Synergistic convergence of microbiota-specific
systemic IgG and secretory IgA
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Specificity of secretory IgA and systemic IgG converge at single bacterial cell level in healthy individuals.
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Background: Commensals induce local IgA responses essential
to the induction of tolerance to gut microbiota, but it remains
unclear whether antimicrobiota responses remain confined to
the gut.

Objective: The aim of this study was to investigate systemic and
intestinal responses against the whole microbiota under
homeostatic conditions and in the absence of IgA.

Methods: We analyzed blood and feces from healthy donors,
patients with selective IgA deficiency (SIgAd), and patients with
common variable immunodeficiency (CVID). Immunoglobulin-
coated bacterial repertoires were analyzed by using combined
bacterial fluorescence-activated cell sorting and 16S rRNA
sequencing. Bacterial lysates were probed by using Western blot
analysis with healthy donor sera.

Results: Although absent from the healthy gut, serum
antimicrobiota IgG are present in healthy subjects and
increased in patients with SIgAd. IgG converges with
nonoverlapping secretory IgA specificities to target the same
bacteria. Each individual subject targets a diverse microbiota
repertoire with a proportion that correlates inversely with
systemic inflammation. Finally, intravenous immunoglobulin
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preparations target CVID gut microbiota much less efficiently
than healthy microbiota.

Conclusion: Secretory IgA and systemic IgG converge to target
gut microbiota at the cellular level. SIgAd-associated
inflammation is inversely correlated with systemic
anticommensal IgG responses, which might serve as a second
line of defense. We speculate that patients with SIgAd could
benefit from oral IgA supplementation. Our data also suggest
that intravenous immunoglobulin preparations can be
supplemented with IgG from IgA-deficient patient pools to offer
better protection against gut bacterial translocations in patients
with CVID. (J Allergy Clin Immunol 2018;mun:EuN-EEN,)

Key words: Gut microbiota, anticommensal IgG, secretory IgA, IgA
deficiency, common variable immunodeficiency, intravenous
immunoglobulin

Gut commensal bacteria contribute to several beneficial
properties to the host. This complex community provides
metabolic functions, prevents pathogen colonization, and en-
hances immune development. A symbiotic relationship is
maintained by using host innate and adaptive immune responses,
such as antimicrobial compounds and mucus secretion, as well
as IgA production.’” However, the gastrointestinal tract remains
an important reservoir for potential bloodstream infections that
involve Enterobacteriaceae, Enterococcus species, or other
gram-negative bacilli.”* The physical gut barrier but also innate
and adaptive immune mechanisms control host-microbiota
mutualism, reducing the risk of bacterial translocation and sys-
temic immune activation. Murine models of innate immune defi-
ciency indeed have high serum IgG levels against gut
microbiota.” Significant titers of IgG targeting Escherichia
coli were also reported either in patients with inflammatory
bowel diseases or in mice lacking secretory IgA.>° Neverthe-
less, based on recent murine studies, the notion has emerged
that induction of systemic IgG responses against gut symbiotic
bacteria is not necessarily a consequence of mucosal immune
dysfunction or epithelial barrier leakiness. Healthy mice
actively generate systemic IgG against a wide range of
commensal bacteria under homeostatic conditions, which are
passively transferred to the neonates through the maternal
milk.” Serum IgG that specifically recognizes symbiotic gram-
negative bacteria confer protection against systemic infections
by these same bacteria. Because such IgG target a conserved an-
tigen in commensals and pathogens, they also enhance elimina-
tion of pathogens, such as Salmonella species.®

IgG-expressing B cells are present in human gut lamina propria
during steady-state conditions and represent 3-4% of total gut B
cells. About two thirds of IgG™ lamina propria antibodies react
with common intestinal microbes.” Inflammatory bowel disease
is associated with a marked increase in numbers of gut [gG" B
cells that might contribute to the observed increased serum
anti—E coli IgG levels in these patients.” However, the extent to
which gut IgG™ B cells contribute to the serum IgG repertoire re-
mains elusive. Focusing on anti—transglutaminase 2 antibodies, a
low degree of clonal relationship between serum and intestinal
IgG has been shown.'” Altogether, it remains unknown whether
secretory and serum antibacterial antibodies have identical targets
or whether digestive and systemic antibody repertoires are shaped
by distinct microbial consortia.
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Abbreviations used
APC: Allophycocyanin
CVID: Common variable immunodeficiency
IVIG: Intravenous immunoglobulin
OTU: Operational taxonomic unit
PD-1: Programmed cell death protein 1
PE: Phycoerythrin
QIIME: Quantitative Insights Into Microbial Ecology
sCD14: Soluble CD14
SIgAd: Selective IgA deficiency

In this study we report that human serum IgG binds a broad
range of commensal bacteria. For the first time, we also
demonstrate the convergence of intestinal IgA and serum IgG
responses toward the same microbial targets under homeostatic
conditions. Private antimicrobiota IgG specificities are induced in
IgA-deficient patients but are not found in IgG pools from healthy
donors, partially explaining why substitutive IgG cannot regulate
antibody deficiency—associated gut dysbiosis and intestinal trans-
location. Finally, in both control subjects and IgA-deficient
patients, systemic antimicrobiota IgG responses correlate with
reduced inflammation, suggesting that systemic IgG responses
contribute to gut microbiota confinement.

METHODS

Human samples

Fresh stool and blood samples were simultaneously collected from 30
healthy donors, 15 patients with selective IgA deficiency (SIgAd), and 10
patients with common variable immunodeficiency (CVID). Healthy donors
were recruited from laboratory staff and relatives. Patients followed for
clinical manifestations associated with antibody deficiencies were recruited
from 2 French clinical immunology referral centers (the Department of
Clinical Immunology at Saint Louis Hospital and the Department of Internal
Medicine at Pitié-Salpétriere Hospital, Paris, France).

The patient’s inclusion criteria were as follows: (1) undetectable serum IgA
levels (<0.07 mg/mL) in at least 3 previous samples in the past year or (2)
either SIgAd (n = 15 patients with SIgAd) or association with IgG and/or IgM
deficiency integrating a global antibody production defect (10 patients with
CVID). Clinical and biological data were collected at inclusion. Surgical
samples from histologically normal intestines were obtained from 12 donors
undergoing gastric bypass or tumorectomy at Pitié-Salpétriere Hospital, Paris,
France.

Oral and written consent were obtained from patients and healthy donors
before inclusion in the study.

PBMCs and plasma

Thirty milliliters of blood were collected in ACD tubes (BD Vacutainer;
BD, Franklin Lakes, NJ), and PBMCs were isolated by means of a density
gradient procedure (Ficoll 400; Eurobio, Les Ulis, France) and then stored in
liquid nitrogen after soft freezing in isopropanol. Supernatants were collected
as plasma and immediately stored at —80°C.

Stool collection and whole microbiota purification
Stool was collected immediately after emission in a container allowing
anaerobic bacteria preservation (Anaerocult band; Merck, Darmstadt, Ger-
many), placed in aliquots in a CO,-rich O,-low atmosphere, and stored at
—80°C. Fecal microbiota were extracted by means of gradient purification un-
der anaerobic conditions (Freter chamber), as previously described.'' Briefly,
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thawed feces were diluted in 1 X PBS (Eurobio), 0.03% wt/vol sodium deox-
ycholate, and 60% wt/vol Nycodenz (Sigma-Aldrich, St Louis, Mo) and
loaded on a continuous density gradient obtained by using a freeze-thaw cycle
of Nycodenz solution. Fecal bacteria were obtained after ultracentrifugation
(14,567 for 45 minutes at +4°C; Beckman Coulter ultracentrifuge, swinging
rotor SW28; Beckman Coulter, Fullerton, Calif) and washed 3 times in 1X
PBS (Eurobio) and 0.03% wt/vol sodium deoxycholate. The final pellet was
diluted in 1X PBS-10% glycerol, immediately frozen in liquid nitrogen,
and then stored at —80°C.

Bacterial flow cytometry

Specific serum antibody levels against purified microbiota or cultivable
strains were assessed by using a flow cytometry assay, as previously
described.'” Briefly, 10 bacteria (purified microbiota or cultivable strains)
were fixed in a solution of 4% paraformaldehyde and simultaneously stained
with a cell proliferation dye (eFluor 450; eBioscience, San Diego, Calif). After
washing with 1 mL of a 1X PBS solution, cells were resuspended to a final
concentration of 4 X 10% bacteria/mL in 1X PBS, 2% wt/vol BSA, and
0.02% wt/vol sodium azide solution. Then 107 bacteria were incubated in a
96-well V-bottom plate with a 10 wg/mL IgG solution (from either human
serum or pooled human IgG Hizentra [CSL Behring, Paris, France] or human
anti-TNF Remicade [MSD, Paris, France]) per condition. Immune complexes
were washed twice with a 1 X PBS, 2% wt/vol BSA, and 0.02% wt/vol sodium
azide (200 pwL/well at 4000g for 10 minutes at +4°C) and then incubated with
secondary conjugated antibodies, either an isotype control mix or goat anti-
human IgA-fluorescein isothiocyanate and goat anti-human IgG-A647 (Jack-
son ImmunoResearch Laboratories, West Grove, Pa). Acquisition of cell
events was performed on a FACSCanto II flow cytometer (Becton Dickinson)
after washing, and analysis was performed with FlowJo software (TreeStar,
Ashland, Ore). Medians of fluorescence were used to measure serum IgG
response levels against the cultivable strains. Intestinal IgA binding was quan-
tified by using the same assay without incubation with serum immunoglobu-
lins. Results are expressed as medians and minimum and maximum
percentages throughout the article.

Cytokine quantification

IL-6 and IL-10 levels were measured in plasma by using a 3-step digital
assay relying on a Single Molecule Array (Simoa) technology HD-1 Analyzer
(Quanterix, Lexington, Mass). Working dilutions were 1:4 for all sera in
working volumes of 25 pL. Lower limits of quantification for IL-6 and IL-10
are 0.01 and 0.021 pg/mL, respectively.

Soluble CD14 quantification

Soluble CD14 (sCD14) was quantified in plasma (400-fold dilution) by
means of ELISA (Quantikine ELISA Kit; R&D Systems, Minneapolis, Minn).
Experimental procedures followed the manufacturer’s recommendations. The
lower limit of quantification for sCD14 is 6 pg/mL.

PBMC phenotyping

T-cell phenotyping was performed by using a combination of the following
antibodies: CD3-H500, CCR7—phycoerythrin (PE)-Cy7, CD4-allophycocya-
nin (APC)-Cy7 (BD Biosciences), CD45RA—peridinin-chlorophyll-protein
complex-Cy5.5 (eBioscience), CD8-A405 (Invitrogen, Carlsbad, Calif), and
CD279-APC (BioLegend, San Diego, Calif). Acquisition of cell events was
performed with a FACSCanto II flow cytometer (Becton Dickinson), and
analysis was performed with FlowJo software (TreeStar).

Intestinal B-cell phenotyping

Lamina propria was digested with collagenase A (Roche, Mannheim,
Germany) in RPMI (Life Technologies, Grand Island, NY) for 30 minutes at
37°C. Lymphocytes were purified by means of centrifugation over a Ficoll 400
(Eurobio) and stained with the following antibodies: anti-CD45-APC-H7,
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anti-CD19-BV421, anti-IgD—fluorescein isothiocyanate, and anti-CD27-PE-
Cy7 (all purchased from BD Biosciences); anti-IgA—PE (Jackson ImmunoR-
esearch, West Grove, Pa); or anti-IgG,—PE, anti-IgG,—AF488, and anti-IgG;—
A647 (SouthernBiotech, Birmingham, Ala). Dead cells were excluded with
the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen). Acquisition
of cell events was performed with a FACSCanto II flow cytometer (Becton
Dickinson), and analysis was performed with FlowJo software (TreeStar).

Analysis of IlgG-coated bacteria

Purified microbiota (10° per condition) was washed in 1X PBS and stained
with isotype control (A647-conjugated goat IgG; Jackson ImmunoResearch)
as a negative control or anti-human IgG—-A647 (Jackson ImmunoResearch).
Acquisition and sorting were performed on a 2-laser 2-way fluorescence-
activated cell sorter (S3 cell sorter; Bio-Rad Laboratories, Hercules, Calif).
Bacteria (10° per fraction) were collected and immediately stored at —80°C
as dry pellets. The purity for both fractions was systematically verified after
sorting at a minimum rate of 80%. Genomic DNA was extracted, and the
V3-V4 region of the 16S rRNA gene was amplified by using seminested
PCR. The primers V3fwd (+357; 5 TACGGRAGGCAGCAG 3') and
Vdrev (+857; 5 ATCTTACCAGGGTATCTAATCCT 3’) were used during
the first round of PCR (10 cycles). The primers V3fwd and X926_Rev
(+926; 5" CCGTCAATTCMTTTRAGT 3’) were used in the second PCR
round (40 cycles). PCR amplicon libraries were sequenced with a MiSeq Illu-
mina platform (Genotoul, Toulouse, France). The open source software pack-
age Quantitative Insights Into Microbial Ecology (QIIME)" was used to
analyze sequences with the following criteria: (1) minimum and maximum
read length of 250 and 500, respectively; (2) no ambiguous base calls; (3)
no homopolymeric runs longer than 8 bp; and (4) minimum average Phred
score of greater than 27 within a sliding window of 50 bp. Sequences were
aligned with NAST against the Greengenes reference core alignment set
(available in QIIME as core_set_aligned.fasta.imputed) by using the “align_-
seqs.py” scriptin QIIME. Sequences that did not cover this region at a percent-
age identity of greater than 75% were removed. Operational taxonomic units
(OTUs) were picked at a threshold of 97% similarity by using cd-hit from
“pick_otus.py” script in QUIIME. Picking workflow in QUIIME with the
CD-HIT clustering method currently involves collapsing identical reads by us-
ing the longest sequence-first list removal algorithm, picking OTUs, and sub-
sequently inflating the identical reads to recapture abundance information
about the initial sequences. Singletons were removed because only OTUs
that were present at the level of at least 2 reads in more than 1 sample were
retained (9413 = 5253 sequences per sample). The most abundant member
of each OTU was selected through the “pick_rep_set.py” script as the repre-
sentative sequence. The resulting OTU representative sequences were as-
signed to different taxonomic levels (from phylum to genus) by using the
Greengenes database (August 2012 release), with consensus annotation
from the Ribosomal Database Project naive Bayesian classifier (RDP 10 data-
base, version 6).]4 To confirm the annotation, OTU representative sequences
were then searched against the RDP database by using the online program seq-
match (http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp) and a threshold
setting of 90% to assign a genus to each sequence.

Immunoblotting

Colony-forming units (10%) of wild-type E coli were frozen (—80°C) and
thawed (37°C) 3 times in 30 pL of lysis buffer (50 mmol/L Tris-HCL and
8 mol/L urea). Lysis efficiency was verified by using gram staining. Proteins
were separated by using 4% to 20% polyacrylamide gel electrophoresis
(Mini-PROTEAN TGX Stain-Free Precast Gels; Bio-Rad Laboratories) in
reducing conditions (dithiothreitol and SDS; Bio-Rad Laboratories) and trans-
ferred to nitrocellulose. Membranes were incubated with 10 pg/mL human
serum IgG or IgA of different healthy donors. Human IgG was detected
with horseradish peroxidase—conjugated goat anti-human IgG used at
1:50,000 or goat anti-human IgG used at 1:20,000, followed by enhanced
chemiluminescence revealing reaction (Clarity Western ECL; Bio-Rad Labo-
ratories). Human IgA was detected with horseradish peroxidase—conjugated
goat anti-human IgA used at 1:20,000 (Bethyl Laboratories, Montgomery,
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FIG 1. Systemic IgG and secretory IgA recognize a common spectrum of commensals. A, Representative
flow cytometric dot plot showing (from bottom to top) isotype control, endogenous secretory IgA (without
serum), human IgG anti-TNF (10 pg/mL, irrelevant IgG), and autologous systemic IgG (10 pg/mL) to fecal
microbiota in a healthy donor. B, Flow cytometry analysis of the fraction of fecal microbiota bound by either
secretory IgA, serum IgG, or both in healthy donors (n = 30). Median values are indicated, and subgroups
are compared with a nonparametric Mann-Whitney test.

Tex). All incubations were in 1 X PBS with 5% nonfat milk and washing steps
in 1X PBS with 0.1% Tween.

IgG gene expression analysis

Total RNA of jejunal lamina propria fraction and PBMCs were extracted
with the RNeasy Mini kit (Qiagen, Hilden, Germany). cDNAs were synthe-
sized from and prepared with M-MLV reverse transcriptase (Promega,
Madison, Wis). SYBR Green primers were designed by the manufacturer
(Roche) and used for quantitative RT-PCR with the 7300 real time PCR system
(Applied Biosystem, Foster City, Calif). Data were normalized to ribosomal
18S RNA.

RESULTS
Convergence of intestinal IgA and serum IgG
toward the same bacterial cells

To determine the level of humoral systemic response against
fecal microbiota, we have elaborated a flow cytometric assay
derived from a previously reported technology. "2 This protocol al-
lows us to probe concomitantly IgA and IgG microbiota coating.
We found that approximately 8% of the fecal microbiota is tar-
geted by secretory IgA (median, 8% [minimum-maximum,
0.8% to 26.7%]; n = 30) in healthy donors in concordance with
previous reports.'” As shown, the proportion of bacteria in vivo
bound by secretory IgA in human feces is highly variable between
healthy subjects (Fig 1, B). IgG-bound bacteria are virtually ab-
sent from healthy human feces (median, 0.03% [minimum-

maximum, 0% to 0.16%]; n = 30; Fig 1, A, and see Fig E1l in
this article’s Online Repository at www.jacionline.org), which
is in agreement with the lack of IgG transport to the intestinal
lumen. In healthy donors serum IgG bound a median rate of
1.1% of fecal bacteria (minimum-maximum, 0.2% to 3.2%; Fig 1,
B). Surprisingly, serum IgG targeted exclusively secretory IgA-
bound bacteria (Fig 1, A). Conversely, all IgA-coated bacteria
(IgA™ bacteria) were not targeted by serum IgG. Of note, an irrel-
evant human monoclonal IgG (chimeric anti-human TNF con-
taining a human Fc IgG fraction) exhibits markedly reduced
binding to IgA™ bacteria compared with serum IgG (Fig 1, A,
and see Fig E2 in this article’s Online Repository at www.
jacionline.org), demonstrating that IgG binding to IgA-coated
bacteria is mostly Fab-mediated.

To confirm that systemic IgG binding is directed against IgA-
bound bacteria, we evaluated in vitro serum IgG binding to culti-
vable bacterial strains. We selected 4 bacterial strains that were
not preferentially bound by IgA in human feces and 4 others
that were previously defined as classical IgA targets
in vivo."”"" As shown in Fig 2,'® IgG from healthy subjects
(n = 30) much more significantly binds Bifidobacterium longum,
Bifidobacterium adolescentis, Faecalibacterium prausnitzii, and
Escherichia coli, which are known to be particularly enriched
in the IgA-coated fraction of healthy subjects than 3 different
strains of Bacteroides species and Parabacteroides distasonis,
which are known to be particularly enriched in the IgA-
uncoated fraction of the fecal microbiota (Fig 2, A and B). The
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FIG 2. SystemicIgG binds a broad spectrum of commensals. A, Flow cytometric analysis of serum IgG bind-
ing to cultivated bacterial strains. Gray histograms represent isotype controls, and dark lines represent anti-
IgG staining. B, Flow cytometric analysis of serum IgG binding levels to 8 different bacterial strains in
healthy donors (n = 30). Blue strains (left) are typically poorly coated by secretory IgA from healthy subjects,

and pink strains (right) are representative of typical IgA targets.'®

Results are presented as A median fluo-

rescence intensity (MFI): IgG = MFI IgG serum — MFI IgG negative control. Red bars show medians. The
Kruskal-Wallis test was used to calculate P values. C, Representative immunoblotting of E coli lysates
probed with 5 different healthy human serums, with normalized IgA and IgG levels. Ponceau staining indi-
cates total amounts of bacteria lysates loaded. IgA and IgG binding were assessed by using a horseradish

peroxidase-conjugated secondary antibody.

majority of anti-commensal IgG antibodies are of the 1gG,;, and
IgG; isotypes in mice. Using isotype-specific secondary anti-
bodies, we detected minimal IgG; binding but high serum IgG,
reactivity to B adolescentis, B longum, and E coli, suggesting
that IgG, is involved in commensals targeting in human subjects
(see Fig E3 in this article’s Online Repository at www.jacionline.
org).

Because anticommensal IgG can be triggered during mucosal
immune responses, we characterized lamina propria B cells and
detected the presence of IgG, " B cells throughout the intestine
(see Fig E4 in this article’s Online Repository at www.
jacionline.org). Of note, IgG transcripts are more abundant in
lamina propria tissue than in PBMCs, as measured by using quan-
titative PCR (see Fig E4).

These results demonstrate that human IgG recognizes a wide
range of commensals under homeostatic conditions. Systemic
humoral immunity (notably IgG,) converges with mucosal immu-
nity to bind the surface of commensals.

Interindividual variability and nonoverlapping
anticommensal IgA and IgG molecular targets

It was previously suggested that murine IgG would target a
restricted number of bacterial proteins and favor highly conserved
outer membrane proteins.® Reactivity of human serum IgG
against bacterial lysates from gram-negative strains was evalu-
ated by means of immunoblotting. We observed that IgG labeled
several E coli bands (Fig 2, C), suggesting that multiple bacterial
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products are involved in induction of systemic antibodies. Inter-
estingly, this analysis reveals a great deal of interindividual vari-
ability because it is not always the same bacterial products that
react to the tested sera. We then compared the overlap between
bacterial products labeled by IgG and IgA and found distinct
binding profiles (Fig 2, C). Finally, in the 5 subjects tested,
although some bacterial products (notably a 15-Kda antigen)
are frequently targeted in most subjects and without isotype re-
striction, it clearly appears that IgA and IgG never share exactly
the same binding pattern at a molecular level.

Taken together, these results demonstrate that although IgG
converges with IgA to bind the surfaces of commensals, it appears
that IgA and IgG do not systematically target the same bacterial
antigens, even at the individual level.

Private antimicrobiota IgG specificities are induced
in IgA-deficient patients

The existence of serum IgG able to bind IgA-coated bacteria
could equally suggest that some gut bacteria (or bacterial
antigens) can cross the intestinal barrier either (1) in spite of
IgA or (2) because of IgA. To explore these 2 putatively opposing
roles for IgA, we studied the systemic anticommensal IgG
response in patients with SIgAd. These patients had undetectable
serum and digestive IgA levels, whereas serum IgG levels were in
the normal range.'® Antimicrobiota IgG levels were significantly
greater in patients with SIgAd compared with those in control
subjects (median, 3.3% [minimum-maximum, 0.2% to 20.2%]
vs 1.1% [minimum-maximum, 0.2% to 3.2%]; Fig 3, A). Using
irrelevant human IgG, we confirmed that, as in healthy donors,
IgG interacts with fecal bacteria in a Fab-dependent manner
(see Fig E2, B). These data support an enhanced triggering of sys-
temic IgG immunity against fecal microbiota when lacking secre-
tory IgA, as shown in the murine model of polymeric
immunoglobulin receptor deficiency.®

Considering this high level of antimicrobiota IgG in patients
with SIgAd and the similarity of SIgAd and healthy microbiota
composition,'® we investigated how antimicrobiota IgG repertoires
from healthy donors and IgA-deficient patients overlapped. Using
polyclonal IgG from pooled sera of healthy donors, we assessed
IgG-bound microbiota using either healthy or SIgAd-purified mi-
crobiota. We showed that pooled polyclonal IgG and autologous
healthy sera recognized a similar percentage of fecal bacteria (me-
dian, 1% [minimum-maximum, 0% to 3.7%] vs 1.1% [minimum-
maximum, 0.2% to 3.2%], respectively; Fig 3, B and C). In
contrast, pooled polyclonal IgG bound a smaller bacterial fraction
of IgA-deficient microbiota compared with autologous patient
serum (median, 0.4% [minimum-maximum, 0% to 3.6%] vs
3.3% [minimum-maximum, 0.2% to 20.2%]; Fig 3, B and C).

To test whether similar specificities are induced in all or most
IgA-deficient subjects, we compared their IgG reactivity to
autologous or heterologous gut microbiota. In this experiment
(Fig 3, D) each IgA-deficient microbiota was incubated either
with autologous serum (ie, autologous condition) or with serum
from an unrelated IgA-deficient subject (ie, heterologous condi-
tion). As shown in Fig 3, D, no significant difference was seen be-
tween autologous or heterologous conditions (median autologous
IgG™ microbiota: 1.2% vs median heterologous IgG* micro-
biota: 1.4%). Of note, heterologous serum IgG also predomi-
nantly interacts with the fecal microbiota in a Fab-dependent
manner (see Fig E2, ).
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This set of data suggests that peculiar antimicrobiota IgG
specificities are induced in IgA-deficient patients but not in
healthy subjects.

IgG specifically recognizes a broad spectrum of
bacteria

To more deeply decipher anticommensal IgG specificities in
both healthy donors and IgA-deficient patients, we next performed
a stringent flow sorting to isolate IgG-bound bacteria and identified
their taxonomy using 16S rRNA sequencing (Fig 4, A). We
observed extensive interindividual variability at the genus level, ir-
respective of immunologic status (healthy donors vs IgA-deficient
patients). Microbial diversity calculated by using the Shannon in-
dex varied between donors, but on average, bacterial diversity of
IeG" and IgG~ bacteria was not significantly different (Fig 4,
B). We postulated that IgG might preferentially interact with domi-
nant taxa and therefore compared the relative abundance of IgG-
bound and IgG-unbound genera. Both fractions exhibited equal
distributions of rare and abundant genera (Fig 4, C), and thus
IgG targets commensals irrespective of their frequency. Interest-
ingly, we found that individual IgG* and IgG ™ fecal bacterial pro-
files were remarkably different, supporting a strong IgG bias
against peculiar taxa that cannot be explained by an expansion of
the latter. In addition, anticommensal IgG was not restricted to
pathobionts but also targeted symbiotic genera, such as Faecali-
bacterium species, with the most common species (ie, Faecalibac-
terium prausnitzii) having been assigned anti-inflammatory
properties in both healthy donors and IgA-deficient patients (Fig
4, D and E)."” We conclude that anticommensal IgG recognizes
adiverse array of both pathobionts and commensal bacteria. Impor-
tantly, each subject harbored a private IgG antimicrobial signature.

High antimicrobiota IgG levels correlate with
reduced systemic inflammation

Microbiota-specific serum IgG responses contribute to symbi-
otic bacterial clearance in the periphery and maintain mutualism
in mice.” Thus we hypothesized that anticommensal IgG can in-
fluence the balance of systemic inflammatory versus regulatory
responses in human subjects. Hence we measured plasma levels
of sCD14 (a marker of monocyte activation’’) and observed
that serum IgG-—coated bacteria inversely correlated with
sCD14 (r = —0.42, P <.005; Fig 5, A) in both healthy donors
and patients with SIgAd. These results are in line with the finding
that IgG replacement therapy reduced endotoxemia.”’

To further explore the potential link between antimicrobiota
IgG and systemic inflammation, we explored patients with CVID
(characterized by both IgG and IgA defects). These patients
benefit from intravenous immunoglobulin (IVIG) treatment. Yet
we show that IVIG does not efficiently bind CVID microbiota. As
shown in Fig 5, B, IVIG bound a reduced fraction of microbiota in
patients with CVID compared with control microbiota (median,
0.37% [minimum-maximum, 0.00% to 1.14%] vs 1.06%
[minimum-maximum, 0.00% to 3.7%]).

We then determined plasma levels of sCD14 and IL-6 (an
inflammatory cytokine reflecting T-cell activation) and evaluated
the expression of programmed cell death protein 1 (PD-1; a T-cell
coinhibitory molecule induced after activation) on CD4™ T cells.
Both IL-6 and sCD14 levels were consistently greater in patients
with CVID than in healthy donors (IL-6: median, 1.8 pg/mL
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sentative flow cytometric analysis of autologous serum IgG binding (left) or polyclonal IgG derived from
pooled sera of healthy donors binding (right) to fecal microbiota in a healthy donor (top) and an IgA-
deficient patient (bottom). C, Flow cytometric analysis of the IgG-bound fecal microbiota with IgG from
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[minimum-maximum, 0.7-60.1 pg/mL] vs 0.6 pg/mL [minimum-  Moreover, numbers of CD45RA"PD-17CD4™ T cells tended to
maximum, 0.33-2.4 pg/mL]; sCD14: median, 2063 pg/mL increase in patients with CVID compared with those in healthy
[minimum-maximum, 590-5493 pg/mL] versus 2696 pg/mL  donors (median, 20.3% [minimum-maximum, 4.26% to 59.6%]
[minimum-maximum, 1147-4283 pg/mL]; Fig 5, C and D). vs 10% [minimum-maximum, 2.09% to 41.9%]; Fig 5, E).
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FIG 4. Private IgG antimicrobial signatures. A, Sorting strategy of IgG-bound and IgG-unbound microbiota
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and subjects are grouped by using a hierarchical clustering algorithm. E, IgG responses (defined by IgG in-
dex) to the 30 most frequent genera in 3 IgA-deficient patients. ns, Not significant.

Altogether, in both control subjects and IgA-deficient patients,
systemic antimicrobiota IgG responses correlate with reduced
inflammation.

DISCUSSION

Anticommensal IgG has been described in patients with
inflammatory diseases.”>>% For the first time, we characterize
a broad anticommensal IgG response under homeostatic condi-
tions in human subjects. Previous work demonstrated that

symbiotic gram-negative bacteria disseminate spontaneously
and drive systemic IgG responses.® We show here that a diverse
array of commensal bacteria, including gram-positive and
gram-negative species, can induce systemic IgG. We show that
a pathobiont like E coli induces less systemic IgG responses
than a presumably beneficial symbiont like B adolescentis (Fig
2, B). Therefore the systemic IgG response in healthy human sub-
jects does not appear to be preferentially driven by pathobionts
but also by commensals. In mice it has been shown that
commensal microbes induce serum IgA responses that protect
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FIG 5. Microbiota-specific IgG and inflammation. A, Percentage of serum IgG-bound microbiota correlated
with sCD14 levels in autologous serum of healthy donors (triangles) and patients with SIgAd (dark points).
Spearman coefficients (r) and P values are indicated. B, Flow cytometric analysis of IgG-bound microbiota
after IVIG exposure in healthy donors and patients with CVID. C, sCD14 levels measured by means of ELISA
in plasma of healthy donors and patients with CVID. D, IL-6 levels measured by using Simoa technology in
plasma of healthy donors and patients with CVID. E, Flow cytometric analysis of CD4*CD45RAPD-1" lym-
phocytes in PBMCs of healthy donors and patients with CVID. Percentage among CD4" T cells is presented.
For all dot plots, black lines represent medians. The Mann-Whitney test was used to calculate P values as

follows: *P < .05 and ***P < .001. ns, Not significant.

against sepsis,”” illustrating the consequence of systemic antimi-
crobial IgA binding to both pathogenic strains and commensals.
We postulate that systemic antimicrobiota IgG, which is also
mainly induced by commensals, could have the same protective
role.

Strikingly, systemic IgG and secretory IgA converge toward
the same autologous microbiota subset. Yet it seems unlikely that
secretory IgA enhances systemic IgG responses because IgA
deficiency is associated with high proportions of IgG™ micro-
biota, as detected by using bacterial flow cytometry on microbiota
of patients with SIgAd labeled with autologous serum. In addi-
tion, induction of anticommensal IgG has been shown to be mi-
crobiota dependent but IgA independent in mice.”® Systemic
IgG could reflect asymptomatic gut microbiota translocation ep-
isodes in healthy subjects. Repeated bacterial translocations can
occur more frequently in the absence of secretory IgA, accounting
for increased antimicrobiota IgG levels in these patients.

IgA does not activate complement through the classical
pathway.”” Interestingly, the anti—B adolescentis 1gG response

is primarily restricted to the IgG, isotype (see Fig E3), which
less efficiently triggers the classical route of complement than
IgG, and IgG3.”® Furthermore, IgG, interacts poorly with type I
Fcy receptors, whereas IgG; and IgG; demonstrate affinity for
most Fcy receptors.27 These distinct binding patterns have func-
tional consequences. IgG, antibodies mediate phagocytosis and
induce potent proinflammatory pathways, whereas IgG, is
involved in dendritic cell or B-cell activation.”®*° In addition,
its specific Fc domain interaction, IgG,, is usually but not exclu-
sively associated with anticarbohydrate responses.’’ Recently,
IgA was also shown to bind multiple microbial glycans.3 ! Thus,
IgA and IgG, could be viewed as playing similar roles but in
different compartments. Recently, much effort has been expended
to develop bacterial glycan or protein microarray. Glycomics
could represent a new option to better decipher antimicrobiota
antibody targets.”**

Importantly, we show that IgA and IgG do not systematically
target the same bacterial antigens at an individual level (Fig 2, C).
Therefore IgG and IgA epitopes are not strictly overlapping. This
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result could further illustrate antibacterial IgA/IgG synergy and
explain the absence of isotype competition allowing the observed
IgA/1gG costaining of bacteria (Fig 1).

Recent studies suggested that murine secretory IgA is poly-
reactive and binds a broad but defined subset of microbiota.””**
Similarly, up to 25% of intestinal IgG™ plasmablasts could pro-
duce polyreactive antibodies.” Therefore we hypothesized that
the cross-reactive potential of anticommensal IgG can act as a first
line of defense against potentially harmful bacteria. In line with
this idea, it can be noted that homeostatic anticommensal IgG
confers protection against pathogens, such as Salmonella spe-
cies.® Conversely, IgG directed against Klebsiella pneumoniae,
an opportunistic pathogen, cross-reacts with commensal mi-
crobes.”” Clonally related memory B cells expressing cross-
specific anti—K pneumoniae antibodies were found in both lamina
propria and peripheral blood in human subjects, suggesting that
generation of anticommensal antibodies can be triggered in the
mucosal compartment. At the same time, anticommensal memory
B cells might recirculate in the periphery.*”

Altogether, it appears possible that bacteria-specific IgG would
arise from the gut because all bacteria-specific IgG isotypes we
characterized in human sera are also present in the gut (see Fig
E4) and also because a large proportion of gut IgG™ B cells are
expected to be commensal specific.” However, it remains pres-
ently unknown whether serum IgG responses mainly originate
from the gut and/or are induced in the periphery after bacterial
translocation.

We report that each person harbors a private set of anticom-
mensal IgG in both healthy donors and IgA-deficient patients.
Because our analysis was limited to 3 IgA-deficient patients,
further study might precisely reveal how SIgAd anticommensal
IgG binds a distinct set of commensals. Although IVIG prepara-
tions contain an extended set of anticommensal IgG, we observe
that IVIG less efficiently binds CVID microbiota. These obser-
vations are consistent with reported alterations of gut microbiota
in patients with CVID. ® Microbiota perturbations are also asso-
ciated with SIgAd. The latter perturbations are less pronounced
than in patients with CVID because the presence of IgM appears
to preserve SIgAd microbiota diversity.'® Nevertheless, the IgA
deficiency condition is also associated in severe cases with bacte-
rial translocation, colitis, and dysbiosis.

These complications are not accessible to substitutive immu-
noglobulin replacement therapy.’” Indeed, IVIG does not appear
to contain high enough concentrations and appropriate specific-
ities of anticommensal IgG. As shown in Fig 3, healthy control
serum usually less efficiently binds IgA-deficient microbiota
than autologous serum. Similarly, IVIG poorly targets CVID
gut microbiota (Fig 5, B). In addition, local mucosal antibody re-
sponses might be important in regulating microbiota composition
in a way that cannot be substituted by IVIG. These findings
expand our understanding of why IVIG does not treat gastrointes-
tinal symptoms in patients with CVID and IgA-deficient patients.
Dysbiosis and gastrointestinal complications might not be acces-
sible to substitutive immunoglobulin replacement therapy
because, as we show, a healthy IgG repertoire does not contain
adequate “dysbiotic-specific” antibodies.

Recently, it was shown in mice that maternally derived
anticommensal IgG dampens aberrant mucosal immune re-
sponses and strengthens the epithelial barrier.”** The contribu-
tion of systemic anticommensal IgG to the regulation of
microbiota/immune homeostasis was not explored in the latter
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studies. Here we show that anticommensal IgG is negatively asso-
ciated with sCD14, suggesting it might quell inflammation. In
support of this, we measured greater levels of sCD14 and IL-6
in plasma of patients lacking both IgA and IgG compared with
control values (Fig 5).

Altogether, these data suggest that systemic IgG and intestinal
IgA cooperate in different body compartments to limit systemic
proinflammatory pathways. Although patients with SIgAd harbor
increased levels of serum anticommensal IgG, patients with
CVID cannot mount an appropriate IgG response. These findings
suggest that microbiota confinement is obtained at the price of a
strong inflammatory response in patients with SIgAd, while in
CVID patients confinement is lost because immunoglobulin
replacement therapy does not substitute for a specific autologous
IgG response. Therefore we propose that IgA supplementation
might have beneficial effects on gut dysbiosis and systemic
inflammatory disorders associated with antibody deficiencies.
IgA can be delivered orally through a carrier system, allowing
colon delivery. Polymers, such as gellan gum or pectin, are
degraded specifically by the colonic microbiota and could thus
release polymer-bound IgA locally.”

In summary, for the first time, we report a systemic anti-
commensal IgG response that is restricted to intestinal IgA-coated
bacteria in human subjects. We demonstrate that in the absence of
IgA, anticommensal IgG responses are amplified and associated
with reduced systemic inflammation. Finally, the present study
provides new therapeutic perspectives based on IgA supplemen-
tation in patients with CVID or SIgAd, whereas SIgAd-derived
IgG supplementation can be considered in patients with CVID.

‘We thank Emma Slack for advice, Jean-Michel Batto for discussions, and
Joel Doré, Fabienne Beguet-Crespel, and Emma Slack for providing bacterial
strains.

Key messages

e Systemic IgG and secretory IgA bind a common spectrum
of commensals.

o Increased proportions of IgG " microbiota and inflamma-
tory markers in patients with SIgAd.

o IVIG poorly targets gut microbiota in patients with CVID
and patients with SIgAd.
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FIG E1. In vivo intestinal IgG binding to gut microbiota. Flow cytometric
analysis of the fraction of fecal microbiota bound by intestinal IgG in
healthy donors (HD; n = 30) and patients with SIgAd (n = 15). Pink bars
represent medians.

J ALLERGY CLIN IMMUNOL
mmm 2018



J ALLERGY CLIN IMMUNOL FADLALLAH ET AL 11.e2
VOLUME mmm, NUMBER um

IgG+ bacteria (%)

B Selective IgA Cc Selective IgA
Figalthy donars deficiency deficiency
- 151 e 67 -
< 107 —
s ] \ S
g E 4
Q =
e ~—— B 4 %
{\‘ 8 g
\\ + L 2
= o N y
Serum Irrelevant Serum Irrelevant IgG Heterologous  Irrelevant IgG
I9G G IgG serum IgG

FIG E2. Anticommensal IgG reacts mostly in a Fab-dependent manner. A and B, Flow cytometric analysis of
30 healthy (Fig E2, A) and 15 IgA-deficient (Fig E2, B) fecal microbiota samples incubated with serum IgG or
human IgG anti-TNF. C, Flow cytometric analysis of 10 IgA-deficient fecal microbiota samples incubated
with heterologous serum IgG or human IgG anti-TNF. The Wilcoxon paired test was used to calculate P
values as follows: **P < .01, ***P < .001, and ****P < .0001.
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FIG E3. Anticommensal IgG is mostly of the IgG; isotype. A, Representative flow cytometric analysis of
serum IgG,, IgGy, IgG3, and IgG,4 binding to Bifidobacterium adolescentis. Gray histograms represent serum
from an IgG,-deficient patient who served as a negative control, and red histograms represent serum from a
healthy donor. This donor was scored IgG,* and IgG, ~ against B adolescentis. B, Flow cytometric analysis
of IgG,, IgG,, 1gG3, and IgG,4 binding to B adolescentis, Bifidobacterium longum, and Escherichia coliin 30

healthy donors.
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FIG E4. 1gG," B cells are present in human gut lamina propria. A, Proportions of surface IgA*, IgG, ™, IgG,™,
orlgGs* cells among lamina propria CD19"CD27*IgD ™~ switched B cells were detected by using flow cytom-
etry in jejunum (n = 4, pink symbols), ileum (n = 2, black symbols), or colon (n = 2, blue symbols) samples.
B, Cvy transcripts were determined by using quantitative RT-PCR in lamina propria (LP) and PBMCs from 4
severely obese patients. Results are expressed as fold expression in LP over PBMCs (mean + SEM).
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