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Despite the beneficial therapeutic effects of intravenous immuno-
globulin (IVIg) in inflammatory diseases, consistent therapeutic
efficacy and potency remain major limitations for patients and
physicians using IVIg. These limitations have stimulated a desire to
generate therapeutic alternatives that could leverage the broad
mechanisms of action of IVIg while improving therapeutic consis-
tency and potency. The identification of the important anti-inflam-
matory role of fragment crystallizable domain (Fc) sialylation has
presented an opportunity to develop more potent Ig therapies.
However, translating this concept to potent anti-inflammatory
therapeutics has been hampered by the difficulty of generating
suitable sialylated products for clinical use. Therefore, we set out
to develop the first, to our knowledge, robust and scalable process
for generating a well-qualified sialylated IVIg drug candidate with
maximum Fc sialylation devoid of unwanted alterations to the IVIg
mixture. Here, we describe a controlled enzymatic, scalable pro-
cess to produce a tetra-Fc–sialylated (s4-IVIg) IVIg drug candidate
and its qualification across a wide panel of analytic assays, includ-
ing physicochemical, pharmacokinetic, biodistribution, and in vivo
animal models of inflammation. Our in vivo characterization of this
drug candidate revealed consistent, enhanced anti-inflammatory ac-
tivity up to 10-fold higher than IVIg across different animal models. To
our knowledge, this candidate represents the first s4-IVIg suitable for
clinical use; it is also a valuable therapeutic alternative with more
consistent and potent anti-inflammatory activity.

IVIg | sialylation | antibody | inflammation | autoimmune disease

Intravenous immunoglobulin (IVIg) is a therapeutic blood
product prepared from the pooled plasma of 3,000–60,000 healthy

donors per batch (1–3). It is a complex heterogeneous mixture of
IgG subclasses and low amounts of IgA, IgM, and other plasma
proteins (4). IVIg contains a wide array of antibodies expected to
be present in human serum, and the large number of donors
ensures diversity in the Ig repertoire that far exceeds that of an
individual donor (5).
IVIg has been used for more than 30 years for the treatment of

a variety of acute and chronic autoimmune and systemic inflam-
matory diseases (2–5). Although efficacious in these diseases, the
precise mechanism of action of IVIg is not well-understood. Var-
ious studies have documented a series of nonmutually exclusive
mechanisms modulating components of the innate and adaptive
immune system (4, 6). For example, IVIg has been shown to me-
diate anti-inflammatory responses through its action on dendritic
cells, natural killer cells, regulatory T cells, B cells, and the
monocyte/macrophage system, and through its suppression or
neutralization of soluble factors, such as inflammatory cytokines,
chemokines, and pathogenic autoantibodies (5–7).
Although beneficial in numerous indications, IVIg prepara-

tions have distinct limitations, such as variable efficacy, clinical

risks, high costs, and finite supply (2, 3, 8). Different IVIg prep-
arations are frequently treated as interchangeable products clini-
cally, but it is well-known that significant differences in product
preparations exist that may impact tolerability and activity in
selected clinical applications (9). At the current maximal dosing
regimens, only partial and unsustained responses are obtained in
many instances (2, 4). In addition, the long infusion times (4–6 h)
associated with the high volume of IVIg treatment consume sig-
nificant resources at infusion centers (8) and negatively affect
patient-reported outcomes, such as convenience and quality of life
(10). Developing therapeutic alternatives that could leverage the
broad biological activities of IVIg and simultaneously, provide
more consistent and potent anti-inflammatory activity with minimal
inconvenience would be highly valuable to clinicians and patients.
The IgGs in IVIg are composed of a fragment antigen-binding

domain (Fab fragment) that facilitates the selective interaction
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with specific antigens and a fragment crystallizable domain (Fc
fragment) that interacts with cellular receptors (Fc receptors)
known to play critical functions in modulating the activation
state of immune cells (11). The IgG Fc fragment contains a
conserved N-linked glycan at position N297. The core of the
N297 N-linked glycan is composed of two GlcNAc and three
mannose residues. Typically, this core can be further extended
with fucose, galactose, sialic acid, and bisecting GlcNAc mono-
saccharides through selective enzymatic glycosylation reactions
(12, 13). Alterations to the N297 glycan composition have been
shown to have a significant impact in modulating the interaction
between the IgG Fc fragment and the Fc receptors. For example,
removal of fucose from the IgG N-glycan core has been shown
to increase its affinity for Fc gamma receptor IIIa (FcγRIIIa),
leading to enhanced antibody-dependent cellular cytotoxicity (14).
Sialylation, the addition of terminal sialic acid to N297 glycan, has
also been shown to decrease the affinity for type I Fc receptors
and increase the affinity for type II Fc receptors (11).
In the past three decades, a wealth of reports has documented

alterations in antibody glycosylation associated with different
diseases in humans. Among these reports, changes in antibody
sialylation have been associated with the evolution of autoim-
mune and inflammatory diseases. For example, rheumatoid arthritis
and juvenile idiopathic arthritis are associated with decreased levels
of IgG sialylation (15, 16). Additional studies have shown that this
translates particularly to the pathogenic antibodies in inflamed
joints of arthritis patients (17). It has also been shown that IgG
sialylation increases during pregnancy and that this increase may
be associated with the remission of rheumatoid arthritis during
pregnancy (18, 19). In addition, pathogenic proteinase 3 auto-
antibodies are less sialylated in patients with active Wegener’s
vasculitis (granulomatosis with polyangiitis) (20).
Alterations in endogenous IgG sialylation have been associ-

ated with treatment response in inflammatory/autoimmune dis-
eases. For example, in patients with Kawasaki disease treated
with IVIg, increased levels of endogenous human IgG sialylation
decreased the likelihood of IVIg treatment resistance (defined as
persistent or recrudescent fever at least 36 h after the completion
of IVIg infusion) (21). Similarly, in patients with Guillain–Barré
syndrome, those with more severe forms of the disorder showed
a lower level of IgG sialylation, despite IVIg treatment (22).
Translation of these natural observations in humans to ther-

apeutic options was first realized in 2006, when it was proposed
that high doses (>1 g/kg) of unfractionated IVIg were required
to elicit sufficient anti-inflammatory activity because of a limited
concentration of sialylated IgG in the total IVIg preparation.
This theory was substantiated in a mouse model of arthritis that
showed similar levels of anti-inflammatory activity when using
1 g/kg IVIg and 0.1 g/kg sialic acid-enriched IVIg, therefore in-
dicating a 10-fold enhancement with the addition of terminal
sialic acids (23, 24). Additional results supporting this theory
were subsequently reported in other independent studies and
other animal models (25, 26). It was further shown that the
anti-inflammatory activity of sialylation can be recapitulated
using a sialylated Fc fragment derived from IVIg or an IgG1
recombinant antibody (after in vitro sialylation of the Fc) at a
30-fold lower dose than IVIg (24, 27). These results opened the
possibility of developing sialylated IVIg and other sialylated
antibodies with enhanced anti-inflammatory properties.
In recent years, different reports have debated the anti-in-

flammatory benefits of sialylation. For example, studies using
desialylated IVIg in immune thrombocytopenic purpura (ITP)
models (28) and Sambucus nigra agglutinin (SNA) -enriched
IVIg in arthritis models (29) have shown that sialylation does
not enhance IVIg activity or that it may even be dispensable for
its therapeutic effects. On the contrary, more comprehensive
studies performed by several independent laboratories testing
desialylated or hypersialylated IVIg across different animal models

under preventive and therapeutic treatment modalities have shown
that sialylation is critical for the anti-inflammatory activity of IVIg
(24–27, 30). Furthermore, T cell-independent vaccinations resulted
in the generation of hypersialylated immunomodulatory antibodies
that were able to modulate other immune responses, establishing
a broad relevance of these sialylated IgG glycoforms as modulators
of immune responses (31). Notably, none of the previous studies
used precisely the same protocols for enriching or depleting sialic
acid-containing IgG glycoforms, which may partially explain the
discrepancies of these studies. Thus, the major aim of this study was
to use rigorous, controlled processes and quality controls to in-
vestigate the potential of hypersialylated IVIg as a drug candidate
with enhanced therapeutic activity.
We describe a robust, controlled sialylation process to gener-

ate tetra-Fc–sialylated IVIg and show that this process yields
a product with consistent enhanced anti-inflammatory activity.
Specifically, we first observed that the sialylated IVIg was at least
10 times more potent than the parent IVIg product in a model of
collagen antibody-induced arthritis (CAIA) using a prophylactic
dose. We further confirmed this enhanced anti-inflammatory
activity with therapeutic dosing in models of K/BxN serum-
induced arthritis and ITP, and a prophylactic model of skin-
blistering disease. Importantly, we noted that, without a tightly
controlled process of sialylation, unwanted side products can
accumulate that may be responsible for the inconsistent activity
observed in previous studies. Therefore, the process that we
describe combined with sensitive controls to generate a tetra-
Fc–sialylated IVIg (s4-IVIg) devoid of undesired modifications has
been critical to obtain the consistent enhanced anti-inflammatory
activity and serves as the first example, to our knowledge, of a
therapeutic candidate for product development.

Results
Optimization of Sialylation Process: Maximizing Fc Sialylation. In our
goal to develop a sialylated IVIg product with drug properties
suitable for clinical development, we focused on establishing a
robust sialylation process with one primary goal: to maximize the
enzymatic incorporation of sialic acids while limiting the in-
troduction of undesired alterations to the product. To achieve this
goal, we focused on optimizing the enzymatic reactions to maxi-
mize the disialylated [i.e., the disialylated and fucosylated glycan
(A2F)] content in the product, leading to the introduction of four
sialic acids per Fc fragment (two sialic acids per A2F glycan in
each chain). For this optimization, we used a recombinant human
IgG1 Fc as a surrogate substrate for initial development. As de-
scribed previously (24), α2–6 Fc sialylation can be achieved by
reacting an Fc-containing substrate molecule with β1,4 galactosyl
transferase-1 (B4GalT) and α2,6-sialyltransferase (ST6Gal1) enzymes
in the presence of the corresponding sugar nucleotide substrates
[uridine diphosphate galactose (UDP-Gal) and cytidine 5′ mono-
phospho-N-acetyl neuraminic acid (CMP-NANA)]. Interestingly,
we rapidly realized that, under our initial reaction conditions,
ST6Gal1 can not only catalyze the transfer of the sialic acid from
CMP-NANA sugar nucleotide to the Fc glycan but also, facilitate
the removal of the sialic acid from the sialylated product. As shown
in Fig. 1A, the sialylation of the α1,3 branch of the biantennary
glycan (to form A1F-1,3) was rapid and essentially complete by
30 min, whereas the doubly sialylated species (A2F) formed at an
∼10× slower rate and stopped accumulating by 24 h. After 24 h,
a monosialylated species with the sialic acid on the α1,6 branch
(A1F-1,6) started to form and continued accumulating steadily,
reaching ∼35% of glycosylated species by 64 h. Concomitantly,
A2F exhibited a steady decline from 71% at 20 h to 44% at 64 h,
suggesting that the A1F-1,6 glycoform was generated from the
removal of sialic acid residues on the more exposed α1,3 branch
of disialylated A2F. Additional incubation led to the cleavage
of the 1,6 sialic acid in the A1F-1,6 glycoform, generating the
asialylated but fully galactosylated and fucosylated species G2F.
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G2F, which was present in trace amounts at the beginning of
the reaction, appeared at measurable amounts at 40 h and
continued increasing, reaching 15% by 64 h as the levels of A2F
and A1F-1,6 declined. This result further showed that extended
incubation results in cleavage of the α1,6 sialic acid (Fig. 1A).
These observations were critical in optimizing the parameters

to maximize the yield of the A2F species while minimizing the
A1F-1,3, A1F-1,6, and G2F glycoforms. By evaluating a ma-
trix of parameters affecting the transient state of the G2F⇌
A1F-1,3⇌A2F⇌A1F-1,6⇌G2F glycoform distribution, we
found that the desialylation component of the reaction (A2F⇌
A1F-1,6⇌G2F) was facilitated by spontaneous decomposition
of CMP-NANA in the reaction. Therefore, we envisioned that
replenishing the CMP-NANA in the reaction could help
maximize the A2F yield and found that periodic dosing of
fresh CMP-NANA maximized the A2F glycan levels after 24 h
without the formation of A1F-1,6 or G2F species. These
findings were subsequently confirmed in reactions with IVIg
(Fig. S1).

Optimization of Sialylation Process: Minimizing Undesired Modifications.
Another main goal of the process optimization was to minimize
the introduction of undesired modifications to the product dur-
ing the enzymatic sialylation. Not only is this critical for the

development of a product destined for clinical use, but it is
important when aiming to develop a complex mixture product
with consistent anti-inflammatory activity. For example, one of
the key outstanding questions raised in previous publications is
whether the process used to enrich for sialylated Igs could affect
other important attributes of product quality.
During our optimization of the enzymatic sialylation process,

we observed significant heterogeneity in the sialylated recombi-
nant Fc product, suggesting that additional modifications beyond
sialylation were imprinted onto the molecule during the process
(Fig. 1 B and C). More detailed peptide liquid chromatography–
tandem MS analyses identified several modifications, including
different advanced glycation end products (AGEs) that have
modified arginine and lysine residues (Fig. S2). The most abundant
of these modifications is 5-methylimidazol-4–one, although other
modifications, such as carboxymethyl arginine and imidazolidine,
were also observed. In addition, aggregates were observed in the
protein along with increased internal fluorescence. This in-
ternal fluorescence is consistent with the presence of cross-
linking AGEs, such as pentosidine, which cross-link lysine and
arginine. Given the well-documented negative effects of AGEs
on human health (32, 33), we set out to investigate the source of
these modifications.

Fig. 1. Optimization of sialylation process leads to a sialylated Fc with symmetrical A2F/A2F Fc glycoforms (four sialic acids per Fc) devoid of undesired
modifications. (A) Time course of recombinant human IgG1 Fc-sialylated N-glycoform formation in the presence of CMP-NANA and ST6GalT1. Galactosylated
recombinant human Fc was incubated with 20 mM CMP-NANA and 0.3 U/mg ST6GalT1 at 37 °C. Aliquots were removed at different time points, and the
relative proportions of Fc glycoforms were determined by liquid chromatography–MS/MS. (B) Intact size exclusion chromatography (SEC) -MS of recombinant
Fc before sialylation. (C) Intact SEC-MS of sialylated recombinant Fc after suboptimal sialylation reaction. Product is sialylated, but significant modifications
lead to undesirable heterogeneity. (D) Intact SEC-MS of sialylated recombinant Fc after optimal sialylation reaction. cps, Cycles per second; NGNA, N-gly-
colylneuraminic acid.
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The sialylation process requires two sugar nucleotides (UDP-
Gal and CMP-NANA), two enzymes (B4-GalT and ST6-Gal1),
and buffer systems containing the cofactor manganese chloride;
therefore, we evaluated the influence of these reagents and re-
action conditions for the imprinting of undesired modifications
onto the product backbone. Although we found that different
reagents used in the sialylation reaction (such as UDP-Gal and
manganese chloride) could promote backbone modifications,
enzyme quality was the predominant factor responsible for these
modifications. Based on the nature of the modifications imprinted
onto the product, we sought to investigate the host cell proteome
of the recombinant-derived enzymes used in our original non-
optimized sialylation reaction. Proteomic analysis of the sialyl-

transferase enzyme preparations identified different glycolytic
enzymes as background proteins in addition to the sialyltransferase
that, according to previous reports (34), could contribute to the
formation of AGEs found on the sialylated recombinant human
IgG1 Fc product (Table S1). Based on these observations, we op-
timized the preparation of B4GalT and ST6Gal1 enzymes with high
purity and activity. As described in Materials and Methods, the
enzymes were effectively produced in a transient HEK expression
system and purified through cation exchange and affinity chroma-
tography. The optimized enzyme production process resulted in
highly active enzymes devoid of host cell proteins that could facil-
itate the introduction of undesired backbone modifications to the
product. After optimization of these parameters, the achieved

Fig. 2. Application of sialylation process to IVIg alters Fc glycosylation of all IgG isotypes and Fab glycans to generate IgG Fc bearing primarily four sialic acid
residues. IVIg is shown in red, and s4-IVIg is shown in blue. (A) Deconvoluted mass spectrum for papain-digested IVIg. (B) Deconvoluted mass spectrum for
papain-digested s4-IVIg. (C) Glycosylation profile of IgG1 isotypes in IVIg and s4-IVIg. (D) Glycosylation profile of IgG2/3 isotypes in IVIg and s4-IVIg.
(E) Glycosylation profile of IgG4 isotypes in IVIg and s4-IVIg. (F) Fab glycosylation profile for IVIg and s4-IVIg. cps, Cycles per second.
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Fig. 3. Sialylation reaction does not substantially alter the composition or the pharmacokinetics and biodistribution parameters of IVIg. IVIg is shown in red,
and s4-IVIg is shown in blue. (A) Comparison of IgG protein backbone variants and posttranslational modifications for IVIg and s4-IVIg. (B) Distribution of non-
IgG proteins in IVIg after depletion of IgG by protein G. Proteins other than monomeric IgG represent less than 2% of the total IVIg mixture. (C) Comparison
of antigen-binding specificity for IVIg and s4-IVIg. (D) Pharmacokinetics profiles of IVIg and s4-IVIg dosed at 0.6 g/kg i.v. (E) Organ biodistribution analysis of
IVIg and s4-IVIg in WT mice. AUC, area under the curve; LC, light chain.
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product had a predominantly tetrasialylated Fc glycoform
(disialylated glycans on both heavy chains) and was devoid of
undesired modifications (Fig. 1D).

Large-Scale Preparation and Physicochemical Characterization of
s4-IVIg. The optimized sialylation process was subsequently
applied to IVIg for the production of an s4-IVIg. Given that
previous approaches to generate sialic acid-enriched IVIg by
enrichment of the sialylated IgG fraction have been shown to
induce specific enrichment/depletion of selected antibodies
within IVIg (35), we used a flow-through purification workflow
to eliminate non-IVIg components introduced during the sialy-
lation reaction. As described in Materials and Methods, the pu-
rification workflow was composed of a cation exchange column
and a Blue Trisacryl (PALL Life Sciences) column connected
in series. The Blue Trisacryl column is composed of a Cibacron
Blue affinity chromatography reagent that enables the retention
of enzymes and sugar nucleotides. The optimized process was
applied to IVIg and scaled up from low microgram to multigram,
with yields of up to 94%.
Given the broad heterogeneity of IVIg and the limited phys-

icochemical description typically used in the industry to depict
these products, we developed a comprehensive characterization
panel to clearly qualify the sialylated IVIg product. IVIg was
extensively analyzed before and after sialylation. We first con-
firmed that application of the optimized sialylation process
resulted in a sialylated IVIg with symmetrical tetrasialylated Fc
similar to results obtained with the recombinant Fc prototype
(Fig. 2 A and B). The intact mass spectrometric data of the
sialylated Fc also reflected the distribution of sialylated Fc on the
IgG allotypes found naturally in IVIg. More detailed analyses of
glycosylation were performed in an isotype- and site-specific
manner to discriminate the different Fc isotypes and Fab gly-
cosylation. As shown in Fig. 2 C–E, Fc glycosylation was changed
from predominantly asialylated species (e.g., G0F and G1F) in
the starting IVIg material to more than 90% disialylated species
(e.g., A2F, A2, and A2F+BGlcNAc) in each IgG isotype. Analysis
of the Fab glycans further revealed that, although the IVIg starting
material contained a significant distribution of monosialylated
(∼35%) and disialylated (∼35%) glycans in the Fab, the distri-
bution shifted to a higher level of disialylated glycans upon sia-
lylation (∼75%) (Fig. 2F).
As discussed previously, we also wanted to ensure that other

properties of the IVIg mixture were not negatively impacted
during the sialylation process. To this end, we performed a de-
tailed analysis of a wide panel of quality attributes in the starting
material and the product, including distribution of IgG isotypes,
distribution of κ- and λ-chain IgGs, IgG4 half-antibodies, IgG2
disulfide isoforms, and site-specific backbone modifications, such
as oxidation and deamidation, aggregation state, and proteolytic
cleavage. As shown in Fig. 3A, optimization of the process per-
formed with the recombinant Fc material translated effectively
to generation of the s4-IVIg, because all of the proteinaceous
components of the IVIg mixture remained relatively unchanged
during the process. Given that IVIg is known to contain other
non-IgG protein impurities, we also monitored for the impact of
the sialylation process on the non-IgG proteome. This analysis
primarily showed a small decrease in most of the non-IgG pro-
teins in the s4-IVIg product that reflected the effects of addi-
tional purification steps in the process (Fig. 3B). Because large
changes in IVIg antigen-binding specificity have been observed
for SNA-enriched IVIg preparations (28), we evaluated the im-
pact of our sialylation process on antigen-binding specificity. As
shown in Fig. 3C, no major differences were observed between
the parent and sialylated IVIg in terms of antigen-binding speci-
ficity. Furthermore, because the process is always performed under
aseptic conditions, low endotoxin levels are consistently achieved in
the final product (<7 EU/g), s4-IVIg.

Pharmacokinetics and Biodistribution of s4-IVIg. As part of our in-
terest in minimizing negative alterations to the IVIg drug, we
first evaluated the pharmacokinetics and biodistribution prop-
erties of s4-IVIg. IVIg and s4-IVIg were administered as a single
dose at 0.6 g/kg, and blood samples were collected for 68 d.
Human Ig levels were determined by ELISA. Results showed no
significant differences in pharmacokinetics parameters between
IVIg and s4-IVIg (Fig. 3D). Additional analyses comparing the
organ-specific biodistribution of fluorescence-labeled IVIg and
s4-IVIg in mice also confirmed similar tissue accumulation be-
tween IVIg and s4-IVIg at the organ-specific level (Fig. 3E).
These results are consistent with the fact that s4-IVIg is not
significantly modified from the parent IVIg but that the overall
sialylation content has been increased in the IgG mixture.

Biological Efficacy of s4-IVIg Candidate in Different Arthritis Models.
To evaluate the anti-inflammatory activity of the s4-IVIg drug
candidate, we first tested this product in two different models of
arthritis. In the first model (K/BxN), IVIg activity was reported
to be sialylation-dependent (23, 24). The second model (CAIA)
was recently reported to be sialylation-independent (29). For
these and all in vivo studies, the s4-IVIg product was compared
with the same lot of IVIg used as starting material across dif-
ferent models (Figs. 2 and 3 show physicochemical character-
ization of both materials). To compare these materials, we first
performed a detailed dose–response study in each model to
identify the linear range of the dose–response. Optimal doses
within the linear range of the response were used to compare
IVIg and s4-IVIg. This dose optimization is an important ele-
ment of these studies, because in some previous reports, IVIg
has been compared with SNA-enriched or desialylated IVIg
outside the linear range of the response; therefore, any effect of
IVIg sialylation would be difficult to conclude (29). As shown in
Fig. 4 A and D, when a prophylactic or therapeutic dose of IVIg
was administered in the CAIA or K/BxN model, IVIg showed
a good linear dose–response between 0.1 g/kg and 1 g/kg. As
shown in Fig. 4 B and C, s4-IVIg at 0.1 g/kg showed protection
similar to that of IVIg at 1 g/kg when dosed prophylactically in
the CAIA model. Similar results were observed in the K/BxN
arthritis model when s4-IVIg and IVIg were dosed therapeuti-
cally (Fig. 4 E and F). H&E staining of ankle joints of K/BxN-
induced arthritis mice treated with IVIg and s4-IVIg also
revealed extensive neutrophil infiltration in animals treated with
saline and IVIg at 0.1 g/kg but limited infiltration in groups
treated with IVIg at 1.0 g/kg and s4-IVIg at 0.1 g/kg (Fig. 4G).

Biological Efficacy of s4-IVIg Candidate in the ITP Model. As per-
formed in the arthritis models, we first established the dose–
response profile for IVIg in the ITP model (Fig. S3). After
maximum platelet depletion with the antiplatelet antibody, mice
were treated with IVIg from 0.1 to 1 g/kg, and platelet levels
were measured on the day of the IVIg treatment (day 1) and the
two subsequent days after treatment (days 2 and 3 of the ex-
periment). A clear dose–response was observed in this model
within this range (Fig. S3). Complete activity of IVIg was lost at
0.1 g/kg. Similar to the effects observed in the arthritis models,
comparing s4-IVIg and IVIg in the ITP model, a clear enhanced
efficacy was observed. As shown in Fig. 5, therapeutic treatment
with s4-IVIg at 0.1 g/kg returned platelet levels at days 2 and 3 to
levels similar to those obtained with IVIg at 1 g/kg.

Biological Efficacy of s4-IVIg Candidate in Autoimmune Skin-Blistering
Epidermolysis Bullosa Acquisita Pemphigus. We also used an Fcγ
receptor-dependent skin-blistering disease caused by collagen
type VII-specific autoantibodies (36) to evaluate the efficacy of
s4-IVIg. Prophylactic dosing with IVIg between 0.1 and 1 g/kg at
the onset of the disease (day 4) resulted in a clear dose–response
within this dose range, which was measured by the percentage of
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affected body area (Fig. S3). In a separate experiment, s4-IVIg
was compared with IVIg across the doses in the linear range of
the response. As shown in Fig. 5 B and C, although IVIg lost its
activity between 0.3 and 0.1 g/kg, s4-IVIg displayed good efficacy
at these doses, thus showing a stronger effect than that of IVIg in
this model. Furthermore, marked reduction of skin inflammation
and recruitment of inflammatory effector cells were evident in
animals treated with the s4-IVIg preparation (Fig. 5D).

Discussion
As the interplay between specific carbohydrate structures and
protein function continues to be unraveled, promising examples of

the translation of this evolving field into actual therapeutics have
begun to emerge. Two prime examples of successful therapeutic
development leveraging the effects of protein glycosylation are the
development of a long-acting erythropoietin (darbepoetin alfa;
Aranesp; Amgen) with increased sialylation content, which reduces
the clearance facilitated by the asialoglycoprotein receptor (37),
and the development of an anti-CD20 antibody (obinutuzumab;
GAZYVA; Genentech) that is devoid of Fc fucosylation, which
has enhanced effector function and antitumor properties (38).
Identification of the important role of terminal sialic acid-con-
taining IgG glycoforms for IVIg activity in 2006 (23) and its con-
firmation by several independent laboratories in the past few years

Fig. 4. s4-IVIg drug candidate shows enhanced anti-inflammatory potency in two different models of arthritis. (A–C) Results from the CAIA arthritis model.
(D–G) Results from the K/BxN arthritis model. (A) IVIg dose–response in CAIA. (B and C) Comparison of 0.1 g/kg s4-IVIg with IVIg at 0.1 and 1 g/kg in CAIA
dosed prophylactically (on day 1). (C) Mean arthritis score measured at day 10. (D) IVIg dose–response in the K/BxN model. (E and F) Comparison of 0.1 g/kg
s4-IVIg with IVIg at 0.1 and 1 g/kg in the K/BxN model dosed in therapeutic mode. Arrows indicate time of dosing for IVIg/s4-IVIg. (F) Mean arthritis score
measured at day 10. (G) Representative H&E staining of ankle joints of K/BxN-induced arthritis mice treated with saline, IVIg (1.0 and 0.1 g/kg), and s4-IVIg
(0.1 g/kg). Extensive neutrophil infiltration is observed in the saline-treated and 0.1 g/kg IVIg-treated mice, but limited infiltration is observed in the groups
treated with IVIg at 1.0 g/kg and s4-IVIg at 0.1 g/kg. ns, Not significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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in a variety of independent in vivo models (23–27) have opened the
door to the development of new anti-inflammatory therapeutics.
Despite this convincing evidence, some studies using different

or identical in vivo model systems showed sialic acid-independent
pathways of IVIg activity (28, 29). However, none of these studies
can be compared directly because of the use of different protocols
and experimental conditions. For example, the use of desialylated
IVIg generated with unqualified desialylation processes (poten-
tially leading to IVIg preparations with residual sialylation con-

tent) or alteration to the composition of the IVIg mixture during
desialylation or purification could potentially explain the lack of
requirement of sialylation in the model of inflammatory arthritis
(28, 29). Additionally, some studies comparing the biological ac-
tivity of IVIg and desialylated IVIg used fairly high doses out-
side the linear range of dose–response, which complicates in-
terpretation of the results because of the complex and multiple
mechanisms of IVIg (29). Furthermore, some of these studies
used lectin columns to enrich intact IVIg preparations for

Fig. 5. s4-IVIg shows enhanced potency in ITP when treated therapeutically and epidermolysis bullosa acquisita (EBA) pemphigoid mouse models when
treated prophylactically. (A) Comparison of therapeutic dosing of 0.1 g/kg s4-IVIg with IVIg at 0.1 and 1 g/kg. (B and C) Comparison of 0.1 g/kg s4-IVIg with
IVIg at 0.1 and 1 g/kg in the EBA pemphigoid mouse model. (D, Left) Representative day 12 pictures and (D, Right) H&E-stained skin sections are shown for
IVIg- and s4-IVIg–treated groups at 0.1 g/kg. ns, Not significant. (Scale bar: 100 μm.) *P < 0.05; **P < 0.01; ***P < 0.001.
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sialylation, resulting in a predominant enrichment of specific anti-
bodies and IgG glycovariants with enhanced Fab2 and not Fc
sialylation, providing yet another potential explanation for a lack
of activity (28). Some of these issues, such as ensuring that the
properties of the IVIg mixture were not negatively affected
during the sialylation and purification processes, were addressed
in our study. Furthermore, optimal doses within the linear range
of the response were used to compare IVIg and s4-IVIg, thus
enabling the effect of IVIg sialylation to be accurately assessed.
Despite these discrepancies, translating the beneficial effects

of Fc sialylation to a real therapeutic alternative has been limited
by the lack of a robust industrial process enabling large-scale
production of sialylated Igs with desired features essential for
additional clinical development. In fact, none of the previous
studies used industry-level quality control standards to ensure
that the resultant hypersialylated product did not contain un-
desired alterations that could interfere with its activity. As has
been shown here, detailed analysis of IgG glycoforms arising
through a standard assay using a 2,6 sialic acid transferase
established that a variety of AGEs, including 5-methylimidazol-4-
one and aggregates, can be easily introduced if using unqualified
processes. All of these side products would impede the use of
this preparation in the clinic, because AGEs have the potential
to be immunogenic (32, 33, 39–41), and the formation of aggre-
gates may result in the development of immune-related safety
concerns, such as cytokine-release syndrome (7, 42). In addition,
these side products could diminish the sialic acid-dependent
immunomodulatory activity.
By establishing industrial-scale protocols and quality control

steps, we generated for the first time, to our knowledge, a tet-
rasialylated IVIg preparation with an unprecedented level of
purity. This s4-IVIg showed ∼10-fold enhancement of activity in
four independent in vivo model systems, thus confirming the
initial results published in 2006 (23). In contrast to other studies
that failed to show enhanced activity of a sialic acid-enriched
IVIg in the ITP model and that used IVIg enriched by SNA
affinity chromatography (28), we were able to show 10-fold im-
proved activity with our s4-IVIg in this model. This finding is of
special interest, because there is evidence that enriching IgG
with the use of SNA does not increase amounts of the rare sia-
lylated IgG glycoforms containing two sialic acid residues per
sugar moiety (43). In contrast, our protocol results in more than
90% glycovariants with two sialic acid residues per sugar moiety,
which may suggest that this tetrasialylated IgG glycovariant has
the highest anti-inflammatory activity.
In summary, our results show that highly pure and homoge-

neous s4-IVIg preparations are critical to obtain a consistently
higher level of activity across a variety of animal models under
preventive and therapeutic treatment conditions. Nonetheless,
we agree with the conclusions of other studies suggesting that
different pathways of IVIg activity may be operative, depending
on the type of autoimmune disease (5, 7, 44). To maintain all

possible Fab- and Fc-dependent functions, we chose to hyper-
sialylate the intact IVIg molecule and ensured that the breadth
of antibody specificities and isotypes were maintained in this
preparation. Taken together, our results provide the basis for large-
scale production of an IVIg product that has enhanced anti-
inflammatory activity, whereas it maintains other possible functions.
Based on our in vivo studies, patients with skin-blistering diseases or
ITP may be attractive candidates for the first in-human trial.
Patients with chronic inflammatory demyelinating polyneuropathy
may also be an interesting target population, because they respond
to IVIg therapy with an up-regulation of the inhibitory FcγR (45),
which was shown to be a critical IVIg-triggered effector pathway to
dampen autoantibody activity in murine models (46, 47). Fur-
thermore, given the documented effects of Fc sialylation in re-
ducing IgG antibody-dependent cellular cytotoxicity activity, it
may also be possible to use this enzymatic sialylation strategy to
develop therapeutic antibodies with reduced effector functions.

Materials and Methods
Full details are in SI Experimental Procedures.

B4GalT and ST6Gal1. Human B4GalT1 and ST6Gal1 were produced by transient
expression methods in HEK293 cells. More details are in SI Experimental
Procedures.

Preparation of s4-IVIg. Commercial-grade IVIg (GAMMAGARD; Baxter) was
buffer-exchanged into 50 mM 3-(N-morpholino)propanesulfonic acid (Mops)
from its formulation buffer. Buffer exchange was performed on a SciLog
tangential flow filtration setup using a 30-kDa membrane, and the product
was concentrated to ∼125 mg/mL for the sialylation reaction. Buffer-ex-
changed IVIg was incubated from 40 to 48 h at 37 °C with 50 mM Mops (pH
7.4), 8 mM MnCl2, 5 mM UDP-Gal, and B4GalT (15 mU/mg protein) at an IVIg
concentration of ∼110 mg/mL. Galactosylation was confirmed by peptide liquid
chromatography/MS. Galactosylated IVIg was further incubated for 72 h at
37 °C with 50mMMops (pH 7.4), 48 mMCMP-sialic acid, and ST6Gal1 (17 mU/mg
protein). s4-IVIg was buffer-exchanged and concentrated for downstream puri-
fication by a multicolumn setup to remove enzymes and sugar nucleotides used
in the process. This purification was accomplished by passing the sialylated IVIg
mixture in a flow-through mode over a Poros XS Cation Exchange Column
(Applied Biosystems), a Blue Trisacryl Column (PALL Life Sciences), and a di-
atomaceous earth filter, all of which were connected in series on an AKTA
Purifier. Purified s4-IVIg was buffer-exchanged into the formulation buffer
(250 mM glycine, pH 4.5) and concentrated to >80 mg/mL on a 30-kDa poly-
ethersulfone membrane.

Characterization of IVIg and s4-IVIg. More details on the physicochemical and
biological characterizations of s4-IVIg are in SI Experimental Procedures.
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