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Summary

Respiratory syncytial virus (RSV) is the major cause of lower respiratory tract
infections in infants and is characterized by pulmonary infiltration of B cells in fatal
cases. We analyzed the B cell compartment in human newborns and identified a
population of neonatal regulatory B lymphocytes (nBregs) that produced interleukin
10 (IL-10) in response to RSV infection. The polyreactive B cell receptor of nBregs
interacted with RSV protein F and induced upregulation of chemokine receptor
CX3CR1. CX3CR1 interacted with RSV glycoprotein G, leading to nBreg infection
and IL-10 production that dampened T helper 1 (Th1l) cytokine production. In the
respiratory tract of neonates with severe RSV-induced acute bronchiolitis, RSV-
infected nBreg frequencies correlated with increased viral load and decreased blood
memory Thl cell frequencies. Thus, the frequency of nBregs is predictive of the
severity of acute bronchiolitis disease and nBreg activity may constitute an early-life

host response that favors microbial pathogenesis.
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Introduction

Human respiratory syncytial virus (RSV) is the major cause of lower respiratory tract
infections in young infants leading to hospitalization and an increased risk factor for
asthma development (Smyth and Openshaw, 2006). The immune system plays a
critical role in the pathogenesis of RSV disease, and RSV is associated with the
exacerbation of airway inflammation (Castro et al., 2008). In infants, fatal outcomes
of primary RSV infection are associated with the pulmonary infiltration of B cells
(Reed et al., 2009; Welliver et al., 2007), yet the role of these cells remains to be
assessed.

Early-life susceptibility to infection contributes to high mortality rates in children under
5 years of age (Prabhudas et al., 2011) who display biased T helper 2 (Th2)
responses (Siegrist, 2001). We previously showed that B cells with regulatory
properties (Bregs) in murine neonates dampen innate inflammation and the functions
of the dendritic cells (DCs) in a TLR-dependent manner, thereby inhibiting the Thl
responses (Sun et al., 2005; Zhang et al., 2007). Over the past decade, Bregs, which
act through IL-10 secretion, have attracted attention in the fields of autoimmunity,
transplantation and cancer (Mauri and Bosma, 2012). B cell-derived IL-10 can be
induced through activation by CD40 (Mauri et al., 2003), the B cell receptor (BCR)
(Fillatreau et al., 2002) or several Toll-like receptors (TLRs) (O'Garra et al., 1992;
Zhang et al., 2007). The regulatory activity of IL-10-producing Bregs is essential in
the control of DCs (Sun et al., 2005) and inflammatory T cells (Matsushita et al.,
2008), and in the induction of T regulatory (Treg) cells (Lemoine et al., 2011). Breg
activity is not associated with a single B cell subset but rather develops under various

conditions. In mice, regulatory activity has been extended to IL-35-producing B cells
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and to plasma cells in the context of inflammatory and bacterial diseases (Shen et
al., 2014).

Here, we analyzed the B-cell compartment in human newborns using high-content
mass cytometry, transcriptomics and functional studies. We identified a population of
neonatal B lymphocytes with immunosuppressive activity (nBregs) through the
production of IL-10. We showed that nBregs, which are a target for RSV, are highly
permissive to infection because of BCR recognition of RSV F that drove nBreg
activation and expression of the chemokine receptor CX3CR1. CX3CR1 interacted
with RSV G glycoprotein promoted infection of nBregs to induce IL-10 production.
Analysis of clinical samples indicated that nBregs were associated with poor control
of RSV infection in neonates. We propose the use of the frequency of nBregs as a
prognostic tool to determine bronchiolitis severity and the use of both RSV F and G
glycoprotein as targets for the development of interventions in the context of acute

infection.

Results

RSV infection activates neonatal Bregs resulting in IL-10 production

To analyze the activity of putative Breg cell activity in healthy human newborns, we
first examined neonatal B cells within the cord blood mononuclear cell (CBMC)
population using a 35-parameter mass cytometric approach (CyTOF). Within the B
cell population, unsupervised analysis using the VviSNE algorythm that allows
dimensionality reduction (Amir el et al., 2013), we revealed different B subsets with
different phenotypes that clustered according to their high expression of CD5 or
CD10 and that were associated with distinct sets of B cell markers (Fig. 1A-B and

Fig. S1). Mature naive (MN) CD19* B cells were phenotypically defined as being
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CD5CD10'CD1cNCD21"CD45RANCD23°CD24"MCD38"IgDMIgM'oM,  although there
was some heterogeneity for some markers. Immature transitional B cells (IMT, N°2),
basically corresponding to CD24MCD38" B cells, were phenotypically defined as
being CD5"°CD10*CD1c'CD21 CD45RAMCD23-CD24"CD38"IgDMIgMM. We also
found an additional, previously undescribed population of CD5" B cells,
phenotypically defined as being CD5MCD10"CD1c°CD21"t CD45RA™ CD23NCD24/°
CD38"IgDPIgM'® (N°3) (Fig. 1A). We compared the cytometry profiles for additional
CD markers of MN B cells, IMT B cells, and the newly defined CD5" population to
bulk CD19*CD20* B cells and further defined the CD5" B cell phenotype as
CD43*CD9-CD62L-CD40MDRMCD25*-CD27*-CD70 (Fig. 1B). Adult blood IMT
CD24MNCD38" B cells have been shown to produce IL-10 in response to CD40 (Blair
et al., 2010) or CpG and/or TLR9 activation (Menon et al., 2016). Therefore the
abundance of IMT B cells in cord blood suggested that these cells could be a major
source of IL-10 in newborns. IMT B cells could be distinguished by CD10 expression
with an intermediate cell surface expression of CD5 (Fig. S1A), which accurately
matched the high expression of CD24 and CD38 (Fig. 1B). To analyze the functions
of newborns B cells, the three cord blood B cell populations were sorted by
fluorescence activated cell sorting (FACS) based on cell surface CD5 and CD10
expression (Fig. S1B). Among these cord blood-derived cells, CD5"B cells, but not
IMT and MN B cells, produced IL-10 upon 48 h of stimulation with A strain of human
RSV (HRSV-A)(MOI=2.5) (Fig. 1C). Based on their IL-10 production, we thus named
CD5"B cells neonatal Bregs (nBreg). nBregs were abundant in neonatal blood from
preterm and full-term babies and their frequency among total B cells quickly waned
with age (Fig. 1D). To determine whether these cells originated from the mothers of

the babies or the babies themselves, we performed Fluorescence In Situ
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Hybridization (FISH) on nBregs from male babies. FISH detected X and Y
chromosomes in all of the nBregs isolated from the cord blood of male babies,
indicating that the nBregs were derived from the babies rather than the mothers (Fig.
1E). We then sought to determine the stimuli that can lead to IL-10 production from
nBregs. While nBregs made IL-10 in response to HRSV (Figure 1C), the nBregs
failed to produce IL-10 following infection with a large panel of RNA or DNA viruses,
including influenza A virus (IAV), coronavirus 229E, HIV, HSV-1, HTLV and MV (Fig.
S1C). To determine whether the induction of the IL-10 response by HRSV was
specific to neonatal B cells, we tested the various adult blood B cell subsets and
tested their responsiveness to HRSV. We first peformed CyTOF on adult IMT B cells,
memory B cells, marginal zone B (MZB) cells, and naive B cells. Adult IMT cells
displayed a phenotype similar to newborn IMT cells, whereas MZBs cells and
memory B cells were phenotypically distinct from nBregs (Fig. S2A). FACS sorted
adult memory B cells, MZB cells and IMT cells produced IL-10 in response to R848,
a TLR7 agonist, but not in response to HRSV (MOI=2.5) (Fig. S2B). These data
indicate that HRSV-activated nBregs may possess unique anti-inflammatory
properties. The Th1-Th2 balance is critical at the time of the primary RSV infection,
as impaired Thl priming or a Th2 immunopathology have been shown to determine
the outcome of secondary infection (Culley et al., 2002). We thus performed an
inflammatory T cell suppression assay, which remains the gold standard for
assessing Breg activity. Coculture of RSV-activated nBregs with activated CD4* Thl
cells inhibited IFN-y and IL-22, but not TNF-a, cytokine production from the CD4* T
cells (Fig. 2A-C). Using IAV-activated neonatal plasmacytoid DCs (pDCs), we
recently showed that type | IFN dependent neonatal Thl differentiation is induced by

the allogeneic immune response (Zhang et al., 2014a). Similarly, RSV-activated
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neonatal pDCs induced a predominantly IFN-y Thl response that was associated
with a mild IL-4 Th2 responses (Fig. 2D-F). To investigate whether nBregs could
regulate Thl response indirectly via pDCs, pDC were cultured alone or with RSV-
activated nBregs for 2 days, then these cells were co-culture with naive T cells for six
days post. We observed few pDCs infected by RSV when cultured alone or after
coculture with nBregs (Fig. S3A). RSV-activated nBregs were able to inhibit the
ability of pDCs to prime a IFN-y T-cell response in an IL-10-dependent manner (Fig.
2D-F). This was associated with decreased the APC functions of pDCs (HLA-DR and
CD80), but not the IFN-a response (Fig. S3B). Altogether, these data demonstrate
that the nBregs can be specifically activated by RSV and may control the Thl

responses in an IL-10 dependent manner.

Neonatal Bregs are highly permissive to RSV infection

We further investigated the capacity of RSV to directly activate the
immunosuppressive properties of nBregs. RSV induced IL-10 transcription in sorted
cord blood nBregs as soon as 6 h after exposure (Fig. 3A). We used a rHRSV-
expressing mCherry (rHRSV-Ch) construct (Rameix-Welti et al., 2014), to visualize
the virus replication in cells by quantifying the red emitted fluorescence. We found
that nBregs were preferentially infected by the virus (Fig. 3B) compared to MN or IMT
B cells isolated from cord blood. RSV infection did not affect the viability of nBregs
(Fig. S4A). Among adult B-cell subsets, only memory B cells were able to be infected
with RSV, but they showed much lower viral replication compared with nBregs. (Fig.
S4B). nBregs harboring RSV produced more IL-10 compared to their RSV-negative
counterparts (Fig. 3C and D) and only live but not UV-treated RSV induced IL-10

production (Fig. 3E), indicative of a role for viral infection in nBreg activation.
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Epithelial cells of the respiratory tract are the major targets of HRSV replication in
vivo. We found that nBregs, but not MN and IMT B cells, produced IL-10 and were
preferentially infected when cocultured with a RSV-infected human epithelial HEp-2
cell line (Fig. 3F and G). Altogether, these data show that nBregs are specifically
permissive to RSV infection and that IL-10 production by nBregs requires their viral

infection.

RSV is recognized by IgM and can engage the BCR pathway in nBregs

During steady state or upon RSV-mediated activation, nBregs expressed
immunoglobulin M (IgM) and IgD, but not IgA or 1gG (Fig. S1B and D). In addition,
RSV-nBreg cell specific interactions led to IgM secretion by the majority of IL-10-
producing cells (Fig. 3H), suggesting a role for the BCR. To investigate this
hypothesis, we used a transcriptomic approach to compare nBregs following TLR
(R848), BCR (anti-IgM) or viral (RSV or IAV) activation. Principal component analysis
(PCA) and hierarchical clustering showed the similarities and distinctness of the Breg
response to different activators (Fig. 4A and B). The transcriptional profiles of nBregs
stimulated with anti-IgM (BCR) and RSV were closer than with TLR agonist closely
related, indicating that BCR activation could be involved in RSV infection. TLR7 or 8
activation by the R848 agonist did not recapitulate the transcriptional pattern of viral
activation. Therefore, RSV RNA sensing by TLR7 or 8 may not be essential for the
activation of nBregs and may explain why other RNA viruses did not induced IL-10.
In addition, pathway analysis showed that RSV activated nBregs significantly
upregulated BCR-related pathways but not TLR-, RIG-I- or CD40-related pathways
(Fig. 4C). RSV and BCR activation induced expression of common 534 genes in

nBregs, as shown on the Venn diagram in Fig. S5A. Gene set enrichment analysis
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(GSEA) analysis of the transcriptome also indicated that BCR pathways were
induced in nBregs by RSV compared whereas IAV infection did not specifically
induce BCR pathways (Fig. S5C). To confirm that RSV-infected nBregs were
triggered through their BCRs, we performed an Iga (CD79a) phospho flow assay.
Iga. phosphorylation was detected in nBregs 30 min. following treatment with anti-IgM
or RSV, but not with R848 or 1AV treatment (Fig. 4D and E). All the stimuli activated
nBregs, as shown by Erk phosphorylation (Fig. S5D). In conclusion, the above
experiments strongly indicate that RSV activation of nBregs is mediated in part by Ig
recognition.

To further address the role of the BCR at the level of Ig recognition, we analyzed the
IgM secreted by nBreg. nBregs produced 5-fold higher concentrations of IgM than
MN cells, and 50-fold higher concentrations than IMT cells (Fig. S6A). This finding
was confirmed using ELISPOT in which over 80% were secreting IgM nBregs as
compared to 10-15% of MN B cells as assessed (Fig. S6A). IgM produced by
nBregs, but not MN or IMT B cells, showed specific binding to RSV particles (Fig. 5A
and S6B). The mature HRSV envelope consists of glycoprotein (G), fusion (F) protein
and small hydrophobic (SH) protein. We found by ELISA that IgM from nBregs
recognized the F fusion protein of HRSV but barely recognized the HIV-1 envelope
glycoprotein gp140 (Fig. 5A). These IgM still bound the rHRSV-ASH and the rHRSV-
AG mutants showing that F, but not G or SH, were recognized by the Ig (Fig. S6B).
Palivizumab, which is an IgG1 humanized monoclonal antibody that binds to F
protein outcompeted the binding of nBreg-derived IgM to RSV in a dose-dependent
manner (Fig. 5B). In addition, IgM produced by nBregs, but not by MN or IMT B cells,
competitively inhibited RSV infection of nBregs (Fig. 5C). We concluded that the F

fusion protein, but not SH and G proteins on the virion contributes to IgM-mediated

10
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recognition of RSV by nBregs. This further reinforced the results from transcriptomics
and signaling analyses that indicated the engagement of the BCR in nBregs infection
by RSV.

Our results indicated that nBreg Ig recognized RSV in the absence of any previous
exposure to the virus. One possible explanation of such a property may rely on
polyreactivity of the nBreg-IlgM that may have developed in utero upon exposure to
self-antigens. Compared to neonatal MN-IgM, nBreg-lgM displayed canonical
features of polyreactive B cells, including self-antigen recognition (Fig. S6A). To
explore the molecular basis of this phenomenon, we compared the different neonatal
B cell subsets at the level of their Ig repertoire. There was no bias in the usage of
specific Ig heavy chain V genes (IGHV) in the IgM derived from nBregs. However,
nBreg IgM exhibited a shorter complementarity determining region 3 (CDR3) for most
of the IGHV genes, representing more than 90% of the BCR repertoire (Fig. 5D and
Fig. S6C and D). A short CDR3 has been reported for MZB cells (Weller et al., 2008)
that do not express CD23 and CD5 (Weill et al., 2009). CD27* “B1-like cells” were
described to have a 14 bp CDR3 (Griffin et al., 2011), whereas the CDR3 of nBregs
was a 12.9 bp+/-0.2 in length (Fig. 5D). We identified preferential usage of the IGHJ4
segment associated with IGHD6 in nBregs by analyzing the IGHV3 gene PCR
products (Fig. 5E-F and Fig. S6E). Both CD27* and CD27-nBregs showed similar
repertoire characteristics and functional properties, such as eqivelent susceptibility to
RSV infection and similar concentrations of IL10 production upon stimulation with
RSV (Fig. S6F-G). Therefore, the Ig repertoire analysis of nBregs showed that this
population constituted a B cell subset with unique characteristics, presumably

resulting from specific selection and/or maintenance processes. In summary, the
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repertoire traits, together with the viral particle recognition by nBreg IgM, provide the

molecular basis for the activation of the BCR pathway following exposure to RSV.

The RSV G glycoprotein interaction with CX3CR1 is critical to infect nBregs

Because ultraviolet (UV) inactivation of RSV impaired IL-10 production, the
polyreactive nature of nBreg-IgM was not sufficient to explain the triggering of nBreg
activity by RSV. The G glycoprotein harbors a CX3C chemokine motif capable of
chemokine mimicry when interacting with chemokine receptor CX3CR1 (Tripp et al.,
2001). This interaction is reported as an important mechanism for RSV binding and
infection in human lung epithelial cells (Jeong et al. 2015; Chirkova et al. 2015).
Because nBreg exposure to RSV activated chemokine receptor pathways (Fig. 4C),
we analyzed CX3CR1 expression on cord blood B cells. CX3CR1 was expressed by
monocytes, but not by B cells, including nBregs (Fig. 6A). However, after 48 h of
RSV exposure, CX3CR1 was induced on nBregs (Fig. 6B), an effect that was
mimicked by BCR activation, but not by TLR activation (Fig. 6C). Using rHRSV-Ch,
we observed that viral infection of nBregs was associated with the highest
frequencies of nBregs expression cell surface CX3CRL1 relative to other stimuli. We
found that an RSV AG mutant poorly infected nBregs (Fig. 6F-G) and was unable to
induce IL-10 production (Fig. 6D), despite its ability to trigger BCR Iga
phosphorylation (Fig. 6E). This indicates that G protein binding to CX3CR1 was
necessary to induce IL-10 production. In the presence of the CX3CR1 ligand
CX3CL1, RSV infection was strongly decreased, concomitant with the inhibition of
the IL-10 secretion (Fig. 6H), indicating that CX3CL1 is blocking the interaction of the
RSV G protein with CX3CR1, which is therefore essential for the induction of nBreg

activity. Our results show that RSV, upon binding of surface Ig on nBregs, induces

12
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the upregulation of CX3CR1 which, in turn, interacts with the G glycoprotein and
favors viral entry and replication in Bregs. This two-step mechanism can explain the
permissiveness of nBregs to RSV infection and the specific induction of IL-10 which

does not occur with the other viruses tested.

RSV infects infant nBregs and nBregs are predictive of disease severity

Infants under 3 months of age who develop acute severe bronchiolitis because of
RSV infection may require ventilator support and are at a much higher risk to develop
recurrent wheezing up through their teenage years (Stein, 2009). This is often
thought to be associated with Th2 responses. However, post-mortem analysis in fatal
cases reveals heavy pulmonary infiltration of B cells, but not T cells, in the lung upon
RSV infection (Reed et al., 2009). RSV remains in the respiratory tract and does not
spread to the blood. IL-10 can be detected in the nasopharyngeal aspirates (NPA) of
RSV-infected children (Bont et al., 2001) and is associated with post-bronchiolitis
wheeze (Schuurhof et al., 2011). We therefore looked for the presence of nBregs in
the NPA of hospitalized RSV-infected children who required respiratory assistance.
In 6 out of the 13 patients, RSV-infected nBregs were found in NPA swabs, whereas
2 patients showed RSV-infected MN B cells, highlighting the preferential infection of
nBregs in vivo. The frequency of nBregs correlated with the severity of the disease,
as assessed by the duration of oxygen support and hospitalization in the ICU (Fig. 7A
and Fig. S7). We also found a higher frequency of nBregs in the blood of RSV-
infected patients suffering from acute bronchiolitis compared to non-infected children,
and a positive correlation between the percentage of nBregs with the disease
severity and the viral load, but not with the age of the patient or the pregnancy term

(Fig. 7B-D and Fig. S7). In contrast to MN and IMT B cells, nBregs purified from the
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blood of RSV-positive patients expressed IL10 mRNA upon RSV exposure, but not
IL35, IL12A and EBI3, subunits (Fig. 7E), indicating the capacity of nBreg activity to
be activated following their recruitment at the site of infection.

In the neonatal blood, we identified emerging CD4* T cell effector memory (Tem)
including CXCR3" IFN-y producing Thl cells (Zhang et al., 2014b). RSV-activated
nBregs limited the development of neonatal Thl responses in vitro (Fig. 2). We found
a higher frequency of Tem cells, but not Treg cells, in the blood of RSV-infected
children compared to RSV un-infected children. The percentage of Tem cells and
CXCR3*Tem cells negatively correlated with bronchiolitis severity, but not with the
age of the patient or the pregnancy term (Fig. 7F-G and Fig. S7). Among the RSV-
infected patients, the frequency of CXCR3+ Tem cells was significantly lower when
nBregs were infected with RSV, as measured in the NPA (Fig. 7H). These findings
indicate that RSV infection of nBregs may inhibit CXCR3+ Tem responses in patients

to reduce viral clearance and to drive more severe lung disease.

Discussion

Using mass cytometry we identified nBregs, which are an age-dependent factor
associated with the severity of RSV-induced acute bronchiolitis. RSV infects nBregs,
through IgM recognition and induced CX3CR1 allowing viral interaction with the G
glycoprotein. B cell interactions with pathogens without antigen specificity usually
leads to B cell death and an impaired antibody responses (Nothelfer et al., 2015).
The possibility of virus-mediated B-cell subversion in an antigen-specific manner has
been proposed recently in the context of influenza specific-B cells (Dougan et al.,
2013). Salmonella spp. Induces and/or activates Bregs in a TLR-dependent manner

(Neves et al.,, 2010). In inflammatory situations, the CD40- and TLR-mediated
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pathways are central in Breg activation (Mauri and Bosma, 2012). nBregs developed
in utero cells and waned with age, likely reflecting a fetal-specific wave of B-cell
ontogeny and selection. The polyreactive nature of the Ig repertoire of nBregs
suggests that other pathogens may target nBregs. However, the BCR was not
sufficient to activate nBregs as a second receptor was required in the context of
RSV. The mechanism we propose involves the combined role of RSV G and F
glycoproteins in hijacking the newborn immune system to impair viral clearance. The
pre-fusion form of the F protein appears to be the critical target for virus
neutralization (McLellan et al., 2013; McLellan et al.,, 2011). Of note, TLR4 was
reported to interact with the F fusion protein of RSV in a CD14-dependent manner
(Kurt-Jones et al., 2000). However human B cells do not express TLR4. The F fusion
protein-BCR interaction that initiates nBreg activation enables G-CX3CR1-mediated
infection, and the nBreg-IgM outcompeted and decreased the initial viral interaction
and further infection. The IL-10 production by nBregs was mainly associated with the
infection of the cell, although additional mechanisms such as TLR activation might
contribute to the amplification of the antiinflammatory response.

In primary RSV infection in humans and mice, a type-I immune response including
NK cells, Thl cells, and cytotoxic T lymphocytes (CTLs) which act as important
sources of IFN-y, is essential for viral clearance (Openshaw and Chiu, 2013). An
unbalanced and dysregulated T-cell response to HRSV limits viral clearance and is
reported to cause immunopathology in the respiratory tract. Primary HRSV infection
in newborn mice, during the critical neonatal window led to the generation of a type-I|
response, an enhanced airway inflammation, lymphocyte infiltration and eosinophilia
upon re-infection at adulthood, whereas delayed age priming led to enhanced IFN-y

production and less severe symptoms during reinfection (Culley et al., 2002). Th2
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pathology occurs upon secondary RSV infection, and is poorly associated with the
primary infection. We found very few T cells in the NPA or effector memory Th1l cells
in the blood and no detectable Th2 signature in the patients. Therefore, our in vivo
and in vitro data support the role of RSV-activated nBregs in the control of IFN-y Thl
cells and associated viral clearance.

It is unclear yet whether infected nBregs can reach the lymph nodes (LNs) and
whether they directly influence directly Thl priming. Human nBregs are related to
neonatal Bla cells in terms of their regulatory properties (Sun et al., 2005; Zhang et
al., 2007). Mouse Bla cells have been recently shown to be trans-infected by blood-
borne retroviruses via LN macrophages (Sewald et al., 2015). In such a scenario,
RSV might reach nBregs in the lung draining LN via myeloid cells. Such innate B
cells procduce natural antibodies with polyreactive properties. The hallmark of the
human innate B cells is the expression of CD27, a marker corresponding to memory
cells. Carsetti and colleagues defined “IgM memory cells” in the blood as cells that
are IgM+IgD+CD22+CD27+ (Kruetzmann et al., 2003), splenic MZBs are defined as
IgMhilgDlowCD23-CD21+CD1c+CD27+ (Weller et al., 2008) and B1 cell candidate
are IgM+IgD+CD43+CD27+ B cells (Griffin et al., 2011). This IgM memory/MZB
compartment develops following birth, possibly in response to the gut microbiota. The
human B1 cells would represent a minority in neonatal blood but could account for 40
% of all CD27+ memory B cells. This latter point raised some controversies about the
phenotype of these cells, that would include T cell or monocyte contaminants
(Descatoire et al. 2011 ; Perez-Andres, 2011). A small fraction of human B1 cell
express CD5, which is the hallmark of nBreg, and do not hhave any repertoire bias in
ciontrast to nBreg. The cyTOF approach we had clearly eliminate the possibility of

other cell lineage contamination. to CD5 and CD27 expression. The “human B1 cells”
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have been proposed to be pre-plasmablasts because they produce IgM, 1gG and IgA,
and we showed nBregs to be free of any IgG or IgA positive cells. In addition, nBreg
quickly wanes with age whereas human B1 cell population would develop. This age
depedency of nBreg might explain their contribution to RSV disease which becomes
asymptomatic later in age. We also showed that canonical adult memory B cells can
be slightly infected by the RSV. Therefore it remains to be determined whether they
correspond to a small fraction of RSV specific B cells and whether their infection
could play a role in the susecptibilty to the infection later in life, in the elderly
poplulation.

In addition to lung epithelial cells, nBregs represent a newly described target cell for
RSV and a biomarker for the severity of acute bronchiolitis. A recent study that
defined biomarkers in bronchiolitis using whole blood RNA profiling, highlighted an
overexpression of neutrophil and interferon genes as well as suppression of B- and
T-cell genes in children of less than 6 months (Mejias et al., 2013). The increased
number of nBregs observed in the blood emphasizes how carefully B cell signatures
need to be interpreted. Therefore, the appropriate complex signal deconvolution of
whole blood signatures needs to take into account age-specific immune
characteristics. If confirmed in the NPA, the “RSV-nBreg” signature that we defined
may serve as a molecular biomarker of disease severity. Future work will determine
whether the high frequency of nBregs is a consequence or a cause of the disease. In
future investigations, large cohorts are needed to determine whether nBreg is a host
risk factor that might predispose individuals to RSV-induced bronchiolitis. nBreg
activity may constitute an early-life host response that favors microbial pathogenesis
and may represent a target for the treatment of low respiratory tract viral infections

and their pathological consequences later in life.
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Experimental procedures

Blood.

Buffy coats were obtained from adult donors by the Etablissements Francais du Sang
(France). Heparinized cord blood samples from healthy neonates collected by the
Thérapie Cellulaire of Hopital Saint-Louis (France). Written consent was obtained
from the mothers. This study was conducted with the approval of the Ethics
Committee of Institut Pasteur in agreement with the principles of the Declaration of
Helsinki. For FACS analysis of infant B cells, we used blood samples from children
from birth to 5 years of age that were admitted to the Hopital Erasme laboratory
(Brussels, Belgium) for routine analysis of the common hematological parameters
between March 2012 and June 2012. The final protocol of this study was approved
by the Ethics Committee of Erasme Hospital, allowing us to test residual blood

samples.

Cohort of patients with acute bronchiolitis.

46 infants admitted to the NICU of the Bicétre Hospital for severe bronchiolitis were
recruited. Infants being prophylactically treated with Palivizumab were excluded.
After signed informed consent from the legal representatives of the children, 1 mL of
blood in EDTA tubes (Sarstedt) and nasopharyngeal aspirates were obtained and
stored at 4°C and at -80°C. Samples were processed within 12 h. Diagnosis of viral
bronchiolitis was confirmed using immunochromatography for RSV (Alere BinaxNow

RSV, Alere) and respiratory virus Q-PCR techniques (either Simplexa Flu A/B &
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RSV Direct, Focus Diagnostics; or Argene Respiratory Multi Well System MWS r-
gene range, Biomerieux). The study was approved by the local IRB (Pasteur Institute
CoRC, no 2013-14) and the French Ministry of Research (no. 13.644). Details of the
demographic and diagnostic data are detailed in the supplementary experimental

procedures.

Culture Medium and Reagents.

Complete medium consisted of RPMI-1640 supplemented with 10% fetal calf serum
(ICN Biomedicals), 5x10° M of 2-ME (Sigma), and antibiotics (Gibco BRL). R848 was
purchased from InvivoGen. Human Influenza Virus A/PR/8/34 (IAV) was purchased
from Charles River. Measles virus (MV, strain Schwarz) were amplified and titrated
using Vero cells. Human coronavirus (HCoV-229E), Herpes simplex virus 1 (HSV,
strain KOS), Human immunodeficiency virus (HIV) were used. Human T-
lymphotropic virus (HTLV-1) was produced with Mt2 cell supernatants (kindly
provided by MA Thoulouze). Epstein-Barr virus (EBV) was generated using B95.8
cell line. Recombinant human BAFF, IL-2 and IL-12 were purchased from Peprotech.

CX3CL1 was from R&D Systems.

HRSV strains and mutants

Human respiratory syncytial virus A (HRSV-A Long, kindly provided by F. Freymuth)
was amplified and titrated on HEp-2 cells. Recombinant Human RSV (rHRSV-A) and
recombinant Human RSV-Cherry (rHRSV-Ch) were previously described (Rameix-
Welti et al., 2014). The procedures to generate the rHRSV-AG-Cherry and rHRSV-

ASH are described in the supplementary info.
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RSV specific ELISA.

Maxisorp plates (NUNC) were coated with HRSV-A, or ASH and AG mutants or their
WT counterparts described above at 4 °C overnight. Following blocking of the plates
with 1% BSA in PBS at 37 °C for 1 h, IgM from CpG-stimulated cord blood B cell
subsets were added to the plates for 1 h at room temperature. After washing,
horseradish peroxidase (HRP) conjugated to goat anti-human IgM (Southern Biotech)

with a TMB substrate was used. Optical densities (OD) were measured at 450 nm.

Mass cytometry.

The antibodies were labeled 100 pg at a time according to the manufacturer's
instruction with heavy metal-preloaded maleimide-coupled MAXPAR chelating
polymers. Purified antibodies were purchased from Miltenyi. CBMC were stained with
these reagents, DNA content stained by an iridium-191/193 interchelator was used to
identify individual cells, and by exclusion of a live-dead viability stain. Data were
acquired using a CyTOF2 instrument (Fluidigm) and analyzed using VISNE algorithm
on Cytobank (Fluidigm). Antibody clones used are detailed in the supplementary

experimental procedures.

Cell purification and culture

CBMCs or PBMCs from child patients or adults were isolated using Lymphoprep
(Axis-Shield). B cells were positively enriched from CBMCs or PBMCs by using anti-
CD19 magnetic beads with AutoMACS (Miltenyi Biotec). To recover the blood B cell
subsets, the cells were sorted based on surface CD10 and CD5 markers to obtain
CD10*CD5* (IMT), CD10-CD5" (nBreg) and CD10-CD5" (MN) B cell subsets using a

FACS Aria 3 (BD). Cells sorted by AutoMACS and FACS were routinely >95% and
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97-99% pure, respectively. B cells were stimulated with indicated compounds or
viruses for 48 hours (MOI=2.5). For co-culture assay, mycoplasma-free HEp-2 cells
were incubated for 2h at 37°C with rHRSV-Ch, supernatants were then discarded. 24
h later, cells were washed twice with PBS (1x), and purified nBregs, MN, or IMT B
cells were added to the infected HEp2 cells for 48 h. Alternatively, cells were cultured
with human BAFF (200 ng/ml), CpGB 1826 (5 pg/ml), and IL-2 (10 ng/ml). The
supernatants were measured for IL10 by ELISA (eBioscience). To monitor infection
of cells, mCherry fluorescence was detected either by LSR Fortessa FACS (BD) or
IncucyteZoom (Essen Bioscience) for live cell imaging. Antibodies used for FACS are

described in the supplementary experimental procedures.

Nasopharyngeal aspirate cells isolation.

Nasopharyngeal aspirates (NPA) were maintained on ice and processed within 24 h.
The samples were repeatedly washed with PBS with 5% FCS and centrifuged until
no visible mucus clumps remained in the solution. The samples were then filtered
using a Falcon 100-um filter (Miltenyi Biotech). For nasal wash cell staining and

isolation, filtered NPA cells were incubated with antibodies for 20 min.

B cell repertoire analysis.
We characterized the IgM repertoire at the molecular level in various B-cell subsets

from cord blood and the details can be found in the supplementary information.

Microarray analysis.
5x10° negatively-enriched cord blood B cells were FACS-sorted as nBregs

(CD19*CD5*CD10CD3), and stimulated for 6 h with 10 pyg/ml F(ab’)2 goat anti-
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human IgM, R848 (1pg/ml), HRSV-A (MOI=5) or IAV (MOI=4000HA/mI). The gene
expression profiles were measured by Miltenyi Biotec using an Agilent DNA chip. We
used the Agilent 60-mer Whole Human Genome Oligo Microarray containing
approximately 44 K genes and gene candidates. Raw expression files and details
can be accessed at the following link: http://www.ncbi.nlm.nih.gov/geo/
guery/acc.cgi?token=orifscmydxsxvav&acc=GSE78847. Output data files were
further analyzed using the Rosetta Resolver gene expression data analysis system.
Microarrays Agilent files were processed, background corrected, and normalized
using the quantile method with R and package Limma. Genes were averaged using
ProbelD, and GeneName and transcripts were filtered using the refseq mRNA
database. Principal component analyses on most differentially expressed genes,
heatmaps and hierarchical clustering were performed using Qlucore Omics Explorer

3.1.

Gene expression.

102 blood B cells stimulated or not with HRSV for 24h, were then analysed using
appropriate primers for expression of EBI3 (CCCTTCCCAGAGATCTTCTCAC;
CAGCCCTGAGGATGAAGGACQC), IL10 (CCGTGGAGCAGGTGAAGAA ;
GTCAAACTCACTCATGGCTTTGTA), and IL12A (CACAGTGGAGGCCTGTTTA;

TCTGGAATTTAGGCAACTCTCARNA) on a Biomark System (Fluidigm).

Intracellular staining assay.

CD19* B cell fraction was stained with surface markers (CD20, CD10, CD5 and CD3)

and live/dead-Blue to identify viable B cell subsets. Cells were stimulated for 30 min
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with 10 pg/ml F(ab’)2 goat anti-human IgM, R848 (1ug/ml), HRSV-A (MOI=1/10) or
IAV (MOI=4000HA/mI). Cells were then directly fixed and permeabilized using BD
Cytofix/Cytoperm™  solution by following the manufacturer's instructions

(eBioscience) and then subjected to intracellular phospho-CD79a detection.

T cell differentiation in vitro.

5x10* purified cord blood naive CD4* T cells activated with anti-CD3/CD28 beads in
ThO (no cytokine added) or Thl (with 10 ng/ml of IL-12) conditions were co-cultured
with 5x10% syngeneic B activated with HRSV. Alternatively, purified cord blood pDCs
were stimulated with HRSV-A in the presence of nBregs for 48 h. Activated pDCs
were sorted again by gating on CD123hiCD20- cells on FACSAria Il. 10* activated
pDCs were co-cultured with 5x10* purified allogeneic cord blood naive CD4* T cells.
Five-six days later, differentiated T cells were restimulated with 50 ng/ml PMA, 1
pg/ml lonomycin and GolgiPlug (BD) to detect intracellular cytokines (IL-2, IFN-y, IL-
13, IL-17, IL-22 and TNF-a), Alternatively, secreted IFN-y, IL-13 and IL-17 were

detected by ELISA with a specific kit (eBiosciences).

ELISPOT

nBregs were stimulated or not with HRSV-A for 24h. IL10 secreting nBregs were
enriched using IL-10 cytokine secretion assay according to the manufacturer’s
protocol (Milteny Biotec). Enriched cells were then FACS sorted for IL-10-positive
cells and used for human fluoroSpot IgM according to the manufacturer’s protocol
(Mabtech). Alternatively, IgM secreting cells were also analysed with an HRP-based

ELISPOT assay (Mabtech).
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Statistical analysis. Unpaired t tests were done in comparison of two groups (data
are presented as the mean value + SD). Paired t tests were also used to take into
account donor to donor variation. ANOVA tests were used when comparing three
groups or more. Spearman tests were used for correlations. P values <0.05 were

considered statistically significant.

Supplementary information :
7 supplementary Figures with legends, and supplementary experimental

procedures.
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Legends to Figures

Figure 1: Identification of phenotypic of new population of regulatory B cells in
the human neonate (nBregs).

(A-B) CyTOF analysis of cord blood CD19+ B cells within CMBCs for lineage and B
cell markers. (A) Data analysis using VISNE based on 19 markers delineating
phenotype CD10-CD5- (1), CD10+CD5+ (2) and CD10-CD5+ (3). (B) Heatmap
analysis for data corresponding to the fold change expression of indicated markers
for each subset as compared to the whole CD19+CD20+ B cell population (C) Cord
blood B cell subsets were FACS sorted as, CD10-CD5- (MN; blue), CD10+CD5+
(IMT; green) and CD10-CD5+ (nBreg; red). 10° cord blood B cell subsets were
stimulated with HRSV-A (MOI=2.5) and IL-10 production was measured at 48h by
ELISA (n=3). Results are expressed as the means +/- SD. (D) Percentage of the
nBreg subset among the total B cells circulating in the blood during different
developmental stages and ages. *p<0.05, *p<0.01. (E) X and Y chromosome FISH
staining of nBreg cells isolated from cord blood of a male baby. Bar chart indicates

the number of nuclei associated with XY or XX staining.

Figure 2 : nBregs regulate TH cell polarization directly or indirectly via pDCs.

(A-C) Neonatal naive CD4+ T cells were activated by anti-CD3 + anti-CD28 and
cultured with 10 ng/ml IL-12 (Th1) or without (ThQ), alone or in co-culture with HRSV-
activated nBregs for 6 days. (A) FACS plots and (B) mean frequencies of TNF-a, IL-
2, IFN-y, IL-13, IL-17 or IL-22 secreting cells, as determined by intracellular staining
for 5 donors (Anova test). (C) Quantification of IFNCy(lin the supernatants of the

same co-cultures, as determined O OOOOO0 (n=4 donors; paired t-test was used
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for comparison). (D-F) Neonatal pDCs were stimulated with HRSV-A either alone or
in co-culture with nBregs in the presence of neutralizing anti-IL-10 or control antibody
(Ctrl) for 48 h. pDCs were FACS purified again before being used in TH
differentiation assay. (D-E) Intracellular IFN-y, IL-4, IL-17 and IL-22 expression was
analyzed by FACS and (F) secreted IFN-y analyzed in the supernatants by ELISA.
(D-F) Results are representatives of 3 experiments. Results are expressed as the

means * SD. *p<0.05, **p<0.01, ** p<0.001 and NS for non significant.

Figure 3: nBregs are preferentially infected by RSV.

(A-C) 10° cord blood nBregs were FACS sorted and left untreated (0 h) or exposed to
HRSV-A or to rHRSV-Ch (MOI=2.5). (A) Representative plot of IL10 gene
expression, as measured by gRT-PCR at Oh, 6h and 24h. (B) 10° B cell subsets were
FACS sorted as nBreg, MN or IMT and stimulated with rHRSV-Ch. mCherry
expression was assessed by fluorescent microscopy at 48h post-infection (left panel)
or by monitoring the red object count (R.O.C) through live imaging (right panel).
Results are representitative of 3-5 independent experiments. (C) Representative
FACS plot for intra-cellular IL-10 expression at 48h post-infection as compared to
untreated cells (No stimulus). (D) The frequency of IL10* nBreg cells among rHRSV-
Ch-positive or -negative nBregs(n=3). Unpaired t-test was used for comparison. (E)
IL-10 production following nBreg exposure to live or UV-treated HRSV-mCherry was
measured at 48h by ELISA (n=5). Paired t test was also used to compare the three
conditions. (F-G) HEp-2 cells were infected with rHRSV-Ch (MOI=0.1) then
cocultured with B cell subsets (F) The percentage of rHRSV-Ch* B cells in co-culture
with HEp-2 cells is shown by FACS at 48 h post coculture (n=3). ANOVA test was

used to compare the three groups. (G) IL-10 production was measured by ELISA
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(n=3) and unpaired t-test was used for comparison. (H) nBregs were stimulated or
not with HRSV-A for 24h. IL10+ nBregs were then enriched using IL-10 enrichement
beads, then FACS sorted IL10+ nBregs were used for fluorescent IgM ELISPOT. Left
panel is a representative FACS plot following IL-10 enrichement and sorting purity.
Right panel indicate the frequency of IgM+ cells. Results are expressed as the

means + SD of triplicates. *p<0.05, **p<0.01, ***p<0.001.

Figure 4: RSV activates the BCR pathway

5.10% Cord blood nBregs were FACS-sorted as CD19+CD5+CD10- B cells, and
stimulated for 6h with algM, R848, HRSV-A, IAV or left unstimulated. Gene
expression profiles were compared by microarray analysis for 3 independent donors.
(A) PCA and (B) heatmap of hierarchical clustering corresponding to the indicated
stimulus (p=0.0049 and g=0.067; 745 genes). (C) The list of differentially expressed
genes (p<0.05) was processed using the Ingenuity pathway analysis software. The
list was then manually curated to remove pathways irrelevant to B cell biology.
Canonical pathways were considered significant for p<0.05 (red line). (D-E) nBregs
were activated for 30 min. with algM, R848, HRSV-A, IAV or left unstimulated.
Phopshorylation of CD79a was assessed intracellularly by FACS. (D) Representative
FACS plots and (E) means = SD of 3 experiments are shown *p<0.05, *p<0.01,

*++p<0.001.

Figure 5: Ig from nBregs recognize RSV and display a biased repertoire

(A-C) IgM from three donors (d#1, d#2 and d#3) were produced by nBregs and MN
neonatal B cell subsets following their stimulation with CpG B (1826) for 4 days and
then were tested by ELISA for recognition of WT HRSV-A (left panel, IgM 4ug/ml),

HRSV-F protein or HIV-1 gp140 protein (right panel; serial dilutions of IgM). Results
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are expressed as optical density measured at 450 nm (O.D. 450 nm). (B) IgM (100
ng/ml) from nBregs were tested by ELISA for HRSV-A recognition in the presence of
various doses of anti-F Palivizumab 1gG Ab. (C) rHRSV-Ch was pre-incubated with
nBreg-, MN- or IMT-derived IgM (50 ng/ml) for 1h prior infection. RSV infection was
assessed by monitoring mCherry expression by fluorescent live microscopy.
Histogram plot shows the frequency of inhibition at 48h post-infection with rHRSV-
Ch/IgM mixes as compared to free rHRSV-Ch. Results are expressed as means *
SD of triplicates, and are representative of 2 experiments. (D-F) B cell subsets were
subjected to Ig repertoire analysis of the IgM heavy chain (n=5-6 donors). (D) The
mean CDR3 lengths was analyzed for the different IGHV, and a profile comparison is
shown for IGHV3. (E) The frequencies of different IGHJ usage among V3a (V3-15,
49, 72, 73) subfamily were determined. (F) For IGH3 subfamily 3a family, 165 clones
from MN and 185 clones from nBregs were sequenced to determine IGHJ/IGHD
junctions. Among IGHJ4, the number for the different D gene usage is indicated

(n=74 for MN, and n=84 for nBregs).

Figure 6 : HRSV infects nBreg cells via CX3CR1-G protein interaction

(A-C) FACS analysis of CX3CR1 expression in nBregs. (A) Representative FACS
plot of freshly isolated nBregs (MFI: 193 for Ab ctrl, and 237 for CX3CR1 Ab) as
compared to CD14* monocytes (MFIl: 9971). (B) nBreg cells were infected with
HRSV-A (MOI=2.5) for 48h. MFI are shown for CX3CR1 Ab as compared to isotype
control. Results are expressed means + SD of duplicates from 3 donors. (C) nBreg
cells were stimulated with R848, agM or HRSV-A (MOI=2.5) for 48h and their
CX3CRL1 expression was assessed by FACS. Results are expressed as means + SD

of duplicates from 2 independent experiments. nBregs were infected for 48h with WT
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or AG strains of rHRSV-Ch (MOI=2.5). (D) IL-10 production was measured by ELISA.
Results are expressed as means = SD of 4 independent experiments. (E)
Phopshorylation of CD79a was assessed intracellularly by FACS in nBregs after 30
min. of exposure to AG RSV or WT RSV. Results are expressed means + SD of
triplicates, and are representative of 3 experiments. (F) Representative FACS plot
(left panel) of nBregs infection with AG RSV or WT RSV, as compared to non-
infected cells (none). Histogram plot shows the percentage of infected nBregs, as
measured by FACS as % of mCherry+ cells (right panel) and is representative of 3
independent experiments. (G) Viral replication measured through the detection of the
mCherry fluorescence for 48h with AG as compared to WT counterpart. Results are
expressed as means + SD of triplicates and are represent 3 independent
experiments. (G) nBreg cells were cultured on CX3CL1-coated plates and infected
with rHRSV-Ch (MOI=2.5). The percentage of infected nBregs and IL-10 secretion
were measured at 48h. Results are expressed as means +/- SD and represent three
independent experiments. Unpaired t-test were used for comparison. Results are

expressed as the means +/- SD. **p<0.01, **p<0.001, ****p<0.0001.

Figure 7 : nBregs are infected by RSV in patients and predict the severity of
acute bronchiolitis.

(A) CD20+ B cells in nasopharyngeal aspirates (NPA) collected from RSV-positive
patients (n=13) at the first day of hospital admission were analyzed and purified by
FACS as nBregs and MN B cell subsets based on CD5 and CD10 expression.
Heatmap shows sorted cell subsets analyzed for RSV nucleoprotein gene (RSV N)
expression by qRT-PCR. Correlation plots (right panel) of nBreg cells frequency in

the NPA with the duration of oxygen supply. (B) Frequency of B cells subsets in the
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blood of RSV-positive (RSVP°; n= 18) and negative (RSV"9; n=10) patients. (C)
Correlation plot of B cell subsets % in the blood of RSVP° patients (n=18) with the
duration of oxygen supply. (D) Correlation plot of blood nBreg cells frequency with
RSV load in the corresponding NPA of RSVP®s patients (n=13). (E) nBreg, MN and
IMT B cells were sorted from the blood of RSVP°s patients (n=7) and stimulated or not
with HRSV for 24h. IL10, EBI3 and IL12 gene expression for was analyzed by gqRT-
PCR and normalized to housekeeping genes. (F) CD4+ T cells were analyzed by
FACS for Tregs and Tems, as shown in the blood of RSV-positive and (RSVP®; n=
13) and negative (RSV"™9; n=7) patients. (G) Correlation plots of blood Tem and
CXCR3+ Tem frequencies with the duration of oxygen supplementation (n=13). (H)
Representative FACS analysis plot of blood CXCR3+ and CCR6+ Tem cells in
patients whose nBreg cells were found infected or not in the NPA of panel (A).
Histograms represent the frequency of CXCR3+ Tem cells in the blood (left
histogram) and nBregs IL-10 gene expression in the NPA (right histogram) from
patients corresponding to infected nBreg (RSVP°; n=3) or non infected nBreg
(RSV"®9; n=3) Results are expressed as the means +/- SD. *p<0.05, **p<0.01,

***p<0.001. ns for non significant.
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Fig. S1 (related to Fig. 1): viSNE analysis of CBMC

(A) Cord blood cells were analyzed as in Fig. 1A using ViISNE which defines based on indicated
lineage markers : (A) monocytes, (B) T cells, (C) NK cells, (D) B cells. B cell phenotypes 1, 2 and
3 can be clearly visualized independently of other blood cell types with (2) as CD10rosCD5°
(green arrow) and (3) as CD5MCD10"™9 (red arrow). (B) Gating strategy for FACS sorting of
neonatal B cells MN , IMT and nBreg, purity check and subsets IgM/IgD expression. (C) 10° cord
blood nBregs were stimulated with the indicated stimuli. IL-10 was detected in the supernatants at
48 h (means of three donors +/-SD). (D) IgG and IgA detection on nBregs activated or not with
RSV in comparison to adult Memory B cells. In parenthesis, frequencies of Ig isotype is indicated
(IgA%; 1gG%).
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Fig. S2 (related to Fig. 1): IL-10 response of B cells to viruses
(A) CyTOF of adult B cell subsets for the expression of the indicated
markers, data were normalized to the the total population of B cells.
(B) 10° adult blood B subsets were purified by FACS with indicated gating
strategy. Mature Naive (MN), memory B cells (MEM), marginal zone B cells
(MZB) were pre-gated on CD24loCD38+/lo mature B cells, and (IMT)
Immature transitional correspond to CD24"CD24" B cells. Sorted B cells
were then stimulated or not with HRSV-A or R848 and IL-10 was detected
at 48h by ELISA. Results are expressed as the means of triplicates+/-SD
and are representative of two experiments.
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Figure S3
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Fig. S3 (related to Fig. 2) :

(A-B) pDC and nBreg cells were sorted from cord blood and cultured with rRSV-Ch
(MOI=2.5) alone or in co-culture for 30h-48h in the presence of anti-IL10 (a-1L10) or an
isotype control Ig. (A) Left panel represents pDC infection as compared to nBreg cells
cultured alone measured by live microscopy. Right panel FACS plot shows the frequency
of RSV infected pDC when cultured alone. Results are means of triplicates and are
representative of three experiments. (B) Histograms show the expression of HLA-DR,
CDB8O0 or intracellular IFN-a after 48h of stimulation with HRSV-A. Iso corresponds to
isotype control staining, and ctrl Ig to anti-IL10 isotype control. (C) CD4 naive T cells
were culture in TH17 conditions, and serve as positive control of Fig. 2 for intracellular
staining of cytokines indicated on the X and Y axes.
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Figure S4
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Fig. S4 (relate to Fig. 3)

(A) 10°B cell subsets were FACS sorted as nBreg, MN or IMT and stimulated by
rHRSV-Ch, HRSV-A or CpG for 48 h. Live/dead cells were analyzed by FACS
following DAPI staining. Live cells were negative for DAPI, and results are mean
+/-SD of 3 experiments. (B) 10° nBregs and adult B cells were sorted as indicated
in FigS2B and exposed to rHRSV-Ch (MOI=2.5). Viral infection was assessed
mCherry expression using fluorescent live microscopy.

Zhivaki et al. Supplementary
infos



Figure S5
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Fig. S5 (related to Fig. 4): Pathway analysis of RSV stimulated nBregs. (A-C)
Cord blood nBregs were FACS-sorted as CD19+CD5+CD10- B cells, and they were
either left unstimulated (-) or stimulated for 6 h with HRSV-A, 1AV or anti-IgM. Gene
expression profiles were compared by microarray analysis for 3 independent donors.
(A) Venn diagram for the number of common and specific genes activated in nBregs
for algM (BCR) and RSV. (B-C) GSEA analysis. (B) Description of GSEA analysis plot.
(C) GSEA comparison of 1AV and RSV activated nBregs for BCR receptor, signaling
and molecular pathways. (D) nBregs were activated as indicated for 30 min. and ERK
phosphorylation was assessed by FACS. FACS plots and mean of triplicates+/-SD are
shown.



Figure S6
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Fig. S6 (related to Fig. 5): B cell reactivity and repertoire analysis

(A) Indicated B cell subset (3X108/ml) was stimulated for 6 days with CpG, and concentration of IgM
was determined. IgM produced by nBregs and MN were tested at 4-0.4 and 0.04 pg/ml for
polyreactivity against the indicated Ag by ELISA and results are plotted as CAUC. Alternatively, B
subsets, was analyzed using an enzymatic ELISPOT assay to evaluate the frequency IgM secreting
cells after 48 h. (B) IgM (100 ng/ml) produced by nBregs, IMT and MN neonatal B cell were tested by
ELISA for recognition of WT HRSV-A vs. (B) ASH and (C) AG mutants. (C) CDR3 length profiles (in
AA) of one neonatal sample nBreg subset (red) for the various IGVH are compared by overlay with
MN (blue) and IMT (green) B cell subsets. For the three neonatal B cell subsets, (D) the IgM V usage
and (E) the J usage repertoire was analyzed for IgM V3b (IGHV3b) (*P<0.05). Each dot represents
one donor (n=5). (F-H) nBregs were sorted as CD27-positive and negative cell fractions and
subjected to repertoire analysis as in Fig. 5 and to RSV infection and IL-10 response. CDR3 length
spectra are shown for major IGHV gene family (V1, V3a, V3b and V4). (G) nBregs subsets were
exposed to HRSV-A and IL-10 was detected by ELISA at 48 h. (H) nBregs subsets were exposed to
rHRSV-Ch and infection was monitored by following mCherry expression by fluorescent live

microscopy for 48h. Zhivaki et al. Supplementary
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Figure S7 (related to Fig. 7) : RSV-positive patient cohort analysis.
Correlation analysis of blood cell parameters of patients suffering of acute
bronchiolitis with duration of ICU hospitalization, age of patients and pregnancy
term. Immunological parameters correspond to those presented in Figure 7.



Supplementary Experimental procedures

HRSV mutants

To generate the rHRSV-AG-Cherry virus, the first ATG of the G gene was substituted
by ACA by site-directed mutagenesis using the QuickChange Il site-directed
mutagenesis kit (Stratagene). Mutagenesis was performed using the pJET2.1 vectot
in which the HRSV G gene was cloned at Xhol-Stul sites, with the following primers:
forward primer: CGTTGGGGCAAATGCAAACATCCAAAAA CAAGGACCAACGC,;
reverse primer: GCGTTGGTCCTTGTTTTTGGTGI I TGCATTTGCC CCAACG
(sequence changes were boxed). The modified sequence was then sub-cloned in the
PACNR-rHRSV-Cherry vector (Genbank accession N° KF713492.1) to engineer the
PACNR-rHRSV-AG-Cherry vector. Sequence analysis was carried out to control the
integrity of this vector. The recombinant rHRSV-AG-Cherry virus was recovered by
co-transfecting the pACNR-rHRSV-AG-Cherry vector together with plasmids
expressing the RSV N, P, M2-1 and L proteins in BSRT7/5 cells (Buchholz et al.,
1999) as previously described (Rameix-Welti, 2014). Rescued viruses were
passaged and amplified on Vero cells grown at 37°C with 5% CO, in EMEM (Gibco)
supplemented with 2% foetal calf serum (FCS). To control that rHRSV-AG—-Cherry na
longer express G, immunofluorescence was carried out after virus titration on Vero
cells (described below). Briefly, 6 days postinfection cells were wash with PBS 1X,
fixed with PBS- PFA 4% and labelled with either a polyclonal anti-N serum (Castagne
et al., 2004) or anti-G monoclonal antibodies (AbD Serotec). Fluorescent plaques
were observed using an inverted fluorescence microscope. For rHRSV-ASH, SH
gene together with corresponding Gene Start and Gene End signals was deleted
from the full-length cDNA clone of HRSV subgroup A previously described (Rameix-
Welti et al.,, 2014) using standard cloning procedures. Resulting sequence is
available in the Genbank nucleotide database with accession code KU707921.
rHRSV-ASH was rescued and amplified as previously described. Viral genome
sequence was verified at passage 3. Viruses were titrated on Vero cells at 37°C
using a plaque assay procedure derived from the one previously described (Rameix-
Welti et al., 2014).

RSV detection in nasal washes.

For RSV expression, B cell subsets were directly sorted from the nasal washes in a
Lysis Solution (Lysis Enhancer and Resuspension Buffer at a ratio 1:10)
(CellsDirect™ One-Step gRT-PCR Kit, Invitrogen). Sequence-specific pre-
amplification was performed using TagMan PreAmp Master Mix (Invitrogen).
Unincorporated primers were inactivated by Exonuclease | treatment (New England
Biolabs). RSV nucleoprotein gene N analysed by gPCR with 2x Sso Fast EvaGreen
Supermix With Low ROX (Bio-Rad Laboratories) using primers in 48:48 Dynamic
Arrays on a Biomark System (Fluidigm). Quantitative data for the viral N was
normalized to house keeping genes mRNA content (B-actin and GAPDH). RSV N
forward primer  AGATCAACTTCTGTCATCCAGCAA and reverse primer
TTCTGCACATCATAATTAGGAG TATCAAT were used.



B cell repertoire analysis.

We characterized the IgM repertoire at the molecular level in various B-cell subsets
from cord blood. IGHV gene usage and CDR3 analysis were performed using the
Immunoscope method coupled with real-time PCR to

provide quantitative information on the IGHV and IGHJ gene usage. Briefly, PCR
reactions were performed by combining a primer and a specific fluorophore-labeled
probe for the constant region CHu with one of eight primers co

vering the different IGHV1-7 genes. V3 was divided in two subgroups: V3a (V3-
15,49,72,73) and V3b (V3-d,07,09,11,13,20,21,23,30,30.3,33,43, 48,53,64,66,74).
Reactions were performed using Tagman 7300. PCR products were subjected

to run-off reactions with a nested fluorescent primer specific for the constant
region gene. The fluorescent products were separated and analyzed on an ABI-
PRISM 3730 DNA analyzer to determine CDR3 lengths. The IGHV3a/C
amplification prod

ucts were cloned, sequenced, and analyzed according to the procedure described
previously (Lim et al., 2008). A more detailed analysis of V-Cu H-chain transcripts
was performed to examine the usage of IGHD families and the IGHJ gene as well
as the

of the IGHV-D and IGHJ-IGHD junction regions. IMGT/junction analysis was used
to accurately identify the different regions of the junctions: 3'V-region, D-region(s),
and 5'J-region. IGVH CDR3 length was analyzed in nBregs,

and NM B cells. Each profile represents the CDR3 length distribution for a given
IGVH family. One-way ANOVA was used for group comparisons; P values <0.05
were considered statistically significant. List of primers is detailed below.
Polyreactivity ELISA

IgM (3-4ug/ml) from nBregs or MN were tested for polyreactivity using high-binding
96-well ELISA plates (Costar) coated with 10 pg/ml of LPS from E. coli (Sigma,
L2637), Keyhole Limpet Hemocyanin (KLH) (Sigma, H8283), ssDNA

from dsDNA (heated at 95°C for 30 min), 5 pg/ml Human insulin (Sigma, 19278),
HEp-2 whole cell lysates (Prigent et al., 2016) and purified HIV-1 (YU-2) gp140
trimers gp140 (Mouquet et al, 2011). (2.5ug/ml). ELISA

done as previously described. HRSV-F protein (4ug/ml) was described (McLellan et
al., 2011 ; McLellan et al., 2013)

Buchholz, et al. J Virol 73, 251-259.

Castagne, N.,et al. The Journal of general virology 85, 1643-1653.

Lim, A. et al. Int Immunol 20, 105-116.

McLellan, et al. Science 340 (6136): 1113-17. doi:10.1126/science.1234914.
McLellan et al. Journal of Virology 85 (15): 7788-96. doi:10.1128/JVI.00555-11.
Rameix-Welti, M.A. et al. Nature communications 5, 5104.

Prigent, J. et al., European journal of immunology 46, 2340-2351.

Mouquet, H. et al. PloS one 6, e24078.



Supplentary Experimental procedures
are related to reagents and info of the

experimental procedure

List of V, J and Cmu specific primers for repertoire analysis.

Primer Sequence Specificity Location
IGHV subgroup
W AGTEAAGGTCTCCTGCAAGGC W1-02.08.18 58 69,8 FR1
AGTCAAGGTTITCCTGCAAGSC W1-03,45 46 FR1
AGTGAARRTCTCCTGCAAGGT V1-f,.24 FR1
W2 AAMCCCACASAGACCCTCAC W2-06,70.28 FR1
Wia SCACATTCACCATCTCAAGACATG V3154872 FR3
GCASGTTCACCATCTCCAGACGATS W73 FR3
Wab GCOSATTCACCATCTCCAGAGA, WaA-07.09.13,20,.21,30,30.3 FR3
33,43 .48,53,74
GCAGATTCACCATCTCCAGAGA V3-d 54,66 FR3
GCOCATTCACCATCTCCAGGGA W11 FR3
GCAGGTTCACCATCTCCAGAGA V3-23 FR3
W CTACAACCCGTCCCTCAAGACT Wa-0d 28 30-2 30-4,31,34 b FR3
CTACAACCCCTCCCTCAADAGT Wa-50.61 FR3
WE STEAAAMAGCOCCEOGAS WE-51.a FR1
VB TCCGGGGACAGTGTCTCT WE-01 FR1
WY GGTGC&&TCTGGGTCTGAGT'T. WT-0 1 FR1
IGHJ subgroup
J1 COCTGOCOCCAGTGET G J1
J2 CCACGOCCCCAGAGATC G J2
J3 CCCTTEGCCCCASAY ATCAAAN G J3ahb
J4 GGTTCCTTGGCOCCASTA G Jda
GGTTCCCTGOCCCCAGTA G Jab
GGTCCCTTGGCCCCAGTA G Jid
J5 TEGCCOCAGGREGTCGAAC Jha b
Jg CCTTGCCOOCAGACGTCCAT Jaa
CCTTGGOCCCAGACGTCCAT JEb
CCTTTGCCCCAGACGTCCAT Jéc
IGH mu chain
CAGCCAACGGCCACGC IGHKL.O01,02,03 CHA1
BFam-GCAGACGAGEGOCARAAAGD CHA
6Fam-CCGTCGGATACGAGC-MGB CH1
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Demographic and diagnostics data of
children

RSVEroup? positive? negativel

Diaganosticsh RSV+@ 360 100
Other@irusesk om om
Bacteriall 60l o

Sampling@l BloodR 290 106!
NPARI 130 orl

Agedmonths)z medianl 1.180 1.150

IQREI 0.63-1.738 0.16-2.030%
Gestationall

age@tirth? median 390 380
(weeks)2
IQRE 38-400 37-39.290
Weightdkg)® medianl 4.00 3.90
IQRE 3.34-5.03@ 3.46-4.65(
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Supplentary Experimental procedures
are related to reagents and info of the
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List of antibodies used for mass cytometry

141 Pr CD1%6 REA190 Miltenyi
142 Nd CcD1% LT19 Miltenyi
143 Nd CD11c mj4-27g12 Miltenyi
143 Nd CD123 AC145 Miltenyi
143 Nd CD56 REA196 Miltenyi
143 Nd IgA IS11-8E10 Miltenyi
144 Nd CD38 IB6 Miltenyi
145 Nd CcD4 RPT-T4 Biolegend
146 Nd CD161 191B8 Miltenyi
146 Nd CcD20 LT20 Miltenyi
146 Nd CcD8 BW135/80 Miltenyi
147 Sm CD11b M1/70.15.11.5 Miltenyi
147 Sm CD20 LT20 Miltenyi
148 Nd CD86 FM95 Miltenyi
149 Sm CD15 VIMC6E Miltenyi
150 Nd CD10 97C5 Miltenyi
150 Nd CD304 AD5-17F6 Miltenyi
151 Eu CD70 REA292 Miltenyi
151 Eu CD5 AC145 Miltenyi
152 Eu CD23 M-L23,4 Miltenyi
152 Eu CD4 VIT4 Miltenyi
153 Eu CDe2L 145/15 Miltenyi
154 Sm CD27 M-T271 Miltenyi
158 Gd CD40 HB14 Miltenyi
159 Th CD197 REA108 Miltenyi
159 Th CD9 SN4 Miltenyi
160 Gd CD14 TUK4 Miltenyi
161 Dy CD33 AC104.3E3 Miltenyi
162 Dy CD11c mj4-27g12 Miltenyi
164 Dy CD15 VIMC6E Miltenyi
164 Dy CD161 191B8 Miltenyi
164 Dy CD56 REA196 Miltenyi
165 Ho CcD43 DF-T1 Miltenyi
166 Er CD24 32D12 Miltenyi
167 Er CD5 UCHT2 Miltenyi
168 Er CD138 44F9 Miltenyi
169 Tm CD45RA TeD11 Miltenyi
169 Tm lgG 1S11-3B2.2.3 Miltenyi
170 Er CD3 UCHT1 Biolegend
172 Yb anti-lgM PJ2-22H3 Miltenyi
173 Yb CD21 HBS Miltenyi
173 Yb CD40 HB14 Miltenyi
174 Yb anti-lgD IgD26 Miltenyi
174 Yb HLA-DR AC122 Miltenyi
175 Lu CD10 97C5 Miltenyi
175 Lu HLA-DR AC122 Miltenyi
176 Yb CD1c AD5S-8E7 Miltenyi
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Supplentary Experimental procedures
are related to reagents and info of the
experimental procedure

Erk1/2 (T202/Y204) MILANSR eBioscience
CXCR3 GO025H7 Biolegend
CX3CR1 2A9-1 Miltenyi Biotec

CCR6 11A9 BD
CD10 ebioCB-CALLA eBioscience
CD123 6H6 eBioscience
CD127 ebioRDR5 eBioscience
CD14 HCD14 Biolegend
CD19 J3-129 eBioscience
CD20 2H7 eBioscience
CD25 BC96 Biolegend
CD27 L128 BD
CD3 OKT3 eBioscience
CD304 AD5-17F6 Miltenyi Biotec
CD4 RPA-T4 eBioscience
CD45RA HI100 Biolegend
CD45R0O UCHL1 eBioscience
CD5 L17F12 eBioscience
CD79a (Tyrl82) D1B9 Cell signaling technology
IFN-g 45.B3 Biolegend
IL-4 MP4-25D2 BD
IL-13 JES10-5A2 Biolegend
IL-17A BL168 Biolegend
IL-22 22URTI eBioscience
TNF-a MAb11 eBioscience
IL-10 JES3-9D7 eBioscience
IFN-a LT27:295 Miltenyi Biotec
CD80 2D10 Biolegend
HLA-DR L243 Biolegend




