











5034 SIALYLATED IVIG FRACTIONS IN MOUSE INFLAMMATORY ARTHRITIS

99)

o

10 Fc dose

(g/kg)

81 o0

o] 20m
—— 0.67

—O- 1.00

e

[

Clinical score
IS

Mean clinical score (d6-12) >

0 2 4 6 8 10 12

Ctrl IVIG Fc F(ab’), Dy of expenment

FIGURE 2. Requirement for Fc but not F(ab"), for therapeutic protec-
tion from CAbIA. Mice with established disease were injected i.p. on day 5
with different IVIG derivatives. (A) Effect of IVIG (2 g/kg), Fc (0.67 g/kg),
and F(ab'), (1.33 g/kg). Results show the mean clinical scores (£SEM,
n = 5-7 animals/group) over the treatment period (days 6-12). *p = 0.05
(one-way ANOVA, Dunnett’s test) compared with control (Ctrl). (B) Dose
effect of purified IgG Fc. Results show the mean (=SEM, n = 5-7)
clinical scores with time. *p < 0.05, ** p < 0.01 compared with no Fc,
two-way ANOVA with Dunnett’s test on days 6-12.

(Fig. 4A) or Fc (Fig. 4B, 4C) in the K/BxN model. The effective
removal of sialic acid residues from IVIG and Fc was confirmed by
SNA lectin blot following electrophoresis under nonreducing con-
ditions (Fig. 4D). Residual sialic acid content as quantitated by
HPLC (29) was <0.1 pg per mg protein for NAse IVIG and 0.15
pg per mg protein for NAse Fc. These data concur with those
obtained using the CAbIA model and again suggest that sialic acid
residues are not a required component of the mechanism of action
of IVIG in Ab-induced arthritis.
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FIGURE 3. Lack of requirement for sialylation of IVIG or Fc for sup-
pression of CAbIA disease activity. (A and B) Therapeutic protocol. Mice
with established disease were injected i.p. on day 5 with untreated or
NAse-treated (A) IVIG (2 g/kg) or (B) Fc (1 g/kg). (C and D) Prophylactic
protocol. Mice were injected i.v. with Fc preparations 1 h prior to the in-
duction of arthritis by i.p. injection of anti-collagen Abs. (C) Untreated or
NAse-treated Fc (0.33 g/kg). (D) Fc (0.033 g/kg), high-dose Fc (0.33 g/kg;
FcH), or sialic acid—enriched Fc (SNAFc, 0.033 g/kg). Data show the
clinical scores (mean = SEM) with time: (A) n = 7-13 animals per group,
(C) n =3-4. (B) Mean (£SEM, n = 5-7) clinical scores for individual mice
over the treatment period (days 6-12) and (D) individual mouse clinical
scores at day 10. Statistical analyses: *p < 0.05, **p < 0.01 compared
with control (Ctrl), (A) two-way ANOVA with Tukey’s test on days 6-12,
(B) one-way ANOVA with Tukey’s test, (C) two-way ANOVA with
Tukey’s test on days 7-10.

Basophils are not required for IVIG protection from
Ab-induced arthritis

Finally, basophils have been proposed as key cell mediators of the
protective activity of IVIG in the K/BxN model (35), and so the
role of these cells in CAbIA was investigated. Mice were injected
twice daily with basophil-depleting mAb MAR-1 (5 pg) or iso-
type control mAb over days 1-3. At day 5, there was no difference
in disease response between the basophil-depleted and control
mice. Diseased mice were further divided into IVIG and PBS
treatment groups and disease was monitored for an additional 7 d.
The data in Fig. 5A show that basophil depletion with MAR-1 did
not impact on the therapeutic benefit of IVIG in CAbIA. Flow
cytometry of peripheral blood from mice at day 12 confirmed
basophil depletion by MAR-1 (CD49b*, CD123" cells) (Fig. 5B).
Similar results were obtained when mice were instead treated with
a single injection of basophil-depleting mAb 4G12 (50 pg) 24 h
prior to the induction of CAbIA (data not shown).

To determine whether these findings were unique to the CAbIA
model, we also examined the need for basophils for IVIG pro-
tection from K/BxN arthritis using a prophylactic protocol. Mice
were given 10 consecutive daily i.p. injections of MAR-1 (10 pg)
beginning 2 d prior to the administration of IVIG (2 g/kg) and
induction of disease on day 0. Prophylactic IVIG protected from
K/BxN arthritis and this was unaffected by basophil depletion
with MAR-1, whether assessed by clinical score or caliper mea-
surement of ankle swelling (Fig. 5C and 5D, respectively).

Discussion

IVIG is used to treat a range of autoimmune, acute, and chronic
inflammatory diseases, including investigational use in RA (12).
However, the scientific basis of its effect has not been rigorously
examined in animal disease models and remains controver-
sial (34). In models of inflammatory arthritis, IVIG alleviated
adjuvant-induced arthritis in rats (42) and K/BxN serum transfer
arthritis in mice (43-45) but showed only a weak effect against
murine collagen-induced arthritis (46). Detailed investigations
into IVIG protection from inflammatory arthritis have focused on
prophylactic studies in the K/BxN serum transfer model, and it is
unclear how universal the proposed mechanisms of action are. To
this end, we examined the effect of IVIG in two models of Ab-
induced arthritis: CAbIA and K/BxN serum transfer arthritis. We
found that high-dose IVIG (1-2 g/kg) alleviated disease in both
models when given prophylactically before disease initiation. We
also showed that IVIG suppressed CAbIA development when
given therapeutically at the time of clinical appearance of disease
symptoms. Our data are in line with a previous report showing that
IVIG used in a therapeutic protocol was effective in the K/BxN
model (43).

Based on a series of publications, Ravetch and colleagues (35,
40, 43) have attributed the mechanism of action of IVIG in in-
flammatory arthritis to a sequence of events beginning with the
interaction of essential «2,6-linked terminal sialic acid residues in
the Fc region of IgG with SIGNR-1 (DC-SIGN in human)—posi-
tive macrophages or dendritic cells. To investigate this paradigm
in CAbIA we first compared IgG Fc and F(ab'), fractions and
found that the protective activity was also confined to the Fc portion
in this model, whereas F(ab’),, at doses with molar equivalent up to
3 g/kg IVIG, had no impact on disease. To examine the requirement
for sialic acid residues, IVIG and Fc that had been treated with
NAse to remove sialic acid side chains were tested in prophylactic
(both models) and therapeutic (CAbIA only) protocols. Surpris-
ingly, desialylation had no impact on IVIG or Fc protection from
disease under any of the experimental conditions. We also compared
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FIGURE 4. Lack of requirement for sialylation
of IVIG or Fc for suppression of K/BxN serum
transfer—induced arthritis. Mice were injected i.p.
with reagents 2 h prior to the induction of ar-
thritis by i.p. injection of K/BxN serum. Data
show the clinical scores (mean * SEM) with
time for mice given untreated or NAse-treated
(A) IVIG (2 g/kg) (n = 4 animals/group) or (B)
Fc (0.33 g/kg) (n = 3), compared with controls.
(C) Caliper measurements of ankle widths for the
experiment in (B). **p < 0.01, ***p < 0.001
compared with control; two-way ANOVA with
Tukey’s test on days 1-10. (D) Confirmation of
desialylation of IVIG and Fc by NAse treatment.
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sialic acid—enriched Fc and found no additional benefit over unma-
nipulated Fc when tested at a 10-fold lower dose in CAbIA. Fur-
thermore, sialic acid—enriched IVIG fractions did not show enhanced
effects (data not shown). Taken together, these data do not support
a role for sialic acid residues in the protective action of IVIG in Ab-
induced arthritis. Critically, we were unable to confirm a role for
sialic acid residues in IVIG protection from K/BxN arthritis using the
published protocol (prophylactic i.v. injection) (40). This finding was
confirmed in several additional experiments independently per-
formed both at the Bio21 Institute (Melbourne, VIC, Australia) and
at St. Michael’s Hospital (Toronto, ON, Canada).

Recently, Ravetch and colleagues (47) have proposed a mecha-
nism whereby the sialylation of Fc induces a conformational
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change allowing binding to DC-SIGN and a reduced binding af-
finity to FcyRs. This hypothesis has been refuted by Crispin et al.
(48) followed by a rebuttal from Sondermann et al. (49) ques-
tioning the physiological relevance of the analytical techniques
used. Nevertheless, in this model the proposed structural re-
orientation to an anti-inflammatory Fc remains dependent on the
presence of sialic acid residues, which is not confirmed by our
results. Additionally, a recent report (50) demonstrated that the
interaction of DC-SIGN with sialylated IgG Fc is not the sole
requirement for an anti-inflammatory effect of IVIG because both
whole IVIG and the F(ab'), fragment inhibited TLR-mediated
activation of dendritic cells. However, in a reply, the relevance
of the assay system used to study IVIG anti-inflammatory activity
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FIGURE 5. Basophil depletion has no impact on IVIG protection from CAbIA (therapeutic protocol) or K/BxN serum transfer arthritis (prophylactic
protocol). (A) Clinical response of mice induced to develop CAbIA and treated at day 5 with IVIG (mean = SEM, n = 5-7). *p < 0.05, **p < 0.01,
compared with control, two-way ANOVA with Tukey’s test on days 6—12. (B) Representative flow cytometry plots from day 12 of the experiment in (A)
showing peripheral blood basophil levels following treatment of mice with MAR-1 or hamster IgG control Abs. Rectangles show basophil gate (CD49b*,
CD123"%) with numbers indicating the percentage of gated cells. (C) Mean (+SEM, n = 3-5 animals/group) clinical scores and (D) ankle width meas-
urements of mice pretreated with IVIG and then induced to develop K/BxN serum transfer arthritis. ***p < 0.001, compared with control, two-way
ANOVA with Tukey’s test on days 0-10. Treatment groups (see text for details): control, hamster IgG then PBS; IVIG, hamster IgG then IVIG; MAR-1

IVIG, MAR-1 then IVIG.
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was questioned (51). These examples demonstrate that the func-
tional role of IgG sialylation remains a controversial topic.

Furthermore, basophils have been implicated as key effector
cells in the mechanism of action of IVIG in the K/BxN model (35),
and so their role was re-evaluated in this model, as well as in
CADIA, using anti-FceR1 (MAR-1), as previously described (35).
Basophil-depleted mice responded normally in both models and
were not compromised in their IVIG-mediated protection from
disease. These findings do not support basophils as having an
essential role in the mechanism of action. IL-33 is considered
another important component of the IVIG paradigm through its
stimulation of basophils to produce IL-4. In studies using an IL-
33Ra blocking mAb it was concluded that IVIG protection from
disease was IL-33 dependent (35). In preliminary studies, we were
unable to demonstrate an effect of the same mAb to IL-33Ra
used by Anthony et al. (35) on IVIG protection from CAbIA
(Supplemental Fig. 1). Similarly, more recent studies from a sep-
arate laboratory showed that IL-33Ra ™'~ mice, but not IL-33~/~
mice, were protected from K/BxN arthritis (52). These data suggest
that IL-33Ra, a member of the IL-1R family, binds ligands other
than IL-33, which are important in promoting disease. Further
support for a lack of a requirement for IL-33 in the mechanism of
IVIG action comes from recent studies using an experimental
mouse model of ITP where it was shown that IVIG does not induce
detectable levels of IL-33 in BALB/c or B6 mice, despite ame-
lioration of the ITP (53). The data are therefore at odds with the
concept of IL-33Ra—associated ligands providing protection from
K/BxN arthritis.

To potentially explain some of the disparities between our find-
ings and those of Ravetch and colleagues, it might be speculated
that differences inherent to the two mouse models will lead to
different outcomes. Indeed, CAbIA and K/BxXN serum transfer
arthritis are each models of Ab-induced arthritis that differ in the
mode of induction and in some aspects of the disease response
(reviewed in reference Ref. 54). CAbIA is initiated by injection of
a mixture of mAbs (IgG2a and IgG2b) to cartilage-specific type 11
collagen. An otherwise mild arthritis is exacerbated by LPS in-
jection 3 d later, probably through the generation of a “cytokine
storm.” K/BxN serum transfer arthritis is induced by polyclonal
serum from arthritic K/BxN mice, the active component being Abs
(IgG1) that target the ubiquitous Ag glucose-6-phosphate isomer-
ase, forming immune complexes that have been identified on the
articular cartilage surface. The unpurified K/BxN serum derived
from arthritic mice is also likely to contain proinflammatory cyto-
kines and mediators. Each model is dependent on the alternative
complement pathway, Fc receptors (FcRvy, FcyRIII), cytokines
(IL-1 and TNF but not IL-6), and myeloid-derived (neutrophils,
macrophages) but not lymphoid cells. CAbIA, but not K/BxN ar-
thritis, is additionally dependent on IL-4 and the classic comple-
ment pathway. Mast cells were reported to be essential for K/BxN
arthritis but their role in CAbIA is unclear.

Despite some differences between the CAbIA and K/BxN ar-
thritis models, detailed above, we obtained comparable results for
the effects of IVIG in the two models. Although we concur that
IVIG and IgG Fc, but not Fab, can protect from Ab-induced ar-
thritis, our findings do not support a role for Fc sialylation or
basophil involvement in IVIG protection from disease in either
model. The choice of model is therefore unlikely to explain our
disagreement with the published findings of Ravetch and col-
leagues. Our data are also derived from multiple laboratories,
reducing the chance of laboratory-specific outcomes. Other
reasons should therefore be considered including IVIG source,
route and time of administration, mouse strain, and experimental
setup.

It can be hypothesized that different IVIG sources might con-
tribute to the variable disease responses and proposed mechanisms
of action. We used Privigen (CSL Behring AG), whereas Ravetch
and colleagues have listed the Bayer Corporation (Elkhart, IN) (43)
and, more recently, Octagam (Octapharma AG) (35, 55) as IVIG
sources. Previous studies (28, 29) reported no differences in either
the degree of IgG sialylation or the efficacy of IVIG in alleviating
immune thrombocytopenia in mice when IVIG was derived from
different manufacturers. IVIG is produced from the pooled blood
of >10,000 individuals, which minimizes variation between pools
by dilution of individual donors. Both Privigen and Octagam were
derived from United States blood donors. Differences in the IVIG
manufacturing procedures of suppliers could only be addressed by
a side-by-side comparison of the products in the mouse disease
models.

In terms of experimental setup, the published studies (35, 40, 41,
43, 55) indiscriminately employed both B6 and BALB/c mice
in the K/BxN model with i.v. injection of IVIG in an exclusively
prophylactic protocol. Clinical scores were usually reported only
for days 5 or 6. We confined our studies to B6 mice and present
kinetics data for both prophylactic and therapeutic treatment
regimes, as this enables any delayed responses to be observed.
IVIG was generally injected i.p. but was given i.v. in select
experiments (i.e., prophylactic CAbIA studies). The i.v. injection
of IVIG is reported to target splenic SIGN-R1* (DC-SIGN™ in
humans) myeloid cells by binding of sialylated Fc (35). Intra-
peritoneal injection of IVIG could result in most of the IgG Fc
interacting with peritoneal macrophages through Fc sialylation-
independent mechanisms, with less being available for binding
to splenic myeloid cells. Despite this possibility, our data showed
that i.p. IVIG was extremely effective in preventing K/BxN ar-
thritis.

The consistent finding of the need for IgG Fc fragments for
IVIG suppression of Ab-induced arthritis suggests FcR engage-
ment or Ig aggregation may be part of the mechanism of action.
Possible IgG Fe-driven mechanisms of action that are independent of
a requirement for sialylation could include FcR blockade (13, 14),
inhibition of complement deposition (17) or complement scavenging,
increased regulatory T cell involvement (18, 19), enhancement of
FcyRIIb on regulatory macrophages (20), and saturation of neo-
natal FcR to enhance autoantibody clearance (21, 22). As detailed
above, each of the arthritis models used in this study is critically
dependent on FcR engagement and the alternative complement
pathway, which could account for how IVIG protects in a prophy-
lactic protocol. In a therapeutic setting, where disease is al-
ready established, IVIG may be acting differently, for example,
by dampening down the inflammatory cytokine response by
engaging regulatory macrophages. Further studies are needed
to clarify whether distinct mechanisms are involved under
the different experimental conditions. The lack of protection
by the F(ab’), fraction indicates that Fab-mediated mechanisms
of action of IVIG are not essential in the models used in this
study, including neutralization of autoantibodies, neutralization
of proinflammatory cytokines, or direct interaction of Fab with
dendritic cells.

In summary, our data confirmed that IVIG protects from Ab-
induced arthritis by a mechanism that involves the Fc compo-
nent of IgG. However, we were unable to corroborate a role for
sialic acid residues or basophils, and so our data do not support
the paradigm proposed by Ravetch and colleagues as a mechanism
of action of IVIG in inflammatory arthritis. Where possible, we
have controlled for experimental variations that might account for
any disparity between the published work and our findings. In
conclusion, it is likely that no single paradigm can entirely account
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for the mechanism of action of IVIG, even in a given disease
model, such as K/BxN serum transfer arthritis. Our studies also
highlight the importance of evaluating a mechanism of action using
more than one disease model and treatment protocol.
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Supplemental Figure 1. Blockade of IL-33Ra does not abrogate the
protective effect of IVIG from CAbIA. Mice were injected with anti-
collagen mAb cocktail at day 0 and LPS at day 3. On day 5, arthritic
mice were injected with 100 pg anti-IL-33Ra mAb (clone , DJ§, MD
Biosciences) or isotype control mAb, and 2 h later with either IVIG (2
g/kg) or PBS. The mAb injections were repeated on day 7.

Data show clinical scores out of 12 (Means = SEM, n = 8 mice).

Ctrl = isotype + PBS; IVIG = isotype + IVIG; alL-33R/IVIG = anti-
IL-33Ra + IVIG. Mice receiving anti-IL-33Ra + PBS responded as
Ctrl mice and are not shown. All injections were i.p.



