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Abstract

HSV-1 is the leading cause of sporadic encephalitis in humans. HSV infection of susceptible 129S6 mice results in fatal
encephalitis (HSE) caused by massive inflammatory brainstem lesions comprising monocytes and neutrophils. During
infection with pathogenic microorganisms or autoimmune disease, IgGs induce proinflammatory responses and recruit
innate effector cells. In contrast, high dose intravenous immunoglobulins (IVIG) are an effective treatment for various
autoimmune and inflammatory diseases because of potent anti-inflammatory effects stemming in part from sialylated IgGs
(sIgG) present at 1–3% in IVIG. We investigated the ability of IVIG to prevent fatal HSE when given 24 h post infection. We
discovered a novel anti-inflammatory pathway mediated by low-dose IVIG that protected 129S6 mice from fatal HSE by
modulating CNS inflammation independently of HSV specific antibodies or sIgG. IVIG suppressed CNS infiltration by
pathogenic CD11b+ Ly6Chigh monocytes and inhibited their spontaneous degranulation in vitro. FccRIIb expression was
required for IVIG mediated suppression of CNS infiltration by CD45+ Ly6Clow monocytes but not for inhibiting development
of Ly6Chigh monocytes. IVIG increased accumulation of T cells in the CNS, and the non-sIgG fraction induced a dramatic
expansion of FoxP3+ CD4+ T regulatory cells (Tregs) and FoxP32 ICOS+ CD4+ T cells in peripheral lymphoid organs. Tregs
purified from HSV infected IVIG treated, but not control, mice protected adoptively transferred mice from fatal HSE. IL-10,
produced by the ICOS+ CD4+ T cells that accumulated in the CNS of IVIG treated, but not control mice, was essential for
induction of protective anti-inflammatory responses. Our results significantly enhance understanding of IVIG’s anti-
inflammatory and immunomodulatory capabilities by revealing a novel sIgG independent anti-inflammatory pathway
responsible for induction of regulatory T cells that secrete the immunosuppressive cytokine IL-10 and further reveal the
therapeutic potential of IVIG for treating viral induced inflammatory diseases.

Citation: Ramakrishna C, Newo ANS, Shen Y-W, Cantin E (2011) Passively Administered Pooled Human Immunoglobulins Exert IL-10 Dependent Anti-
Inflammatory Effects that Protect against Fatal HSV Encephalitis. PLoS Pathog 7(6): e1002071. doi:10.1371/journal.ppat.1002071

Editor: R. Mark L. Buller, Saint Louis University, United States of America

Received December 31, 2010; Accepted April 5, 2011; Published June 2, 2011

Copyright: � 2011 Ramakrishna et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was funded by NIH grant R01 AI07839 awarded to EC. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: ecantin@coh.org

Introduction

Herpes simplex virus (HSV) is the leading cause of sporadic

encephalitis, which, although rare, can be fatal or result in severe

neurological deficits in survivors [1]. We reported previously that

dysregulated CNS inflammatory responses cause fatal HSE in

129S6 (129) mice. Most importantly, we showed that once CNS

inflammation was initiated by HSV entry into the brainstem,

inhibiting virus replication could not prevent development of fatal

HSE [2,3]. Similar conclusions have emerged from studies with

susceptible BALB/c mice [4].

IVIG comprises human polyclonal IgG derived from pooled

plasma collected from thousands of healthy donors. Initially it was

used to provide normal levels of circulating IgG as replacement

therapy for primary and secondary immunodeficiencies [5,6].

IVIG has a broad repertoire of neutralizing antibodies for various

pathogens and neutralization is commonly assumed to be the

mechanism of protection in secondary immunodeficiencies [7].

Remarkably, early reports that IVIG was able to prevent fatal

HSE in BALB/c mice independently of neutralizing activity, even

when administered up to 48 h post infection (pi), were not further

investigated to elucidate the mechanism(s) of protection [8,9].

IVIG is a FDA approved treatment for immune thrombocyto-

penia (ITP) and Kawasaki’s vasculitis, and dramatic response rates

that exceed 80% have been observed for ITP. The use of IVIG for

treating a variety of autoimmune and systemic inflammatory

diseases has steadily increased to include not only antibody

mediated diseases, but also disorders caused by dysregulated

cellular immunity, such as multiple sclerosis (MS), myasthenia

gravis and graft versus host disease [10,11]. IVIG has been

reported to prevent development of experimental autoimmune

encephalitis (EAE), an animal model of MS, by increasing both the

frequency and suppressive activity of CD4+ T regulatory cells

(Tregs) [12,13]. Nonetheless, despite intense study, IVIG’s

mechanism(s) of action remain enigmatic, as discussed in several

recent reviews [11,14,15,16,17,18].

Based on studies in mouse models of ITP, serum induced

arthritis and nephrotoxic nephritis, Ravetch and colleagues

proposed a model to explain the sustained anti-inflammatory

effects of IVIG. They proposed that IVIG interacted initially with
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a CSF-1 dependent ‘sensor’ cell, identified as a regulatory

macrophage. The ensuing upregulation of the inhibitory FccRIIb

concomitant with down regulation of the activating FccRIV has

the net effect of raising the activation threshold of effector

monocytes, thereby diminishing inflammation [16,19]. An impor-

tant recent finding by this group was that a subset of IgG

molecules sialylated on Asp297 in the Fc domain could

recapitulate the protective effects of IVIG in the ITP, nephrotoxic

nephritis and arthritis models [20]. Sialylated IgGs (sIgG), which

comprise 1–5% of IVIG, were effective at ,10 fold lower

concentration, which explains the requirement for high dose (1–

2 g/kg) IVIG [16,21].

We report here that low dose (150 mg/kg) IVIG protected all

129 mice from fatal HSE. IVIG mediated protection against

HSE depended on its immunomodulatory activity but was

independent of HSV specific antibodies. We confirmed the anti-

inflammatory activity of purified sIgG, which is accessed with

high dose IVIG. Importantly, we showed that the non-sIgG

fraction of IVIG, corresponding to low dose IVIG, mediated

equally potent anti-inflammatory effects to prevent fatal HSE.

IVIG devoid of sIgG induced a dramatic expansion of Tregs and

ICOS+ CD4+ T cells. Protection against fatal HSE was critically

dependent on IL-10 produced primarily by the ICOS+ CD4+ T

cells that accumulated in the CNS of IVIG treated but not PBS

treated control mice. Although, signaling via the inhibitory

FccRIIb contributed to IVIG induced suppression of CNS

infiltration, the absence of FccRIIb did not abrogate protection

against fatal HSE, which is characterized by accumulation of

pathogenic Ly6Chigh macrophages.

Results

A Single Dose of IVIG Is Sufficient to Protect 129 mice
We investigated IVIG protection in a mouse model of HSE

characterized by massive accumulation of macrophages and

neutrophils in inflammatory lesions in the brainstem (BS) [3]

using a dose of 3.75 mg IVIG/mouse, which was previously

reported to protect all HSV infected BALB/c mice [9]. HSV

inoculated 129 mice were injected i.p. with 3.75 mg IVIG 24 h pi

and survival was compared to PBS treated control mice. While

.90% of the control mice succumbed to HSE by 7–12 pi, all

IVIG recipients survived (Figure 1A). Protection against fatal

HSE depended on the timing of IVIG administration [9].

Although, IVIG prolonged survival of infected 129 mice when

given at 72 or 96 h pi, it nonetheless failed to prevent mortality

(Figure S1). Because IVIG preparations typically contain ,1%

aggregates and 3–15% IgG-dimers [22,23] we evaluated the

contribution of IgG-dimers and monomers to protection. When

HPLC purified IVIG fractions were injected into mice 24 h pi, the

monomeric, but not the dimeric, IgG fraction protected all mice

from fatal HSE (Figure 1A). Hence, IVIG protection resides

exclusively within the monomeric IgG fraction.

HSV Neutralizing Activity Is Dispensable for IVIG
Protection

Purified F(ab)2 and Fc fragments were injected into infected

mice 24 h pi and the mice were monitored for survival. Neither the

F(ab)2 or Fc fragment preparations were protective when given at

4 mg/mouse. However, increasing the Fc fragment dose to

25 mg/mouse (equivalent to high dose IVIG), protected ,65%

of mice (Figure 1B). IVIG is rich in neutralizing antibodies

specific for HSV-1 and 2 [24], and that the F(ab)2 fragments

retained neutralizing activity yet failed to protect suggested that

neutralization was dispensable for IVIG mediated protection [8].

To demonstrate conclusively that IVIG protection against HSE

was independent of HSV neutralizing activity, infected mice were

given IVIG devoid of neutralizing antibodies 24 h pi. As expected,

IVIG adsorbed free of neutralizing, but not non-neutralizing

antibodies, was still able to protect against fatal HSE (Figure 1B
and Table 1). To determine a role for non-neutralizing

antibodies, pooled sera collected from donors seronegative for

both HSV-1 and HSV-2 was administered to infected mice 24 h

pi. Although, the absence of HSV specific antibodies in

seronegative IVIG reduced protection only slightly relative to

IVIG, the effect was statistically significant (Figure 1B, 70%

versus 100%, p = 0.014), which suggests that non-neutralizing

HSV specific antibodies present in the HSV adsorbed sera have a

minor role in protection.

Definition of the Protective Component(s) in IVIG
HSV infected mice were given deglycosylated IVIG or IVIG

desialylated at either a2,3 or both the a2,3 and a2,6 linkages 24 h

pi to determine the contribution of glycosylation, and more

specifically sialylation, of IgG to protection in the HSE model.

Deglycosylated IVIG failed to protect, consistent with glycosyla-

tion being mandatory for maintaining the functional integrity of

the Fc domain, which is critical for protection by IVIG [25]. In

contrast to the ITP and arthritis models, $80% of HSV infected

mice treated with 3.75 mg IVIG desialylated with either a2,3 or

a2,6 specific neuraminidases survived (Figure 1C), despite

complete desialylation (Figure S2). To determine if sIgG (S+

IgG) could prevent HSE induced mortality, mice were given sIgG

purified on Sambucus nigra (SNA) lectin affinity columns. Notably,

.75% of infected mice given 1 mg sIgG purified from IVIG

(HSV+S+ IgG) survived compared to ,45% of mice given sIgG

purified from pooled seronegative sera (HSV2S+ IgG)

(Figure 1D). Protection declined with lower doses and a sIgG

dose ,0.5 mg failed to protect. Thus, sIgG can protect against

fatal HSE when given at doses corresponding to high dose IVIG,

much greater than that present in 3.75 mg IVIG. The non-sIgG

(S2) fraction of IVIG also conferred statistically greater protection

Author Summary

We show that fatal HSV encephalitis (HSE) is caused by
excessive brainstem inflammation. Once brainstem inflam-
mation is initiated, antiviral drugs that inhibit only viral
replication are ineffective in protecting against fatal HSE.
Infusion of high doses of pooled human IgG (IVIG) is an
effective anti-inflammatory treatment for various autoim-
mune diseases. One anti-inflammatory mechanism de-
pends on sialylated IgGs (sIgG) present in limiting amounts
(1–3%) in IVIG, hence the need for high doses of IVIG. We
discovered a novel anti-inflammatory pathway mediated
by low doses of IVIG independent of sIgG that prevented
fatal HSE by suppressing CNS inflammation. The non-sIgG
fraction of IVIG induced regulatory CD4+ T cells that
produced the immunosuppressive cytokine IL-10 in the
brainstem. Importantly, we show that IL-10 is critical for
suppressing the generation of pathogenic inflammatory
macrophages. Thus, IVIG has a remarkable ability to
balance the host inflammatory responses to virus infection
and thereby promotes virus clearance without bystander
damage to the CNS, accounting for survival of all infected
mice. Overall, our results provide important new insights in
understanding IVIG’s anti-inflammatory activity and further
reveal its potential for use in treatment of viral inflamma-
tory diseases.

Non-Sialylated IVIG Induces IL-10 to Suppress Encephalitis
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than that isolated from HSV seronegative IVIG when adminis-

tered at 3.75 mg/mouse; .90% and ,60% of mice survived,

respectively (Figure 1D). Cumulatively, these results reveal a

novel potent sIgG independent anti-inflammatory pathway

mediated by low dose IVIG.

IVIG Diminishes CNS Inflammation and Prolongs Integrity
of the Blood Brain Barrier

Massive CNS inflammation is the primary cause of fatal HSE in

129 mice, while C57B6 mice, which exhibit minimal CNS

inflammation, are resistant to HSE [3]. Flow cytometric analysis

of leukocyte CD45high infiltrates in the BS revealed that 129 mice

had 75% CD45high infiltrates compared to 30% CD45high

infiltrates for B6 mice at d12 pi (Figure 2A). Although 129 mice

cleared infectious virus from the BS and trigeminal ganglia (not

shown) by d10 pi, they nonetheless failed to control CNS

inflammation (Figure 2B). Compared to control infected 129

mice, IVIG treated mice exhibited a dramatic reduction of

infiltrating CD45high peripheral leukocytes at d6, 8 and 12 pi

(Figure 2C–F). At d6 pi, CD45high infiltrates comprised ,12%

(range 6–18%) of total cells recovered from the BS of IVIG treated

129 mice compared to ,30% (range 22–42%) in control 129 mice

(Figure 2C, E). By d8 pi, CD45high infiltrates comprised more

than 55% (range 45–62%) of total BS cells in control mice

compared to ,24% (range 20–28%) in IVIG treated mice

(Figure 2C, E). The majority of cells that infiltrated the BS of

control 129 mice were CD11b+ macrophages and neutrophils

(Figure 2E). The few surviving control mice exhibited even more

pronounced inflammation (,75%) at d12 pi (Figure 2A, C)

compared to protected IVIG treated mice (,30%, Figure 2C).

When presented as total cell numbers the striking difference in

leukocyte infiltration is even more dramatic, with an initial 3-fold

Figure 1. Protection against fatal HSE by IVIG and derivatives.
HSV infected 129 mice were injected i.p. at 24 h pi with (A) PBS,
3.75 mg of IVIG, or monomeric or dimeric fractions of IVIG; (B) 3.75 mg
of pooled HSV positive or negative sera, HSV adsorbed IVIG, 4 mg of
F(ab)2, or 4 or 25 mg of Fc fragments; (C) 3.75 mg of IVIG, a2,3- or a2,6-
desialylated IVIG or deglycosylated IVIG or PBS; (D) 1 mg of sialylated
(S+) or 3.75 mg of non-sialylated (S2) IgG isolated from IVIG (HSV+) or
HSV seronegative (HSV2) pooled sera and monitored for survival. Data

are representative of 3–5 experiments (n = 16–50). **P,0.01 for 1B:
HSV+ IVIG vs. HSV2 IVIG; *P,0.05 for 1D: HSV+S2 vs. HSV2S2 IgG;
***P,0.0001 for 1A: PBS and dimeric IgG vs. IVIG and monomeric IgG,
1B: 4 mg F(ab)2 or Fc fragments vs. IVIG or HSV adsorbed IVIG and 1C:
IVIG vs. deglycosylated IVIG.
doi:10.1371/journal.ppat.1002071.g001

Table 1. Specificities of IVIG derivatives.

IVIG & Derivatives
HSV ELISA
titer

Neutralizing
Titer

Sialylation
Titer

IVIG or Human Serum 1/10240 1/320 + (1/625)

HSV Adsorbed IVIG 1/5120 ,1/2 + (1/625)

*DG – IVIG 1/5120 1/320 2 (,1/5)

+a2,3 DS IVIG 1/5120 1/160 2 (,1/5)

+a2,6 DS IVIG 1/5120 1/320 2 (,1/5)

*HSV+ S+ IgG 1/5120 ,1/2 +++

*HSV+ S2 IgG 1/5120 1/320 NA

HSV2 Pooled Sera ,1/5 ,1/2 + (1/1250)

qHSV2 S+ IgG ,1/5 ,1/2 +++
qHSV2 S2 IgG ,1/5 ,1/2 NA

*DG-IVIG, PNGase F digested IVIG to achieve deglycosylation.
+DS-IVIG, Neuraminidase treated IVIG to remove terminal sialic acid residues at
a2,3- or a2,6- position.

*/qS+/2 IgG, SNA lectin column eluted IgG to separate sialylated (S+) or non-
sialylated (S2) from either IVIG or HSV negative sera.
NA, not applicable.
doi:10.1371/journal.ppat.1002071.t001
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difference in total CD45high cells at d6 pi (5.562.66104 in IVIG

treated mice compared to 1.660.56105 in controls) that escalated

to a massive 7-fold difference by d8 pi (160.26105 in IVIG vs.

7.261.16105 in controls; Figure 2C). The reduced CNS

inflammation in IVIG treated 129 mice mirrored the leukocyte

CNS infiltration observed in untreated resistant B6 mice that

survive (Figure 2A, C–F). It is also evident that IVIG’s anti-

inflammatory effects persist long-term (Figure 2C).

Leukocytes infiltrated the brain (Figure 2D, F) and spinal cord

(Figure S3) of control mice robustly by d6 pi, and by d8 pi there

was a 10-fold increase in infiltrates within the brains of control

mice (3.8626105 at d6 to 3.762.36106 at d8) compared to only a

marginal increase in total CD45high infiltrates in IVIG treated

mice (2.5616105 at d6 to 4.5626105 total infiltrates at d8). Thus,

IVIG regulates inflammation by diminishing the infiltration of

cells into the CNS of infected mice. Impaired anti-inflammatory

activity was responsible for the failure of deglycosylated IVIG to

protect 129 mice (Figure 1C), as mice treated with 3.75 mg

deglycosylated IVIG or Fc fragments had increased levels of

CD45high infiltrating cells, similar to control infected 129 mice

(Figure 2G). We infer that the anti-inflammatory activity of

sialylated Fc fragments accounted for survival of mice treated with

25 mg Fc fragments. Mice that were protected by treatment with

desialylated IVIG, 3.75 mg of S2 IgG or 1 mg S+ IgG isolated

from either IVIG or HSV seronegative IVIG also had reduced

levels of CD45high infiltrating cells, similar to IVIG treated mice

(Figure 2G).

Vigorous inflammation in the CNS of 129 mice suggested the

integrity of the blood brain barrier (BBB) might be severely

compromised in infected control 129 mice but not in the IVIG

recipients. Sodium fluorescein uptake assays performed to assess

BBB integrity showed a .6-fold increase in uptake from d0 to 6 pi

in BS of control mice in contrast to only a ,2.5-fold increase for

IVIG treated 129 mice (Figure 2H and 2C–D), consistent with

the dramatic reduction in CNS inflammation in IVIG treated

compared to control 129 mice. Notably, IVIG was excluded from

the CNS, at least in the first 72 h post infusion, as determined by

micro-PET imaging and biodistribution of Cu64-labeled IgG

(Figure S4); hence, IVIG acted peripherally to modulate CNS

inflammation.

IVIG Alters the Composition of Leukocytes Infiltrating the
CNS

At both d6 and 8 pi, .70% of the CD45high leukocytes

infiltrating the BS and brain of infected control 129 mice were Gr-

1+ (Table 2 and Figure 3A). IVIG treatment of infected mice

dramatically reduced infiltration of this population to ,40% of

total CD45high cells at d8 pi, equivalent to a ,20-fold reduction in

total Gr-1+ cells (Figure 3A, Table 2). Gr-1+ cells are comprised

primarily of Ly6G+ CD11b+ neutrophils and Ly6Chigh/int F480+

macrophages. Further analysis of the Gr-1+ cells in BS of IVIG

treated mice revealed that although IVIG treatment reduced total

numbers of Ly6G+ F4802 SSChigh neutrophils within this

population (Table 2), the most dramatic decline was observed

within the Ly6Chigh inflammatory macrophage subset

(Figure 3B). Ly6Chigh F480+ SSC low macrophages, which

comprised 50–60% of total CD45high cells in both BS and brains

of control mice, were reduced to ,15–17% in the IVIG treated

group (Figure 3B). Total percentages of F480+ macrophages were

reduced from 66% in BS and 57% in brains of control mice to

28% and 30% in BS and brains, respectively, of IVIG treated

mice, which constituted a 15-fold drop in total macrophage

numbers in the CNS at d8 pi (Figure 3B and Table 2). The

majority of Ly6Chigh macrophages isolated from BS of control

mice expressed high levels of FceR1 as compared to markedly

diminished expression on the Gr-1+ subset present in the BS of

IVIG treated mice (Figure 3C). Thus, these data show early

involvement of inflammatory Ly6Chigh macrophages in the disease

process of HSE, confirming earlier results, which showed that anti-

Gr-1 mAb mediated depletion of macrophages and neutrophils

Figure 2. IVIG inhibits CNS inflammation in HSV infected mice. (A) Macrophages infiltrating the brainstem (BS) of infected B6 and 129 mice
at d 12 pi. (B) CD45high infiltrates (y-axis, left) and HSV titers (y-axis, right) in BS of 129 mice. Cells isolated from (C) BS or (D) brain of PBS or IVIG
treated 129 and B6 mice were analyzed for CD45high infiltrates at indicated times pi; left y-axis: % CD45high infiltrates in BS shown as symbols; right y-
axis: total number of CD45high infiltrating cells as vertical bars. Data representative of 3 experiments (4 mice/time point). Error bars depict standard
errors of mean. Representative FACS plots of (E) BS and (F) brain from IVIG- (left column) and PBS (right column) treated (right column) 129 mice. (G)
Percentage of CD45high infiltrates in BS of 129 mice treated with derivatives of IVIG or HSV seronegative sera at d6 pi. (H) Assessment of BBB
permeability by sodium fluorescein uptake in infected 129 mice given PBS or IVIG.
doi:10.1371/journal.ppat.1002071.g002

Table 2. IVIG reduces and alters infiltrating cell composition.

Cell subsets: BS of 129 mice PBS: d6 pi IVIG: d6 pi PBS: d8 pi IVIG: d8 pi

Total # in BS (x104)a 71a 47 133 62

CD45high infiltrates (% BS)b 26b 13 60 26

Gr-1 reactive cellsc 78c 65 70 40

CD45high CD11b+ F480+ Macs (MHC II+)d 55 (62%)d 40 (70%)d 65 (90%)d 30 (100%)d

Ly6G+ Neutrophilsc 20 5 15 5

CD11c+ (CD11b+) cellsc 30 12 18 15

T cellsc 10 40 20 55

CD45int microglia (MHC II+)d 18 (65%)d 15 (65%) 15 (65%) 20 (72%)

aTotal numbers in BS represented as cells present in BS of indicated groups.
bCD45high infiltrates are shown as percentage within BS mononuclear cells.
cAll individual subsets are represented as percentages within CD45high infiltrating cells.
dNumbers in parenthesis represent % MHC II+ cells within macrophage or microglial subsets.
doi:10.1371/journal.ppat.1002071.t002
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prolonged survival of 129 mice [3,26]. In addition to reducing the

numbers of Ly6Chigh macrophages, IVIG treatment altered the

composition of BS infiltrating cells: IVIG treatment reduced

infiltration of macrophages and neutrophils that predominated the

CNS of control 129 mice while it increased T cell infiltration.

Whereas only 10% and 20% of brain and BS infiltrates were

composed of T cells in control mice, T cells comprised 40% and

55% of the brain and BS infiltrates of IVIG treated mice,

respectively (Table 2). These results emphasize IVIG’s capacity to

regulate not only the generation of pathogenic macrophages, but

Figure 3. IVIG alters the phenotype of macrophages and microglia. CD45high infiltrates in brain and BS of control or IVIG treated 129 mice at
d8 pi analyzed for (A) Gr-1+ cells; (B) Ly6Chigh and (C) FceR1+ F480+ macrophages. (D) MHC II expression on CD45high macrophages and CD45int

microglia isolated from BS or brains; frequencies and mean fluorescence intensity (MFI) of MHC II+ CD45 microglia (boxed regions) shown. (E) MHC I
expression by CD45int microglia. Data representative of 2–3 experiments (n = 6–12 mice).
doi:10.1371/journal.ppat.1002071.g003
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also to control infiltration of different immune cell subsets into the

CNS of HSV infected mice.

IVIG Modulates Activation of Macrophages and Microglia
in the CNS

We analyzed MHC class I and II expression on microglia and

macrophages by flow cytometry to determine their activation

status. Although microglia in both control and IVIG treated mice

expressed MHC class I at d6 pi, MHC class II expression was very

low (mean fluorescence intensity [MFI] = 0, Table 2). However,

by d8 pi, MHC class II expression on microglia was greatly

increased in the brain of control mice compared to IVIG treated

mice (74% vs. 45%) (Figure 3D), and MHC class I expression

also increased in brains and BS of both groups of mice

(Figure 3E). Surprisingly, both the fraction of microglia that

expressed MHC class II and the MFI were increased in the BS of

IVIG treated mice as compared to control mice (74% vs. 60%,

MFI 150 vs. 57; Figure 3D). Thus, IVIG treatment enhances the

activation state of macrophages and microglia in the CNS, as

demonstrated by MHC I/II (Table 2, Figure 3). Induction of

MHC II expression on microglia in the CNS requires the presence

of IFN-c which is likely derived from T cells infiltrating the BS of

IVIG treated mice (Table 2).

IVIG Modulates Macrophage Degranulation
To determine if macrophages in peripheral lymphoid tissues

have a different activation or degranulation profile, splenocytes

obtained from control and IVIG treated HSV infected mice at d6

pi were stimulated ex vivo for 4 h with or without heat killed HSV

(HK-HSV) antigen in the presence of antibodies to CD107a/b

(LAMP-1 and 2). The majority of splenic macrophages isolated

from control infected mice degranulated spontaneously and

expressed high levels of surface CD107a, even in the absence of

HK-HSV stimulation (Figure 4A), whereas, strikingly, those

isolated from IVIG treated mice did not (Figure 4A). To identify

the highly activated cell subset(s) in spleens of infected 129 mice

with this phenotype, cells were phenotypically distinguished by

surface expression of Gr-1, F480 and Ly6C. Both the Gr-1+

CD11b+ F4802 SSChigh neutrophils and the mature non-

inflammatory macrophages (Ly6C2 F480+) degranulated only in

response to stimulation with HK-HSV antigen, whereas the

Ly6Chigh inflammatory macrophages expressed high levels of

CD107a without stimulation (Figure 4B). Similarly, there were

more spontaneously degranulating CD45high CD11b+ macrophag-

es in the brain (32% vs. 16%) and BS (74% vs. 51%) of control

mice compared to IVIG treated mice (Figure 4C). Moreover, as

macrophages were more prevalent in infected BS of control PBS

treated mice than in IVIG treated mice, the total numbers of

degranulating macrophages were greatly increased (Table 2 and
Figure 3). Thus, macrophages in the CNS and lymphoid organs

of IVIG recipients are anti-inflammatory, while those in control

mice have a pathogenic phenotype.

IVIG Alters FcR Expression on Macrophages and
Monocytes

Modulation of FcR expression is one of many mechanisms

proposed to explain IVIG’s anti-inflammatory activity [27,28].

Therefore, we examined FcR expression on monocytes from

lymphoid organs of control and IVIG treated mice. Surface

Ly6Chigh expression facilitated discrimination of inflammatory

from non-inflammatory CD11b+ F480+ macrophages (Figure 5A).

Splenic Ly6C2 macrophages (Figure 5A) in control and IVIG

treated mice expressed similar levels of the inhibitory FccRIIb and

activating FccRIII receptors, as determined by CD16/32

reactivity. In contrast, the Ly6Chigh inflammatory subset, which

was more prevalent in the spleens of control mice, expressed much

lower levels of FccRIIb/III compared to those in the spleens of

IVIG treated mice. FccRI expression on both subsets was similar

in both groups (Figure 5A). To determine a role for FccRIIb/III

receptors in IVIG’s anti-inflammatory effects, CNS inflammation

was analyzed at d8 pi in IVIG treated infected mice that were also

treated with the 2.4G2 blocking mAb that inhibits FccRIIb/III

signaling [29]. Flow cytometry analysis revealed that the absence

of FccRIIb/III signaling compromised IVIG’s ability to suppress

CNS infiltration. With intact FccRIIb/III signaling, there were

,20–25% CD45high infiltrating cells in the CNS of IVIG treated

mice (Figure 2C and E). However, inhibition of FccRIIb/III

signaling resulted in increased CNS infiltration with ,70%

CD45high cells present in the BS of these mice (Figure 5B).

Interestingly, in wild-type (WT) mice, IVIG reduced macrophage

influx while it increased infiltration of T cells (Table 2), whereas

in the absence of FccR signaling, CD11b+ F4802 monocytes

dominated BS infiltrates (Figure 5B). The majority of monocytes,

however, expressed intermediate levels of Ly6C and low levels of

MHC II (Figure 5B), indicating that they were not inflammatory.

Thus, FccR signaling is required for IVIG mediated suppression

of CNS infiltration, but not for modulation of pathogenic

inflammatory macrophages.

To determine whether the inhibitory FccRIIb receptor or the

activating FccRIII receptor was critical for suppression of

inflammation, we compared CNS inflammation in infected IVIG

treated BALB/c FccRIIb knock-out (KO) mice at d6 pi to that in

IVIG treated BALB/c mice and IVIG treated BALB/c mice given

anti-FccRIIb/III antibodies. IVIG suppressed CNS leukocyte

infiltration in BALB/c mice as effectively as in 129 mice, but it

failed to suppress CNS infiltration in either FccRIIb/III depleted

or FccRIIb KO mice at d6 and 8pi (Table 3). Similar to results

seen with 129 mice, the absence of FccRII/III signaling skewed

CNS infiltrates to predominantly CD11b+ monocytes rather than

T cells (Table 2 and Figure 5C), but, very few of these

monocytes were Ly6Chigh, indicating they were not inflammatory

(Figure 5C). The results shown in Table 3 indicate that signaling

via FccRIIb rather than FccRIII contributed to IVIG mediated

modulation of CNS infiltration and modulation of the composition

of cellular infiltrates. Surprisingly, despite unmitigated CNS

leukocyte infiltration in IVIG treated 129 and BALB/c mice

deficient in FccRIIb signaling, all mice survived and showed no

symptoms of encephalitis.

IVIG Induces Regulatory CD4+ T Cells that Control Hyper-
Inflammatory Responses

T cells were predominant in CNS infiltrates of IVIG treated

mice at d8 pi. IVIG expanded CD4+ Tregs that contributed to

protection in two different models of pathogenic inflammation

[12,30]. We used 129 FoxP3-GFP reporter mice to investigate the

possibility that IVIG induced Tregs in the HSE model. Analysis of

HSV infected, IVIG treated 129 FoxP3-GFP reporter mice

revealed that the majority of the CD4+ T cells in the spleen were

FoxP3+ CD25+ Tregs at d8 (,40%) and d18 pi (,30%,

Figure 6A). In contrast, the percentage of Tregs was only

modestly increased in the spleens of infected PBS treated control

mice (,15%, Figure 6A) and these Tregs were obviously

ineffective in suppressing the exaggerated CNS inflammatory

responses. To determine whether the S+ or S2 IgG component of

IVIG induced Tregs, we analyzed 129 FoxP3-GFP reporter mice

treated separately with the two preparations at d6 pi (Figure 6B).

S2 IgG dramatically expanded Tregs in the cervical lymph nodes
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(CLN) (20%) and spleen (38%), while S+ IgG did not induce Tregs

(3% in CLN and 12% in spleen). Interestingly, FoxP3+ CD4+

Tregs were not present in the infected BS of either IVIG treated or

control mice, suggesting the Tregs function primarily in lymphoid

organs (Figure 6C). We used adoptive transfer of IVIG induced

or control Tregs from infected or naı̈ve mice to assess the

contribution of Tregs to IVIG’s anti-inflammatory effects, which

facilitated assessing their intrinsic suppressive potential. FoxP3+

GFP+ Tregs isolated from the spleens of naı̈ve, IVIG and PBS

treated HSV infected FoxP3-GFP mice on d8 pi were adoptively

transferred into naive 129 recipients that were challenged 24 h

later with HSV. Most recipients of Tregs isolated from IVIG

treated HSV infected FoxP3-GFP mice, but not control PBS

treated or naı̈ve mice, were protected long-term (Figure 6D).

This result shows that adoptively transferred IVIG induced Tregs

prevented lethal HSE while Tregs from the PBS treated control or

naı̈ve mice were non-functional. We investigated the requirement

for Tregs in protection afforded by IVIG by using anti-CD25

antibodies to deplete Tregs prior to HSV infection and during

subsequent IVIG treatment. Unexpectedly, all Treg depleted mice

survived HSV challenge, which indicated that Tregs were not

essential for IVIG induced suppression of pathogenic CNS

inflammatory responses (Figure 6D).

To determine if, in addition to Tregs, another T cell subset was

involved in IVIG’s anti-inflammatory effects, we analyzed spleen

and CLN CD4+ T cells for expression of cell surface markers such

as ICOS, GARP, CD103 and GITR that are characteristic of

regulatory T cells. Only ICOS was dramatically up regulated on

CD4+ T cells isolated from both CLNs and spleens of IVIG

treated mice compared to control mice (Figure 6E). Upregulation

of ICOS expression occurred preferentially within the activated

CD62Llow population (spleen—IVIG: 62% vs. control: 43%;

CLN—IVIG: 78% vs. control: 12%). Importantly, only ,20–26%

of the ICOS+ CD62Llow CD4+ T cells in the spleens of both

groups of mice were FoxP3+ Tregs. Similarly, the majority of

activated ICOS+ CD4+ T cells in the CLN of IVIG treated mice

did not express FoxP3, indicating that they were not Tregs, while

about 46% of the corresponding activated CD62Llow ICOS+

CD4+ T cells in control mice were FoxP3+ Tregs. Importantly,

ICOS+ FoxP32 CD4+ T cells were the major constituents of the

CD4+ T cell population in the BS of IVIG treated mice but not of

control mice at d6 pi (Figure 6F). Moreover, both CD11c+ DC

and F480+ macrophages isolated from the BS of IVIG treated 129

mice at d6 pi expressed higher levels of ICOS-L, the ligand for

ICOS, compared to those from control 129 mice (Figure 6G).

These data show that IVIG elicits different populations of

regulatory CD4+ T cells, and that whereas Tregs act primarily

in peripheral lymphoid organs, ICOS+ CD4+ T cells may function

both in the periphery and at sites of inflammation in the BS.

IL-10 Is Critical for IVIG’s Anti-Inflammatory Effects
To determine the mechanism(s) by which regulatory CD4+ T

cells suppress inflammatory CNS responses, we used the

RT2Profiler PCR array kit (SABiosciences, Frederick, MD) to

compare the expression profiles of inflammatory genes in the BS of

control and IVIG treated mice at d6 pi to those of uninfected

Figure 4. IVIG inhibits macrophage degranulation. (A) CD107a
expression by splenocytes isolated at d6 pi from IVIG- (left plot) or PBS-
treated (right plot) 129 mice. (B) Spleen cells isolated from PBS treated
infected mice at d6 pi were delineated into three subsets based on
CD11b and Gr-1 reactivity (top left plot). Gr-1high CD11b+ neutrophils
(top right), Gr-1+ CD11b+ inflammatory monocytes (bottom left) and Gr-
12 CD11b+ macrophages (bottom right) were analyzed for CD107a

expression with (black lines) or without (blue line) incubation with heat-
killed HSV. Isotype controls (red, without; green, with HK-HSV
stimulation) are included. (C) Cells from brain (top) and BS (bottom)
of PBS (left) and IVIG treated (right) 129 mice at d8 pi were analyzed for
CD107a/b expression in the absence of antigen stimulation. Data
representative of 2 experiments (n = 6–8 mice).
doi:10.1371/journal.ppat.1002071.g004
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Figure 5. FccRIIb limits CNS infiltration. (A) Ly6C+ (top right 2 plots) and Ly6C2 (bottom right 2 plots) subsets of CD11b+ splenic macrophages
in control PBS (top left) and IVIG treated (bottom left) 129 mice at d 6 pi analyzed for FccRI (middle plot) or FccRIIb/III (right plot) expression. (blue
lines: PBS treated macrophages; red lines: IVIG treated macrophages). (B) CD45high CD11b+ monocytes in BS of anti-FccRIIb/III mAb depleted IVIG
treated 129 mice at d8 pi (left). F480+ macrophages analyzed for MHC II+ (middle) and Ly6C expression (right); plots gated for CD45high infiltrates. (C)
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mice. Expression of IFN-c and TGF-b was moderately increased

in BS of IVIG treated mice compared to uninfected mice, but not

significantly compared to control PBS treated infected mice

(Figure 7A). In contrast, relative to control uninfected mice, the

BS of IVIG treated infected mice showed an ,80-fold increase in

IL-10 mRNA expression compared to only an 18-fold increase in

BS of control PBS treated mice. Concordant with the RT-PCR

results, intracellular flow cytometric analysis following stimulation

with PMA and ionomycin revealed significantly increased IFN-c
and IL-10 expression by CD45high cells, specifically the CD4+ T

cells isolated from the BS of IVIG treated mice at d6 pi

(Figure 7B, S5). Interestingly, both CD45int microglia and a

population of CD45neg cells, possibly astrocytes, in the BS of both

groups of mice secreted IL-10, even without stimulation (Figure
S5). Furthermore, by d14 pi there was an even greater increase in

the percentages of IFN-c and IL-10 secreting CD45high and CD4+

T cells in the BS of IVIG treated mice. Importantly, only the

ICOS+ CD4+ T cells in both IVIG treated and control PBS

treated mice secreted IL-10 following stimulation (Figure 7C).

ICOS+ cells dominated the CD4+ T cell population in the BS of

IVIG treated mice (70%) but not the BS of control mice (23%). IL-

10 secreting cells comprised more than 50% of the ICOS+ CD4+

population in the BS of IVIG treated mice compared to ,30% in

the BS of control PBS treated mice (Figure 7C). These results

suggest that ICOS and IL-10 may orchestrate suppression of

hyper-inflammatory immune responses in the CNS of infected

mice.

To determine whether IL-10 was critical for IVIG mediated

protection against HSV induced CNS inflammation, we compared

the outcome of infection in 129 WT and IL-10 KO mice treated

with either IVIG or PBS at 24 h pi. As expected, the majority of

129 WT and IL-10 KO mice treated with PBS succumbed to

HSE. While IVIG protected all 129 WT mice, only ,45% of

IVIG treated IL-10 KO mice survived to d25 pi (Figure 7D) and,

of these mice, some exhibited symptoms of neurological sequelae,

including altered gait, hunched back and weight loss.

Having established a critical role for IL-10 in IVIG protection

against fatal HSE, it was important to show that impaired

protection of IL-10 KO mice by IVIG was due to impaired

suppression of CNS inflammation. Comparison of inflammatory

responses in the BS of infected 129 IL-10 KO and WT mice

treated with IVIG revealed that in the absence of IL-10, CNS

inflammation continued unabated in the IL-10 KO mice

(Figure 7F and 2E). High levels of CD45high infiltrates (82%)

were present in the BS at d8 pi, the majority of which were

inflammatory Ly6Chigh MHC II+ CD11b+ F480+ macrophages

(Figure 7F). Therefore, we concluded that IL-10 is essential for

IVIG to suppress CNS inflammation and inhibit development of

pathogenic Ly6Chigh inflammatory macrophages. Interestingly, in

the absence of IL-10, macrophages rather than T cells dominated

immune cell infiltrates in the BS of IVIG treated 129 WT mice

(Figure 3B, 7F and Table 2). Concordant with their

inflammatory phenotype, the majority of macrophages isolated

from the brain and BS of PBS and IVIG treated IL-10 KO mice

degranulated, even in the absence of HK-HSV, confirming their

pathogenic phenotype (Figure 7G). Importantly, macrophages

from IVIG treated IL-10 KO mice degranulated much more than

macrophages isolated from IVIG treated 129 WT mice (62% vs.

16% for brain and 80% vs. 51% for BS, respectively) (Figures 4C
and 7G). This effect was even more exaggerated if the increased

numbers of macrophages in the BS of IL-10 KO mice compared

to WT mice was considered (Figures 3 and 7). To determine if

CD4+ T cells were compromised in IL-10 KO mice, we compared

expression of ICOS in peripheral lymphoid organs to that in 129

WT mice treated with IVIG. Expression of both CD25 and ICOS

was reduced in the CLN of IL-10 KO mice compared to 129 WT

mice (Figure 7E). Cumulatively, these results suggest that IL-10

secreting CD4+ ICOS+ T cells may drive suppression of

inflammation and modulation of inflammatory macrophages.

The potential regulatory role of IVIG induced ICOS+ CD4+ T

cells in suppression of macrophage activation and CNS inflam-

mation is currently under investigation.

Discussion

We reported previously that HSE progression was not affected

by Acyclovir inhibition of HSV replication after virus had entered

the BS, which is consistent with immune mediated pathology

rather than virus cytopathology causing death [3]. The number of

clinical reports speculating on a role for immune pathology in

HSE has also been increasing [31], indicating increased interest in

this idea. In our studies of IVIG mediated protection against fatal

HSE, 100% of 129 mice treated with low dose (3.75 mg/mouse)

IVIG 24 h pi were protected from fatal HSE. This dose of IVIG is

much lower than the 1–2 g/kg high dose typically used for

treatment of autoimmune diseases [28,32]. The monomeric IgG

Table 3. FccRIIb is required for control of CNS infiltration.

Cell subsets: in
BALB/c BS

PBS
d6pi

IVIG
d6 pi

aFccRIIb/III
mAb + IVIG d6 pi

FccRIIb KO mice +
IVIG d6 pi

PBS
d8 pi

IVIG
d8 pi

FccRIIb KO mice +
IVIG d8 pi

Total # in BS (x104)a 60 a 30 50 40 170 75 120

CD45high infiltrates 32b 20 40 36 76 40 66

CD45hi CD11b+ cellsc 70 49 74 89 82 40 60

T cellsc 10 40 17 8 15 55 35

aTotal numbers in BS represented as cells present in BS of indicated groups.
bCD45high infiltrates are shown as percentage within BS mononuclear cells.
cAll individual subsets are represented as percentages within CD45high infiltrating cells.
doi:10.1371/journal.ppat.1002071.t003

Infected BALB/c mice given IVIG following treatment with either isotype (left) or anti-FccRIIb/III mAb (middle) and analyzed for CD45high monocytes
at d6 pi (top row); cells gated on CD45high infiltrates. Infected FccRIIb KO mice given IVIG and analyzed for infiltrating monocytes (right). CD45high

CD11b+ gated monocytes from these groups analyzed for Ly6C and MHC II+ expression (bottom row). Data representative of 2 experiments (n = 6–8
mice).
doi:10.1371/journal.ppat.1002071.g005
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fraction of IVIG was protective, while the dimeric IgG fraction

comprised of idiotype-anti-idiotype pairs [23,33] was not. Purified

Fc fragments have been shown to suppress ITP and Kawasaki

disease in humans [18]. In our studies, at low dose (4 mg/mouse),

Fc fragments failed to protect, whereas a high dose of Fc (25 mg/

mouse) conferred significant protection, analogous to results

obtained for ITP, nephrotoxic nephritis and serum transfer

arthritis in experimental mouse models given 25 mg IVIG/mouse

[28,34].

Protection against fatal HSE by IVIG was independent of HSV

specific antibodies and entry into the CNS during early acute

infection. Rather, protection correlated with early and profound

suppression of pathogenic inflammatory responses in the BS of

infected IVIG treated 129 mice, which effectively prolonged the

integrity of the BBB. In addition to markedly reducing CNS

infiltration of CD45high Ly6Chigh inflammatory monocytes, IVIG

treatment profoundly altered the phenotype of these cells. A

particularly impressive manifestation of IVIG’s potent immuno-

modulatory effects was the suppression of spontaneous and antigen

induced degranulation by highly activated Ly6Chigh monocyte/

macrophages isolated from spleen, CLN and BS of HSV infected

mice. Thus, IVIG acted peripherally to modulate early innate

responses emanating from both infiltrating and resident immune

cells in the CNS to protect against fatal HSE. We infer that failure

of IVIG to protect when given at later times after infection is likely

due to CNS infiltration by non-modulated aggressive Ly6Chigh

inflammatory monocytes prior to IVIG administration.

Ravetch and colleagues have provided extensive data to show

that purified sIgG, which is present at 1–3% in IVIG, afforded

complete protection against ITP and arthritis when given at a 10-

fold lower dose than the usual high dose of 1.0 g/kg, thereby

explaining the need for high dose IVIG in order to access its anti-

inflammatory activity [21,32]. They showed further that specific

removal of a2,6 linked sialic acid residues on Asp297 in the Fc

domain or deglycosylation, which impairs structural integrity of

the Fc domain, both abolished IVIG’s anti-inflammatory activity

in ITP and arthritis models [21,32,35]. We speculated that the

sIgG mechanism applied also to the HSE model. Deglycosylation

of IVIG abrogated protection against fatal HSE, confirming the

critical role of the Fc domain. In contrast, desialylation of IVIG

did not significantly reduce protection against fatal HSE, contrary

to results from the ITP and arthritis models [21,32]. Notably,

when HSV infected mice were given escalating doses of affinity

purified sIgG ranging from 100 ng to 1 mg, robust protection

against fatal HSE (,70% survival) was observed only with doses

.500 ng; drastically reduced survival was observed with doses less

than 500 ng. Similar results were obtained with the purified Fc

fragment. It was obvious from these results that sIgG could not be

responsible for the protective effects of low dose IVIG, as it was

present in too low an amount compared to the amount of purified

sIgG required for robust protection. This important conclusion

predicted that IVIG devoid of sIgG (HSV+S2 IgG) would be

protective, and indeed, .90% of infected mice given 3.75 mg of

HSV+S2 IgG survived. Furthermore, CNS inflammation in these

mice was reduced to an extent comparable to that seen with IVIG

or sIgG treated mice. Thus, we have identified a sIgG independent

anti-inflammatory pathway mediated by low dose IVIG that is as

potent as IVIG.

HSV+S2 IgG conferred statistically greater protection com-

pared to HSV2S2 IgG, which is consistent with greater protection

afforded by HSV seropositive compared to seronegative IVIG.

Experimentally, immune complexes (ICs) formed in vitro or in vivo

can mimic the protective effect of IVIG in, for example, ITP and

serum induced arthritis models [16,36,37,38]. Since IC formation

would be expected in infected mice receiving HSV seropositive

compared to seronegative IgG, we are investigating the potential

role of ICs in mediating the anti-inflammatory effects of low dose

IVIG.

Several studies reported an indispensable role for expression of

the inhibitory FccRIIb on effector macrophages and monocytes in

IVIG’s anti-inflammatory effects [39,40,41]. IVIG markedly

upregulated FccRIIb expression on CD11b+ Ly6Chigh inflamma-

tory monocytes in HSV infected mice, while expression of the

activating FccR1 was unaffected. Suppression of CNS infiltration

was abolished by treating 129 and BALB/c mice with the 2.4G2

blocking mAb that targets FccRIIb and FccRIII or by genetic

ablation of FccRIIb signaling in BALB/c mice. Signaling via

FccRIIb in IVIG treated mice biased CNS infiltrates in favor of T

cells rather than the predominant monocyte influx seen in PBS

treated control mice. Remarkably, IVIG was still able to inhibit

development of highly activated Ly6Chigh inflammatory mono-

cytes in BALB/c mice deficient in FccRIIb expression, and all

mice survived despite high levels of cells infiltrating the CNS. An

important finding in the HSE model was that following IVIG

treatment, FccRIIb signaling acted primarily to limit CNS

infiltrates and modulate their composition, but was dispensable

for modulation of monocyte activation.

The observation of potent up regulation of IL-10 transcripts in

the BS of IVIG treated infected mice revealed that IVIG induced

functional Tregs. An important new finding was that the non-sIgG

fraction of IVIG was primarily responsible for induction of Tregs.

Regulatory T cell epitopes (Tregitopes) capable of inducing Tregs

were recently identified in the Fc domain of IgG [42]. However,

our results imply that IVIG induces Tregs independently of

presentation of Tregitopes, since purified sIgG was unable to

induce Tregs even though it should contain Tregitopes. IVIG has

been reported to induce Tregs in various models of inflammatory

disease [12,43], which could account for its long-term protective

effects, including in our HSE model. Using EGFP-FoxP3 reporter

mice, we showed that IVIG significantly expanded FoxP3+ Tregs

and that Tregs purified from infected IVIG treated, but not

control PBS treated, EGFP-FoxP3 mice protected infected 129

Figure 6. IVIG induced Tregs mediate but are not essential for anti-inflammatory effects in the CNS. (A) Representative FACS plots of
CD4+ Tregs in the spleens of IVIG treated HSV infected 129 mice (top, left plot) expressing FoxP3 (top right). Percentage of FoxP3+ Tregs in CD4+

splenocytes of PBS or IVIG treated infected 129 FoxP3-GFP mice at the indicated time points pi (bottom). (B), Percentage of Tregs within CD4+ T cells
in CLN (left) and spleens (right) at d6 pi in infected 129 FoxP3-GFP mice given either S2IgG (red dots) or S+IgG (blue dots). (C) BS CD45high infiltrates
in IVIG (left) or PBS (right) treated (right) infected 129 FoxP3-GFP mice at d8 pi were analyzed for FoxP3+ CD3+ (top) or CD4+ (bottom) T cells; plots
depict CD45high gated cells. (D) Infected 129 mice given IVIG were depleted of Tregs using anti-CD25 mAb and monitored for survival (blue squares).
FoxP3+ CD4+ Tregs isolated from the spleens of IVIG treated HSV induced (red square), PBS treated HSV induced (green triangles) or naı̈ve mice
(circles) were transferred into 129 WT mice that were infected with HSV and monitored for survival. (E) Representative FACS plots showing activated
ICOS6 CD4+ T cells in spleens (left 2 plots) and CLN (right 2 plots) of PBS (top row) and IVIG (bottom row) treated (bottom row) HSV infected 129
FoxP3-GFP mice at d8 pi. 2nd and 4th plots gated on CD62Llow CD4+ T cells. (F) BS cells in PBS (left) or IVIG treated (right) HSV infected mice at d6 pi
gated on CD45high CD4+ T cells analyzed for ICOS expression. (G) BS CD45high CD11c+ DCs (left) or F480+ macrophages (right) in PBS (red lines) or IVIG
treated (blue lines) infected mice at d6 pi probed for ICOSL expression. Data representative of 2 experiments (n = 6–8 mice).
doi:10.1371/journal.ppat.1002071.g006
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recipients not treated with IVIG from fatal HSE. Thus, IVIG not

only expands Tregs, but also augments their effector function.

Unexpectedly, Treg depletion during infection of IVIG treated

mice did not prevent anti-inflammatory responses or reduce

survival. Possible explanations are that IVIG induced redundant

regulatory cell populations, including, for instance, Tr1 regulatory

T cells that secreted high levels of IL-10 [44,45,46]. We observed a

dramatic expansion of ICOS+ FoxP32 CD4+ T cells in the spleen

and draining CLN of IVIG treated, but not control PBS treated,

infected mice, and these cells also localized to the BS. ICOS is

Figure 7. IL-10 is required for IVIG’s anti-inflammatory effects in the CNS. (A) Quantification of IFN-c, TGF-b and IL-10 mRNA at d6 pi in BS
of infected 129 mice treated with PBS or IVIG. (B) Intracellular IFN-c and IL-10 expression after antigen stimulation of CD45high (top) or CD4+ T cells
(bottom) at d6 and d14 pi in the BS of infected 129 mice given either IVIG or PBS. (C) BS CD4+ T cells in IVIG treated (top) or control (bottom) 129
mice at d6 pi analyzed for ICOS and IL-10 expression with (right) or without (left) PMA + ionomycin; plots gated on CD45high CD4+ T cells. (D) HSV
infected 129 WT or IL-10 KO mice were given IVIG or PBS at 24 h pi and monitored for survival. (E) FACS plots gated on CLN derived CD4+ T cells
showing CD25 and ICOS expression. (F) BS CD45high infiltrates in IVIG treated HSV infected IL-10 KO mice at d8 pi analyzed for expression of MHC II
and CD11b (top). FACS plots gated on BS CD45high F480+ macrophages depicting Ly6C and MHC II expression (bottom). (G) Degranulation of
CD45high gated cells as measured by CD107a/b expression (blue dots) in the absence of HK-HSV stimulation in the brain (top) and BS (bottom) of PBS
(left) or IVIG (right) treated (right) infected IL-10 KO mice at d 8 pi. Isotype control shown in red. Data representative of 2–4 experiments (n = 6–12
mice).
doi:10.1371/journal.ppat.1002071.g007
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expressed by Tregs and plays a role in their regulation but it is also

expressed on other regulatory cells, such as Tr1 cells [47], hence

we are investigating the potential regulatory role of the ICOS+

CD4+ T cells induced by IVIG.

The immunosuppressive cytokine IL-10 was essential for

protection against pathogenic hyper-inflammatory responses in

the CNS, since survival of infected IVIG treated 129 IL-10 KO

mice was drastically reduced. Notably, IVIG failed to suppress

CNS infiltration or spontaneous degranulation by splenic

macrophages from IL-10 KO mice. Highly activated inflamma-

tory Ly6Chigh macrophages were predominant in the extensive

CD45high infiltrates in BS of infected IL-10 KO mice. In contrast,

IVIG treated FccRIIb KO mice survived, despite high levels of

CNS CD45high infiltrates comparable to those in IL-10 KO mice,

which implicates the Ly6Chigh inflammatory macrophages as

being causally involved in the high mortality of IL-10 KO mice.

Thus, these results emphasize that the quality of the inflammatory

response rather than just its magnitude is the critical determinant

of pathogenic outcome.

Significant induction of IL-10 and IFN-c expression by IVIG in

primarily CD4+ T cells was evident early after treatment in the BS.

Interestingly, ICOS+ CD4+ T cells that were predominant

amongst CD4+ T cells in BS of IVIG treated, but not control,

mice were the major producers of IL-10. HSV infection of

microglia, even though abortive, has been reported to induce

robust expression of proinflammatory cytokines and chemokines.

In vitro, exogenous IL-10 was shown to attenuate this response

[48,49,50]. IL-10 can exert autocrine inhibitory effects on

macrophages and dendritic (DCs) cells that inhibit development

of TH1- and TH2-type responses [51], while IL-10 produced by

TH1, TH2 and TH17 cells represents a feedback loop to regulate

the effector functions of macrophages and DCs [52]. These

important immunoregulatory functions of IL-10 fit well with its

essential role in promoting balanced inflammatory responses in

IVIG treated mice that favor clearance of HSV without bystander

immune pathology. Cumulatively, these results show that IVIG

induced IL-10 producing ICOS+ CD4+ T cells are required for

long-term regulation of CNS inflammatory responses.

One model to explain IVIG’s anti-inflammatory activity

proposes that sIgGs present at ,3% in IVIG trigger anti-

inflammatory responses upon binding SIGN-R1 expressed on

sensor marginal zone splenic macrophages in mice [18,20,35].

Results from our studies of IVIG protection against fatal HSE

induced by dysregulated CNS inflammation not only support, but

extend the model by demonstrating existence of a second pathway

induced by the non-sIgG fraction that was highly effective even

with low dose IVIG. Whereas FccRIIb was essential for

prevention of ITP and arthritis by sIgG, it was not important

for protection against fatal HSE by low dose IVIG (i.e., lacking

sIgG). The non-sIgG pathway induced Tregs as well as ICOS+

CD4+ T cells that produced IL-10, the latter being essential for the

anti-inflammatory effects of low dose IVIG. However, Kaneko et.

al. reported that desialylated IVIG failed to protect against serum

induced arthritis, as inflammatory infiltration of the joints was not

inhibited [21]. This discrepancy may be due to differences in the

experimental models used. Alternatively, the non-sIgG fraction of

IVIG may function optimally to elicit anti-inflammatory responses

in the context of virus induced inflammatory diseases as opposed

to autoimmune diseases. In sum, our results significantly advance

understanding of IVIG’s anti-inflammatory and immunomodula-

tory activities and reveal the potential utility of IVIG for treating

viral infections in which excessive inflammatory responses

contribute to disease pathology, such as in West Nile virus and

highly pathogenic influenza virus infections.

Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory

Animals of the National Institutes of Health. All animal studies were

conducted under a protocol approved by the Institutional Animal

Care and Use Committee (IACUC, Permit # A3001-01) of City of

Hope to ensure the highest ethical and humane standards were

followed.

Mice and Virus Inoculation
129S6 WT (Taconic, Hudson, NY), 129 FoxP3-GFP [53] and

129 IL-10 KO (Jackson Laboratories, Bar Harbor, Maine) mice

were bred in the vivarium at City of Hope. Male mice of 6–8

weeks of age were infected with HSV 17+ strain. Mice were

sedated with ketamine (60 mg/kg) and xylazine (5 mg/kg) prior to

HSV inoculation by corneal scarification with 3200 PFU

(equivalent to 10 LD50 for the 129 WT strain) as previously

described [3]. Infected mice were monitored daily as previously

described [3].

Administration of Intravenous Immunoglobulin (IVIG)
and Antibodies

Pooled human serum was obtained from Sigma-Aldrich (St.

Louis, MO, USA) and IVIG (Carimmune, NF) was obtained

from CSL Behring (King of Prussia, PA, USA). The recipient

group was intraperitoneally (i.p.) injected with 0.5 ml of either

human sera or IVIG (3.75 mg/mouse, as indicated) 24 h pi.

IVIG and various derivatives were administered 24 h pi unless

otherwise stated. The dose of IVIG was 3.75 mg/mouse, based

on an earlier study [9]. IVIG dose ranging studies demonstrated

that 1.5 mg was the minimal protective dose for HSV infected

129 mice (Figure S1).

For some experiments, HSV antibodies were removed from

IVIG by adsorption with HSV infected monolayers of Vero cells.

Adsorbed antibody was used after confirming the absence of

neutralizing activity [8]. Desialylation and deglycosylation of

IVIG was performed as described previously [32]. Briefly, for

desialylation, IVIG (100 mg) in sodium citrate buffer (0.05 M,

pH 6.0) was incubated (37 C, 40 h) with 700 units of

recombinant a2,3 or a2,3/a2,6 neuraminidase (Clostridium perfin-

gens, New England BioLabs). For deglycosylation, IVIG (100 mg)

in sodium phosphate buffer (0.2 M, pH 8.5) was incubated

(37uC, 48 h) with 25,000 units of PNGaseF (Flavobacterium

meningosepticum, New England BioLabs). Monomer fractions of

deglycosylated or desialylated IVIG preparation (3 mg/mouse)

purified by HPLC were used. For depletion of FoxP3+ CD4+

Tregs and FccRIIb/II expressing CD11b+ cells, mice were

injected with 4 doses of either anti-CD25 mAb PC61 (250 mg) or

anti-FccRIIb/III mAb 2.4G2 (500 mg) on days 22, 0, +1, +2 pi.

All mice were inoculated with HSV at day 0 pi and received

either IVIG or PBS i.p. on day +1 pi. Depletion of cell subsets

was confirmed by flow cytometry.

Isolation of Mononuclear Cells from the CNS
CNS derived mononuclear cells were isolated as previously

described [3]. Briefly, brains, BS and spinal cords were removed

separately from mice perfused with PBS, minced and digested with

collagenase and DNAse for 30 min prior to centrifugation (12506
g, 50 min) on a two step Percol gradient [3]. Brain refers to the

whole brain minus the brainstem. The enriched population

contained CNS infiltrating CD45high cells, CD45int microglia

and CD45neg CNS resident glial cells. CD45high cells comprised ,
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5–8% of total mononuclear cells isolated from the BS of naı̈ve 129

WT mice. Cell viability was greater than 95% as revealed by

trypan blue staining. We confirmed that enzyme digestion did not

affect expression of cell surface markers.

Flow Cytometric Analysis
Single cell suspensions isolated from either, brain, BS, spleen

or CLN were blocked with a 10% Fmixture of normal mouse,

rat and horse serum and rat anti-mouse CD16/32 (2.4G2, BD

PharMingen) for 15 min prior to incubation with antibodies

(Abs) to determine cell surface expression of various markers.

Phycoerythrin (PE), FITC or allophycocyanin conjugated Abs

specific for F480 (BM8), CD11b (M1/70), Gr-1 (RB6-865), CD8

(53-6.7), CD4 (RM4-4), ICOS (7E.17G9), CD62L (MEL-14),

CD25 (PC61.5), IFN-c (XMG1.2), IL-10 (JES5-16E3), FceR1

(MAR-1), MHC class I (28-14-8) and class II (M5/114-15.2)

were obtained from eBioscience (San Diego, CA). FITC, PE or

PerCP conjugated Ly6-G (1A8), Ly6-C (AL-21), CD45 PerCP

(30-F11), CD107a (1D4B) and CD107b (ABL-93) were obtained

from BD PharMingen (San Jose, CA). All isotype controls were

obtained from eBioscience. In the Figure Legends and Results,

all references to infiltrating cells or inflammatory cells from

either BS or brain refer to mononuclear cells isolated from either

compartment distinguished by their CD45high expression. F480+

macrophages were characteristically CD45high, CNS resident

microglia CD45int and glial cells CD45neg. Activation of both cell

subsets was determined by their mean fluorescence intensity of

expression of MHC class II molecules. Efficiency of degranula-

tion by macrophages was determined in vitro in the absence of

antigen stimulation or following stimulation of cells for 5 h with

heat-killed HSV in the presence of anti-CD107a/b antibodies to

capture cell surface associated LAMPs. Resting macrophages did

not express surface CD107a (data not shown). Neutrophils were

determined by their SSChigh, Gr-1high, Ly6-G+, MHC II2,

F4802 phenotype. CD4+ Tregs were determined by reactivity to

CD25 and FoxP3 GFP expression in the 129 FoxP3 GFP

reporter mice. Cells were acquired on a Cyan ADP Analyzer

(Beckman Coulter, Fullerton CA) and flow cytometry analysis

was performed using Flowjo software (Treestar Inc.). In Results,

where percentage of cell subsets is calculated within specific

populations, the specific population is gated and considered to be

100%, while cell subsets are expressed as a fraction thereof. For

example, in Figure 2E, the top left plot shows BS mononuclear

cells isolated from IVIG-treated HSV-infected mice at d6 pi.

The CD45high infiltrating cells comprise 6.6% of total mononu-

clear cells. CD11b+ monocytes therefore comprise 55% (3.6%

CD11b+ 4 6.6% CD45high) of total CD45high infiltrating cells

within the BS.

Determination of BBB Integrity
To determine the integrity of the BBB after HSV corneal

infection, mice were injected i.p. with 10% sodium fluorescein

(Sigma Aldrich, PA). After 10 min, mice were bled and perfused

and the BS, brain and spinal cord collected and frozen on dry ice.

The organs were weighed and homogenized in 10% w/vol PBS.

Homogenates were treated with 15% TCA and extracted with

1.5 M NaOH. The supernatants were analyzed for fluorescence at

475 nm, and the amount of sodium fluorescein in sera and BS

were extrapolated from a standard curve. The following formula

was used to calculate the amount of sodium fluorescein in BS or

brain: (mg fluorescein in brain tissue/mg of protein)/(mg

fluorescein in sera/ml of blood) and the result was expressed as

fold increase in fluorescence in comparison to naı̈ve mice [54].

Preparation and Purification of F(ab)2 and Fc Fragments,
Monomeric and Dimeric IVIG and Cu64-Labeled
Monomeric IVIG

To prepare F(ab)2 and Fc fragments, IVIG was dialyzed into

PBS using a Mini Dialyzer cassette (10 kDa, Thermo Scientific,

Rockford, IL) prior to enzymatic cleavage with either Pepsin or

papain (Thermo Scientific) using the manufacturer’s protocol. The

reaction was stopped by spinning down the enzyme-linked beads

and the reaction mixture was dialyzed into PBS prior to

partitioning the Fc and F(ab)2 fragments using HPLC. The

F(ab)2 fragments retained antigen binding and neutralizing

activities. Aggregated and non-aggregated IgGs were separated

using HPLC, and these comprised primarily head-to-head dimers

and monomers of IgG, respectively. The non-aggregated fraction

of IVIG was collected based on size and the purity determined by

SDS PAGE electrophoresis. To label IVIG with radiolabeled
64Cu, IVIG was conjugated with DO3A-VS (1,4,7-tris(carbox-

ymethyl)-10-(vinylsulfone)-1,4,7,10-tetraazacyclododecane), a bi-

functional chelator, under Argon for 2 h at room temperature as

previously described [55]. Labeling with 64Cu was performed in

0.1 M ammonium citrate, pH 5.5 for 45 min at 43uC and the

reaction terminated by addition of 10 mM DTPA to achieve a

final concentration of 1 mM. The radiolabeled product was

purified on a size exclusion column. HSV infected or naı̈ve mice

were injected with IVIG spiked with 50 ul of 64Cu-labeled IVIG

(50 ml) at 24 h pi. At 4–8 h intervals over a 48 h period, mice were

imaged with a small animal PET scanner (microPET R4,

Siemens/CTIMI, Knoxville, TN). At 44–48 h pi, animals were

euthanized and organs such as spleen, liver, brain, BS, trigeminal

ganglia, etc. were weighed and assayed for radioactivity using a

gamma counter. All image processing and analysis was performed

using standard microPET software [55].

Statistical Analysis
Graph Pad Prizm Software was used to analyze mortality data

by log rank (Mantel Cox) test, taking into account both time of

death and mortality.

Supporting Information

Figure S1 Effect of dose and time of IVIG administration on

protection. (A) 129 WT mice infected with HSV 17+ by corneal

scarification were given 3.75 mg IVIG i.p. at indicated times pi or

(B) different doses of IVIG at 24 h pi.

(TIF)

Figure S2 SNA lectin blotting to detect sIgG. S+ IgG and S2

IgG were purified from IVIG and HSV seronegative pooled serum

by affinity chromatography on SNA lectin columns and blotted for

reactivity to SNA lectin (top) or anti-human IgG (bottom).

(TIF)

Figure S3 Bio-distribution of 64Cu-labeled IVIG in HSV infected

129 WT mice and naı̈ve mice. Mice injected i.p. with purified 64Cu-

labeled IgG at 24 h pi were sacrificed at 44 h after IgG infusion,

various tissues were dissected from infected and naı̈ve mice and

radioactivity was determined by gamma counting. The average

percent injected activity dose per gram organ for uninfected and

infected mice was calculated after correcting for radio-decay.

(TIF)

Figure S4 CD45high cells infiltrating the spinal cords of HSV

infected mice. CD45high infiltrates (determined by flow cytometry)

in mice treated with IVIG or PBS at d6 and d8 pi.

(TIF)

Non-Sialylated IVIG Induces IL-10 to Suppress Encephalitis

PLoS Pathogens | www.plospathogens.org 15 June 2011 | Volume 7 | Issue 6 | e1002071



Figure S5 Intracellular staining of BS infiltrating cells for IL-10

and IFN-c. Mononuclear cells isolated at d6 pi (A) or d14 pi (B)
from BS of HSV infected mice given PBS or IVIG were stimulated

with (blue dots) or without (red) PMA + ionomycin and analyzed

for intracellular IFN-cand IL-10 by flow cytometry. Percentages in

top row indicate percent of cells positive for cytokine expression

within CD45high subset.

(TIF)
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7. Negi V-S, Elluru S, SibÉRil S, Graff-Dubois S, Mouthon LUC, et al. (2007)

Intravenous Immunoglobulin: An Update on the Clinical Use and Mechanisms

of Action. J Clin Immunol 27: 233–245.

8. Erlich KS, Dix RD, Mills J (1987) Prevention and treatment of experimental

herpes simplex virus encephalitis with human immune serum globulin.

Antimicrob Agents Chemother 31: 1006–1009.

9. Dalai SK, Pesnicak L, Miller GF, Straus SE (2002) Prophylactic and therapeutic

effects of human immunoglobulin on the pathobiology of HSV-1 infection,

latency, and reactivation in mice. J Neurovirol 8: 35–44.

10. Nimmerjahn F, Ravetch JV (2008) Fcgamma receptors as regulators of immune

responses. Nat Rev Immunol 8: 34–47.

11. Tha-In T, Bayry J, Metselaar HJ, Kaveri SV, Kwekkeboom J (2008) Modulation

of the cellular immune system by intravenous immunoglobulin. Trends

Immunol 29: 608–615.

12. Ephrem A, Chamat S, Miquel C, Fisson S, Mouthon L, et al. (2008) Expansion

of CD4+CD25+ regulatory T cells by intravenous immunoglobulin: a critical

factor in controlling experimental autoimmune encephalomyelitis. Blood 111:

715–722.

13. Kessel A, Ammuri H, Peri R, Pavlotzky ER, Blank M, et al. (2007) Intravenous

immunoglobulin therapy affects T regulatory cells by increasing their suppressive

function. J Immunol 179: 5571–5575.

14. Nimmerjahn F, Ravetch JV (2007) The antiinflammatory activity of IgG: the

intravenous IgG paradox. J Exp Med 204: 11–15.

15. Seite J-F, Shoenfeld Y, Youinou P, Hillion S (2008) What is the contents of the

magic draft IVIg? Autoimmun Rev 7: 435–439.

16. Clynes R (2007) Protective mechanisms of IVIG. Curr Opin Immunol 19:

646–651.

17. Durandy A, Kaveri SV, Kuijpers TW, Basta M, Miescher S, et al. (2009)

Intravenous immunoglobulins - understanding properties and mechanisms. Clin

Exp Immunol 158: 2–13.

18. Nimmerjahn F, Ravetch JV (2010) Antibody-mediated modulation of immune

responses. Immunol Rev 236: 265–275.

19. Bruhns P, Samuelsson A, Pollard JW, Ravetch JV (2003) Colony-Stimulating

Factor-1-Dependent Macrophages Are Responsible for IVIG Protection in

Antibody-Induced Autoimmune Disease. Immunity 18: 573–581.

20. Anthony R, Ravetch J (2010) A Novel Role for the IgG Fc Glycan: The Anti-

inflammatory Activity of Sialylated IgG Fcs. J Clin Immunol 30: 9–14.

21. Kaneko Y, Nimmerjahn F, Ravetch JV (2006) Anti-Inflammatory Activity of

Immunoglobulin G Resulting from Fc Sialylation. Science 313: 670–673.

22. Bleeker WK, Teeling JL, Verhoeven AJ, Rigter GM, Agterberg J, et al. (2000)

Vasoactive side effects of intravenous immunoglobulin preparations in a rat

model and their treatment with recombinant platelet-activating factor

acetylhydrolase. Blood 95: 1856–1861.

23. Tankersley DL (1994) Dimer formation in immunoglobulin preparations and

speculations on the mechanism of action of intravenous immune globulin in

autoimmune diseases. Immunol Rev 139: 159–172.

24. Koelle DM, Corey L (2008) Herpes Simplex: Insights on Pathogenesis and

Possible Vaccines. Annu Rev Med 59: 381–395.

25. Nimmerjahn F, Ravetch JV (2006) Fc[gamma] Receptors: Old Friends and New

Family Members. Immunity 24: 19–28.

26. Lundberg P, Openshaw H, Wang M, Yang HJ, Cantin E (2007) Effects of

CXCR3 Signaling on Development of Fatal Encephalitis and Corneal and
Periocular Skin Disease in HSV-Infected Mice Are Mouse-Strain Dependent.

Invest Ophthalmol Vis Sci 48: 4162–4170.

27. Nimmerjahn F, Ravetch JV (2007) Fc-receptors as regulators of immunity.

Advances in Immunology, Vol 96. San Diego: Elsevier Academic Press Inc. pp
179–204.

28. Nimmerjahn F, Ravetch JV (2008) Anti-Inflammatory Actions of Intravenous
Immunoglobulin. Annu Rev Immunol 26: 513–533.

29. Smith KGC, Clatworthy MR (2010) Fc[gamma]RIIB in autoimmunity and

infection: evolutionary and therapeutic implications. Nat Rev Immunol 10:

328–343.

30. Tha-In T, Metselaar HJ, Bushell AR, Kwekkeboom J, Wood KJ (2010)

Intravenous immunoglobulins promote skin allograft acceptance by triggering
functional activation of CD4+Foxp3+ T cells. Transplantation 89: 1446–1455.

31. Openshaw H, Cantin EM (2005) Corticosteroids in herpes simplex virus

encephalitis. J Neurol Neurosurg Psychiatry 76: 1469.

32. Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, et al.

(2008) Recapitulation of IVIG Anti-Inflammatory Activity with a Recombinant

IgG Fc. Science 320: 373–376.

33. Sultan Y, Rossi F, Kazatchkine MD (1987) Recovery from anti-VIII:C
(antihemophilic factor) autoimmune disease is dependent on generation of

antiidiotypes against anti-VIII:C autoantibodies. Proc Natl Acad Sci U S A 84:

828–831.

34. Aschermann S, Lux A, Baerenwaldt A, Biburger M, Nimmerjahn F (2009) The
other side of immunoglobulin G: suppressor of inflammation. Clin Exp Immunol

160: 161–167.

35. Anthony RM, Wermeling F, Karlsson MCI, Ravetch JV (2008) Identification of

a receptor required for the anti-inflammatory activity of IVIG. Proc Natl Acad

Sci U S A 105: 19571–19578.

36. Bazin R, Lemieux R, Tremblay T, St-Amour I (2004) Tetramolecular immune
complexes are more efficient than IVIg to prevent antibody-dependent in vitro

and in vivo phagocytosis of blood cells. Br J Haematol 127: 90–96.

37. Siragam V, Brinc D, Crow AR, Song S, Freedman J, et al. (2005) Can antibodies

with specificity for soluble antigens mimic the therapeutic effects of intravenous

IgG in the treatment of autoimmune disease? J Clin Invest 115: 155–160.

38. Bazin R, Lemieux R, Tremblay T (2006) Reversal of immune thrombocytopenia
in mice by cross-linking human immunoglobulin G with a high-affinity

monoclonal antibody. Br J Haematol 135: 97–100.

39. Samuelsson A, Towers TL, Ravetch JV (2001) Anti-inflammatory Activity of

IVIG Mediated Through the Inhibitory Fc Receptor. Science 291: 484–486.

40. Kaneko Y, Nimmerjahn F, Madaio MP, Ravetch JV (2006) Pathology and

protection in nephrotoxic nephritis is determined by selective engagement of
specific Fc receptors. J Exp Med 203: 789–797.

41. Crow AR, Song S, Freedman J, Helgason CD, Humphries RK, et al. (2003)
IVIg-mediated amelioration of murine ITP via Fc{gamma}RIIB is independent

of SHIP1, SHP-1, and Btk activity. Blood 102: 558–560.

42. De Groot AS, Moise L, McMurry JA, Wambre E, Van Overtvelt L, et al. (2008)

Activation of natural regulatory T cells by IgG Fc-derived peptide ‘‘Tregitopes’’.
Blood 112: 3303–3311.

43. Lindkvist A, Eden A, Norstrom M, Gonzalez V, Nilsson S, et al. (2009)
Reduction of the HIV-1 reservoir in resting CD4+ T-lymphocytes by high

dosage intravenous immunoglobulin treatment: a proof-of-concept study. AIDS
Res Ther 6: 15.

44. Nandakumar S, Miller C, Kumaraguru U (2009) T regulatory cells: an overview
and intervention techniques to modulate allergy outcome. Clin Mol Allergy 7: 5.

45. Pot C, Jin H, Awasthi A, Liu SM, Lai C-Y, et al. (2009) Cutting Edge: IL-27
Induces the Transcription Factor c-Maf, Cytokine IL-21, and the Costimulatory

Receptor ICOS that Coordinately Act Together to Promote Differentiation of
IL-10-Producing Tr1 Cells. J Immunol 183: 797–801.

Non-Sialylated IVIG Induces IL-10 to Suppress Encephalitis

PLoS Pathogens | www.plospathogens.org 16 June 2011 | Volume 7 | Issue 6 | e1002071



46. Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as regulators

of the immune system. Nat Rev Immunol 9: 162–174.

47. Simpson TR, Quezada SA, Allison JP (2010) Regulation of CD4 T cell

activation and effector function by inducible costimulator (ICOS). Curr Opin

Immunol 22: 326–332.

48. Lokensgard JR, Cheeran MC, Hu S, Gekker G, Peterson PK (2002) Glial cell

responses to herpesvirus infections: role in defense and immunopathogenesis.

J Infect Dis 186(Suppl 2): S171–179.

49. Lokensgard JR, Hu S, Sheng W, vanOijen M, Cox D, et al. (2001) Robust

expression of TNF-alpha, IL-1beta, RANTES, and IP-10 by human microglial

cells during nonproductive infection with herpes simplex virus. J Neurovirol 7:

208–219.

50. Marques CP, Hu S, Sheng W, Cheeran MC-J, Cox D, et al. (2004) Interleukin-

10 attenuates production of HSV-induced inflammatory mediators by human

microglia. Glia 47: 358–366.

51. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A (2001) Interleukin-10

and the interleukin-10 receptor. Annu Rev Immunol 19: 683–765.
52. Saraiva M, O’Garra A (2010) The regulation of IL-10 production by immune

cells. Nat Rev Immunol 10: 170–181.

53. Haribhai D, Lin W, Relland LM, Truong N, Williams CB, et al. (2007)
Regulatory T Cells Dynamically Control the Primary Immune Response to

Foreign Antigen. J Immunol 178: 2961–2972.
54. Phares TW, Fabis MJ, Brimer CM, Kean RB, Hooper DC (2007) A

Peroxynitrite-Dependent Pathway Is Responsible for Blood-Brain Barrier

Permeability Changes during a Central Nervous System Inflammatory
Response: TNF-{alpha} Is Neither Necessary nor Sufficient. J Immunol 178:

7334–7343.
55. Li L, Bading J, Yazaki PJ, Ahuja AH, Crow D, et al. (2007) A Versatile

Bifunctional Chelate for Radiolabeling Humanized Anti-CEA Antibody with In-
111 and Cu-64 at Either Thiol or Amino Groups: PET Imaging Of CEA-

Positive Tumors with Whole Antibodies. Bioconj Chem 19: 89–96.

Non-Sialylated IVIG Induces IL-10 to Suppress Encephalitis

PLoS Pathogens | www.plospathogens.org 17 June 2011 | Volume 7 | Issue 6 | e1002071


