
Eur. J. Immunol. 2016. 46: 131–146 Immunity to InfectionDOI: 10.1002/eji.201545810 131

Chronic bacterial infection activates autoreactive B cells
and induces isotype switching and autoantigen-driven
mutations
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The links between infections and the development of B-cell-mediated autoimmune dis-
eases are still unclear. In particular, it has been suggested that infection-induced stimu-
lation of innate immune sensors can engage low affinity autoreactive B lymphocytes to
mature and produce mutated IgG pathogenic autoantibodies. To test this hypothesis, we
established a new knock-in mouse model in which autoreactive B cells could be commit-
ted to an affinity maturation process. We show that a chronic bacterial infection allows
the activation of such B cells and the production of nonmutated IgM autoantibodies.
Moreover, in the constitutive presence of their soluble antigen, some autoreactive clones
are able to acquire a germinal center phenotype, to induce Aicda gene expression and
to introduce somatic mutations in the IgG heavy chain variable region on amino acids
forming direct contacts with the autoantigen. Paradoxically, only lower affinity variants
are detected, which strongly suggests that higher affinity autoantibodies secreting B cells
are counterselected. For the first time, we demonstrate in vivo that a noncross-reactive
infectious agent can activate and induce autoreactive B cells to isotype switching and
autoantigen-driven mutations, but on a nonautoimmune background, tolerance mecha-
nisms prevent the formation of consequently dangerous autoimmunity.
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Introduction

B-cell receptors (BCRs) are assembled in developing B-lymphocyte
precursors via a stochastic process of joining immunoglobulin (Ig)
genes. These random rearrangements inevitably result in the gen-
esis of multiple receptors that recognize self-antigens (Ags) [1].
Despite the fact that known mechanisms of central tolerance take
place in the bone marrow, many self-reactive B cells escape toward
the periphery [2–5]. Most of them are the so-called natural autoim-
mune B cells with a mature näıve phenotype, which produce–in
normal individuals—small amounts of polyreactive low affinity
IgM autoantibodies (Abs) devoid of somatic mutations. A recent
study performed in mice also suggests that quiescent autoreactive
B cells persist in the adult repertoire and could serve as a source
of pathogenic autoAbs under circumstances that still have to be
defined [6].

Both genetic background and environmental factors could
influence B-cell maturation in a way that favors the appearance of
high affinity IgG switched autoAbs. Among known environmen-
tal factors, epidemiological studies have clearly linked infections
with the occurrence of autoimmune diseases in humans and in
animal models [7]. In some organ-specific autoimmune diseases,
this link is attributed to molecular mimicry between pathogens
and self-Ags [8–11]. The role of such mechanism in the break-
down of B-cell tolerance during systemic autoimmune diseases
such as systemic lupus erythematosus (SLE) or rheumatoid arthri-
tis seems more questionable. Studies conducted on SLE or rheuma-
toid arthritis patients have suggested that the disease may be
induced or exacerbated by diverse bacterial (Chlamydia pneumo-
niae, Proteus mirabilis . . . ) or viral (Parvovirus B19, Epstein Barr
Virus . . . ) infections [12–16]. However, SLE is associated with a
wide array of autoAbs including specificities with no discernible
connection to pathogens.

It is well known that bacterial or viral infections, especially
chronic infections, lead to polyclonal B-cell proliferation and Ig
production and that newly synthesized pathogen-specific Abs usu-
ally constitute only a small fraction of the resulting hypergam-
maglobulinemia [17–19]. Immune cells, including autoreactive B
or T cells, express innate receptors for microbial molecules and
can be directly activated through Toll-like receptors (TLRs). Sub-
stantial evidence supports a scenario in which autoreactive B cells
are activated jointly by nonspecific TLR engagement and specific
induction by the autoAg [20, 21].

In this context, we have previously shown that a chronic bacte-
rial infection with Borrelia burgdorferi (Bb) [19], but not an acute
viral infection with influenza virus [22], was able to break the state
of immunological ignorance of autoreactive transgenic B cells, in
the presence of the self-Ag, with the production of high levels of
IgM autoAbs. We demonstrated that this autoAg-dependent step
was induced by Bb-IgG immune complexes and involved stimula-
tion of both the BCR and the MyD88-dependent TLRs pathways
[19]. However, it was not possible to investigate the affinity matu-
ration steps that could lead to production of potentially pathogenic
IgG autoAbs due to the construct of this IgM transgenic model.

To gain further insight into this important issue, we have cre-
ated experimental conditions in which both class switching and
affinity maturation of self-reactive B cells can be followed dur-
ing a bacterial infection. Our experiments demonstrate that some
autoreactive B cells are activated, are able to class switch and are
subject to affinity maturation leading to mutations in the H chain
V region. However, in this context high affinity IgG autoAbs are
not produced and paradoxically there is a selection toward lower
affinity.

Results

An in vivo model for investigating self-reactive B cells
with intermediate affinity

We used SWHEL knock-in (ki) mice derived from the original trans-
genic anti-hen egg lysozyme (HEL; HyHEL10 hybridoma [23])
MD4 model [4]. In SWHEL mice, the rearranged VHDJH exon
has been targeted to its physiologically appropriate location in
the germline IgH gene, allowing normal isotype switching and
somatic hypermutation (SHM) in ki B cells [24]. Although only
10–25% of the B cells express anti-HEL BCRs (due to replace-
ment of the VH segment by recombination of upstream VH or VHD
elements) anti-HEL BCRs bind to wild-type (WT) HEL protein
with high affinity (Ka = 2.1010 M−1). SWHEL mice were previously
crossed to the transgenic ML5 line producing soluble WT HEL
as a neo-Ag (SWHEL X ML5 model with high affinity autoreactive
B cells) [24].

We selected HEL2X mutant protein among a panel of previously
described HEL recombinant molecules. HEL2X carries two substi-
tutions (R73E and D101R) in the region recognized by HyHEL10
and displays intermediate affinity (KA = 8.107 M−1) for HyHEL10
[25–27]. Complementary DNA (cDNA) encoding HEL2X driven by
a strong ubiquitous promoter (pCAG promoter) was cloned in a
transgenic vector (Supporting Information Fig. 1A). The resulting
mice produce 1–10 μg/mL soluble HEL2X that is recognized in
vivo by anti-HEL ki B cells (Supporting Information Fig. 1B).

SWHEL mice were crossed with HEL2X transgenic mice and
exposure to soluble HEL2X induced several changes in the HEL+

specific B-cell population. Figures 1A and B show some character-
istics of HEL+ B cells in the absence (SWHEL mice) or in the pres-
ence of their autoAg (SWHEL X ML5 and SWHEL X HEL2X mice).
The percentages of splenic and lymph node (LN) HEL+ B cells
were reduced in SWHEL X HEL2X mice compared with SWHEL mice
(Supporting Information Table 1A) with a decrease in the mature
population (follicular and marginal zone B cells; Fig. 1B). These
self-reactive B cells also displayed an anergic phenotype char-
acterized by downregulation of surface IgM (Fig. 1C), reduced
production of IgM (Fig. 1E), or IgG anti-HEL autoAbs (Fig. 1F)
and failure to upregulate CD86 under in vitro stimulation by HEL
(Fig. 1D). In SWHEL X ML5 mice, HEL+ B cells were similarly regu-
lated (Fig. 1A and B and Supporting Information Table 1A). How-
ever, autoreactive B cells proportions were significantly higher in
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SWHEL X HEL2X than in SWHEL X ML5 mice (Fig. 1A, p<0.05 in
spleen and <0.001 in LN).

Despite their anergic phenotype, some autoreactive HEL+

B cells survived in SWHEL X HEL2X mice and appeared relevant
to study the in vivo behavior of intermediate affinity self-reactive
B cells.

Borrelia burgdorferi infection partially breaks B-cell
tolerance in SWHEL X HEL2X mice

The Bb spirochete, which is responsible for Lyme disease in
humans, induces a chronic systemic infection characterized by
recurrent bacteremia and by the invasion of many tissues in several
inbred mouse strains including C57BL/6 [28–30]. It is responsible
for a strong polyclonal B-cell activation via TLRs, leading to lym-
phoproliferation and the production of high levels of nonspecific
IgM and IgG Abs [19, 31].

Four-week-old SWHEL and SWHEL X HEL2X mice were infected
with 105 Bb organisms by intradermal injection in the shaved
back and analyzed 4 weeks after infection. Bb-specific fla gene
was detectable in ankle joint tissues in all infected animals
(Fig. 2A). Mice injected with Bb mounted a strong anti-Bb IgG
response (Fig. 2B). Serum levels of HEL2X protein remained simi-
lar in infected and noninfected animals (Fig. 2C).

Infection resulted in a twofold increase of LN B-cell percent-
age and in a 4.9 to 6.2-fold increase in LN B-cell numbers in all
mice (Fig. 3B and Supporting Information Table 1B). Autoreac-
tive HEL+ and nonautoreactive HEL− B-cell subsets were equally
affected (Fig. 3B and C and Supporting Information Table 1B).
Numbers of CD4+ and CD8+ T cells were also increased approxi-
mately twofold (data not shown and [32]). By contrast, we found
no significant modification in the splenic B-cell populations (Sup-
porting Information Table 1B), which was consistent with previous
data showing that spleen generally harbors very low numbers of
Bb [19, 29, 31, 32].

Bb infection was responsible for approximately a sixfold
increase in total IgM and a tenfold increase in total IgG produc-
tion (Fig. 3D). In vitro, both autoreactive and nonautoreactive
B cells were activated by sonicated Bb (Fig. 4A). In SWHEL mice,
HEL+ B cells were also activated by HEL Ag, simultaneous Bb and
antigenic stimulation being synergistic (Fig. 4A).

HEL+ B cells were able to produce anti-HEL IgM in vivo in
infected SWHEL and SWHEL X HEL2X mice (Fig. 4B). However, we
did not observe a significant increase in anti-HEL IgG production
in infected SWHEL X HEL2X animals (Fig. 4C). These data suggest
that Bb is able to reverse partially the anergic state of self-reactive
B cells.

Autoreactive B cells are able to class switch but do not
differentiate properly into IgG secreting cells

To understand the lack of anti-HEL IgG secretion, we first ques-
tioned isotype switching in autoreactive B cells. We sorted LN
HEL+ B cells from Bb infected and noninfected animals and ana-
lyzed IgG1 and IgG2 transcripts levels. VH Cγ1 and Cγ2b/2c tran-
scripts could be readily visualized in infected SWHEL X HEL2X HEL+

B cells compared with the near absence of γ transcripts in nonin-
fected HEL+ B cells (Fig. 5A). Ig expression was assessed in B-cell
populations. IgG expressing B cells were clearly detected among
infected SWHEL X HEL2X HEL+ B cells (Fig. 5B). The transmem-
brane activator TACI is known to mediate class switch recombina-
tion and IgG production [33] but the expression of this receptor
and of B-cell activating factor receptor (BAFF-R) did not differ
between HEL+ and HEL− B cells in Bb infected mice (Support-
ing Information Fig. 2A). We tested in vitro the hypothesis that
autoreactive B cells were intrinsically unable to differentiate into
IgG secreting B cells. Purified splenic B cells were challenged with
BCR-independent stimuli. HEL− and HEL+ B cells proliferated
4 days after stimulation (Supporting Information Fig. 3). Nonself-
reactive B cells from SWHEL and SWHEL X HEL2X donors produced

�
Figure 1. Phenotypic characterization of autoreactive B cells from SWHEL X HEL2X mice. (A) Flow cytometry analysis of HEL binding and B220
surface expression on splenic and LN B cells from SWHEL, SWHEL X ML5, and SWHEL X HEL2X mice. Cells were stained with anti-B220 Ab and HEL
binding BCRs (HEL+ B cells) were detected by incubating cells with saturating concentrations of HEL followed by biotinylated polyclonal rabbit
anti-HEL Ab plus PE/Cy5.5-streptavidin (SA) staining. Numbers indicate the mean of HEL+ B cells and HEL− B-cell percentages in viable lymphocyte
gate. FACS plots are representative of more than five independent experiments (SWHEL n = 11 mice; SWHEL X ML5 spleen: n = 8 mice, LN: n = 10
mice, and SWHEL X HEL2X n = 16 mice). (B) Flow cytometry analysis of splenic HEL+ and HEL− B-cell subsets from SWHEL, SWHEL X ML5, SWHEL

X HEL+mice. Splenocytes were stained with anti-B220, anti-CD21/CD35, anti-CD23 Abs and HEL plus anti-HEL-biotin Ab plus SA. HEL+ and HEL−

B-cell gates were determined as in Fig. 1A. Windows show Transitional 1 (T1: CD21/CD35low CD23low), Transitional 2 (T2: CD21/CD35high CD23high),
Follicular (FO: CD21/CD35int CD23high), and Marginal Zone (MZ: CD21/CD35high CD23low) populations and numbers indicate the mean percentage of
the displayed cells in HEL+ and in HEL− B-cell subsets. Data are representative of three independent experiments (SWHEL n = 6 mice, SWHEL X ML5
n = 6 mice, SWHEL X HEL+ n = 8 mice). (C) Flow cytometry analysis of IgM surface expression on splenic and LN HEL+ B cells from SWHEL, SWHEL X
ML5, and SWHEL X HEL2X mice. Cells were stained with anti-B220, anti-IgM Abs, and HEL plus anti-HEL-biotin Ab plus SA. Data are representative
of three groups of similarly analyzed mice (SWHEL: n = 6 mice, SWHEL X ML5: n = 6 mice, SWHEL X HEL+: n = 8 mice). (D) Flow cytometry analysis
of CD86 surface expression on SWHEL and SWHEL X HEL2X HEL+ B cells and on SWHEL X HEL2X HEL− B cells (B220+). Splenocytes were cultured for
72 h and stimulated with LPS (10 μg/mL), HEL (500 ng/mL), or medium alone. Cells were then stained with anti-B220, anti-CD86 Abs, and HEL plus
anti-HEL-biotin Ab plus SA. Numbers indicate CD86 mean fluorescence intensity in one experiment. Data are representative of two independent
experiments (SWHEL n = 3, SWHEL X HEL2X n = 3). (E) ELISA detection of serum anti-HEL IgM in SWHEL (n = 10 mice), SWHEL X ML5 (n = 9 mice), and
SWHEL X HEL2X mice (n = 11). Data are represented as optical density (OD) readings at 492 nm (OD492) for 1:100 serum dilution. Each dot shows an
individual mouse. Bars represent the mean values. The results of two-tailed Mann–Whitney test are indicated. (F) ELISA quantification of serum
anti-HEL IgG levels (ng/mL) in SWHEL (n = 11 mice), SWHEL X ML5 (n = 9 mice), and SWHEL X HEL2X (n = 17 mice) mice. The concentrations were
quantitated against a HyHEL5 IgG1 standard (log-10 scale). Each dot shows an individual mouse. Bars represent the mean values. The results of
two-tailed Mann–Whitney test are indicated.
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Figure 2. Bb infection in SWHEL and in SWHEL X HEL2X mice. (A) Quanti-
tative PCR evaluation of Bb DNA levels in ankle joint tissues from SWHEL

(n = 26 mice) and SWHEL X HEL2X (n = 30 mice) mice sacrificed 4 weeks
after infection. Values represent the numbers of Bb fla gene copies nor-
malized per 104 copies of the murine gene gapdh. Each dot shows an
individual mouse; bold lines represent the mean values. ns: no sta-
tistical difference (Mann–Whitney test). (B) ELISA detection of serum
anti-Bb IgG in infected SWHEL and SWHEL X HEL2X mice compared with
uninfected controls (n = 6 mice in each group). Data are represented
as OD readings at 450 nm (OD450) for 1:100 serum dilution. The anti-Bb
IgG response is considered positive when OD450 values reach the OD of
pooled uninfected mice plus 3 SD. Each dot shows an individual mouse.
Data are shown as mean ±SD. The results of two-tailed Mann–Whitney
test are indicated. (C) ELISA quantification of serum HEL2X levels in
infected SWHEL X HEL2X mice (n = 10 mice) compared with uninfected
controls (n = 6 mice). Each dot shows an individual mouse; Data are
shown as mean ±SD. ns: no statistical difference (Mann–Whitney test).

IgM and IgG Abs (Fig. 6A), including anti-HEL Abs in SWHEL mice
(Fig. 6B). However, only anti-HEL IgM were quantifiable under
LPS or LPS + IL4 stimulation of SWHEL X HEL2X autoreactive
B cells (Fig. 6B). In the same stimulating conditions, even when
HEL+ B cells numbers were adjusted, these autoreactive B cells
did not secrete any anti-HEL IgG (Fig. 6C).

Taken altogether, these data demonstrate that intermediate
affinity autoreactive B cells are able to survive in periphery and can
be activated upon bacterial infection. They produce IgM autoAbs
and are able to class-switch but not to differentiate into sufficient
amounts of viable IgG secreting plasma cells, possibly due to their
anergic state.

HEL+ B cells are able to gain LN GCs and to undergo
Ag-specific SHM process

In vivo, B cells can differentiate into Ig producing cells along either
follicular or extrafollicular pathways. A hallmark of the follicu-
lar pathway is the formation of GCs by activated B cells where
they undergo SHM followed by selection and eventually exit as
high affinity long-lived IgG plasma cells or memory B cells. Upon
Bb infection, LN autoreactive HEL+ B cells reached a GC stage
of differentiation in SWHEL X HEL2X mice, considering the mem-
brane expression of GL7 and CD95 markers (Fig. 7A). Numbers of
T follicular helper cells (TFH cells) were similarly increased in any
group of Bb infected mice (Supporting Information Fig. 2B) and
B-cell CD40 expression appeared also comparable (Supporting
Information Fig. 2A). Likewise, Aicda expression was induced in
HEL+ B cells from infected SWHEL X HEL2X mice, especially in
GL7+ B-cell subset (Fig. 7B). LN HEL+ B cells were sorted (Sup-
porting Information Fig. 6 for gating strategy) and the Ig heavy
chain variable region gene was sequenced to identify SHM events.
IgM VHDJH rearrangements were largely unmutated (Support-
ing Information Tables 3A and B). However, IgG+ HEL+ clones
from Bb infected SWHEL X HEL2X mice were enriched in mutated
sequences compared with clones from Bb infected SWHEL and from
control SWHEL X HEL2X animals (Fig. 7C and Supporting Informa-
tion Tables 2A, C–E). Most mutations were replacement substitu-
tions located in the recognition site of HEL2X protein (Fig. 7D and
Supporting Information Tables 2A and E). Interestingly, these sub-
stitutions affected amino acids that interact with HEL2X mutated
residues [26, 27] and particularly CDR2 amino acids encoding
S52, Y53 and S56 (more than 35% of sequences). They were
respectively replaced by arginine (S52R), phenylalanine (Y53F),
and glycine (S56G) residues in most cases (Fig. 7D, Supporting
Information Tables 2A and E).

High affinity autoreactive B-cell clones are not
selected in infected mice

In SWHEL X HEL2X model, the combination of self-Ag expression
and Bb infection induces B-cell activation and allows the develop-
ment of GCs mutated autoreactive B-cell clones.
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Figure 3. Bb infection induces LN B-cell pro-
liferation and hypergammaglobulinemia in
SWHEL and SWHEL X HEL2X mice. (A) Flow
cytometry analysis of LN B cells from con-
trol SWHEL (n = 7 mice), infected SWHEL

(n = 9 mice), control SWHEL X HEL2X (n =
13 mice), and infected SWHEL X HEL2X (n =
12 mice) mice. Staining and gating strat-
egy are described in Fig. 1A. Bars represent
the mean of B-cell (B220+) percentages +
SD. The results of two-tailed Mann–Whitney
test are indicated. (B) Total, HEL− and HEL+

B-cell number increase after Bb infection
was determined by flow cytometry. Ratios
of total, HEL+ and HEL− B-cell (B220+) num-
bers were calculated for each infected ani-
mal (SWHEL: n = 9 mice and SWHEL X HEL2X:
n = 12 mice), relative to the mean of the
uninfected controls of the same genotype
(SWHEL: n = 7 mice and SWHEL X HEL2X:
n = 13 mice). Bars represent the means of
ratios + SD for 9–12 infected mice. ns: no
statistical difference (Mann–Whitney test).
(C) Flow cytometry analysis of HEL binding
and B220 surface expression from control
(n = 13 mice) and infected (n = 12 mice)
SWHEL X HEL2X mice. Staining and gat-
ing strategy are described in Fig. 1A. FACS
plots are representative of more than five
independent experiments. Numbers indi-
cate the mean of HEL+ and HEL− B-cell
percentages in viable lymphocyte gate.
(D) ELISA quantification of serum total IgM
and IgG levels in infected SWHEL (n = 22
mice for total IgM and n = 21 mice for total
IgG) and in infected SWHEL X HEL2X (n = 24
mice for total IgM and n = 25 mice for total
IgG) mice compared with those in unin-
fected controls (SWHEL: n = 15 mice; SWHEL

X HEL2X: n = 23 mice for total IgM and n = 26
mice for total IgG). Values represent ratios
of IgM and IgG concentrations between the
day of sacrifice (Ds) and D0 in each individ-
ual infected mouse and in each individual
control mouse. Each dot shows an individ-
ual mouse; bold lines represent the mean
of ratios ± SD from each group of mice. The
results of two-tailed Mann–Whitney test are
indicated.

Previous work has suggested that SWHEL GC HEL+ B cells
challenged in vivo with HEL2X protein undergo affinity matura-
tion. Extensive SHM analysis revealed that such stimulated B cells
acquired in many cases a specific Ig H chain somatic mutation
encoding the Y53D substitution known to increase the affinity of
HyHEL10 for HEL2X by at least sixfold [26]. In infected SWHEL

X HEL2X mice, none of the amplified clones carried this mutation
(Supporting Information Table 2E), arguing against an increase of

autoAb affinity. Competitive ELISAs revealed that serum IgG from
infected SWHEL X HEL2X mice did not bind HEL2X more strongly
than serum IgG from noninfected animals (Supporting Informa-
tion Fig. 4A). To further determine whether B cells with higher
affinity for HEL2X could be selected, we produced several mutated
recombinant HyHEL10 carrying the mutations found in IgG tran-
scripts (Fig. 8A and Supporting Information Table 2E). We mainly
focused on the most frequently observed substitutions and on the
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Figure 4. Bb infection breaks partially B-cell
tolerance in SWHEL X HEL2X model. (A) Flow
cytometry analysis of CD86 surface expres-
sion on HEL+ B cells from SWHEL and SWHEL X
HEL2X mice and on HEL− B cells from SWHEL

X HEL2X mice. Splenocytes were cultured for
72 h and stimulated with HEL (500 ng/mL), son-
icated Bb (10 μg/mL), sonicated Bb (10 μg/mL)
+ HEL (500 ng/mL) or medium alone. Stain-
ing was performed as in Fig. 1D. Numbers
indicate CD86 mean fluorescence intensity in
one experiment. Data are representative of two
independent experiments (SWHEL n = 3 mice,
SWHEL X HEL2X n = 3 mice). (B) ELISA detec-
tion of serum anti-HEL IgM in Bb infected SWHEL

(n = 23 mice) and SWHEL X HEL2X (n = 28 mice)
mice at day 0 (D0) and at the day of sacrifice
(Ds). Data are represented as OD readings at
492 nm (OD492) for 1:200 serum dilution. Each
dot shows an individual mouse; lines repre-
sent the evolution in anti-HEL IgM secretion
between D0 (SWHEL mean value: 0.22; SWHEL X
HEL2X mean value: 0.08) and Ds (SWHEL mean
value: 0.47; SWHEL X HEL2X mean value: 0.30)
for each individual mouse. The results of two-
tailed Wilcoxon matched paired tests are indi-
cated. (C) ELISA quantification of serum anti-
HEL IgG levels in Bb infected SWHEL (n = 21
mice) and SWHEL X HEL2X (n = 28 mice) mice
at day 0 (D0) and at the day of sacrifice (Ds).
The concentrations were quantitated against a
HyHEL5 IgG1 standard (log-10 scale). Each dot
shows an individual mouse; lines represent the
evolution in anti-HEL IgG secretion between
D0 (SWHEL mean value: 8390 ng/mL; SWHEL X
HEL2X mean value: 1376 ng/mL) and Ds (SWHEL

mean value: 25 502 ng/mL; SWHEL X HEL2X mean
value: 1812 ng/mL) for each individual mouse.
The results of two-tailed Wilcoxon matched
paired tests are indicated.

residues in contact with HEL2X protein (Fig. 7D and Support-
ing Information Table 2E). The different mutated H chains were
combined with the HyHEL10-κ light chain transgene in expres-
sion vectors, as more than 98% HEL+ B cells expressed a κ light
chain (Supporting Information Fig. 5) and as κ chain carried very
few mutations in infected SWHEL X HEL2X mice (0.53 replacement
mutations per clone; Supporting Information Table 3C). By ELISA,
none of the recombinant mutated HyHEL10 Abs bound HEL2X with
increased affinity compared with WT HyHEL10 (Fig. 8B). This was
consistent with the reduced affinity of these mutated Abs for HEL2X

measured using surface plasmon resonance (Fig. 8C). Computer
modeling suggested that the association of S52R, Y53F, and S56G
substitutions was likely to affect the recognition of HEL2X protein,
revealing a reduced degree of freedom of HEL2X R101 residue
(Fig. 8D and E).

We considered the possibility that Bb cross-reactivity could
account for these mutations. The replacement mutation rate
was not significantly increased in absence of the autoAg (SWHEL

infected mice, Fig. 7C and Supporting Information Table 2 A–C),
arguing against this hypothesis. Furthermore, none of the
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Figure 5. SWHEL X HEL2X autoreactive B cells are able to class switch to
IgG. (A) Semi-quantitative RT-PCR analysis of IgG1-2 transcript expres-
sion in HEL+ B cells from control (1; n = 1 mouse) and infected (2–4;
n = 3 mice) SWHEL and from control (5–9; n = 5 mice) and infected (10–
14; n = 5 mice) SWHEL X HEL2X mice. IgG1-2-specific amplification of the
VHHyHEL10 Ig variable region gene on equivalent number of HEL+ FACS
sorted B cells (800 cells) results in a 376 bp product. HEL+ B-cell sorting
strategy is detailed in the first part of Supporting Information Fig. 6. One
representative gel out of 2 experiments is shown. P: positive control, N:
negative control. β-actin fragment was amplified simultaneously as a
control (product size: 365 bp). (B) Flow cytometry analysis of LN B cells
expressing membrane IgG in HEL+ and HEL− subsets from control and
Bb infected SWHEL and SWHEL X HEL2X mice. Cells were then stained
with anti-B220-PerCP, anti-IgG-FITC Abs, and HEL plus anti–HEL-biotin
Ab plus SA. Total HEL+ or HEL− B-cell number and percentages of IgG+

cells in HEL+ or HEL− B-cell gates (B220+) after dead cells exclusion
(DRAQ7) in one experiment are indicated. FACS plots are representative
of two independent experiments (control SWHEL n = 1 mouse, control
SWHEL X HEL2X n = 4 mice, Bb infected SWHEL n = 2 mice, Bb infected
SWHEL X HEL2X n = 4 mice). Histograms represent Fluorescence Minus
One (FMO) controls.

Figure 6. SWHEL X HEL2X HEL+ B cells do not differentiate into sufficient
amounts of IgG+ ASCs, likely due to their anergic state. (A) Splenic puri-
fied B cells from SWHEL and SWHEL X HEL2X mice were cultured for 4 days
and stimulated with LPS (25 μg/mL), LPS (25 μg/mL) + IL4 (10 ng/mL),
or medium alone (n = 4–6 mice). ELISA quantification of total IgM and
IgG levels (ng/mL) in cultures’ supernatants. Each bar represents the
mean value of IgM or IgG levels + SD. Data are representative of more
than three experiments. ns: no statistical difference (Mann–Whitney
test). (B) ELISA quantification of anti-HEL IgM and IgG levels in cultures’
supernatants. Splenic purified B cells from SWHEL and SWHEL X HEL2X

mice were cultured as in Fig. 6A (n = 4–6 mice). Anti-HEL IgM values
are represented as OD readings at 492 nm (OD492) for 1:10 supernatant
dilution. Anti-HEL IgG concentrations were quantitated (ng/mL) against
a HyHEL5 IgG1 standard. Each bar represents the mean value + SD. The
results of two-tailed Mann–Whitney test are indicated. (C) Splenic puri-
fied B cells from SWHEL (n = 2 mice) and SWHEL X HEL2X mice (n = 2
mice) were stimulated and cultured as in Fig. 6A and B. For SWHEL X
HEL2X mice, more splenocytes were stimulated in order to have com-
parable amounts of HEL+ B cells as in SWHEL cultures (0.7 × 106 purified
B cells per well for SWHEL mice versus 1.4 × 106 purified B cells per well
for SWHEL X HEL2X mice). ELISA quantification of anti-HEL IgM and IgG
levels in cultures’ supernatants. Each bar represents the mean value +
SD.
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monoclonal Abs (mAbs) recognized Bb specific Ags by ELISA (Sup-
porting Information Fig. 4B).

Thus, while autoreactive B cells are pushed by Bb infection to
isotype switching and enter the GCs, the process does not result
in affinity maturation.

Discussion

There is a considerable amount of epidemiological data support-
ing a role of infections in autoimmunity [7]. It has been suggested
that an infectious trigger may engage natural autoreactive B cells
to produce high affinity IgG autoantibodies. A relevant hypothe-
sis establishing the link between infections and autoimmune dis-
eases could therefore be the progressive genesis of higher-affinity
autoreactive B cells. However, the fact that most individuals are
infected several times in their lifetime without developing autoim-
mune manifestations is at odds with this postulate. To approach
this important question, we created a new in vivo model allow-
ing a relevant study of affinity maturation process of autoreactive
B cells and the comparison of ki B cells in the presence or absence
of their specific self-Ag.

We focused on two related issues: whether an autoreactive
B cell can be recruited into a GC reaction during infection and
what the fate of such activated self-reactive cells is, if they are
involved in SHM.

We show that Bb infection partially reverses the state of anergy
of anti-HEL B cells in SWHEL X HEL2X model. These B cells undergo
isotype switching to IgG and SHM but higher affinity clones are
not selected. Furthermore, class-switched IgG autoreactive B lym-
phocytes do not differentiate efficiently into antibody-secreting
cells (ASCs).

The first observation is that Bb infection can induce the activa-
tion of self-reactive B cells and the production of IgM autoAbs. IgM
autoAbs are frequently and transiently detected during infections
but they are usually innocuous—presumably because of their low
affinities resulting from the bystander activation of so-called natu-
ral autoAbs expressing B cells. Here, our results suggest that B cells
expressing autoAbs with higher affinity can also be activated. In
clinical situations, this may lead to complications (leukocytoclas-
tic vasculitis for example), that are known to occur during certain
infectious diseases such as hepatitis C or endocarditis [34, 35].

A second point is that during Bb infection, some self-reactive
B cells acquire a GC phenotype; and are able to upregulate Aicda
gene expression and to accumulate mutations located into the
recognition site of HEL2X protein. GC reaction requires T-cell
help [36, 37]. Although HEL-specific T cells are anergic, they are
present in transgenic mice expressing soluble WT HEL [38]. HEL
may also complex with Bb wall components due to charge interac-
tions [39], so that Bb-specific T cells could participate in anti-HEL
B-cell activation.

The most interesting observation is that somatic mutations—
which could increase affinity for self-Ag—are not selected. Sabouri
et al. recently described that SWHEL X ML5 anergic B cells can be
forced to gain GCs after HEL-repeated immunizations. However,

the occurrence of CDR2 mutations in HEL contact surface (V51I,
S52N, S56R) drives them away from self-reactivity [40]. Other
studies suggested that autoreactive B cells might be able to par-
ticipate in foreign Ag-driven response. Some years ago, Notidis
et al. created mice expressing “dual reactivity” BCRs for the hap-
ten Ars and nuclear autoAgs. In the context of Ars immunization,
they demonstrated that negative selection by self-Ag was domi-
nant over positive selection [41]. Our results do not support any
Bb-positive selection. A partial help from TFH cells may exist since
anti-HEL B cells enter GCs and undergo SHM. This help could,
however, be insufficient to allow IgG+ GC B-cell survival [42].
Another explanation could be that soluble Ag found in the GC
may engage high affinity BCRs [43]. In this view, self-reactive
B cells that keep their affinity under a certain threshold could sur-
vive since soluble HEL would be less efficient to hamper them to
interact with membrane-bound HEL on follicular dendritic cells.

Finally, although IgG class switching occurs in LN and autoreac-
tive B-cell numbers increase during Bb infection, the serum levels
of anti-HEL IgG remain low. Our in vitro data suggest that iso-
type switched anti-HEL B cells cannot differentiate properly into
ASCs. Autoreactive B cells from SWHEL X HEL2X mice may have
an intrinsic impairment preventing the differentiation into IgG
plasma cells due to chronic exposure to the autoAg, especially at
the GC level. The existence of a tolerance checkpoint between the
GC and plasma cell compartments has been previously suspected
in other transgenic mice and in FcRIIb−/− mice [44–46].

This study reveals control mechanisms that are effective during
chronic infection even when self-reactive B cells are activated and
pushed to SHM in GCs. Thereby, we provide an explanation for
the low prevalence of pathogenic IgG autoAbs in healthy individ-
uals’ sera. Introducing genetic defects that have been associated
with B-cell autoimmunity into our model and exploring deeply
self-reactive B cells features along with the exact role of T cells
may improve the general understanding of GC reaction as well as
autoimmune diseases.

Materials and methods

HEL2X protein

HEL2X is a recombinant version of the HEL protein that carries the
D101R and R73E substitutions. HyHEL10 anti-HEL Ab binds to WT
HEL with very high affinity (Ka = 2.1010 M−1) and to HEL2X protein
with intermediate affinity (Ka = 8.107 M−1). HEL2X retains WT
HEL enzymatic activity and binds with normal affinity to the anti-
HEL mAb HyHEL5, indicating normal three-dimensional folding
[26, 27].

Mice

The various mouse strains used were maintained on a C57BL/6
background at the Molecular and Cellular Biology Institute
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(Strasbourg). All experimental mice were heterozygous for their
respective transgene. cDNA encoding HEL2X mutated protein [27]
was cloned in a transgenic vector with an ubiquitous strong pro-
moter (Supporting Information Fig. 1A). Engineering of HEL2X

mice has been done in collaboration with the Institut Clinique de
la Souris (ICS, Illkirch, France).

SWHEL mice carry the rearranged VH10DJH exon of HyHEL10
targeted to the JH region of the endogenous Ig heavy-chain gene,
together with a HyHEL10-κ light chain transgene [24]. SWHEL mice
were crossed either with the transgenic ML5 line, that express WT
form of soluble HEL as a neo-self Ag under the control of the
metallothionein promoter [4] or with the transgenic HEL2X line,
in order respectively to obtain a high affinity autoreactive model
(SWHEL X ML5) [24] and an intermediate affinity autoreactive
model (SWHEL X HEL2X).

Heterozygous progeny was detected by PCR genotyping on
genomic DNA and on the presence of serum HEL2X. Mice were
screened for the presence of their respective transgenes by PCR
amplification of genomic DNA extracted from 0.5 cm of tail using
Extract-N-AmpTM Tissue PCR Kit (Sigma-Aldrich).

All animal experiments were performed with the approval of
the “Direction Départementale des Services Vétérinaires” (Stras-
bourg, France) and protocols were approved by the “Comité
Régional d’Ethique en Matière d’Expérimentation Animale de
Strasbourg” (CREMEAS, approval number AL/16/23/02/13).
Invasive procedures were performed under inhaled anesthesia
(Isoflurane, Abbott).

Borrelia burgdorferi (Bb) infection

The Bb sensu stricto cN40 isolate was cultivated at low passage
(� 7) in Barbour-Stoenner-Kelly medium (BSK-H medium; Sigma-
Aldrich) supplemented with 6% normal rabbit serum (Sigma-
Aldrich) at 33°C. Four-week-old mice were infected with 105

spirochetes by intradermal injection of 100 μL in the shaved
back [19, 32]. Control mice were injected with an equal vol-

ume of sterile BSK-H medium. Bb-inoculated mice and noninfected
controls were housed in the Bacteriology Institute Animal Facility
(Strasbourg, France). Arthritis was evaluated by measuring ankle
joint thickness using a metric caliper (Käfer) on the thickest por-
tion of the ankle with the joint extended at the time of injection
and every week following injection. Mice were sacrificed 4 weeks
after inoculation and their infectious status was assessed by quan-
titative PCR of the Bb-specific fla gene from DNA extracted from
the right ankle joint of individual mice, as previously described
[32].

Production of polyclonal rabbit anti-HEL antibody

Rabbits were injected intramuscularly with 100 μg of HEL (Sigma-
Aldrich) in complete Freund’s adjuvant (Life Technologies) at day
0 and with 100 μg of HEL in incomplete Freund’s adjuvant (Life
Technologies) at day 15, 30, and 45. Sera were collected and
purified using affinity/ion exchange chromatography (DEA Affi-
Gel Blue Gel, Bio-Rad). Part of the purified polyclonal anti-HEL
Ab was then biotinylated (Biotine X-NHS, Calbiochem).

Flow cytometry

Cell phenotype was performed on splenic and LN lymphoid popu-
lations by four-color fluorescence analysis (dual laser FACSCal-
ibur flow cytometer; BD Biosciences) or by eight-color fluo-
rescence analysis (dual laser Gallios flow cytometer; Beckman
Coulter) according to standard protocols. Data files were col-
lected in the live lymphocyte gate on the basis of forward light
scatter and side light scatter. When specified, dead cell exclusion
was performed with DRAQ7 dye (BioStatus). Data were analyzed
with FlowJo 7.5.5 (Tree Star) or Kaluza V1.2 software (Beckman
Coulter).

HEL binding BCRs (HEL+ B cells) were detected by incu-
bating cells with saturating concentrations (200 ng/mL) of HEL

�
Figure 7. SWHEL X HEL2X HEL+ B cells are able to gain LN GCs and express AID that regulates both isotype switching and SHM. (A) Flow cytometry
analysis of LN GC B cells from control (n = 11 mice) and infected SWHEL X HEL2X mice (n = 10 mice). LN cells were stained with anti-B220, anti-T-
and B-Cell Activation Marker-FITC (GL7 clone), anti-CD95-PE Abs, and HEL plus anti–HEL-biotin Ab plus SA. HEL+ and HEL− B-cell gates were
set as in Fig. 1A. FACS plots are representative of more than five independent experiments. Numbers indicate the mean of GC B cells (B220+

GL7+ CD95+) percentages in HEL+ and HEL− B-cell gates. Histograms represent Fluorescence Minus One (FMO) controls. Bars represent the mean
percentages of GC B cells (B220+ GL7+ CD95+) + SD in HEL+ and HEL− B-cell gates from control (n = 11 mice) and infected (n = 10 mice) SWHEL X
HEL2X mice. The results of two-tailed Mann–Whitney test are indicated. (B) Quantitative real-time PCR analysis of Aicda expression in FACS sorted
subsets from control (HEL− and HEL+ subsets) and infected (HEL− GL7−, HEL− GL7+, HEL+ GL7−, and HEL+ GL7+ subsets) SWHEL X HEL2X mice (n =
4 mice). LN cells were stained with anti-B220, anti-GL7 Abs, and HEL plus anti–HEL-biotin plus SA. Cell sorting strategy is detailed in Supporting
Information Fig. 6. mRNA levels were calculated using the comparative cycle threshold method and normalized to the endogenous control Hprt1.
Each bar represents the mean of Aicda relative expression + SD and the results of two-tailed Mann–Whitney test are indicated. (C) SHM analysis
was performed by cloning the anti-HEL HyHEL10 VH10DJH genes after IgG1-2-specific amplification on control (n = 2 mice) and infected (n = 3 mice)
SWHEL and on control (n = 2 mice) and infected (n = 3 mice) SWHEL X HEL2X FACS sorted HEL+ B cells. HEL+ B-cell sorting strategy is detailed in
the first part of Supporting Information Fig. 6. HyHEL10 VH10 gene was amplified with an FR1 and a Cγ-specific primer. Each dot represents the
number of replacement mutations in an individual clone (control SWHEL: 27 clones; infected SWHEL: 28 clones; control SWHEL X HEL2X: 25 clones;
infected SWHEL X HEL2X: 57 clones). Bold lines represent the mean of mutation frequencies in each group. The results of two-tailed Mann–Whitney
test are indicated. (D) The sequences obtained were translated and aligned with the original HyHEL10 sequence–numbered according to Kabat
et al. [48]–to determine the position of mutations. Bars represent the proportion of clones carrying silent mutations (S; white bars), replacement
mutations (R; black bars), and replacement mutations in HEL2X contact residues (gray bars). CDR1, CDR2, and CDR3 are indicated. The graphs show
the pattern of somatic mutations in HEL+ IgG+ B cells from infected SWHEL (28 clones) and SWHEL X HEL2X mice (57 clones).
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Figure 8. High affinity autoreactive clones are not selected among mutated IgG+ B cells from SWHEL X HEL2X. Analysis of several mutated
recombinant HyHEL10 IgG1 Abs designed considering the pattern of mutations found in IgG transcripts from SWHEL X HEL2X infected mice
(see Supporting Information Table 2E). WT and mutated HyHEL10 heavy chain variable regions were cloned into an expression vector with the
transgenic HyHEL10 k light chain variable region. (A) Amino-acid sequences from the mutated heavy chains (mutant 1–4) are shown along with
the original HyHEL10 sequence [48]. Replacement mutations and replacement mutations affecting HEL2X contact residues are represented. CDR1
and CDR2 regions are highlighted in gray. Amino acids in contact with HEL2X protein are highlighted in black. (B) ELISA dose-response evaluation
of the relative binding of soluble recombinant HyHEL10 WT and HyHEL10 mutated IgG1 Abs (mutants 1–4) to plate-bound HEL2X (40 μg/mL).
(C) Surface plasmon resonance analysis of the binding affinities of recombinant WT and mutated HyHEL10 Abs (mutants 1–4) for HEL2X. Overlapped
sensograms showing the interaction kinetics of WT and mutated HyHEL10 IgG1 Abs with HEL2X (1.25e−9 M). The dissociation constants (KD; M) of
the interaction between mutated HyHEL10 IgG1 Abs and HEL2X are expressed as the percentage difference in log from HyHEL10-HEL2X KD. (D and
E) Tridimensional stick representations of the HyHEL10-HEL2X interaction based on the crystal structure of HyHEL10 Fab-Ag complex (PDB 3D9A).
Carbon (VH HyHEL10: gray and HEL2X: green), oxygen (red), nitrogen (blue), and hydrogen (white) atoms are represented. (D) WT VH HyHEL10-
HEL2X complex showing interaction between R101 of HEL2X and S52, Y53, S54, G55, and S56 residues of the HyHEL10 heavy chain. (E) Mutated VH

HyHEL10-HEL2X complex including S52R, Y53F, and S56G substitutions in the HyHEL10 heavy chain variable region.
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(Sigma-Aldrich) followed by 5 μg/mL biotinylated polyclonal rab-
bit anti-HEL Ab. Binding of biotinylated Ab was revealed by APC,
PerCP/Cy5 (BD Biosciences), PE or PE/Cy5.5 (Southern Biotech)
streptavidin (SA).

The following mAbs to murine antigens used in staining were
purchased from BD Biosciences: anti-CD3e-PerCP/Cy5 (145-2C11
clone), anti-CD4-APC/Cy7 (GK1.5 clone), anti-CD21/CD35-APC
(clone 7G6), anti-CD23-PE (clone B3B4), anti-CD40 APC (3/23
clone), anti-CD45R/B220-FITC and PerCP (clone RA3-6B2), anti-
CD86-PE (clone GL1), anti-CD95-PE (clone Jo2), anti-CD185-
biotin (CXCR5; 2G8 clone), anti-T and B Cell Activation Marker-
FITC (clone GL7), PerCP/Cy5.5 and APC-Streptavidin.

Anti-IgM (μ-chain specific)-FITC and –PE, anti-CD4-PE (GK1.5
clone), anti-CD8 FITC (53-6.7 clone), anti-CD45R/B220-APC
(clone RA3-6B2) and anti-CD86-APC (clone GL1) were pur-
chased from Beckman Coulter; anti-CD267-APC (TACI; ebio8F10-
3 clone), anti-CD268-FITC (BAFF Receptor; eBio7H22-E16 clone)
and anti-CD279-FITC (PD-1; J43 clone) from eBioscience; anti-
IgG (Fcγ-specific)-FITC from Jackson Immunoresearch; PE and
PE/Cy5.5-Streptavidin from Southern Biotech.

ELISAs

Blood samples were collected before the injection of Bb inoculum
or BSK-H medium and at the day of sacrifice. Sera were obtained
by centrifugation (10 min, 10 000 rpm) of blood samples and
stored at -20°C until ELISA analysis. Total IgM and IgG levels
were measured as previously described [47].

For ELISA detection of the binding of murine serum Abs or
HyHEL10 chimeric mAbs to HEL and HEL2X protein, 96-well
polystyrene plates (Nunc) were coated respectively with HEL
(50 μg/mL; Sigma) or HEL2X (40 μg/mL) for 2 h, blocked with 1%
BSA/PBS for 30 min and then incubated with serial dilutions of
sera or mAbs for 2 h at 37°C. Horseradish peroxidase-conjugated
anti-mouse IgM and IgG (for murine serum anti-HEL Abs
detection) or anti-human IgG (for HyHEL10 chimeric mAbs test-
ing) were used to detect bound Abs (Jackson ImmunoResearch).
They were visualized with OPD (Sigma-Aldrich) and absorbance
at 492 nm was read. The concentration of serum anti-HEL IgG
was evaluated by comparison with a standard curve using purified
HyHEL5 monoclonal Ab. Anti-HEL IgM production was evaluated
by comparison of optical density (OD) measurements at 492 nm
(OD492) for a 1:100 or a 1:200 dilution of the sera and for a 1:10
dilution of culture supernatants.

To detect murine serum anti-Bb IgG or to test HyHEL10
chimeric mAbs reactivity against Bb, plates were coated with 15
μg/mL Bb lysates. They were incubated with serial dilutions of
sera or mAbs and revealed with horseradish peroxidase-coupled
anti-IgG as described above. OD was read at 450 nm (OD450).

Competitive inhibition ELISA was performed on sera to assess
the relative affinities for HEL2X of serum anti-HEL IgG. ELISA
plates were coated with 40 μg/mL purified recombinant HEL2X

for 2 h and serial dilutions of sera were incubated with increas-

ing dilutions of HEL2X. Nonlinear regression was performed using
Graph Pad Prism 5.0 software to find the curve-fit.

In vitro stimulation

In vitro experiments were performed in B-cell stimulating contain-
ing RPMI 1640 R© (Lonza) supplemented with 10% fetal calf serum
(PAN Biotech), 100 μg/mL streptomycin (Gibco), 100 U/mL peni-
cillin (Gibco), 50 μM 2-mercaptoethanol (Gibco), 10 mM HEPES,
and 1 mM sodium pyruvate (Lonza). For proliferation analysis,
purified B cells were labeled with 5 μM CFSE (CFDA SE Cell
Tracer, Invitrogen) before the stimulation. B-cell activation (CD86
expression) was measured by stimulating fresh splenocytes during
72 h with LPS (Sigma), HEL (Sigma), or sonicated Bb (10 μg/mL)
in the presence or absence of HEL. Plasma cell differentiation was
determined on purified splenic B cells. They were activated for
4 days with LPS alone (Sigma) or in conjunction with recombi-
nant murine IL-4 (Sigma).

SHM analysis

HEL+ and HEL− B cells were sorted on an FACSAria II flow cytome-
ter (BD Biosciences). DAPI was used for dead cells exclusion. Cell
sorting strategy is shown in Supporting Information Fig. 6. The
HyHEL10 VH10 IgH heavy chain variable region gene was ampli-
fied with a primer recognizing the first framework-coding region
(GTGCAGCTTCAGGAGTCAG) and a Cμ or a Cγ1γ2aγ2b-specific
primer. The primary PCR product was further amplified by semi-
nested PCR with a nested primer (GCTTCAGGAGTCAGGACCTAG)
and the same Cμ or Cγ1γ2aγ2b-specific primer. PCR amplifica-
tion of HyHEL10 VK10-K light chain variable region gene was
performed with a primer recognizing the first framework region
(GATATTGTGCTAACTCAGTCTCCAGCC) and a primer specific for
the anti-HEL K light chain constant region (GGAAGATGGAT-
ACAGTTGGTGCAG). HyHEL10 heavy and light chain variable
region genes were then sequenced by GATC Biotech (Konstanz,
Germany). Sequences were aligned with the original HyHEL10
sequences numbered according to Kabat et al. [48] using Vector
NTI Advance 11 software (Invitrogen).

Quantitative real-time RT-PCR analysis

HEL+ and HEL− B cells were purified by FACS sorting. In SWHEL

X HEL2X infected mice, these populations were further separated
in GL7+ and GL7− cells (Supporting Information Fig. 6). mRNA
was purified using RNeasy Kit (QIAGEN) and cDNA was synthe-
sized using the High Capacity Reverse-Transcription Kit (Applied
Biosystems). Five nanograms of cDNA were pre-amplified with
TaqMan R© PreAmp Master Mix Kit in order to increase the quan-
tity of specific cDNA targets for gene expression analysis. Quanti-
tative real-time PCR reactions were set up on preamplified cDNA
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using TaqMan R© Gene Expression MasterMix (Applied Biosystems)
and Assay-on-Demand probes (Aicda: Mm00507771 m1, Hprt1:
Mm01318743 m1) (Applied Biosystems). Each sample was ampli-
fied in triplicate in a StepOnePlus R© real-time PCR system (Applied
Biosystems). mRNA levels were calculated using the comparative
cycle threshold (CT) method and normalized to the expression of
Hprt1 housekeeping gene.

Production of WT and mutated HyHEL10 IgG1
chimeric mAbs and surface plasmon resonance
analysis

WT and mutated HyHEL10 heavy chain variable regions were
cloned into an expression vector encoding the human Igγ1 con-
stant region. The different HyHEL10 heavy chains were then tran-
siently expressed in HEK 293T cells along with an expression vec-
tor encoding the transgenic HyHEL10 κ light chain variable region
and the human κ1 constant region. PCR reactions, cloning strat-
egy, expression vectors, recombinant Ab expression, and purifica-
tion were performed as previously described [49]. HyHEL10 heavy
chain was amplified with the primers 5’AgeI VH (CTGCAACCG-
GTGTACATTCCGACGTGCAGCTTCAGGAG) and 3’ SalI JH (TGC-
GAAGTCGACGTGCAGAGACAGTGACCAGA) and HyHEL10 κ light
chain with the primers 5’ AgeI Vκ (CTG CAA CCG GTG TAC ATT
CTG ATA TTG TGC TAA CTC AGT C) and 3’ BsiWI Jκ (GCC ACC
GTA CGG CAC GTT TTA TTT CCA GCT TGG).

For surface plasmon resonance analysis, anti-human IgG (Fcγ
specific, Jackson ImmunoResearch Laboratories) was immobilized
on CM-5 chip using standard amine coupling on flow cell (FC) 1
to attain a target density at 4191 RU. FC3 was used as control
where polyclonal anti-human Ab was at first immobilized on FC3
using the same protocol to attain a target density at 3572 RU.
The latter was thereafter digested on the chip using protein kinase
A (100μM) for 200 ms with flow rate of 30 μL/min. FC2 was
also used as surface control by activated and deactivated using
amine protocol. HyHEL10 IgG1 mutants were injected to achieve
a reading of 1000 RU over all FC 1, 2, 3, and 4 at the flow rate
30μL/min. Thereafter binding of Ag was assessed by different
concentrations (1.0e−8 to 6.0e−10 M) of HEL2X over all flow cells
at the same flow rate. Kinetic constants at equilibrium for both
KA and KD were determined by fitting sensorgrams to 1:1 binding
with drifting baseline model using BIAevaluation 4.1 program (GE
Healthcare).

In silico exploration

In silico exploration was performed based on the crystal structure
of HyHEL10 Fab complexed to HEL (PDB 3D9A) using Accelrys
Discover Studio 2.5 program. S52R, Y53F, and S56G substitutions
were simulated on VH HyHEL10 and confronted to HEL2X after
modeling of R73HELE and D101HELR substitutions.

Statistical analysis

Statistical significances were calculated with a nonparametric two-
tailed Mann–Whitney test using GraphPad Prism 6.0 software.
A Wilcoxon test was used for paired observations. A p value of
<0.05 was considered statistically significant (*p<0.05; **p<0.01;
***p<0.001; ****p<0.0001).
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35 Pöss, J., Schäfers, H.-J., Herrmann, M., von Müller, L., Böhm, M.
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