Mechanism of Action of Immunoglobulin:
Sialylated IgG

Toshiyuki Takai

Abstract Glycosylation of IgG, including sialylation of the Fc region, influences
binding of IgG to receptors. In addition to the classical Fc receptor members, we
now know of several sugar-binding lectins that recognize sialylated oligosaccha-
rides of IgG. These lectins, particularly human dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN), may regulate immune
reactions and are thus candidate molecules in the initiation of the sequence of
IVIG-mediated anti-inflammatory events. This chapter reviews the emerging role
of sialylated IgG Fc in the IVIG-mediated therapeutic effect, in particular the
importance of DC-SIGN-initiated events.
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Introduction

The mechanisms underlying the action of IVIG involve blocking or neutralizing
the effects of IgG Fc receptors (FcyRs), complements, pathogenic antibodies,
superantigens, and cytokines. The effects of receptors and complements are attrib-
uted to the Fc region of IgG, and the effects of pathogenic antibodies,
superantigens, and cytokines are ascribed to the Fab region and induction of
regulatory cells including regulatory T (Treg) cells. The pluripotential nature of
IgG and related molecules with which IgG molecules interact (Fig. 1) suggests the
presence of multiple mechanisms by which IVIG alleviates disease. A recent series
of studies by Ravetch and colleagues showed that IVIG mechanisms involve
recognition of sialylated IgG Fc by a carbohydrate receptor on sensor macrophages
and dendritic cells (DCs), namely DC-specific intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN or CD209), which indirectly leads to upregulation
of a unique inhibitory FcyR, FcyRIIB, on effector macrophages [1].
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Fig. 1 Schematic view of Ig Fc-binding receptors
The schematic structures of human IgG Fc receptor proteins are shown with ligands and expression
profiles. The structures of IgE-, IgA-, and IgM-binding Fc receptors are also shown. In the classical
1gG Fc receptors FcyRI, RII, and RIII (and RIV in mice), FcyRI is a high-affinity receptor that
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Fig. 2 Binding of glycosylated IgG to a canonical Fcy receptor

A schematic view of an IgG molecule bound to a classical FcyR. Note that low-affinity FcyR
receptors bind IgG molecules as multivalent immune complexes (not shown in figure). The N-
linked oligosaccharides (black hexagons) are located in the Fc portions, as biantennary chains
bound to Asn297 of Cy2 domains (for composition of the residues, /eff) [2], and in variable regions
of the L and H chains (not shown), depending on the N-glycosylation consensus sequence, Asn—X—
Ser/Thr. It has been proposed that sialylation (white hexagons) at the termini of oligosaccharides
induces conformational change of the Fc Cy2-Cy3 domains, from “open” to “closed”, and reduces
IgG binding to the Fc receptor [3], although this has not been verified by X-ray crystallography
[4]. Man, mannose; GlcNAc, N-acetylglucosamine; Gal, galactose; Fuc, fucose; NeuSAc, N-
acetylneuraminic acid (sialic acid)

Glycosylated IgG

N-linked oligosaccharides of human serum IgG are present in the Fc portion (Fig. 2)
and sometimes in the Vi and Vi regions, depending on the consensus sequence,
Asn—X-Ser/Thr. Sialyl residues may be located at the termini of biantennary
carbohydrate chains. Studies of the relation of IgG glycosylation to physiology
and pathology began over 50 years ago [5]. An analysis of the composition of
carbohydrate residues in glycosylated IgG [6] suggested the presence of one sialic
acid residue per IgG molecule on average. It was also shown that the carbohydrates
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Fig. 1 (continued) binds monomeric IgG. FcyRII and RIII (and RIV) show low affinities to IgG, so
they bind IgG as immune complexes. FcyRI and RIIIA associate with a homodimeric Fc receptor
common Yy chain harboring an immunoreceptor tyrosine-based activation motif (ITAM), and
FcyRIIA harbors an endogenous ITAM-like motif. Upon ligand binding, these receptors deliver
activating signaling within cells. FcyRIIB has an immunoreceptor tyrosine-based inhibitory motif
(ITIM) and delivers inhibitory signals upon ligand binding. DC-SIGN (CD209) and FcyRII
(CD23) are C-type lectin family members and are proposed sialyl Fc IgG receptors. LCs,
Langerhans cells
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of IgG Fc determine the half-life of IgG in plasma and its deposition in tissues
[7]. The serum level of IgG with no terminal galactose residues is associated with
the rheumatoid arthritis (RA) pathology, eg, in the production of IgG rheumatoid
factor (RF) [8]. This suggests that N-glycosylation of Fc may be linked to immune
response and disease states in general. Fucose residues in oligosaccharides of IgG
may also modulate immune responses, because fucosylation of IgG reduces binding
to FcyRs, and a fucose-less anti-CD20 monoclonal antibody, rituximab, exhibits
more active antibody-dependent cell-mediated cytotoxicity toward Raji human B
cells of human NK cells in vitro [9].

Sialylation of IgG Fc¢

Findings from earlier studies suggest that terminal sialylation of Fc is important in
IgG turnover [5, 6]. In addition, the sialic acid content of RF isolated from an RA
patient was lower than that of normal IgG [7], suggesting that sialylation is related
to disease. However, the potential significance of sialyl IgG in health and disease
was not well recognized until recent studies by Ravetch and colleagues, which
highlighted sialyl IgG Fc and its relation to immune regulation. Their research
suggests that FcyRIIB has a role in feedback regulation of B cells and in inflam-
matory responses by effector cells, a notion already widely accepted. Several lines
of evidence indicate that the therapeutic activity of IVIG is mediated through its Fc
portion and FcyRIIB in mouse models of immune thrombocytic purpura (ITP), RA,
and nephrotoxic nephritis [10], and it was associated with upregulated expression of
FcyRIIB on splenic macrophages in an ITP model.

Kaneko et al. [11] demonstrated the significance of sialyl Fc in the anti-
inflammatory action of IVIG. Measurement of the affinities of the sialyl and
non-sialyl forms of IgG to FcyRs indicated that sialylation reduces binding affin-
ities by five- to ten-fold. In addition, sialyl Fc, but not non-sialyl IVIG, mediated
anti-inflammatory activity in an arthritis model, suggesting that the sialic acids of
Fc are responsible for the effect. They also found that the sialic acid content of IgG
was reduced upon induction of an antigen-specific immune response, which sug-
gests that differential sialylation constitutes a switch from steady-state anti-inflam-
matory activity to pro-inflammatory effects upon antigenic challenge (Fig. 3).

Anthony et al. [12] developed a fully recombinant sialyl IgG1 Fc fragment with
greatly enhanced potency, as compared with IVIG, in arthritis and ITP models. A
specific receptor for sialyl Fc was believed to be involved in this pathway. This
receptor was later identified as a C-type lectin, SIGNR1 (specific [CAM-3-grabbing
non-integrin-related 1), which is expressed in the splenic marginal zone in mice
[13]. Genetic deletion of SIGNR1 in mice abrogated the anti-inflammatory activity
of IVIG and sialylated Fc. The study authors also suggested that human DC-SIGN,
a homolog of murine SIGNRI1, could be a receptor for sialyl Fc and a mediator of
anti-inflammation because of the similarity to SIGNRI in its binding to sialyl Fc
in vitro.
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Fig. 3 Proposed mechanism of sialylated IgG Fc—~DC-SIGN-FcyRIIB-mediated anti-inflam-
mation

On the basis of data from animal models, a model for DC-SIGN-mediated anti-inflammation has
been proposed in which sialylated Fc binds to DC-SIGN on sensor macrophages and DCs, thereby
inducing production of IL-33, which then induces basophils to produce IL-4. These basophils then
promote increased expression of FcyRIIB on effector macrophages [1]

General Characteristics of DC-SIGN

DC-SIGN is preferentially expressed on human peripheral and lymph node DCs
and some macrophages [14] (Fig. 1) and was initially characterized as a receptor for
the HIV envelope glycoprotein gp120. In vitro analyses of DC-SIGN have revealed
that this receptor recognizes a broad range of pathogen-derived ligands and self-
glycoproteins as a pattern recognition receptor and is capable of mediating different
aspects of DC biology, including intercellular communication, migration, pathogen
recognition, signaling, and antigen presentation [14]. However, the in vivo function
of DC-SIGN is difficult to ascertain, in part because there are multiple genetic
homologs (SIGNR1-8) in mice with no clear DC-SIGN ortholog. While human
DC-SIGN is expressed on DCs and some macrophages, mouse SIGNRI is
expressed exclusively on marginal zone macrophages, not on DCs. SIGNR1 and
SIGNR3 knockout and human DC-SIGN transgenic mouse models have failed to
reproduce the predicted in vitro physiological functions of DC-SIGN. Thus, avail-
able mouse models may be limited in their capacity to reveal the physiological role
of DC-SIGN in in vivo models [14].
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The Potential DC-SIGN-Mediated IVIG Mechanism

Anthony et al. [1] proposed a cascade by which sialylated IVIG Fc and DC-SIGN
induce anti-inflammatory activity in an arthritis model expressing human DC-SIGN
as a transgene. They found that IVIG action was attained by transfer of macro-
phages or DCs treated with sialylated Fc into naive recipient mice. Sialylated
Fc administration to mice induced a T helper (Th)2 cytokine, IL-33, which then
induced basophils to produce another Th2 cytokine, IL-4. These basophils ulti-
mately increased expression of FcyRIIB on inflammatory effector macrophages
(Fig. 3). To better understand the structural basis of sialylated Fc binding to
DC-SIGN, Sondermann et al. [3] used circular dichroism spectrometry to examine
alterations in Fc structure and found that sialylation induced significant structural
alterations, from an “open” to “closed” state in the Cx2 domain of Fc (Fig. 2).
CD23, a low-affinity receptor for IgE (Fig. 1), bound IgG upon Fc sialylation in a
cell-based binding assay. On the basis of these results, they hypothesized that Fc
domains undergo a shift between an “open” activating conformation and a “closed”
anti-inflammatory state, thereby regulating Fc binding to FcyRs or DC-SIGN,
which could be a general immunoregulatory mechanism for maintaining homeo-
stasis. Crispin et al. [4] tested this hypothesis by means of X-ray crystallography
but observed no conformational changes upon sialylation of Fc, whose structure
was strikingly similar to that of a previously reported IgG-bearing nonsialylated
Fc. Thus, the mechanism by which sialyl IgG Fc mediates anti-inflammatory
activity remains unclear.

Massoud et al. [15] observed that DC immunoreceptor, or DCIR, which is also a
C-type lectin on DCs, mediates the effect of sialylated IVIG. In this case, the anti-
inflammatory effect was associated with induction of Treg cells in an airway
hyperresponsiveness model. This suggests that sialyl IgG can also be bound by
DCIR, which induces inhibitory signaling and makes the DC tolerogenic. This
mechanism differs from that of the DC-SIGN-FcyRIIB. Késermann et al. [16]
found that the action of IVIG on human monocytes in vitro depends on sialylated
Fab rather than on the Fc portion. Additionally, a mechanism in human DCs for
IVIG-mediated reciprocal regulation of Th17 and Th1 cells, and Treg cell induction
is Fab-dependent [17], and DC-SIGN on DCs directly interacts with Fab of IVIG,
thus inducing expansion of Treg cells [18].

Taken together, these observations caution against oversimplification of the
IVIG action of DC-SIGN and sialyl Fc and against overestimation of the sialyl
Fc—DC-SIGN-FcyRIIB axis in different mouse disease models and its extrapola-
tion to IVIG therapy in humans [19]. The mechanisms of action of IVIG involve a
wide spectrum of Fab-mediated and, probably, distinct Fc-mediated mechanisms,
which may or may not depend on IVIG sialylation. For example, upregulation of
FcyRIIB expression by IVIG could not be confirmed by gene expression profiling,
even in Kawasaki disease [20]. von Gunten et al. [19] stressed that many of the
disease-specific mechanisms of IVIG observed in mouse models must be validated
in humans, as animal models offer only limited insight into human disease and
might be biased due to the xenogeneic or species-specific properties of IVIG.
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Conclusion

DC-SIGN expressed on macrophages and DCs may be responsible for initiating
IVIG Fc-mediated anti-inflammatory events leading to upregulation of FcyRIIB on
effector macrophages. Because IVIG is a pluripotent drug, its mode of action allows
for multiple scenarios, potentially including the sialyl Fc—-DC-SIGN-FcyRIIB
cascade.

Acknowledgements The author thanks Nicholas Halewood for editorial assistance. This work is
supported in part by a Grant-in-Aid from the Ministry of Education, Culture, Sports, Science and
Technology of Japan (to TT).

References

1. Anthony RM, Kobayashi T, Wermeling F, Ravetch JV. Intravenous gammaglobulin sup-
presses inflammation through a novel Ty2 pathway. Nature. 2011;475(7354):110-3. http://
dx.doi.org/10.1038/nature 10134 PMID:21685887.

2. Dwek RA, Lellouch AC, Wormald MR. Glycobiology: ‘the function of sugar in the IgG
molecule’. J Anat. 1995;187(Pt 2):279-92. PMID:7591992.

3. Sondermann P, Pincetic A, Maamary J, Lammens K, Ravetch JV. General mechanism
for modulating immunoglobulin effector function. Proc Natl Acad Sci U S A. 2013;110
(24):9868-72. http://dx.doi.org/10.1073/pnas.1307864110 PMID:23697368.

4. Crispin M, Yu X, Bowden TA. Crystal structure of sialylated IgG Fc: implications for the
mechanism of intravenous immunoglobulin therapy. Proc Natl Acad Sci U S A. 2013;110(38):
E3544-6. http://dx.doi.org/10.1073/pnas.1310657110 PMID:23929778.

5. Rosevear JW, Smith EL. Glycopeptides. 1. Isolation and properties of glycopeptides from a
fraction of human gamma-globulin. J Biol Chem. 1961;236:425-35. PMID:13743526.

6. Clamp JR, Putnam FW. The carbohydrate prosthetic group of human y-globulin. J Biol Chem.
1964;239:3233-40. PMID:14245367.

7. Dodon MD, Quash GA. The antigenicity of asialylated IgG: its relationship to rheumatoid
factor. Immunology. 1981;42(3):401-8. PMID:6162783.

8. Parekh RB, Roitt IM, Isenberg DA, Dwek RA, Ansell BM, Rademacher TW. Galactosylation
of IgG associated oligosaccharides: reduction in patients with adult and juvenile onset rheu-
matoid arthritis and relation to disease activity. Lancet. 1988;1(8592):966-9. http://dx.doi.org/
10.1016/S0140-6736(88)91781-3 PMID:2896829.

9. Shinkawa T, Nakamura K, Yamane N, Shoji-Hosaka E, Kanda Y, Sakurada M, et al. The
absence of fucose but not the presence of galactose or bisecting N-acetylglucosamine of
human IgG1 complex-type oligosaccharides shows the critical role of enhancing antibody-
dependent cellular cytotoxicity. J Biol Chem. 2003;278(5):3466—73. http://dx.doi.org/10.
1074/jbc.M210665200 PMID:12427744.

10. Samuelsson A, Towers TL, Ravetch JV. Anti-inflammatory activity of IVIG mediated through
the inhibitory Fc receptor. Science. 2001;291(5503):484—6. http://dx.doi.org/10.1126/science.
291.5503.484 PMID:11161202.

11. Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory activity of immunoglobulin G
resulting from Fc sialylation. Science. 2006;313(5787):670-3. http://dx.doi.org/10.1126/sci
ence.1129594 PMID:16888140.


http://dx.doi.org/10.1038/nature10134
http://dx.doi.org/10.1038/nature10134
http://dx.doi.org/10.1073/pnas.1307864110
http://dx.doi.org/10.1073/pnas.1310657110
http://dx.doi.org/10.1016/S0140-6736(88)91781-3
http://dx.doi.org/10.1016/S0140-6736(88)91781-3
http://dx.doi.org/10.1074/jbc.M210665200
http://dx.doi.org/10.1074/jbc.M210665200
http://dx.doi.org/10.1126/science.291.5503.484
http://dx.doi.org/10.1126/science.291.5503.484
http://dx.doi.org/10.1126/science.1129594
http://dx.doi.org/10.1126/science.1129594

230 T. Takai

12.

13.

14.

15.

16.

17.

18.

19.

20.

Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch
JV. Recapitulation of IVIG anti-inflammatory activity with a recombinant IgG Fc. Science.
2008;320(5874):373—6. http://dx.doi.org/10.1126/science.1154315 PMID:18420934.
Anthony RM, Wermeling F, Karlsson MC, Ravetch JV. Identification of a receptor required
for the anti-inflammatory activity of IVIG. Proc Natl Acad Sci U S A. 2008;105(50):19571-8.
http://dx.doi.org/10.1073/pnas.0810163105 PMID:19036920.

Garcia-Vallejo JJ, van Kooyk Y. The physiological role of DC-SIGN: a tale of mice
and men. Trends Immunol. 2013;34(10):482—6. http://dx.doi.org/10.1016/j.it.2013.03.001
PMID:23608151.

Massoud AH, Yona M, Xue D, Chouiali F, Alturaihi H, Ablona A, et al. Dendritic cell
immunoreceptor: a novel receptor for intravenous immunoglobulin mediates induction of
regulatory T cells. J Allergy Clin Immunol. 2014;133(3):853-63.e5. http://dx.doi.org/10.
1016/j.jaci.2013.09.029 PMID:24210883.

Kidsermann F, Boerema DJ, Riiegsegger M, Hofmann A, Wymann S, Zuercher AW,
et al. Analysis and functional consequences of increased Fab-sialylation of intravenous
immunoglobulin (IVIG) after lectin fractionation. PLoS ONE. 2012;7(6):e37243. http://dx.
doi.org/10.1371/journal.pone.0037243 PMID:22675478.

Maddur MS, Sharma M, Hegde P, Lacroix-Desmazes S, Kaveri SV, Bayry J. Inhibitory effect
of IVIG on IL-17 production by Th17 cells is independent of anti-IL-17 antibodies in the
immunoglobulin preparations. J Clin Immunol. 2013;33(S1 Suppl 1):S62-6. http://dx.doi.org/
10.1007/s10875-012-9752-6 PMID:22864643.

Trinath J, Hegde P, Sharma M, Maddur MS, Rabin M, Vallat JM, et al. Intravenous immuno-
globulin expands regulatory T cells via induction of cyclooxygenase-2-dependent prostaglan-
din E2 in human dendritic cells. Blood. 2013;122(8):1419-27. http://dx.doi.org/10.1182/
blood-2012-11-468264 PMID:23847198.

von Gunten S, Shoenfeld Y, Blank M, Branch DR, Vassilev T, Kédsermann F, et al. IVIG
pluripotency and the concept of Fc-sialylation: challenges to the scientist. Nat Rev Immunol.
2014;14(5):349. http://dx.doi.org/10.1038/nri3401-c1 PMID:24762829.

Abe J, Jibiki T, Noma S, Nakajima T, Saito H, Terai M. Gene expression profiling of the effect
of high-dose intravenous Ig in patients with Kawasaki disease. J Immunol. 2005;174
(9):5837-45. http://dx.doi.org/10.4049/jimmunol.174.9.5837 PMID:15843588.


http://dx.doi.org/10.1126/science.1154315
http://dx.doi.org/10.1073/pnas.0810163105
http://dx.doi.org/10.1016/j.it.2013.03.001
http://dx.doi.org/10.1016/j.jaci.2013.09.029
http://dx.doi.org/10.1016/j.jaci.2013.09.029
http://dx.doi.org/10.1371/journal.pone.0037243
http://dx.doi.org/10.1371/journal.pone.0037243
http://dx.doi.org/10.1007/s10875-012-9752-6
http://dx.doi.org/10.1007/s10875-012-9752-6
http://dx.doi.org/10.1182/blood-2012-11-468264
http://dx.doi.org/10.1182/blood-2012-11-468264
http://dx.doi.org/10.1038/nri3401-c1
http://dx.doi.org/10.4049/jimmunol.174.9.5837

	Mechanism of Action of Immunoglobulin: Sialylated IgG
	Introduction
	Glycosylated IgG
	Sialylation of IgG Fc
	General Characteristics of DC-SIGN
	The Potential DC-SIGN-Mediated IVIG Mechanism
	Conclusion
	References


