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Abstract
Antigen-specific IgG antibodies, passively administered to mice or humans together with

large particulate antigens like erythrocytes, can completely suppress the antibody response

against the antigen. This is used clinically in Rhesus prophylaxis, where administration of

IgG anti-RhD prevents RhD-negative women from becoming immunized against RhD-posi-

tive fetal erythrocytes aquired transplacentally. The mechanisms by which IgG suppresses

antibody responses are poorly understood. We have here addressed whether complement

or Fc-receptors for IgG (FcγRs) are required for IgG-mediated suppression. IgG, specific for

sheep red blood cells (SRBC), was administered to mice together with SRBC and the anti-

body responses analyzed. IgG was able to suppress early IgM- as well as longterm IgG-

responses in wildtype mice equally well as in mice lacking FcγRIIB (FcγRIIB knockout

mice) or FcγRI, III, and IV (FcRγ knockout mice). Moreover, IgG was able to suppress early

IgM responses equally well in mice lacking C1q (C1qA knockout mice), C3 (C3 knockout

mice), or complement receptors 1 and 2 (Cr2 knockout mice) as in wildtype mice. Owing to

the previously described severely impaired IgG responses in the complement deficient

mice, it was difficult to assess whether passively administered IgG further decreased

their IgG response. In conclusion, Fc-receptor binding or complement-activation by IgG

does not seem to be required for its ability to suppress antibody responses to xenogeneic

erythrocytes.

Introduction
Antibodies, passively administered together with their specific antigen, can profoundly influ-
ence the immune response against the specific antigen via antibody feedback regulation. This
phenomenon is antigen specific and can cause either>100-fold enhancement or>99% sup-
pression of the humoral response. The outcome is dependent both on the antibody class and
the type of antigen involved [1, 2]. The most wellknown antibody feedback mechanism is the
capacity of specific IgG to suppress antibody responses against large particulate antigens, such
as erythrocytes [3–6]. The mechanism underlying IgG-mediated immune suppression against
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erythrocytes remains poorly understood, and, so far, no knockout mouse strain has been found
in which IgG-mediated immune suppression does not work. Nevertheless, this inhibitory func-
tion of IgG has been used successfully in the clinic to prevent hemolytic disease of the fetus and
newborn since the 1960s [7, 8]. This disease is caused by transplacental hemorrhage of Rhesus
(Rh) D+ fetal erythrocytes to a RhD- mother who can produce IgG anti-RhD antibodies which
cross the placenta and damage fetal erythrocytes. By administration of preformed IgG anti-
RhD to RhD- women, immunization can be prevented.

Several hypotheses have been proposed to explain how specific IgG can suppress antibody
responses. Co-crosslinking of the B cell receptor (BCR) with the inhibitory Fc gamma receptor
(FcγR) IIB negatively regulates BCR mediated activation of the B cell [9]. IgG in complex with
its antigen may cause such co-crosslinking and turn off the specific B cell, thus hypothetically
explaining IgG-mediated suppression. However, IgG suppresses primary IgM anti-sheep red
blood cell (SRBC) responses equally well in FcγRIIB-deficient (FcγRIIB KO) as in wildtype
mice [4, 5] arguing against this idea. Alternatively, specific IgG could mark the antigen for
rapid elimination by phagocytosis which would reduce the amount of antigen and the possibil-
ity of interaction with antigen specific B-cells. Noteworthy is that IgG suppresses primary IgM
responses in mice lacking the common Fc receptor gamma chain (FcRγ KO, lacking FcγRI, III,
and IV) and in β-2-microglobulin-deficient mice (lacking the neonatal FcR, FcRn) [4]. There-
fore, any type of elimination of antigen would be independent of FcγRs. Owing to difficulties
differentiating between passively administered and actively produced IgG, the role of FcγRIIB
or FcγRI, III, and IV in IgG-mediated suppression of longterm primary IgG-responses has not
been tested.

Another hypothesis is that IgG, binding to the antigen, will mask epitopes and cause steric
hindrance, thus preventing specific B cells from recognizing the antigen. This idea is compati-
ble with the majority of experimental data, such as the lack of FcγR-dependence and the ability
of F(ab')2 fragments and IgE to suppress [4, 10]. However, it may not be the only explanation
and mathematical modeling, based on available experimental results, suggests that IgG-
mediated immune suppression is best described as a synergistic model involving both epitope
masking and rapid antigen elimination [11]. In Rhesus prophylaxis, elimination of RhD+

erythrocytes by the administered IgG anti-RhD is considered to play an important role [12].
Moreover, we have observed that less SRBC is found in the marginal zone of mice immunized
with IgG together with SRBC than in controls given SRBC alone [13], suggesting that the
SRBC might be partially eliminated by the presence of specific IgG. In a recent study, murine
transgenic erythrocytes, expressing hen egg lyzozyme (HEL) in sequence with ovalbumin and
the human Duffy transmembrane protein were used as antigen instead of xenogeneic SRBC
[6]. Here, both Duffy-specific mAbs (which increased clearance but did not bind to HEL) and
HEL-specific IgG mAbs (which did not increase clearance but bound to HEL) suppressed the
antibody response against HEL. The authors concluded that neither epitope masking nor
increased clearance were indispensible for IgG-mediated suppression.

In addition to phagocytosis, SRBC may be rendered less immunogenic by complement-
mediated lysis. The role of complement in IgG-mediated suppression of antibody responses
has to our knowledge only been investigated in one study. Two monoclonal IgG1 antibodies,
one which could and one which could not activate the classical complement pathway, were
shown to suppress primary IgM anti-SRBC responses equally well [14]. Studies of the role of
complement in immunosuppression is hampered by the fact that the early complement com-
ponents C1q, C2, C3, and C4, as well as complement receptors 1 and 2 (CR1/2), are required
for induction of normal antibody responses (reviewed in [15]). This means that the antibody
response in mice given SRBC alone is very low and therefore a possible suppression of this
response by passively administered IgG would be difficult to detect.
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In this study we investigate for the first time whether polyclonal IgG anti-SRBC can sup-
press IgM- and IgG-responses in mice lacking C1q, C3, or CR1/2 and whether IgG can sup-
press the longterm IgG-response in mice lacking FcγRs I, III, and IV (FcRγ KO) or FcγRIIB.

Materials and Methods

Ethics statement
The Uppsala Animal Research Ethics Committee specifically approved this study (Permit
numbers: C146/10 and C25/13). The mice were bred and maintained in the animal facilities at
the National Veterinary Institute (Uppsala, Sweden). Skilled personnel under the supervision
of the veterinarian in charge routinely observed the health status of the mice.

Mice
BALB/c mice were obtained from Bommice (Ry, Denmark). Mice deficient in FcγRIIB,
C.129S4(B6)-Fcgr2btmlTtK/cAnNTac N12 (FcγRIIB KO) were purchased from Taconic Biosci-
ences, Inc. (Hudson, NY, USA), FcRγ KO founders were a gift from Dr J. V. Ravetch [16] and
backcrossed to BALB/c for 10 generations. Wildtype C57BL/6 mice, C57BL/6 mice lacking
complement factor C3 (C3 KO) and Ig allotype congenic mice, C.BKa-Ighb/lcrSMnJ (CB17),
were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Mice lacking CR1/2 (Cr2
KO) were a gift from Dr H. Molina [17] and backcrossed for 10 generations to BALB/c back-
ground. C57BL/6 C1qA-deficient founder mice (C1q KO), lacking the classical pathway activa-
tor C1q, were obtained from Dr M. Botto [18]. Mice were age and sex matched within each
experiment. All animal experiments were approved by the Uppsala Animal Research Ethics
Committee. Animals were bred and maintained in the animal facilities at the National Veteri-
nary Institute (Uppsala, Sweden).

Antibodies
Polyclonal IgGa anti-SRBC was prepared from hyperimmune BALB/c serum and polyclonal
IgGb anti-SRBC from hyperimmune C57BL/6 or CB17 serum. IgG was purified on a Protein-A
Sepharose column (Amersham Pharmacia Biotech, Uppsala, Sweden) [19], dialyzed against
PBS, sterile filtered and stored at -20°C until use.

Antigens
SRBC were obtained from Håtunalab AB (Håtunaholm, Sweden) and stored in sterile Alsever’s
solution at 4°C. SRBC were washed three times in PBS prior to use.

Immunizations and blood sampling
Mice were immunized with polyclonal IgG anti-SRBC and SRBC in one of their lateral tail
veins in 200 μl PBS. IgG anti-SRBC was given 30 min prior to SRBC. Controls received SRBC
alone or IgG anti-SRBC alone. Details regarding doses and IgG-allotypes are given in the figure
legends. Blood was collected from the ventral tail artery.

Direct plaque forming cell assay
Amodified version of the Jerne hemolytic plaque forming cell assay (PFC) was used to assess
single cells producing SRBC-specific IgM [20]. In brief, a mixture of 100 μl spleen cell suspen-
sions, 25 μl guinea pig serum (diluted 1:10; as source of complement), 25 μl 10% SRBC-suspen-
sion and 300 μl 0.5% 1:1 agarose (SeaPlaque low gelling temperature, FMC Bioproducts,
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Rockland, ME, USA) and agarose (USB corporation, Cleveland, OH, USA) was poured onto
glass slides. The slides were incubated at 37°C for 3 h. Samples were counted blindly as dupli-
cates under a magnifying glass. All dilutions were made in HBSS.

Enzyme linked immunosorbent assay (ELISA)
The IgG anti-SRBC enzyme linked immunosorbent assay (ELISA) has been described
previously [21]. In order to detect IgG anti-SRBC of the Iga or Igb allotype, a 1:1 mixture of bio-
tinylated anti-mouse IgG1a and IgG2aa, or anti-mouse IgG1b and IgG2ab, was used (BD Phar-
mingen, San Jose, CA, USA). Plates were developed using alkaline phosphatase conjugated to
streptavidin (BD Pharmingen). Unless otherwise indicated in figure legends, absorbance at 405
nm was measured after 30 min. Data was analyzed using SoftMax software (Molecular Devices.
Sunnyvale, CA, USA). The results are given as OD values and serum dilution is chosen so that
the highest value does not reach plateau level.

Statistical analysis
Statistical differences between groups were determined by the two-tailed Student’s t-test. Statis-
tical significance levels were set as: ns, p> 0.05; �, p< 0.05; ��, p< 0.01; ���, p< 0.001.

Results

IgG-mediated suppression of primary IgM-responses in C1q KO and C3
KOmice
To study the role of complement in IgG-mediated suppression, C57BL/6 mice, C1q KO and
C3 KOmice were immunized with IgGa anti-SRBC and SRBC, SRBC alone or IgGa alone. The
passively administered IgG anti-SRBC was prepared from mice with a different IgG allotype
than the recipient mice, thus facilitating analysis only of the actively produced IgG. Spleens
were harvested at day 5 after immunization and single cells producing SRBC-specific IgM were
assayed in a direct hemolytic plaque forming cell (PFC) assay. IgG suppressed over 98% of the
IgM-responses in C57BL/6, C1q KO, and C3 KO mice (Fig 1A and 1B). As expected, IgG effi-
ciently suppressed the IgG anti-SRBC response in wildtype C57BL/6 mice (Figure A and D in
S1 Fig). C1q KO and C3 KOmice generally have very poor antibody responses [22–24] and the
IgG-response to SRBC administered alone in C1q KO or C3 KO mice was extremely low when
the same serum dilution and incubation times as for C57BL/6 mice were used in the ELISA
(Figure B and E in S1 Fig). Testing less diluted samples and extending the substrate incubation
time to 3 h in the ELISA, a detectable IgG-response appeared also in C1q KO and C3 KOmice,
albeit with high background levels (Figure C and F in S1 Fig). This response was significantly
suppressed day 7 and 21 in C1q KO mice (Figure C in S1 Fig). IgG appeared to suppress also in
C3 mice, although the differences were not significant (Figure F in S1 Fig).

Thus, IgG efficiently suppressed the IgM anti-SRBC responses both in C1q KO and C3 KO
mice. Suppression of IgG-responses were difficult to measure, owing to low antibody responses
to SRBC itself, but data indicate that IgG suppressed also IgG-responses in C1q KO and C3 KO
animals.

IgG-mediated suppression of primary IgM-responses in Cr2 KOmice
To address whether CR1/2 are required for the suppressive function of passively administered
IgG, BALB/c and Cr2 KO mice were immunized with IgGb anti-SRBC and SRBC, SRBC alone,
or IgG alone. IgG suppressed 98% or more of IgM-responses both in BALB/c wildtype controls
and Cr2 KO mice (Fig 2) and IgG also efficiently suppressed the IgG anti-SRBC response in
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BALB/c controls (Figure G in S1 Fig). Cr2 KO mice have impaired antibody responses to anti-
gens administered alone [17, 23, 25]. Therefore, as expected, Cr2 KO mice given SRBC alone
produced very low levels of IgG anti-SRBC, both when assayed at a serum dilution of 1:625
with a substrate incubation during 30 min (Figure H in S1 Fig) and at a serum dilution of 1:25
with a substrate incubation during 3 h (Figure I in S1 Fig). Therefore, no conclusions regarding
the ability of IgG to suppress the IgG-response in Cr2 KO mice could be drawn.

IgG-mediated suppression of primary IgM- and IgG-responses in
FcγRIIB KOmice
FcγRIIB KO and BALB/c mice were immunized with IgGb anti-SRBC and SRBC, SRBC alone,
or IgGb alone. IgG efficiently suppressed the IgM response in both strains (Fig 3A). Using the
allotype ELISA system described above, it was shown that IgG suppressed also longterm IgG-
responses in FcγRIIB KO as well as in BALB/c wildtype controls (Fig 3B). Noteworthy is that
FcγRIIB KO mice, immunized with SRBC alone, generated higher IgM anti-SRBC responses
than BALB/c wildtype mice (Fig 3A legend). This finding confirms the negatively regulating
effect of FcγRIIB on antibody responses previously reported [26]. In summary, efficient sup-
pression of IgM and IgG responses by specific IgG takes place in the absence of FcγRIIB.

IgG-mediated suppression of primary IgM- and IgG-responses in FcRγ
KOmice
To investigate whether suppression of primary antibody responses to SRBC is dependent on
FcγRI, III, and IV, BALB/c controls and FcRγ KOmice were immunized with IgGb anti-SRBC
and SRBC, SRBC alone, or IgGb alone. IgM- (Fig 3C) and serum IgG anti-SRBC responses (Fig
3D) were severely suppressed by IgG anti-SRBC in BALB/c controls as well as in FcRγ KO

Fig 1. IgG-mediated suppression of primary IgM-responses in C1q KO and C3 KOmice.C1q KO, C3
KO, and C57BL/6 mice were immunized with 50 μg IgGa anti-SRBC and 5x107 SRBC, 5x107 SRBC alone, or
with 50 μg IgGa alone. (A,B) Five days after immunization, the number of spleen cells producing IgM anti-
SRBC was assayed. Responses are shown as percentage of the direct PFC response/spleen in mice given
SRBC alone (100%, open bars); black bars show responses in mice given IgG and SRBC. Direct PFC/spleen
in the respective control groups (receiving antigen alone) were in A: C57BL/6, 56,105; C1q KO, 5,433 and in
B: C57BL/6, 54,954; C3 KO, 3,614. Data are pooled from three experiments; (n = 4/group in each
experiment). p-values denote comparisons between mice immunized with IgG anti-SRBC together with
SRBC and mice immunized with SRBC alone. ***, p < 0.001.

doi:10.1371/journal.pone.0143841.g001
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mice. In summary, IgG efficiently suppresses both the IgM- and the IgG-response in mice lack-
ing FcγRI, FcγRIII, and FcγRIV.

Discussion
The molecular mechanism(s) behind IgG-mediated suppression of antibody responses to
erythrocytes and other particulate antigens are important to elucidate, both because it is theo-
retically interesting and because IgG is used clinically in Rhesus prophylaxis. This successful
therapy relies on IgG anti-RhD from large serum pools which are aquired from RhD-negative
women, immunized during pregnancies with RhD- positive fetuses, or from RhD-negative
males deliberately immunized with RhD-positive blood. However, owing to the success of the
therapy, the number of immunized women is rapidly decreasing and ethical considerations

Fig 2. IgG-mediated suppression of primary IgM-responses in Cr2 KOmice.Cr2 KO and BALB/c mice
were immunized with 50 μg IgGb anti-SRBC and 5x107 SRBC, SRBC alone, or IgG alone. Five days after
immunization, the number of spleen cells producing IgM anti-SRBC was assayed. Responses are shown as
percentage of the direct PFC response/spleen in mice given SRBC alone (100%, open bars); black bars
show responses in mice given IgG together with SRBC. Direct PFC/spleen in the respective control groups
(receiving antigen alone) were: BALB/c, 76,208; Cr2 KO, 11,015. Data are pooled from three experiments;
(n = 4/group in each experiment). p-values denote comparisons between mice immunized with IgG anti-
SRBC together with SRBC and mice immunized with SRBC alone. ***, p < 0.001.

doi:10.1371/journal.pone.0143841.g002
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concerning immunization of male volunteers are arising. Therefore, there is a need for thera-
peutic monoclonal IgG anti-RhD antibodies, but so far attempts to generate monoclonals that
work well in Rhesus prophylaxis have been largely unsuccessful [27]. This may be due to the
fact that it is not yet known which features of the IgG antibodies that are important for their
suppressive ability.

One of the most widely discussed explanations for IgG-mediated suppression is negative
regulation via FcγRIIB. This receptor undoubtedly plays a role in downregulating many effects
mediated via immunoreceptor tyrosine-based activation motif (ITAM)-signalling receptors
both in vitro and in vivo [26, 28, 29]. The two original studies performed on the importance of
FcγRIIB for IgG-mediated suppression of antibody responses against SRBC, showed that sup-
pression of day 5–6 IgM and IgG responses took place equally well in mice lacking this receptor
as in wildtype controls [4, 5]. These results were unexpected and created some debate at the
time [12, 30, 31], but were recently confirmed in a study using allogeneic RBC, expressing a
fusion protein consisting of hen egg lysozyme, OVA, and Duffy b as the antigen [32]. In the

Fig 3. IgG-mediated suppression of primary IgM- and IgG-responses in FcγRIIB KO and FcRγKOmice. FcγRIIB KO, FcRγ KO, and BALB/c mice were
immunized with 10 μg IgGb anti-SRBC and 5x106 SRBC, SRBC alone, or IgG alone. (A,C) Five days after immunization, the number of spleen cells
producing IgM anti-SRBC was assayed. Responses are shown as percentage of the direct PFC response/spleen in mice given SRBC alone (100%, open
bars); black bars show responses in mice given IgG and SRBC. Direct PFC/spleen in the respective control groups (receiving antigen alone) were in A:
BALB/c, 12,218; FcγRIIB KO, 36,391 (p<0.05) and in C: BALB/c, 57,279; FcRγ KO 40,831. (B,D) Seven to 49 days later, serum levels of IgG anti-SRBC were
assayed in ELISA on sera diluted 1:625. Data are representative of one (A, C) or pooled from three (B, D) experiments with each KO strain. p-values denote
comparisons between mice immunized with IgG anti-SRBC together with SRBC and mice immunized with SRBC alone. **, p < 0.01; ***, p < 0.001.

doi:10.1371/journal.pone.0143841.g003
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present study, we extend and confirm previous data. Using an allotype ELISA, which enabled
selective quantification of actively produced IgG, we show that IgG suppresses also the long
term IgG response equally well in FcγRIIB KO as in wildtype mice (Fig 3B). The IgM-response
in control groups, given SRBC alone, was higher in FcγRIIB KO than in wildtype mice, sup-
porting the notion that FcγRIIB is a negatively regulating receptor. However, it appears that
this receptor acts to downmodulate an ongoing immune response, rather than to completely
extinguish an antibody response after passive administration of IgG. Likewise, confirming and
extending previous data [4], IgG was able to suppress longterm IgG responses in mice lacking
all activating FcγRs, owing to deletion of the common FcRγ chain (Fig 3D). This suggests that,
should elimination of SRBC via phagocytosis play a role for IgG-mediated suppression, the
process must take place without involvement of FcγRs.

The murine IgG subclasses IgG2a, IgG2b, and IgG3 all activate the classical pathway, whereas
IgG1 is considered a poor complement activator [33, 34]. Rare monoclonal IgG1 antibodies are
however able to activate complement, and studies of the suppressive ability of one IgG1 that
could, and one that could not, activate complement showed that both were able to suppress anti-
body responses [14]. This study however did not address whether other IgG isotypes than IgG1
utilize complement, or whether the alternative or lectin pathways are involved. Here, we have
studied IgG-mediated suppression in mice lacking CR1/2, C3, or C1q. C1q is required for classi-
cal complement activation by all IgG isotypes. Cleavage of C3 can be initiated by the classical,
alternative, and lectin complement activation pathways. Thus, lack of C3 prevents generation of
the membrane attack complex and therefore no lysis of e. g. erythrocytes can take place. Lack of
C3 also prevents generation of C3 split products, which are the ligands of CR1/2. Although ani-
mals lacking CR1/2, C3, or C1q are known to have severely impaired antibody responses [15],
the IgM responses are sometimes less affected than the IgG responses [17]. This was clearly the
case in our system, and therefore we were able to demonstrate that IgG suppressed the IgM
responses in these animals equally efficiently as in wildtype mice (Figs 1A, 1B and 2). As
expected, the IgG-responses were very low in all complement knockout mice and it was impossi-
ble to determine any suppression after normal ELISA incubation times. After longer incubation
times, data indicated that IgG suppressed IgG responses in C1q KO and C3 KOmice, whereas
no conclusion could be drawn from Cr2 KOmice. Taken together, we find no evidence of
reduced suppression in complement-deficient mice. This supports earlier observations [14], and
argues against IgG-mediated lysis of SRBC as an explanation for IgG-mediated suppression.

The possibility that complement and FcγRs act redundantly in IgG-mediated suppression
of antibody responses has not been analyzed here. Testing the question of redundancy in gene
targeted mice is difficult since "multiple" KO's, lacking both complement and FcγRs, would
have extremely low antibody responses. As discussed above, this precludes reliable analysis of
suppression. An alternative approach would be to use deglycosylated IgG, lacking ability to
bind to FcγRs as well as to activate complement[35, 36]. However, we would not expect to see a
difference since F(ab')2 fragments, lacking both ability to bind to FcγRs and to activate comple-
ment, are efficient suppressors in vivo [4]. Moreover, IgE can suppress responses to SRBC [4],
and although IgE has been reported to bind FcγRIIB and FcγIII, IgE-mediated suppression
works well in mice lacking these receptors[37]. In conclusion, the mechanism behind IgG-
mediated suppression remains enigmatic, but the data presented here strongly argues against
involvement of either FcγRs or complement.

Supporting Information
S1 Fig. IgG-mediated suppression of primary IgG-responses in C1q KO, C3 KO and Cr2
KOmice. C1q KO, C3 KO and C57BL/6 mice were immunized with 50 μg IgGa anti-SRBC
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and 5x107 SRBC, 5x107 SRBC alone, or with 50 μg IgGa alone. Cr2 KO and BALB/c mice
immunized with 50 μg IgGb anti-SRBC and 5x107 SRBC, 5x107 SRBC alone, or with 50 μg
IgGb alone. (A-I) Seven-49 days after immunization, serum levels of IgG anti-SRBC were
assayed in ELISA on sera diluted 1:625 (A,B,D,E,G,H) or 1:25 (C,F,I). Incubation times with
substrate were either 30 min or 3 h. Data are representative of two (A-C, G-I) or one (D-F)
experiments; (n = 3-5/group in each experiment). p-values denote comparisons between mice
immunized with IgG anti-SRBC together with SRBC and mice immunized with SRBC alone.
ns, p> 0.05 (not indicated); �, p< 0.05; ��, p< 0.01; ���, p< 0.001.
(PDF)
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