in the laboratory study
were randomized in a 1:1 ratio to receive monthly
infusions of either 4 mg/kg or 8 mg/kg tocilizumab
over 6 months. There were 7 women and 1 man, with
ages ranging from 32-75 years, and disease duration
from 3-19 years. Two patients had never received a
biologic drug, while the other 6 patients either had an
inadequate response or intolerance to one or more
biologic drug. All 8 patients were receiving one or
more oral DMARD (methotrexate, sulfasalazine or
hydroxychloroquine). Five patients were randomized
to tocilizumab 8 mg /kg. Two of the three patients
randomized to 4 mg/kg had the dose of tocilizumab
increased to 8 mg/kg at week 8 because they had less
than 20 % improvement in joint counts at that time
point.

Whole heparinized blood and serum samples
were obtained at baseline prior to the first infusion (0
month), and 1 month (prior to the second infusion), 3
months (prior to the fourth infusion), and 6 months
(prior to the last infusion). Tender and swollen joint
counts were obtained at the same time points. Hepa-
rin containing blood samples were used for the isola-
tion of peripheral blood mononuclear cells, and a
gelatin-containing tube was used to obtain serum. The
levels of rheumatoid factor (RF), anti-cyclic citrulli-
nated peptide (CCP), and anti-nuclear antibody
(ANA) were determined at the same time points by
the clinical laboratory of Fletcher Allen Health Care.

Cell purification and culture. Mononuclear cells
from peripheral blood (PBMC) were isolated by Ficoll
density-gradient centrifugation (Histopaque). CD4 T
cells were purified by positive selection using the CD4
MACS kit (Miltenyi Biotec) as recommended by the
manufacturer. CD4 T cells were then sorted into CD4
CD45 RO* and CD4 CD45RA* cells after releasing
anti-CD4 Ab from the cells using the CD45RA MACS
kit (containing the “Release” reagent) as recom-
mended by the manufacturer. Purity of the cells in
both populations (>95%) was determined by cell sur-
face staining and FACS as described below.

CD4 CD45RA and CD4 CD45RO cells were ac-
tivated (106 cells/ml in RPMI with 5% fetal bovine
serum) with immobilized anti-CD3 antibody (Ab) (3
pg/ml) and soluble anti-CD28 Ab (BD Bioscience) (1

pg/ml) as previously described (30). Supernatants
were collected after 24 h (CD4 CD45RO cells) or 48 h
(CD4 CD45RA cells) and used for cytokine detection
as described below.

B cells were obtained from peripheral blood of
healthy volunteers by CD22 MACS microbead mag-
netic column selection (Miltenyi Biotec). Purity was >
97% and was determined by flow cytometry by
staining for CD19 and CD20. We co-cultured B cells (2
- 25 x 10> cells/ml) on irradiated (50 Gray)
CDA40L-expressing L cell fibroblasts (5 x 10 cells/ml,
> 96% surface CD154%) in 1 ml Iscove’s Modified Ea-
gle’s Medium containing 8% fetal bovine serum and
penicilin/streptomycin and with or without rhiL-4
(25 ng/ml, Peprotech) or rhIL-21 (10 ng/ml, Pepro-
tech) in 24-well plates. After 6 days, we harvested
supernatants and the levels of IgG4 in the supernatant
were determined as described below.

Flow cytometry analysis. PBMC cells were
stained with an anti-CD14 (monocytes), anti-CD19 (B
cells) and anti-CD4, anti-CD45RA and anti-CD45RO
Abs (Caltag). Stained samples were examined by flow
cytometry using the LSRII flow cytometer (BD Bio-
science).

Cytokine production and serum antibody
analysis. The levels of IL-2, IL-17, IL-21, IL-4 and IFNy
in the culture supernatants were determined using the
Human Cytokine/Chemokine Milliplex MAP Kits
following the recommendations of the manufacturer
(Millipore Co.) and using the fluorescence plate
reader and analysis software (BioRad). For analysis of
IL-21 gene expression, total RNA was extracted from
4 x 105 freshly isolated CD4 CD45RO cells using the
RNAeasy kit (Qiagen) as recommended by the man-
ufacturer. First-strand cDNA synthesis was per-
formed as previously described (30). Quantitative
RT-PCR was performed on cDNA using Assay on
Demand probe/primer sets for IL-21 and HPRT (Ap-
plied Biosystems). Gene amplification was performed
on an ABIPrism® 7700 instrument from Applied Bi-
osystems. Expression of IL-21 was normalized to
HPRT levels. Relative values were determined by the
comparative Ct method. Patient 1 and 8 were not in-
cluded in the analyses due to insufficient amount of
RNA.

The levels of serum IgG1, IgG2, IgG3, 1gG4, IgM
and IgA were determined using the Human Immu-
noglobulin Isotype Milliplex MAP Kit following the
recommendations by the manufacturer (Millipore).
The levels of IgG4- and IgGl-specific anti-CCP Abs
were determined using the QUANTA Lite™ CCP 3.1
ELISA kit (INOVA Diagnostic Inc.) containing a
CCP-coated plate, but instead of using the horsepe-
roxidase (HRP)-conjugated anti-human IgG/IgA Abs
provided with the kit, we used a HRP-conjugated
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anti-human IgG4 (Invitrogen) or anti-human IgGl
(Invitrogen) Abs. Assay was performed as recom-
mended by the manufacturer (INOVA Diagnostic
Inc). Plates were read at 450 nm using an ELISA plate
reader.

Statistical Analysis. Single-group repeated
measures analysis of variance based on ranked data
was used to determine differences over time of
treatment in the various parameters examined. Re-
peated measures analysis of variance was also used to
examine within-subject differences in fold reduction
between IgG1 and IgG4, followed by tests of simple
effects for examination of fold reduction over time of
IgGl and IgG4 separately. All analyses were per-
formed using SAS 9.2.

Results

Tocilizumab treatment does not change the
frequency of naive and memory/activated CD4
T cell populations in the circulation of RA pa-
tients

There have been few longitudinal studies ex-
amining immunologic changes that may occur during
treatment with tocilizumab. The goal of this study
was to obtain evidence that could point to potential
effects of tocilizumab on various immunologic pa-
rameters of a small group of patients followed longi-
tudinally and sampled 4 times during 6 months of
treatment. By clinical parameters, the patients re-
sponded to tocilizumab with a reduction of tender
and swollen joints (Table I). By month 6 all patients
achieved at least a 20% reduction in the number of
tender and swollen joints, and 5 of 8 had a 70% or
greater reduction. DAS28 scores also decreased, alt-
hough the effect was progressive over time (Table I).

Table I. Disease severity is markedly attenuated by tocil-
izumab.

We first examined the relative frequency of the
immune cell populations in PBMC at the time points
described in Methods by cell surface staining and
flow cytometry. There was no significant change in
the percentage of monocytes (as defined by CD14
expression), B cells (defined by the expression of
CD19) or CD4 T cells in PBMC during the course of
therapy with tocilizumab (Table II). In addition,
within the CD4 T cell population, there were no sta-
tistically significant changes in the relative frequency
of naive (CD4 CD45RA) versus memory/activated
(CD4 CD45RO) cells (Table II). Thus, blocking IL-6
signaling over 6 months does not appear to alter the
frequencies of circulating monocytes, T or B cells in
RA patients.

Table Il. Blocking IL-6R does not affect the frequency of T
cells, B cells or monocytes®.

Om 1m 3m 6m p
CD4 Tcells 38.6(9.2) 40.6(12.1) 42.4(8.7) 41.5(6.5) 0.56
PCD45RA  32.8(10.9) 31.3 (11.8) 31.0 (12.2) 42.6 (9.9) 0.69
PCD45RO  47.5(12.9) 43.1 (11.2) 43.4 (10.9) 42.6 (10.7) 0.10
B cells 61(46) 5331 50@3.0) 5943 027
Monocytes 15.7 (8.3) 14.3(8.7) 133 (7.6) 11.3(8.8) 0.76

0m 1m 3m 6 m p
TenderJ= 303 (129) 13.8(6.9) 9.8(5.3) 7.8 (45) <0.01
SwollenJ> 251 (9.0) 10.1(54) 54 (4.0) 40(3.7) <0.01
DAS28> 6.3 (1.3) 46(1.0) 39(1.0) 34(0.7) <0.01

aNumber of tender and swollen joints prior to treatment (base line, 0 m) or
during the treatment with tociluzumab (1, 3 and 6 m after initiation of the
treatment). Mean (n=8) and standard deviation (in parenthesis) are shown.
The significance of the difference in number over time was determined by
single-group repeated measures analysis of variance based on ranked data. p
value less than 0.05 was considered significant. PDAS28 score. Mean (n=8)
and standard deviation are shown. The significance of the difference over
time was determined by single-group repeated measures analysis of vari-
ance. p value less than 0.05 was considered significant.

aPercentage of the total CD4 T cells, B cells and monocytes in PBMC. Mean
(n=8) and standard deviation (in parenthesis) are provided. PPercentage of
CD45RA cells and CD45RO cells within the CD4 T cell population. Mean
(n=8) and standard deviation (in parenthesis) are provided. <The significance
of the difference in percentage over time was determined by single-group
repeated measures analysis of variance based on ranked data. p value less
than 0.05 was considered significant.

Treatment with IL-6R blockade selectively
reduces IL-21 production by CD4 RO T cells in
RA patients.

IL-6 is now recognized as a modulator of cyto-
kine production by effector CD4 cells, and some of
these cytokines are thought to be involved in the
pathogenesis of RA (e.g. IL-17, IL-21). Thus, IL-6 is
known to inhibit I[FNy production, promote Th2 dif-
ferentiation, cooperate with TGFp in CD4 Th17 dif-
ferentiation, and induce by itself IL-21 production in
both naive and memory CD4 cells (5). The chronic
presence of IL-6 in RA patients could therefore have
an effect on the production of some or all of these cy-
tokines. We therefore determined if blocking IL-6
signaling in vivo would alter cytokine production by
CD4 cells in RA patients over time. Since cytokine
levels are different in naive and memory/activated
CD4 cells, CD4 CD45RA and CD4 CD45RO cells were
isolated from peripheral blood obtained from patients
prior to or during the treatment with tocilizumab.
CD4 CD45RA and CD4 CD45RO cells were activated
in vitro with anti-CD3 and anti-CD28 Abs as we pre-

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

283

viously described (30). The levels of IL-2 (CD4 cell
growth factor), IFNy (Thl cytokine), IL-4 (Th2 cyto-
kine), IL-17 (Th17 cytokine) and IL-21 in culture su-
pernatant were determined. There was no statistically
significant change in the production of any of these
cytokines by naive CD4 CD45RA cells during the
course of tocilizumab treatment (Table III).

Analysis of cytokine production by memory
CD4 CD45RO cells showed no effect of tocilizumab
treatment in the production of IFNy and IL-17, and a
slight reduction in the production of IL-2 (Table III).
However, there was a prominent reduction (over
3-fold) in the production of IL-21 by these cells during
the course of tocilizumab treatment (Table III). Anal-
ysis of IL-21 production by CD4 CD45RO cells in in-
dividual patients showed a reduction of IL-21 pro-
duction in seven out of the eight patients independent
of the levels of IL-21 levels produced prior to the ini-
tiation of the treatment (Fig. 1A). We also examined
the levels of IL-21 mRNA in CD4 CD45RO cells
freshly isolated from the patients prior to and after
tocilizumab treatment without further in vitro activa-
tion by quantitative real time RT-PCR. IL-21 mRNA
levels in freshly isolated CD4 CD45RO cells at the end
of the treatment were decreased compared with the
initial levels in all examined patients (Fig. 1B). Con-
sidered together, these data suggest that IL-6 contrib-
utes to wupregulation of IL-21 production in
memory/activated CD4 T cells from RA patients, and
that blocking IL-6 reverses this effect.

Reduction of Serum IgG4 levels with tocili-
zumab treatment.

IL-21 production plays a major role in antibody
(Ab) production by B cells (12-17). It promotes the
production of IgG, with no effect on IgM production
and a negative effect on IgE. We have shown that the
effect of IL-6 on B cell antibody production is an in-
direct effect that is mediated by IL-21 produced by
CD4 cells (10). The presence of autoantibodies is a
feature of RA, although they are not necessarily pre-
sent in all patients. We examined whether the block-
ade of IL-6R with tocilizumab could have an effect on
the total serum levels of known autoantibodies. Five
patients were positive for RF, five were positive for
anti-CCP Abs, and four were ANA positive. We
found no significant change in the serum titers of
these autoantibodies during tocilizumab treatment
using the same time points described above (data not
shown).

We also examined whether IL-6R blockade
could affect the total levels of IgG or other Ig isotypes

in serum. Total levels of IgG1, IgG2, IgG3, 1gG4, IgM
and IgA in serum were measured. The levels of IgG1,
IgG3, IgM and IgA did not change over the 6 months
of treatment (Table IV). A slight reduction of IgG2
levels, marginally significant (p= 0.06) was observed
(Table IV and Fig. 2A). However, over the six months
there was a prominent 4-fold reduction in the levels of
IgG4 (p=0.06) (Table IV). The levels of IgG4 were
markedly decreased in all but one patient (Fig. 2B).
Thus, IL-6 blockade was associated with decreased
production of certain IgG isotypes, predominantly
IgG4.

Tocilizumab treatment reduces the levels of
IgG4-specific anti-CCP antibodies.

Although IgGl is the predominant isotype
among anti-CCP and other autoantibodies, recent
studies have shown that IgG4 is the second most fre-
quent isotype found in RA patients (31, 32). We
therefore examined the levels of IgG4- and
IgGl-specific anti-CCP Abs at baseline and after 6
months of therapy to determine if there was an iso-
type specific effect. Six patients had detectable
IgG4-specific anti-CCP Abs, and five patients had
detectable IgGl-specific anti-CCP Abs. Analysis in
individual patients showed a pronounced reduction
(2-3 fold) in the serum levels of IgG4-specific anti-CCP
Abs in all patients (p= 0.011) (Fig. 2C), but no statisti-
cally significant reduction in the levels of
IgGl-anti-CCP Abs (p= 0.185) (Fig. 2D). Results of the
repeated measures analysis of variance for the dif-
ference between the levels of IgG4 and IgG1 specific
anti-CCP Abs indicated that the fold reduction in
IgG4 levels with the treatment differs from that ob-
served in IgG1 (p=0.011) (Fig. 2E).

The presence of elevated levels of IgG4 has been
considered to be an indicator of a Th2 immune re-
sponse in human (33) but there is no clear Th2 re-
sponse in RA. Since IL-21 is an important plasma cell
differentiation factor, we compared the ability of IL-21
relative to IL-4 to enhance IgG4 production by B cells.
B cells were isolated from the peripheral blood of
healthy volunteers and activated in vitro with
CD40L-expressing cells in the presence of medium
alone, IL-4 or IL-21. IgG4 levels in the supernatant
were determined 6 days later. IL-21 strongly induced
B cell production of IgG4 when compared to the
production in the presence of medium or IL-4 (Fig.
2F). This supports the hypothesis that IL-21 may be
responsible for the selective production of IgG4 in RA
and other non-Th2 type autoimmune diseases.
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Figure 1. Tocilizumab treatment reduces production of IL-21 by CD4 CD45RO T cells in RA patients. (A) CD4 CD45RO cells were isolated from each
patient at the indicated period of time and activated for 24 h with anti-CD3 and anti-CD28 Abs. IL-2| levels in the supernatant were determined by
Multiplex analysis. (B) Relative IL-2] mRNA levels in freshly isolated CD4 CD45RO T cells from patients were determined by real time RT-PCR using
HPRT as house keeping gene, using the delta delta CT analysis. IL-2] mRNA levels for each patients were relative to the levels at time O (prior to the first
treatment). Levels of IL-21 mRNA at 6 months were statistically significantly reduced relative to the levels prior to the treatment (p=0.03) using Wilcoxon
signed rank test.
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Figure 2. Effect of tocilizumab on IgG isotypes and IgG4 autoantibodies. (A) and (B) Serum levels of total IgG2 (A) and IgG4 (B) prior to (0 months) and
6 months after the treatment with tocilizumab in the eight patients. (C) IgG4-specific anti-CCP Ab levels in serum. Six patients (Patients #1, 2, 4, 5, 6 and
7) had detectable levels of IgG4-anti-CCP Abs in serum prior to the initiation of tocilizumab treatment (0 months). (D) IgG | -specific anti-CCP Ab levels in
serum. Five patients (Patients #1, 2, 4, 6 and 7) showed detectable levels of IgG|-anti-CCP Abs prior to the treatment. (E) Fold reduction in the serum
levels of IgG|-specific anti-CCP Abs and IgG4-specific anti-CCP Abs between 0 months (prior to the treatment) and 6 months after the initiation of the
treatment. Results of the repeated measures analysis of variance suggest that the fold reduction in IgG | differs from that observed in IgG4 (p=0.01 | for the
interaction effect). Follow-up tests of simple effects shows a statistically significant (p =0.01 I) fold-reduction in IgG4 anti-CCP Abs (denoted by *) while
there was no reduction in IgG| anti-CCP Abs levels (p=0.185). Note that a fold-reduction equal to | between 0 months and 6 months means no effect on
1gG levels with treatment. (F) Purified B cells from healthy volunteers (n=4) were activated in vitro with CD40L-expressing cells in the presence of medium,
IL-4 or IL-21. The levels of IgG4 in the supernatants were determined after 6 days. Fold induction for each subject in the levels of IgG4 produced by B cells
activated with IL-4 or IL-21 relative to the levels by B cells activated with just medium is shown. The statistically significant difference between fold-induction
obtained with IL-21 relative to IL-4 Abs was determined by paired t test analysis, p =0.0206.
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Table lll. Blocking IL-6R specifically reduces the production of IL-2]1 by CD4 CD45RO T cells®.

CD4 CD45RA
0Om 1m 3m 6 m P
bIL-2 1.2(1.2) 0.8 (0.7) 0.7 (0.5) 0.9 (0.7) 0.29
PIFNy 2.5 (4) 1.1(1.8) 1.121) 09 (1.1) 0.80
IL-17 146 (116) 128 (121) 98 (95) 155 (119) 0.14
IL-4 66 (59) 83 (108.3) 70 (82.5) 68 (60.4) 0.34
IL-21 40 (55.3) 23 (28.3) 40 (74) 15 (11) 0.83
CD4 CD45RO
0Om 1m 3m 6 m P
bIL-2 3.5(2.3) 2.06 (1.3) 2.2 (1.5) 2.4 (1.9) 0.02
PIFNy 13.0 (11.5) 7.7 (5.6) 9.3 (6.9) 10.2 (2.8) 0.20
IL-17 477 (305) 310 (193) 321 (173) 392 (231) 0.16
IL-4 347 (298.4) 373 (451.6) 249 (140.4) 309 (203.3) 0.14
IL-21 50 (38.2) 31 (33.8) 36 (22.2) 15.4 (8.5) 0.004

aCD4 CD45RA and CD4 CD45RO T cells were isolated at the specified periods of time during the treatment with tocilizumab, activated with anti-CD3 and
anti-CD28 Abs for 24 h (CD4 CD45RO cells) or 48 h (CD4 CD45 RA cells), and cytokine levels in the supernatant was determined by Multiplex analysis. Mean
(n=8) and standard deviation (in parenthesis) are shown. The significance of the difference in cytokine production over time was determined by single-group
repeated measures analysis of variance based on ranked data. p value less than 0.05 was considered significant. bcytokine values in ng/ml. ccytokine values in

pg/ml.

Table IV. Blocking IL-6R causes a selective decrease in the levels of IgG4°.

0m 1m 3m 6m p
IgA 1.1(0.5) 1.0 (0.5) 1.0 (0.5) 0.9(0.5) 0.35
IgG1 4 (1.55) 35(1.1) 3.5(1.3) 31(11) 0.38
IgG2 7.6 (4.5) 6.8 (3.9) 6.1(3.4) 55 (3.7) 0.06
IgG3 04 (3) 03(0.2) 0.34 (0.3) 0.36 (0.4) 0.34
IgG4 1.3 (3.0) 09(22) 0.4 (0.8) 0.3 (0.6) 0.06
IgM 2.0(2.2) 1.8 (1.8) 1.8 (1.8) 1.7 (1.6) 0.30

aLevels of total IgA, IgG1, IgG2, IgG3, IgG4 and IgM in serum at the specified periods of time during the treatment. Mean (n=8) in mg/ml and standard deviation
(in parenthesis) are shown for each isotype. The significance of the difference in the levels of Ig over time was determined by one-group repeated measures
analysis of variance based on ranked data. p value less than 0.05 was considered significant.

Discussion

Elevated IL-6 levels have long been associated
with RA disease activity and progression. The success
of tocilizumab in the treatment of RA established that
IL-6 also had a role in promoting disease, although the
mechanisms by which IL-6 promotes RA pathogene-
sis are poorly understood. The goal of this pilot study
was to see if we could find changes in cytokine pro-
files over time that could be correlated with IL-6
suppression with tocilizumab. Since IL-6 regulates
cytokine production by naive and activated/memory
CDA4 T cells, it was important to separate and examine
both naive and activated/memory CD4 T cells since
the autoreactive cells would be expected to be in the
latter (CD45RO) population.

Despite the evidence that IL-6 promotes Th2 and
inhibits Thl differentiation in vitro, our data suggest
that IL-6R blockade over 6 months does not signifi-
cantly affect IL-4 and IFNy production by CD4
CD45RO cells. We were also unable to demonstrate a
change in IL-17 production by CD4 CD45RO cells

during treatment with tocilizumab. A recent study
reported a reduction in the frequency of IL-17 pro-
ducing CD4 T cells after 3 months of tocilizumab
treatment (34). There are significant methodological
differences between the two studies that could ac-
count for this apparent discrepancy. While our study
was performed on purified CD4 CD45RO cells, the
study by Samson et al. (34) examined total CD4 T
cells. In addition, we measured the actual production
of IL-17 in the supernatant after stimulation with an-
ti-CD3/CD28 Abs, while the study by Samson et al.
examined the frequency of IL-17 cells (0.5-1.5% of
CD4 T cells) by intracellular staining upon stimulation
with PMA and ionomycin. Thus, it is possible that
although the frequency of IL-17 producing cells is
reduced with tocilizumab treatment, the overall
amount of cytokine produced by these cells is not
changed. IL-6-independent pathways that promote
the development of Th17 cells have been reported
(35). We also cannot rule out a potential effect of to-
cilizumab on the production of IL-17 by other T cell
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subsets such as y6 T cells (36) or the recently identified
innate lymphoid cells (37).

The results from our study however indicate that
IL-6 blockade significantly reduced the production of
IL-21 by CD4 CD45RO0 cells. In seven out of the eight
patients there was a decrease in the production of
IL-21 by these cells with a more prominent effect in
those patients with the highest production of IL-21
prior to the initiation of treatment. In the last few
years, IL-21 is emerging as another potential target for
RA based on studies showing that blockade of IL-21
signaling with an IL-21R.Fc fusion protein interferes
with the development of CIA in mice and adju-
vant-induced arthritis in rats (38). In addition, IL-21R
knockout mice are more resistant to the development
of arthritis using the K/BxN mouse model (39). IL-6 is
sufficient and necessary to induce IL-21 by both naive
and memory CD4 T cells (10). Our data provides evi-
dence that in patients with RA, treatment with tocili-
zumab is associated with decreased production of
IL-21 by activated/memory CD4 T cells. This suggests
that one of the effects of IL-6 blockade may due to
reduction in levels of IL-21. There is an ongoing Phase
I clinical trial with an anti-IL-21 blocking antibody in
healthy and RA subjects (ClinicalTrials.gov).

IL-21 is a major factor in the differentiation of
human B cells into Ab-producing plasma cells (12-19).
It is known that IL-6 also regulates Ab production.
However, using mouse models, we have previously
shown that IL-6 promotes the in vivo and in vitro
production of IgG by B cells indirectly by inducing
IL-21 production by CD4 cells, and IL-21 acting di-
rectly on B cells (10). Similar results have been ob-
tained in human (20). The results from our study
provide evidence for a potential association between
IL-6 blockade and a reduction in IgG4 levels. Studies
have shown that while IgG1 is the most abundant
autoantibody isotype in RA, IgG4 is the second most
abundant isotype for both anti-CCP Abs and an-
ti-citrullinated fibrin autoantibodies (31, 32). IgG4 is
also the predominant RF isotype together with IgG1
(40). Although we did not find a decrease in
IgG1-anti-CCP antibodies, our data indicate an asso-
ciation between the blockade of IL-6R and a reduction
in IgG4-specific anti-CCP Abs. Treatment with TNF
blocking agents in RA patients has also been reported
to preferentially reduce IgG4 isotype anti-citrullinated
fibrinogen Abs (41). Although total IgG4 levels also
decreased with the treatment, Spearman correlation
coefficient statistical analysis showed no correlation
between the reduction of IgG4-specific anti-CCP Abs
and the reduction in the levels of total IgG4 (rs= -0.09,
p= 0.81). Thus, the reduced levels of IgG4-specific
anti-CCP Abs do not appear to be simply the conse-

quence of having less total IgG4. The effect of tocili-
zumab on IgG4-specific anti-CCP Abs is likely medi-
ated through its effect on IL-21 since we show that
IL-21 is far more potent in promoting IgG4 production
in human B cells from healthy volunteers than IL-4. A
recent study has reported an increased frequency of
Tth cells (characterized by their production of IL-21)
and IL-21 expression in CD4 T cells in RA patients
compared with healthy subjects (42). Interestingly,
this study also reports a correlation between Tth cell
frequency and the levels of anti-CCP Abs.

Although the relevance of autoantibodies in the
pathogenesis of RA has been questioned for long time,
anti-citrullinated protein antibodies (ACPA) are
emerging as potential players in the development of
RA (43, 44). ACPA have been found in individuals
before disease onset and the presence of ACPA was
accepted as a criteria for RA diagnosis at the 2010
ACR/EULAR meeting. Some recent studies have
shown that ACPA are independent of disease phe-
notype, but are associated with disease activity
(45-47). No large studies have examined the isotype
specificity of ACPA and other autoantibodies in RA.

Increased levels of IgG4 isotype are found
among anti-neutrophil cytoplasm autoantibodies in
Wegener's granulomatosis (48) and anti-dsDNA an-
tibodies in lupus (49). Moreover, a number of in-
flammatory disorders that are characterized by ele-
vated serum IgG4 levels (IgG4-related systemic dis-
eases) have emerged (50, 51). The role of IgG4 in the
pathology of these syndromes and other autoimmune
diseases remains unclear. IgG4 does not fix comple-
ment and has no strong affinity for FcyR. However,
studies have shown that IgG4 is associated with the
presence of natural bispecific antibodies against CCP
in RA (52, 53). We can speculate that bispecific Abs
may be more pathogenic due to crosslinking of dif-
ferent molecules.

In summary, this pilot study of a small cohort of
patients analyzed longitudinally over several months
provides evidences that IL-6 blockade decreases IL-21
production by activated/memory CD4 T cells as well
as serum levels of IgG4-specific autoantibodies.
Larger clinical studies in patients treated with tocili-
zumab over time will be needed to further support
these preliminary observations. Our small sample size
does not provide sufficient power to detect correla-
tions between laboratory parameters and response to
tocilizumab. However, a recent study (ESPOIR co-
hort) in early rheumatoid arthritis has shown that IL-6
and IL-21 are associated with markers of B cell activa-
tion, presence of autoantibodies and disease progres-
sion (54), supporting the results from our study.
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