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Vaccine model of antiphospholipid syndrome induced
by tetanus vaccine

L Dimitrijevi¢!, I Zivkovi¢!', M Stojanovié¢!, V Petrugi¢! and S Zivanéevié-Simonovi¢?
"nstitute of Virology, Vaccines and Sera — Torlak, Department of Research and Development, Belgrade, Serbia; and *Medical Faculty,

University of Kragujevac, Institute of Pathophysiology, Kragujevac, Serbia

Successful induction of antiphospholipid syndrome (APS) in two different non-autoimmune
prone mouse strains, BALB/c and C57BL/6, was achieved by tetanus toxoid (TTd) hyperim-
munization using different adjuvants (glycerol or aluminium hydroxide), and different adju-
vant pretreatments (glycerol or Complete Freund’s Adjuvant (CFA)). APS had different
manifestations of reproductive pathology in BALB/c and C57BL/6 mice: fetal resorption
(as a consequence of extreme T-cell activation obtained in the course of pretreatment), and
lowering of fecundity (as a consequence of polyclonal B-cell stimulation), respectively. In
BALB/c mice fetal resorption coincided with glycerol and CFA pretreatments, while in
C57BL/6 mice lowering of fecundity was most obvious in CFA-pretreated mice immunized
with TTd in aluminium hydroxide. Both molecular mimicry and polyclonal B-cell activation
occur in APS induction, with molecular mimicry effects being dominant in BALB/c mice, and
polyclonal cell activation being dominant in C57BL/6 mice. Confirmation of molecular mim-
icry effects, which in the condition of T-cell stimulation generated fetal resorptions in the
BALB/c strain, was achieved by passive infusion of monoclonal antibody (MoAb) T-26
specific for TTd and anti-B,-glycoprotein I obtained after TTd hyperimunization. High poly-
clonal B-cell activation in C57BL/6 mice prevented fetal resorption but induced fecundity
lowering, as was the case in passive administration of MoAb T-26 in this mouse strain.
Passive infusion of anti-idiotypic MoAb Y7 into C57BL/6 mice induced fetal resorptions
and confirmed the above suggestion on the protective role of polyclonal B-cell stimulation

in fetal resorptions.

Lupus (2012) 21, 195-202.
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Introduction

Antiphospholipid syndrome (APS) is a systemic
autoimmune disease that can have various clinical
manifestations (thrombocytopenia, thrombosis,
reproductive pathology). It is considered that this
disease appears due to an increase in anti-phospho-
lipid (aPL), anti-B,-glycoprotein I (B,GPI) antibo-
dies (Abs) and/or PB,GPI-dependent aPL Abs.
Manifestations of APS' in the mouse model
include a decrease in fecundity and/or fertility.
Various data that connect exposure to microbial
antigens, either during infections”” or vaccina-
tions,® ' to autoantibody production have been
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published in recent years. Experimental evidence
for infectious origins of APS came from mice,
immunized with a panel of microbial Preparations,
which developed anti-p,GPI Abs.!" Pathogenic
anti-B,GPI Abs directed against the hexapeptide
TLRVYK epitope are produced in mice upon
immunization with common bacteria
(Haemophilus influenzae or Neisseria gonorrhoeae),
viruses, yeast and tetanus toxin.

Our APS model differs from those previously
described as it is generated through tetanus toxoid
(TTd) hyperimmunization. Pathogenic anti-f,GPI
Abs in our model are thought not to be specific for
the linear TLRVYK sequence present in TTd, but
instead recognize TTd conformation, which is sim-
ilar to that of B,GPI. Anti-B,GPI Abs per se are
not necessarily pathological, but we were able to
show their pathological effects on reproduction.
The multifactorial aetiopathogenesis'® of APS is
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stressed in our model, as it is shown to involve
responses of both adaptive and innate immunity,
and is supported by a genetic background and trig-
gered by environmental factors.

Environmental factors

Experimental design

To induce APS, mice were pretreated with
Complete Freund’s Adjuvant (CFA) or glycerol
(Glyc) before TTd application (Table 1). One
week after pretreatment, the TTd hyperdose
(200 pg per dose) mixed with aluminium hydroxide
(Al) or Glyc was injected into the mice.

Irrespective of which adjuvant pretreatment was
used, the immune system was prepared to respond
in the scope of dangerous self-signal threat. As for
the question of adjuvant use, our results show that
TTd-specific and autoreactive immune responses
(which developed in tandem) are differently regu-
lated: the immunogen-specific immune response
was primarily shaped by the adjuvant used
(whether Al or Glyc), while the dynamics and the
intensities of self-directed immune responses were
linked to the administered pretreatments.

The effect of adjuvants

As stated above, adjuvants used for pretreatments
were CFA and Glyc. The innate immune system
stimulatory potential of CFA comes from its
numerous Toll-like receptor (TLR) agonists origi-
nating from Mycobacterium tuberculosis.'*'> By
driving specific Thl (activation of TLR4, TLRY,
TLR3, TLR7)'*!” or Th2'® (activation of TLR2)
differentiation, TLRs act as the crucial link between
innate and acquired immunity.

It has already been reported that the M. tuber-
culosis-derived TLR agonist mixture, which consti-
tutes CFA, could also stimulate innate receptors of
B-1 cells and marginal zone (MZ) B cells, and thus
generate a natural Ab response, as well as influence
the generation of specific Abs. Different distribu-
tion of TLRs on dendritic cells as well as T and B
cells in C57BL/6 and BALB/c mice greatly influ-
ences different manifestations of APS in these

Table 1 Immunization schedule and experimental groups

mice strains. Since B-1 and MZ B cells represent
the main source of natural Abs (NAbs),"” CFA
constituents act by triggering NAb response, and
in addition, when TTd in Al or Glyc adjuvant is
injected, prepare the milieu for generation of speci-
fic Ab response.

In the case of Glyc pretreatment and its use as an
adjuvant, it has been shown that it positively affects
the antigen-presenting potential of antigen-present-
ing cells (APCs), and that, as a T-cell stimulator,
favours the Thl type of immune response.>’

The most pronounced changes related to fecundity
disturbance induced in C57BL/6 mice were shown to
be dependant on the Al adjuvant, irrespective of pre-
treatment applied. Although both pretreatments, as
explained above, generate a predominantly Thl
response, which is a natural milieu for this mouse
strain, TTd injected in Al predominantly favoured
the Th2*'? response. In the BALB/c mouse strain,
registered changes related to fertility were shown to
be dependent on Glyc pretreatment and Glyc adju-
vant. In the case of TTd application in Glyc, and
especially when combined with Glyc adjuvant pre-
treatments, an adaptive immune response dominated
by T cells was evidenced.

The effect of tetanus toxoid antigen

Innate immune memory to tetanus toxin could not
be obtained owing to its high toxicity (1.4ng/kg
induces death in mice). This is the reason that its
toxoid derivate, obtained through formaldehyde
detoxification of the tetanus toxin, is used in vac-
cine production. The effect of TTd on APS induc-
tion could be observed through the effects of the
administered dose and the characteristics of the
antigen.

When soluble antigens are studied, the decision
of whether a Thl or Th2 response will be generated
is dependent on the antigenic epitopes made avail-
able to the T-cell receptor (TCR) during priming.
Tetanus toxin is amenable to otherwise limited
proteolysis,”> and in the form of TTd, a highly
denatured toxin, its enzymatic degradation in mac-
rophages and dendritic cells is even more restricted.
Thus, a high density of identical peptide epitopes is
presented and TCR ligation is low, which results in
a strong Th2 response.

Pretreatment (single dose: I*' week ) Without pretreatment

Complete Freund'’s Adjuvant Glycerol

Treatment (3 doses: 2™, 4™ and 6™ week) Aluminium Glycerol

Aluminium Glycerol Aluminium Glycerol
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In addition, at the level of short peptide
sequences, tetanus toxin shows similarity with
proteins of higher organisms such as B,GPI,'
laminin** and IL-1, all of which implies that
it could represent a potential inducer of autoim-
mune disease by a mechanism of molecular
mimicry.

Genetic background (BALB/c versus C57BL/6)

Thl/Th2 polarization

Multiple genetically predetermined factors that spe-
cify T-cell polarization can be classified as intrinsic
and extrinsic. The former are defined through the
tpml locus on chromosome 11 (control of IL-12
and promotion of Thl differentiation), and with a
still unidentified locus on chromosome 16 (which
controls the early shift of CD4" T lymphocytes
toward the Th2 subtype). The extrinsic factors
encompass dendritic cells, costimulatory signals
and cytokines (primarily IL-4 and IL-12, as well
as IL-6 which stimulates Th2 and inhibits Thl
response).

Classical examples of mouse strains with Thl
and Th2 types of immune response, either
in vivo or in vitro, are C57BL/6 and BALB/c,
respectively. These two mouse strains were
included in parallel, and were treated in the
same manner as previously described. It is gener-
ally thought that differences in responses to path-
ogens or self-antigens by these two strains result
from differences in Th cell polarization. Unlike
C57BL/6 mice, the BALB/c strain requires IL-1a
and TNF as additional co-factors for optimal
IL-12-driven Thl development.”® Genetic loci
that regulate Th differentiation through extrinsic
pathways (the predominant locus that is mapped
in the middle of chromosome 18, but also on
chromosomes 5, 12, and 14) may also contribute
to differences in the immune responses to bacterial
pathogens and/or self-antigens in C57BL/6 and
BALB/c mouse strains.*’

Idiotypic/anti-idiotypic network

Due to its unusual complexity, the mouse immu-
noglobulin heavy chain (/gh) locus has yet to be
fully characterized in terms of functional germ-
line heavy chain V (Vh) genes. A lower repre-
sentation of VhJ558 (VHI1)*® in BALB/c mice
is observed in comparison with C57BL/6
mice.” As C57BL/6 mice most frequently use
the VhJ558 (VHI1) family (70-80%), whereas

Vaccine model of antiphospholipid syndrome induced by tetanus vaccine
L Dimitrijevic et al.

BALB/c mice equally use the VhJ558 (VHI)
and VhQ52 (VH2)*® (20-30%),%* this could
explain the difference in usage of Ig genes of
NADbs as well.

In this way, natural anti-phosphatidylcholine
(anti-PtC) Abs of C57BL/6 mice are coded by the
VHI1 (VhJ558 in earlier literature) gene family of
the variable Ig region, while the VH2 (earlier
VhQ52) gene family-coded natural anti-phosphati-
dylcholine (anti-PtC) Abs are present in BALB/c
mice as well. Natural autoantibodies encoded by
the significantly smaller VH2 family (VhQ52 gene
family) display a greater diversity (N-region addi-
tions and variable length CDR3s), and thus may
casily slip through the regulatory net of natural
Id/anti-Id interactions.®'

B cells

The distribution of B-cell subsets is also dependent
on the mouse strain. There are no differences in
the percentages of mature and T2 B-cells between
these two strains in non-immune mice. However,
T1 and MZ B-cell percentages were shown to be
twofold higher in the C57BL/6 strain.**>* In addi-
tion, this mouse strain is also characterized by the
expression of TLR2 and TLR4 on these cells,
which greatly contributes to registered differences
in APS induction between C57BL/6 and BALB/c
mouse strains (absence of fetal resorptions versus
fetal resorptions, respectively). Furthermore,
in vitro stimulation of B cells with TLR agonists
induces the production of cytokines that are able
to inhibit T-cell activation in the IL-10-dependent
manner, whereas activation of dendritic cells in
the same way produces a milieu that contains
very little IL-10, and that is not able to control
T-cell proliferation.”® On the other hand, BALB/c
characteristics of the immune B-cell population
have a great impact on BALB/c-dependent repro-
ductive pathology in our APS model. The percent-
age of germinal centre B cells in immune mice was
shown to be significantly higher in BALB/c (due
to increased survival rate) than in C57BL/6 mice,
as a result of a higher activation state and greater
production of IL-4. It was shown that IL-4 pro-
duced by BALB/c B cells plays a key role in sur-
vival in an autocrine manner, whereas the addition
of this bioactive cytokine is necessary for rescuing
C57BL/6 B lymphocytes from apoptosis.®> In
addition, spleen B Iymphocytes from BALB/c
mice show a significantly high ability to proliferate
in vitro to specific and non-specific stimuli, and
produce higher levels of IL-4 and IL-6 than
those of C57BL/6 mice."!
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APS pathology: the battle between natural and
pathogenic autoantibodies

The role of molecular mimicry in the induction of
APS pathology

The most cited mechanisms connecting microbial
antigen stimulation and pathogenic aPL. Abs secre-
tion are molecular mimicry and polyclonal cell acti-
vation, although it is difficult to maintain a strict
distinction between these two in the generation of
pathogenic aPL Abs. Molecular mimicry, as the
most likely mechanism, is characterized by cross-
reactivity due to structural similarity between path-
ogen and host epitopes. However, in order for the
autoimmune response to be successfully induced by
the mechanism of molecular mimicry, host-like
epitopes of pathogens must induce an adaptive
immune response with T-cell involvement and con-
sequent epitope spread in addition to the innate
immunity activation. On the other hand, polyclonal
cell activation, which is mostly dependent on innate
immune receptor activation, can, if persistent, §en-
erate molecular mimicry-related consequences.”°
Two different mouse strains responded differently
to the same TTd hyperimmunization approach,
with both molecular mimicry and polyclonal cell
activation being included (Table 2). BALB/c mice
responded primarily by generating pathological
anti-B,GPI Abs and fetal resorptions, favouring
the influence of molecular mimicry.?” In contrast,
C57BL/6 mice responded primarily by generating
a strong golyclonal ADb response and lowering of
fecundity.*®* In other words, the effect of molecu-
lar mimicry prevailed in BALB/c mice, while the
effect of polyclonal cell stimulation prevailed in the

Table 2 Different outcomes of TTd hyperimmunization
documented in C57BL/6 and BALB/c mice

C57BL/6 BALB/c

Numbers of
live pups(a)

Numbers of Pregnancies
live pups(a) (%)

Type of Pregnancies
treatment (%)

nc 83
o//Al 56*
0//Glyc 83
CFA//Al 50%*
CFA//Glyc  67*
Glyc//Al 47*
Glyc//Glye 85

6.85+0.87 70
7.240.90 61
7+£0.03 67
6+1.23 61
6.25+0.91 68
6.12+1.05 67
6.45+0.93 70

9.43£0.61
7.80£1.12
6.204+0.87
5.55+£0.95*
3.9240.50*
6.834+1.05*
5.14 £ 1.06*

*: significant results; nc: normal intact control; ¢//: group without

pretreatment; CFA//: group pretreated with Complete Freund’s adju-
vant; Glyc//: group pretreated with glycerol; Al: group immunized
with TTd in aluminium adjuvant; Glyc: group immunized in TTd
with glycerol adjuvant.

Lupus

C57BL/6 strain. Both mouse strains developed anti-
B>GPI Abs, thus making the role of molecular mim-
icry in governing the TTd-specific immune response
more obvious.

Idiotypic network and natural antibodies

The results of our experiments have shown that
TTd hyperimmunization in both mouse strains
induced a significant rise in reactivity towards auto-
antigens, such as gangliosides, B,GPI and PLs.?"*
These autoantigens represent the common target of
NADs. The expression of natural idiotype (Id) on
TTd-immunized mouse Abs during the course of
immunization was tracked via the inhibition of
interaction of a complementary Id pair: Id IgM
DJ and its specific anti-Id murine monoclonal Ab
(MoAb) Y7 (Figure 1). The Y7 Id was first
described occurring on human IgM molecules
(IgM DIJ), and then classified as natural.*'*°

Whichever immunization protocol was per-
formed, C57BL/6 sera collected during the post-
immunization period were more potent inhibitors
of MoAb Y7 F(ab),—IgM DIJ interactions than
were any of the normal sera, collected prior to
intervention. Network perturbations in these mice
were more intensive and occurred more rapidly
amongst pretreated mice than amongst non-pre-
treated mice. In contrast, in BALB/c mice, TTd
immunization induced a decrease in percentage of
Y7t NAbs, which was detected immediately after
an increase in the concentration of IgG specific for
mouse laminin, and coincided with an increase in
anti-B,GPI IgG and fetal resorption in the CFA-
pretreated Al-immunized group (Figure 1).

The titre of anti-B,GPI Abs in C57BL/6 mice
was as high as 1:49,200 for the CFA-pretreated
Al-immunized group, while the detected titre was
1:12,800 in the CFA-pretreated Glyc-immunized
group.” The high titre of detected Abs was a
result of the rise of low-affinity Abs, and extreme
B-cell stimulation (probably B-1 and MZ B cells).
In addition, the synchronous rises and fluctuations
of the sera IgG specific for eight autoantigens
(mouse laminin, PtC, phosphatidylserine (PtS),
phosphatidylethanolamine (PtE), phosphatidylino-
sitol (Ptl), phosphatidylglycerol (PtG), cardiolipin
(CL), disialoganglioside (Gpiy,) and trisialoganglio-
side (G1p)) in C57BL/6 mice® further indicates the
polyclonal nature of produced IgG. These fluctua-
tions were also most obvious in the CFA-pretreated
Al-immunized group. On the other hand, the high
levels of polyclonal Abs prevented the efferent
pathological effect of anti-B,GPI on fetal resorp-
tion through network-dependent interactions,

Downloaded from lup.sagepub.com at Ist Dermopatico dellA Timmaco on January 10, 2012


http://lup.sagepub.com/

Vaccine model of antiphospholipid syndrome induced by tetanus vaccine
L Dimitrijevic et al.

(A) —a—Al
—a-- Glyc
1007 _e— cFA/AI
90 -—-o-- CFA/Glyc

1 —=—Glyc/Al

807 o Glye/Glye

0] ) —
60- é\l& /%

—

Inhibition (%)
[6)]
o

0 5 10 15 20 25
Time (weeks)

—-a--- Glyc
100 1 —e— CFA/AI
90.] —o~ CFA/Glyc
1 —=—Glyc/Al

80'_ ---o--- Glyc/Glyc B
__ 70
&£ 60
: 4
2 50
s ]
T 404
< ]

30

204

o - o

0 . . | | | |

0 5 10 15 20 25
Time (weeks)

Figure 1 The expression of a natural idiotype Y7 on sera Abs originating from TTd-hyperimmunized mice. The natural idiotype
expression was tracked by ELISA via the inhibition (presented as percentages) of interaction of IgM DJ and murine monoclonal

Ab Y7.

which was, as stated above, registered as the rise in
network connectivity.

Anti-TTd Abs can also be observed from the
angle of their participation in the idiotypic net-
work. Namely, in each mouse group the increase
of anti-TTd IgG sera levels was followed by an
increase of anti-ganglioside IgG production.*’
Gpip, and Gy, are receptors for the tetanus
toxin, implying that the antigen-binding site of
anti-ganglioside IgG must be an internal image of
the anti-TTd Ab reactive to the ganglioside-binding
site found on the tetanus antigen. In the context of
idiotypic networks, anti-ganglioside Abs may be
regarded as type Ab2. A comparison of time-
dependent fluctuations in the levels of anti-TTd
IgG and anti-ganglioside IgG confirmed that in
all groups the appreciable rise in anti-TTd IgG
production preceded the appreciable rise in anti-
ganglioside I1gG production. Analyses of specific
IgG subclass contributions to the entirety of the
anti-ganglioside IgG pools showed that, for all
experimental groups, a significant moiety of these
contributing Abs belonged to subclasses IgG1 and
IgG2c.*®

Anti-B>GPI antibodies in C57BL/6 and BALB/c
mice

Anti-B,GPI Abs can exert both beneficial (playing a
homeostatic role) and deleterious effects, depending
on their concentration, isotypic characteristics,
affinity and fine epitope specificity.*® We have
already reported on the rise in the level of low-affinity

anti-B,GPI Abs, and the Th2 prevalence dependent
on Al-induced mechanisms, as well as decrease in
fecundity in TTd hyperimmunized C57BL/6 mice.
Although CFA and Glyc used for pretreatment
undoubtedly have some modulatory effects, Al
exerted the dominant influence on the abovemen-
tioned properties. It is possible that Al can stimulate
the production of low-affinity anti-B,GPI Abs inde-
pendently on TLR activation of dendritic cells and
T-cell stimulation. To answer which mechanisms are
involved in these Al ‘adjuvant-assisted” phenomena,
more sophisticated investigations need to be
conducted.

In BALB/c mice, the induced pathology was cor-
related by a rise in anti-B,GPI Ab affinities with a
dominant effect of T-cell influence (highest affinity
achieved in CFA pretreatments and Glyc adju-
vant), as most of the pathological resorptions
were observed in these groups. In addition, a rise
in anti-B,GPI Ab affinity overlapped with the
abundance of IgG that recognized p,GPI following
interaction with PtS. The strong stimulation of T
effector/memory cells is suggested to dominate in
this response, with T regulatory cells being abro-
gated (IL-10 measured in spleen of immunized
BALB/c mice, stimulated with B,GPI, was signifi-
cantly lowered in groups with pretreatments;
unpublished data). The effect of polyclonal stimu-
lation cannot be completely excluded, as the highest
titre of anti-B,GPI Abs detected in Al-immunized
mice (1: 6400) is probably influenced partly by
polyclonal stimulation. A strong T-cell stimulation

199

Downloaded from lup.sagepub.com at Ist Dermopatico dellA Timmaco on January 10, 2012

Lupus


http://lup.sagepub.com/

Vaccine model of antiphospholipid syndrome induced by tetanus vaccine
L Dimitrijevic et al.

200

exerted on a small number of genes included in the
PtC response, leading to a diminishing of network
connectivity preceded by an enormous rise in anti-
laminin Abs, which by definition have pathological
attributes in mice,*’ was detected only in CFA-pre-
treated and Al-immunized groups. T regulatory cell
abrogation and loss of network connectivity are the
main characteristics of the BALB/c milieu, in which
the pathological effects of anti-B,GPI Abs were
observed. Although a clear correlation between
the concentrations of complement-fixing Abs
(IgG2a and IgM) and severity of pathology was
not observed, the greatest abundance of IgG2a
within the overall anti-B,GPI IgG in the CFA-pre-
treated Glyc-immunized mice implies their impor-
tance in genesis of pathology. In addition, given
that IgG2a is a hallmark of the Thl response,* it
would seem that skewing of the immune response in
a Thl direction would be more deleterious.

Supplementary results

Further confirmation of how molecular mimicry
and polyclonal cell activation differently influence
our model of APS induction by TTd hyperimmu-
nization in two different mouse strains was
obtained by the use of two MoAbs: T-26 and Y7.
Passive infusion of MoAb T-26, specific for TTd
and cross-reactive with [B,GPI, obtained from
BALB/c mice after TTd hyperimmunization,
induces different reproduction failures in BALB/c
and C57BL/6 mice. In addition to binding to
B>-GPI, MoAb T-26 was shown to bind to apoptotic
cells in the presence of B,GPI, and was shown to
induce fetal resorptions in BALB/c mice, due to its
binding to the placenta’s decidual tissue.*’ In
C57BL/6 mice following i.v. application of MoAb
T-26, the same pattern of reproductive pathology
as for TTd hyperimmunized mice was observed.
Namely, the reduction in fecundity in C57BL/6
mice was pronounced.”

Confirmation of idiotype network regulatory
effects of possibly pathological anti-B,GPI Abs in
C57BL/6 mice was ascertained after passive infu-
sion of anti-Id MoAb Y7 into pregnant females,
which resulted in reproductive failure and fetal
resorptions.

Conclusion

In this paper we have explained our model of APS
based on TTd hyperimmunization which supports

Lupus

the concept of the mosaic of autoimmunity. In
summary, C57BL/6 mice after CFA pretreatment
and antigen applied in Al developed strong B-cell
polyclonal activation, resulting in changes in fecun-
dity (Figure 2). On the other hand, in BALB/c mice
fetal resorptions were induced after CFA pretreat-
ment and antigen applied in Glyc adjuvant, as a
consequence of T-cell-boosted IgG production
towards T-cell-dependent antigen (Figure 3). We
also point out the importance of Abs in the mani-
festations of disease. Anti-B,GPI Abs (when pos-
sessing high affinities and specificities towards
cryptic epitopes) are shown to be the main player
in fetal resorptions. In addition, they are important
in fetal resorption protection (when they are of a
polyclonal nature), leading to fecundity lowering.

Al F Glye
e
B u
cells 3
Polyclonal ;
B cell y

activation

Dendritic cells

C57BL/6 CFA

Figure 2 Antiphospholipid syndrome-related fecundity lower-
ing recorded in C57BL/6 mice.

Al Glye .

T
cells |

T cells
boosted
an IgG
production
towards a T cell-

cells

w
oG P m——— D T

Dendritic cells

CFA
BALB/c

Figure 3 Antiphospholipid syndrome-related fertility distur-
bance recorded in BALB/c mice.
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