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Editorial on the Research Topic

Structure, Isotypes, Targets, and Post-translational Modifications of Immunoglobulins and
Their Role in Infection, Inflammation and Autoimmunity

Infection, autoimmunity, and cancer are accompanied by inflammation, which may alter the
structure and function of immunoglobulins (Ig) and consequently, their pathogenicity (1-3). In
addition, the isotype also influences the pathogenicity of Igs (4). During Dengue virus infection, the
removal of core fucose residues selectively enhances the affinity of IgG for Fragment crystallizable
(Fc)ylIlla receptors, leading to increased antibody-dependent cell mediated cytotoxicity (ADCC)
and decreased complement dependent cytotoxicity (CDC) (5). In patients infected by the human
immunodeficiency virus (HIV), anti-gp120 antibodies are less galactosylated and sialylated in
asymptomatic, long-term non-progressors, compared to symptomatic patients (6). The Fc domain
of IgGs can trigger pro- or anti-inflammatory responses and there is abundant evidence that
carbohydrates attached to the IgG Fc domain are essential for IgG function (7-9). The pro- or
anti-inflammatory function of IgGs is mediated by different affinities for activating FcyRs (FcyRl,
RIIa, RIIIa, and RIIIb) and inhibiting FcyRIIb expressed by immune cells (10-12). A high level
of sialylation of the IgG Fc fragment decreases ADCC potential through low affinity for activating
receptors and conversely, bisecting N-acetylglucosamines on the Fc fragment are pro-inflammatory
and enhance ADCC (13-16). In autoimmune diseases, such as rheumatoid arthritis, patients
show low levels of IgG Fc sialylation, while increased IgG sialylation is associated with remission
(17, 18). Thus, the glycosylation level of IgGs may explains their “protective” action. Similarly, Ig
glycosylation plays an important role in IgA nephropathy, where IgAls are deficient in galactose
and not correctly cleared by anti-IgA1 antibodies (19).

The targets of Igs are also of increasing interest in human pathology, and important
antigenic drivers are being discovered in monoclonal gammopathies of undetermined significance
(MGUS) and myeloma, a blood cancer (20-26). The immunogenic glucolipid glucosylsphingosine
(GlcSph)—also called lysoglucosylceramide (LGL1)—and infectious pathogens including Epstein-
Barr virus (EBV) and hepatitis C virus (HCV), were recently shown to be the targets of monoclonal
IgGs in MGUS and myeloma (20-26). Monoclonal IgGs bear very low levels of sialylated
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glycans, which suggests a pro-inflammatory state and reinforces
the notion that chronic antigenic stimulation and an abnormal
immune response contribute to the pathogenesis of MGUS
and myeloma (27). Importantly, therapies aiming at reducing
the target of the monoclonal Ig can be proposed to patients.
Recent reports described the beneficial effect for patients who
presented a GlcSph (LGL-1)-reactive monoclonal Ig and who
received treatments that reduced the level of immunogenic
glucolipid; a clear reduction in monoclonal Ig was obtained for
two patients (28). Similarly, antiviral treatment benefited both
MGUS patients and myeloma patients with a monoclonal Ig that
targeted HCV (29, 30).

This collection constituted of 13 original articles, 1 case
report and 2 reviews from 112 authors, is divided into three
sections. The first section presents recent knowledge on the
variability in structure and isotype of Igs in clinical contexts. The
second section is devoted to the targets and post-translational
modifications of Igs in specific pathological contexts. The final
section describes the consequences of Ig variability and targets in
terms of pathogenicity and interest for the diagnosis, prognosis,
monitoring, and treatment of patients.

STRUCTURE AND ISOTYPES OF
IMMUNOGLOBULINS

The structure of Igs influences their function and also their fate
(half-life, for instance) and subsequently, their efficacy. In this
regard, the studies of Deveuve et al. highlight the importance of
the hinge region of Igs, particularly for the development of new
therapeutic monoclonal antibodies (TmAbs) (Deveuve et al.).
They analyzed the proteolytic cleavage of the hinge region of
IgG, which may occur by proteases of the microenvironment,
including matrix metalloproteinase 12 (MMP12) or bacterial
(Streptococcus piogenes) Ig-degrading enzymes (IdeS) and
represents an escape mechanism to treatment by TmAbs. The
authors compared the cleavage of 8 TmAbs of different isotypes
and found the IgG2 TmAb more protease resistant than IgGl
and IgG4 TmAbs, and variable IdeS-sensitivity among IgG4 and
IgGl TmAbs. They propose that the variability in the cleavage
sensitivity/resistance balance among IgGl and IgG4 TmAbs
results in part from characteristics of the Fab region (Deveuve
et al.). They also show that a single cleavage of IgGl TmAbs
greatly decreases their affinity for FcyRIIIa and ability to induce
FcyRIIla-dependent functional responses from NK cells.

Allergy is dependent on the IgE isotype. Koning et al. studied
IgE VDJ sequences from allergic patients, and compared them
to the IgE repertoire from healthy, non-atopic individuals.
They report that IgE repertoires were highly oligoclonal with
preferential usage of certain IGHV genes. IgE sequences had no
clonal relationship with the other isotypes, carried more somatic
mutations than IgM but fewer than IgG and IgA. Thus, in
healthy individuals, the mutational burden of IgE suggests an
origin through direct class-switching from the IgM repertoire,
and presumably low affinity for antigens.

The risk of transplant rejection is also affected by the
isotype of antibodies developed by patients against human

leukocyte antigens (HLA). Navas et al. describe the results
of the analysis of 1,285 anti-HLA antibodies identified in
serum samples from 20 highly HLA-sensitized patients, and
report that 36.8% of anti-HLA antibodies were Clq-binding.
They found a strong association between Clq-binding ability
and IgGl1 strength, whereas weak or non-Clq-binding IgG2
and IgG4 subclasses were common. They conclude that the
IgG1 subclass best correlates with the Clq-binding ability of
anti-HLA antibodies.

TARGETS AND POST-TRANSLATIONAL
MODIFICATIONS OF
IMMUNO-GLOBULINS IN SPECIFIC
PATHOLOGICAL CONTEXTS

Targets of Immunoglobulins

The antigenic targets of pathological Igs are relatively well-
known in the context of allergy and auto-immune diseases.
In the context of B-cell malignancies, the main objective is
to eliminate the malignant clone and most studies aim to
characterize tumoral cells and uncover the mechanisms of their
resistance to treatments. Consequently, the antigenic targets of
the Igs produced by malignant B-cell clones are rarely studied.
Yet there is mounting evidence that chronic antigen stimulation
as an important pathogenic mechanism in the development
of B-cell malignancies. For instance, patients with somatically—
mutated (antigen-driven) chronic lymphocytic leukemia (CLL)
have a more favorable clinical course than other CLL patients
(31, 32). Evidence in favor of chronic antigen stimulation has
also been reported in MGUS and in myeloma (20-26). CLL-
associated antigens appear to be mostly autoantigens, notably
cytoskeleton components, or autoantigens found in apoptotic
cells and bacteria (33-35). Cases of virus (HCV), HIV-driven
CLL, MGUS or myeloma appear to be relatively rare (36). In
MGUS and myeloma, the targets of monoclonal IgG reported
include viruses (>25% cases, predominantly EBV and more
rarely, herpes virus simplex (HSV) and HCV) and glucolipids,
particularly GlcSph (LGL1) (~15% cases) or associated enzymes
(22-26). Using a new assay based on the protein micro-array
technology, Bosseboeuf et al. report that the purified monoclonal
Ig from 42% of IgA MGUS and myeloma patients recognize
EBV EBNA-1, HCV or LGLI. Altogether, a pathogenic model
of antigen-driven disease may be valid for about half of CLL,
MGUS, and myeloma cases. This model offers new therapeutic
approaches: in addition to current therapeutic protocols aimed
at eliminating the malignant clone, one can envision therapies
designed to reduce or suppress the antigen responsible for disease
initiation, i.e., the target of the patient’s monoclonal Ig, whenever
the target can be identified (28-30).

Unfortunately, the identification of the targets of pathogenic
human IgG and IgA for diagnosis and therapeutic purposes is still
not possible outside research laboratories. Similarly, the targets of
IgMs from healthy individuals are rarely investigated and remain
poorly known. To facilitate the study of human IgM antibodies,
which are characterized by polyspecificity and autoreactivity,
Pashov et al. propose a new peptide array consisting of 594
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mimotopes that reflect the common IgM repertoire of 10,000
healthy donors.

Post-translational Modifications and

Function of Immunoglobulins
To interpret the results of IgG functional studies, the conditions
of preparation and purification of Igs are of great importance.
Lopez et al. report that low pH exposure during IgG purification
may result in aggregates that abnormally and avidly bind Fcy
receptors. These authors compared Protein G purification of IgG
(at low pH) with an immunoaffinity method which elutes IgG
at physiological pH, and investigated several factors known to
impact Fc functionality and influence FcyR binding, including
IgG subclass, N-glycosylation, aggregation, and conformational
changes. They show that low pH elution of IgG enhances their
recognition of FcyRs, and increases IgG aggregation. Thus,
differences in IgG purification methods may explain the poor
reproducibility of studies of Fc-mediated antibody functions.
The important role played in immunity by the N-linked
glycosylation of the Fc region of Igs is well-established but the
function of N-linked glycosylation of the variable domains of
Igs is less well-known. In their review, Vletter et al. report
that N-linked glycans are present on autoantibodies, notably
in rheumatoid arthritis, and in patients with B-cell follicular
lymphoma (FL). N-linked glycosylation of the variable domain
of Igs may confer a selective advantage, through interaction
with lectins and/or microbiota. They analyzed the characteristics
of autoantibodies and those of Igs from FL patients and
healthy donors and found differences in variable domain glycan
distribution, frequency and glycan composition, which led them
to propose a classification of diseases according to the specific Ig
variable domain glycosylation patterns observed in patients.
Sialylation may also modify therapeutic IgGs. Shaffert et al.
analyzed changes in human intravenous IgG (IVIg) sialylation
upon injection in mice deficient in B cells or lacking the
sialyltransferase 1, which catalyzes the addition of 02,6 linked
sialic acid residues and conclude that the glycosylation of
therapeutic IgGs is stable in vivo Schaffert et al.. Only a very small
fraction of IgGs acquired sialic acid structures, mostly in the Fab
portion, not in the Fc portion.

CONSEQUENCES IN TERMS OF
DIAGNOSIS, PROGNOSIS, MONITORING
OF PATIENTS, AND THERAPY

The detection of monoclonal or/and polyclonal Igs with
identified targets is becoming of increasing importance in
different clinical contexts, including severe infection, chronic
inflammation, and certain blood cancers. It is also necessary
to better understand the effects of therapeutic monoclonal
antibodies used in the clinic, alone or associated with
other treatments.

Infection
The interest of understanding the Ig response of patients
in context of acute infection is illustrated by the report by

Bloomfield et al, who describe the case of an infant who
presented with a normal C-reactive protein (CRP) level despite
severe septic shock following Staphylococcus aureus infection,
with clear biological evidence of systemic inflammation.
Bloomfield et al. suspected a defect in the interleukin-6 (IL-
6)/CRP axis, which was confirmed by the presence of neutralizing
anti-IL-6 autoantibodies in the child’s serum. These findings
are of importance since clinical interference of IL-6 signaling,
for instance with IL-6 receptor-targeting therapeutic antibodies
such as tocilizumab or sarilumab, may alter IL-6-mediated innate
immune responses and compromise host resistance to infections.

The complex role played by Igs in chronic infection is
illustrated in the review by McLean et al. on the mechanisms
of tuberculosis reactivation in individuals with comorbidities.
They describe the Ig responses to Mycobacterium tuberculosis
of patients with chronic conditions, such as co-infection with
HIV, diabetes or kidney diseases, where inflammation may
facilitate tuberculosis re-activation. McLean et al. propose that
inflammatory IgG profiles may be important biomarkers for
the detection of progressive tuberculosis. More studies are
needed to distinguish inflammatory antibody profiles that are the
consequences of co-morbidities from those that contribute to the
reactivation of tuberculosis.

Regarding severe viral infections, neutralizing antibodies hold
great promise both for antibody-based therapeutic intervention
and for vaccine design. This is illustrated by the paper by
Gao et al, who applied next-generation sequencing (NGS)
to probe the development of ZK2B, a potent E DIII-specific
antibody protective against Zika virus (ZIKV), isolated from
a convalescent individual. The NGS-derived, germline-like
ZK2B10 somatic variants neutralized ZIKV and protected mice
from ZIKV challenge, without cross-reactivity with Dengue
virus. Site-directed mutagenesis identified residues essential
to the functional maturation of ZK2B10. The repertoire and
lineage features unveiled in this study should help elucidate
the developmental process and protective potential of anti-
ZIKV antibodies.

Auto-lImmunity

Gray et al. report on a rapidly progressive glomerulonephritis
reproducing the auto-immune Goodpasture’s disease (GP),
caused by anti-glomerular basement membrane (GBM)
antibodies developed after allogenic haematopoietic stem cell
transplantation (HSCT). In GP, autoantibodies bind neoepitopes
formed upon disruption of the structure of 0345 NC1 hexamer,
a critical domain of ®345 collagen IV scaffolds. Upon hexamer
disruption, a3 and a5 NCI subunits become immunogens.
Gray et al’s is the first report of allo-incompatability and
antigenic specificity in anti-GBM disease after allogenic HSCT.
Both the patient and donor presented with the Goodpasture’s
susceptibility HLA-allele DRB1* 1501, and the patient’s anti-GBM
antibodies recognized the E4 epitope of the 3 NC1 monomer of
collagen IV. Auto-antibody binding to native a345 NC1 hexamer
was minimal, and there were no polymorphic differences
between the donor’s and recipient’s collagen IV genes. The
authors conclude that their patient’s was a case of classical GP
disease, the anti-GBM antibodies emerging post transplantation
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from the donor immune system. This hypothesis is supported by
the finding that native a345 NC1 hexamer was not pathogenic
in an animal model of GP disease, whereas immunization
with  dissociated hexamers induced glomerulonephritis
(Gray et al.).

Another example is provided by systemic lupus erythematosus
(SLE), where Zhang et al. investigated the role of IgG in
spleen inflammation. They report that lupus IgGs are important
pathological factors involved in the initiation of inflammation
and further germinal center (GC) and plasma cell formation.
Macrophages of the splenic marginal zone were dispensable
for the GC response induced by lupus IgG, while red pulp
macrophages were important for GC responses. Furthermore,
lupus IgGs promoted inflammation and GC formation through
the macrophage-mediated secretion of TNF-a. Interestingly, Syk
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IgE-mediated allergic disease represents an increasing health problem. Although
numerous studies have investigated IgE sequences in allergic patients, little information
is available on the healthy IgE repertoire. IgM, IgG, IgA, and IgE transcripts from
peripheral blood B cells of five healthy, non-atopic individuals were amplified by unbiased,
template-switching, isotype-specific PCR. Complete VDJ regions were sequenced
to near-exhaustion on the PacBio platform. Sequences were analyzed for clonal
relationships, degree of somatic hypermutation, IGHV gene usage, evidence of antigenic
selection, and N-linked glycosylation motifs. IgE repertoires appeared to be highly
oligoclonal with preferential usage of certain IGHV genes compared to the other isotypes.
IgE sequences carried more somatic mutations than IgM, yet fewer than IgG and
IgA. Many IgE sequences contained N-linked glycosylation motifs. IgE sequences
had no clonal relationship with the other isotypes. The IgE repertoire in healthy
individuals is derived from relatively few clonal expansions without apparent relations
to immune reactions that give rise to IgG or IgA. The mutational burden of normal
IgE suggests an origin through direct class-switching from the IgM repertoire with little
evidence of antigenic drive, and hence presumably low affinity for specific antigens.
These findings are compatible with a primary function of the healthy IgE repertoire
to occupy Fce receptors for competitive protection against mast cell degranulation
induced by allergen-specific, high-affinity IgE. This background knowledge may help
to elucidate pathogenic mechanisms in allergic disease and to design improved
desensitization strategies.

Keywords: affinity maturation, allergy, B-cell receptor, class switching, IgE

INTRODUCTION

Type I hypersensitivity is an immune response triggered by allergen-specific IgE. Binding of
allergen-bound IgE to Fce receptors on mast cells leads to prompt degranulation, which provokes
a range of clinical symptoms including atopic dermatitis, asthma, allergic rhinoconjunctivitis,
urticarial, and anaphylaxis (1, 2). Despite the recognition that IgE-mediated diseases are becoming
an ever increasing health burden, especially in urban societies (3), the mechanisms leading to
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IgE-mediated disease, as well as the underlying principles causing
clinical heterogeneity, remain incompletely understood (4, 5). An
improved understanding of the development of IgE repertoires
in healthy individuals may aid in the identification of these
disease mechanisms and facilitates efficient design of anti-allergic
strategies (6, 7).

Two distinct pathways to generate IgE have been identified in
mouse models. In the direct pathway, functional B-cell receptor
(BCR) genes undergo direct class-switch recombination (CSR)
from IgM to IgE isotype and yield predominantly IgE with
low affinity to antigen. In the indirect pathway, high-affinity
IgE results from secondary CSR in B cells that express 1gG
or potentially IgA (8, 9). Along with increased affinity, IgE
derived from IgG1 B cells also carry significantly more mutations
than IgE in IgG1-deficient mice (10). The existence of multiple
pathways has been further supported by flow cytometric analyses
in humans showing subsets both dependent and independent of
germinal centers (11).

Since low and high affinity IgE compete for occupation
of the Fce receptor, higher concentrations of low-affinity IgE
than high-affinity IgE can theoretically provide protection
against anaphylaxis (10). In non-allergic humans, very limited
information on the extent and origin of the IgE repertoire
is currently available and consists of only 60 near-full-length
IgE sequences from two individuals (12). Although recently a
number of studies have applied massive parallel sequencing to
gain new insights in the IgE repertoire, none of them generated
the full-length sequences essential for comprehensive analysis
and/or used primer binding bias-free methodology (13-18).

This study aimed to provide in-depth characterization of the
IgE repertoire in healthy, non-allergic individuals as an essential
reference for comparative studies in allergic and desensitized
individuals. We determined the peripheral blood IgE BCR
repertoire of five non-allergic donors to near completion by
unbiased, full-length massive parallel sequencing. IgE BCR
repertoires were compared to IgM, IgG, and IgA repertoires to
support the hypothesis that the direct pathway of IgE generation
would be dominant in non-allergic human individuals.

MATERIALS AND METHODS

Material Collection and Storage

Cryopreserved aliquots of Ficoll-separated mononuclear cells
(PBMC) from five healthy, asymptomatic stem cell donors were
obtained from the biobank of the Leiden University Medical
Center biobank in accordance with local guidelines. Absence
of atopic constitution was confirmed by measurement of total
IgM, IgG, IgA, and IgE immunoglobulin levels in time-matched
serum samples.

Flow Cytometry Analysis for Expression of
CD19 and IgE

IgE-expressing B cells were isolated from aliquots of 1 x 10°
thawed PBMC by flow cytometry. To avoid artifacts from binding
of IgE to Fce receptor-expressing cells (19), cells were fixed in 200
pl 1% paraformaldehyde in phosphate-buffered saline (B. Braun,
Melsungen, Germany) with 5% fetal bovine serum (Bodinco,

Alkmaar, The Netherlands) and 0.2% saponin (Sigma Aldrich,
St. Louis, MO, USA) for 8 min at 4°C. After washing, fixed cells
were permeabilized for 30 min at 4°C in 200 pl of the same
buffer without paraformaldehyde. Cells were washed once more
and stained with anti-CD19-FITC (BD Biosciences, Franklin
Lakes, NJ, USA) and anti-IgE-APC (Miltenyi Biotec, Leiden, The
Netherlands) for 30 min at 4°C in the dark, followed by another
wash and resuspension. The abundance of CD19%" and IgE™ cells
was determined by flow cytometry in live gated cells.

BCR Repertoire Sequencing

The ARTISAN PCR protocol for unbiased amplification of
BCR repertoires (20) was adapted for IgE by designing a
series of IgE constant region-specific reverse primers (e.rt 5'-
GGCATAGTGACCAGAGAGCG-3' for reverse transcription;
e.pcrl 5'-GGTCACCATCACCGGCTCCG-3" for initial PCR
amplification; e.pcr2 5-GGCAGCCCAGAGTCACGG-3' for
semi-nested PCR amplification; e.bc 5'-[barcode]-CGGAT
GGGCTCTGTGTGG-3' for barcoding; barcodes: 5-CCATC
TCATATGTAGTACTCT-3, 5-CGGATGGGCTCTGTGTGG-
3, 5-CGGATGGGCTCTGTGTGG-3', 5-CGGATGGGCTCT
GTGTGG-3' and 5-CGGATGGGCTCTGTGTGG-3'). B cells
were isolated from aliquots of thawed cells by removal of non-B
cells with magnetic beads (B cell isolation kit II; Miltenyi Biotec,
Leiden, The Netherlands) and routinely yielded a purity of >99%
CD197 B cells as assessed by flow cytometry. For each healthy
donor, 2 x 10° B cells were divided into five aliquots.

Messenger RNA isolation and cDNA synthesis were
performed separately for each aliquot with addition of the
ert primer to the ARTISAN c¢DNA synthesis mix (20). IgM,
IgG, and IgA ¢cDNA was amplified according to the original
ARTISAN PCR protocol. Due to the low abundance of IgE*
B cells in healthy donor peripheral blood, amplification of
functional IgE transcripts was extensively optimized with
different primer combinations on serial dilutions (100-0.01%)
of the IgE-expressing multiple myeloma cell line U266 (DSMZ,
Braunschweig, Germany) in a background of healthy donor
PBMCs. For IgE repertoires, cDNA was first amplified for 15
cycles with the e.pcrl primer. First-round IgE amplicons were
purified by silica spin columns (Promega, Madison, WI, USA)
and re-amplified for 15 cycles of semi-nested PCR using the
g.pcr2 primer. Libraries were barcoded at the 5 terminus to
identify the donor and at the 3’ terminus to identify individual
aliquots. Pooled libraries were amplified as single molecules in
rolling circles on a total of five SMRT cells on the RSII system
(Pacific Biosciences, Menlo Park, CA, USA). IgE sequences were
sequenced to high depth to achieve near-complete representation
of all IgE™ B cells present in the sample.

Sequence and Statistical Analysis
Output sequence files were filtered with SMRT portal software
for a minimum of eight sequencing passes. All sequences were
annotated by IMGT HighV-QUEST (21). For statistical analyses,
sequences with identical IGHV genes and amino acid CDR3
sequences within one aliquot were counted as a single sequence.
IGHYV gene usage was compared between isotypes by Fisher’s
exact test and corrected for multiple testing by Bonferroni
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TABLE 1 | Serum immunoglobulin concentrations in five healthy donors.

Subject IgM (g/L) 19G (g/L) IgA (g/L) IgE (kU/L)
1 1.56 8.67 217 12.4
2 1.19 9.68 1.93 76.8
3 0.38 8.02 1.32 41.8
4 0.563 9.20 1.78 23.7
5 0.67 6.45 0.61 14.9

correction. Cumulative differences in IGHV gene usage were
calculated by determining the absolute differences in fractional
IGHV usage between two isotypes for every IGHV gene and
adding these to a cumulative difference with a theoretical
maximum of 200. BCR mutational status and CDR3 length were
compared between isotypes by unpaired ¢-test.

N-linked glycosylation motifs were identified as Asn-X-
Ser/Thr motifs (where X may be any amino acid except proline)
and their abundance, location, and the mutational status of the
corresponding sequence were compared between isotypes using
unpaired t and Fisher’s exact tests.

Clonal B-cell expansions were defined as the presence of BCR
sequences with identical V, D and ] gene usage, identical CDR3
length and >95% nucleotide overlap in CDR3 in either multiple
aliquots or in more than one isotype of any individual donor.
Intraclonal sequence variation was defined as the distance from
the clonal consensus and determined for the largest 10 IgE clones,
as well as the largest 5 IgM, IgG, and IgA clones.

Calculation of Sampling Depth

To assess how many cells from the sample were represented in
the VDJ sequence libraries, we performed an in silico simulation
to estimate the fraction of observed unique sequences sampled
out of a large pool of sequences. A unique numerical identifier
was assigned to each unique observed BCR sequence for each
donor, and 5 x 10° copies of every identifier were pooled in the
simulation. Consequently, random sequences were sampled from
the pool up to the number of sequences obtained from massive
parallel sequencing, and the number of unique identifiers was
counted. This simulation was performed 100 times per donor,
and the median number of unique samples identifiers per donor
was calculated.

RESULTS

According to applicable stem cell donor regulations, all
donors had no atopic constitution, denied any allergic
symptoms, and had normal serum immunoglobulin and
IgE concentrations (Table 1).

Sequence Acquisition

A median of 0.09% of peripheral blood B cells of healthy
donors expressed IgE (Table 2), corresponding to a median of
2,000 cells per 2 x 10° B cells. A median of 3,254 total full-
length, potentially functional VD] IgE sequences were obtained
per donor by ARTISAN PCR and deep PacBio sequencing,
representing a median of 1.52 IgE sequences per IgET B cell

present in the sample. In silico simulations indicated that this
amount of oversampling would theoretically return a median of
78% of unique sequences (Supplementary Data). In addition,
medians of 2,088 IgM (range: 1,287-2,437), 1,221 IgG (range:
735-2,144), and 2,770 IgA (range: 1,351-3,012) unique, full-
length and potentially functional VDJ sequences were obtained
per donor.

Clonal B-Cell Expansions

To identify and quantify clonal B cell expansions, we first
assigned all individual VD] sequences within an isotype of each
donor to clonotypes according to stringent criteria developed
rationally to minimize the calling of false-positive clonal
relationships (Supplementary Data). This analysis identified a
median of 39 (range: 23-46) putative unique IgE clonotypes
per donor and indicated representation of each clonotype by an
average of 85 closely related VDJ sequences. Additional manual
inspection revealed that some of these putative clonotypes shared
substantial numbers of individual mutations in their IGHYV,
strongly suggesting a common clonal origin despite less than
95% CDR3 identity and despite occasional variation in CD3
length. Therefore, we combined putative clonotypes from an
individual that shared at least 70% of their IGHV mutations
regardless of CDR3 similarities into definitive clonotypes for
all further analyses. We identified a total of 146 definitive
IgE clonotypes (median per donor 31; range: 18-38). In a
single instance, these criteria indicated the presence of a single
clonotype in two donors. Since the libraries of these two donors
were sequenced on the same SMRT cell, this phenomenon
may originate from barcode contamination and does not
permit to conclude the presence of canonical IgE clonotypes
across individuals.

Expansion of an IgE-expressing B-cell clone
unequivocally demonstrated by the presence of 69 of the
total of 146 IgE clonotypes (47%) in at least two B-cell aliquots
(Figure 1), corresponding to a median of 12 (range: 11-19)
clonal expansions of IgE-expressing B-cells per donor. In
comparison, only 1.3 of IgM, 7.9 of IgG, and 9.1% of IgA VDJ
clonotypes were found in multiple aliquots and therefore derived
from clonally expanded B cells, corresponding to a median of
14 (range: 6-40; total 97), 46 (range: 28-128; total 301) and
115 (range: 54-192; total 625) clonal expansions per donor and
isotype, respectively (Figure1). IgE clonal expansions were
fewer than IgG (p = 0.034) and IgA (p = 0.0017), but similar
to IgM expansions (p = 0.39). Intraclonal sequence diversity
was lower in IgE than in all other isotypes (IgM: p = 0.0002;
IgG: p = 0.0184; IgA: p = 0.0039; Figure2). Twelve VD]
clonotypes were present in both IgM and IgG BCR repertoires,
24 in IgM and IgA, and 45 in IgG and IgA. Seven clonotypes
comprised IgM, IgG, and IgA isotypes. In marked contrast,
no relationship was found between any IgE and non-IgE VD]J.
Since this finding is in contrast with previous reports (22), we
performed extensive in silico simulations that demonstrated
frequent false-positive conclusions of clonal overlap when
inappropriately relaxed criteria for clonal relationship are
applied (Supplementary Data).
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TABLE 2 | Quantification of IgE™ B cells and sequencing depth.

% CD19t IgEt B cells VDJ sequences Median theoretical

Donor cells within live gate % within CD19% gate per 2 x 106 CD19t cells Total per cell coverage (range)
1 11.3 0.10 2,000 3,254 1.63 81% (79-82)

2 10.8 0.09 1,800 1,814 1.01 63% (62-66)

3 10.8 0.15 3,000 3,716 1.24 71% (69-73)

4 9.2 0.06 1,200 1,823 1.52 78% (76-81)

5 6.5 0.08 1,600 5,199 3.25 96% (95-97)
Median 10.8 0.09 2,000 3,254 1.52 78%

Coverage represents the amount of unique sequences sampled from the pool in an in silico simulation assuming no PCR amplification bias. Its range is based on the minimum and
maximum values obtained from 100 simulations.

0 © © © N o 0 M — ©
58358 888 RIELE N © N~ = @
~ < = v ©O© N~ - O O™ ~ 0O v« «— N — N MO ™M
noonon [T T [ TR || I nonou 1 L TN [ ||
c C Cc C C c C c C C cC C C c C c €€ Cc Cc C
100+ 100+ 1001 1004
a ] ] VDJ present
> 804 80+ 80 80+ in number of
S 1 aliquots:
=3 ] ] ] ]
g 60 60 60 60 = 5
S 401 40 40 40 04
2 ] ] = 3
o E E 204 B
5 209 20 0 20 = 2
- ]
0- 0- 0- 0- -
Donor: 1 2 3 4 5 12 3 4 5 1 2 3 4 5 1 2 3 4 5
IigM 1gG IgA IgE
FIGURE 1 | Clonality in the healthy BCR repertoire. Distribution of unique VDJ sequences present in one or more cellular aliquots per isotype and donor.

60

50

Number of nucleotides
different from consensus VDJ
w
o

0000 oo

I. .es e
"

000c0ce o

[

"e .
|-|]-||||l-.-.
e

fefar o o0

0
B-cellclone:y1 2 3 4 5, 112345, 112345, 112345678910
IgM IgG IgA IgE

FIGURE 2 | Intraclonal sequence diversity in the healthy BCR repertoire. Intraclonal variability per isotype. The number of nucleotide differences compared to the
respective consensus VDJ sequence is displayed for every VDJ sequence of the 5 largest B-cell clones expressing IgM, 1gG, or IgA, respectively, and for the 10
largest IgE-expressing B-cell clones.

Frontiers in Immunology | www.frontiersin.org 13 July 2019 | Volume 10 | Article 1543


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Koning et al.

The IgE Repertoire in Healthy Individuals

A IGHV gene %
1-18
1-2 R —
1-24
143
1-46 12
1-58
1-69 |
1-8
226
43
311 j— 10
313
315
320
355
et W OE
333
343
348
349
353
364D 6
366
37
372
373
374
3-9 |
3-NL1 {4
478
430
431
4-34 |
.
- I
44 {2
459
481
510
351
61
74 L1,

IgE IgM IgG IgA

FIGURE 3 | Differential IGHV usage between isotypes. (A) Heat map indicating the relative frequency of all IGHV genes among unique VDJ sequences per isotype. For
each isotype, the frequencies shown add up to 100%. (B) Pairwise comparison of cumulative IGHV gene distance between two isotypes. For each IGHV gene, the
fractions of VDJ sequences containing that IGHV gene within an isotype were calculated, and the numerical difference of these fractions between two isotypes was
determined per IGHV gene. For each pairwise comparison between isotypes, all differences of IGHV gene fractions were added to obtain their cumulative distance.

Cu ive gene dist IGHV Gene
. = 74 348
61 =3 343
= 5-51 — 3-33
= 5-10 = 3-30
1 4-61 3-23
B 459 o 304
- 44 3-20
439 e
I 4-38 -
= 2
- 430 70
=428 =20
= e S 2%
=3y =18
374 169
= 373 = 1-58
372 £ 1-46
- 3-7 . 1-45
366 £33 1-3
] 364D HE 1-24
353 312
03I 349 mm 1-18

BCR Characteristics per Isotype

IgE VD] utilized more frequently IGHV3-9 and IGHV3-11
(p < 0.0001), and less frequently IGHV4-39 than the remaining
isotypes (p = 0.0018; Figure 3A). Concordantly, cumulative
gene fraction distances between IgE and other isotypes were
significantly larger than distances between IgM and IgG, IgM,
and IgA, and IgG, and IgA (Figure 3B).

All isotypes had median CDR3 lengths of 15 amino acids
(Figure 4A). Unique IgE VDJ carried fewer mutations (4.9%)
than the other class-switched isotypes (p < 0.001) (Figure 4B).

Despite their moderate SHM burden, more IgE VD] (23%)
had acquired N-linked glycosylation motifs (NLGM) through
SHM than IgG (16%; p < 0.001) and IgA (17%; p < 0.001).
When considering all NLGM, i.e., both germline-encoded (from
IGHV1-8, IGHV4-34, and IGHV5-10-1) and SHM-derived
motifs, their prevalence of 27% in all IgE VD] was significantly
higher (p < 0.0001) than in IgM, IgG, and IgA (Figure 4C). This
difference was largely attributable to preservation of germ-line-
encoded NLGM in the IgE compartment (Table 3).

DISCUSSION

In conclusion, we provide the first comprehensive inventory
of near-complete peripheral blood IgE repertoires from healthy
individuals through tailored methodology that lacks primer
binding bias, yields full-length VDJ sequences, and detects
clonal expansions by standardized parallel analysis of several
aliquots (20). The applicable regulations for volunteer stem cell

donors precluded the acquisition of additional epidemiological
information such as dwelling and other living conditions that are
associated with allergy. The observed frequency of 0.09% IgE-
expressing cells among peripheral B cells is on the high end of
the reported spectrum (23, 24). The consequences of a possible
overestimation of the true prevalence of IgE+ B cells would
predominantly imply that the sequencing of the IgE repertoires
would have been even more exhaustive than indicated by our
simulations. In this context, presence of clonally related IgE
sequences in several cellular aliquots is a much more reliable
indicator of clonal expansions than BCR sequence read counts
in massive parallel sequencing experiments. Nevertheless, it is a
striking observation that IgE sequences found in all 5 aliquots
dominated the sequence libraries (not shown), suggesting that
few IgE+ clones actually had expanded strongly.

The presence of SHM indicates that IgE™ B cells have passed
through germinal center reactions. The intermediate SHM load
of IgE between IgM and IgG/IgA could result from direct CSR
of the majority of healthy donor PBMC from IgM to IgE (13).
Alternatively, non-IgE B cells could have acquired higher SHM
loads by repeated GC passages, whereas IgE™ B cells have only a
limited presence in germinal centers, (25-27). The difference in
IgE mutation rate compared to other isotypes was more striking
than in another recent study of IgE in non-allergic subjects, yet
not as low as in children with atopic dermatitis (15, 16). These
findings call for further verification.

The striking lack of clonal relationships between IgE-
expressing B cells and B cells expressing the other isotypes
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TABLE 3 | Preservation of germline-encoded N-linked glycosylation sites. The distinct characteristics of the normal IgE repertoire,
i.e., relatively low SHM burden, lack of intraclonal sequence
variation, skewed usage of IGHV genes, marked oligoclonality,
Isotype  IGHV1-8  IGHV4-34 IGHV5-10-1 retention of germline-encoded NLGM, frequent acquisition
of additional such motifs, and striking absence of clonal

Retention of germline N-linked glycosylation motifs

oM 87% 89% 83% relatedness to IgM-expressing and non-IgE-class-switched B
l9G 51% 47% 43% cells cumulatively indicates its origin from qualitatively different
oA 59% 44% 62% immune responses than IgG- and IgA-expressing B cells. Like
IgE 94% 64% N/A

allergic individuals (15, 17), healthy donors appear to have
No IGHV5-10-1-containing VDJ were found for IgE. IgE repertoires Composed Of a small pOOl Of highly expanded
clones. However, in healthy donors, these likely represent
rearrangements in a low affinity, non-antigen-specific, “static”
supports the important conclusion that IgE-expressing B cells  state. As previously suggested, such low-affinity IgE could have
emerge from qualitatively different immune responses. While @ protective role against allergy by competition with high-
the IgE repertoire has been sequenced to apparent exhaustion  affinity, type I hypersensitivity-inducing IgE for occupation of
in our study, incomplete sampling of the other isotype  Fce receptors (13,29).
compartments cannot completely exclude a low degree of The novel hypothesis of a specific role of N-glycosylation
clonal overlap. However, lack of clonal overlap is corroborated ~ in expansion and maintenance of IgE-expressing B cells in
by a recent massive parallel sequencing study that also non-allergic individuals warrants further studies. Ubiquitous
found virtually no clonal relationship between IgE and other =~ NLGM acquisition could have a disease-specific role in
isotypes in healthy donors (16) In contrast, marked Overlap selection Of IgE—expressing B—cells in 31m11ar1ty to follicular
of allergen-specific IgE clones with IgG and IgA has been  lymphoma (30), primary cutaneous follicle center lymphoma
described in allergic individuals (14, 17, 28) and in immunized ~ (31) and rheumatoid arthritis (32). On the other hand,
mice (13). glycosylation at NLGM positions could non-specifically
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obstruct antigen recognition and effectively inhibit BCR affinity
maturation (33).

Our findings also support direct class switch recombination
from IgM to IgE as the origin of such low-affinity IgE antibodies
as demonstrated in mouse studies (10, 13, 19).

Some, but not all (17, 18, 28), previous studies found
preferential IGHV usage in allergic individuals, most notably
of IGHV2, IGHV4, and IGHV5 family genes (15,34-36).
Our data do not indicate this particular IGHV bias in
healthy individuals. Although theoretically attributable to study
population differences, primer binding bias in multiplexed
primer strategies creates an inherent risk of skewing repertoire
analyses. Use of a forward primer binding to an artificial uniform
sequence at the 5 ¢cDNA termini effectively alleviates this risk
(7, 20, 31, 37). Differential amplification efficiency of different
IGHV genes may be another theoretical source of bias for
observed IGHV usage. However, IgE sequences underwent only
two additional thermocycles than the other isotypes, effectively
limiting this particular risk. In addition, ARTISAN PCR employs
long extension times to avoid such bias. In previous applications
of this method, no preferential V allele amplification was actually
observed (20).

In comparison to allergic individuals and derivatives of
high-affinity murine clones, healthy donors appear to carry
IgE sequences with fewer BCR mutations (12-15, 18, 28) and
less restriction to few individual clonotypes (7, 12, 38, 39).
Although IgE VDJ from allergic and parasite-exposed patients
also lacked evidence of substantial antigenic selection (7, 15),
these characteristics indicate that high-affinity (allergen-specific)
IgE clones in allergic individuals are probably generated through
indirect class switch recombination from IgG and IgA clonal
expansions, preferentially utilizing a restricted repertoire of
IGHYV genes (13).
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Antibodies by Solid-Phase Assays
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Alberto Rodriguez-Benot "3, Corona Alonso "2 and Rafael Solana ™2

" Maimonides Biomedical Research Institute of Cordoba (IMIBIC), Reina Sofia University Hospital, University of Cordoba,
Cordoba, Spain, 2 Department of Inmunology and Allergy, Reina Sofia University Hospital, Cordoba, Spain, ® Department of
Nephrology, Reina Sofia University Hospital, Cordoba, Spain

Humoral alloimmunity, particularly that triggered by preformed antibodies against human
leukocyte antigens (HLA), is associated with an increased prevalence of rejection and
reduced transplant survival. The high sensitivity of solid phase assays, based on
microbeads coated with single antigens (SAB), consolidated them as the gold-standard
method to characterize anti-HLA antibodies, ensuring a successful allograft allocation.
Mean fluorescence intensity (MFI) provided by SAB is regularly used to stratify the
immunological risk, assuming it as a reliable estimation of the antibody-level, but it is
often limited by artifacts. Beyond MFI, other properties, such as the complement-binding
ability or the IgG1-4 subclass profile have been examined to more accurately define
the clinical relevance of antibodies and clarify their functional properties. However,
there are still unresolved issues. Neat serum-samples from 20 highly-sensitized patients
were analyzed by SAB-panigG, SAB-IgG1-4 subclass and SAB-C1qg assays. All 1:16
diluted serum-samples were additionally analyzed by SAB-panigG and SAB-IgG1-4
subclass assays. A total of 1,285 anti-HLA antibodies were identified as positive,
473 (36.8%) of which were C1g-binding. As expected, serum-dilution enhanced the
correlation between the C1g-binding ability and the antibody-strength, measured as
the MFI (fheat = 0.248 vs. rgiuted = 0.817). SAB-subclass assay revealed at least one
IgG1-4 subclass in 1,012 (78.8%) positive antibody-specificities. Among them, strong
complement-binding subclasses, mainly IgG1, were particularly frequent (98.9%) and
no differences were found between C1g- and non-C1g-binding antibodies regarding
their presence (99.4 vs. 98.5%; p = 0.193). In contrast, weak or non-C1qg-binding
subclasses (IgG2/IgG4) were more commonly detected in C1g-binding antibodies
(78.9 vs. 38.6%; p < 0.001). Interestingly, a strong association was found between
the C1g-binding ability and the IgG1 strength (nggiqi = 0.796). Though lower,
the correlation between the IgG2 strength and the C1g-binding ability was also
strong (ngaedi = 0.758), being both subclasses closely related (rgg1—igge = 0.817).
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We did not find any correlation with the C1g-binding ability considering the remaining
subclasses. In conclusion, we demonstrate that a particular profile of IgG subclasses
(lgG1/1gG3) itself does not determine at all the ability to bind complement of anti-HLA
antibodies assessed by SAB-C1q assay. It is the IgG subclass strength, mainly of IgG1,
which usually appears in combination with IgG2, that best correlates with it.

Keywords: anti-HLA antibodies, C1g-binding ability, humoral alloimmunity, IgG1-4 subclass profile, kidney
transplantation, single antigen bead assay

INTRODUCTION

In the last few years, single antigen bead (SAB)-assay has
revolutionized the allograft allocation algorithm of patients
awaiting solid-organ transplantation through a non-invasive
virtual cross-matching procedure (1), with the purpose of
avoiding the allograft damage caused by antibodies directed
against human leukocyte antigens (HLA) undetected by
other less sensitive tests such as the complement-dependent
cytotoxicity (2, 3). However, the high sensitivity of SAB-assay
linked to the premise that the presence of any antibody
supposes an unacceptable risk regardless of its properties, has
limited the access to transplantation of sensitized patients,
excessively prolonging their waiting time (4). Even though the
standardization of solid-phase assays has maintained low rates of
rejection (5, 6), the impact of anti-HLA antibodies only detected
by these tests is still under discussion and indeed, a proportion
of transplanted patients with circulating donor-specific
anti-HLA antibodies (DSA) under a negative complement-
dependent cytotoxicity result, have acceptable allograft
outcomes (7-9).

Technical issues of SAB-assay seem to prevent the
discrimination of clinically relevant from harmless anti-
HLA antibodies (10). In the absence of additional information
regarding functional properties and with the aim of improving
the consolidated restrictive algorithm for allograft allocation,
the immunological risk of anti-HLA antibodies has been
stratified according to their mean fluorescence intensity (MFI)
value (11-14), assuming that this is a reliable estimation
of the antibody level. Although SAB-assay is not approved
as a quantitative method and there is no consensus on
the threshold which defines an antibody as harmful, many
transplantation centers consider all those donor mismatches
for which antibodies show MFI values above 5,000 as
unacceptable (15-18).

Several studies have demonstrated a direct correlation
between high-MFI levels of DSA and increased incidences
of antibody-mediated rejection and premature allograft failure
(19-21). However, some methodological aspects may lead to
MFI measures far from the real level of alloantibodies (22),
suggesting that this is not always an entirely precise method
to assess their risk. The prozone effect is the most common
phenomenon whereby high-titers of antibodies are detected as
low-MFI antibodies (<5,000). This effect, particularly frequent

in highly-sensitized patients, masks potentially dangerous
specificities. Similarly, forbidden antibodies considered as
harmful due to their MFI value (>5,000) might not be highly
concentrated (22).

Beyond the MFI value, the SAB-Clq assay has been
proposed as a tool to discriminate the sub-set of antibodies
capable of binding Clq and assess their pathogenic potential,
considering that the complement cascade is the major pathway
of antibody-mediated damage (23). Until now, some authors
have reported strong correlations between the presence of pre-
and post-transplantation Clq-binding DSA and the risk of
allograft failure (24-27), despite the fact that it is not fully
ascertained whether this increased risk is due to the high-
level of DSA or to their own ability to bind Clq (21, 28).
Certainly, there seems to be a direct relationship between the
complement-binding ability of anti-HLA antibodies and their
strength (22, 27, 29).

The main effector mechanisms through which alloantibodies
can induce damage on transplanted allografts include the
activation of cells to promote proliferation and inflammation,
the development of Fc-receptor-mediated functions and mainly,
the activation of the complement system (30, 31). Since the
four subclasses of IgG exhibit different structural and functional
properties (32), triggering different pathological mechanisms
of allograft damage, they must produce different phenotypes
of injury. Indeed, Lefaucheur et al. (33) reported that the
presence of IgG3 as immunodominant DSA led to acute
antibody-mediated rejection with increased microvascular injury
and C4d deposition, whereas IgG4-immunodominant DSA
led to subclinical antibody-mediated rejection with increased
chronic lesions. Additionally, they showed that patients with
IgG3-immunodominant DSA had a significantly lower allograft
survival rate regarding the presence of other IgG subclasses.
More recently, Hamdani et al. (34) in a small cohort of pediatric
kidney-transplanted patients showed that IgG3-DSA were
independently associated with graft dysfunction. These findings
suggest the added value of the IgG subclass detection to predict
allograft outcome.

Thus, under all these premises, the present study aimed
to investigate the characteristics of circulating anti-HLA
antibodies in a cohort of highly-sensitized patients awaiting
single-kidney transplantation, including the MFI value (neat
and 1:16 diluted-serum), the ability to bind Clq and the IgG1-
4 subclass profile in order to improve our understanding

Abbreviations: DSA, donor-specific anti-HLA antibodies; HLA, human leukocyte of the relationship between the different properties
antigens; MFI, mean fluorescence intensity; SAB, single antigen bead. of antibodies.
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MATERIALS AND METHODS
Serum Samples of the Study Cohort

In this study, analyzed serum samples were obtained from 20
highly-sensitized patients (calculated panel reactive antibody
>75%) awaiting single-kidney transplantation at Reina Sofia
University Hospital (Cordoba, Spain). The study cohort included
11 (55%) males and 9 (45%) females and the mean age was
47.35 + 11.5. At the time of the analysis the mean calculated
panel reactive antibody of all patients was 97.15 + 4.69 by
the Organ Procurement and Transplantation Network database.
The recorded classical HLA sensitization events were previous
transplant in 15 (75%) patients, two of whom had also been poly-
transfused, pregnancy in 4 (20%) patients and multiple blood-
transfusions in 1 (5%) patient. Among all, 9 (45%) had antibodies
against Class I, 4 (20%) against Class II, and 7 (35%) against
Class I + II molecules. Serum samples of each patient were
tested to detect all circulating anti-HLA antibody-specificities
using the standardized SAB-panlgG and a modified SAB-assay
to detect their IgG1-4 subclass composition (SAB-subclass assay).
The Clq-binding ability was assessed by the SAB-Clq assay. All
the analyses were performed using a single batch of reagents. This
study was conducted according to the Declaration of Helsinki
and was approved by the Ethics Committee of the Reina Sofia
University Hospital (ref. 2465). All participants in the study
provided written informed consent.

Detection and Characterization of
Anti-HLA Antibodies by the Standardized
SAB-panlgG Assay: Neat and Diluted Sera

Neat-serum samples were tested to detect the presence of
circulating anti-HLA-A, -B, -Cw, -DR, -DQ, and -DP antibodies.
The standardized SAB-panIgG assay (LABScreen, One Lambda,
Inc.) on a Luminex platform was used to determine anti-
HLA antibody-specificities according to the manufacturer
instructions. Luminex 100 IS version 2.3 was used as data
acquisition software and Fusion 3.3 (One Lambda, Inc.) as
analysis software.

Additionally, since Tambur et al. (22) and Zeevi et al. (29)
reported that the majority of antibody-specificities reaches the
highest MFI value at a 1:16 dilution, we analyzed the 1:16 dilution
of all samples by the standardized SAB-panlgG assay to assess
their true MFI value and avoid the prozone effect. The dilution of
the samples was performed with phosphate buffer saline.

Mean fluorescence intensity (MFI) value >1,000 was the
threshold set for a reaction to be considered positive. MFI = 5,000
was the cut-off set to classify antibodies into weak (MFI < 5,000)
and strong (MFI > 5,000) antibodies.

Detection and Characterization of
Anti-HLA Antibodies by the Standardized
SAB-panlgG Assay: Pre-treatment With
Heat and EDTA

Serum samples were pre-treated to overcome the possible
inhibitory effect caused by several confounding factors other

than the amount of IgG antibodies. For this purpose, neat-
serum samples were pre-heated at 56°C for 30 min and then
analyzed by the standardized SAB-panlgG assay according to
the manufacturer instructions. In addition, neat-serum samples
were tested by the standardized SAB-panIgG assay using EDTA
pre-treatment as previously described (22, 35).

Characterization of the C1qg-Binding Ability
of Anti-HLA Antibodies by the

Standardized SAB-C1q Assay

The Clq-binding ability of anti-HLA antibodies was assessed
using SAB-Cl1q assay (One Lambda, Inc.) on neat-serum samples
according to the manufacturer protocol. All neat-serum samples
were heat pre-treated at 56°C for 30 min as is indicated in
the protocol of the SAB-Clq assay in order to remove any
endogenous Clq. MFI value > 500 was the threshold set for a
Clq-reaction to be considered positive.

Subclass Profile by IgG1-4 SAB-Subclass
Assay

The SAB-subclass assay was performed as previously reported
(36). The standardized SAB-panlgG assay was modified by
replacing the phycoerythrin-conjugated goat anti-human pan-
IgG by specific monoclonal antibodies against IgG1-4 subclasses
(IgG1 clone HP6001, IgG2 clone 31-7-4, 1gG3 clone HP6050,
IgG4 clone HP6025; Southern Biotech). In brief, 20 wL of neat-
serum was mixed with 2.5 L of HLA-coated beads (LABScreen,
One Lambda, Inc.) for 30 min in darkness at room temperature
while being shaken. The beads were washed once for 5min
at 1,300g with 150 pL of wash buffer (One Lambda, Inc.).
After discarding the supernatant, 100 wL of each appropriately
diluted phycoerythrin-labeled anti-IgG1-4 secondary antibody
was added as reported by Lefaucheur et al. (33) and incubated
for 30 min in darkness at room temperature while being shaken.
After one wash, 80 pL of phosphate buffer saline was added to
be acquired on the Luminex platform. All beads showing MFI
values >500 were considered positive. Additionally, we analyzed
the 1:16 dilution of serum samples by the SAB-subclass assay.

Statistical Analysis

Mean and standard deviations were provided for the description
of continuous variables, and total number and frequency for
the description of non-continuous variables. ¥ test was used
to compare qualitative data, while Student’s T-test was used to
compare parametric quantitative data. Pearson’s test was used
as the correlation test. Correlation was classified according to
the correlation coeflicient (r) into weak (r < 0.5), moderate (0.5
> r < 0.75) and strong (r > 0.75) correlation. We considered
the raw MFI value of anti-HLA antibodies in all detection
assays to perform the statistical analyses. All studied sera were
included in the analyses. Values of p < 0.05 were regarded as
statistically significant.
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RESULTS

Analysis of panlgG Anti-HLA Antibodies in

Neat and 1:16 Diluted Sera

The standardized SAB-panlgG assay performed with neat-
serum samples belonging to the 20 HLA-sensitized patients
included in this study defined 1,236 (47.6%) panlgG
antibody-specificities as positive (MFI > 1,000) of the 2,594
Luminex-beads analyzed. Among the 1,236 positive antibody-
specificities, 727 (58.8%) exhibited strong-MFI values (MFI
> 5,000), and 509 (41.2%) were characterized as weak-MFI
antibodies (Figure 1).

Then, the SAB-panlgG assay was performed with the 1:16
diluted-serum samples. The dilution unmasked the presence
of 49 antibody-specificities with strong-MFI values originally
detected as negative (Figure1). As a result, a total of 1,285
antibody-specificities (1,236 detected in neat-sera plus 49
revealed after the dilution) were now regarded as positive.
Furthermore, as shown in Figure 1, 72 (14.1%) of 509 neat-sera
weakly positive antibodies became strong-specificities. Similarly,

the serum dilution cleared the presence of 114 (15.7%) strong-
specificities. Therefore, after the dilution, 235 (18.3%) antibody-
specificities dramatically changed their status: 121 from negative
or weak to strong-specificities and 114 from strong to negative.
Details of the 1,285 antibody-specificities detected, 806 (62.7%)
directed against Class I and 479 (37.3%) against Class II
molecules, are shown in Supplementary Table 1.

Analysis of the C1g-Binding Ability: Effect
of the 1:16 Dilution, EDTA, and Heat

Pre-treatments

As others before us, we explored the relationship between the
Clq-binding ability of antibodies and their strength, measured as
the MFI value. Among the 1,285 positive antibodies pre-defined
by SAB-panlgG, 473 (36.8%) were C1q-positive. Additionally, 13
antibody-specificities undetectable neither in neat nor in diluted-
serum SAB-panlgG assay (Figure 1) were weakly Clq-positive
(908.6 & 253.4). No subclass was identified in any of these 13
specificities, therefore regarded as false positive Clq-reactions

Positive
Neat-MFI>1,000
(n=1,236)

Strong antibodies
Neat-MFI>5,000
(n=727)

MFI,,,=11,082.5£4,622.1

mean’

Diluted-Positive Diluted-Negative

Diluted-MFI>5,000 Diluted-MFI<5,000 Diluted-MFI>5,000

(n=291) (n=322) (n=72)
dMFI,,,=11,201.5%5,255.5 dMFL,,,=2,862.9+1,047.4 dMFI,,,,,=13,414.6£5,949.5
Clq—: 49 Clq—: 229 Clq—:2
Clq+:242 Clq+:93 Clq+:70

the results obtained from SAB-C1q assay on neat-serum samples.

Diluted-Positive

panlgG anti-HLA antibodies
(n=2,594)

Negative
Neat-MFI<1,000
(n=1,358)

Weak antibodies
Neat-MFI<5,000
(n=509)
MFI,,,=2,577.6£1,165.5

mean’

Diluted-Negative Diluted-Positive Diluted-Negative

MFI=1,000 MFI<1,000 MFI=1,000 MFI<1,000 MFI=1,000 MFI<1,000
(n=613) (n=114) (n=173) (n=336) (n=49) (n=1,309)
Clq—: 1,296
Clqg-:114 Clq—:334 Clg#:13
Clg+:0 Clg+:2 MEFI;~908.6£253.4

Diluted-MFI<5,000 Diluted-MFI>5,000 Diluted-MFI<5,000

(n=101) (n=49) (n=0)
dMFI,,,,,=1,909.5£1,092.5 dMFI,,,,=13,910.9+4,160.0
Clg—:0
Clq—: 84 Clq+:49
Clq+:17 MFI(,=24,318.743,442.4

FIGURE 1 | Algorithm of classification of panlgG anti-HLA antibodies analyzed by the standardized single antigen bead (SAB)-panigG assay in neat and 1:16
diluted-serum samples according to the different positivity and strength thresholds set. Diluted and neat-mean fluorescence intensity row values (MFI) of each group of
antibodies are displayed. Within each re-classified group after the 1:16 serum dilution, anti-HLA antibodies were categorized into C1g+ or C1g- (in gray) according to
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and not attributed to the presence of isolated IgM given the
inactivating heat pre-treatment of the serum required to perform
the SAB-Cl1q assay.

The mean MFI value in neat-serum SAB-panlgG assay of C1q-
binding antibodies was significantly higher than that of non-Clq-
binding antibodies (9,204.6 & 6,302.3 vs. 6,193.3 = 4,829.1; p <
0.001). However, the correlation per bead between MFI values
by SAB-panIgG and SAB-C1q assays was weak (rpest = 0.248),
as depicted in Figure 2A. Hence, 29.2% (138/473) of antibody-
specificities capable of binding C1q exhibited weak neat-serum
MFI values, whereas 53.9% (392/727) of strong antibodies were
incapable of binding Clgq.

As expected, after the dilution, the correlation between the
Clqg-binding ability and the strength of antibodies (Figure 2B)
was enhanced (rg; = 0.817). Among the 138 Clq-binding
antibodies exhibiting low neat-serum MFI values in the
standardized SAB-panlgG assay, 119 (86.2%) significantly
increased their MFI value after the dilution (1,777.1 & 1,583.8 vs.
13,747.3 & 5,228.6; p < 0.001). Likewise, the MFI value of the
392 non-Clg-binding strong antibodies significantly decreased
(10,149.1 £ 4,082.3 vs. 2,625.6 & 2,280.7; p < 0.001).

Figure 2 also depicts the effect of heat (Figure2C) and
EDTA (Figure 2D) pre-treatments on the correlation between

the MFI value of panIgG anti-HLA antibodies and the ability to
bind Clq. Both serum pre-treatments increased the correlation
value with respect to that obtained with untreated neat-serum
samples (rheyy = 0.699 and rgpra = 0.656, respectively) and
seem to be particularly useful to prevent the prozone effect.
The correlation per bead between MFI values obtained after
heat and EDTA pre-treatments was noticeably high (r = 0.952;
Supplementary Figure 1).

IgG1-4 Anti-HLA Antibodies
The modified SAB-subclass assay was performed to identify the
IgG1-4 subclass distribution of the 1,285 antibody-specificities
predefined by the standardized SAB-panlgG assay (Table 1). Our
analyses revealed that 1,012 (78.8%) panIgG anti-HLA antibodies
were comprised of at least one IgG1-4 subclass. Of these, IgG1
was by far the most frequent, being present in 95.3% of anti-HLA
antibody-specificities, followed by IgG2 (54.7%), 1gG3 (13.8%),
and IgG4 (13.0%). No subclass was identified in 273 (21.2%)
panlgG antibodies considered as positive, which predictably
exhibited rather low panIgG MFI values (2,774.7 & 2,457.1).
Regarding the IgG subclass patterns, 419 (41.4%) panlgG
positive antibody-specificities were comprised of isolated IgG1-
4 subclasses, whereas the other 593 (58.6%) were comprised of
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TABLE 1 | IgG1-4 subclasses comprising panlgG anti-HLA antibodies analyzed
according to SAB-subclass assay performed on neat-serum samples.

Positive panlgG anti-HLA
antibodies (n = 1,285)

None subclass detected, n (%) 273 (21.2)
Any subclass detected, n (%)? 1,012 (78.8)

I9G1, n (%) 964 (95.9)

19G2, n (%) 554 (54.7)

19G3, n (%) 140 (13.8)

19G4, n (%) 132 (13.0)

19G1-4 patterns?

Isolated subclass, n (%) 419 (41.4)
Isolated 1gG1, n (%) 373 (36.9)
Isolated 19G2, n (%) 5(0.5)
Isolated 19G3, n (%) 36 (3.6)
Isolated 1gG4, n (%) 5(0.5)

Mixture of subclasses, n (%) 593 (58.6)
19G1+1gG2, n (%) 376 (37.2)
19G1+1gG3, n (%) 22 (2.2)
19G1+1gG4, n (%) 21 (2.1)
19G2+1gG3, n (%) 1(0.1)
1gG2+1gG4, n (%) 1(0.1)
19G3+19G4, n (%) 0(0)
19G1+1gG2+1gG3, n (%) 67 (6.6)
19G1+1gG3+1gG4, n (%) 1(0.1)
19G2+1gG3+1gG4, n (%) 0(0)
19G1+1gG2+1gG4, n (%) 91 (9.0)
19G1+1gG2+1gG3+IgG4, n (%) 13(1.9)

4Percentage of antibodies calculated considering only those with at least one
detectable subclass.

a mixture of them. IgG1 + IgG2 was the most common pattern
found, which comprised 37.2% of antibody-specificities, followed
by isolated IgG1l (36.9%). Specificities comprised of a mixture
of the four IgG subclasses (IgGl + IgG2 + I1gG3 + I1gG4)
or of isolated weak/non-Clq-binding subclasses (IgG2 and/or
IgG4) were uncommon (1.3 and 1.1%, respectively). All subclass
patterns are also shown in Table 1.

IgG Subclass Profile, Strength, and
C1qg-Reactivity of Anti-HLA Antibodies

Finally, we thoroughly studied the relationship between the
pattern of IgG subclasses, the Clq-binding ability and the
strength of panlgG anti-HLA antibodies. One of our main
findings was that the presence of strong complement-binding
subclasses (IgG1 and/or IgG3) was particularly high, comprising
1,001 (98.9%) of 1,012 positive panlgG anti-HLA antibody-
specificities with at least one detectable subclass (Table 2).
However, only 470 of them (46.9%) were capable of binding
Clgq, evincing that being potentially able to bind complement
does not involve that an antibody-specificity was really detected
as Clg-positive.

Notwithstanding the significant differences in the proportion
of 1gG1-4 subclasses according to the Clq-binding ability of

anti-HLA antibodies (p < 0.001), the presence of IgG1 and/or
IgG3, the most relevant strong complement-binding subclasses,
was noticeably high in both groups of antibodies. Indeed,
no differences regarding the presence of IgGl and/or IgG3
between the 473 Clq-binding and the 539 non-Clq-binding
antibodies were found (99.4 vs. 98.5%; p = 0.193). Unexpectedly,
whereas IgG2 and/or IgG4 were present in the 78.9% of Clq-
binding antibodies, they were only present in the 38.6% of
non-Clq-binding antibodies (p < 0.001). The presence of a
mixture of IgGl-4 subclasses was more common in Clq-
binding than in non-Clg-binding antibody-specificities (79.5
vs. 40.3%; p < 0.001). In addition, the 1:16 diluted-MFI value
of antibodies comprised of a mixture of IgGl-4 subclasses
was significantly higher than that of antibodies comprised of
isolated subclasses (8,394.5 + 6,520.4 vs. 2,527.2 £ 3,107.2; p
< 0.001). Finally, we found 3/473 (0.6%) positive antibody-
specificities with the ability to bind Clq only comprised of
isolated IgG2, which exhibited high MFI values in the diluted-
sera analysis (22,705.02 £ 9,257.3).

Beyond the profile of IgG subclasses, we explored the
relationship between the IgG subclass strength, measured as the
MFI value, and the C1q-binding ability. Regarding this, Figure 3
shows the correlation per bead between MFI row values of each
IgG1-4 subclass in neat and 1:16 diluted serum-samples and
MFI row values of panIgG anti-HLA antibodies in SAB-Clq
assay. A strong correlation was found between IgGl and the
Clqg-binding ability of antibodies after the dilution (ryg1ai1 =
0.796), revealing the close relationship between the presence of
strong IgG1 comprising an antibody-specificity and its ability to
bind C1q (Figure 3E). Conversely, this association was not found
with regard to IgG3, probably due to its low prevalence (13.8%).
Furthermore, Figure 3F shows that the correlation between the
strength of IgG2 after the sample dilution and the C1q-binding
ability of anti-HLA antibody-specificities was of rjggaqil = 0.758.
This unexpectedly strong correlation could be explained by the
fact that IgG2 was mainly found in combination with IgGl
(Table 2). Moreover, the correlation between the MFI value of
IgG1 and the MFI value of IgG2 in 1:16 diluted-serum samples
was strong (r1gG1-1gG2 = 0.817; Figure 4).

DISCUSSION

In this study, we aimed to elucidate the relationship between
the properties of anti-HLA antibodies detected by the different
solid-phase assays available and clarify those reactions which
have not yet been outlined. Thus far, the data obtained from
solid-phase to characterize the pathogenic potential of circulating
anti-HLA antibodies has been considered too complex and has
led to potential confusion about how to make clinical decisions
(3). Furthermore, although the increased sensitivity of detection
assays has improved transplantation success, waiting times of
sensitized patients have also risen because of the expansion of the
number of their unacceptable mismatches (37).

Among the isotypes of immunoglobulins, IgG is considered
the main effector of humoral rejection through the activation
of the complement pathway (38). Nevertheless, the four IgG
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TABLE 2 | IgG subclass profile of C1g-binding and non-C1g-binding anti-HLA antibodies.

C1qg- (n = 539)2 C1g+ (n = 473)2 P
IgG1-4 subclass profile <0.001
Isolated IgG subclasses, n (%) 322 (59.7) 97 (20.5) <0.001

Isolated 1gG1, n (%) 283 (52.5) 90 (19.0)

Isolated 19G2, n (%) 2(0.4) 3(0.6)

Isolated 19G3, n (%) 32 (5.9) 4(0.8)

Isolated 1gG4, n (%) 5(0.9) 0

Mixture of I9G subclasses, n (%) 217 (40.3) 376 (79.5) <0.001

19G1+1gG2, n (%) 129 (23.9) 247 (52.2)

19G1+1gG3, n (%) 16 (3.0) 6(1.3)

19G1+1gG4, n (%) 16 (3.0) 5(1.1)

19G2+1gG3, n (%) 1(0.2) 0

19G2+1gG4, n (%) 1(0.2) 0

19G3+19G4, n (%) 0 0

19G1+1gG2+1gG3, n (%) 31 (5.8) 36 (7.6)

I9G1+1gG2+IgG4, n (%) 22 (4.1) 69 (14.6)

19G1+1gG3+1gG4, n (%) 1(0.2) 0

19G2+19G3+1gG4, n (%) 0 0

19G1+1gG2+1gG3+IgG4, n (%) 0 13(2.7)
Presence of IgG1 and/or IgG3, n (%) 531 (98.5) 470 (99.4) 0.193
Presence of IgG2 and/or IgG4, n (%) 208 (38.6) 373 (78.9) <0.001

a0nly those antibody-specificities with at least one detectable IgG1-4 subclass were considered. Therefore, 273 non-C1qg-binding anti-HLA antibodies with undetectable IgG subclasses

were excluded from the analysis.

subclasses exhibit different properties (31, 32, 39). Considering
these issues, Chen et al. (40) introduced SAB-Clq as a modified
assay to distinguish those hypothetically more dangerous
complement-binding subclasses (IgG1/IgG3) from those which a
priori suppose an acceptable short-term risk for transplantation
(IgG2/IgG4). Several reports have been published to date
predicting the risk of allograft failure according to the
Clg-binding ability of anti-HLA antibodies before and after
transplantation (24-27). However, some authors suggest that
determining the complement-binding ability to predict the
allograft loss in the clinical practice is unsuccessful (41, 42),
and many others question whether the SAB-Clq assay really
discriminates among IgG subclasses, given the close relationship
observed between the real-strength of antibodies and their ability
to bind C1q (21, 22, 28, 29).

Certainly, we found that the relationship between the neat-
strength and the Clq-binding ability was weak (rpest = 0.248).
Indeed, 29.2% (138/473) of antibodies, usually considered as
low-immunological risk because exhibiting MFI values lower
than 5,000, were able to bind Clq. Moreover, 10.4% (49/473)
were detected as negative. Conversely, 53.9% of antibodies with
strong-MFI values (>5,000), which are habitually forbidden in
the clinical practice, were not able to bind C1q. The dilution of
the serum-samples allowed us to unmask the real-strength of
a considerable proportion of antibodies. Hence, 121 antibodies
changed their status from low-risk specificities with negative
or weak-MFI values to high-risk specificities with strong-MFI
values. Additionally, the 1:16 dilution cleared the presence of
114 specificities exhibiting neat-MFI values >5,000. Therefore,

the dilution provided a better assessment of the strength of
antibodies, which should be taken into consideration in those
pre-transplant studies in which the MFI value is the unique
criterion to ascertain the immunological risk and, although the
correlation with the Clg-binding status was still not totally
perfect (rg; = 0.817), the data support the idea that the ability
to bind Clq is tightly linked to the antibody real-strength. As
depicted in Figure 2, the association between the Clg-binding
ability of antibodies and their strength when pre-treating with
heat and EDTA, even higher with respect to neat-serum (rpes =
0.699 and rgpTa = 0.656, respectively), was not as strong as with
diluted-serum, which could be explained by a lower ability of heat
and EDTA to effectively discriminate between different levels of
antibodies, beyond the usefulness of both methods preventing the
prozone effect.

Regardless of the strength, the IgG subclass composition
should determine the potential complement-binding ability
of antibodies. Considering the strong complement-binding
subclasses (IgG1/IgG3), we identified that these were present in
98.9% of specificities detected, being only 470 of them (46.9%)
capable of binding Clq. Indeed, 98.5% of non-Clq-binding
antibodies with at least one detectable subclass had IgG1 and/or
IgG3 in their profile. Our results were similar to those previously
reported by Schaub et al. (28), who found that a negative
Clq-reaction did not necessarily mean that the considered
antibody was uniquely comprised of subclasses without the
ability to activate the complement pathway. Unexpectedly, we
found that IgG2 and/or IgG4 more frequently comprised Clq-
binding than non-Clq-binding antibodies (78.9 vs. 38.6%; p <
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0.001). Likewise, the presence of a mixture of IgG1-4 subclasses
was more common in Clg-binding antibody-specificities (79.5
vs. 40.3%; p < 0.001). Antibodies comprised of a mixture
of subclasses could be a sign of the more advanced immune

response, stimulated by a longer and more intense antigen
exposure (39). As others before us (28, 33, 36, 43, 44), we found
that the presence of isolated IgG2 and/or IgG4 subclasses was
particularly low (1.1%). We also confirmed previous studies (33,
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FIGURE 4 | Correlation between mean fluorescence intensity (MFI) row values
of IgG1 and MFI row values of IgG2 comprising panlgG anti-HLA antibodies
and obtained by single antigen bead (SAB)-subclass assay in 1:16
diluted-serum samples. MFI values were graphed in a log-scatter plot.
Correlation was assessed using Pearson’s correlation.

36) showing that positive panlgG antibodies without detectable
IgG subclasses exhibited low MFI values, which might reflect the
different sensitivity of the detection tests used.

Given that all these findings suggest that the complement-
binding ability may not be merely explained by differences in
the subclass composition, since both Clq-binding and non-
Clqg-binding antibodies were comprised of similar proportions
of complement-binding subclasses (IgG1/IgG3), we decided to
explore the strength of them (Figure 3). Our results demonstrate
that the strength of IgG1, measured as the MFI value, exhibited
the strongest correlation with the C1q-binding ability of panIgG
antibodies, particularly after diluting the samples (rigg1 =
0.539 and riggiai = 0.796). Despite the widely proven strong
complement-binding ability of IgG3, its presence is unlikely to
explain the complement-binding ability of a particular specificity
due to its low prevalence (13.8%) and the low MFI value exhibited
(Figure 3C). The evolution of IgG subclass switching follows the
following sequence: IgG3— IgGl— IgG2— IgG4 (39). We
hypothesize that IgG3 is badly detectable because it is the first
in order of class-switching and it has the shortest half-life in
circulation (31).

It is widely described that triggering complement depends on
the antigen density/epitopes and the concentration of antibodies
(30). Wang et al. (45) elegantly revealed that the formation of
C1q:IgG complexes predominantly assembles at a stoichiometry
of 1:6. In the context of Luminex-beads, the Clq-binding must
mainly depend on the density of antibodies bound to their
target antigens on the bead surface, which in turn depends
on their strength (amount, affinity, and avidity). Hence, high
titers of strong Clq-binding subclasses, particularly IgG1, alone
or combined with other IgG subclasses, mainly IgG2, may
compose the hexamer formation to efficiently recruit the Clq

protein. These results are in line with those recently reported
by Ponsirenas et al. (46), who, although without revealing
the real-strength of IgG subclasses diluting serum-samples,
found that Clq-binding was detected in high MFI antibodies
comprised of IgG1 or multiple IgG subclasses. Only under certain
conditions such as increased concentration of immunoglobulin,
even IgG2 could effectively activate the complement (30). The
Clg-positivity observed in the three beads comprised uniquely
of IgG2 might be due to a considerable high strength of this
subclass. However, these are extremely uncommon cases (0.6%).
Beyond the antibody load, we found that the correlation of
the IgGl1 strength with the Clq-binding status was significantly
different between HLA-loci (p < 0.001). In this regard, the best
correlation was obtained for HLA-DQ antigen beads, as depicted
in Supplementary Figure 2. These findings reinforce the premise
that the Clqg-binding ability of anti-HLA antibodies, defined
by SAB-Clq assay, must also be affected by a different relative
density of HLA antigens coating the bead surface.

The main limitation of our study was that we could not
performed serial dilutions analyses to determine the titer of each
antibody-specificity. The literature describes that the majority
of antibody-specificities reaches the highest MFI value at a
1:16 dilution (22, 29), but some may be even more affected
by the prozone effect. Furthermore, we did not study the
correlation between the properties of antibodies and the allograft
outcome. However, it was not our main purpose but to try
to explain those until now incomprehensible reactions. Finally,
although the cohort size was low and the number of antibodies
analyzed was limited, the data obtained were enough to improve
our knowledge about the relationship between the different
properties of antibodies.

In conclusion, almost all antibodies are comprised by strongly
complement-binding subclasses, mainly IgG1, regardless of their
Clqg-binding status. In contrast, the presence of IgG2/IgG4,
weak and non-Clg-binding subclasses, respectively, is more
commonly found in Clq-binding antibodies. The real strength
of IgGl, alone or, more usually combined with IgG2, and
not the IgG1-4 profile itself, comprising an antibody-specificity
is which best correlates with its ability to bind Clq. Clqg-
binding antibodies exhibiting true low MFI value are not
found, suggesting that this is an extremely uncommon event.
Thus far, different antibody properties characterized by the
available detection assays have been evaluated in an attempt
to improve the immunological risk assessment under the
presumption that they are unrelated. Herein, we demonstrate
a close relationship between the circulating antibody strength,
which could be better estimated by the measurement of the MFI
value obtained after the serum dilution, the presence of a mixture
of IgG subclasses, beyond the quasy omnipresent IgG1, and the
Clqg-binding ability.
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Evaluating the biophysical and functional nature of IgG is key to defining correlates of
protection in infectious disease, and autoimmunity research cohorts, as well as vaccine
efficacy trials. These studies often require small quantities of IgG to be purified from
plasma for downstream analysis with high throughput immunoaffinity formats which elute
IgG at low-pH, such as Protein G and Protein A. Herein we sought to compare Protein G
purification of IgG with an immunoaffinity method which elutes at physiological pH (Melon
Gel). Critical factors impacting Fc functionality with the potential to significantly influence
FcyR binding, such as IgG subclass distribution, N-glycosylation, aggregation, and IgG
conformational changes were investigated and compared. We observed that transient
exposure of IgG to the low-pH elution buffer, used during the Protein G purification
process, artificially enhanced recognition of Fcy Receptors (FcyRs) as demonstrated
by Surface Plasmon Resonance (SPR), FcyR dimer ELISA, and a functional cell-based
assay. Furthermore, low-pH exposed IgG caused conformational changes resulting in
increased aggregation and hydrophobicity; factors likely to contribute to the observed
enhanced interaction with FcyRs. These results highlight that methods employed to purify
lgG can significantly alter FcyR-binding behavior and biological activity and suggest that
the IgG purification approach selected may be a previously overlooked factor contributing
to the poor reproducibility across current assays employed to evaluate Fc-mediated
antibody effector functions.

Keywords: Fcy receptors, IgG purification, protein G, melon gel, antibody, antibody dependent cellular
phagocytosis (ADCP), Fc functions

Frontiers in Immunology | www.frontiersin.org 29

October 2019 | Volume 10 | Article 2415


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.02415
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.02415&domain=pdf&date_stamp=2019-10-11
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:awchung@unimelb.edu.au
https://doi.org/10.3389/fimmu.2019.02415
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02415/full
http://loop.frontiersin.org/people/778300/overview
http://loop.frontiersin.org/people/412972/overview
http://loop.frontiersin.org/people/432794/overview
http://loop.frontiersin.org/people/438599/overview
http://loop.frontiersin.org/people/559990/overview
http://loop.frontiersin.org/people/43341/overview
http://loop.frontiersin.org/people/439141/overview

Lopez et al.

Low pH Enhances IgG-Fc

INTRODUCTION

Antibodies are commonly purified prior to analysis, and high
throughput easy to use immunoafhinity formats for small-scale
purification of IgG have become increasingly popular. This is
especially the case where purification of small quantities of IgG
from plasma are required for various assays and downstream
analysis. Purified IgG is often studied in large cohorts and vaccine
trials, where the efficiency of antibody-induced effector functions
are evaluated and compared.

Diverse approaches exist for the purification of IgG from
plasma, other biological fluids, and culture medium. These
include ammonium sulfate precipitation, ion exchange
chromatography, and affinity purification on immobilized
Protein A and Protein G. A relatively recent, novel approach
however is the use of Melon Gel, a proprietary resin chemistry
and optimized buffer system (Thermo Fisher Scientific, USA).
In contrast with positive selection methods such as Protein
G and Protein A, Melon Gel binds all non-y-globulin and
plasma proteins while allowing purified IgG to be collected
in the flow-through fraction. This method presents several
potential advantages, in particular the absence of harsh low pH
elution conditions commonly used during IgG immunoaffinity
purification procedures such as Protein G. In contrast, Protein
G aflinity matrices for purification of IgG consist of a bacterial
protein which primarily binds IgG at the at the Cy2/Cy3
interface (1), as well as to a low-affinity site in the Cy1l domain
(2). Several studies have highlighted potentially undesirable
consequences of exposing IgG to low pH, and it has been
suggested that Protein A and Protein G immunoaffinity
methods which elute in the range of pH 2-3 should be
reconsidered (3-7). This concern has arisen from findings that
exposure to low pH results in partial denaturation, dramatic
alteration of antigen-binding behavior, and conformational
changes leading to aggregation (6-9). This concern is further
highlighted by high-resolution NMR demonstrating that
the second constant domain (Cy2) of IgG collapses entirely
at pH 3.1 (8) while remaining intact at pH 3.5 and above.
What effect these widely used purification approaches have
on functional activity is however, poorly understood. A small
number of studies on the antigen binding region of IgG
have demonstrated that low-pH IgG purification approaches
dramatically alter F(ab’), antigen recognition (5, 10, 11).
Whether Fc dependent functions are also altered following IgG
purification and low-pH elution, to our knowledge has not
been investigated.

Several important functions of the immune system are
associated with the Fc portion of IgG, such as binding to
complement and Fcy receptors (FcyRs). FcyRs play a central
role in the immune system by connecting humoral and cell-
based innate immunity, and the binding kinetics of IgG-
FcyR interactions are key indicators of antibody functional
performance. Crystal structures of the Fc fragment have proposed
that FcyR bind asymmetrically to the top region of the Cy2
domain, and the adjacent lower hinge of IgG (12, 13). The
Cy2/Cy3 interface of the IgG Fc binds both Protein G and
Protein A. Considering the aforementioned effects of low pH

immunoaffinity methods, particularly the stability of the Cy2
domain critical in FcyRs binding, it was hypothesized that
exposure to low pH during Protein G purification might result
in altered FcyR interactions, similar to the altered antigen
recognition by the F(ab’)2 region observed in other studies
(5, 10, 11). Herein we compare the traditional Protein G
immunoaffinity method of purifying IgG from plasma, with
a method which elutes at physiological pH (Melon Gel).
For both methods FcyR interactions were examined, and
well-recognized factors impacting Fc tail functionality with
the potential to significantly influence IgG binding; such as
IgG subclass distribution, N-glycosylation, and aggregation,
were compared.

MATERIALS AND METHODS

Plasma Samples

Subsets of plasma samples used for this study were obtained
from a previously published influenza vaccine cohort (14),
consisting of 30 healthy HIV uninfected subjects, and 27 HIV
positive subjects recently vaccinated against influenza. Ethics
approval was provided by the Alfred Health and University
of Melbourne Human Ethics Committees (IDs 432/14 and
1443420). All samples were collected at mean 28 days post
vaccination with an intramuscular injection of trivalent
influenza vaccine (Fluvax; bio-CSL, Australia) containing 15
ug of hemagglutinin (HA) from A/California/7/2009 (HIN1),
A/South Australia/55/2014 (H3N2), and B/Phuket/3073/2013.
A/South Australia/55/2014 is an A/Switzerland/9715293/2013
(H3N2)-like virus selected for inclusion in trivalent influenza
vaccines for the Southern Hemisphere, with only a single
K207R mutation (H3 numbering) differentiating these two
antigenically similar strains. Thus A/Switzerland/9715293/2013
(H3N2) was used as a substitute HA antigen within
this study.

IgG Purification

IgG was purified from plasma samples from healthy individuals,
or from HIV positive individuals (14), via Protein G
chromatography (Protein G HP Multitrap, GE Healthcare,
Sweden) and Melon Gel chromatography (Melon Gel IgG
Purification Kit, Thermo Fisher Scientific, USA). For Protein G
sepharose purification, plasma was diluted 2-fold with binding
buffer (20mM sodium phosphate, pH 7.0) and incubated
for 1h. IgG was eluted with 0.1M glycine-HCl (pH 2.7),
into neutralizing buffer (1M Tris-HCI, pH 9.0). IgG was
purified from plasma samples by Melon Gel purification
according to the manufacturer’s protocol. Briefly, serum
samples were diluted 1:10 and the diluted serum was added
to a minispin column containing the Melon Gel resin. After
5min incubation, the purified IgG was collected in the
flow through following the manufacturer’s instructions.
Eluted IgG (Protein G) and flow through (Melon Gel) were
concentrated, and buffer exchanged into PBS using a 30
kDa Amicon Ultra centrifugal filter (Millipore, USA). IgG
concentrations were quantitated using the Human-IgG ELISA
kit (Mabtech, Sweden).
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Fcy Receptor-Binding Kinetics of Protein G
and Melon Gel Purified IgG

The kinetic constants of the interaction of Melon Gel and Protein
G purified IgG and the low and high affinity variants of FcyRIIIa
or FcyRIla were determined by surface plasmon resonance
BIACORE 3000; (GE Healthcare, Sweden). Biotinylated FcyRs
>95% pure based on SDS-PAGE (SinoBiological Inc, China)
were immobilized on a streptavidin sensor chip (GE Healthcare,
Sweden) at a flow rate of 10 wl/min, with flow cell one left
blank as a reference surface. Each FcyR was immobilized at the
following ligand densities FcyRIIaH131: 270 RU, FcyRIIaR131:
917 RU, FcyRIIIa F158: 798 RU, and FcyRIIIaV158: 660 RU.
To collect kinetic binding data, each analyte (purified IgG) in
10 mM HEPES, 150 mM NaCl, 0.005% P20, 0.1% Tween 20 pH
7.4, was injected over flow cells at concentrations of 333.3, 166.7,
83.3, 41.7, and 20.8nM at a flow rate of 30 wl/min, and at
a temperature of 25°C. For the FcyRIIla ligands, the IgG was
allowed to associate and dissociate for 120 and 360 s, respectively.
The surfaces were regenerated with 2 x 5 pl injections of 10 mM
Glycine HCI pH 2.25, for Protein G purified samples, and a single
5 pl injection of 10 mM Glycine HCl pH 3.0 for Melon Gel
samples. For the FcyRIla ligands, the complex was allowed to
associate and dissociate for 120 and 360 s, respectively, and the
surfaces were regenerated with 3 x 5 pl injections of 10 mM
NaOH for Protein G, and a single 5 pl injection of 10 mM Glycine
HCI pH 3.0 for Melon Gel samples. Data was double referenced
and globally fitted to a 1:1 interaction model with Scrubber2
software (BioLogic Software, Australia).

Real-Time Interaction Analysis of the
Binding of IgG to FcyRIla Exposed to
Varying pH

Melon Gel purified IgG (9.5 mg/ml) (pooled from plasma of
healthy individuals) was exposed to 0.1 M glycine buffer (low pH
1.5, to high pH 9.5) for 1 min. The pH was then adjusted to pH
7.0 and the samples were buffer exchanged into PBS. Binding
to the higher affinity variant of FcyRIIa-H131 was determined
by surface plasmon resonance on a BIACORE 3000 (GE
Healthcare, Sweden). ~200RU FcyRIIaH131 was immobilized on
a streptavidin sensor chip (GE Healthcare, Sweden). IgG samples
were diluted in 10 mM HEPES, 150 mM NaCl, 0.005% P20 pH
7.4 and run over flow cells at a concentration of 333.3nM at a
flow rate of 30 wl/min. For the native sample, a 1 in 100 dilution
of a plasma pool was used. The IgG complexes were allowed to
associate and dissociate for 120 and 300 s, respectively.

FcyR Dimer Receptor ELISA

An ELISA previously described (12, 15, 16) was used to
characterize the FcyR potential functional capacity of IgG
purified by Melon gel and Protein G from plasma. This assay
employs dimeric recombinant soluble FcyR proteins (rsFcyR)
to evaluate and model the cross-linking of antibody Fc with
FcyRs as a measure of their potential to activate effector cells.
Briefly, biotin tagged recombinant soluble homodimers of either
FcyRlIlla or FcyRIla were used to quantitate the FcyR-binding
capacity of purified IgG from the subjects bound to influenza HA

H3N2 (A/Switzerland/9715293/2013, Sinobiological Inc, China),
or of HIV exposed individuals to HIV-1 gar gp120 (NIH-AIDS
Reagent Repository, USA). The influenza or HIV antigens were
prepared in PBS and adsorbed (50 ng/well) to 96 well plates
(Nunc™ MaxiSorp™, Denmark) Wells were washed with PBS
containing 0.05% Tween 20 and blocked with PBS containing
1 mM EDTA and 1% (w/v) BSA (Sigma-Aldrich, USA). Purified
IgG samples were serially diluted from a starting concentration
of 100-12.5 pg/ml, and then incubated for 1h at 37°C. Plates
were washed five times with PBS containing 0.05% Tween-
20, and the Ab-bound plates were subsequently incubated with
0.1 pg/ml purified dimeric rsFcyRIIIa V158-biotin or 0.2 pg/ml
purified dimeric rsFcyRIIa H131-biotin in PBS containing 1 mM
EDTA, 0.05% Tween-20, and 1% (w/v) BSA for 1h at 37°C.
Following incubation plates were washed five times and High
Sensitivity Streptavidin (Thermo Fisher Scientific, USA) 1/10,000
in diluent buffer was added for 1h at 37°C. Plates were washed
eight times and then developed with TMB Single Solution
(Sigma-Aldrich, USA). The reaction was stopped by addition
of 1M HCI, and absorbance at 450nm was determined. A
standard curve was used to determine the geometric mean
FcyR activating capacity of each IgG preparation, with standard
curves generated with pooled human IgG: IVIg (Privigen®,
CSL Behring, Australia), and HIV IgG (NIH-AIDS Reagent
Repository, USA), respectively.

Antibody Dependent Cellular Phagocytosis

Assay (ADCP)

The THP-1 ADCP phagocytosis assay was performed as
previously described (17). Briefly, Influenza HA protein H3N2
A/Switzerland/9715293/2013  (Sinobiological Inc, China),
was biotinylated using the EZ-Link Sulfo-NHS-LC-Biotin kit
(Thermo Fisher Scientific, USA) following manufacturer’s
recommendations. Biotinylated HA antigen was then incubated
overnight at 4°C with fluorescent 1M neutravidin beads
(Molecular Probes Inc, USA), and subsequently washed twice to
remove unbound antigen. Purified IgG (10 g/ml) was added
to each well, and the plate was incubated for 2h at 37°C in
order to allow antibodies to bind to the beads. Controls with
no IgG antibody, and with unconjugated beads were also run
to determine background phagocytosis of the beads. 1 x 10°
THP-1 cells (monocytic cell line, ATCC TIB-202) were then
added to each well, and the plate was incubated overnight at
37°C. Following incubation, cells were fixed in 1% formaldehyde
before being acquired on a LSR Fortessa (BD Biosciences,
USA) Flow cytometer. Flow cytometry data was analyzed using
FlowJo analysis software version 10.5.3. Phagocytic scores were
calculated as the geometric mean fluorescent intensity (MFI) of
the beads multiplied by the percentage bead uptake. As a control
to rule out any possible contaminating differentiating factors in
the purified IgG samples, each sample was also preincubated
with unconjugated beads, and any non-specific background for
each sample was subtracted. Both the percentage of THP-1 cells
that ingested one or more beads (percent bead positive), and
the “mean phago score,” which was calculated by determining
the percentage of cells that were bead-positive, and multiplying
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by the mean fluorescence intensity (to provide a convenient
quantitative measure of net phagocytosis), was determined for
each duplicate sample. For ease of presentation, these scores
were then divided by 10°.

Antibody Isotyping

Purified IgG or plasma samples were simultaneously quantified
for IgGi, IgGy, IgGs, 1gGs, IgA, and IgM using the Bio-
Plex Pro™ Human Isotyping Panel, 6-plex kit (Bio-Rad, USA),
according to the protocol provided by the manufacturer. Purified
IgG and plasma samples were diluted 1/10,000 and 1/40,000,
respectively. Plates were washed using a magnetic plate-washer
(Bio-Plex Pro Wash station, Bio-rad, USA), read on a Bio-
plex MAGPIX instrument, and analyzed on Bio-Plex Manager
6.1.1 (Bio-Rad, USA) software. The proportion of each IgG
subclass was calculated as a total percentage of the sum of the
concentration of all the four IgG subclasses.

Mass Spectrometry of IgG N-glycans

SP3 Protein Clean Up and In-solution Digestion

Four Melon Gel and four matched Protein G IgG preparations
(10 pg) were prepared for MS analysis using a modified SP3
sample preparation approach (18, 19). Briefly, samples were first
denatured and reduced using 1% SDS, 10mM DTT, 100 mM
HEPES by boiling at 95°C, 1,000 rpm for 10min. Samples
were then cooled and alkylated with 40 mM 2-chloroacetamide
(CAA) for 1h at RT in the dark. The alkylation reactions
were then quenched with 40 mM DTT for 10min and then
samples precipitated on to SeraMag Speed Beads (GE Healthcare,
USA) with ethanol (final concentration 50% v/v). Samples
were shaken for 10 min to allow complete precipitation onto
beads, and then washed three times with 80% ethanol. The
precipitated protein covered beads were then resuspended in
100 mM Ammonium Bicarbonate containing 1 pg of trypsin 1/10
(w/w) (Sigma-Aldrich, USA), and allowed to digest overnight
at 37°C. Upon completion of the digests, samples were spun
down at 14,000 g for 5min to pellet the beads. The supernatant
was then collected and desalted using homemade C18 stage tips
(20) before being dried down and stored until analyzed by LC-
MS. Prior to loading, samples were reconstituted in MS running
buffer [2% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA)]
to a concentration of 0.5 pg/pl of which 2 pg (4 pl) was loaded
for analysis.

iBAQ Proteome and Glycoform Analysis by
LC-MS

Purified peptides were resuspended in Buffer A and separated
using a two-column chromatography set up comprising a
PepMapl100 C18 20mm x 75pm trap and a PepMap C18
500 mm x 75pum analytical column (ThermoFisher Scientific).
Samples were concentrated onto the trap column at 5 pl/min
for 6min and infused into either an Orbitrap Elite™ Mass
Spectrometer (ThermoFisher Scientific) for iBAQ based analysis
or an Orbitrap Fusion™ Lumos™ Tribrid™ (ThermoFisher
Scientific) for glycopeptide analysis at 300 nl/min via the
analytical column using a Dionex Ultimate 3000 UPLC
(ThermoFisher Scientific). Sixty-five minutes gradients were run

altering the buffer composition from 1% buffer B to 28% B over
35 min, then from 28% B to 40% B over 10 min, then from 40%
B to 100% B over 2 min, the composition was held at 100% B
for 3 min, and then dropped to 3% B over 5min and held at 3%
B for another 10 min. The Orbitrap Elite™ Mass Spectrometer
was operated in a data-dependent mode automatically switching
between the acquisition of a single Orbitrap MS1 scan (120,000
resolution) followed by 20 data-dependent CID MS2 events
(NCE 35) with 30s dynamic exclusion enabled. The Orbitrap
FusionTM LumosTM Mass Spectrometer was operated in a data-
dependent mode automatically switching between the acquisition
of a single FTMS MS1 scan (120,000 resolution) every 3s and
MS2 HCD fragmentation (NCE 30, a maximum injection time of
22 ms and AGC of 2 x 105) with 30 s dynamic exclusion enabled.
If the HexNAc oxonium ion (m/z 204.087) and it associated ions
m/z 186.075 and m/z 168.065 were detected within an HCD scan
the putative glycopeptide precursor was subjected to addition
characterization using ITMS CID (NCE 35) and FTMS EThcD
(using charge dependent ETD reaction times, HCD NCE 25, a
maximum injection time of 250 ms and AGC of 2 x 105).

Mass Spectrometry Data Analysis

For proteomic comparison of IgG preparations MS raw files
were searched against the UNIPROT human proteome databases
(UP000005640, downloaded July 2017) wusing MaxQuant
[version 1.5.3.3 (21)]. Searches were performed using cysteine
carbamidomethylation as a fixed modification, methionine
oxidation and N-terminal acetylation as variable modifications
with trypsin specificity and a maximum of two miss-cleavage
events. The default MaxQuant instrument setting for Orbitrap
FTMS (MSI1 tolerance of £20 ppm for the first search and 4.5
ppm for the main search) and ITMS (MS1 tolerance of £0.6 Da)
were used with the resulting data filtered to a False discovery
rates (FDR) of 1% at the protein and peptide levels. To enable the
assessment of relative protein amount within IgG preparations
the IBAQ (22) setting was enabled. The resulting output file was
then imported into R for generation for data visualization.

The identification of IgG glycoforms within IgG preparations
were accomplished using Byonic [Protein Metrics, version 3.4
(23)]. Each MS raw file was searched with a MSI tolerance
of 10 ppm and a tolerance of £20 ppm was allowed for
both HCD and EThCD MS2 scans. Searches were performed
using cysteine carbamidomethylation as a fixed modification,
methionine oxidation as a variable modification in addition
to allowing N-linked glycosylation on asparagine. The default
Byonic human N-linked no multiple fucose glycan database,
which is composed of 182 mammalian N-glycans compiled from
literature sources (7-10), was used. The proteases specificity
was set to full trypsin specificity and a maximum of two miss-
cleavage events allowed. Data searched against the UNIPROT
human proteome databases (UP000005640, downloaded July
2017). Search was filtered to a 1% protein FDR as set in the
Byonic parameters with the final results collated using R with
an additional filtering step to remove glycopeptide assignments
with Byonic score below 150 [as suggested by Lee et al. (24)]
applied to remove low quality glycopeptide assignments and
ensure a <1% FDR.
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Only glycopeptides of the main IgG subclass IgG; were
examined, as the other subclasses were confounded by the fact
that in Caucasian populations the tryptic glycopeptide of 1gG3
generally has the same peptide sequence as IgG, (25), and
IgGy4 counts were poor for many of the glycopeptides. Fc IgG1
glycosylation at site N180 was compared across all samples.
To compare glycosylation, peptide spectrum matches (PSM)
i.e,, the count of each time the glycopeptides were identified
was quantified. To permit comparison across the samples, all
samples were normalized to total count (sum of each time
the glycopeptide is identified across the samples). Glycosylation
features were calculated from the data: fucosylation (% of glycans
bearing a core fucose), bisection (% of glycans with a bisecting
GIcNAc), and sialylation (% of antennae carrying a sialic acid).

Protein Aggregation Assay

A pool of Melon Gel purified IgG (9.5 mg/ml) was aggregated
at 65°C for 30min. At this point, the IgG was considered
100% aggregated (26). The aggregated IgG was then added in
various proportions to unaggregated monomeric IgG to achieve
percentages of aggregation, in order to create a standard curve
as described by the manufacturer of 100, 80, 40, 20, 10.5,
2.5, and 0% aggregated IgG. Two microliters of ProteoStat®
Fluorescent Dye (Enzo Life Sciences, USA) was added to
each test sample containing 200 ug/ml of IgG in a 96-well
black, clear flat-bottomed plate (Greiner Bio-One, Austria). This
dye is widely used to detect protein aggregates (27) and is
benchmarked with IgG by the manufacturer (28). The microplate
containing test samples was incubated in the dark for 15min
at room temperature. Samples were excited at 530 nm and
emission was read at 605 nm on a FLUOstar plate reader (BMG
Labtech, Germany).

ANS Fluorescence

Melon Gel or Protein G purified IgG samples were prepared
at 2puM and incubated with 32uM of 8-Anilino-1-
naphthalenesulfonic acid (ANS) (Sigma-Aldrich, USA) in a
clear bottom, black, non-binding 96 well plate (Greiner Bio One,
Austria). For endpoint measurement samples were excited at
388 nm and Emission at 500 nm was recorded. The fluorescence
emission spectra of ANS was also recorded between 400 and
600 nm on a CLARIOstar plate reader (BMG Labtech, Germany).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, San Diego CA, USA). Data are summarized
using descriptive measures such as median + IQR (interquartile
range), mean *+ SD, and percentage (%). Spearman’s rank
correlations were used to examine bivariate associations between
variables. Wilcoxon matched pair signed rank tests were used to
compare Melon Gel and Protein G data. The Friedman test with
Dunn’s multiple comparisons was used to compare data obtained
from the IgG subclass analysis. In all cases P-values <0.05 were
considered to indicate statistical significance. In figures, asterisks
denote statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001;
% p < 0.0001; ns = not significant) with comparisons specified
by connecting lines.

RESULTS

Low-pH Exposure in Protein G Purified
Samples Induces Aggregation of IgG

Potential differences in aggregation between Melon Gel and
Protein G purified IgG were examined using a fluorescent
dye, ProteoStat® (Enzo Life Sciences, USA). The fraction of
aggregation in Melon Gel purified IgG from a subset of healthy
serum samples (n = 8) was compared with that of equivalent
IgG samples purified using Protein G. The Protein G purified
samples were found to contain ~6-fold more aggregates than
the Melon Gel purified IgG (Protein G median = 18.2 vs.
Melon Gel median = 3.3, p = 0.0078; Figure 1A). In order
to confirm the pH dependency of an aggregation affect, Melon
Gel IgG was additionally exposed to the low pH elution buffer.
When Melon Gel purified IgG was transiently exposed to the
low-pH buffer conditions (pH 2.7) used in the elution of IgG
in the Protein G purification process, the fluorescence of the
ProteoStat® aggregate reporter dye almost doubled within a
1 min exposure and was increased 3-fold by 5min (Figure 1B).
The low pH elution step in the Protein G purification process is
thus likely to strongly contribute to the higher aggregate content
of IgG purified using Protein G.

Low pH Exposure Increases IgG
Hydrophobicity as Evaluated by
8-anilnonaphthalene-1-sulfonate (ANS)

Fluorescence

ANS is a fluorescent molecular probe which can change its
fluorescent properties as it binds to hydrophobic regions of
proteins, thereby making it a useful tool to study conformational
changes. ANS was therefore used as a probe to evaluate whether
low-pH buffer exposure during the Protein G purification process
exposed new hydrophobic sites on IgG. Protein G samples
incubated in the presence of ANS exhibited a significantly higher
fluorescence in comparison to Melon Gel purified IgG samples
(Figure 2 p = 0.0078). Increased fluorescence intensity and a
blue shift in the fluorescence maxima were also observed in the
spectral scan recorded after excitation at 388 nm (Figure 3A),
demonstrating the increased hydrophobicity of low-pH buffer-
exposed IgG molecules. To confirm the low-pH dependency of
this effect, a Melon Gel sample was also exposed to low pH for 1
and 5 min, and was also found to exhibit the same increased ANS
fluorescence, consistent with an increased hydrophobicity upon
exposure to low-pH (Figure 3B).

Aberrant Kinetics of Protein G Purified IgG

With Immobilized FcyRllla and FcyRlla

Protein G and Melon Gel purified IgG are widely used for the
evaluation of antibody function, with many important functions
mediated via Fc receptors. Whether the IgG purification method
employed had any effect on the binding of purified IgG to Fc
receptors was examined using surface plasmon resonance (SPR).
The different Fc binding ectodomains of the allelic variants
of FcyRIlla and FcyRIla were immobilized and reacted with
either Protein G or Melon Gel purified IgG. Inspection of
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FIGURE 1 | (A) Median + IQR IgG aggregation observed from a set of n = 8 matched paired samples of plasma IgG purified via Melon Gel and Protein G.
(B) Increasing fluorescence with low pH exposure of a Melon Gel sample after 1 and 5min. Mean + SD of a of duplicate samples, exposed to Protein G elution buffer
(0.1 M glycine-HCI, pH 2.7) and then neutralized with 1 M Tris-HCI, pH 9.0.
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FIGURE 2 | Low-pH buffer exposure of IgG results in an enhanced
hydrophobic effect. Median + IQR fluorescence intensity of 32 wM ANS in the
presence 2 uM of n = 8 matched purified Melon Gel and Protein G samples.

representative sensograms (Figure 4) and the apparent binding
constants derived from the analysis of n = 15 IgG samples
(Figure 5), found stronger binding by the Protein G purified
samples. Most striking was Protein G purified IgG binding profile
to immobilized FcyRIla, where the bound analyte dissociated
more slowly and the apparent Kp®P obtained was about 20-
fold lower than that of the Melon gel purified IgG (p < 0.0001).
Notably, even the Melon Gel purified IgG showed biphasic
binding profiles to immobilized FcyRIIa, that is characteristic of
multivalent binding of aggregates but with a much smaller slow
association and faster dissociation component than the Protein
G-IgG. Nevertheless, even the low 3.3% level of aggregates in
the Melon Gel purified IgG affected the binding sensograms and
results in a higher apparent binding strength (FcyRIla H131
Kp?P = 0.14 wM and R131 Kp?PP = 0.24 wM) when fitted to

a 1:1 binding model, than the known micromolar binding of
this receptor (13, 29). FcyRIIIa has higher affinity for IgG-Fc
than FcyRIIa but also showed divergent binding sensograms for
Protein G and Melon gel purified IgG, although this was less
extreme than for FcyRIla. The Kp®PP of the Protein G IgG was
over 2-fold lower (p < 0.0001), again consistent with the higher
level of aggregates in this preparation contributing to stronger
apparent binding to FcyRIIIa.

IgG Exposure to Low-pH Produces
Aberrant Binding Kinetics With

Immobilized FcyRlla

The effect of the low pH elution buffer used in the Protein G
purification process was evaluated by exposing IgG to the low-
pH elution buffer, and the pH dependency of the binding to
FcyRIla was investigated. Here the binding profiles obtained
after single injections of a pool of IgG purified via Melon
gel transiently exposed to a range of low to high pH buffer
were compared. Transient exposure of IgG at a pH of 1.5
or 2.5 strongly increased the binding of IgG to FcyRlIla, as
evident by comparing the dissociation curve of the interaction
to a pH of 3.5 and above (Figure 6). Pooled Melon gel IgG
was also exposed to the binding buffer used in the Protein
G purification procedure (20 mM sodium phosphate, pH 7.0),
displaying a similar profile to that observed here at pH
7.5 (Figure S1).

IgG Aggregates in Protein G Preparations

Show Increased Dimeric FcyR Binding

Dimeric rsFcyR ectodomains have been used as a serological
approach to evaluate the functional, FcyR-activating, capacity
of IgG-immune complexes. The binding of dimeric rsFcyR
ectodomains in an ELISA requires avid binding to pairs of
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IgG-Fcs. Having found by SPR that aggregates in Protein G
purified IgG bind avidly to FcyRs, the dimeric rsFcyR assay
was employed to predict if these aggregates might also have
FcyR activating capacity. Recombinant soluble biotin tagged
homodimers of either FcyRIIIa or FcyRIIa high affinity variants
were used to quantitate and compare the activating potential
of IgG purified using the two distinct purification methods.
IgG from 28 healthy individuals purified via Protein G and
Melon Gel were incubated with Influenza H3 Switzerland
hemagglutinin (HA) immobilized to ELSA plates and the
capacity of these antigen immune complexes to bind dimeric
rsFcyRs was measured. Increased binding to the Protein G IgG-
immune complexes was observed for both dimeric rsFcyRIIla
and dimeric rsFcyRIla (p < 0.0001, Figures7A,B). Thus,
HA-specific IgG in the Protein G preparations include some
aggregated material which retains HA binding activity, and by
virtue of aggregation, artefactually elevates binding avidity to
FcyRs. This observation was extended using a second separate
cohort consisting of plasma samples from 25 HIV positive

individuals, from which polyclonal IgGs, were also purified
using both methods and reacted with HIV gp120 antigen. Again
dimeric rsFcyRIIla (p < 0.0001) and dimeric rsFcyRIla (p =
0.0006) rsFcyR binding in the ELISA was higher for Protein
G purified samples (Figures 7C,D). This increased binding for
dimeric FcyRIIla and FcyRIla suggests that Protein G IgG
purified samples have augmented capacity to activate FcyR
effector cells.

Protein G Purified IgG Has Apparently

Enhanced Effector Function

Next, we evaluated whether the aggregate-mediated increased
avidity of Protein G purified IgG interactions with FcyRs
translates to enhanced FcyR function in a well-validated in vitro
phagocytosis cell-based assay. THP-1 human monocytic cells
which express FcyRI and FcyRIla were incubated with influenza
HA Switz conjugated fluorescent beads that were opsonized
with IgG from Influenza vaccinated individuals purified using
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FIGURE 5 | Kinetic constants (median + IQR) of a subset of n = 15 samples of polyclonal IgG purified from plasma either via Melon gel or Protein G
immunochromatography. Kinetic constants were obtained by data globally fitted to a 1:1 interaction model. *p < 0.05; **p < 0.01; **p < 0.0001.

either Melon Gel or Protein G. Phagocytosis of HA-beads
by THP-1 cells (Figure 8) was significantly augmented when
opsonized with Protein G purified IgG (Figure 8A % bead
positive median = 35.7%; p = 0.008; Figure 8B Phagocytosis
score p = 0.008; median = 2.45), compared to identical matched
samples purified via Melon Gel (% bead positive median = 30.1%,
Phagocytosis score median = 2.08). The MFI (representing the
mean quantity of internalized antigen conjugated fluorescent
beads per THP-1), was also observed to be significantly (p =
0.0078) higher in Protein G samples (Protein G median
6,203 vs. Melon Gel median = 5,707, data not shown). Thus,
antibody dependent cellular phagocytosis (ADCP) activity is
artefactually increased upon purification using Protein G as
are potentially other effector functions that depend on avid
binding to FcyRs.

Effect of Purification Method on IgG
Subclass Distribution and Fc N-glycan
Composition

Since IgG interactions with FcyRs are influenced by IgG subclass
and glycosylation (30, 31), it is possible some attributes of
the augmented activity of the Protein G purified polyclonal
IgG may be attributed to altering the subclass or glycan
composition. First, the IgG subclass composition of Protein
G and Melon gel preparations was examined. Although it
is known that Protein G binds all human IgG subclasses,
there is no published data as to whether either Protein G
or Melon Gel purification alters the subclass composition
of plasma IgG. Matched Melon gel and Protein G purified
IgG from healthy donors, along with corresponding plasma
samples were simultaneously quantified for IgG;, IgG,, 1gGs,
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and IgG4 via multiplex immunoassay, in order to determine
which purification approach best reflected the IgG subclass
distribution ratios observed in plasma (Figure9). Compared
to the subclass composition of plasma both the Melon Gel
purified samples and Protein G purified IgG samples had lower
levels of IgG3 (p < 0.0001). A small deficit in the proportion

of IgG4 in Melon gel preps contrasted with the Protein G
preparations which had substantially decreased proportions of
IgG1, 1gG3, and IgG4, while 1gG2 was overrepresented (p <
0.0001). The FcyRIIa-H131 allele is the only human FcyR
that functionally binds human IgG2. Thus, although Protein G
preparations had increased proportions of IgG2, the enhanced
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Friedman test with Dunn’s multiple comparisons was used to compare data from each group. *p < 0.05; ***p < 0.001; ***p < 0.0001.

binding of the low-IgG2 reactive FcyRIIa R131 allele with these ~ composition in the Protein G preparations. However, these
preparations by SPR (Figures 4, 5) and dimeric receptor assay  alterations in subclass composition, including increased IgG2,
(Figure 7) indicates this enhanced activity is mediated, not  could have important effects in other functional evaluations.
by the higher IgG2 composition, but by the higher aggregate =~ Nevertheless, both methods showed a significant correlation,
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both to each other and to plasma with regard to IgG subclass
distribution (Table S1).

Compared to antibody affinity purification with Protein A or
Protein G, Melon Gel IgG Purification is reported to provide
greater yields and higher purity by the manufacturer. Here, we
also examined via multiplex immunoassay a subset of samples
for the presence of contaminating immunoglobulins IgA and
IgM by the two IgG purification approaches (Figure 10), with
Protein G purified samples found to contain significantly more
contaminating IgA (p = 0.0078) and IgM (p = 0.0078), equating
to an almost 3-fold difference for both IgA (median =12.9 vs.
33.3pug/ml) and IgM (median = 41.0 vs. 111.9 pg/ml). Since
the composition of asparagine (N) 297-linked glycans are well-
known to modulate the binding affinity of IgG Fc to Fcy
receptors, an exploratory analysis using mass spectrometry was
performed on four matched IgG samples purified via Melon Gel
and Protein G. Fc IgGl glycosylation at site Asn 297 (N180)
was compared across all samples, however no differences were
observed in this preliminary analysis (Figure S2).

DISCUSSION

Fc-functional antibodies are of growing interest in protection
and control of diverse infectious diseases, such as HIV,
Influenza, and Mycobacterium Tuberculosis (12, 30, 32, 33).
Given that neutralizing antibody titers do not always correlate
with protection, Fc-functional antibody assays are fundamental
components of correlates of protection for the evaluation
of these infectious disease research cohorts, as well as
current and future vaccine efficacy trials (32-36). Quantitative
functional antibody assays have however been reported to
be difficult to standardize, and reliable assays that can be
reproducibly used across different laboratories to measure
Fc-dependent functions, such as antibody dependent cellular
cytotoxicity (ADCC), have been described as limited (37-39).
Consequently, there is a lack of consensus as to which Fc
effector functions contribute to protection against a number
of infectious diseases, such as HIV-1 (37, 39). Although a
range of factors may be responsible for these for conflicting
results, how the antibodies used in these functional assays
have been purified, appears to be a technical factor which
has been entirely overlooked. Given the wide array of diverse
approaches that are available for researchers to purify IgG,
it is reasonable to assume that the purification strategy
employed, might also contribute to divergent results obtained
across laboratories with respect to functional assays. Herein
we compared two popular approaches for purifying IgG from
human plasma and demonstrated that the method employed to
purify IgG dramatically altered FcyR-binding behavior and Fc
functional activity.

Typical purification processes which elute from affinity resins
at low pH such as Protein A and Protein G, have been well-
documented to promote formation of non-native IgG structures,
particularly aggregates (40). Low-pH exposure of IgG has been
found to be caused by Cy2 unfolding associated with protonation
of specific acidic residues, with IgG aggregation primarily
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FIGURE 10 | Median + IQR of concentration of non-IgG immunoglobulins (IgA
and IgM) observed in Melon Gel vs. Protein G purification, n = 8.

determined by IgG subclass, and degree of Cy2 glycosylation
(8). As demonstrated in the present study, such aggregates
show enhanced avid binding to Fc receptors, thus significantly
impacting antibody binding kinetics and apparent affinity. Low
pH exposure in our study resulted in 6-fold higher median
percentage of IgG aggregates in the Protein G samples compared
to those purified via Melon Gel. Furthermore, even Melon
Gel purified IgG with only 3% aggregation appeared to be
influenced by these aggregates in the SPR sensograms, with
increased apparent binding affinity and decreased dissociation.
Similar results were also obtained by Dorion-Thibaudeau et
al. where even small percentages (2%) of IgG aggregates were
found to affect Fc receptor binding (41). A previous study which
investigated the effect of IgG aggregates on Fc receptor binding,
also found aggregates bind more strongly to Fc receptors,
with a much slower off-rate, significantly impacting affinity
determinations (42). This is the result of an increased avidity
effect, rather than a true difference in IgG affinity. Significantly
slower apparent off-rates (kq) as observed via SPR were also
a feature of Protein G purified samples in the present study.
Indeed, in our study, the presence of aggregates in these low pH
exposed Protein G samples was found to have a more profound
effect on the low affinity FcyRIIa, where a 20-fold increase in
apparent binding affinity was observed. The effect of aggregates
for low affinity receptors, where the avidity effect would be more
pronounced, has also been previously found to be much greater
than that for high affinity receptors (43). The increased avidity
of binding of Protein G purified IgG translated to apparently
augmented effector function in our study, with Protein G purified
IgG having an enhanced capacity to stimulate FcyRs on THP-
1 cells to trigger ADCP. Future studies exploring the effect
of low pH purification methods upon other IgG Fc-mediated
functions such as antibody mediated complement activation
is warranted.
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Together SPR and dimer ELISA analysis data revealed a
profound impact on the binding kinetics of Protein G purified
IgG binding FcyRIIIa and FcyRIIa. SPR which is widely used
to examine the binding activities of different FcyRs (29), is
sensitive enough to detect composition changes, such as the
increased presence of dimers and aggregates in IgG samples. The
increased avidity, and vast difference in the apparent binding
kinetics of Protein G and Melon Gel purified IgG was further
highlighted in our results by the need to modify the regeneration
conditions necessary to dissociate the ligand-analyte interaction
for all Protein G purified IgG samples described in the SPR
methods. We also observed significantly enhanced binding to
specific antigens (HIV gp120, and influenza HA) via a previously
described dimer ELISA, demonstrating that aggregates also
preserve their antigen binding activity.

By using ANS, a fluorescent molecular probe used to examine
hydrophobicity of proteins, we confirmed that exposure of IgG
to low-pH results in molecular modifications characterized by a
significant increase in hydrophobicity as observed by a previous
study (5). The authors of this study theorized that low-pH
triggers the exposure of previously buried hydrophobic amino
acids, thereby increasing the hydrophobicity of IgG. The fact that
we were able to induce changes to Melon Gel IgG by transient
exposure to the low pH elution buffer used in the Protein G
purification process, suggests that it is most likely low pH and
not any other aspect of the Protein G purification procedure that
is responsible for these conformational changes. Where on the
IgG molecule these hydrophobic changes occur, and how exactly
they trigger IgG aggregation, or whether they alter Fc receptor
binding remains to be determined. The authors of the previous
study assumed that these conformational changes occur in the
Fab region, as the objective of their study sought to investigate
the phenomenon of low pH induced antigen polyreactivity (5).
One study, published over 50 years ago, however demonstrated
by infrared spectroscopy as well as by hydrogen-deuterium
exchange measurements that at low pH, the original structure
of the IgG Fc fragment is altered, whereas the conformational
properties of the Fab fragments do not change significantly
(44). A study 4 years later (45) also supported these findings
suggesting the refractory nature of the Fab region. Our findings
demonstrate that a significant increased apparent binding affinity
is observed when IgG is exposed to a pH below 3.5. Whereas,
from a pH of 3.5 upwards, binding was found to reflect a
similar profile to native IgG. This observation is interestingly
consistent with high-resolution NMR analysis demonstrating
that the second constant domain (Cy2) of IgG remains intact at
pH 3.5 and is profoundly altered at pH 3.1 (8). It is therefore
plausible that low pH induced conformational changes to the
Cy2 domain occur, in addition to the increased presence of IgG
aggregates, however this remains to be determined. Investigating
the relative contributions of low pH induced IgG aggregation
in comparison to low pH induce protein hydrophobicity upon
increased apparent FcyR binding and functions may provide
further insights.

It is well-known that the binding affinity of an IgG for Fc
receptors can be modulated by IgG subclass (46), and each of
the IgG subclasses has a unique binding profile to each FcyR.

For the low affinity receptors FcyRIIa and FcyRIlIla examined in
this study, binding affinity generally follows the hierarchy IgGs
> 1gG; >> IgG, = IgGy, however, the allelic variant of FcyRIIa
with a histidine at position 131 (H131) displays a higher affinity
for IgG, and has the binding hierarchy, 1gG; > IgG;~ IgG,
> IgGy (13). For both FcyRIla and FcyRIlla binding affinity
is strongest for IgGs, which did not differ significantly from
the two purification methods. Furthermore, IgG;, which follows
IgGs in binding affinity, was significantly higher in the Melon
Gel samples. It is therefore unlikely that absolute differences
in IgG subclass ratios between the two purification methods
contribute to the disparate binding profiles of IgG observed with
the two purification methods. In particular the higher proportion
of IgG2 in Protein G purified IgG did not directly enhance
FcyRlIIa binding as this was enhanced to both the H131 allelic
form and the low-IgG2 binding R131 allelic form. It is relevant
to note however, that IgG, has been found to exhibit greater
aggregation under low-pH conditions than IgG; (8, 47). The
greater proportion of IgG, observed in the Protein G/low pH
purified samples may consequently promote aggregation that
incorporates universally FcyR binding IgG1 and IgG3 subclasses
in mixed aggregates.

Glycosylation of the Fc region of IgG is well-known
to be critical for maintaining IgG structural integrity, and
modulating Fc receptor binding (48). It has been reported
that sialic acids may be lost when they are subjected to high
temperature (>28°C) or extreme pH with prolonged exposure,
possibly resulting in the formation of false glycans in the
sample (49). Our analysis was limited to glycopeptides of
the main IgG subclass 1gG;, as the other subclasses were
confounded by the fact that in Caucasian populations the
tryptic glycopeptide of IgGs generally has the same peptide
sequence as 1gG; (25), and IgGy counts were poor for many of
the glycopeptides. Though our preliminary limited exploratory
analysis of four samples examining Fc IgG; glycosylation
analysis revealed no significant differences, this finding is
not definitive, and whether diverse purification approaches
impact Fc IgG glycosylation is a factor which warrants
further investigation.

Much of the understanding surrounding IgG purification
approaches, and IgG aggregation is known from
biopharmaceutical antibody production (50) but may be
less appreciated in the research community. Commercial
monoclonal therapeutics are also often susceptible to
aggregation during routine purification steps. For example,
Nivolumab, an anti-programmed death (PD)1 IgG4 antibody
used as a cancer treatment was found to be significantly
affected by low pH Fc induced aggregation during routine
Protein A chromatography (9). This is especially important
as aggregates, and polyreactive IgG can threaten safety and
efficacy by eliciting undesirable immunogenic responses. As
such, many mAb therapeutics have moved away from low
pH elution chromatography approaches, and modifications
in the manufacturing process have been introduced to either
minimize or remove aggregates in the final product (50). A
positive aspect of exposing IgG to low pH has however been the
enhancement of the therapeutic potential of immunoglobulin
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preparations such as IVIg in experimental systems (11). For
example, low pH exposed, and not native treated intravenous
immunoglobulin was found to improve the survival of mice
with bacterial lipopolysaccharide-induced septic shock (5).
The mechanisms behind this phenomenon have however
been assumed to be attributed to structural modifications
in the Fab region and the formation of aggregates, while
the impact on Fc functionality has to our knowledge never
been explored.

CONCLUSION

Herein we demonstrate that exposing IgG to low pH significantly
affected Fc-binding behavior and Fc effector functions as a result
of IgG aggregation. Taken together with previous studies of
monoclonal and polyclonal IgG purified by low pH elution
from Protein G and Protein A, these findings indicate that
transient exposure of IgG to low pH (<3.5), leads to exposure of
hydrophobic sites and significant aggregation, whilst preserving
antigen and FcyR binding. This results in apparently enhanced
functionality in the context of binding and cell activation
assays that are sensitive to the avidity of interactions. Since
the normal function of the low affinity FcyRs is the avid
sensing of immune complexes and antibody opsonized targets,
the unappreciated impact of aggregates on evaluating antibody
effector functions is evident in the present study, though the
potential impact on other major FcyR receptors remains to
be determined. These observations contribute to the mounting
evidence highlighting the potential undesirable consequences of
purification processes which elute from affinity resins at low pH,
such as Protein G and Protein A, and suggest that IgG cannot
be assumed to be fully native following low-pH elution. Thus,
the purification strategy chosen by researchers may profoundly
influence the outcome and interpretation of experimental
systems, and may consequently be a previously overlooked factor
contributing to the current lack of reproducibility between assays
employed to evaluate Fc-mediated effector functions. Researchers
should actively consider antibody purification methods both
upon design of experiments and in the interpretation of
experimental data.
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Zika virus (ZIKV) specific neutralizing antibodies hold great promise for antibody-based
interventions and vaccine design against ZIKV infection. However, their development in
infected patients remains unclear. Here, we applied next-generation sequencing (NGS)
to probe the dynamic development of a potent and protective ZIKV E DIll-specific
antibody ZK2B10 isolated from a ZIKV convalescent individual. The unbiased repertoire
analysis showed dramatic changes in the usage of antibody variable region germline
genes. However, lineage tracing of ZK2B10 revealed limited somatic hypermutation
and transient expansion during the 12 months following the onset of symptoms. The
NGS-derived, germline-like ZK2B10 somatic variants neutralized ZIKV potently and
protected mice from lethal challenge of ZIKV without detectable cross-reactivity with
Dengue virus (DENV). Site-directed mutagenesis identified two residues within the
chain, N31 and S91, that are essential to the functional maturation of ZK2B10. The
repertoire and lineage features unveiled here will help elucidate the developmental
process and protective potential of E Dlll-directed antibodies against ZIKV infection.

Keywords: Zika virus infection, Guillain-Barré syndrome, microcephaly, neutralizing antibody, antibody repertoire,
next-generation sequencing

INTRODUCTION

Zika virus (ZIKV), a member of the Flavivirus genus of the Flaviviridae family, is an emerging
mosquito-borne pathogen. ZIKV is closely related to other flaviviruses such as dengue (DENV 1,
2, 3, and 4), yellow fever (YFV), West Nile (WNV), Japanese encephalitis (JEV), and tick-borne
encephalitis (TBEV) viruses (1). Since ZIKV was first identified in 1947 among rhesus macaques in
the Zika forest of Uganda, its new variants have become increasingly prevalent and have adapted to
the human population as recent outbreaks spread across the Americas, Caribbean, and Southeast
Asia (2-5). At the peak of the 2016 outbreak, several incidents of imported ZIKV infection were
identified in mainland China (6). In contrast to previous epidemics, the recent ZIKV outbreak
has been associated with severe neurological complications such as Guillain-Barré syndrome in
adults and microcephaly in fetuses and newborns (7-10). Currently, no ZIKV-specific therapeutics
or vaccines are available. The high prevalence of the vectors and the continuing evolution of viral
species have raised serious concerns about public health and ZIKV-related disease control (11).
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The surface envelope glycoprotein (E) of flaviviruses mediates
entry and presents a potential target for neutralizing antibodies.
Large numbers of E-targeting monoclonal antibodies (mAbs)
have been identified with potent neutralizing activity and epitope
specificity (12-29). Previously, we isolated and characterized
a panel of E-targeting mAbs from plasma and memory B
cells from sequential blood samples of a DENV-naive ZIKV-
infected convalescent patient (Pt1) who acquired ZIKV infection
in Venezuela during the 2016 outbreak and then returned
to China (6, 24). Among these mAbs, ZK2B10 showed
the highest neutralizing potency against ZIKV without any
detectable reactivity with DENV 1 or 2 (24). ZK2B10 also
demonstrated remarkable prophylactic and therapeutic activities
against lethal challenge in the mouse models of ZIKV infection
and microcephaly (30). Crystal structure and cryo-EM analysis
revealed that ZK2B10 recognizes the lateral ridge of E DIII and
blocks infection by inhibiting membrane fusion after cellular
attachment (31). Since ZK2B10 may serve as a promising
candidate for antibody-based interventions, the ontogeny of
ZK2B10 could provide insight into the protective antibody
response during ZIKV infection in humans and inform rational
vaccine design. Furthermore, diverse vaccine candidates have
demonstrated their ability to protect against ZIKV challenge in
mice or nonhuman primates (NHPs) and have been evaluated
in preclinical and clinical studies (16, 32, 33). It is therefore
imperative to investigate the dynamics and characteristics of the
antibody repertoire during ZIKV infection longitudinally, which
will shed light on the molecular requirements necessary for the
development of an effective ZIKV vaccine.

In this study, we applied long-read next-generation
sequencing (NGS) and an unbiased repertoire capture method to
longitudinally analyze the B cell repertoire of Ptl from the early
acute phase to the late convalescent phase (34). We obtained tens
of millions of antibody sequences from a total of seven sequential
time points including Day 4, Day 15, Month 2, Month 3, Month
6, Month 10 and Month 12 after the onset of symptoms. We
first performed NGS analysis of the antibody repertoire with a
focus on germline gene usage, CDR3 loop length, and degree
of somatic hypermutation (SHM). Our data revealed that the
antibody repertoire profile during ZIKV infection consisted of
diverse germline gene usage combined with a steady distribution
of CDR3 loops, in contrast to chronic HIV-1 infection, which
often exhibits unusual repertoire profiles characteristic of high
degree of SHM, skewed germline gene usage, and long HCDR3
loops (34, 35). The emergence of germline-like antibodies was
observed at Day 15 after the onset of symptoms. We then
traced the antibody lineage of ZK2B10 within the NGS-derived
repertoire and investigated its maturation pathway. Our results
show that ZK2B10 was generated with relatively low titers along
with other germline-like antibodies at Day 15. Somatic variants
of ZK2B10 were synthesized for functional characterization
both in vitro and in vivo. Germline-like ZK2B10 heavy chain
variants demonstrated strong neutralizing activity and protection
against lethal ZIKV challenge in a mouse model. Of note, two
substitutions occurred at positions N31 on LCDRI and S91
on LCDR3 of \-light chain were found to be critical for the
functional maturation of ZK2B10. In summary, our repertoire

and lineage analyses elucidated the maturation pathway of
a potently neutralizing antibody, ZK2B10, and suggested that
germline-like antibodies may play an important role in protective
immunity against ZIKV infection.

MATERIALS AND METHODS

Donor and PBMCs Samples

The blood samples were donated by a 28-year-old Chinese ZIKV
convalescent male patient (Ptl) who traveled from Venezuela to
the southern metropolitan city Guangzhou, China, in February,
2016 (6). During his hospitalization and follow-up visits, a total
of 7 sequential blood samples were collected at Day 4, Day 15,
Month 2, Month 3, Month 6, Month 10, and Month 12 after
the onset of symptoms. Samples were separated into plasma and
peripheral blood mononuclear cells (PBMCs) by centrifugation
through a Ficoll-Hypaque gradient (GE Healthcare). PBMCs
were cryopreserved in freezing media and stored in liquid
nitrogen until further analysis by antibody repertoire sequencing.

Sample Preparation Using 5'-RACE PCR

An improved version of the rapid amplification of cDNA 5’-ends
(5'-RACE) polymerase chain reaction (PCR) protocol for sample
preparation was reported in a recent study (34, 36). Here, total
RNA was extracted from 1~5 million PBMCs into 30 ml of water
with RNeasy Mini Kits (Qiagen, Valencia, CA). For unbiased
repertoire analysis, 5-RACE was performed with SMARTer
RACE cDNA Amplification Kit (Clontech, Mountain View, CA).
For ZK2B10 gene-specific lineage analysis, reverse transcription
(RT) was performed with SuperScript III (Life Technologies) and
oligo (dT). In both cases, the cDNA was purified and eluted in 20
ul of elution buffer (NucleoSpin PCR Clean-up Kit, Clontech).
The immunoglobulin PCRs were set up with Platinum Taq High-
Fidelity DNA Polymerase (Life Technologies, Carlsbad, CA) in
a total volume of 50 pl, with 5 pl of cDNA as template, 1 pl
of 5-RACE primer or gene-specific forward primers, and 1 pl
of 10 wM reverse primer. To facilitate deep sequencing on the
Ton GeneStudio S5 system, the forward primers (both 5 -RACE
and gene-specific) contained a P1 adaptor, while the reverse
primer contained an A adaptor and an Ion Xpress'™ barcode
(Life Technologies) to differentiate the libraries from various
time points. A total of 25 cycles of PCRs were performed and
the PCR products (~600 bp for 5-RACR PCR or ~500 bp for
gene-specific PCR) were gel purified (Qiagen, Valencia, CA). A
degenerate primer (SAGGTGCAGCTGGTGCAGTCTGG) was
used as the forward gene-specific primer to cover potential
variations at the 5'-end of ZK2B10 transcripts.

Next-Generation Sequencing (NGS) and

Antibodyomics Analysis

Antibody NGS has been adapted to the Ion GeneStudio S5
system (35). Briefly, the antibody heavy and light (k and \)
chain libraries were quantitated using Qubit® 2.0 Fluorometer
with Qubit® dsDNA HS Assay Kits. Equal amounts of the
heavy chain libraries from various time points were mixed
and loaded onto an Ion 530 chip to increase the sequencing
depth and to eliminate run-to-run variation. The k and \
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chain libraries at each time point were mixed at a ratio of 1:1
prior to library pooling and chip loading. Template preparation
and (Ion 530) chip loading was performed on the Ion Chef
system using Ion 530 Ext Kits, followed by S5 sequencing
with the default settings. Raw data was processed without 3'-
end trimming in base calling to extend the read length. The
human Antibodyomics pipeline version 1.0 (34, 36, 37) has been
modified to improve data accuracy and computational efficiency
(35). This new Antibodyomics pipeline was used to process and
annotate Ptl antibody NGS data for repertoire profiling and
lineage tracing. The distributions of germline genes, germline
divergence or degree of SHM, and CDR3 loop length derived
from antibody NGS data as general repertoire profiles. The two-
dimensional (2D) divergence/identity plots were constructed
to visualize ZIKV-specific antibody lineages in the context of
Ptl antibody repertoire. A CDR3 identity of 95% was used as
the cutoff for identifying sequences evolutionarily related to a
reference antibody (shown as magenta dots on the 2D plots). The
hierarchical clustering method was used to divide CDR3-defined
somatic variants into groups based on an overall identity cutoff
of 98% as previously described (34). In addition to the dominant
sequences, a consensus or a manually selected sequence was used
as the group representative for antibody synthesis and functional
characterization. ZK2B10 were initially isolated from PBMCs of
Ptl as we previously reported (24).

Human Monoclonal Antibody (mAb) Clones

Construction, Expression, and Purification
All of the synthetic variable region genes of antibody heavy chain
(Vi) and light chain (V1) were analyzed using the IMGT/V-
Quest server (http://www.imgt.org/IMGTindex/V-QUEST.php).
They were cloned into the backbone of antibody expression
vectors containing the constant regions of human IgGl as
previously described (38). To produce full-length human mAbs,
the recombinant clone was paired with the complementary chain
of wild-type (WT) ZK2B10. The heavy and light chain expression
plasmids were transiently co-transfected into HEK 293T cells
for the production of full-length human IgGs, which were
purified from the supernatant by affinity chromatography using
protein A agarose (Thermo Scientific). The IgG concentration
was determined using the BCA Protein Assay Kit (Thermo
Scientific). We included previously reported MERS-CoV-specific
mAb MERS-4 (38) for comparative analysis.

ZIKV E and ZIKV E DIII Protein and ELISA
The gene of either E protein or E DIII protein (residues 301-
403) of ZIKV (GZ01, KU820898) without tag was cloned into
pET28a vectors (Novagen) and expressed by IPTG-induction
in BL21 (RIL) bacterial cells. The isolated inclusion bodies
were solubilized and re-folded as reported (39). In the enzyme-
linked immunosorbent assay (ELISA), the E proteins and E DIII
proteins were captured separately onto ELISA plates overnight
at 4°C. Each tested mAb was serially diluted and applied to
the ZIKV E and E DIII protein-captured ELISA plates. Binding
activities were detected using anti-human IgG labeled with HRP
and TMB substrate.

Antibody Neutralization Assays

All ZIKV GZ01 (KU820898), ZIKV MR766 (AY632535), and
DENV2 43 (AF204178) viruses were grown in C6/36 Aedes
Albopictus cells and titrated on Vero cells before use. For
neutralization assay, serial dilutions of mAbs were mixed with
virus at 4°C for 1 h before being applied to Vero cells in the 6-
well culture plates. After 1-2h of infection, the antibody-virus
mixture was aspirated and Vero cells were washed with PBS and
overlaid with DMEM containing 2% heat-inactivated FBS and 1%
SeaPlaque Agarose (Lonza, 50501). After 4-6 days, plaques were
stained by 1% crystal violet and counted manually.

Antibody Prophylactic Potential Analysis in

AG6 Mice

C57BL/6 mice deficient in interferon (IFN) a, -f, and -y receptors
(AG6 mice) were kindly provided by the Institute Pasteur of
Shanghai, Chinese Academy of Sciences (IPS). The mice were
bred and maintained in a pathogen-free animal facility. Groups
of 4 sex-matched, 4- to 6-week-old AG6 mice were used for the
animal studies. In prophylaxis assays, 300 g of each tested mAb
or isotype control (MERS-4) was administered via the i.p. route.
The following day, the animals were challenged with 10* PFUs of
ZIKV (GZ01 strain) via i.p. injection. Survival was monitored for
up to 14 days post challenge. At days 5 and 12 after challenge,
whole blood was collected from each animal for ZIKV viral
load measurement.

Quantitative Measurement of Viral Loads
by TagMan qgpcr

Whole blood (10 wL) was collected in an RNase free Eppendorf
tube containing lysis buffer (QIAGEN) and stored at —80°C
until use. Total RNA was extracted using RNeasy Mini Kits
(74106, QIAGEN) and reverse-transcribed into ¢cDNA using
iScript ¢cDNA Synthesis Kits (170-8890, Bio-Rad). Viral RNA
copies were quantified through TagMan qPCR amplification
of ZIKV (GZ01) envelope gene. Measurements were expressed
as logjp viral RNA copies per millimeter calculated against
a standard curve. Sequences for primers and probes were
as follows: ZIKV-F CCGCTGCCCAACACAAG, ZIKV-R
CCACTAACGTTCTTTTGCAGACAT, ZIKV-probe AGCCTA
CCTTGACAAGCARTCAGACACTCAA (5FAM, 3'TAMRA).

Multiple Sequence Alignment and

Structural Analysis

Multiple sequence alignment (MSA) was calculated using BioEdit
ClustalW. The crystal structure of ZIKV E DIII-ZK2B10 Fab
complex has been determined and analyzed here to identify
the ‘hotspot’ residues critical to ZK2B10 lineage development
(31). For the intermolecular interactions shown in Figure 5, 4 A
was used as the maximal cut-off distance for hydrogen bonds.
Mlustrations of structural models were prepared using PyMOL
Molecular Graphics System 1.5.0.4.

Statistical Methods

All data were analyzed using Prismé6 software (GraphPad). The
half-maximal effective concentrations (ECsy) were calculated
using the dose-response stimulation model. The ICsy value for
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each mAb was calculated using the dose-response inhibition
model. For experiments involving AG6 mice, four animals were
included in each assessment group to ensure equal representation
and consistency of the data obtained. Statistical analysis was
performed using Students unpaired t test. Data were presented
as mean £+ SEM. *p < 0.05; **p < 0.01; and ***p < 0.001.

Ethics Statement

The human study was approved by the Ethical Committee of
the Guangzhou Eighth People’s Hospital, Guangzhou Medical
University. The research was conducted in strict accordance with
the Chinese government rules and regulations for the protection
of human subjects. The study subjects provided the written
informed consents for research use of their blood samples.
All procedures with animals were undertaken according to
Experimental Animal Welfare and Ethics Committee of Tsinghua
University. All experiments were performed under the guidelines
of the Experimental Animal Welfare and Ethics Committee of
Tsinghua University (16-ZLQ9).

RESULTS

Dynamic B Cell Repertoire Response
Throughout ZIKV Infection

Next-generation sequencing (NGS) is a powerful tool for probing
antibody response to natural infection and vaccination (40-42).
Extensive studies of broadly neutralizing antibodies (bNAbs)
and their lineage development using NGS have revealed the
unexpected complexity and diversity of B cell repertoire in
HIV-1-infected individuals during chronic infection (37, 43—
45). Here, we performed a longitudinal NGS analysis of the
antibody repertoire in Ptl to delineate the dynamic B cell
response to ZIKV infection following the procedure outlined in
Figure 1A. We analyzed seven sequential time points from the
acute phase (Day 4 and Day 15 after the onset of symptoms)
to the convalescent phase (Month 2, 3, 6, 10, and 12 after the
onset of symptoms). We combined 5 -RACE PCR and single
reverse primers in template preparation to ensure the NGS in a
long-read (600 bp) and unbiased manner as previously reported
(Figure S1) (34, 36, 46-48). Deep sequencing yielded a total of
14.2 million heavy chains and 14.1 million light (k and \) chains
in two separate NGS runs on the Ion S5 GeneStudio platform
(Table S1). The Antibodyomics 2.0 pipeline was used to process,
annotate, and analyze the NGS data, rendering 1.3 to 2.9 million
reads per time point (Table S1) (35, 49). Of these sequences,
55.3 to 71.2% are high-quality, full-length antibody variable
regions which were used for the in-depth analysis of B cell
repertoire profiles (Table S1). Furthermore, we traced the lineage
of ZK2B10 within the NGS-derived repertoire and synthesized
representative somatic variants for functional characterization
both in vitro and in vivo (Figure 1A).

Overall, Ptl exhibited a diverse and dynamic distribution
of germline gene usage (Figure1B). A few germline genes
are dominant in all seven time points such as IGHV1-69,
IGKV3-20, and IGLV1-40 with an average of 15.21% or greater
(Figure 1B, left). In contrast, some specific germline genes
were observed with low frequency, such as IGHV1-8, the Vy

germline gene of ZK2B10, ranging from 0.98% to 4.80% in
seven time points (Figure 1B, left). The Vi, germline gene of
ZK2B10, corresponding to IGLV1-47, ranged from 2.58 to 5.34%
(Figure 1B, right). However, the low frequency of IGHV1-8
and IGLV1-47 was unexpected, suggesting that ZK2B10 did not
represent a major B cell lineage in the repertoire spanning the
acute and convalescent phases of ZIKV infection. In addition,
there appeared to be no correlation between the potency of a
ZIKV E-targeting mAb and its lineage expansion or prevalence,
as indicated by the low frequency of the ZK2B10 germline
gene family.

We then determined the degree of SHM, or germline
divergence, at each time point from early acute phase to
late convalescent phase. As shown in Figure 1C, there was a
significant increase in the population of germline-like sequences
at Day 15 for both heavy and light chains. As a result, the
average SHM of heavy, k and A chain repertoires fell to 6.25,
5.92, and 5.91% at Day 15, respectively. Of note, the SHM
decreased in most V gene families at Day 15, suggesting a
repertoire-level response (Figure S2). As for the Vy germline
gene of ZK2B10, IGHV1-8 showed only 6.45% SHM at Day
15 and varied between 7.23 and 13.60% at other time points
(Figure S2, left). The Vi germline gene of ZK2B10, IGLV1-
47, displayed 5.72% SHM at Day 15, and 6.70 to 9.04%
at other time points studied (Figure S2, right). These results
suggest a drastic shift in repertoire composition likely caused
by a rapid plasmablast response during the acute phase of
ZIKV infection. The emergence and development of ZK2B10
may serve as an example for this type of antibody response.
These patterns are consistent with the fact that plasmablasts
from ZIKV-infected, flavivirus-naive individuals exhibited less
somatic hypermutation or clonal expansion compared to those
from ZIKV-infected, DENV-immune individuals, which may
originate from common memory B cell clones (19, 50).
Interestingly, similar patterns have also been reported for
chronically infected HIV-1 patients in response to a rapidly
evolving virus population (36).

Next, we determined the distribution of CDR3 loop length.
Due to the diversity of the D gene, a rather dispersed distribution
of HCDR3 loop length was observed as compared to a steady,
canonical CDR3 loop length distribution obtained for k and X
chains (Figure 1D). The HCDR3 loops were mainly distributed
in the range of 9-aa to 15-aa (Figure 1D, left). As for the light
chain, 9-aa KCDR3 loops accounted for 79.3 to 88.2% of the k
chain repertoire, while 9-aa to 11-aa LCDR3 loops accounted for
81.3 to 94.9% of the \ chain repertoire (Figure 1D, middle and
right). Results from the case study of Ptl have revealed unique
features of human B cell repertoire during acute and transient
ZIKV infection. Future studies with longitudinal samples from
a larger cohort of infected donors would be needed to validate
our findings.

ZK2B10 Lineage-Specific Antibody

Response During ZIKV Infection
To probe the maturation pathway of ZK2B10, we traced the mAb
lineage at each time point within the NGS-derived repertoire
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FIGURE 1 | Unbiased antibody repertoire profiles of donor Pt1 across ZIKV infection. (A) Schematic view of unbiased antibody repertoire analysis and ZK2B10 lineage
tracing. PBMC samples from Pt1 were collected at 7 sequential time points after the onset of symptoms. 5’-RACE PCR was used to prepare antibody chain libraries
for long-read (600 bp) next-generation sequencing (NGS) on the lon GeneStudio S5 platform. The Antibodyomics 2.0 pipeline was used to process the NGS data for
antibody repertoire profiling, while -based identification was used for ineage tracing. Representative somatic variants were synthesized for functiona
tibod rt filing, while CDR3-based identificati d for ZK2B10 lineage ti g. R tat| i t th d for functional
characterization. (B-D) Distributions were plotted for (B) germline V gene usage, (C) germline divergence, and (D) CDRS3 loop length for heavy chains (left panel), k
chains (middle panel), and » chains (right panel). Color coding denotes the 7 sequential time points with Day 4 shown in gray, Day 15 in red, Month 2 in orange, Month
3 in sky blue, Month 6 in green, Month 10 in purple, and Month 12 in black. The germline V genes used by ZK2B10 (IGHV1-8 and IGLV1-47) are marked with red dots.
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FIGURE 2 | Lineage tracing of ZK2B10 in the Pt1 repertoire across ZIKV infection. (A) Lineage tracing of ZK2B10 heavy chain in unbiased antibody repertoire (upper
panel) and in ZK2B10 gene-specific antibody population (lower panel). For ZK2B10 gene-specific sequence analysis, the PBMCs samples at Day 4, Month 10 and
Month 12 were unavailable, which are marked as sample unavailable. (B) Lineage tracing of ZK2B10 . chain in unbiased antibody repertoire. For each time point, the
repertoire is shown as a two-dimensional (2D) plot, with the X-axis indicating the germline divergence of NGS-derived antibody sequences and the Y-axis for their
identity with respect to ZK2B10 heavy or . chain. Color coding indicates the sequence density on the 2D plots ranging from 10" to 108. ZK2B10 heavy and  chains
are shown as black dots on the 2D plots. CDR3-defined somatic variants that are evolutionarily related to ZK2B10 heavy and '\ chain are shown as magenta dots,
with the total number of reads labeled on the 2D plots (HC: heavy chain; LC: i chain). (C,D) Neighbor-joining tree (MEGABG.0) depicting the relationship between the
germline gene and representative ZK2B10 heavy (C) and » (D) chain variants. Individual variants are labeled at the end nodes of each tree branch, alongside with their
germline identity. Branch lengths are drawn to scale so that the genetic distance between different nucleotide sequences can be assessed. Color-coding of triangle
indicates their emerging time during infection.

(Figures 2A,B). A CDR3 identity of 95% with respect to WT  panel). To gain more insight into the ZK2B10 lineage evolution,
ZK2B10 heavy or \ chain was used as the cutoff for identifying  we performed an additional NGS experiment on four antibody
sequences evolutionarily related to ZK2B10 (Figures2A,B, libraries at Day 15, Months 2, 3, and 6, using a degenerate
shown as magenta dots on the 2D plots). As reported previously,  forward primer to target the ZK2B10 heavy chain and its putative
WT ZK2B10 was derived from the memory B cells of Ptl at  germline gene, IGHV1-8 (Figure 2A, lower panel). Gene-specific
Month 3 after the symptom onset (24). Unexpectedly, from  NGS yielded 1715 ZK2B10-like heavy chains for Day 15 and
the libraries of unbiasedly amplified germline gene families, we  only two for Month 3 (Figure 2A, lower panel). As for \ chain
could not find any ZK2B10 heavy chain somatic variants in the  repertoire, ZK2B10 A\ chain somatic variants were detectable
repertoire at all seven time points, suggesting that the ZK2B10  at Day 4 but reached the peak at Day 15 with 495 identified
lineage may have an extremely low frequency (Figure 2A, upper  variants, and persisted into Month 12 despite a noticeable decline
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at Month 10 (Figure 2B). Of note, due to the lack of D gene
segments, light chains do not possess unambiguous sequence
signatures for CDR3-based lineage tracing. Nonetheless, our
data suggests that ZK2B10 and its variants were induced
rapidly and transiently at the end of acute phase during
ZIKV infection. Interestingly, the majority of ZK2B10
somatic variants showed a germline divergence of <5.0%
in both heavy and )\ chain repertoires (Figure 2A, low panel
and Figure 2B).

To further study the maturation pathway of ZK2B10, we
selected representative somatic variants for antibody synthesis
and functional characterization. A hierarchical clustering method
was used for sequence selection, as previously described
(34). In addition to the dominant sequences, a consensus
selection was conducted based on the sequence characteristics
to ensure broad coverage and representativeness (34). Of
these, 16 representative heavy chains were selected with 14
from Day 15 and 2 from Month 3, and 11 representative
\ chains with 7 from Day 15 and 4 from Month 3
(Figures 2C,D). These somatic variants were designated based
on the order in which they were selected (e.g., 2H-1 is the
Ist selected sequence of representative ZK2B10 heavy chain
somatic variants). Surprisingly, 2H-1 and 2L-1 are 100% identical
to their putative germline genes, corresponding to IGHV1-8
and IGLV1-47, with NGS read frequencies as high as 58.7%
(1006/1715) and 29.7% (147/495), respectively (Figures 2C,D).
Furthermore, all these ZK2B10 somatic variants showed a low
degree of SHM: the average identity of representative heavy
chains with respect to their putative germline gene, IGHV1-8,
was 96.81%; as for \ chains, the average germline identity to
IGLV1-47 was also as high as 96.79% (Figures 2C,D). Sequence
alignment of variable regions of representative ZK2B10 somatic
variants is shown in Figure3. To summarize, the ZK2B10
antibody lineage represents a transient plasmablast response
with a low degree of SHM at the end of acute phase of
ZIKV infection.

Functional Characterization of ZK2B10

Somatic Variants

The representative ZK2B10 somatic variants were then
synthesized and paired with their respective wild-type (WT)
partner chains for full-length human IgGl expression and
functional characterization. Of the 16 synthesized ZK2B10
heavy chain somatic variants, 11 (2H-1, —2, —3, —4, —5, —6,
—9, —10, —14, —15, and —16) could be expressed when paired
with WT ZK2B10 ) chain (Figure 4A). We next measured
their binding to E protein and E DIII of ZIKV by ELISA. A
mong the 11 mAbs, 8 (2H-1, —4, —5, —6, —9, —10, —15, and
—16) demonstrated strong binding affinities for E and E DIII
at a similar level to ZK2B10, with the half-maximal effective
concentrations (ECsg) ranging from 3.4 to 11.2 ng/ml, while the
remaining 3 mAbs (2H-2, —3, and —14) showed low affinities
(Figure 4A). ZIKV E protein and E DIII were expressed in
bacterial cells following the same procedure as previously
described for the crystallographic analysis (31, 39). It must be
noted that the affinity of a mAb may vary depending on the

expression system used to produce the antigen. Nonetheless,
the affinity of WT ZK2B10 here (ECsp = 3.3ng/mL) was
comparable to that obtained using HEK293T-derived ZIKV E
(ECsp = 8.4ng/mL), confirming the antigen binding of ZK2B10
somatic variants (24). These mAbs were then employed in
plaque reduction neutralization tests against two ZIKV strains,
GZ01 (Asian) and MR766 (African), and DENV 2 (Figure 4A).
Consistent with their binding affinities, the 8 strong binders
(2H-1, —4, —5, —6, —9, —10, —15, and —16) neutralized GZ01
and MR766 potently (Figure 4A). The half-maximal inhibitory
concentrations (ICsg) ranged from 14.1 to 82.4ng/ml, which
are comparable to WT ZK2B10 and other potent E-targeting
mAbs isolated from ZIKV-infected, DENV-naive human
subjects (Figure4A) (18, 20, 21, 24, 26). Not surprisingly,
2H-2 failed to show detectable potency (ICsyp >500ng/ml)
against both GZ01 and MR766, while 2H-3 exhibited only
modest neutralizing activity (ICsop = 289.4ng/ml to GZ01 and
334.1ng/ml to MR766). Similarly, 2H-14 showed negligible
or no neutralizing activity against the two ZIKV strains tested
(IC5p = 489.1 ng/ml to GZ01 and ICs5¢ >500 ng/ml to MR766)
(Figure 4A). All these mAbs showed no cross-neutralizing
activity with DENV 2 (Figure 4A). Strikingly, with 100% identity
to IGHV1-8, 2H-1 showed high affinity for full-length E and
E DIII of ZIKV with ECsp values measured at 5.3 ng/ml and
3.4ng/ml, respectively (Figure4A). Consistently, 2H-1 also
displayed potent neutralization against GZ01 and MR766,
with ICso values of 14.1ng/ml and 19.4 ng/ml, respectively
(b). Notably, 1006 out of 1715 (58.7%) ZK2B10-like heavy
chains from Day 15 were identical to 2H-1, confirming that this
germline-like mAb lineage emerged at the peak of plasmablast
response. Based on the alignment with the IGHV1-8 germline
sequence, the functional loss of 2H-2, —3, and —14 could
potentially be explained by the mutation of D39 located toward
the end of HCDRI1 (Figure 3A). As for the 11 synthesized
7ZK2B10-like \ chains, 7 (2L-1, —2, —3, —6, —8, —9, and
—11) were expressible when paired with WT ZK2B10 heavy
chain. Of note, 5 of these 7 A chain variants (2L-1, —3, —8,
—9, and —11) failed to bind ZIKV E or E DIII and showed
undetectable neutralization against ZIKV (Figure 4B). Among
these A chain variants, the sequence of 2L-1 is 100% identical to
IGLV1-47 and represents a large portion of the Day 15 A chains
(147 out of 495, 29.7%) (Figure 4B). The reconstituted mAbs
containing 2L-2 and 2L-6 demonstrated rather weak binding
and neutralization compared to WT ZK2B10 (Figure 4B).
These functional and repertoire observations, together with the
sequence alignment, suggest that S3IN on LCDRI and A91S
on LCDR3 could be critical for the maturation of ZK2B10 X
chain (Figure 3B).

Taken together, results from the functional characterization
of ZK2B10 heavy chain somatic variants confirmed the
hypothesis that this mAb lineage represents a transient yet
effective naive B cell response to ZIKV infection. The loss
of function observed for most N chain somatic variants, in
which Vi was reverted to IGLV1-47, suggested that light
chain maturation is crucial for the ZK2B10 lineage to acquire
its potency and specificity, reminiscent of the HIV-1 bNAD,
VRCO1 (36).
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FIGURE 3 | Sequence alignment of representative somatic variants of ZK2B10. (A,B) Sequence alignment of representative ZK2B10 heavy (A) and . (B) chain
variants with their CDR regions highlighted. Residues that directly bind to ZIKV E DIl are colored in blue according to the crystal structure of ZK2B10 in complex with
ZIKV E DIl (31). The identified hotspot residues that potentially critical for ZK2B10 maturation are marked in red.

Protective Potential of ZK2B10 Somatic
Variants in a Mouse Model

Previously, we have demonstrated that ZK2B10 can protect

ZK2B10 somatic variants confirmed the differential effect of
heavy and \-light chains on antibody function, consistent with
the in vitro characterization by ELISA and neutralization assays.

mice from lethal ZIKV infection and microcephaly (24, 30).

Conducting similar animal studies will not only confirm the
accuracy of our repertoire analysis but also provide useful clues
as to the functional diversity of the ZK2B10 lineage in vivo.
To this end, we tested the in vivo protection of representative
ZK2B10 somatic variants against ZIKV lethal infection in AG6
mice (C57BL/6 mice deficient in IFNa, -8, and -y receptors)
following the protocol outlined in Figure 4C (24, 30, 51, 52).
Briefly, we administered 300 g of each ZK2B10-like mAb,
ZK2B10 as positive control, or MERS-4 as negative control
to groups of four AG6 mice, each 4-6 weeks in age, via the
intraperitoneal (i.p.) route (Fig 4C) (38). On the following day,
the animals were challenged with 10* plaque-forming units
(PFUs) of ZIKV Asian strain GZ01 via the intraperitoneal (i.p.)
route (Figure 4C). Animals were monitored for survival rate up
to 14 days after ZIKV challenge, and for viral RNA level in the
blood on days 5 and 12 post ZIKV challenge (Figure 4C). As
expected, in vivo protection of mAbs was correlated with their
in vitro neutralization, as previously reported (30). For example,
the heavy chain variants with potent neutralizing activities in
vitro (2H-1,—4,—6,—9,—10,—15, and—16) provided complete
protection with a survival rate of 100% up to 14 days after
ZIKV challenge (Figure 4D). The RNA load in these groups was
suppressed in blood with distinguishable level from the MERS-
4 group (Figure 4F). Conversely, 2H-2,—3, and—14 failed to
offer any protection with a median survival time of 7.25 to 8
days after ZIKV challenge (Figure 4D). The viral RNA levels
measured in mice treated by these variants were on average
3.72-4.45 logyo greater than the ZK2B10 group at day 5 after
ZIKV challenge (Figure 4F). In contrast, all A chain variants
demonstrated a consistent survival rate identical to that of the
negative control MERS-4 and failed to suppress viral replication
(Figures 4E,G). Therefore, in vivo evaluation of representative

Critical Residues for ZK2B10 Functional

Maturation

To further investigate the maturation pathway of the ZK2B10
lineage, we performed reverse mutagenesis and structural
analysis to identify “hotspot” residues. Initially, we aligned the
amino acid sequences of representative ZK2B10 heavy and :
chain variants with their putative germline genes, IGHV1-8 and
IGLV1-47, respectively (Figure 3). For heavy chain variants, 2H-
2, 2H-3, and 2H-14 lost their potency to ZIKV both in vitro
and in vivo. These 3 heavy chains possess a single substitution
mutation at residue D39 with respect to their germline gene
(Figure 3A). To assess whether this was the cause of the reduced
potency, we conducted reverse mutagenesis on 2H-2 (A39D),
2H-3 (E39D), and 2H-14 (G39D) and characterized the function
of these mutants by ELISA and neutralization assays. As shown in
Figure 5A, 2H-3 (E39D), and 2H-14 (G39D) mutants regained
their ZIKV E-binding and neutralizing activities, approaching
the level of WT ZK2B10. Due to the use of a different
Vu germline gene, IGHV1-69, the 2H-2 (A39D) mutant was
ineffective (Figure 5A). This result suggested that the ZK2B10
lineage has a restricted Vi gene usage to achieve high affinity
and potency against ZIKV. Based on the crystal structure of
ZK2B10 in complex with ZIKV E DIII, four residues within
the HCDR3 loop (Y111, Y114, Y116, and Y118) are directly
involved in the contact interface (31). Although D39 is within
the HCDRI1 loop, it forms hydrogen bonds with Y115 and Y117
on the opposite side of the HCDR3 loop, thus stabilizing the
HCDR3 conformation (Figure 5C). These results provide further
evidence that the ZK2B10 lineage was indeed generated during
the naive B cell response to acute ZIKV infection, with critical
residues encoded by the germline gene. For A chain variants,
two critical mutations were identified that potentially contribute

Frontiers in Immunology | www.frontiersin.org

51 October 2019 | Volume 10 | Article 2424


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gao et al.

Potent Germline Antibody Against ZIKV

A
Summary of mAbs with ZK2B10 like heavy chain (HCs) paired with ZK2B10 A chain
< . EC50 (ng/ml) 1C50 (ng/ml)
. . HC identity . .
mAbs  Time point o Vy family Nread Yield ZIKV ZIKV
% ZIKVE ZIKVE DIl (GZ01)  (MR766) DENV2
ZK2B10 Month 3 92.3 IGHV1-8*01 - + 3.3 71 16.6 29.4 >500.0
2H-1 Day 15 100.0 IGHV1-8*01 1006 (58.7%) + 53 3.4 141 194 >500.0
2H-2 Day 15 100.0 IGHV1-69*01 2 + >500.0 >500.0 >500.0 >500.0 >500.0
2H-3 Day 15 98.3 IGHV1-8*01 16 + 237 39.0 289.4 334.1 >500.0
2H-4 Day 15 98.0 IGHV1-8*01 2 + 6.5 8.4 19.4 36.2 >500.0
2H-5 Day 15 98.3 IGHV1-8*01 2 + 6.2 4.8 221 485 >500.0
2H-6 Day 15 98.6 IGHV1-8*01 2 + 4.6 3.9 233 427 >500.0
2H-7 Day 15 93.9 IGHV1-8*01 1 - - - - - -
2H-8 Day 15 95.3 IGHV1-8*01 1 - - - - - -
2H-9 Day 15 95.9 IGHV1-8*01 1 + 4.2 59 28.7 49.0 >500.0
2H-10 Day 15 95.3 IGHV1-8*01 1 + 5.2 1.2 26.5 423 >500.0
2H-11 Day 15 94.9 IGHV1-8*01 1 - - - - - -
2H-12 Day 15 92.5 IGHV1-8*01 1 - - - - - -
2H-13 Day 15 90.9 IGHV1-8*01 1 - - - - - -
2H-15 Day 15 99.7 IGHV1-8*01 3 + 7.5 10.0 48.3 82.4 >500.0
2H-14 Month 3 98.0 IGHV1-8*01 1 + 2418 215.2 489.1 >500.0 >500.0
2H-16 Month 3 99.3 IGHV1-8*01 1 + 5.8 4.1 20.7 51.9 >500.0
B
Summary of mAbs with ZK2B10 like 1 chains (LCs) paired with ZK2B10 heavy chain
. . EC50 (ng/ml) 1C50 (ng/ml)
. " LC identity " .
mAbs  Time point o V. family Nread Yield ZIKV ZIKV
% ZIKVE ZIKVE DIl (GZ01)  (MR766) DENV2
ZK2B10 Month 3 96.9 IGLV1-47*01 - + 3.3 71 16.6 29.4 >500.0
2L-1 Day 15 100.0 IGLV1-47*01 147 (29.7%) + >500.0 >500.0 >500.0 >500.0 >500.0
2L-2 Day 15 98.0 IGLV1-47*01 1 + 215.8 267.3 134.2 152.7 >500.0
2L-3 Day 15 99.0 IGLV1-47*01 1 + >500.0 >500.0 >500.0 >500.0 >500.0
2L-4 Day 15 95.9 IGLV1-47*01 1 - - - - - -
2L-5 Day 15 99.0 IGLV1-47*01 1 - - - - - -
2L-6 Day 15 93.6 IGLV1-47*01 1 + 356.2 335.0 361.3 455.6 >500.0
2L-7 Day 15 93.3 IGLV1-47*01 1 - - - - - -
2L-8 Month 3 98.6 IGLV1-47*01 13 + >500.0 >500.0 >500.00 >500.0 >500.0
2L-9 Month 3 95.9 IGLV1-47*01 1 + >500.0 >500.0 >500.00 >500.0 >500.0
2L-10 Month 3 94.8 IGLV1-47*01 1 - - - - - -
2L-11 Month 3 96.6 IGLV1-47*01 1 + >500.0 >500.0 >500.00 >500.0 >500.0
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FIGURE 4 | Summary of somatic variants of the ZK2B10 antibody lineage. (A,B) ZK2B10 somatic variants are listed with the sampling time point, genetic
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ns, not significant.

FIGURE 4 | representative ZK2B10 . chain variants identified from the Day 15 and Month 3 antibody repertoires. ECso represents the half-maximal effective
concentrations for ELISA binding assays. ICsq represents the half-maximal inhibitory concentrations for plaque neutralization assays. (C~-G) Antibody protection
against lethal ZIKV challenge in AG6 mice. Shown here: (C) timeline for mAb injection, ZIKV inoculation, and blood collection. The prophylactic potential of mAbs was
assessed by monitoring survival rates for representative (D) heavy and (E) » chain somatic variants of ZK2B10 up to 14 days post challenge, and ZIKV RNA copies in
blood for (F) heavy and (G) » chain somatic variants of ZK2B10 on 5 days and 12 days post challenge. Single measurement of ZIKV RNA copies in blood showed
statistically significant difference among study groups, each containing four animals. All data are presented here as mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001;

to the maturation of ZK2B10 lineage (Figure 3B). One such
mutation, located on the LCDR1 loop, is N31, which is shared
by two weakly functional variants, 2L-2 and 2L-6, as well as
WT ZK2B10 \ chain (Figure 3B). The other mutation is at
position 91 on LCDR3 loop, which is S91 in WT ZK2B10 X
chain but predominantly A91 in all weakly or non-functional A
chain variants (Figure 3B). Thus, N31 and S91 could potentially
be the most critical mutations for ZK2B10 ) chain maturation.
We first examined the effect of these two mutations individually
by performing site-directed mutagenesis on 2L-1, which is 100%
identical to germline gene IGLV1-47. Neither S31N nor A91S
could render the germline antibody functional (Figure 5B). We
then introduced a double mutation (S31N+A91S) into 2L-1,
which, as expected, bound to ZIKV E and E DIII with high
affinity and potently neutralized ZIKV at the same level of WT
ZK2B10 (Figure 5B). As shown by the crystal structure, five
residues within ZK2B10 ) chain (N31, N32, Y33, R51, D94, and
L96) are directly involved in the contact interface (31). For the
two NGS-identified hotspot residues, N31 directly interacts with
T309 on ZIKV E DIII, while S91 forms a hydrogen bond with
N32, which interacts with T335 on ZIKV E DIII (Figure 5D).
In brief, our combined analysis of NGS data, antibody function,
and complex structure confirms that residues N31 and S91 within
the X chain are essential to ZK2B10, thus representing a crucial
event necessary for the functional maturation of this IGLV1-47-
originated ZIKV E DIII-directed antibody lineage.

DISCUSSION

In this study, we delineated the B cell repertoire response
of a ZIKV-infected individual (Ptl) during natural infection
using an NGS-based approach. Future studies with sequential
samples from more patients would be needed to validate
and support our current findings. Our analysis showed
an antibody repertoire profile with diverse germline usage,
limited somatic hypermutation in variable genes, and steady
CDR3 loop length. Tracing ZK2B10 in the NGS-derived
antibody repertoire revealed the dynamics of an effective
germline-encoded antibody lineage, which emerged prior to
the convalescent phase of ZIKV infection. Germline-like
somatic variants derived from the ZK2B10 lineage potently
neutralized ZIKV and protected mice from lethal ZIKV
challenge, while showing no cross-reactivity with DENV 2.
We also demonstrated that two mutations, N31 and S91,
within the germline-encoded \-light chain are essential to
the functional maturation of this IGHV1-8/IGLV1-47-encoded
antibody lineage.

Two important aspects in this study are worth highlighting.
One is the effective germline-encoded antibody response
represented by the ZK2B10 lineage. We observed a significant
increase in germline-like antibodies at Day 15 after the onset
of symptoms. This drastic shift in repertoire composition was
likely a result of rapid plasmablast response toward the end
of the acute phase of ZIKV infection. Interestingly, this shift
coincided with the emergence of the ZK2B10 lineage, which
exemplifies the role of the germline-encoded antibody response
during ZIKV infection. Similar patterns have been described
in previous studies. For monoclonal antibodies, germline-like
human mAbs m301 and m302 were reported that target ZIKV E
DIII cryptic epitopes (C-C’ loop) and neutralize ZIKV potently
both in vitro and in vivo (22). Another human mAb, P1F12,
originates from germline gene IGHV3-7 with an identity of
100% and neutralizes ZIKV potently as well (53). For the
overall B cell response, plasmablast-derived antibodies from
a ZIKV-infected, DENV-naive donor showed low levels of
SHM, supporting the mechanism of naive B cell activation
(19). Low levels of IgG SHM were also reported during acute
DENV infection, which is consistent with an “innate-like”
antiviral recognition mediated by B cells possessing antigen-
specific naive B cell receptors (54). Therefore, the induction of
germline-encoded neutralizing antibodies is critical for effective
protection against acute flavivirus infection. Diverse mechanisms
of antibody lineage development have been found in chronic
infections. During HIV-1 infection, rapidly emerged MPER-
directed antibody lineages have been reported to achieve
neutralizing breadth with low levels of SHM (55). In contrast,
HIV-1 bNAbs VRCO1 and PGTI21, which target the CD4
binding site (CD4bs) and the V3 stem, respectively, require
extensive mutation to achieve neutralizing breadth and potency
(34, 36). In addition, long HCDR3 loops are required for
bNAb PGT121 to penetrate the glycan shield of the envelope
spike. In summary, our longitudinal analysis of Ptl repertoire
and ZK2B10 lineage development provides insight into the
possible protective immunity against ZIKV infection. It must
be noted that more ZIKV-infected donors need to be analyzed
in future studies to confirm the B-cell repertoire dynamics
in response to ZIKV infection observed for Ptl. However,
longitudinal patient samples covering the entire course of
infection are usually scarce due to the difficulties in early
diagnosis and sample collection, posing a significant challenge for
such studies.

The other important aspect of our study is its implication
for rational design of a safe and effective ZIKV vaccine. As
previously reported, ZK2B10 and other E DIII-specific mAbs,
are ZIKV-specific, potently neutralizing, and can protect mice
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A B
EC50 (ng/ml) IC50 (ng/ml) EC50 (ng/ml) IC50 (ng/ml)
HC mutants ZIKV  ZIKV LC mutants ZIKV ZIKV

ZIKVE ZIKV E DIl (GZ01) (MR766) DENV2 ZIKVE ZIKV E DIl (GZ01) (MR766) DENV2
ZK2B10 3.3 71 16.6 29.4 >500.0 ZK2B10 3.3 71 16.6 294 >500.0
2H-2 (A39D)  >500.0 >500.0 >500.0 >500.0 >500.0 2L-1(S31N) 218.2 208.5 256.0 2483  >500.0
2H-3 (E39D) 5.5 1.0 14.3 212 >500.0 2L-1 (A91S) 413.0 >500.0 4382  >500.0 >500.0
2H-14 (G39D) 4.5 0.9 18.6 30.3  >500.0 2L-1 (S31N+A91S) 4.7 1.2 19.7 36.5  >500.0

C D

ZK2B10 HC ZK2B10 LC

(: ZIKV E DIl

FIGURE 5 | Mutagenesis and structural analyses of hotspot residues critical for ZK2B10 maturation. (A) Validation of ZK2B10 heavy chain critical residues by reverse
mutagenesis. (B) Validation of ZK2B10 x chain critical residues by mutagenesis. (C) Contact interface of ZK2B10 heavy chain (HC) with ZIKV E DIIl. In the ribbon
diagram, ZK2B10 HC is shown in magenta and ZIKV E DIl in cornflower blue. Residues directly involved in the contact interface with E DIIl (Y111, Y114, Y116, and
Y118) are shown with side chain. The identified critical residue, D39 on HCDR1, is highlighted in yellow. (D) Contact interface of ZK2B10 . chain (LC) with ZIKV E DIIl.
ZK2B10 LC is shown in forest green and ZIKV E DIll in cornflower blue. Residues directly involved in the contact interface with E DIIl (N31, N32, Y33, R51, D94, and
L96) are shown with side chain. The identified critical residues, N31 on LCDR1 and S91 on LCDR3, are highlighted in yellow.

from a lethal ZIKV challenge (18, 23, 24, 30). Structural studies (39, 57). While many E DIII-directed antibodies are potent
revealed that ZK2B10 binds to the residues within the lateral = neutralizers, antibodies targeting the quaternary epitopes have
ridge of DIII and blocks infection at a post-attachment step  also been reported with exceptional neutralizing potency (13,
similar to other E DIII-specific potently neutralizing mAbs 28, 58). Longitudinal analysis of such quaternary antibodies will
(31, 50). In addition, E DIII-specific antibodies are critical  provide valuable insight into the protective immunity against
for controlling ZIKV as they correlate positively with high ~ ZIKV infection and inform rational vaccine design, warranting
neutralization titers and their depletion results in reduced  further investigations.

neutralizing activity in ZIKV-infected patient serum (24, 50).

Our results indicate that only two mutations of the IGLVI- DATA AVAILABILITY STATEMENT

47 germline N chain, N31 and S91, can sufficiently enable the

IGHV1-8/IGLV1-47 germline antibodies to achieve potent ZIKV ~ The datasets analyzed in this manuscript are not publicly
neutralization. Therefore, this barrier could be readily overcome  available. Requests to access the datasets should be directed
by an antigen-activated B cell repertoire. The low degree of  to jiang@scripps.edu.

SHM observed for the ZK2B10 lineage suggests that elicitation of

naive protective B cell response against ZIKV may be achieved ETHICS STATEMENT

with a standard vaccination regimen. Furthermore, E DIII-

based vaccine has been reported to avert lethal West Nile virus  The studies involving human participants were reviewed
(WNV) infection without enhancing ZIKV or DENV infectivity and approved by Ethical Committee of the Guangzhou
(56). However, the low frequency and transient expansion of  Eighth People’s Hospital, Guangzhou Medical University. The
ZK2B10-like antibodies observed in the Ptl repertoire suggest  patients/participants provided their written informed consent
that overcoming the suboptimal immunogenicity of ZIKV E  to participate in this study. The animal study was reviewed
DIIL, an elongated immunoglobulin-like domain, may prove  and approved by Experimental Animal Welfare and Ethics
to be a significant challenge for ZIKV vaccine development — Committee of Tsinghua University.
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Background: |Interleukin-6 (IL-6) is a pleiotropic cytokine with a multitude of
pro-inflammatory effects. Serum C-reactive protein (CRP) is an acute phase protein
induced mainly by IL-6 in response to inflammatory conditions, particularly infection. The
biological functions of CRP include opsonisation, induction of phagocytosis, complement
activation, or chemotaxis enhancement. Factors interfering with IL-6-mediated
recruitment of innate immune responses, such as the presence of anti-IL6 antibodies,
may therefore compromise the host resistance to microbial pathogens. This has major
implications for the use of IL-6-targeting biologics, such as tocilizumab or sarilumab in
rheumatologic, immune dysregulation diseases, and cancer.

Case presentation: 20-month-old Czech female developed severe septic shock with
clinical and laboratory signs of systemic inflammation but no increase of CRP or IL-6. The
offending pathogen was most likely Staphylococcus aureus, detected in a throat swab;
the response to antibiotic treatment was prompt. A defect in the integrity of IL-6/CRP
axis was suspected and verified by the detection of neutralizing IL-6 antibodies in the
serum of the child.

Conclusion: We report a first case of systemic bacterial infection in a patient with
anti-IL6 autoantibodies. Disturbed IL-6 signaling, whether iatrogenic by targeted IL-6
blockade or endogenous due to the presence of autoantibodies against IL-6, represents
a risk factor for increased infectious susceptibility. Patients with severe bacterial infection
without elevation of CRP should be examined for the presence of anti-IL6 autoantibodies.

Keywords: interleukin 6, C-reactive protein, anti-IL6 autoantibodies, tocilizumab, siltuximab, sarilumab

BACKGROUND

Interleukin 6 (IL-6), originally described as B-cell stimulatory factor in 1985, is now known as
a pleiotropic cytokine with multitude of key biological functions, including inflammatory and
immune responses, hematopoiesis, and oncogenesis. It is transiently produced by immune cells,
such as monocytes and macrophages, but also by other cell lineages upon various stimuli, e.g.
infection or tissue injury (1). IL-6 binds to its receptor, which exists in two forms; a membrane-
bound protein or a soluble form. In short, upon IL-6 binding the downstream signaling molecules
Janus kinases (JAKs) recruit either signal transducer and activator of transcription 3 (STAT3) or
mitogen-activated protein kinases (MAPKs) via receptor-associated molecule gp130. This initiates
the transcription of IL-6-inducible genes (2) and results, inter alia, in the production of proteins
such as C-reactive protein (CRP), fibrinogen and serum amyloid A.
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CRP is an acute phase reactant produced by hepatocyte-
derived  IL-6-dependent biosynthesis in inflammatory
conditions, particularly in response to infection. Its biologic
functions are promotion of innate immune processes, including
opsonisation, complement activation, induction of release of
pro-inflammatory cytokines or promotion of phagocytosis and
chemotaxis (3). CRP serum levels begin to rise by 6 hours and
peak within 2-3 days from induction (4).

Procalcitonin (PCT) is produced in health in thyroid cells and
immediately converted to the hormone calcitonin. On the other
hand, the inflammatory PCT is released mainly by adipocytes
and white blood cells, triggered by various microbial peptides or
inflammatory mediators such as IL-6 or tumor necrosis factor-
alpha (TNFa). PCT is utilized as a diagnostically accurate tool for
bacterial infection and a useful discriminator of sepsis. Its levels
increase more rapidly than CRP, between 2 and 6 hours and peak
within 6-24 hours during infection (5).

Sepsis is defined as systemic inflammatory response to
infection (6) or, more recently, as life-threatening organ
dysfunction caused by a dysregulated host response to
infection (7). Septic shock is clinically identified as sepsis
with cardiovascular dysfunction (6). During sepsis, an array of
cytokines and chemokines is produced, such as interleukin 18
(IL-1B), IL-6, TNF-a, or soluble CD14 (5). Currently, IL-6, CRP
and PCT are the most commonly used biomarkers of sepsis,
which severity and outcome prediction capacity is of high clinical
research interest.

Given the role of IL-6 in immune responses, an enhanced
infectious susceptibility is a rational concern in any therapeutic
strategy targeting IL-6 signaling, e.g. IL-6 receptor (IL6R)
(tocilizumab, sarilumab) or IL-6 (siltuximab), increasingly
utilized in treatment of rheumatoid arthritis (RA), juvenile
idiopathic arthritis (JIA), or Castleman’s disease (8).

To date, three patients only were reported to suffer
severe bacterial infections while having detectable neutralizing
antibodies to IL-6 and impaired acute phase response (9,
10). The hereby-presented case describes the fourth such
patient, who is also the first to present with severe systemic
inflammatory response.

CASE PRESENTATION
Clinical Vignette

A Czech female was born in 36th gestational week to a mother
with history of intravenous methylamphetamine abuse during

Abbreviations: Abs, antibodies; AD HIES, autosomal dominant HyperIgE
syndrome; Anti-IL6 abs, antibodies against interleukin 6; Anti-IL6 autoAbs,
autoantibodies against interleukin 6; CM, complete medium; CRP, C reactive
protein; DOCKS, dedicator of cytokinesis 8; FBS, fetal bovine serum; IFN-y,
interferon gamma; IL12, IL-17A, IL-17F, IL-22, IL-23, interleukin of corresponding
enumeration; IL-6, interleukin 6; IL6R, interleukin 6 receptor; IRAK-4, interleukin
1 receptor-associated kinase 4; JAKs, Janus kinases; JIA, juvenile idiopathic
arthritis; LPS, lipopolysaccharide; MAPKs, mitogen-activated protein kinases;
MyD88, myeloid differentiation primary response 88; NEMO, nuclear factor-
kappa B essential modulator; PBMC, peripheral blood mononuclear cells; PBS,
phosphate-buffered saline; PCT, procalcitonin; pSTAT3, phosphorylated signal
transducer and activator of transcription 3; RA, rheumatoid arthritis; ref.range,
reference range; STATS3, signal transducer and activator of transcription 3; TNFa,
tumor necrosis factor-alpha.

pregnancy. She suffered severe perinatal asphyxia and multiple
ileal perforations requiring a stoma, which was closed at 4
months. At the age of 5 months, she suffered another ileal
perforation, during which an increase of CRP (86,7 mg/L)
and leucocytosis (19,7 x 10*9/L) were noted. The subsequent
infectious susceptibility was inconspicuous; she thrived relatively
well, received hexavalent combined vaccine (diphtheria, tetanus,
pertussis, poliomyelitis, Haemophilus influenzae type B, and
hepatitis B) and developed within the neurologic limitations
of her perinatal insult. At the age of 20 months, she suffered
a short paroxysm of generalized seizures in a second day
of fevers of 38, 0-38, 5°C. Upon admission, she presented
with dehydration, circulatory instability with hypotension,
tachycardia, tachypnea, and anuria. Her laboratory workup
showed mild leukopenia 5.8 x 10*9/L (ref. range 6.0-17.5),
thrombocytopenia 64 x 10*9/L (ref. range 150-450), severe
electrolyte imbalance, increased renal parameters (creatinin 132
umol/L, ref. range 8-45; urea 25 mmol/L, ref. range 3.2-9.0),
signs of rhabdomyolysis (increased aspartate aminotransferase,
serum creatine kinase, myoglobin) and elevated D-dimers,
activated partial thromboplastin time but unincreased fibrinogen
2.82 g/L (ref. range 1.45-3.48). An extreme elevation of PCT
378.0 ug/L (electrochemiluminescence, ref. range 0.0-0.5) but,
curiously, no increase of CRP 2.9 mg/L (immunoturbidimetry,
ref. range 0.0-5.0) or IL-6 16.2 ng/L (electrochemiluminescence,
ref. range 0.0-20.0) were noted. Staphylococcus aureus was
cultured from throat swabs, other microbiologic investigations
were negative, including blood cultures. She was diagnosed with
septic shock, required massive intravenous volume expansion
and received 10 days of antibiotic treatment (third generation
cephalosporin and gentamicin) that controlled the infection and
the laboratory parameters normalized. During the following 6
months, she experienced no other infections.

The patients basic immune profiling suggested no gross
abnormality (Table 1). However, intrigued by the peculiar
dynamics of the inflammatory markers during sepsis, especially
the lack of IL-6 and CRP response along the high PCT elevation
(Figure 1A), we prompted investigation of the integrity of IL-6
signaling axis, which we tested in the following steps.

The Ability to Synthetize IL-6 by Patient’s
CD14* Monocytes Is Normal

In order to establish a normal cellular ability to produce IL-
6, patient’s whole blood was stimulated with lipopolysaccharide
(LPS) in presence of Brefeldin A. Flow cytometric trace of IL-
6 (Figure 1B), IL-18 and TNFoa (Supplementary Figure 1) in
CD14" monocytes was analyzed. We observed an increased
unstimulated production of IL-6 and IL-1B in the time of sepsis,
which further increased after LPS stimulation, demonstrating an
unskewed ability to synthetize these cytokines. The production of
TNFa was similar to healthy controls.

The Ability to Release IL-6 Into
Extracellular Space by Patient’s Cells Is

Normal
Having established a normal intracellular IL-6 synthesis, we
sought to determine the patients cells ability to release the
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TABLE 1 | Patient’s basic immune profile.

Patient’s immune profile Value Age-matched
reference values
Leukocytes (cells/pL) 10,100 6,000-17,000
Lymphocytes (cells/L) 7,180 2,900-12,400
Neutrophils (cells/iL) 1,550 1,300-8,200
Monocytes (cells/jL) 1,010 150-1,280
Eosinophils (cells/pL) 610 0-1,200
CD3* (%2, cells/pL) 76 1/ 5,457 ¢ 56-75/1,400-
3,700
CD3* CD4* (%2, cells/pL) 42/3,016 1 28-47/700-2,200
CD3* CD8" (%2, cells/uL) 27/1,939 1 16-30/490-1,300
Naive CD4+ (%) 36 36-97
(CD3TCD4+CD45RATCD27™)
Naive CD8" (%°) 19 19-95
(CD3+CD8TCD45RATCD27)
CD19% (%2, cells/pl) 18/1,292 14-33/390-1,400
Naive CD19% (%) 91 49-100
(CD19+CD27-IgD™*)
Switched memory CD19% (%) 3} 5-25.6
(CD19+CD27+IgD™)
CD161/CD56" (%2, cells/uL) 4.4 /316 4-17/130-720
Immunoglobulins
19G (/L) 4.76] 5.53-10.20
1gG1(g/L) 24 2.90-8.50
19G2 (g/L) 1.33 0.45-2.60
19G3 (g/L) 0.42 0.15-1.13
9G4 (g/L) 0.61 0.01-0.79
IgA (g/L) 0.31) 0.33-0.91
IgM (g/L) 0.47 0.47-1.55
IgE (IU/mL) 60.61 0.0-30.0
IgD (IU/mL) <5.65 0.0-100.0
a-tetanus, a-diphtheria, a-hemophilus Normal NA
postvaccination IgG
Autoantibodies (ANA, ENA, a-dsDNA, RF, Neg NA
ANCA, a-TPO, a-TG, a-TSHR, a-EM,
a-TTG, a-GD)
Complement activation (%): Reference ranges
Classic pathway 94 69-129
Alternative pathway 53.4 30-113
MBL pathway 0.4] >10
Burst test PMA and E.coli, NBT test Normal NA

a9% of total peripheral lymphocytes.

b9% of CD4.

©% of CD8™.

9% of CD19+.

NA, not applicable; SCIG, subcutaneous immunoglobulins; Neg, negative; ANA,
antinuclear antibodies; ENA, extractable nuclear antigen antibodies; a-dsDNA, anti-double
stranded DNA antibodies; RF, rheumatoid factor IgG, IgA and IgM; ANCA, anti-neutrophil
cytoplasm antibodies; a-TPO, anti-thyreoperoxidase antibodies; a-TG, anti-thyreoglobulin
antibodies; a-TSHR, TSH receptor antibodies; a-EM, anti-endomisium IgG and IgA
antibodies; a-TTG, anti-tissue transglutaminase antibodies IgG and IgA; a-GD, anti-
deamidated gliadin IgA and IgG; MBL, mannan binding lectine; PMA, Phorbolmyristate
acetate; NBT, nitroblue tetrazolium. 4, |, value above, below reference range, respectively.

cytokine extracellularly. Patient’s peripheral blood mononuclear
cells (PBMCs) were stimulated with LPS overnight. The
supernatants were harvested and the IL-6 was determined using a
commercial IL-6 Elisa assay. We found the PBMCs of the patient
to be capable of substantial IL-6 extracellular release, even if
slightly decreased compared to a healthy control (Figure 1C).

The Patient’s Serum Has IL-6 Neutralizing
Property

Because of the patient’s uncompromised ability to produce CRP
at the age of 5 months, we hypothesized that an induction of
anti-IL6 antibodies (abs) may underlie the acquired IL-6/CRP
irresponsiveness. The healthy donors’ PBMCs were stimulated
according to the protocol above or left unstimulated in complete
media (CM) supplemented either with patient’s serum obtained
from 2 different time points (in time of sepsis and 1 month later)
or with fetal bovine serum (FBS). We noted a profound decrease
of the cytokine in the presence of patient’s serum. This indicated
that the patient’s serum contained a component interfering with
the IL-6 detection (Figure 1D).

The Patient’s Serum Contains Anti-IL6

Autoantibodies

The anti-IL6 abs were detected in the patients and healthy
donors’ sera using a commercial Elisa kit (MyBiosource, details
available in List of Methods). While the control samples were
negative for anti-IL6 abs, the patient’s serum was found positive
in time of sepsis as well as 1 month after the infection (Figure 1E).

The Patient’s Serum Decreases the
Intracellular IL-6-Mediated Signal

Transduction

Finally, we investigated whether the IL-6 abs found in the
patient’s serum cause a corresponding depression of IL-6 signal
transduction downstream of IL-6 receptor (IL6R). To do this, we
cultivated recombinant IL-6 in phosphate-buffered saline (PBS)
supplemented with patient’s serum obtained from 3 different
time-points (in sepsis, 1 and 3 months later) or with FBS.
Then, control full blood (n = 2) was stimulated with IL-6 in
the respective media and STAT3 phosphorylation (pSTAT3) was
analyzed in peripheral T cells and monocytes. We observed
a significantly lower pSTAT3 signal from samples containing
patient’s serum from all 3 time-points (Figure 1F). The results
suggest that the IL-6 abs have a neutralizing effect and indicate
the persistence of the IL-6 abs even beyond acute phase of
the infection.

DISCUSSION AND CONCLUSIONS

We present a child with septic shock, which most likely developed
on the grounds of serum anti-IL6 autoAbs. Based on the
lack of detectable IL-6, CRP and fibrinogen response during
a clinically manifested systemic inflammation, together with
the disturbed IL-6/STAT3-mediated signaling observed in cells
exposed to patients serum, we suggest that these abs have
neutralizing property and contributed to the severity of the
infection. Meanwhile, the undisturbed functionality of other
proinflammatory cytokines, such as IL-1p or TNFa probably
explains the patient’s retained ability to develop other features
of inflammatory response, such as fever or increased PCT. PCT,
a strong IL-6 independent biomarker of bacterial infection,
rises sooner than CRP. Yet, due to its biologic half-life its
increase should later overlap with CRP elevation. Therefore, the
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FIGURE 1 | Investigations of IL-6 functions in the patient. (A) The dynamics of IL-6, CRP, PCT, and absolute leukocytes count in various time-points during sepsis, 1
and 3 months afterwards (h-hours from onset of fever, m-month/s). An extreme elevation of PCT is not accompanied with IL-6 or CRP increases over the normal
reference value. Reference ranges: CRP 0.0-5.0 mg/L; PCT 0.0-0.5 pg/L; IL-6 0.0-20.0 ng/L; Leu 6.0-17.5 x 10%L. (B) Intracellular IL-6 production in patient’s
monocytes at the time of sepsis compared to 59 healthy controls’ monocytes after 1 wg/ml LPS determined with flow cytometry. Unstimulated state is expressed as
MFI (mean fluorescence intensity). The effect of LPS stimulation is expressed as AMFI (stimulated minus unstimulated MFI). The synthesis of IL-6 by patient’s
monocytes is unskewed. (C) Detection of extracellular IL-6 from patient’s PBMCs after 1 pg/ml LPS stimulation determined by ELISA. The release of IL-6 into
extracellular space by patient’s cells is normal. (D) Suppression of extracellular IL-6 by patient’s serum analyzed by ELISA. Healthy age-matched controls’ PBMCs (n
= 2) were stimulated with LPS, cultivated in complete media (CM) supplemented either with fetal bovine serum (FBS) or 10% patient serum in time of sepsis () and 1
month later (Il) The amount of IL-6 detected in the presence of patient’s serum is decreased in both time-points. (E) Anti-IL-6 autoantibodies detection in patient
serum obtained in time of sepsis (I), 1 month later (Il), and in 2 healthy age-matched controls with ELISA. The patient’s serum, but not the control serum, contains
anti-IL6 autoantibodies. OD, optical density. (F) STAT3 phosphorylation (pSTAT3) in control (1 = 2) T cells and monocytes after 10 ng/ml recombinant IL-6 stimulation.
The peripheral blood was stimulated with IL-6 diluted in PBS containing 20% patient serum obtained in sepsis (), 1 month later (I), 3 months later (lll), or in fetal bovine
serum (FBS). The patient’s serum decreases the pSTAT3 signal in all three time-points. Data are expressed as AMFI (stimulated minus unstimulated MFI). MFI, mean
fluorescence intensity.

PCT/IL-6/CRP discrepancy during the acute phase of infection
in our patient supports the hypothesis of isolated defect in IL-6-

mediated CRP induction.

To our knowledge, this is the first patient with anti-IL6
autoAbs reported to suffer a severe systemic infection. Previously,

Puel et al. reported a Haitian boy with recurrent Staphylococcus
aureus subcutaneous abscesses and cellulitis (9) and Nanki
et al. referred two adult Japanese patients presenting with
Staphylococcal aureus cellulitis and Streptococcus intermedius and
Escherichia coli empyema (10) (Supplementary Table 1).
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Eventhough very likely, a causative link between the
anti-IL6 abs and the infectious susceptibility may not be
unequivocally established in our patient. With no human
IL-6 deficiency reported to date, the corresponding phenotype
and the exact underlying molecular mechanisms of such
defects are yet to be elucidated. Nevertheless, some clues
may be derived from patients with genetic loss of proteins
involved in IL-6/gp130/STAT3 signaling pathway. Two
patients were recently reported to harbor homozygous IL6R
mutations resulting in a phenotype of recurrent infections,
absence of CRP increase during acute phase of clinically
apparent infections, elevated IgE and eczema (11). A single
case of bilallelic gpl30 mutation has been described to
present as early onset severe bacterial infections including
Staphylococcus aureus, eczema, impaired acute phase response
and increased IgE (12). Similar features are associated with
hypomorphic STAT3 mutations, which constitute the autosomal
dominant HyperIgE syndrome (AD HIES) [reviewed in
(13)]. Additionally, an IL-6 knockout murine model was
shown to develop normally, but the inflammatory acute-
phase response after tissue damage or infection was severely
compromised (14).

The apparently impeded resistance to Staphylococcus
aureus in subjects with IL-6 signaling disruption is intriguing.
Various primary immunodeficiencies (PIDs) predispose to
abnormal, but not selective staphylococcal susceptibility,
such as X-linked chronic granulomatous disease, NEMO
deficiency syndrome, IRAK-4 deficiency, MyD88 deficiency,
or DOCKS deficiency. Mechanistically, the most relevant to
our case is the STAT3 loss-of-function AD HIES, classically
hallmarked by recurrent staphylococcal skin and lung infections,
and the IL6R deficiency with both reported cases suffering
with staphylococcal infections (11). Such similarity strongly
suggests that the functional integrity of IL-6/STAT3 pathway
is particularly important in antistaphylococcal immunity,
however, the exact mechanism is not yet clear. It may involve
the lack of CRP-mediated protection or other aspects, such as
disturbed Th17 functions or diminished circulating T follicular
helper cell induction, which was observed in AD HIES and
IL6R deficiency.

Interestingly, several PIDs have recently been coupled with
their phenocopies that arise from the presence of anti-cytokine
abs. For example, an increased susceptibility to weakly virulent
mycobacteria due to IFN-y autoAbs resembles a rare PID
called Mendelian susceptibility to mycobacterial diseases due to
monogenic defects in IL-12/IFN-y circuit. Similarly, abs against
Th17-related cytokines IL-17A, IL-17F, IL-22, IL-23 underlie
increased susceptibility to fungal infections resembling chronic
mucocutaneous candidiasis due to various genetic etiologies
[reviewed in (15)].

Naturally occurring anti-IL6 autoAbs were found in 0.1%
healthy population but these are likely low concentration
and lack the neutralizing property due to their low affinity
(16). As with the majority of human autoantibodies, the
reason why our patient developed blocking anti-IL6 autoAbs is
unknown. A genetic predisposition might play a role. However,
having been able to develop a normal acute phase response,

including a CRP increase, at the age of 5 months, a single
gene inborn error is unlikely. Of note, the two adult subjects
reported previously to produce blocking IL-6 abs were not
affected with increased infectious susceptibility until 56 and
67 years of age (10). These aspects suggest that “multiple
hits” may be required in the disease pathophysiology. Also,
our patients severe perinatal history may underlie an immune
dysbalance, owing to early abnormal exposure to pathogens
or self-antigens, which may result in autoAbs induction.
Nevertheless, no other clinically relevant abs were detected in the
patient’s blood.

Finally, two IL6R and one IL-6 blocking agents are currently
approved and widely used in diseases such as RA, JIA and
Castleman’s disease (8). While some studies identified a higher
incidence of severe infections in RA patients receiving anti-
IL6R blockade compared to anti-TNFa biologics (17, 18),
others did not (19). However, the suppression of CRP in
RA patients receiving monoclonal anti-IL6R abs has been
well-recognized, in fact CRP has been suggested as an
outcome predictor and treatment monitoring tool (20). In
the same context, CRP has also been reported to be a
poor predictor of severe infectious complications (21). Several
ongoing clinical trials investigate the efficacy and tolerability
of IL-6 targeting in various other immune dysregulation or
oncologic diseases and novel compounds interfering with IL-6
signaling are being rapidly developed (8). Therefore, given the
severity of presentation in our patient, we suggest that extra
care in exercised in patients receiving IL-6 blocking agents,
especially when administered together with other immune
suppressant drugs.

Of note, an excess of soluble IL-6R, which would bind
the IL-6 and interfere with its detection was not excluded in
our patient. This is a limitation of our study, however the
documented presence of anti-IL6 autoAbs amply explains the
observed phenomena.

To conclude, disturbed IL-6/STAT3/CRP axis due to
endogenous production of anti-IL6 autoAbs was a likely cause
of severe septic shock in our patient who failed to mount an
efficient acute phase response. We suggest that patients with
severe bacterial infection without elevation of CRP should be
examined for the presence of anti-IL6 antibodies.
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Background: Goodpasture’s disease (GP) is mediated by autoantibodies that
bind the glomerular and alveolar basement membrane, causing rapidly progressive
glomerulonephritis with or without pulmonary hemorrhage. The autoantibodies bind
neoepitopes formed upon disruption of the quaternary structure of a345NC1 hexamer,
a critical structural domain of a345 collagen IV scaffolds. Hexamer disruption leads to
a conformational changes that transitions a3 and a5NC1 subunits into immunogens,
however, the trigger remains unknown. This contrasts with another anti-GBM disease,
Alports’ post-transplant nephritis (APTN), where the pathogenic alloantibody binds
directly to native NC1 hexamer. The current report includes the first study of antigenic
specificity and allo-incompatability in anti-GBM disease occurring after allogeneic
haematopoietic stem cell transplant (HSCT).

Results: The anti-GBM antibodies were found to be directed predominantly against the
Ea epitope of the a3 NC1 monomer of collagen IV and developed rapidly in patient serum
reaching peak level within 5 weeks. Autoantibody binding to native a345NC1 hexamer
was minimal; however, binding was greatly increased upon dissociation of the native
hexamer. There were no polymorphic genetic differences between donor and recipient
collagen IV genes which would be predicted to cause a significant NC1 conformational
change or to provide a target for antibody binding. Both patient and donor possessed
the Goodpasture’s susceptibility HLA-allele DRB7*1501.

Conclusions: The current report includes the first in-depth study of allo-incompatability
and antigenic specificity in anti-GBM disease occurring after allogeneic haematopoietic
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stem cell transplant (HSCT). No polymorphic genetic differences were identified between
donor and recipient collagen IV genes which would be predicted to provide a target for
antibody binding. Furthermore, autoantibody binding to native a«345NC1 hexamer was
minimal, increasing greatly upon dissociation of the native hexamer, resembling wild-type
GP diseases and marking this as the first example of a post-HSCT conformeropathy.

Keywords: Goodpastures, glomerular basement membrane, conformeropathy, GvHD, anti-GBM, alloimmunity,

autoimmunity

INTRODUCTION

Goodpasture’s (GP) disease is mediated by autoantibodies,
commonly known as anti-GBM antibodies, that target a345
scaffold of collagen IV of the kidney glomerular (GBM) and
lung alveolar basement membrane causing rapidly progressive
glomerulonephritis and pulmonary hemorrhage. In GP disease,
the autoantibodies bind neoepitopes formed on o3 and a5
NC1 subunits upon disruption of the quaternary structure of
native a345NC1 hexamer, a critical structural domain of «345
collagen IV scaffolds (1, 2). Hexamer disruption is concomitant
with conformational changes that transitions subunits into
immunogens. The pathogenesis of the ensuing anti-GBM
nephritis contrasts with that of Alport’s post-transplant nephritis
(APTN). In APTN, a345 collagen IV scaffold is seen as foreign
within the transplanted kidney, owing to its absence in the
GBM of the recipient Alport patient. Of particular importance,
while both auto- and alloantibodies target the same a345NCl1
hexamer, they bind different epitopes (1). In GP disease, epitopes
are formed after dissociation of hexamer subunits, whereas
in APTN alloantibody epitopes are located on the surface of
the a345NC1 hexamer (3, 4). The trigger for conformational
changes that transition subunits into immunogens in GP disease
remains unknown. We describe the first case of anti-GBM
disease occurring post haematopoietic stem cell transplant where
the pathogenesis including antibody specificity and the local
determinants of antibody binding have been extensively studied.

We previously reported the first patient with X-linked
lymphoproliferative (XLP) disease-associated cerebral vasculitis
to successfully undergo a hematopoietic stem cell transplant
(HSCT) (5). However, at day +169 post-transplant the
patient developed anti-GBM disease, a complication rarely
reported post-HSCT. This case presented a unique opportunity
to investigate whether the anti-GBM nephritis phenocopied
alloimmune response, as in APTN, or autoimmune response, as
in GP disease. In addition, serum from this patient was available
prior to and during the onset of anti-GBM disease, providing a
window into both the emergence, evolution, antibody specificity,
and the temporal relationship between antibody production and
the development of renal failure.

MATERIALS AND METHODS

Patient serum was collected prior to the onset of anti-
GBM disease and through the time when plasma exchange
and immunosuppressive drug treatment were initiated. Serum
collected at the disease onset at dilutions of 1:50 to 1:250 was

applied to frozen sections of normal human kidney, and binding
of circulating anti-GBM antibody to the normal GBM was
detected using fluorescein labeled anti-IgG secondary antibody.
For immunoadsorbtion, patient serum was preincubated with
NHS-activated magnetic beads coated with 100 pg/mg of
recombinant a3NC1 domain of collagen IV. In a separate
experiment, immunofluorescent staining was also performed
after treatment of normal kidney sections with 6 M urea in 0.1 M
glycine-HCI, pH 2.2 for 10 min prior to addition of GP serum.

Antigens and Anti-GBM ELISA

Recombinant human oINC1 through «a6NC1 domains of
collagen IV in monomer form and a3/al chimeras were purified
from culture medium of stably transfected human embryonic
kidney (HEK) 293 cells using anti-FLAG agarose as previously
described (6). a3/aINC1 chimeras corresponding to the Ea
and Ep epitopes of the a3NC1 domain were constructed
by PCR mutagenesis as previously described (7). The native
NCI hexamers of collagen IV were isolated from bovine or
human GBM after collagenase digestion and size-exclusion
FPLC chromatography. Binding of antibody to recombinant
NC1 domains or chimeras was performed using indirect
enzyme-linked immunosorbent assay, with alkaline phosphatase-
conjugated goat anti-human IgG or IgM (Sigma, 1:2,000)
secondary antibody as described (1).

Sequencing and Analysis

Next generation gene sequencing was performed by the Bristol
genetics laboratory using the HaloPlex Target Enrichment System
kit including all coding regions for a range of basement
membrane associated genes. Analysis was focused specifically
on the COL4A3, COL4A4, and COL4A5 genes to identify
non-reference sequence variations (hgl9) between donor and
recipient, which were assessed using the Grantham score of
physicochemical change.

Statistical Analysis

The results for all quantitative experiments are reported as
mean £ SD of three independent experiments. To determine
differences between groups, we used analysis of variance with
multiple groups comparison by Holm-Sidak method (SigmaStat)
with P < 0.05 considered to indicate statistical significance.

RESULTS

A 12-year-old boy underwent unrelated cord blood transplant
(UCBT) for X-linked lymphoproliferative (XLP) disease caused
by a mutation ¢.96G>C in the SH2DIA gene. The patients
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primary disease has been reported elsewhere regarding novel
features of XLP, with presentation including cerebral vasculitis,
aplastic anemia, acute respiratory distress syndrome, and
arthropathy (5). Features of the transplant potentially pertinent
to the current investigations include that an initial 6/6 HLA
matched UCBT failed to engraft and he underwent a second
transplant with a 5/6 matched UCBT, which engrafted with
100% donor chimerism. His main side effects during the acute
phase of the transplant were BK virus-associated hemorrhagic
cystitis with bladder perforation and a possible NK cell
immune reconstitution syndrome, including bilateral pulmonary
infiltrates. At 169 days post-transplant when he had been
engrafted and well for some time, he presented with fever,
hematuria and acute renal failure, and was identified as having
anti-GBM antibodies on indirect immunofluorescence of serum
and characteristic crescentic glomerulonephritis injury with
direct linear GBM immunofluorescence staining for IgG on
renal biopsy. He was treated with plasmapheresis for 1 month
with initial 2nd daily exchanges, high dose corticosteroids and
cyclophosphamide before having B-cell depletion with rituximab.
He went into remission, becoming anti-GBM antibody negative,
with residual moderate chronic kidney disease. He is currently
well with a glomerular filtration rate of 43 ml/min/1.73 m?, with
no proteinuria or hematuria.

The biopsy showed characteristic features of crescentic
glomerulonephritis, with >90% of the 32 glomeruli sampled (8
globally sclerosed) displaying cellular or fibrocellular crescents,
with segmental fibrinoid necrosis and with extensive acute
tubular injury and focal, 10-20% interstitial fibrosis and tubular
atrophy (Figure 1A). When applied to frozen sections of normal
human kidney, the patient’s serum at 1:50 dilution demonstrated
strong linear anti-GBM staining, which was greatly enhanced
by acidic urea treatment (Figures 1B,C). The specificity of the
staining and the nature of deposited antibody were established
by immunoadsorbtion of serum on a3NCl-coated magnetic
beads, which nearly abolished staining in parallel with removal
of a3NC1 antibody (Figures 1E,F). The findings are diagnostic
of severe anti-GBM antibody-mediated glomerulonephritis.

Serum collected at initial presentation showed that a majority
of antibody targeting the a3NC1 monomer of collagen IV
with weaker reactivity against al and a5NC1 monomers,
indicating that a3NCl1 is the primary autoantigen (Figure 2A).
This was further supported by measuring the affinity of
circulating antibodies toward human al, a3, and a5NCl
domains (Figure 2B). Patient serum was pre-incubated with
increasing concentrations of the NC1 monomers and binding
to immobilized al, a3, and a5NCl1, respectively was measured
by inhibition ELISA. The strongest inhibition by the a3NCl1
monomers indicates that the anti-a3 antibodies have highest
affinity, followed by the anti-a5, and low affinity anti-al
antibody. Furthermore, adsorption of patient serum on a3NCl1-
coated magnetic beads not only removes a3 specific antibodies,
but significantly reduces immunoreactivity to al and a5NC1
(Figure 2C), indicating at least partial cross-reactivity of the
major a3-specific antibody with the a1 and «5NC1 domains.

Circulating antibodies from the HSCT patient targeted
predominantly the Ej epitope of a3NC1 monomer with lower

reactivity toward Ep epitope (Figure 2D) suggesting a key role of
the E4 region in the initiation of anti-GBM disease in this case.
This is consistent with previously reported Ea -specific antibody
titers as a primary predictor of renal outcome in Goodpasture’s
disease (8) and proven pathogenicity of Ex-a3 chimeric protein
in rat model of glomerulonephritis (9). Since targeting of
the additional non-GP epitopes could not be excluded in
this type of assay, we performed the competition ELISA for
antibody binding to the «3NC1 domain. For this experiment,
GP antibodies were purified by affinity chromatography on
a3NC1 domain coupled to agarose beads and labeled with biotin.
Patient serum antibodies efficiently competed with binding
of biotinylated GP antibody to coated a3NCl in a dose-
dependent manner and was undistinguishable from the control
mix of GP sera (Figure2E), showing that current patients
circulating antibody targets the same epitopes as in patients with
classical GP disease.

Finally, although there was minimal antibody reactivity
with native a345NC1 hexamers from bovine or human GBM,
binding of antibody was significantly increased upon hexamer
dissociation by a protein denaturant (Figure 2F). This closely
resembled the enhanced immunofluorescent staining of human
kidney sections after acidic urea (Figure 1C). Therefore, in
terms of epitope specificity and binding to dissociated NCI
hexamers, the anti-GBM antibodies in the current post-HSCT
case clearly phenocopy classical Goodpasture autoantibodies, but
not APTN alloantibodies.

ELISA analysis revealed the rapid development of antibodies
to the a3NC1 monomer of collagen IV in patient serum over
a period of 5 weeks (Figure2G). Surprisingly, we did not
detect IgM reactivity to any of collagen IV NC1 domains either
prior or or at the onset of the anti-GBM disease (Figure 2H).
By quantitative analysis using purified GP antibodies as
standard, we found that concentration of a3-specific IgG
reached peak concentration about 400 jLg/ml or 4% of total
IgG, which is considerably higher than ~1% median value for
GP patients.

Given that there is a strong association between susceptibility
to Goodpasture’s disease and HLA DRB1*15:01 (10-12), we also
assessed the HLA alleles and found that both the recipient and the
donor of the cord blood, which engrafted 100%, carried a single
Goodpasture’s associated HLA DRBI1*15:01 allele.

We then questioned whether the pathogenesis of anti-GBM
disease in this HSCT patient involved alloreactivity between
the incoming donor immune system and genetic variation in
the recipient’s 345 collagen IV scaffold. An absence of genetic
alterations within the part of the COL4A3 gene encoding the NC1
domain in Goodpasture’s patients has been reported previously,
suggesting that NC1 mutations are not a major factor in the
etiology of classical Goodpasture’s disease (13). However, we
hypothesized that genetic variations may occur in HSCT patient
that alters the fine specificity of T and B cell tolerance to a3NC1
or the structure of the of the recipient’s €345 NC1 hexamer. Such
an alteration could promote appearance of the abnormally folded
NCI hexamer or an unassembled full length a3 chain recognized
as foreign to the incoming donor immune system and thereby
inducing antibody production.
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FIGURE 1 | (A) Kidney lesions in post-HSCT patient showing characteristic features of crescentic glomerulonephtritis, with >90% of the 32 glomeruli sampled
displaying cellular or fibrocellular crescents, with segmental fibrinoid necrosis and with extensive acute tubular injury and focal, 10-20% interstitial fibrosis and tubular
atrophy (Jones’ silver stain). (B-E) Binding of patient serum antibodies to frozen sections from normal human kidney (immunofluorescent staining). (B) Distinct linear
staining of GBM observed on intact kidney section, which is strongly increased after pre-treatment with acidic urea (C). (D) There is no staining with normal human
serum (1:50). (E) GBM staining was abolished by adsorption of patient serum on a3NC1-coated magnetic beads (E), which removed 95% of a3-antibody as
demonstrated by testing of original (GP) and absorbed (MB) serum using indirect ELISA of on a3NC1-coated plate (F).
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We detected two missense variants in each of COL4A3
and COL4A4, and none in COL4A5 genes in the recipient,
but not in the donor, which are listed in Table 1. Mutation
mapping shows that all four variants fall within the triple-helical
region of COL4A4/COL4A3 chains distant to the target Ex-o3
and Egp-a3 epitopes of the NC1 domain (Figure 3) and would
not be predicted to directly influence the quaternary structure
of the native a345NCI1 hexamer. No variants were detected
which differed between donor and recipient, in the a3, a4 or
a5NC1 domains.

DISCUSSION

Autoimmune disease occurring post-HSCT, i.e., antibodies
from the graft against “self;’ is not uncommon, and is more
common with transplants are performed for certain monogenic

indications (14). Wiskott Aldrich syndrome, a disease which
predisposes to autoimmunity, is associated with a high rate of
post-transplant autoimmunity, a predilection which is associated
with reduced donor cell chimerism (15). HSCT for another
entity, chronic granulomatous disease, may also predispose
to a high risk of autoimmune cytopenias, neuropathy and
thyroid disease (16), and in this case the tendency appears
to occur despite excellent donor cell engraftment. There is no
particular predilection reported of post-transplant autoimmunity
in patients transplanted for XLP1.

The post-HSCT antibody-mediated disease where there is the
greatest knowledge of antigenic target is autoimmune haemolytic
anemia. Preformed recipient allo-antibodies against donor
derived red cells resemble red cell alloantibodies important
for transfusion reactions, and are therefore well-understood
(17). However, there is little information of antigenic targets
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FIGURE 2 | (A) Testing of NC1 domain specificity at the onset of the disease by ELISA showed that antibodies targeted predominantly «3NC1 domain with a lesser
reactivity to a1 and a5NC1 domains. (B) Patient serum was pre-incubated with increasing concentrations of the a1, a3, and «5NC1 monomers and binding to
corresponding immobilized monomers was measured by ELISA. Differential sensitivity to inhibition by the three NC1 monomers indicates that a3 antibodies has the
highest affinity. (C) Pre-adsorption of patient serum with «3NC1-coated magnetic beads (MBser) significantly reduced immunoreactivity to a1 and a5NC1 monomers
compared to original serum (GPser). (D) a3NC1-specific antibodies predominantly target the Ea epitope with lower reactivity to Eg epitope. (E) Binding of purified GP
antibody labeled with biotin to «BNC1 monomer was competed by patient serum (Pt), as well as control serum mix from 8 GP patients (GP), but not by the normal
human serum (N). (F) Patient’s antibodies strongly react with the denatured NC1 hexamers from bovine (bGBM) or human (hGBM) glomerular basement membrane,
while minimally react with native NC1 hexamers. (G) ELISA analysis of serial serum samples demonstrated the absence of anti-GBM antibodies 5 weeks prior to
presentation (12/30/2013) by comaprison with normal human serum (NHS), with a rapid and strong development of immunoreactivity in 5 weeks. (H) There was no
IgM binding to any of the six human recombinant NC1 domains of collagen IV in serum samples collected before or at the onset of the disease. The dashed line
indicates threshold determined as mean + 3x SEM for normal human serum.

and in particular epitope specificities involved in less common The current patient is the first described case of anti-GBM
post-HSCT allo- or autoimmune entities, with the exception of  disease post-cord blood transplant. Two cases of anti-GBM
data on the cell surface targets of antibodies relevant to chronic ~ nephritis were reported originating as a graft-vs.-host (GVH)
graft vs. host disease (GVHD) (18). phenomenon post hematopoietic stem cell transplant (HSCT).
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TABLE 1 | Missense variants in genes encoding collagen IV chains.

Variant Gene gnomAD MAF SNP ref. Amino acid change Grantham score
g.2,228163453,C,A COL4A3 4.7% rs57611801 Asp1269Giu 45
9.2,228121101,G,T COL4A3 16.7% rsb5703767 Asp326Tyr 160
9.2,227946893,C,G COL4A4 2.8% rs1800516 Gly545Ala 60
9.2,227915832,G,A COL4A4 52% rs1800517 Pro1004Leu 98

The gnomAD (r2.0.2) allele frequency (AF) reflects that these are common variants, however the Grantham scores (range 5-215) reveal that in particular rs55703767 (radical change),
might be expected to impose a significant effect on the physicochemical properties of the a3 chain of collagen IV. MAF, minor allele frequency.

D326y D1269G E, Eg
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COL4A4 1| I _1690 [ NC1 domain
| |
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FIGURE 3 | Patient-restricted coding variants within type IV collagen proteins. Domain architecture and relative locations of missense variants within COL4A3
(Uniprot: Q01955) and COL4A4 (Uniprot: P53420) proteins that differed between the patient and the cord-blood donor. No patient-restricted variants were observed
in COL4A5. The black bars represent anti-GBM disease-associated Ea-a3 and Eg-a3 epitopes.

A 42-year-old female patient received a bone marrow transplant  that the inciting immunogen was the dissociated subunit
(BMT) and developed systemic vasculitis with a combination of ~ harboring the E5 and Ep neoepitopes. This supposition is
anti-neutrophil cytoplasmic (ANCA) and anti-GBM antibodies ~ supported by the finding that native a345NC1 hexamer is
(19). In another study, a series of biopsies in patients suffering  not pathogenic in an animal model of GP disease, whereas
renal disease post-HSCT identified a single case of an elderly = immunization with hexamer dissociated by acid treatment
BMT patient with anti-GBM disease (20). Neither of these  induced glomerulonephritis (21, 22). Yet, in the unique case
cases was analyzed with regard to antigen specificity of anti-  of APTN, the native hexamer elicited alloantibody production,
GBM antibody. revealing it to be the immunogen in the kidney allograft (3, 4).
Given the rarity of anti-GBM nephritis post-HSCT, we  While it is not possible to pinpoint the inciting factor that
determined whether the specificity and binding properties of the  triggered hexamer dissociation into immunogenic subunits
anti-GBM antibodies of the HSCT patient resembled those of in the HSCT case, several possibilities exist. For example,
APTN or GP disease. This disease involved a donor immune  after transplant he suffered an episode of bilateral pulmonary
system and genetically mismatched kidney, similar to the case infiltrates, which could cause structural damage to the a345NC1
with APTN, and therefore we had anticipated that the antibodies ~ hexamer in the alveolar basement membrane (23), transitioning
would behave analogous to that of APTN alloantibodies by  subunits into immunogens. Such a structural damage in lungs
binding to the native a345NC1 hexamer, and specifically to  could also occur due to a bacterial or one of his viral infections
the a3 or a5NC1 subunits. Surprisingly, the HSCT antibodies ~ (BK, HHV-7) or by the immunosuppression therapy. Indeed,
did not bind the native a345NC1 hexamer but bound to  lunginjury has been associated with GP disease etiology, wherein
the dissociated a3 and a5NCI subunits via the Ex and Eg  cigarette smoking and inhalation of hydrocarbons are risk factors
neoepitopes. Thus, the anti-GBM antibodies of the HSCT  in numerous patients (24, 25).
patient phenocopied GP autoantibodies. Furthermore, no genetic The process of immune reconstitution may be relevant for
variants were found in the recipient collagen IV genes which ~ GP disease etiology in HCT patients. The current paradigm
might have led to a structural perturbation in the immunogen,  suggests that the loss of tolerance in autoimmune disease is
eliciting antibody production. often a failure of multiple checkpoints that ultimately unmask
We conclude that this is a case of classical Goodpasture’s  autoreactive T and B cells (26). There have been reports of anti-
disease, as shown by the specificity of the antibodies GBM disease occurring with recovery following alemtuzemab
phenocopying that of antibodies bound to native kidney  treatment (27). Further, patients with HIV/AIDS, who have
and elicited by the native immune system of GP patients.  severe immune dysregulation, develop frequent autoantibodies,
These antibodies emerged post transplantation from a donor  including anti-GBM, although anti-GBM disease is very rare
immune system. But what caused this patient to suffer this  (28). Both recipient and donor were homozygous for the HLA
novel complication? The properties of his circulating antibodies,  allele associated with Goodpasture’s disease, HLA DRBI1*15:01
which were non-reactive to the native a345NCI hexamer, but  (DR15) (11, 12). Homozygosity at the DR locus meant that
fully reactive to dissociated a3NC1 subunit, strongly suggest  there was no expression of dominantly protective DR allomorphs
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such as DRI or DR7 (10), setting the scene for the loss of
tolerance to a3NC1 under unfavorable conditions. In the context
of DR15, central tolerance to a3NCl1 is poor, as CD4" Foxp3~
conventional T cells even from healthy people bearing DR15
react with the immunodominant T cell epitope ®3;35_145, and
can be differentiated into effector Thl cells, Th17 cells and T
follicular helper (Tfh) cells (12). Antigen-specific Tfh cells are
critical in generating antibody responses to most antigens, likely
including the Goodpasture antigen. As the Tth subset is deficient
in SH2D1A deficiency (29), in our patient aberrant or exuberant
reconstitution resulting in the development of autoreactive Tth
cells may have played a role in loss of tolerance to a3NC1 and the
generation of anti-GBM antibodies.

The availability of serum prior to and during early stages
of anti-GBM disease in this HSCT patient provided a unique
opportunity to assess the time frame for development of GP
disease. The case demonstrated the rapidity, in a matter of
weeks, with which a patient can go from being antibody
negative to accumulating high titers of pathogenic antibody
with development of rapidly progressive glomerulonephritis.
Importantly, our findings reiterate the ultimate importance for
early diagnosis and timely treatment (30) with potential recovery
of kidney function despite very high level of circulating a3
and a5NC1 antibodies. Furthermore, our patient shows that the
antibody phenocopies the autoimmune GP disease, rather than
the antibody specificity seen in Alport patients with anti-GBM
developing after kidney transplant.
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Bulgarian Academy of Sciences, Sofia, Bulgaria, ? Laboratory of Clinical Immunology, Department of Clinical Hematology,
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Specific antibody reactivities are routinely used as biomarkers, but the antibody
repertoire reactivity (igome) profiles are still neglected. Here, we propose rationally
designed peptide arrays as efficient probes for these system level biomarkers. Most IgM
antibodies are characterized by few somatic mutations, polyspecificity, and physiological
autoreactivity with housekeeping function. Previously, probing this repertoire with a set
of immunodominant self-proteins provided a coarse analysis of the respective repertoire
profiles. In contrast, here, we describe the generation of a peptide mimotope library
that reflects the common IgM repertoire of 10,000 healthy donors. In addition, an
appropriately sized subset of this quasi-complete mimotope library was further designed
as a potential diagnostic tool. A 7-mer random peptide phage display library was
panned on pooled human IgM. Next-generation sequencing of the selected phage
yielded 224,087 sequences, which clustered in 790 sequence clusters. A set of 594
mimotopes, representative of the most significant sequence clusters, was shown to
probe symmetrically the space of IgM reactivities in patients’ sera. This set of mimotopes
can be easily scaled including a greater proportion of the mimotope library. The trade-off
between the array size and the resolution can be explored while preserving the symmetric
sampling of the mimotope sequence and reactivity spaces. BLAST search of the
non-redundant protein database with the mimotopes sequences vyielded significantly
more immunoglobulin J region hits than random peptides, indicating a considerable
idiotypic connectivity of the targeted igome. The proof of principle predictors for random
diagnoses was represented by profiles of mimotopes. The number of potential reactivity
profiles that can be extracted from this library is estimated at more than 1079, Thus, a
quasi-complete IgM mimotope library and a scalable representative subset thereof are
found to address very efficiently the dynamic diversity of the human public IgM repertoire,
providing informationally dense and structurally interpretable IgM reactivity profiles.

Keywords: diagnostic, phage display, antibody repertoire, mimotope, systems immunology
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INTRODUCTION

The repertoire of human IgM contains a considerable proportion
of moderately autoreactive antibodies, characterized by low
intrinsic affinity/low specificity (1). They function as a first line
of defense and as scavengers of senescent cells and debris (2-6)
and even in tumor surveillance (7). It is becoming increasingly
clear that the human antibody repertoire has an organization
similar to that of its murine counterpart (8-12). About one
fourth of the murine splenic B lymphocytes that respond to
lipopolysaccharide have B-cell receptors that are moderately
autoreactive. Practically unaffected by somatic mutations and
follicular evolution, the physiological self-reactivities largely
overlap with the germline-encoded polyspecific antibodies (13-
15). Eighty percent of murine serum IgM falls in this category and
is referred to as natural antibodies (nAbs) (16, 17). Apart from the
polyspecific splenic B cells, the source of nAbs in mice seems to
be mostly a population of Bl-related IgM™ plasma cells residing
in a unique IL-5-dependent bone marrow niche (18).

IgM antibodies appear early in the course of an infection.
However, they fall relatively fast, even after restimulation,
providing a dynamic signal. By interacting with structures
of the self and carrying housekeeping tasks, this part of the
antibody repertoire is coupled to changes in the internal
environment. Consequently, IgM antibodies have gained interest
as biomarkers of physiological or pathological processes (19—
23). Yet they remain underused in immunodiagnostics, although
their interactions with sets of antigens have been studied in a
range of platforms (19, 22-25). The reasons IgM antibodies are
rarely considered are probably their low specificity and transitory
expression due to which particular specificities are used mostly to
detect recent infection.

The study of the IgM repertoire (igome) might be expected
to give information about interactions that occur mostly in the
blood and the tissues with fenestrated vessels, because, unlike
IgG, IgM cannot easily cross the normal vascular wall. Yet IgM
tissue deposits are a common finding in diverse inflammatory
conditions (26-28) and especially in the disorganized vasculature
of the tumors, where they are a key element of the innate
immune surveillance mechanism (7, 29, 30). Changes in the IgM
repertoire further reflect B-cell function affected by antigenic,
danger, and inflammatory signals, but also by anatomical changes
leading to vascular permeability or disruption. Thus, IgM
repertoire monitoring has the potential to provide clinically
relevant information about most of the pathologies involving
inflammation and vascular remodeling, as well as all types
of cancer.

Our goal was to demonstrate that an essential part of the
human polyspecific IgM repertoire involved in homeostasis
could be probed by a set of mimotopes, which could be
rationally scaled to sizes appropriate for the diagnostic tasks.
Essentially, our approach does not specifically target disease
specific antibody reactivities but rather the natural antibody
repertoire as a universal biosensor of changes of the internal
environment. The existing approaches for immunosignature
(31, 32) or immunomic (33) analysis of the immunoglobulin
repertoires focus mostly on IgG and have used arrays of either

10? proteins or 10*-10° random peptides. The IgM repertoire
has been previously probed by protein arrays (34), containing
a physiologically determined representative set of autoantigens,
which is a structurally coarse approach. We set out to explore
the feasibility of a method that, similar to the self-protein
“homunculus” arrays (15, 23), targets a small set of rationally
selected probes but also preserves the structural interpretability
of peptides in a format applicable for routine diagnostics.

MATERIALS AND METHODS

Deep Panning

Human IgM was isolated from a sample of IgM enriched IVIg,
IgM-Konzentrat (Biotest AG, Dreieich, Germany, generously
provided by Prof. Srini Kaveri), whereas human monoclonal
IgM paraprotein was isolated from an IgM myeloma patient’s
serum selected from the biobank at the Center of Excellence
for Translational Research in Hematology at the National
Hematology Hospital, Sofia (with the kind cooperation of Dr.
Lidiya Gurcheva). In both cases, IgM was purified using affinity
chromatography with polyclonal anti-i antibody coupled to
agarose (A9935, SIGMA-ALDRICH, USA). A 7-mer random
peptide library (E8100S, Ph.D.-7, New England Biolabs, USA)
was panned overnight at 4°C on pooled human IgM adsorbed on
polystyrene plates at a concentration of 0.1 mg/ml, washed, eluted
with glycine buffer at pH 2.7, and immediately brought to pH
7. The eluate was transferred to a plate coated with monoclonal
IgM and incubated according to the same protocol, but this
time, the phage solution was collected after adsorption and
amplified once, following the procedure described by Matochko
et al. (35). Briefly, the phage DNA was extracted, and the
peptide-coding fragment amplified by PCR. The amplicons
were subjected to deep sequencing using the NextSeq platform
(Illumina, USA), performed at the Sequencing Core Facility of
Oslo University Hospital.

Patients’ Sera

Sera were obtained from randomly selected patients with
glioblastoma multiforme (GBM), brain metastases of breast
(MB) or lung (ML) cancers, and non-tumor-bearing patients
(C) (herniated disc surgery, trauma, etc.) of the Neurosurgery
Clinic of St. Ivan Rilski University Hospital, Sofia. The samples
were acquired according to the rules of the ethics committee of
the Medical University in Sofia, after its approval and obtaining
informed consent. The sera were aliquoted and stored at —20°C.
Before staining, the sera were thawed; incubated for 30 min
at 37°C for dissolution of IgM complexes; diluted 1:100 with
phosphate-buffered saline (PBS), pH 7.4, and 0.05% Tween 20
with 0.1% bovine serum albumin (BSA); further incubated for
30 min at 37°C; and filtered through 0.22-pm filters before use.
The serum IgM reactivity was analyzed on different sets of
peptides defined in microarray format.

Peptide Microarray

The customized microarray chips were produced by
PEPperPRINT™  (Heidelberg, Germany) by synthesis in
situ as 7-mer peptides attached to the surface through their
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C-terminus and a common spacer GGGS. The layout was in
a format of a single field of up to 5,500 or five fields of up to
600 peptides in randomly positioned duplicates. The chips were
blocked for 60 min using PBS, pH 7.4, and 0.05% Tween 20
with 1% BSA on a rocker; washed 3 x 1min with PBS, pH
7.4, and 0.05% Tween 20; and incubated with sera in dilutions
equivalent to 0.01 mg/ml IgM (~1:100 serum dilution) on a
rocker overnight at 4°C. After 3 x 1-min washing, the chips were
incubated with secondary antibodies at room temperature (RT),
washed, rinsed with distilled water, and dried by spinning in a
vertical position in empty 50-ml test tubes at 100 x g for 2 min.

Microarray Data Analysis

The microarray images were acquired using a GenePix
4000 Microarray Scanner (Molecular Devices, USA). The
densitometry was done using the GenePix® Pro v6.0 software.
All further analysis was performed using publicly available
packages of the R statistical environment for Windows (v3.4.1)
(Bioconductor; Biostrings, limma, pepStat, sva, e1071, Rtsne,
clvalid, entropy, RankProd, multcomp, etc.) as well as in-house
developed R scripts (https://github.com/ansts/IgMimoPapl and
https://github.com/ansts/IgMimoPap2). For algorithm details,
see Supplementary Methods.

BLAST Search for Homologous Peptides

Sections of protein sequences homologous to the studied peptides
were identified using the blastp function and the non-redundant
human protein database of NCBI (36-38). The parameters
were automatically adjusted for short sequences, and the results
further restricted to those with a minimum of six positive
positions and a minimum of six identity position with no
gaps. The alignments are provided as Supplemental Files. This
search was performed for three of the libraries: SYM, RND,
and NGR. The NGR sequences introduced as negative control
in the library SYM were removed so it represented only 519
sequences. For all libraries, the hits of each peptide were classified

into (1) immunoglobulin if at least one of the hits was in the
heavy or light chain of the immunoglobulin genes, (2) non-
immunoglobulin (hit in any other human protein sequence),
and (3) no hit. The number of hits in immunoglobulin J region
sequences greatly exceeded the length of those in other parts of
the immunoglobulin sequences, and also J regions are naturally
overrepresented in the database. Therefore, we considered with
some approximation that the majority of the immunoglobulin
hits were in J regions and if occasionally not, then in variable
regions. The proportion of hits in immunoglobulin sequences
were compared using the chi-square test.

RESULTS

Selection of 7-Mer Mimotopes

We set out to define as complete as possible a library of
mimotopes of the normal human broadly expressed IgM
repertoire. To this end, we chose to pan a commercially
available 7-mer random peptide phage display library (Ph.D.-
7, New England Biolabs) of diversity 10°. Thus, the size
of the mimotopes would be in the range of the shortest
linear B-cell epitopes in the IEDB database (http://www.iedb.
org/). At the same time, an almost complete diversity of
sequences of that length could be interrogated. As a repertoire
template, we used an experimental preparation of human
immunoglobulins for intravenous use enriched in IgM. It
represents a pool of the repertoire of ~10,000 healthy donors.
Total IgM was isolated from it by affinity purification. The
phage eluted from the IgM repertoire was adsorbed on a
monoclonal IgM to filter out phage binding to the constant
regions, thereby focusing only on the mimotopes (Figure 1).
The peptide inserts were amplified and deep sequenced using
the approach described by Matochko et al. (35). Two separate
experiments starting with 20% of the original phage library
were performed (experiments A and B), whereas in a third
one (C), the starting point was a preamplified 20% sample

Eluate
pH2.7

IgM Repertoire

FIGURE 1 | Schematic representation of the deep panning experiment.

Monoclonal IgM
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of the original library. The yield was 688,860 (experiment A),
518,533 (experiment B), and 131,475 (experiment C) unique
reads. Based on the distribution of the reads by copy number
in the selections from the native and preamplified library, two
thresholds were determined, that is, 2 and 11 copies, and the
reads within these limits (exclusively) were considered further
(see Supplementary Methods). The lower limit ensured the
acceptable sequencing error level, and the upper was used to
avoid overgrowing phage clones.

Sequence Properties of the Mimotope

Clusters

The overall amino acids residues frequencies (AAF) in the
mimotopes selected from the phage library showed a skewing in
favor of G, W, A, R, T, H, M, P, and Q and against C, E N, Y,
I, L, and S (Figure 2A), when compared with the average overall
amino acid frequencies of the Ph.D.-7 library. When studied by
position, the distribution of AAF visualized by the respective
sequence logos showed a highly skewed distribution for the N-
terminus (Figure 2B). The actual frequencies by position are
shown in Figure 2C. The residues of W, D, and E appear in
similar frequencies, but owing to the much lower abundance of
W in the phage library, in Figure 2A, it comes up as selected
and D and E as slightly disfavored. The N-terminal frequency
skewing and the preference for A, P, and T proved to be properties
of the library. This became evident after comparing the AAF
by position of a non-selected but amplified library [based on
the data from Matochko et al. (35) Figure 2D]. The evidence of
selection by IgM stood out in the distribution by position only
after using the position weight matrix (PWM) of the non-selected
amplified library as background frequencies to describe the actual
enrichment in our mimotope library (Figure 2E). It showed
a slight divergence from the background distribution of the
frequencies in the middle of the sequence. Overrepresentation of
proline in positions 2-7 appears to be a property of the amplified
library, whereas the IgM binding selected for negatively charged
residues, as well as glycine and tryptophan.

To gain insight into the mimotope sequence space, the set of
224,087 selected mimotope sequences was subjected to clustering
using the GibbsCluster-2.0 method (39). This algorithm was
applied originally for inferring the specificity of multiple peptide
ligands tested on multiple major histocompatibility complex
(MHC) receptors. The number of clusters was optimized
by scanning the range of 100 to 2,500 clusters and using
the Kullback-Leibler divergence (KLD) criterion. This is an
information theory-based measure of similarity between two
distributions. Here, it was used to compare the sequence
alignments by cluster to the background model of random
sequences (39). The cluster number scan indicated optimal
clustering in 790 clusters (Figure3). The range of cluster
numbers was chosen on the basis of biological relevance (100)
and computational complexity (2,500), and the choice proved
suitable as much as there was a single global maximum of
the criterion in this range. Position-weighted matrices were
calculated next from each cluster (Supplement File 2).

CFNIYLSKDEVOPHMTRAWG>

-1.5

Bits

Croated by Seq@Logo

FIGURE 2 | Distribution of the amino acid residues in the mimotope library. (A)
Log odds (LO) relative to background frequencies. (B) Sequence logo of the
LO by position relative to the overall background frequencies. (C) Sequence
logo of the frequencies by position. (D) Sequence logo of the LO by position in
an amplified Ph.D.-7 phage library without ligand selection relative to the
overall background frequencies (based on W. L. Matochko, R. Derda. “Error
analysis of deep sequencing of phage libraries: peptides censored in
sequencing”. Comput Math Methods Med, 2013, 491612. 2013., http://www.
chem.ualberta.ca/~derda/parasitepaper/rawfiles/PhD7-GAC-30FuR.txt). (E)
Sequence logo of the LO by position relative to the frequencies by position in
the amplified, unselected library shown in (D). The skewing of the distribution
in the free N-terminus appears to be property of the library, whereas the
selection by the IgM repertoire leads to slight skewing in the middle of the
sequence toward negatively charged residues, glycine and tryptophan.

Generation of a Mimotope Library for
Practical Probing of the IgM Igome

The mimotope library of more than 200,000 sequences is a
rich source of potential mimotope candidates for vaccine or
diagnostics. Yet the size of a probe containing an array of
10° peptides is impractical for routine diagnostic use. A way
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FIGURE 3 | Results from GibbsCluster of the mimotopes. Different predefined
numbers of clusters were screened for the quality of clustering as measured
by Kullback-Leibler divergence (KLD). The inset shows the amplified part
around the peak KLD values.

to scale down the mimotope probe array would be to include
a representative sequence of each of the naturally existing
790 clusters. Only the sequence with the top score from each
cluster was kept as a mimotope prototype for the cluster. These
are expected to sample evenly (symmetrically) the mimotope
sequence space, as ensured by the GibbsCluster algorithm.

The mimotope sequence diversity in each cluster was
significant. Thus, cutting down so much the list of representative
sequences would seem counterintuitive with respect to our goals.
Nevertheless, this approach was chosen because such a symmetric
sequence set was hypothesized to address a much wider range of
IgM clones than the mere number of mimotopes chosen because
of the well-documented polyspecificity of the majority of the
antibodies probed.

The sequence clusters were found to vary with respect
to the probability of random occurrence of such a group
of sequences, which was used to rank them by significance
(Supplementary Methods). As the optimal format of the
microarrays used included five fields of 600 peptides, the top 519
clusters cluster representative sequences were considered further.
Finally, 75 sequences from the negative control library NGR (see
below) were added to a total of 594 peptides. This library was
labeled SYM for symmetric.

The relevance of this mimotope library to the complete
repertoire of broadly expressed IgM reactivities and the scope of
their diversity could be established by comparing several different
peptide libraries with different properties.

An alternative sequence library was constructed in silico to
check the representativeness of the selected mimotope set and
the relevance of the clustering found. To this end, 2.3 x 10°
random 7-mer sequences were scored and ranked according to

TABLE 1 | Libraries of 7-mer peptides studied.

Number of
peptides

Library Description

SYM A library that samples symmetrically the mimotope 594
sequence space. Contains the sequence with the

highest score for the respective position weight matrix

from each significant cluster (significant clusters are

those for which the number of sequences with more

than median PWM score is greater than the expected

number of occurrences of such score in random

peptides—p < 0.0001 by binomial test).

A group of 5 of the 288 clusters with best binomial p < 600
1e—16: clusters #2, 6, 9, 10, and 11. This library is an

example of a lower diversity set.

A group of 5 of the 288 clusters with best binomial p < 1,193
1e—16: clusters #115, 61, 55, 53, and 258. This library

is an example of lower diversity set.

C5P 150 random* sequences with log odds scores greater 750
than the median score of the respective cluster for each

of 5 clusters (clusters #2, 6, 9, 10, and 11). This library

tests the capacity of the sequence profiles to capture the

antigenic properties of the mimotopes.

NG1 The lowest scoring sequence (using KLD) from each 594
significant cluster. These sequences are least certain to

belong to any of the 790 clusters.

NG2 Among the set of the lowest scoring sequences (NG1) 82
using GibbsCluster’s own “Corrected” score —those with

score < 5 (39). Another version of the previous library.

The max scores for each of a set of 2 x 10° random* 753
7-mer sequences after testing against each cluster PWM

are ranked, and the sequences with the lowest ranks are

retained representing sequences least related to the

mimotope library.

NGR

RND 800 random peptides. 800

Total 5,366

The number of sequences per library was constrained by the size of the microarray chip
used for their testing. PWM, position weight matrix.

*The random sets are constructed with underlying frequencies in phage display
library Ph.D.-7.

their similarity to each of the 790 clusters of mimotopes defined
above. The random sequences that were the least related to any of
the clusters in the selected library were used as a negative control
(library NGR—see Supplementary Methods).

Other libraries of peptides generated for further comparison
were as follows: (1) uncertainly clustered sequences as reflected in
their KLD scores as shown by the GibbsCluster algorithm (NG1
and NG2); (2) two groups of five high scoring clusters as lower
diversity libraries (C5_1 and C5_2); (3) random 7-mer sequences
predicted to belong to some of the five highest scoring clusters
based on PWM profile scores (C5P); and (4) random 7-mer
sequences (RND) (see Table 1 for description of all libraries).

Comparison Between Libraries

IgM reactivity in sera from patients with GBM (n = 3), MB
(n = 3), and non-tumor-bearing neurosurgery patients (C, n
= 4) was analyzed using the sets of peptides described in
Table 1. The peptide libraries were synthesized in an oriented
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FIGURE 4 | Statistics testing the libraries’ capacity to probe the mimotope reactivity space. (A) Mean reactivity of each peptide across patients grouped by library.
The optimized library SYM has the highest reactivity. For library content, see Table 1. (B) Mean nearest neighbor distance of the peptide profiles across 10 patients in
each library. (C) Mean correlation of patient profiles across the peptides in each library compared after z transformation. This test has a similar meaning as the
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optimized library SYM appears to sample the mimotope reactivity space evenly. The width of the bars is proportional to the size of the sample.
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(C-terminus attached) planar microarray format. In the first
round of experiments, the eight different libraries defined were
compared based on the IgM reactivity in the sera from 10
patients (Supplementary Figures 4, 5). The data on the mean
serum IgM reactivity of the peptides with the different sera,
grouped by library, were used to compare the libraries for
their overall reactivity using linear models (Figure 4A). The
proposed optimized small library (SYM) had significantly higher
(p < 0.001) average reactivity than NGI, RND, or NGR.
Interestingly, the library NGR, which was in silico purged of

sequences scoring high with the 790 profiles of mimotope clusters
defined, had indeed the lowest reactivity. It was significantly
lower than that of both the weakly clustering peptides (NG1)
and the random sequences (RND) (Supplementary Table 1).
This is considered an indication that the mimotope library
of the order of 10° sequences is a quasi-complete igome
image. Also, this fact is in support of the hypothesis that the
790 cluster profiles summarize in sufficient detail the salient
sequence features that define the mimotopes of the public human
IgM repertoire.
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TABLE 2 | Rank product test of three criteria for optimal mimotope library.

Library Rank products p value
C5_1 4.380 0.650
C5P 5.518 0.853
NG1 5.313 0.823
NG2 2.154 0.099
NGR 5.241 0.812
C5_2 4.579 0.692
SYM 1.260 0.007
RND 4.820 0.739

Next, the capacity of the different libraries to sample
symmetrically the space of 7-mer IgM mimotope reactivities
in the IgM repertoire was tested. The mean nearest neighbor
distance (MNND) was used for that purpose as a statistic
indicating clustering of the data. Peptides that have similar
reactivity profiles with different sera (thus carrying redundant
information) would map to points in the reactivity space that
lie close to each other. This clustering in some regions of
the space would lead to a lower MNND. The library SYM
ranked second only to NG2 (Figure 4B) by this parameter and
had a significantly higher MNND than all the other libraries
(Supplementary Table 2).

The correlations between the patient profiles of reactivity
were also used as a measure of the capacity of the libraries
to extract information from the IgM repertoire. We tested
all pairwise correlations between the patient profiles with
the peptides from a given library. After z transformation
of the correlation coefficients to allow for comparison by
linear models, the means of those z values for each library
were used to compare the libraries (Figure4C). Again,
the SYM library exhibited the lowest mean correlation—
significantly lower than the correlation between the
reactivities with the other libraries except for NGR and
NG2 (Supplementary Table 3).

Finally, all three criteria were summarized using a rank
product test, which proved that reactivity with SYM stands out
from all the other tested libraries as the best among them for
probing the IgM repertoire (Table 2).

Visualization of the Mimotope Sequence

Space

T-distributed stochastic neighbor embedding (t-sne) was used
to visualize the structure of the mimotope sequence space
as represented by the general mimotope library produced by
deep panning. To represent the sequences as vectors of real
numbers, each amino acid residue was represented by five
scores based on the z1-z5 scales published by Sandberg et al.
(40) (see Supplementary Methods for details). Thus, each 7-
mer sequence was parameterized as a 35-dimensional vector.
These vectors were then represented in two dimensions by t-
sne transformation. The map of the mimotope library, thus
generated, resembled that of an equal number of random 7-mer

Mimotope Library and the Symmetric Sublibrary

D1

FIGURE 5 | Visualization of the 7-mer mimotope sequence space with the
optimized library SYM marked in red. Although individual GibbsCluster defined
clusters do not coincide with those shown by t-sne, the mapping of the
optimized library apparently probes quite uniformly the mimotope sequence
space. t-sne, T-distributed stochastic neighbor embedding.

sequences constructed using the residue background frequencies
of the phage display library (Supplementary Figure 7). Next,
the representation of some of the clusters of mimotopes
described above was mapped in this new mapping. Although
the five most significant among 790 sequence clusters (the
C5_1 library, Supplementary Figure?7) mapped to rather
scattered clusters in the t-sne representation, the mapping of
the optimized library (SYM) still covered symmetrically the
mimotope sequence space (Figure 5). Both the clustering and
the mapping do not give unique solutions and fail to capture
the full information in the general mimotope data set. Yet the
symmetry of the optimized library SYM, designed rationally
on the basis of the clustering, is nevertheless reflected in the
t-sne mapping.

SYM Overrepresents Mimotopes of
Idiotopes

An important aspect of the usage of mimotopes as igome probes
is their interpretability. Using large mimotope libraries provides
an opportunity to generalize the type of structures targeted by the
antibody repertoire studied. The numerous tests may allow for
signal to emerge despite the noise due to poor representativeness
of conformational epitopes, polyspecificity, mimotope/epitope
sequence length disparity, etc.

To explore the capacity of the library SYM to reveal general
properties of the antigens targeted by the natural IgM repertoire,
we used NCBI blastp program to find SYM homologous short
sequences in the non-redundant (nr) database of human proteins
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(36, 37). The parameters of the search were automatically
adjusted to short sequences. Owing to the extremely short length
of the query sequences, the expectation values were high. The
proteins containing sequences homologous to SYM mimotopes
were very often immunoglobulin junction region. This is not
surprising as the diversity of the immunoglobulin ] regions
included in the human nr database is on the same scale as the
overall diversity of the proteome. We were somewhat surprised,
though, to see a highly significant preference to immunoglobulin
J regions in the alignments of the SYM library as compared
with the RND and especially with the NGR library as well as in
the RND compared with NGR (Figure 6). The NGR sequences
attached to SYM as controls were excluded for this search,
yielding only 519 mimotopes. Despite the small number of
sequences, the profile derived for GBM (see below) had even
higher number of homologies in ] regions.

Diagnostic Potential of a Rationally

Designed Restricted Mimotope Library

To test the diagnostic potential of the SYM library, we chose to
look for reactivity profiles able to separate sera from patients
with different brain tumors. Although somewhat questionable,
our expectation to find IgM repertoire correlates of brain tumor
diseases was justified by (1) reports by Merbl et al. (23) that
both IgG and IgM natural autoreactive antibody profiling with
self-antigens can discriminate between murine tumors and from
O’Donnell et al. (41) that 3 x 10° random peptide-based
profiling of antibody repertoires can discriminate GBM from
other tumors; (2) reports indicating the role of natural IgM
antibodies in the immune surveillance against tumors (7, 30-39,
41-43); and (3) reports of diagnostic or therapeutic natural IgM
binding-defined tumor antigens (44-46). Furthermore, cancer
is a suitable test for the natural IgM igome’s diagnostic utility
because of the localized inflammation and shedding of tumor-
specific and tumor-associated antigens. Therefore, this type of
pathology serves better to test a “biosensor” property of the
functional repertoire. It would surely be easier to show SYM
profile changes studying diseases affecting the repertoire itself,
which cause large-scale distortion like hyper-IgM syndrome,
myeloma, and reconstitution after ablative therapy, but this was
deemed insufficient.

For this assay, we used sera from a set of 34 patients with
brain tumors. The main goal was a “proof of principle” test
demonstrating the capacity of the assay to provide mimotope
reactivity profiles suitable for building predictors for randomly
selected pathology. The distribution of patients by diagnosis
(GBM, ML, MB, and C) is shown in Table 3. The microarray data
were cleaned and normalized locally and globally, and the group
sizes were balanced, which warranted the use of the ComBat
function (47) for the batch effect compensation. The reactivity
data, thus obtained, represented 28 patients’ serum IgM binding
to 586 peptides. No reactivity was found specifically expressed
in any of the diagnostic groups. Each patient’s serum, though,
reacted significantly with most of the mimotopes as compared
with the pool of the rest of the patients. The reactivities with
individual sera were between 339 and 390 (mean, 368) out of
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FIGURE 6 | Comparison between the number of homologous sequences
found by BLAST search of the non-redundant human protein database
classified as immunoglobulin J regions or non-immunoglobulin hits. The
numbers and the size of the shaded bars correspond to the number of
peptides having this type of homolog in the targeted database, and the
proportion these peptides represent the volume of the library. A peptide was
considered to be homologous to an immunoglobulin J region if the search
returned at least one hit in a variable J region. The parameters were
automatically adjusted for short sequences, and the results further restricted to
those with a minimum of six positive positions and a minimum of six identity
position. The alignment length was set equal to the number of positive
positions, and no gaps were allowed. The proportions were compared using
the chi-square test followed by pairwise multicomparison with false discovery
rate correction (overall, p = 2 x 10~'%; SYM/Ig vs. RND/Ig, p = 1.2 x 1076;
SYM/non-Ig vs. RND/non-Ig, p = 3.6 x 10~%; NGR/Ig vs. RND/Ig, p = 2 x
10~8; GBM/Ig vs. RND/Ig, p = 0.045). GBM, glioblastoma multiforme.

586. Altogether, 582/586 reactivities were significant in at least
one patient.

A two-dimensional projection of the cases on the 582 positive
reactivities by multidimensional scaling (MDS) showed no
separation (data not shown). This is expected because the peptide
library is not targeted to any particular pathology. It represents
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TABLE 3 | Patients tested using the optimized library.

Batches
Diagnosis Abbr. G P R Total
Non-tumor bearing (control) C 1 3 4 8
Glioblastoma multiforme GBM 2 4 9 (5 15 (11)*
Lung cancer (brain metastasis) ML 2 4 3 9
Breast cancer (brain metastasis) MB 0 0 2 (0)* 2 (0)*
Total 34

*To balance the group sizes between batches, only 5/9 GBM samples from batch “R”
were used, and the breast cancer cases were omitted before batch compensation using
the ComBat function. All cases in batch “R” were used in the validation step,; those omitted
from the training step served as a testing set.

rather a universal tool for IgM repertoire probing and mapping
to a highly multidimensional feature space. The information in
the reactivity profiles when all features are used is so rich that
it makes practically each patient unique and a generalization
impossible. In addition, the “curse of dimensionality” makes
differentiating in 582 dimensional space hard. Therefore, a
feature selection step would be necessary to construct a predictor
for any diagnostic task.

A combination of filtering and wrapping feature selection
techniques was applied next. The filtering method used was a
selection of individual features with highly significant expression
in at least one patient. The wrapping techniques were recursive
feature elimination followed by a forward selection algorithm.
The feature to remove (respectively to add) at each step was
selected so as to improve maximally the separation of the patient
data clusters of interest when mapped on the remaining features.
This iteration was repeated until no further improvement of
the separation is possible (see Supplementary Methods section
for details). This algorithm produced SYM subsets of 60 up to
220 features depending on variations of the clustering criterion
(recursive feature elimination derived sets [RFEDSs]). Using
this approach, we tested the capacity of the respective RFEDSs
to separate dichotomously GBM from the rest of the cases.
For the consecutive steps, the cases omitted before the batch
compensation were used as a testing set. A support vector
machine (SVM) model based on GBM-RFEDSs separated well
the patient groups in the training set. Still, it suffered from
overfitting when tested in a leave-one-out validation (data not
shown) performed within the limits of the overall training set.
To achieve generalization, next, we explored the variation of the
GBM-RFEDSs using patient data sets that differed by 2/28 cases
(using the leave-one-out scheme—Supplementary Methods). It
was surprising to find that so similar patient groups produced
different GBM-RFEDSs that contained between 15 and 194/582
reactivities (median = 54) with only one feature common for
all GBM-RFEDSs generated. The reason for this could be the
variability between individuals and the capacity of the mimotope
library to reflect it. Another reason could be the hypothesized
highly convoluted nature of the profiles—each IgM clone should
be represented by a number of reactivities, and each peptide
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FIGURE 7 | Matthews correlation coefficient (MCC) as a measure of the
quality of SVM models using different optimized feature sets. The models were
constructed using GBM specific feature sets derived by a combination of
filtering and backward and forward feature selection steps. Finally, consensus
feature sets were formed from at least n “leave one out” groups of patients: n
= 1 means all features from all groups were pooled, and n = 27 means the set
contains only the three features found in all 27 groups (there was only one
feature found in all 28 groups). The testing set consists of the cases in batch
“R” that were omitted from the batch compensated pooled patient group. The
model predicts correctly the classification of these cases. As the values in
batch “R” were not subject to batch compensation, the validation also serves
as a control against artifacts introduced by the ComBat function. The
transparent bars indicate the 5% and the 95% confidence limits of MCC
calculated on the basis of 1,000 scrambled matrices. SVM, support vector
machine; GBM, glioblastoma multiforme.

possibly reacts with more than one clone. Nevertheless, a
good prediction both of the training and of the testing sets
using SVM was possible when combining features that recur
widely in the GBM-RFEDSs. The best performing feature set
represented a pool of 43 features each found in at least 15 of
the 28 GBM-RFEDSs (Figure 7, see Supplementary Methods for
further details).
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FIGURE 8 | Multidimensional scaling plot of cases in batch “R” based on the
set of GBM-related features found in at least 15/28 of the “leave on out”
patient groups. See Figure 7 and Supplementary Methods for details. The
encircled points correspond to the testing set. GBM, glioblastoma multiforme.

Interestingly, this two-stage feature selection strategy
(bootstrapping RFEDS variability and pooling recurring
features) helped improve the generalization considerably.
Testing of the model of 43 dimensional data with just a few
cases is impractical. Therefore, the dimensionality of the IgM
reactivity data was reduced from 43 to 2 using MDS. The SVM
model, constructed on the basis of the two surrogate features
obtained by MDS, successfully classified the GBM and non-GBM
cases not only of the training but also of the testing set of
sera (Figure 8).

Thus, we were able to show that a rationally designed small
library of 586 IgM mimotopes contains potentially a huge
number of mimotope profiles that can differentiate randomly
selected diagnoses after appropriate feature selection.

DISCUSSION

High-throughput omics screening methods have extracted
profiles from different dynamic diversities (proteome, genome,
glycome, secretome, etc.) and used them as biomarkers. The
use of the antibody repertoire as a source of biomarkers has
also been defined and approached in multiple ways. First
came the technically minimalistic, but conceptually loaded,
semiquantitative immunoblotting, developed 20 years ago (48—
53). The further development produced methods that have been
referred to as functional immunomics (33) in terms of protein
reactivities or as immunosignaturing (31) in terms of random
peptide libraries or described as a deep panning technique (54)
in terms of complete set of mimotopes (igome) selected from
random phage display libraries. Here, we describe the design
of the first mimotope library for the analysis of the human

IgM repertoire of reactivities recurrent in most individuals also
referred to as public repertoire (12, 55, 56). The focusing on broad
reactivities is a consequence of panning on IgM pooled from at
least 10,000 donors, which dilutes the unique specificities.

The deep panning approach relies on next-generation
sequencing (NGS) and thus requires balancing between sequence
fidelity and diversity. Even with diversity affected by discarding
sequences of one and two copies on the one hand, and
overgrowth of phage clones on the other, our strategy still
manages to find a general representation of the mimotope
sequence space by identifying clusters of mimotopes. This
relatively small set of sequence classes is hypothesized to be
related to the modular organization of the repertoire defined
previously (57). Alternatively, it can also be an artifact of
the sequence clustering algorithm depending on the size and
diversity of the sequence set. In the latter case, the clustering may
not reflect a biological phenomenon but still provides a tool for
the classification of the sequences.

The central role of prolines in the nAb mimotopes has been
observed previously (58). Tchernychev et al. also used a phage
display library. Now, it is clear that the high proline content
of nAb mimotopes that they found is related to the bias of
the particular phage display library. This property of the library
may facilitate the discovery of mimotopes because prolines
are associated with turns and flanking structures and proline
abundance also reduces the entropic component of the binding.
In our experiments, the selection by the IgM repertoire led to
an enrichment of tryptophan and negatively charged residues in
the middle of the sequences. This suggests that the broad IgM
reactivity has a preference for loop-like mimotopes (facilitated by
the presence of prolines) with negative charges. The abundance of
tryptophan is also interesting in terms of its propensity (together
with proline) to mimic carbohydrate structures (59).

The mimotope library of diversity 10° derived by deep
panning reflects the recurrent IgM specificities found in the
human population. A library of random peptides with sequences
selected to be least related to the observed 790 cluster profiles
reacted very weakly with IgM from patients’ sera. This fact
suggests that not only does the library of a little over 200,000
mimotopes represents the IgM mimotope space but also that the
790 cluster profile matrices are collectively a promising model
of it. The good coverage of the IgM reactivity space by this
mimotope library most probably is facilitated by the polyspecific
binding of IgM and the small, flexible peptides.

Although the large mimotope library can be used as is in
peptide arrays when applicable, its size is not very practical for
routine diagnostics. The classification in 790 clusters was used
to produce a smaller and more applicable library, SYM, for
clinical use. It contains basically representative sequences from
the most significant clusters. SYM represents more efficiently
the mimotopes’ main reactivity patterns found in the phage
selection experiment when compared with seven other libraries
chosen to represent key alternative concepts. The precision of
that representation can be adjusted by expanding the small
library if necessary. Including more mimotopes from the set
of 224,087 can be done in a similar fashion, sampling further
the existing sequence clusters. Another improvement may be to
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include a couple of related sequences to each of the mimotopes,
for example, those immediately adjacent in the same cluster, for a
statistically robust signal.

An interesting though not unexpected property of the
public IgM igome found is its idiotypic connectivity. Overlap
with immunoglobulin variable domain ] regions proved the
prominent feature of the human protein sequence fragments
homologous to the peptides in SYM library. The actual epitopes
of IgM should be mostly conformational. Nevertheless, both
linear idiotypic epitopes (idiotopes) and fragments of them
are probably represented in the CDR3 loops so as to produce
statistically detectable signal in the BLAST results. It has long
been known that linear epitope models yield clear structural
idiotypic representation in CDR3 loops (60). Interestingly, the
overall number of hits in the human proteome for the SYM
library was smaller than that for the random library RND, which
may reflect the overall tolerance of the igome for self to the
background of higher idiotypic connectivity. The considerable
self-referential (immunoglobulin-immunoglobulin) component
of the igome means that the signal that can be read off it as
a biosensor should be viewed in terms of global connectivity
perturbations at least as much as in terms of local antibody-
autoantigen interactions. Indeed, this idiotypic component is
preserved and even somewhat enhanced in the specific profile
found for GBM.

SYM could be used as a tool for the study of the IgM repertoire,
as a source of mimotopes for design of immunotherapeutics (61—
64), but mostly it may be applied as a multipurpose diagnostic
tool. As a diagnostic tool, SYM has some key properties that
distinguish it from other omics sets. When used to probe
sera from patients with different brain tumors, no single
reactivity correlated strongly with a whole diagnostic group.
Still, quantitative profiles of subsets of reactivities collectively
could separate the diagnoses by decision boundaries, which can
be non-linear. Thus, appropriate feature selection algorithms
are essential for the design of predictors based on the natural,
polyspecific igome. With the use of the proposed algorithms,
the typical feature sets tuned for dichotomous separation of
diagnoses contained between 28 and 111 sequences (median
= 66). Keeping only features recurring in at least half of the
sets generated in the bootstrapped feature selection algorithm
helped remedy the overfitting of the models and achieve the
necessary generalization.

The optimal feature set for GBM diagnosis we find has 43
mimotopes. If the library provides in the order of 500 significant
reactivities and the profiles are typically of around 50 features,
the theoretical capacity of this approach is >107" different
subsets. This is an estimate of only the qualitative outcome—
presence or absence of reactivity. Thus, the information provided
by a typical IgM binding assay with the library is probably
enough to describe any physiological or pathological state of
clinical relevance reflected in the IgM repertoire. Of course,
this is just an estimate of the resolution of the method. The
number of naturally occurring profiles and their correlation
with clinically relevant states will determine the actual capacity.
Another important consideration is the significant probability
to find profiles correlating to any state by chance. Therefore,

extensive testing of the models to prove their ability to generalize
is indispensable.

The novelty of our approach is based on the combination of
several previously existing concepts.

First, early studies have argued that the physiologically
autoreactive nAbs comprise a consistent, organized
immunological compartment (50, 53, 65-68). The consistency
of the nAb self-reactivity among individuals was considered
evidence for the existence of preferred self-antigens. Such
“public reactivities” are most probably related to the germline
repertoire of antibodies generated by evolutionarily encoded
paratope features and negative/positive selection (34, 69, 70).
They were hypothesized to represent the repertoire compartment
characterized also by idiotypic interactions (71). These antibodies
were targeted using protein microarrays, the utility of which
has been previously demonstrated (23, 33, 34, 57). Recently,
the existence of structurally distinct public V-regions has
been analyzed using repertoire sequencing (12), noting again
that they are often found in nAbs. If the repertoire should
be read as a source consistent patterns that can be mapped
to a wide variety of physiological and pathological states, the
public natural IgM autoreactivity seems to be a suitable but
underappreciated compartment.

Second, germline variable regions are characterized by
polyspecificity or cross-reactivity with protein and non-protein
antigens (14). It seems that going for epitopes could be a way
to approach the repertoire convolution. Yet the actual epitopes
will be mostly conformational and hard to study. In similar tasks,
mimotopes are often used (72-75). On the other hand, M. H. Van
Regenmortel argues that mimotopes are of little use to structural
prediction of a B-cell epitope (74). Apparently, this is less of a
problem when the whole repertoire is used to address classes of
epitopes whereby a statistically significant signal can be detected.

Third, peptide arrays have been used for some time now
as probes of the antibody repertoire (54, 76-79). This includes
the use of random peptide arrays for extracting repertoire
immunosignatures (32) or deep panning of phage display
libraries to analyze antibody response (54). Here, we combined
these two approaches. An antibody can often cross-react with
a linear sequence that is part of the nominal conformational
epitope (74). The 7 aa residue long peptides can be viewed as a
simplified set of long “syllables” in the epitope “vocabulary” that
can cross-react with the respective antibodies. They represent
also a set of small complete epitopes. For instance, in the
Immunoepitope Database (http://www.iedb.org) collection of 4
x 10% linear B-cell epitopes close to 5,000 entries are <8 residues
long. Thus, the peptide length of seven residues makes possible
the interrogation of the repertoire with a library of 10° k-mers,
which is at the same time complete and highly diverse.

The phage display-generated library provides a rich source of
mimotopes that can be screened for different theranostic tools
focused on particular targets. On an omics scale, the smaller
optimized mimotope library proposed here probes the repertoire
of broadly expressed IgM reactivities efficiently, mapping its
dynamic diversity to a space of potentially over 1070 distinct
profiles. The major tasks ahead are (1) exploring the concept
of reproducibility for the sequences of IgM mimotopes by
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further deep panning experiments and (2) designing studies
aimed at efficiently extracting specific diagnostic profiles and
building appropriate predictors, for example, for predicting
immunotherapy responders or side effects and predicting the
risk of malignancy in chronic inflammation as well as other
conditions involving immune activity.
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Mycobacterium tuberculosis (Mtb) resides in a quarter of the world’s population and
is the causative agent for tuberculosis (TB), the most common infectious reason of
death in humans today. Although cellular immunity has been firmly established in the
control of Mtb, there is growing evidence that antibodies may also modulate the
infection. More specifically, certain antibody features are associated with inflammation
and are divergent in different states of human infection and disease. Importantly, TB
impacts not just the healthy but also those with chronic conditions. While HIV represents
the quintessential comorbid condition for TB, recent epidemiological evidence shows
that additional chronic conditions such as diabetes and kidney disease are rising. In
fact, the prevalence of diabetes as a comorbid TB condition is now higher than that
of HIV. These chronic diseases are themselves independently associated with pro-
inflammatory immune states that encompass antibody profiles. This review discusses
isotypes, subclasses, post-translational modifications and Fc-mediated functions of
antibodies in TB infection and in the comorbid chronic conditions of HIV, diabetes, and
kidney diseases. We propose that inflammatory antibody profiles, which are a marker
of active TB, may be an important biomarker for detection of TB disease progression
within comorbid individuals. We highlight the need for future studies to determine which
inflammatory antibody profiles are the consequences of comorbidities and which may
potentially contribute to TB reactivation.

Keywords: antibody, glycosylation, tuberculosis, HIV, diabetes, kidney disease, co-infection, inflammation

INTRODUCTION

Mpycobacterium tuberculosis (Mtb) is a leading cause of mortality and morbidity across the globe
with an estimated 10 million new infections annually and a quarter of the worlds population
infected (1). The spectrum of tuberculosis (TB) in humans is most widely characterized by two
clinical states: active TB and latent TB. Individuals with active TB exhibit symptoms such as
hemoptysis, fever and weight loss with detectable bacteria, while individuals with latent TB are
not overtly clinically ill, have no detectable Mtb, and therefore no transmission risk (see Table 1).
An important reason for the significant burden of TB today, is our poor understanding of the
human immune response to Mtb infection. More specifically, why 5-10% of infected individuals
progress to active disease while others remain latent is not known (4). In many low to middle
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income countries where TB is endemic, there exists a double
burden of such communicable diseases with the rapid rise in
chronic and non-communicable diseases (5). The HIV-1 and
TB co-infection syndemic is highly alarming (6) with TB being
the leading cause of death in people living with HIV-1 (7). An
estimated 49% of HIV-1 infected individuals are unaware of their
co-infection and post-mortems on HIV-1 infected adults showed
64% had evidence of disseminated Mtb (7, 8).

Studies in the context of comorbid conditions in humans
as well as animal models have helped identify some of the
mechanisms underlying this transition from latent infection
to active disease (9). Specifically, the HIV epidemic has
highlighted T cell function as an important component of
immune protection. Besides HIV, there remains many other
significant conditions in which the risk of Mtb acquisition
and or progression from latent infection to active disease is
increased (10-12).

Diabetes as an epidemiological risk factor for TB is well-
reported (13). Spanning back to 1947, a review of diabetes and
Mtb co-infection reported that 50% of diabetics succumbed to
pulmonary TB (10). In recent years the epidemic has grown, with
the number of individuals with Diabetes-TB overtaking those
with HIV-TB (14); which can be attributed in part, to the positive
impacts that antiretroviral therapy is having on reducing TB-
HIV co-infection (15). Moreover, a recent multi-country cohort
study found that patients with Diabetes-TB had more severe
TB disease compared to individuals without diabetes (16). Thus,
diabetes presents an independent risk factor for acquisition of
Mtb infection and also progression of disease.

Chronic Kidney Disease (CKD) associated with and also
independent of diabetes, represents an additional risk factor for
TB. Patients with late-stage CKD, called end stage renal disease
(ESRD) requiring dialysis have a ~50-fold higher risk of latent
TB reactivation (11). Additionally, TB contributes to mortality
in individuals with CKD, and with a global rise in total CKD
[18.4% increase since 2005 (17)], it is expected that cases of
CKD/TB comorbidity will increase in prevalence (18, 19). The
immunological causes of TB reactivation, however, are not well-
understood in patients with these chronic diseases and thus
we have a significant gap in our understanding of the immune
response to Mtb infection.

While the importance of T cells in TB control is firmly
established, the fact that other comorbid conditions and healthy
individuals with intact T cell responses (as far as we know) can
progress from latent infection to active TB, suggests that there
are additional immune mediated mechanisms of protection.
Moreover, T cell based diagnostics fail to distinguish between
latent and active TB and these tests cannot reliably detect TB
in HIV-1 infected individuals (20, 21). Finally, the BCG vaccine
inducing potent T cell responses is sub optimally protective
(22, 23). Thus, a broader understanding of the immune response
to TB is needed.

In recent years, there has been more focus on investigating
the role of antibodies and innate cells in TB infection and disease
(24, 25). This interest in humoral immunity in Mtb is evidenced

TABLE 1 | Clinical spectrum of TB (2, 3).
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TST, Tuberculin Skin Test; IGRA, interferon-y-release assay.
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by a mounting number of studies that have identified specific
antibody targets, and structural or functional differences that are
observed during different TB disease states (26-30). For example,
while Mtb-specific IgG titers alone have been insufficient in
distinguishing between latent and active TB, refinement of these
correlates using additional isotypes, subclasses, and other Fc
modifications are underway (see Figure 1) (31-35). Moreover,
incorporating data including multiple instead of single Mtb
antigens as well as Fab affinity and avidity to Mtb targets may
improve sensitivity and specificity (36-40). Thus, assessing more
specific antibody features may improve our understanding of
humoral immune correlates of infection and disease.

This review examines the antibody profiles (isotypes,
subclasses, functions, and post translational modifications) in
TB and diseases in which TB has high rates of reactivation,
focusing primarily on HIV-1, type 2 diabetes mellitus (T2DM),
and CKD (see Figure2). We draw together what is known
about antibodies and their role in inflammation in infectious
and non-communicable diseases, a novel take on examining
humoral immunity in co-infection. Further, we discuss
antibody characteristics described in the limited studies of Mtb
comorbidity cohorts. Understanding antibody characteristics
in Mtb infection, conditions where TB reactivates and their
comorbidities will assist in drawing links between immune
states in each disease and potential common mechanisms of
TB reactivation (25). We speculate whether these antibody
characteristics may ultimately find utility as biomarkers
in assessing a patients real-time risk of TB reactivation to
personalize treatment plans and follow-up.

ANTIBODY STRUCTURE

The antibody glycoprotein exists within the immunoglobulin (Ig)
superfamily. The Y-shaped heterodimeric protein consists of two
light chains (Cr,) and two heavy chains (Cp). Its tertiary structure
can be functionally divided into the Fab region proximally and
the Fc region distally, between which lies a flexible hinge region
(41). Antibodies can be viewed as a “bridge” between innate and
adaptive immunity since they have the capacity to bind targets
via the Fab region and activate innate immune effector cells via
Fc-receptors (42, 43). The functional capacity of an antibody is
determined by a range of characteristics; including the antibody
isotype and subclass, but also the many complex modifications
that ensue post-translationally.

Antibody Isotypes and Subclasses
Within the range of human antibodies, there exists 5 isotypes;
IgM, IgD, IgG, IgE, and IgA. IgG predominates in human serum
and can be subclassed into IgG1, IgG2, IgG3, and IgG4 in order of
most to least abundance, while IgA predominates in mucosal sites
and can be subclassed into IgA1 and IgA2 (44, 45). IgG, IgA, and
IgE isotypes can be further classified into allotypes which exist as
genetic polymorphisms within the Cy, and Cy (46, 47).
Antibody isotypes and subclasses differentially interact with
Fc receptors (FcR) thus determining the range of effectors cells
activated and their immune response. Antibody isotype and
subclass class switch recombination is modulated by B cell factors

and toll-like receptor stimuli [e.g., Activation-induced deaminase
and CPG (48)] and is often influenced by T cell help (e.g.,
CD40L) and specific cytokines secreted by a range of classical
T helper cells and non-classical T cells such as NK T and
gamma-delta T cells (49-51). In general, extracellular bacterial
infections skew subclass responses toward IgG1 and 1gG2, which
are elicited in response to the high polysaccharide and protein
composition of these bacteria. These antibodies have the ability
to neutralize bacterial toxins, opsonize capsular polysaccharides
for phagocytosis, as well as activate the complement membrane-
attack complex for bacterial lysis (52-56). Viral infections and
intracellular bacteria primarily elicit IgG1 and IgG3 subclasses.
Antiviral IgG1 and IgG3 antibodies are commonly divided into
neutralizing antibodies which bind free virus preventing cell
entry and non-neutralizing antibodies, though there is a growing
awareness of neutralizing antibodies with the capacity to activate
non-neutralizing functions (57, 58).

Antibody Glycosylation

Post-translational modifications of antibodies have substantial
downstream effects on their engagement of cells and cellular
diversity, antibody localization, protein half-life, and stability (59,
60). The most comprehensively studied in relation to antibodies
is N-glycosylation, where research mainly focuses upon how
glycosylation of antibodies can improve monoclonal antibody
therapeutics (61, 62).

Glycosylation is the covalent addition of sugar moieties to
portions of an antibody in the endoplasmic reticulum and golgi.
The glycan molecules which can be added include galactose, sialic
acid, fucose, and bisecting N-acetylglucosamine (GlcNAc) (60).
There is a key N-glycosylation site on all IgG Fc regions at an Asn-
297 residue of IgG CH; heavy chains. In addition, approximately
10-20% of serum antibody Fab regions contain N-linked glycans,
while O-linked glycans are also present in the hinge region of
IgG3 and IgAl (63, 64).

Glycosylation of IgG holds the two heavy chains in an
open confirmation, allowing binding to Fcy-receptors (65).
Fully deglycosylated IgG have reduced capacity to engage
most Fc Receptors (66-68). Agalactosylated antibodies (GO0)
are upregulated in inflammatory diseases that are commonly
associated with enhanced presence of pro-inflammatory
cytokines in serum. These agalactosylated GO antibodies have
the capacity to activate alternative and mannose-binding lectin
complement pathways (69). Bisecting GIcNAc on IgGl has
been associated with increased FcyRIIla binding (70) while
the presence of core fucose residues reduces FcyRIIla binding
and subsequent ADCC (71). On the other hand, sialylated
antibodies enhance anti-inflammatory activities via engagement
with DC-Sign and inhibitory FcyRIIb binding (64, 72). Recent
studies suggest that antibody glycosylation can also affect antigen
binding affinity and affinity maturation (73, 74).

Antibody Fc Functions

Antibody Fc functions link the adaptive and innate immunity.
Fc-functional antibodies can simultaneously bind a target via
the Fab region and an innate immune FcR effector cell via
the Fc region. Cross-linking of these antibodies on the surface
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FIGURE 1 | Spectrum of antibodies in latent to active TB. Latent responses are in comparison to active TB. FcyRllla increases are due to affinity binding while FcyRI
increases are due to elevated expression. “M:L ratio” is Monocyte:Lymphocyte ratio. No differences are seen between healthy individuals and latent TB.
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FIGURE 2 | Antibody characteristics (isotypes, subclasses, glycosylation patterns, cellular activity, and Fc-receptor patterns) in latent TB, active TB, HIV disease
progression, HIV disease control, HIV/TB co-infection, Diabetes, Diabetes/TB comorbidity, Kidney Disease, Kidney Disease/TB comorbidity. Increases are in red;
decreases are in blue. Latent TB is indifferent to uninfected individuals and comparisons are to active TB. HIV progression is compared to viremic controllers. HIV/TB is
compared to single infection alone. Diabetes/TB is compared to diabetes alone. Kidney disease/TB is compared to diabetes alone. FcyRllla increases are due to
affinity binding while FcyRI increases are due to elevated expression. Blank spots are due to no changes or no evidence in this area.

of effector cells leads to a downstream activating signaling  cells can express a different combination of activating FcyR
cascade, inducing a range of effector functions including targeted  (e.g., FcyRI/ITa/IIc/IITa/IIIb) and/or inhibitory FcyR (FcyRIIb)
cell killing, otherwise known as antibody-dependent-cellular-  receptors on their surface. Further, IgG subclasses differentiate
cytotoxicity (ADCC), antibody-dependent-phagocytosis (ADP),  in their binding affinity to different FcyRs with IgG3 and IgGl
cytokine, chemokine and/or enzyme release (75, 76). The FcR  being subclasses with the highest affinity (77, 78). The affinity,
syntax for IgA is FcaR, IgE is FceR, and IgG is FcyR, of  diversity, and polymorphisms of FcyR and IgG subclasses is
which there exists different isoforms (42). Different effector  reviewed elsewhere (79).
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TUBERCULOSIS (TB)

Mtb infection in humans produces a spectrum of clinical and
subclinical disease. This continuum can be loosely grouped
into active TB, subclinical TB, incipient TB, latent TB, and
“Resisters.” Individuals with active TB have detectable bacillary
burden by culture or PCR and commonly have a positive
interferon-y (IFN-y) releasing assay (IGRA) or tuberculin skin
test (TST) with cough, weight loss, and fever. Subclinical
TB is defined as asymptomatic disease but with a loss of
bacterial containment which can be observed with inflammation
as detected radiographically by positron emission tomography
(PET). At the other end of the spectrum, latent TB is identified
as persistent asymptomatic infection, TST or IGRA positive with
no transmission capacity (2). Unlike subclinical TB, individuals
with latent infection do not demonstrate areas of PET avidity
consistent with active disease. Finally, a subset of TST and IGRA
negative individuals have been identified called “Resisters” who
appear to have non canonical immune responses to Mtb antigens
in the context of high levels of exposure (80). Clinical and
diagnostic details of these TB disease groups have been recently
reviewed by Furin et al. (3) and are summarized in Table 1.

Pro-Inflammatory Indicators in
Mycobacterium tuberculosis Infection

While delineating mechanisms of protection is important in
understanding TB pathogenesis, enhancement of disease is a
physiologically important component of the host response.
The full spectrum of clinical presentations from latency to
disseminated extra-pulmonary TB initiates varying and complex
host-pathogen interactions (81, 82). The role of IFN-y releasing
CD4+ T cells is complex and somewhat paradoxical. IFN-y
knock-out mice succumb to early Mtb infection compared to
wildtype (83, 84). In humans, IFN-y releasing Tyl CD4+ cells
are widely recognized as the predominate cell-type that responds
to Mtb infection with their numbers increasing post-infection
and at granuloma sites, where bacteria are surrounded by innate
and adaptive immune cells (85, 86). Mutations in IFN signaling
are associated with non-tuberculous mycobacterial infections
(87), and the use of inhibitors of TNF-a, another important
inflammatory cytokine, as disease modifying antirheumatic
drugs in patients with autoimmune diseases is associated with
increased risk of TB (88, 89). The induction of IFN-y releasing
cells has also been a primary aim of many TB vaccine efforts
with vaccine correlate studies focusing on eliciting high T cell
release of type 1 cytokines including IFN-y, TNF-a, and IL-2 (90—
93). Moreover, a recent study into BCG vaccine-induced IFN-y
releasing T cells reported that these cells protect if expanded in
response to vaccination (94). Thus, multiple lines of evidence in
animal models and humans across Mtb and BCG demonstrate
the protective potential of IFN-y and TNF-a.

However, more recent evidence brings to light that IFN-y, and
also TNF-a, in TB is not solely protective and the landscape is
in fact more complex. A growing number of studies correlate
IFN-vy releasing Ty 1 cells (22, 23, 93, 95, 96) and TNF (97) post-
infection with enhanced disease burden and reduced survival.
Indeed, with PD-1 inhibitor blockade in pre-clinical models

and in humans, Mtb specific CD4+ T cells producing IFN-
y increase in the blood, correlating with progression of TB
disease (98, 99). Finally, an immune correlates study looking
at BCG vaccination in infants, showed that the induction of
type-1 cytokines released from peripheral blood CD4+ T cells
co-expressing IFN-y, TNF-a, and IL-2 did not correlate with
TB protection (100). This lack of correlation is also seen in
tissue specific Mtb-reactive CD4+ T cell responses in mice
(22). Extending from children to adults, double positive TNEF-
a+/IFN-y+ CD4+ T cells and single positive TNF-a+ CD4+
T cells were substantially elevated in active compared to latent
TB (101, 102). One possible explanation for this complexity is
that the timing of Mtb-specific CD4+ T cell responses may be
critical to their role in TB protection or burden as in whether
the cell population and subsequent inflammation expands before
or after Mtb infection (25, 103). Thus, pre-existing T cell
responses induced by vaccination and or exposure may protect
against disease, but expansion of T cells in the context of
disease progression may not be helpful. In fact, phagocytosis
alone stimulates substantial IL-12 release which alongside IFN-
y drives a switch to the inflammatory Tyl phenotype (104).
As such, pro-inflammatory cytokine profiles, including IFN-y,
IL-1, IL-2, IL-13, and TNF-a, mark the state of active TB in
patients (105, 106). Moreover, excess proinflammatory signaling
can result in tissue remodeling and destruction (107, 108), and
high levels of TNF-a can be detrimental, in some circumstances
contributing to cachexia and weight loss (97, 101, 102, 109-
111). However, orthogonal pro-inflammatory cytokines can be
potentially protective in individuals with latent infection or
those who have been highly exposed to Mtb (30, 112). One
study looking at healthcare workers in frequent contact with
TB patients, found no differences in IFN-y release from PBMCs
in response to purified protein derivative compared to culture-
positive TB patients (113). In the study by Lu et al. latent
TB individuals had greater IFN-y release from Mtb-specific
CD4+ T cells than “resisters” who reported almost no IFN-y
response despite the “resister” population having Mtb-specific
IgM and IgG (30). The magnitude of the IFN-y response in
the resister population may be a function of lower antigen load,
as “resisters” are thought to have no replicative bacteria. How
antibodies may inform on these inflammatory states remains to
be fully elucidated.

Antibody Isotypes and Subclasses in

Mycobacterium tuberculosis Infection

In the broadest of strokes, antibody titers increase as Mtb burden
increases, presumably due to increased antigen availability (26,
37, 114, 115). More specifically, some but not all studies show
that active pulmonary TB elicits an Mtb-specific IgG isotype
response with the elevation of both Mtb-specific and total IgG1
and IgG3 subclasses in serum (37, 116-118). In vitro, 1gGl
mediates TNF-a release from human monocytes but does not
increase the anti-inflammatory cytokine IL-10 (109, 110). IgG1
and IgG3 subclasses are also the main antibodies capable of
activating complement (119). Consistent with these associations,
complement Clq levels are higher in active TB compared to
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latent TB, and complement cascade molecules are upregulated
18 months before progression from Mtb infection to TB disease
(120-122). Moreover, some monoclonal Mtb IgG1 can enhance
bacterial replication in vitro, demonstrating the potential to
exacerbate disease (27). Finally, polyclonal serum from Mtb
infected rabbits can enhance BCG infection in mice (123). Thus,
specific subclasses such as IgGl and IgG3 in the context of
monoclonality or polyclonality may participate in the induction
of pro-inflammatory downstream consequences as seen in active
TB disease and potentially favor the bacteria.

However, not all IgG is pathogenic. Passive transfer into
mice of purified polyclonal IgG from some healthcare workers
highly exposed to Mtb with detectable Mtb specific IgG can
decrease Mtb burden in the lung (28). Similarly, serum from
mice immunized by a variety of antigens thought to be
cross reactive to Mtb capsular macromolecules can delay Mtb
outgrowth from a variety of organs and increase survival
time in mice (124, 125). This protective impact, along with
decreased associated pulmonary pathology, can even be seen
with intact intravenous immunoglobulin (IVIG) preparations
of pooled polyclonal IgG from multiple healthy humans used
to clinically treat autoimmune diseases (126, 127). Notably,
the protective effect appears to be abrogated with enzymatic
removal of glycan residues (127). Therefore, Mtb reactive IgG
with intact glycosylation in these complex polyclonal responses
may participate in controlling bacterial burden. Further studies
capturing the antigen specificities and glycan signatures of these
antibodies will illuminate the mechanistic basis of these findings.

Beyond IgG, IgA has been a focus of interest due to the
importance of this isotype in mucosal immunity within the
pulmonary compartment, the main route of TB infection,
acquisition and subsequent transmission. While analysis of
bronchoalveolar lavage (BAL) (128, 129) from individuals
diagnosed with pulmonary TB demonstrates the presence of Mtb-
specific IgA in addition to IgG, not all IgA is protective. In mice,
transfer of B cells induced by an Mtb subunit mucosal vaccine
that produces detectable antigen-specific IgA in the lung is not
protective compared to the T cell counterparts (130). This may
be in part due to the lack of the Fca-receptor/CD89 human
homolog in mice as one of the many challenges in translating
between species (131). Indeed, the protective effect of intranasal
delivery of one monoclonal Mtb IgA is dependent on the presence
of CD89 expressed transgenically (132). Yet, mice deficient in
IgA have increased susceptibility to Mycobacterium bovis in the
context of subunit vaccination (133), suggesting that non FcaR
mediated qualities could also be involved. In fact, intratracheal
delivery of a different monoclonal Mtb IgA into mice has shown
some protection with decreased bacterial burden and pulmonary
pathology in absence of CD89 (134). Consistent with these
findings, a recent in vitro study observed that monoclonal IgA
were able to inhibit Mtb growth, while IgG antibodies to the
same targets promoted infection (27). Intriguingly, this isotype
mediated control of Mtb appears to be modulated via FcaR/FcyR
independent mechanisms, as these results were observed when
using epithelial cell lines that lack these FcR receptors. The
authors hypothesize that the IgG Mtb uptake and infection
may instead have been mediated by FcRn binding, though

no mechanistic studies were conducted to confirm this. While
monoclonal antibodies differ compared to polyclonal humoral
immune responses in infection due to both antigen specificity
and antibody glycosylation, these monoclonal studies suggest
that IgA may mediate control of bacterial burden through both
FcoR dependent and independent mechanisms.

Glycosylation Patterns in Mycobacterium

tuberculosis

Going beyond subclass and isotypes, post translational
modifications of antibodies such as glycosylation are linked
to inflammation. Antibody glycosylation patterns can be applied
to TB in order to distinguish latent from active TB. In the area
of autoimmunity, glycosylation of IgG has been extensively
studied as a biomarker of disease severity. Agalactosylated IgG
is considered pro-inflammatory and is a prominent biomarker
in rheumatoid arthritis where increases in agalactosylated 1gG
with fucose is associated with increased disease severity (135).
In inflammatory bowel disease where substantial granulomatous
T cell pathology occurs, agalactosylation of IgG increases with
greater T cell-mediated tissue damage and elevated C-Reactive
Protein (136). On the other hand, the addition of sialic acid
on IgG appears to transform it from a pro-inflammatory to
anti-inflammatory entity (137).

In two independent and geographically distinct human
cohorts, the active TB antibody glycome of total IgG exhibits
agalactosylation and less sialic acid, but more fucose compared
to latent TB IgG (26). While the lack of galactose is associated
with inflammation in general, more specifically, agalactosylated
IgG has been hypothesized to activate the mannose binding lectin
complement pathway (69). This would be consistent with blood
transcriptional profiling demonstrating elevated complement
levels in individuals with active TB (138). The presence of
sialic acid is associated with an anti-inflammatory state in
rheumatological diseases (135), and this would be consistent
with less inflammation in the context of latent compared to
active TB (26). Antibodies with less fucose are better at engaging
FcyRIIla on NK cells to mediate ADCC in the monoclonal
antibody literature (71, 139). Lu et al. did find higher binding
of polyclonal IgG to FcyRIIla along with enhanced TB-specific
ADCC in latent compared to active TB (26). Intriguingly, an
independent study of multiple human cohorts of latent and active
TB demonstrated an NK cell signature associated with latent
infection. This study also observed that PBMCs from latent TB
individuals had increased capacity to mediated ADCC responses
compared to uninfected controls, although this same analysis was
not conducted using PBMCs from active TB individuals (140).
Further studies will be important in orthogonally validating
the link between specific IgG glycan patterns and Fc effector
functions in human TB infection.

In contrast to IgG, the glycosylation of pentameric IgM is far
more complex (141, 142) and therefore less well-characterized
and understood. In a mouse model consistent with active TB,
IgM glycosylation in BCG naive mice after Mtb infection had
a 5-fold increase in fucosylated IgM as well as less sialylation
(143). Overall, mice receiving BCG had less fucosylation (143).
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What this means for downstream effector functions is less clear.
Moreover, the respective similarities and differences between
mice and human glycosylation regulation are less well-described.
Thus, IgM glycosylation within and even beyond TB is an area
that would benefit from significant further studies.

Antibody Function in Mycobacterium

tuberculosis

With differential glycosylation, isotypes, and subclasses, antibody
Fc-domain engagement of Fc receptors on immune cells help
modulate pro- and anti- inflammatory signals, the balance of
which, in TB, can contribute to outcome (79). Despite lower
Mtb-specific IgG titers in latent compared to active TB, there
is higher affinity for the activating FcyRIIla and no difference
in the activating FcyRlIIa or inhibitory FcyRIIb (26). Studies in
mice deficient of the inhibitory FcyRIIb have greater control of
Mtb bacterial burden, whereas complete knock-out of the Fcy-
chain region, which is essential for activating FcyR signaling,
resulted in more severe disease in pulmonary pathology (144).
Additionally, there are higher levels of FcyRI receptor gene
expression in individuals with active TB compared to latent
TB (145), and these levels decrease over the course of therapy
(146). FcyRI is an activating receptor, which is upregulated by
cytokines such as IFN-y and GM-CSF and binds with high
affinity to IgG1, IgG3, and IgG4 in comparison to the low affinity
FcyRlIlIa or ITa (79). As such, high FcyRI levels in active TB
may either be a marker of or contribute to the inflammation.
These lines of evidence at an Fc receptor level suggest that
while too much immune complex activity identified in active TB
may contribute to inflammation and pathology, some antibody
mediated cellular effector functions may be important for
bacterial control.

At a cellular level, immune cells expressing Fc-receptors
have been implicated in both the enhancement of bacterial
uptake, as well as the control of bacterial fate, in the context
of antibodies. Early studies by Fong et al. (147) and Armstrong
and Hart (148) coated Mtb with serum from BCG immunized
rabbits. Though there was enhancement of uptake in vitro
demonstrated by Armstrong and Hart, there were no significant
difference in intracellular Mtb growth in rabbit (147) or murine
(148) peritoneal macrophages. In humans, THP-1 monocytes
demonstrated enhancement of BCG opsinophagocytosis using
human serum after vaccination, inducing a humoral response
that included IgG reactive to arabinomannan, a component of
mycobacterial cell wall (149). This enhanced microbial uptake
can be extended to primary human neutrophils, monocytes,
and macrophages and attributed for the most part to IgG by
depletion assays (150). Importantly, unlike Fong et al. and
Armstrong and Hart, when both Chen et al. and De Valliere
et al. examined the resulting in vitro bacterial burden, there
was decreased growth rate of BCG when opsonized with post-
compared to pre- vaccination serum in both neutrophils and
monocytes/macrophages. Demonstrating that despite increased
initial uptake of BCG, the fate of these bacteria surrounded

partially overlapping antigenic repertoires and/or host species
FcR repertoires (rabbit vs. human vs. mouse) explains these
differential findings, remains to be clarified. However, the more
recent studies using human serum with human cells may provide
a path toward overcoming species differences in modeling Mtb
in vitro, particularly in the context of antibodies.

In studies with human cells and Mtb, macrophages, NK
cells, and alveolar epithelial cells have been demonstrated to
both potentially inhibit and also enhance bacterial growth
in the context of antibodies. Opsonization of Mtb with
polyclonal IgG purified from individuals with latent and active
TB appeared to lead to similar bacterial uptake in primary
human monocyte derived macrophages (26). However, upon
the addition of purified polyclonal IgG after Mtb infection,
intracellular bacterial burden is decreased in the context of
antibodies from latent compared to active TB individuals
(26). Whether or not this is due to cis- or trans- ADCC
mediated by bystander macrophages in place of canonical
NK cells remains unclear, but could provide a scenario in
which this cellular effector mechanism (which is noted to be
increased with Mtb antigen coated beads and NK cells in the
context of latent compared to active TB IgG) could be directly
linked (26). Finally, using arabinomannan reactive monoclonal
antibodies to opsonize Mtb, Zimmerman et al. demonstrated
that IgGl on THP1 monocytes had no significant difference
on bacterial counts compared to isotype control whereas the
IgAl isotype did (27). Indeed, when this experimental setup
was expanded to the A549 human alveolar epithelial cell line
expressing FcRn but not FcyRI, FcyRIII, FcyRII, or FcaR
there was an enhancement of CFU noted upon infection with
Mtb opsonized with monoclonal IgG isotype and inhibition
with the IgA isotype. These studies demonstrate that bacterial
fate is determined by both the antibody itself as well as the
host cell.

A plethora of FcR expressing cells and associated downstream
cellular processes can be recruited by Mtb reactive antibodies.
Specifically, the classical antibody elicited effector functions of
NK cell activation and subsequent production of granulysin to
mediated ADCC has been observed (26, 140, 151). Moreover, Lu
et al. demonstrated that phagolysosomal fusion, inflammasome
activation, and IL-18 production could be elicited more with
polyclonal IgG purified from individuals with latent compared
to active TB. This is consistent with monoclonal antibodies
enhancing BCG lysosomal co-localization (152). However,
additional macrophage-mediated cellular processes in the
context of Mtb include the production of additional cytokines,
antimicrobial peptides, and even autophagy. These specific
processes in mice and humans can contribute to protection
as well as pathology (153, 154). Thus, even if these cellular
functions are linked to antibodies, the implications for overall
disease and outcome are not straight forward. These nuances
may in fact help explain how enhanced survival (155) and
or protection against dissemination (156) can be mediated
by some monoclonal antibodies without impact on bacterial
burden itself, highlighting further the immunomodulation

by antigen-specific antibodies inside a cell was death. Whether =~ and inflammatory balance that may be critical for
differences in mycobacterial species (Mtb vs. BCG) with  TB control.
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CONDITIONS ASSOCIATED WITH TB
REACTIVATION: HIV-1 INFECTION

Inflammation in HIV-1

In acute HIV-1 infection the viral load rapidly increases
alongside a burst of cytokines such as IFN-o and overstimulated
pro-apoptotic CD4+ T cells; the immunological hallmark
of HIV-1 infection (157). There is mounting evidence that
chronic HIV-1 disease progression is characterized by systemic
immune activation and oxidative stress, which can occur
even while viremia is controlled with antiretrovirals (158-
160). This systemic inflammation is thought to be caused
by a number of factors; namely gut permeability, activated
monocytes and cytokine derangement (160-163). High levels of
viremia are accompanied by high levels of IFN-y, TNF-a, IFN-
a, and other inflammatory markers (164-166). The elevation
of inflammatory serum markers is also correlated with onset of
AIDS, cardiovascular disease, and lymphoma (165, 167-169).

Antibody Isotypes and Subclasses in HIV-1

Recent studies showing the importance of non-neutralizing
antibodies in HIV-1 control and in protection have expanded
the framework of antibodies beyond direct neutralization (170).
These antibodies have been relatively well-characterized in HIV-
1, with momentum gaining after the RV144 HIV-1 vaccine
immune correlates analysis showed non-neutralizing V1V2 HIV-
1 Envelope (Env) IgG was associated with protection (171-
174). Antibody responses in the first months of HIV-1 infection
are governed by non-neutralizing antibodies directed against
Env (175). While initially thought to be ineffective, these early
antibodies display some viral inhibition, while higher ADCC
activity of vaccine-induced IgG has been associated with reduced
peak viral load in macaque SHIV trials (176-178). The isotypes
that predominate during this time are IgM followed by class-
switching to IgG and IgA (179, 180). Anti-Env IgM titers decline
after 1 month of infection while anti-env IgG levels remain
raised and neutralizing IgG titers emerge months to years later
in infection (181, 182). The role of IgA in HIV is controversial.
Vaccine-specific serum IgA was correlated with reduce vaccine
efficacy in the RV144 trial, as did an elevated IgA:IgG ratio
(171, 183). Further, serum IgA has been associated with HIV
disease progression (184, 185). However, mucosal IgA may be
functionally distinct compared to serum IgA, and there are
promising results from non-human primate SHIV infection
studies, where mucosal administration of IgA appears to be
protective (186).

During acute infection, IgG3 is elicited first in the IgG subclass
response but eventually is surpassed by higher IgGl1 titers against
Env (187). Multiple studies have associated HIV-specific 1gG3
with viral control and enhanced Fc-functions (172, 178, 188,
189). IgG1 and IgG2 against internal HIV-1 p24 protein have
also associated with viral control though the mechanisms are
still not understood (190, 191). As with active TB, IgG1, and
IgG3 subclass predominates in HIV-1, however the connection
between these specific IgG subclasses and inflammation in the
context of HIV-1 is yet to be investigated. Studies have identified a
greater breadth of IgG neutralizing antibodies in HIV controllers

who had high inflammatory markers such as TNF-a (192).
Given the observation that neutralization breadth is a product of
persistent viral replication (182), the high inflammatory markers
in this study may point to a lack of viral control. In the context
of HIV-1, some inflammation may be somewhat beneficial with
cytokines and stimulated T cells encouraging the rate of somatic
hypermutation in B cells to produce cross-reactive antibodies.
However, in the context of a co-infected patient with latent TB,
one could hypothesize that this HIV-associated inflammation
involving inflammatory cytokines and T cell activation may tip
the inflammatory balance too far, encouraging Mtb replication
and development of active TB.

Glycosylation of Antibodies in HIV-1
Glycosylation of antibodies in HIV-1 infection differ between
bulk IgG and HIV-specific 1gG (193). Chronic progressive
HIV infection exhibits highly agalactosylated IgG compared
to controls, which as previously discussed, is typical of
inflammation. In studies of HIV-1 glycosylation, this
highly agalactosylated IgG has been shown to engage the
complement cascade (193-195). The subclass that exhibits most
agalactosylation in HIV-1 infection was IgG1 followed by IgG2
and IgG4 (194). The ability to categorize IgG1 as protective or
destructive may rely on its galactosylation status and subsequent
impact on downstream inflammatory outcomes such as tissue
destruction and innate cell activation via FcyRs. The role of
sialylation and fucosylation in HIV-1 is not as clear. A recent
study observed decreased sialylation and increased fucosylation
of IgG in HIV-infected individuals (195). This increase in
fucosylation was associated with reduced ADCC activity,
meaning beneficial innate responses were decreased thereby
reducing anti-inflammatory activities. Further, a significant
association was observed between anti-inflammatory sialylated
IgG, higher CD4+ counts and lower T cell activation (195). One
caveat of this study is that they assessed the total IgG glycome
and not HIV-specific IgG, meaning that we cannot comment on
how specific IgG glycosylation impacts the ability of the antibody
to fight HIV. While the global IgG glycome is an antibody
inflammatory biomarker reflecting activated immune cells and
therefore influencing an individual’s susceptibility to disease,
the glycosylation patterns of those specific antibodies which
neutralize or function with ADCC/ADP to fight disease is also
an important measure of the targeted immune response.

Antibody Function in HIV-1

Multiple studies have demonstrated the importance of antibody
Fc function in HIV-1 control and vaccine-mediated protection
(196-200). ADCC responses to Env have been associated
with improved clinical outcomes and places mutation pressure
on HIV-1 virus (196, 199, 201-203). While historically
HIV studies have focused upon NK cell mediated ADCC,
recent research has demonstrated the importance of other Fc
functions mediated by neutrophils, macrophages, monocytes,
and complement activation (204, 205), such that polyfunctional
antibody responses may be beneficial (172, 206, 207). Through
the strong engagement of these particular Fc receptors in HIV
infection, cells are activated resulting in downstream release
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of inflammatory cytokines and cytotoxic granules. A study
looking at cytokines before pre- and post-ART (anti-retroviral
therapy) in individuals with HIV-infection alone, found that
TNF-a and IL-6 (pro-inflammatory) and IL-10, IL-4, and TGF-B
(anti-inflammatory) were higher before ART while IFN-y levels
were lower before ART (208). In a different study of ART-
naive individuals co-infected with HIV/TB, Mtb culture-positive
status correlated with high TNF-a, IL-2, IL-12, and also IFN-
y (209). It may be possible, that those with HIV-infection and
substantial TB reactivation risk exhibit an over-inflammatory
state involving more pro-inflammatory cytokines such as IFN-vy,
but the involvement of antibodies in this inflammation is yet to
be studied.

HIV-1 and Mycobacterium tuberculosis

Co-infection

Infection with HIV-1 is a major risk factor for progression from
latent to active TB, with the risk of reactivation 20-fold higher
than the general population (158). The risk of developing active
TB infection doubles in the first year of HIV-1 infection (210).
Thelack of T cells in HIV infection is one reason for the increased
risk of TB acquisition and progression to active disease. However,
even with effective ART such that viral loads are suppressed,
CD4+ counts are >500 cells/|LL and opportunistic infection risk
is normalized, the risk of TB acquisition or reactivation is still
increased (211). One study in South Africa, found that despite the
widespread roll-out of ART, HIV prevalence among TB patients
remained at 49% (212). Bucsan et al. recently found in a SIV/TB
co-infection model that depleting CD4+ T cells in macaques was
not sufficient to induce latent TB reactivation (213). The group
propose SIV-associated reactivation may involve inflammatory
imbalance. This could be due, in part, to inflammatory antibodies
in HIV infection. Regardless, there may be other immune
mechanisms than CD44 T cell reduction that contribute to
HIV-associated TB reactivation.

HIV-1 perturbs the Mtb immune response by impacting
granuloma formation, Mtb-specific T cell response and
macrophage activity (138). In an SIV-Mtb co-infection model,
latent TB reactivated within 47 weeks of uncontrolled SIV
infection (214). Immune Reconstitution Inflammatory
Syndrome (IRIS), is a syndrome marked by innate cell
cytotoxicity and cytokine dysregulation typically following the
commencement of ART in HIV-1 infection. In IRIS, as the
function of immune cells is reinstated, excessive inflammation
and inflammatory driven organ-damage ensues. TB associated
reactivation with IRIS can occur within 8 weeks of ART being
commenced, particularly in the setting of advanced HIV-1
infection, indicating the role that this inflammatory state may
play in TB reactivation (215-217). Further, Mtb and HIV
co-infection increases the incidence of IRIS by 2-fold and
HIV-infected patients with IRIS are at risk of acquiring TB
(218, 219). The “unmasking” of other dormant pathogens,
has also been observed in this hyperinflammatory state
(220). The role of antibodies in the reactivation of dormant
pathogens such as Mtb in the context of inflammation must be
further explored.

Antibodies in TB/HIV-1 Co-infection

While IgG is formed against Mtb antigens in patients co-infected
with Mtb and HIV-1, some studies observe substantially lower
titers of Mtb-specific IgG and other isotypes (221, 222). Yu
et al. (222) show correlations between I1gG2 and IgG3 as well as
IgG1 and IgG3 levels in HIV/TB co-infection (222). The group
consider HIV-associated hypergammaglobulinemia as a cause of
the IgG correlations and comment that the TB serology they
assessed is more complicated in HIV negative individuals than
in HIV/TB co-infected patients. It is pertinent to consider the
impacts of losing T-cell help on isotype and subclass switching
in the context of this HIV co-infection.

In contrast to these findings, other groups have found an
increase in Mtb-specific antibody titers and reactivity in HIV/TB
co-infection which they attribute to a high Mtb bacillary burden
in HIV infected individuals (223). Yu et al. also highlight in their
discussion, the counterintuitive nature of TB antibody and IFN-y
research, in that some show them to be protective, but others find
that high antibody and IFN levels correlate with bacterial burden.
The authors warn against speculating whether specific immune
mechanisms can be concluded from their own study. One could
hypothesize that some level of bacterial load is necessary for
the instigation of an immune response but if that replication is
overbearing, infection cannot be controlled.

Studies into the breadth of the antibody response in
HIV/TB co-infection are limited. One recent study proposes
the measurement of serum LAM as a biomarker for active
TB (224) and Yu et al. (222) assessed Mtb polysaccharide
responses and found elevated arabinomannan-specific IgG2 had
the highest titers in all TB-infected groups. The fact that
different subclasses predominate based on the antigen type
is unsurprising as IgG2 is predominately generated against
polysaccharide antigens. This does highlight the complexity of
Mtb being both bacterial (generating typically a Th2 response)
and an intracellular pathogen (needing Thl responses too)
and informs us as to why the ability to delineate protective
vs. pathogenic immune responses to Mtb are so difficult
to characterize.

Mtb-specific antibody titers decrease with HIV/TB co-
infection as does the binding avidity of these antibodies to Mtb
targets such as Ag85A (38). This group attribute the reduced
avidity to dampened B cell responses, possibly caused by reduced
T cell help that occurs with HIV infection, and the reduction
in avidity means the Mtb-specific antibody responses are not as
effective. It is important to investigate whether these ineffective
antibody responses may contribute to a lack of Mtb control in
HIV/TB co-infection. One genomics study found the deletion
of FcyRIIIb genes was higher in patients co-infected with HIV
and TB compared to HIV-1 alone (225). FcyRIIIb is a low-
affinity activating receptor only expressed on neutrophils and
basophils (79). The effects of this gene deletion on downstream
receptor-expression and antibody function in co-infection merits
further investigation. Regarding glycosylation in co-infection,
a study of HIV-1 infected individuals with Mpycobacterium
avium infection showed that co-infected individuals have higher
levels of agalactosylated IgG as well as elevated serum IgA
levels (226). Whether agalactosylation is also increased in
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HIV-1 co-infection with Mtb is yet to be studied. If future
studies find that agalactosylated IgG are increased in HIV/TB
co-infection, we would consider whether these inflammatory
antibodies are involved in TB reactivation by enhancing a state
of over-inflammation.

CONDITIONS ASSOCIATED WITH TB
REACTIVATION: DIABETES MELLITUS

Diabetes Mellitus and Inflammation
Type II diabetes mellitus (T2DM) is typically caused by
nutritional, lifestyle, and genetic factors causing obesity-induced
insulin resistance and eventual depletion of insulin-secreting
cells altogether. T2DM is characterized by a proinflammatory
milieu with CD8+ T cell and Tyl activity promoting insulin
resistance and glucose intolerance (227-229). High-fat diets
contribute to inflammation in diabetes and obesity in that
they supply high levels of fatty acids which stimulate immune
receptors such as toll-like receptors on innate cells and non-
immune cells in adipose tissue. This cell activation encourages
secretion of pro-inflammatory cytokines and skews the activation
state of immune cells such as macrophages and B cells to
one of inflammation. This pro-inflammatory milieu includes
high neutrophil activation, macrophage adipose and pancreatic
infiltration, increased pro-inflammatory cytokines such as IL-18,
IL-8, and TNF as well as decreased anti-inflammatory cytokines
such as IL-10 (230-233). IL-10 typically inhibits activity of Ty1
cells, macrophages and NK cells as well as regulating class-
switching of B cells to IgM and IgG plasmablasts (234, 235).
Macrophage and CD4+ T cell activation in T2DM
pathogenesis is well-described (236, 237). Studies show
upregulation of Tyl cells in T2DM adipose tissue with pro-
inflammatory signatures (238). Not dissimilar to active TB,
increases in TNF-a secretion by Tyl and Tyy17 CD4+ T cells are
attributed to T2DM pathogenesis (239). One recurring cell-type
in diseases where TB reactivation is high, are macrophages and
monocytes. The immune environment of high TNF increases
monocyte infiltration and IL-1, IL-6, and IL-12 are associated
with macrophage and monocyte activation (240). With these
two cell types being the primary targets of Mtb infection, it
could be proposed that the induction of this macrophage-driven
inflammation in some diseases increases TB reactivation risk,
providing an environment within which Mtb can replicate. The
complexity of the macrophage-TB response has been detailed by
Guirado et al. in the following review (241).

Antibodies Isotypes in Diabetes Mellitus

The involvement of antibodies in T2DM pathogenesis is not well-
understood. One study in patients with T2DM found a smaller
percentage of antigen-specific antibody secreting plasmablasts,
but when stimulated with LPS, T2DM B cells produced greater
IgM and IgG titers (233). There were no differences in IgA
titers to healthy controls. Further, the B cell phenotype in
T2DM is similar to that found in obese individuals, yet those
with T2DM failed to elicit protective B cell responses to an
influenza vaccine while obese individuals did elicit protective
responses (233). This may indicate that in the proinflammatory

environment, T2DM patients have readily activated B cells
producing antibody isotypes IgG and IgM, however that these
antibodies may be undirected or enhance disease, counteracting
any protective neutralization effects seen otherwise. IgG has also
been implicated in its association and specificity to long chain
saturated fatty acids found in the serum of T2DM patients (242).

High fat diets are associated with systemic immune activation
and the secretion of “pathogenic” IgG which promotes insulin
resistance (243). This study transferred IgG from mice that
received a high fat diet into recipient mice with a normal diet
and found that post-transfer, recipient mice had elevated TNE-
a and “pathogenic” IgG which promoted glucose intolerance
and insulin resistance via Fc engagement (243). The authors
discuss phenotypic changes to macrophages and B cells in
adipose tissue that results in inflammatory cytokine release and
“pathogenic” IgG.

Further, an IgG autoantibody was associated with T2DM
prevalence and earlier disease onset in a Southwest American
Indian cohort (244). It is thought that IgG antibodies form
immune complexes in visceral adipose tissue and engage
FcyR on B cells and macrophages, inducing inflammatory
cytokines (243, 245). Pathological autoantibodies exist in other
autoimmune diseases such as systemic lupus erythematous where
autoantibody subclasses in the order IgG1>IgG3>IgG2 are
substantially elevated (246, 247). There are case reports of
TB infection in autoimmune affected individuals, however this
review does not discuss these cases as immunological data lacks
in these cohorts (248). Looking at the role of IgG subclasses in
T2DM, total IgG2 has been associated with insulin-resistance in
mouse skeletal muscle through activation of epithelial FcyRIIb,
an inhibitory Fc-receptor, and the impairment of insulin
epithelial translocation (243, 249, 250). For endothelial cells,
since FcyRIIb is engaged in insulin translocation it is necessary
to maintain insulin sensitivity as shown by the attenuation of
FcyRIIb resulting in impaired insulin translocation in skeletal
muscle of obese mice (250). With elevated levels of IgG2 binding
to FcyRIIb, insulin translocation is impaired. While this FcR-
binding mechanism may not directly increase inflammation, it
may be a by-product of an overactive immune system which
encourages the over-production of “pathogenic” IgG.

Antibody Glycosylation and Function in

Diabetes Mellitus

The first large study on antibody N-glycans in T2DM patients
found that T2DM IgG derived glycans had substantially increased
agalactosylation and decreased sialylation of all fucosylated
structures (251). The authors refer to their findings as “reflective
of an overall pro-inflammatory state” (251). The implications
of these findings are that T2DM IgG engage more readily with
the complement cascade, bind with higher affinity to FcyR and
impact insulin resistance. Further, this study found increased
fucosylation of IgG structures with bisecting GIcNAc, and
decreased fucosylation of IgG glycans without bisecting GlcNAc
in T2DM. The glycosylation of antigen-specific antibodies in
T2DM is not well-understood and would merit from further
investigation as to elucidate whether they mechanistically cause
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inflammation. In mice, reduced N-glycan IgG sialylation was
associated with insulin resistance and glucose intolerance as
associated with a T2DM phenotype (250). When IgG from
T2DM humans was transferred into B-cell deficient mice,
insulin resistance developed. Interestingly, this obesity-related
insulin resistance and glucose intolerance could be reversed by
normalizing the sialylation patterns of IgG. Further, C-reactive
protein (CRP), a marker of inflammation in T2DM, caused
insulin resistance in this same study. They also determined
that CRP acted on the inhibitory receptor FcyRIIb present on
epithelial cells, stopping translocation of insulin through the
epithelial membrane (250). Mice that were FcyRIIb-knockout,
were protected from insulin resistance.

In the chronic hyperglycemic state of diabetes, there is another
type of glycosylation which can occur. This process is called
non-enzymatic glycosylation of plasma proteins which occurs
when plasma is saturated with glucose due to hyperglycemia
and attaches spontaneously to plasma proteins. Unlike N-
linked glycans, non-enzymatic glycosylation has been well-
documented in diabetes and other diseases for many years
(252). Non-enzymatic glycosylation of IgG has been implicated
in diabetes pathogenesis affecting renal clearance of IgG with
subsequent effects on renal function. Further, glycosylated 1gG
has been suggested as a comparable biomarker to the well-known
glycosylated hemoglobin (HbA1c) (253, 254).

Antibodies in Diabetes Mellitus and

Tuberculosis Comorbidity

Diabetes with associated Mtb infection is a substantial global
health issue. There are now more individuals comorbid with
TB/Diabetes than those with TB/HIV-1 (14). Diabetics with
associated pulmonary TB infection have higher levels of type-
1 pro-inflammatory cytokines such as IFN-y and TNF-a as
well as a reduction in anti-inflammatory cytokine IL-22 (255).
The elevation of IFN-y and TNF-a and reduction in anti-
inflammatory cytokines mean that inflammatory pathways in
innate cells and T cells are discharged which contributes to
immunopathology and poor Mtb control in diabetic individuals
(255). Further, T2DM co-infected with TB have a pro-
atherogenic, dyslipidaemic plasma profile exacerbating metabolic
disease which is postulated to contribute to TB reactivation (256).
There are a number of studies that characterize the DM/TB co-
infection T cell and innate cell phenotypes but none include a
characterization of antibody responses in DM/TB co-infection
(257-259). A study by Gomez et al. (260) demonstrated that
monocytes cultured with serum from diabetics do not associate
via classical or alternative complement pathways with Mtb
in vitro, and they attribute this to reduced FcyR and complement
receptor defects (260, 261). Defective FcyR would impact 1gG
isotype binding and functionality. The group do not report
antibody nor complement protein titers in these individuals
which would have a addressed the question of whether reduced
antibody titer in diabetics is a potential cause for the lack of
Mtb association. Given the increasing burden of DM/TB co-
infection, urgent attention needs to be given to potential immune
biomarkers of reactivation, such as antibodies.

CONDITIONS ASSOCIATED WITH TB
REACTIVATION: CHRONIC KIDNEY
DISEASE

Chronic Kidney Disease and Inflammation
Chronic Kidney Disease (CKD) and its further progressed End-
Stage Renal Disease (ESRD) are associated with substantial
immune perturbation and inflammation (262). Despite the varied
etiology of CKD, the end point of inflammation encompassing
renal impairment, metabolic waste accumulation and treatment
with dialysis is universal to CKD patients. The impact of
hemodialysis includes chronic activation of the alternative
complement pathway, antigenic stimulation and disruption of
mucocutaneous barriers (263). CKD is a systemic disease not
only affecting the kidneys, with “uremia” affecting other organs
including the lungs. Pro-inflammatory cytokines such as TNEF-
o, IFN-y, and IL-6 are elevated while IL-10 levels are suppressed
(262, 264). Further, Ty 1 responses are elevated in ESRD and Kato
et al. discuss this immune dysfunction in ESRD in more detail
(264). Impaired immune function in CKD leads to higher rates of
infection while the exaggerated inflammatory immune response
in the condition contributes to different immune-related events
such as atherosclerotic cardiovascular disease (262). This is
thought to occur in HIV-1 and T2DM also. It may be possible that
the dysregulated immunity with excessive IFN-y, TNF-a, and
Ti1 responses, promotes macrophage activation and contributes
to an environment which may favor Mtb replication.

Antibody Isotypes and Subclasses in

Chronic Kidney Disease

A number of studies have documented reduced titers of antigen-
specific IgG, IgA, and IgM in patients with chronic renal
insufficiency. Most in-depth serum antibody analyses involve
antigen-specific responses to vaccination or infection in CKD
cohorts. The antibody response to Hepatitis B vaccine is muted
in CKD individuals, with low seroconversion and rapid reduction
in titers post-vaccination (265). Further, in Hemophilus influenza
A-vaccinated CKD patients, there are reduced absolute B cell
numbers and less functional bactericidal antigen-specific IgG
and IgM (266). In a recent study, aiming to elucidate the role
of the T-cell inhibitory receptor CTLA-4 in pathogenesis of
glomerulonephritis, a major cause of CKD, levels of IgM inversely
correlated with lower CTLA-4, as did IgG and IgA to a lesser
extent, with the proposition that this may reflect inappropriate
IgM function in ESRD (267). Further, many causes of CKD are
auto-immune based and involve the generation of autoantibodies
against kidney tissue. These auto-antibodies tend to be of the
subclasses IgG1 and I1gG3 and are reviewed at a greater depth by
Tecklenborg et al. (268).

Glycosylation and Function of Antibodies

in Chronic Kidney Disease

There is very little data on glycosylation of antibodies in
CKD. The most recent study found a predominance of pro-
inflammatory agalactosylated IgG Fc-glycosylation in patients
with CKD and in those with agalactosylated IgG but no CKD,
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they were at higher risk of developing CKD (269). Further, IgG Fc
N-linked glycans in kidney disease patients are more likely to lack
a core-fucose, a phenotype associated with substantially increased
FcyRlIlla binding affinity and ADCC. Individuals with sialylated,
core-fucosylated with bisecting GIcNAc IgG had greater CKD
risk. This group also found that levels of anti-inflammatory
IgG Fc-glycan sialylation were decreased in patients with CKD
(269). One group also discovered a y-chain deficiency in mice,
thereby preventing the function of activating FcyRs, resulting in
kidney disease protection (270). These findings amongst those
on glycosylation in CKD, are consistent with the idea that CKD
progression is linked to pro-inflammatory mechanisms, some of
which are enacted by antibodies. Anti-neutrophil cytoplasmic
autoantibody vasculitis is one cause of CKD and Fc N-glycan
patterns of IgG1 in this disease has also been described as pro-
inflammatory, with high agalactosylation and low sialylation
patterns (271).

Antibodies and Immunity in Chronic Kidney

Disease and Tuberculosis Comorbidity
Despite notably high rates of co-infection between TB and CKD,
the diagnosis of latent TB is difficult in this population. This
is due to lowered sensitivity of the IGRA assay in detecting
Mtb in ESRD groups which has been attributed to defective
T cell function (272). y8 T cells in this co-infected population
showed lowered expression of lung-homing receptors while
MAIT cells were depleted in the periphery, with particular
reductions in cells also associated with lung-trafficking (273, 274).
This indicates a potential role for unconventional T cells in
controlling pulmonary TB infection. However, very little research
has looked into characterizing antibody profiles in patients
comorbid with kidney disease and TB. This is to the exception
of IgA-nephropathy, a leading cause of primary kidney disease
which is due to deposition of IgA in renal tubules leading to
glomerulonephritic disease and eventually CKD. In a cohort of
IgA-nephropathic patients co-infected with TB, levels of anti-
Ag85A antibody were higher in co-infected patients indicating an
ability to generate Mtb-specific antibody (275). It is thought that
elevated Mtb-specific IgA levels contribute to IgA nephropathy
co-infection, glomerulonephritis and ensuing CKD (276). The
pathogenesis of this involves alternative complement activation,
lectin activation and deposition of IgA-complexes in the kidney
(275, 276). Deposits of IgAl are found at higher levels of co-
infected individuals as well as patients presenting with renal
TB (275). Further, high levels of TGF-B1 are correlated with
defective IgA1 generation and TGF-B1 increases in both TB and
IgA nephropathy (276). These papers together propose that Mtb
infection increases the levels of IgA in serum which aggregate
to form pathogenic complexes leading to nephritic disease. This
then exacerbates kidney disease and the cycle of inflammation,
which may worsen TB disease. More than that, it may be
possible that these serum IgAl antibodies act more readily on
inflammation in the kidney hence the association with higher TB
renal disease in this population.

Studies assessing Mtb proteins and kidney injury found the
Mtb antigen, ESAT-6, contributed to renal injury in mice injected
with a high dose of ESAT-6 by upregulating the expression
of pro-inflammatory microRNA-155 via the MyD88 innate cell

pathway (275, 277, 278). While the dose of ESAT-6 used in these
studies may not reflect those found in physiological disease, this
evidence may show a cyclical worsening of disease in CKD/TB
coinfection exacerbated by kidney inflammation caused by TB
and CKD independently.

TB mortality is also very high amongst ESRD patients after
kidney transplant. A recent retrospective analysis discovered
that kidney transplant recipients receiving the immunotherapy
Belatacept, a fusion protein of anti-CTLA-4 and the Fc-portion
of IgGl (CTLA4-Ig), had a significantly higher incidence of
TB reactivation and infection (279). The incidence of TB in
the group receiving Belatacept was higher at 17.6% compared
to other immunosuppressive drugs where the incidence was
<2.5% indicating that the immunosuppressive actions of these
drugs may not have been the root cause for TB reactivation
in these groups (279). This is interesting given the previous
studies discussed above provide some evidence to support
the proinflammatory actions of IgGl may worsen TB disease
prognosis. Belatacept or CTLA4-Ig, was developed to not only
stimulate T cells through inhibiting CTLA-4, but to induce
ADCC and complement-dependent cytotoxicity via the IgGl
Fc region (280). The findings of TB reactivation in this anti-
CTLA4 immunotherapy group echo the recent case reports of TB
reactivation with PD-1 inhibitors (96, 98, 99, 281). Exaggerated
Tyl responses due to PD-1 inhibitors have been proposed as the
mechanism by which TB reactivates in these patients (99).

CONCLUSIONS

Mtb infection and its frequent association with HIV, T2DM,
and CKD are growing global health burdens. With a quarter
of the world latently infected with Mtb and the rise of non-
communicable diseases such as T2DM and CKD in both
developed and developing countries, we must pay attention
to this double burden of disease. There is a notable lack of
research on the mechanisms of TB reactivation in different
immune environments. The paradoxical evidence around T
cell responses and type 1 cytokines suggests that high IFN-
¥, TNF-a, and IL-2 CD4+4 T cells induced in response
to vaccination or before the establishment of TB disease
is beneficial to TB control, but when these responses are
too late or they expand after Mtb has established, they
are detrimental. A better understanding of TB reactivation
would allow the rational design of preventative measures to
reduce associated mortality and burden on individuals and
their healthcare systems. In this review, we describe antibody
characteristics of isotypes and subclasses, glycosylation patterns
and function across TB, HIV-1, T2DM, and CKD (see summary
in Supplementary Table 1). There is a large volume of evidence
from both arms of the immune system that point to the
role of a pro-inflammatory milieu in assisting TB reactivation.
HIV-1, T2DM, and CKD are highly inflammatory chronic
diseases, and this is reflected by their antibody profiles,
especially IgG subclasses and post-translational modifications.
However, clearly this review also highlights the many gaps
in our knowledge. To genuinely understand the causes of
TB reactivation, we must look at the interface at which
antibodies, T cells and innate cells all interact to create an

Frontiers in Immunology | www.frontiersin.org

96

December 2019 | Volume 10 | Article 2846


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

McLean et al.

Antibodies in Mycobacterium tuberculosis Comorbidities

inflammatory response. Much can be learnt from the actions
and patterns of antibodies from these diseases. Furthermore,
antibodies are a real-time measure of immunocompetency and
assessing serum antibodies is comparatively more reliable, cost-
effective and high-throughput in comparison to cell-based assays.
Understanding antibody characteristics is essential to decode
these patterns in disease, and we are gaining in momentum
and understanding.
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Select residues in the biantennary sugar moiety attached to the fragment crystallizable
of immunoglobulin G (IgG) antibodies can modulate IgG effector functions. Thus,
afucosylated 1gG glycovariants have enhanced cytotoxic activity, whereas IgG
glycovariants rich in terminal sialic acid residues can trigger anti-inflammatory effects.
More recent evidence suggests that terminal a2,6 linked sialic acids can be attached to
antibodies post IgG secretion. These findings raise concerns for the use of therapeutic
antibodies as they may change their glycosylation status in the patient and hence
affect their activity. To investigate to what extent B cell extrinsic sialylation processes
modify therapeutic IgG preparations in vivo, we analyzed changes in human intravenous
IgG (IVIg) sialylation upon injection in mice deficient in B cells or in mice lacking the
sialyltransferase 1, which catalyzes the addition of a2,6 linked sialic acid residues. By
performing a time course of IgG glycan analysis with HILIC-UPLC-FLR (plus MS) and
xCGE-LIF our study suggests that therapeutic IgG glycosylation is stable upon injection
in vivo. Only a very small fraction of IgG molecules acquired sialic acid structures
predominantly in the Fab- but not the Fc-portion upon injection in vivo, suggesting that
therapeutic antibody glycosylation will remain stable upon injection in vivo.

Keywords: glycosylation, sialylation, IVlg, IgG, B cells, antibody

INTRODUCTION

Immunoglobulin G (IgG) antibodies are glycoproteins with pro- and anti-inflammatory effector
functions. Thus, binding of IgG to Fcy receptors (FcyRs) can trigger effector functions such as
the release of pro-inflammatory mediators, phagocytosis of opsonized pathogens, or antibody
dependent cellular cytotoxicity (ADCC) (1, 2). Apart from host defense, IgG autoantibodies
play a major role in tissue destruction and inflammation during autoimmune diseases including
the primary Sjogren’s syndrome, Systemic Lupus Erythematosus or Rheumatoid Arthritis
(3). Moreover, pooled IgG preparations from thousands of donors, called IVIg (intravenous
immunoglobulin G), are used as an anti-inflammatory treatment in the therapy of several
autoimmune diseases, and during chronic inflammation (4).
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The sugar moiety attached to each of two conserved
asparagine 297 residues in the constant domain 2 (CH2) of
the IgG fragment crystallizable (Fc) is essential for both, the
pro- and anti-inflammatory activities of IgG (5) and keeps the
IgG molecule in its typical horseshoe shape critical for FcyR
binding (6-8). Apart from IgG Fc-glycosylation, about 10-15%
of serum IgG contains an N-linked sugar moiety in the IgG
fragment antigen binding (Fab) domain, which is generated de
novo during the process of IgG hypermutation (9, 10). More
recent evidence suggests that IgG Fab glycosylation helps to
regulate IgG specificity (11). With respect to IVIg, especially
terminal sialic acid residues were shown to be responsible for its
anti-inflammatory activity. Thus, while desialylated IVIg lost its
capacity to suppress a wide variety of autoimmune diseases in
mice (12, 13), IVIg preparations enriched for terminal sialic acid
residues showed an enhanced anti-inflammatory activity (5, 14).
Of note, enriching cytotoxic antibodies for terminal sialic acid
residues decreased their activity in vivo and in vitro in some
but not all studies (15). Consistent with this reduced activity a
reduction in affinity of highly sialylated IgGs for select activating
FcyRs was noted (5). Due to the potent immune modulating
functions of select IgG glycoforms, new therapeutic approaches
try to alter IgG activity by modulating its glycosylation ex vivo
(5, 16), or by changing the glycosylation status in the patient by
enzymatic approaches (17-19).

Due to the potent immunomodulatory activity of the
IgG sugar moiety, a precise monitoring of therapeutic
IgG glycosylation has become standard before using new
recombinant antibody preparations or consecutive batches
of already approved antibodies in patients. This in-depth
characterization relies on the fact that once an IgG antibody is
injected into the patient, the sugar structures remain stable and
are not subject to in vivo processing. However, recent studies
suggest that terminal 02,6-linked sialic acids may be attached
independently of the B cell secretory pathway (20, 21). According
to these results, B cell independent IgG sialylation is achieved in
the liver by secreted ST6Gall produced by cells lining the liver
central veins. As a sugar donor, CMP-sialic acid at least partially
derived from degranulating platelets may be used. More recently,
it was suggested that in addition to antibodies the surface of
cells may also become sialylated through this process (22). With
respect to therapeutic antibody preparations, these findings raise
the severe concern, that this process may alter the activity of
therapeutic antibodies in the patient. Thus, cytotoxic antibodies
may become less active due to decreased binding to activating
FcyRs, while intravenous IgG preparation may become more
active and may in the worst-case lead to an unwanted strong
immune suppression. Moreover, the genetic heterogeneity
of the human population and age dependent alterations of
immune responses may further complicate to predict how stable
therapeutic antibodies are in individual patients and with respect
to glycosylation.

To address this issue and identify to what extent therapeutic
IgG preparations are subject to B cell independent sialylation, we
made use of two mouse strains lacking either B cells or ST6Gall,
which is the responsible enzyme for adding terminal sialic acid
residues to the IgG sugar moiety (23-25). Both mouse strains

were injected with human IVIg preparations having either a
normal or strongly reduced level of sialylated IgG glycoforms.
IgG N-glycan analysis by HILIC-UPLC-FLR (plus MS-detection)
and xCGE-LIF of mouse serum for several consecutive days after
IVIg administration revealed that IVIg glycosylation is very stable
upon injection in vivo. Only a very small fraction, predominantly
of disialylated IgG N-glycans attached to the Fab- rather than
the IgG Fc-portion appeared to increase over time. In summary,
our results suggest that B cell extrinsic IgG sialylation may not
modulate therapeutic IgG activity post injection in vivo.

MATERIALS AND METHODS

Mice

C57BL/6 mice were bought from Janvier, pMT~/~ mice
were obtained from The Jackson Laboratory. Rag2/yc/
FceRy/FcyR2b™/~ were generated by breeding Rag2/yc/FceRy/
FcyR2b~/~ mice (26) with FcyR2b~/~ mice. ST6Gall =/~ mice
were kindly provided by Prof. Dr. rer. nat. Lars Nitschke (FAU
Erlangen, Germany). Rag2/yc/FceRy/FcyR2b™/=, pMT~/~,
and ST6Gall ™/~ mice were kept in the animal facilities of
Friedrich-Alexander-University ~Erlangen-Nuremberg under
specific pathogen-free conditions in individually ventilated
cages, in accordance with the guidelines of the NIH and the legal
requirements of Germany and the USA. All animal experiments
conducted in the animal facility of the FAU were approved by
government of Lower Franconia.

Reagents

Human IVIg was purchased from Biotest AG (Intratect, 100
mg/ml). a2-3,6,8 neuraminidase was purchased from New
England BioLabs (P0720L, 50,000 U/ml) and used at a
concentration of 0,04 U/pg IVIg. Rituximab (MabThera®,
Roche) was kindly provided by Prof. Dr. rer. nat Matthias Peipp
(Christian-Albrechts-University Kiel, Germany). TA99-mIgG2c
was purchased from BioXcell (USA),

Fluorescence-Activated Cell Sorting

Analysis

Murine blood was obtained from the retroorbital plexus and
erythrocytes were lysed. To reduce unspecific binding to Fc
receptors, cells were incubated on ice for at least 10min
with Fc-block (clone 2.4G2, 10 pg/ml). Cells were washed and
incubated on ice for at least 15min with combinations of
the following antibodies: APC-Fire750-conjugated CD45 (clone
30-F11), BV510-conjugated CD11b (clone M1/70), and PE-
conjugated NKp46 (clone 29A1.4), PE-conjugated Ly6G (clone
1A8), PE-conjugated TCRB (clone H57-597), and PE-Cy7-
conjugated CD19 (clone 6D5) (all purchased from Biolegend).
FITC-conjugated SNA was purchased from Vector Laboratories.
Analysis was restricted to viable cells, which were identified
by exclusion of cells positive for the nucleic acid binding dye
4’6-diamino-2-phenylindol (DAPI). Experiments were acquired
on a FACS Canto II (BD) and analyzed using FACS Diva
software (BD).
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ELISA

Sera of 8-9 week old C57BL/6, uMT and ST6Gall~/~ mice were
collected and stored at—20°C until further use. For quantification
of total serum IgM and IgG the Mouse IgM ELISA Quantification
Kit and the Mouse IgG ELISA Quantification Kit (Bethyl) were
used according to the manufacturer’s instructions: ELISA plates
were coated with 100 ng/well goat anti-mouse IgM or IgG
in Carbonate/Bicarbonate for 1h at room temperature. After
washing unspecific binding was blocked with PBS/1% BSA for 1 h
at room temperature. Sera were diluted 1:2,500 (IgM) or 1:10,000
(IgG) in PBS/1% BSA and incubated for 1 h at room temperature
and, after adequate washing, bound IgM and IgG antibodies were
detected by 1:20,000 diluted (in PBS/1% BSA) anti-IgM-HRP or
anti-IgG-HRP antibody in PBS/1% BSA (incubated for 1h at
room temperature). For detection, TMB Solution was added and
the reaction was stopped with 6% orthophosphoric acid. OD was
measured with VersaMax tunable microplate reader (Molecular
Devices) at 450 and 650 nm. For detection of remaining human
IVIg or neuraminidase treated IVIg in the sera of ST6Gall =/~
mice the Human IgG ELISA Quantification Kit (Bethyl) was
used according to the above-described protocol. ELISA plates
were coated with 100 ng/well goat anti-human IgG. Sera were
diluted 1:50,000.

In vivo Experiments

10 mg IVIg (Intratect, Biotest, Germany), 10 mg neuraminidase
treated IVIg (NeulVIg) or 1mg of the murine antibody
TA99-mlIgG2c (BioXcell, USA), which is directed against the
glycoprotein 75 (gp75), was injected into eight- to nine-
week old pMT or ST6Gall~/~ mice. Two, four and six days
after injection sera were collected and analyzed by HILIC-
UPLC-FLR (hydrophilic interaction ultra performance liquid
chromatography with fluorescence detection; IVIg and NeulVIg
treated serum samples) or xCGE-LIF (multiplexed capillary gel
electrophoresis with laser-induced fluorescence detection; IVIg,
NeulVIg and TA99 treated serum samples) to analyze IgG
specific glycan structures.

Rituximab-lgG-Induced B Cell Depletion in
PBMC Humanized
Rag2/yc/FceRy/FcyR2b—/~

PBMCs were isolated by density centrifugation from individual
buffy coats. Isolated PBMCs were frozen and stored in liquid
nitrogen until further use. Adult Rag2/yc/FceRy/FcyR2b~—/~
mice were irradiated with 6 Gy and injected intraperitoneally
with 1 x 107 human peripheral blood mononuclear cells
(PBMCs) 6h after irradiation as described previously (27).
Eighteen hours after PBMC transfer, an equal amount of 0.5
ng anti-CD20 rituximab IgGl (MabThera™) in the serum of
rituximab injected mice was given intraperitoneally and 24 h later
B cell counts in the peritoneum were analyzed by flow cytometry.

Glycan Analysis

IgG Isolation

The IgG was isolated using protein G monolithic plates (BIA
Separations, Ajdovscina, Slovenia) as described previously (28).

Briefly, 100-400 1 of serum was diluted in ratio 1:7 with 1
x PBS, pH 7.4 and filtered through 0.45pum GHP filter plate
(Pall Corporation, Ann Arbor, MI, USA). After filtration, serum
samples were applied to the protein G plate and instantly washed
with 1 x PBS, pH 7.4, to remove unbound proteins. IgGs
were eluted with 1 ml of 0.1 M formic acid (Merck, Darmstadt,
Germany) and neutralized with 1M ammonium bicarbonate
(Merck, Darmstadt, Germany).

Sample Preparation for HILIC-UPLC-FLR

Analysis of Glycans

Methanol Desalting

Volumes of eluates corresponding to 100 pg of IgG were dried in
a vacuum concentrator. Samples were then desalted by methanol
precipitation. For methanol desalting 1 mL of cold (—20°C)
methanol (MeOH) was added to each sample and resuspended.
The plate containing samples was then closed with adhesive
seal and centrifuged at 2,200 g for 15 min. After centrifugation,
970 pL of MeOH was discarded and 1 ml of cold MeOH was
added again to each sample and resuspended. After that, the
plate was again centrifuged at 2,200 g for 15 min. After a second
centrifugation, the 970 pL of MeOH again was discarded and the
remaining sample was then dried by vacuum centrifugation.

Glycan Release

The dried, desalted samples were dissolved in 30 pL 1.33%
SDS (w/v) (Invitrogen, Carlsbad, CA, USA) and denatured by
incubation at 65°C for 10 min. After incubation, samples were
left to cool down to room temperature for 30 min. Subsequently,
10 L of 4% Igepal-CA630 (Sigma-Aldrich, St. Louis, MO, USA)
was added to the samples and incubated on a shaker for 15 min.
After shaking, 1.2 U of PNGase F (Promega, Madison, WI, USA)
in 10 uL 5 x PBS were added and incubated overnight at 37°C
for N-glycan release.

Glycan Labeling

The released N-glycans were labeled with 2-aminobenzamide (2-
AB). The labeling mixture was freshly prepared by dissolving
2-AB (Sigma-Aldrich, St. Louis, MO, USA) in DMSO (Sigma-
Aldrich, St. Louis, MO, USA) and glacial acetic acid (Merck,
Darmstadt, Germany) mixture (70:30, v/v) and by adding 2-
picoline borane (Sigma-Aldrich, St. Louis, MO, USA) to a final
concentration of 19.2 mg/mL for 2-AB and 44.8 mg/ml for 2-
picoline borane. A volume of 25 pL of labeling mixture was
added to each N-glycan sample in the 96-well plate and the
plate was sealed using adhesive tape. Samples were mixed by a
10 min shaking step, followed by 2h incubation at 65°C. After
incubation, samples were left to cool down to room temperature
for 30 min.

HILIC-SPE

The samples (in a volume of 75 L) were mixed with 700 pL of
cold 100% ACN (Sigma-Aldrich, St. Louis, MO, USA). Free label
and reducing agent were removed from the samples using HILIC-
SPE on a 0.2 wm GHP filter plate (Pall Corporation, Ann Arbor,
M1, USA). Solvent was removed by application of vacuum using
a vacuum manifold (Millipore Corporation, Billerica, MA, USA).
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All wells were prewashed using 200 wL of 70% ethanol (Carlo
Erba Reagents, Val de Reuil, France), followed by 200 pwL water
and equilibrated with 200 WL of cold 96% ACN. The samples
were loaded onto GHP filter plate and incubated for 2 min before
the vacuum application. The wells were subsequently washed 5
x using 200 pL of cold 96% ACN. The last washing step was
followed by centrifugation at 165 x g for 5min. Glycans were
eluted two times with 90 WL of ultrapure water after 15 min
of shaking at room temperature followed by centrifugation at
165 x g for 5min. The combined eluates were stored at —20°C
until usage.

HILIC-UPLC-FLR Analysis of IgG Glycans

Fluorescently labeled N-glycans were separated by HILIC on
a Waters Acquity UPLC instrument (Milford, MA, USA)
consisting of a quaternary solvent manager, sample manager and
a fluorescence (FLR) detector set with excitation and emission
wavelengths of 250 and 428 nm, respectively. The instrument was
under the control of Empower 3 software, build 3471 (Waters,
Milford, MA, USA). The UPLC-FLR system was equipped
with a hydrophilic interaction liquid chromatography (HILIC)
column, a Waters BEH Glycan chromatography column (100
x 2.1mm id., 1.7 wm BEH particles). The separation used a
gradient of 75% solvent B (100% ACN; solvent A: 100 mM
ammonium formate pH 4.4) to 62% solvent B over 27 min, with
a flow of 0.4 ml/min. Solvent B was maintained at 62% for
an additional 5min. The column was then washed for 2 min
with 100% of solvent A. Initial conditions were restored in
I min and held for an additional 5min to ensure column re-
equilibration. Samples were maintained at 10°C before injection,
and the separation temperature was 60°C. The system was
calibrated using an external standard of hydrolyzed and 2-AB
labeled glucose oligomers from which the retention times for the
individual glycans were converted to glucose units (GU). The
chromatographic glycan peaks resulting from the HILIC-UPLC-
FLR analysis were integrated using an automatic processing
method with a traditional integration algorithm after which each
chromatogram was manually corrected to maintain the same
intervals of integration for all samples. The amount of glycans
in each peak was expressed as % of total integrated area. Peak
annotation of human and murine IgG was performed according
to Pucic et al. (28) and Kristic et al. (29).

HILIC-UPLC-FLR-MS/MS

2AB labeled N-glycans were separated and measured on an
Acquity UPLC H-class instrument coupled to Compact Q-
TOF mass spectrometer via Ion Booster ion source. Both
instruments were operated under HyStar software version 3.2
(Bruker Daltonics). N-glycans were separated on a Waters BEH
Glycan chromatography column, 100 x 2.1 mm, 1.7um BEH
particles, using 100 mM ammonium formate, pH 4.4., as solvent
A and acetonitrile as solvent B. Solvent A was prepared by
diluting 2 M stock solution of ammonium formate, pH 4.4 with
ultrapure water. For separation linear gradient of 25-38% of
solvent A at the flow rate of 0.4 mL/min in a 32 min analytical run
was used. Sample was maintained at 10°C before injection, while
the separation temperature was 60°C. Fluorescent detector was

set with excitation and emission wavelengths of 250 and 428 nm,
respectively. Data processing was performed using an automatic
processing method with a traditional integration algorithm after
which each chromatogram was manually corrected to maintain
the same intervals of integration for all the samples. Relative
abundance of each obtained peak was expressed as percentage
of total integrated area. Mass spectrometer was operated in a
positive ion mode with capillary voltage set to 2,250V and
nebulizing gas at pressure of 5.5 Bar. Drying gas (nitrogen) was
applied to source at a flow rate of 4 L/min and temperature of
300°C, while vaporizer temperature was set to 300°C and flow
rate of 5 L/min. Nitrogen was used as a source gas, while argon
was used as collision gas. Ion energy was set to 4eV, transfer
time was 100 ps. Spectra were recorded in m/z range of 50-
3,000 at a 0.5Hz frequency. N-glycan structures were assigned
based on retention time, measured mass and fragmentation
spectra using GlycoMod (30) (http://web.expasy.org/glycomod/)
and GlycoWorkbench (31).

Sample Preparation for xCGE-LIF Analysis

of Glycans

Preparation of Fc and Fab Fractions of Antibodies
IgG-Fc beads (6 pL; CaptureSelect™ IgG-Fc (ms) Affinity
Matrix, Thermo Scientific, USA) were dispensed into each well
of Orochem filter plate (Orochem Technologies Inc., USA) in
order to capture antibodies through their Fc region and washed
three times with 200 pl 1x PBS (pH 7.4) on a vacuum manifold.
Eluates obtained after isolation on Protein G plate were added
to each well of the Orochem filter plate in a volume ranging
from 200 to 400 pL (~90 pg of antibody) and incubated for
1h at room temperature. Samples were washed four times with
200 pL 1 x PBS (pH 7.4) to remove unbound antibodies.
The recombinant streptococcal IdeS enzyme (FabRICATOR,
Genovis, Lund, Sweden; 1 U per 1 pg of protein) was combined
with 35 pL 1 x PBS (pH 6.6) and added to each sample.
Samples were incubated in a humid chamber at 37°C for 18 h.
Fab fractions were collected by centrifugation for 2 min at 50 x g
in a PCR plate (Thermo Fischer Scientific, MA, USA). Remaining
Fc fractions were washed three times with 200 ul 1 x PBS (pH
7.4) and additional three times with 200 ] ultrapure water. For
elution of Fc fragments, 100 pL od 0.1 M formic acid (pH 2.5)
was added to each well of Orochem filter plate and neutralized
with 17 pL 1M ammonium bicarbonate. Fc fragments were
collected in a clean PCR plate and neutralized with 17 pL 1M
ammonium bicarbonate.

Methanol Desalting

Volumes of IgG eluates corresponding from 3 to 10 pg of IgG
were dried in a vacuum concentrator and desalted following
previously described protocol for methanol precipitation.

N-Glycan Release

The dried, desalted samples were dissolved in 3 L of 1.66
x PBS with 4 pL 0.5% SDS (w/v) (Invitrogen, Carlsbad, CA,
USA) and denatured by incubation at 65°C for 10 min. After
incubation, 2 pL of 4% Igepal-CA630 (Sigma-Aldrich, St. Louis,
MO, USA) was added to the samples and incubated on a shaker
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for 15 min. After shaking, 1.2 U of PNGase F (Promega, Madison,
WI, USA) in 1 pL 5 x PBS was added and incubated for 3h
at 37°C for N-glycan release. Samples were dried in a vacuum
concentrator afterward.

Glycan Labeling and HILIC-SPE

Dried samples were labeled with 8-aminopyrene-1,3,6-trisulfonic
acid (APTS, Sigma-Aldrich, St. Louis, MO, USA) and cleaned
by HILIC-SPE on BioGel P10 (Bio-Rad, Hercules, CA, USA) in
96-well format as described previously (32).

Multiplexed Capillary Gel Electrophoresis With
Laser-Induced Fluorescence (xCGE-LIF)

First xCGE-LIF measurement was carried out without internal
normalization standard to visually assess signal intensities in
the samples. Reaction mixture consisted of 3 pl of N-glycan
post-cleanup eluate, 1 pl GeneScan 500 LIZ Size Standard
(Applied Biosystems, Foster City, CA, USA; 1:50 dilution in Hi-
Di Formamide) and 6 pl Hi-Di Formamide (Applied Biosystems,
Foster City, CA, USA) pipetted into MicroAmp Optical 96-
well Reaction Plate (Applied Biosystems, Foster City, CA,
USA), sealed with a 96-well plate septa (Applied Biosystems,
Foster City, CA, USA) and briefly centrifuged to avoid air
bubbles at the bottom of the wells. Second measurement was
also carried out in total volume of 10 pl and contained 3
pl of N-glycan post-cleanup eluate (depending on the signal
intensity in the first xCGE-LIF run), 1 pl GeneScan 500 LIZ
Size Standard (1:50 dilution in Hi-Di Formamide), 1 pl of
NormMix (glyXera, Magdeburg, Germany) in Hi-Di Formamide.
The xCGE-LIF measurement was performed in a 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA), equipped
with a 50 cm 4-capillary array filled with POP-7 polymer (Applied
Biosystems, Foster City, CA, USA). Electrokinetic sample
injection was performed at 7.5-15 kV for 5 or 10 s depending on
the signal intensity; samples were analyzed with a running voltage
of 15 kV and run time of 3,400 s. Raw data files were converted
to.xml file format using DataFileConverter (Applied Biosystems,
Foster City, CA, USA) and analyzed using the glycan analysis
tool glthoolTM (glyXera, Magdeburg, Germany). GlthoolTM
software was used for structural identification by patented
migration time normalization to an internal standard and N-
glycan database driven peak annotation, for data comparison and
for integration of normalized peak heights (33, 34).

Statistical Analysis

The statistical significance of the data was determined as
indicated in the figure legends. In brief, the Kruskal-Wallis
test, followed by Dunn‘s multiple comparison test, or repeated
measures two-way ANOVA with Bonferroni post-test were used
to determine statistical differences between more than two
groups. To indicate different levels of significance, a p 0.05 was
assigned one asterisk, a value smaller than 0.05 but larger than
0.001 was assigned two asterisks and a value smaller than 0.001
was assigned three asterisks.

RESULTS

Model System to Study B Cell Independent
Sialylation of Therapeutic IgG

To determine to what extent therapeutic IgG preparations are
subject to B cell independent sialylation, we made use of two
mouse strains, namely ST6Gall deficient (ST6Gall~/~) and
WMT mice. While ST6Gall~/~ mice lack the sialyltransferase 1,
catalyzing the addition of 2,6 linked sialic acid residues (23, 35),
WMT mice have a disruption of the gene encoding the -chain
constant region resulting in an arrest of B cell development at
the pre-B-cell stage (36). As shown in Figure 1, we started with
a characterization of the two in vivo model systems with respect
to B cell development and the presence of a2,6-linked sialic acid
residues. As expected, WMT mice had no B cells in the blood,
while the amount of B cells of ST6Gall~/~ mice was comparable
to C57BL/6 mice (Figure 1A). Consistent with the absence of B
cells in WMT mice, no IgM and IgG antibodies were detectable
in the serum (Figure 1B). In contrast, ST6Gall~/~ mice showed
normal levels of B cells, strongly reduced levels of serum IgM
and a trend toward higher levels of serum IgG as described
before (Figure 1B) (35, 37). Staining with SNA (sambucus nigra
agglutinin)—a plant lectin specifically detecting 02,6 linked sialic
acids—demonstrated that ST6Gall ~/~ mice were negative for
SNA on B and T cells, whereas puMT mice showed a T cell
SNA staining pattern comparable to C57BL/6 mice (Figure 1C).
Finally, the serum IgG glycosylation pattern of C57BL/6, pMT
and ST6Gall ™/~ mice was analyzed by HILIC-UPLC-FLR
confirming the absence of a2,6 linked sialic acid species on
serum IgG of ST6Gall~/~ mice (Figure 1D). In addition, we
analyzed the sugar structures present in IVIg and neuraminidase
digested IVIg preparations (NeulVIg), which were used for
studying B cell independent sialylation in vivo (Figure 1D). As
expected, no sialic acid containing sugar moieties were detectable
in neuraminidase digested IVIg, allowing a detection of extrinsic
de novo sialylation in vivo with the greatest possible sensitivity.

Analysis of B Cell Extrinsic IVIg Sialylation
in vivo

To address if therapeutic IgG preparations are subject to B
cell extrinsic de novo sialylation in vivo, we injected 10 mg
IVIg in B cell deficient WMT mice and analyzed alterations in
IVIg glycosylation in the serum of these animals by hydrophilic
interaction ultra-performance liquid chromatography with
fluorescence detection (HILIC-UPLC-FLR). In addition, the
identity of each peak, were sialylation was expected (GP15-
26), was confirmed by mass spectrometry (fragmentation spectra
see Figure S1). As mouse IgG glycans terminate with N-
glycolylneuraminic acid (Neu5Gc), while human IgGs carry
terminal N-acetylneuraminic acids (Neu5Ac), the injection of
human IgG into mice allows an unequivocal detection of B
cell independent sialylation (29, 38-40). An overview of all
detected murine and human glycan structures is shown in
Figure S2. When we compared the HILIC-UPLC-FLR profiles
of IVIg before and 6 days after injection in pMT mice we
found that the IVIg glycosylation profiles overlapped almost
completely (Figure 2A). However, some small additional glycan
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FIGURE 1 | Characterization of the experimental system to study extrinsic IgG sialylation. (A=C) C57BL/6, WMT, and ST6Gal1~/~ mice were analyzed for the
presence of B cells in the blood by FACS analysis (A), serum IgM and IgG by ELISA (B) as well as for the presence of a2,6-linked sialic acid residues on the surface of
B and T cells by staining with sambucus nigra agglutinin (SNA). (D) Shown are representative glycoanalysis of serum IgG from the indicated mouse strains and of IVIg
or neuraminidase treated IVIg (NeulVIg) by HILIC-UPLC-FLR. Statistical significance was evaluated with a one-way ANOVA test and a Bonferroni correction.
**p = 0.01, ***p = 0.0001. Horizontal lines in (B) represent mean values (n = 10-20). SSC, side scatter; EU, emission units.
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peaks (GP20, GP25, GP26) were detected that were not present
in the original IVIg preparation (enlarged inset in Figure 2A).
Interestingly all of those novel glycan peaks overlapped with sialic
acid containing sugar structures (GP20 containing one sialic acid
residue, GP25 and GP26 containing two sialic acid residues with
(GP26) or without (GP25) fucose) selectively present in serum
IgG from C57BL/6 mice (Figure 2B), suggesting that a very small
level of extrinsic sialylation of IVIg can occur in mice.

We next analyzed the kinetics of B cell independent IgG
sialylation by studying changes in IVIg sialylation 2, 4, and 6
days after injection into WMT mice (Figure 3 and Figure S3).
As some studies suggest, that the level of IgG sialylation may
affect antibody half-life and FcRn binding (41, 42), we first
assessed if both, sialylated and non-sialylated IVIg preparations
had a comparable half-life. As shown in Figure S3A, however,
we noted no effect in the half-life of sialylated and asialylated
IVIg (5), ensuring that both IVIg preparations had a comparable
chance to become resialylated in vivo. Indeed, the presence
of both disialylated sugar structures (GP25 and 26) slowly
increased over time (Figure3A). To increase the amount of
acceptor sites for extrinsic IgG sialylation we also injected
IVIg pretreated with neuraminidase (NeulVIg). As shown in
Figure 3B, however, this only mildly increased the level of
extrinsic IgG sialylation on afucosylated sugar moieties, despite
the availability of large amounts of IgG-G2 glycosylation variants.
In total, only 1% of IgG glycovariants present in NeulVIg
acquired a disialylated sugar moiety 6 days after injection into
WMT mice. To further validate these results, we repeated this
experiment in ST6Gall ~/~ mice, which are not able to add 2,6-
linked sialic acid residues and therefore served as a negative
control. As shown in Figures 3C,D and Figure S3, the sialylation
of IVIg or neuraminidase digested IVIg did not change over
time in these animals, suggesting that the increase in GP25 and
GP26 were indeed due to de novo IgG sialylation by ST6Gall.
In contrast, the small increase in monosialylated fucosylated IgG
glycostructures (GP20) was also evident in ST6Gall deficient
mice (Figures S3B,C). Moreover, afucosylated monosialylated
glycan forms (GP18, A2G2Z1) of IVIg or NeulVIg (Figure 4B)
did not increase over time (Figure S3). Importantly however, the
monosialylated glycoforms in GP18 comprise almost completely
of human FA2G2S1 and it is therefore difficult to quantify
murine monosialylated glycostructure by HILIC-UPLC-FLR.
This prompted us to perform further studies.

Detection of B Cell Extrinsic IgG Sialylation
by xCGE-LIF

To ensure that the inability to detect changes in de novo generated
monosialylated IgG glycoforms was not due to technical reasons,
we decided to use multiplexed capillary gel electrophoresis with
laser-induced fluorescence detection (xCGE-LIF) to confirm our
results. The advantage of xCGE-LIF is that very small amounts of
IgG preparations can be analyzed with high sensitivity allowing
better resolution for sialylated species. The characteristic glycan
profiles of murine and human IgG preparations by xCGE-
LIF as well as the structure and peak assignment are depicted
in Figure S4. Based on the fact that neuraminidase digested
IVIg allowed the most clear-cut identification of de novo IgG
sialylation in vivo, we focused on NeulVIg-injected wMT and

ST6Gall =/~ mice (Figures 4, 5). As shown for HILIC-UPLC-
FLR analysis, additional glycan peaks became detectable on
NeulVIg 6 days after injection in B cell deficient puMT mice,
which overlapped with IgG sugar structures selectively present
on mouse but not human IgG (Figure 4B). Fully consistent
with HILIC-UPLC-FLR, the glycan peaks that appeared de novo
and were increasing over time were mono- (P11 and P13)
and disialylated sugar structures (P2 and P4) with (P4 and
P13) or without (P2 and PI11) core-fucose (Figures4, 5).
Injection of NeulVIg into ST6Gall~/~ mice did not lead to any
detectable changes in IVIg sialylation in vivo (Figures 5B,C).
Moreover, agalactosylated (G0), mono-galactosylated (G1), and
digalactosylated (G2) IgG glycoforms were not changed over time
(Figure S5). Thus, xCGE-LIF analysis allowed a better detection
of mono- and disialylated IgG sugar structures.

To exclude that the observed minimal level of extrinsic IgG
sialylation is due to the use of human IgG in mice, we performed
a similar experiment where we injected 1mg of the murine
TA99-1gG2c antibody—directed against the glycoprotein 75—
into B cell deficient wMT mice and analyzed alterations in IgG
glycosylation in the serum of these animals 10 min as well as 2, 4,
and 6 days after injection by xCGE-LIF. As shown in Figure S6
murine IgG acquired sialic acid residues to a similar extend as
human IgG. Again, especially disialylated sugar structures (P2
and P4) were increasing over time. The sugar structure FA2G2Z1
(P13) might co-migrate with the large peak present in initial
TA99-mIgG2c antibody (around 250 MTU”) and therefore could
not be clearly distinguished. In summary, the data obtained with
HILIC-UPLC-FLR and xCGE-LIF analysis suggest that a very
small amount of IgG molecules—both human and murine—
containing two galactose residues can become modified with one
or two sialic acid residues in vivo in the absence of B cells.

To further characterize extrinsic IgG sialylation, we also
discriminated de novo generated IgG glycoforms between Fab
and Fc. For this purpose, the isolated serum IgG preparations
from NeulVIg injected WMT mice (4 days after NeulVIg
injection) were separated into Fab and Fc portions before
glycoanalysis by xCGE-LIF. Individual analysis of the separated
IgG fragments revealed that extrinsic IgG sialylation occurred
almost exclusively on N-glycosylation sites of the Fab (Figure 6A)
but not of the Fc (Figure 6B) fragment. Again, minimal amounts
of especially disialylated IgG sugar structures were appearing.
In the two mouse serum samples 1.57 £ 0.3% of all IgG
glycoforms on the Fab fragment corresponded to disialylated
sugar structures, while only 0.89 4= 0.15% were monosialylated.
In contrast, no additional murine sialic acids could be detected
on the Fc fragment (Figure 6B). Therefore, predominantly the N-
linked sugar moieties of the easily accessible Fab fragment in the
IVIg preparations seems to be the target for de novo sialylation.

Impact of Extrinsic Sialylation on IgG
Effector Function

To evaluate the impact of extrinsic sialylation on cytotoxic
IgG effector functions, we injected WMT and ST6Gall~/~ mice
with the CD20 specific antibody rituximab, which is broadly
used in patients with autoimmune diseases and cancer. As
rituximab selectively recognizes human but not mouse CD20,
the injection into ST6Gall deficient mice with Rituximab does
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FIGURE 3 | Kinetics of extrinsic IgG sialylation in uMT and ST6Gal1 deficient mice. Shown are the relative changes (% of total IgG glycoforms in the preparation) in
glycopeaks (GP) 25 and 26 in IVIg (A,C) or neuraminidase treated IVIg (B,D) before (IVIg or NeulVig) and 2, 4, and 6 days after injection into wuMT (A,B) or ST6Gal1
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not affect B cell numbers. Four days after injection, serum
from wMT and ST6Gall knockout mice was collected, the
level of human IgG determined and extrinsic IgG sialylation
assessed by xCGE-LIF. As shown in Figure 7A, very low
amounts of exclusively disialylated IgG structures were found
in rituximab injected WMT mice. To assess the functional
activity of human CD20 antibodies present in the serum

of puMT and ST6Gall deficient mice, a serum equivalent
containing 0.5 pg rituximab was injected into immunodeficient
Rag2/yc/FceRy/FcyR2b™/~ mice, which were irradiated and
reconstituted with human peripheral blood mononuclear cells
18 h before (Figure 7B). As shown in Figures 7C,D, rituximab
treatment via serum transfer of rituximab-injected pMT and
ST6Gall =/~ mice led to a significant depletion of B cells in
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the peritoneal cavity, while B cell counts in PBS-serum treated
mice were not affected. In line with the low efliciency of
the extrinsic sialylation pathway, when we compared B cell
depletion between rituximab-containing ST6Gall~/~ and uMT
serum, no significant differences in cytotoxic antibody activity
were detected.

DISCUSSION

An important step in the process of introducing a new
therapeutic IgG antibody or a new batch of an already approved
antibody into the clinic is an in-depth characterization of the
IgG glycovariants present in the antibody preparation. It is
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FIGURE 6 | Discrimination of de novo sialylation of human IgG in vivo between Fab and Fc fragments. (A,B) Serum IgG preparations of uMT mice injected with
neuraminidase treated IVIg (NeulVIg) were digested to generate Fab and Fc fragments. To identify de novo generated IgG sugar structures on the individual
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mice. The Figure legend at the bottom of the Figure depicts the symbols used for individual sugar residues. See also Figure S2 for additional peak information. MTU”,

well-known that many factors, such as the cell line in which
a therapeutic antibody is produced (43) or the specific culture
conditions (44), can alter IgG glycosylation. The importance of
detecting alterations in IgG glycosylation have been emphasized
by the fact that relatively minor changes in the composition of
the biantennary complex sugar structure attached to both of the
IgG Fc-domains can dramatically alter I1gG activity. Thus, IgG
antibodies lacking fucose, sialic acid, and galactose have been
described to have an enhanced pro-inflammatory activity, while
antibody glycoforms rich in terminal sialic acid residues have
an active anti-inflammatory and immunomodulatory activity (5,
14, 45, 46). Until recently, it was believed that IgG glycosylation
is established exclusively within the cells in which the antibody
is produced and remains rather stable upon injection in vivo.
However, more recent evidence suggests that IgG glycosylation
may be actively altered in vivo (20, 21, 47). Thus, IgG antibodies

were described to become sialylated post secretion from plasma
cells. As enhanced IgG sialylation was shown to impact IgG
activity, this would represent a major concern for the use of
therapeutic antibodies in patients, prompting us to analyze
to what extent this extrinsic IgG sialylation pathway affects
passively transferred antibodies. Technically this represents a
major challenge as in vivo several factors may lead to an altered
abundance in IgG glycoforms over time. For example, a more
rapid clearance of select IgG isotypes or glycoforms may lead
to an increase in other IgG glycoforms with a longer IgG
half-life (41, 48). In a similar manner, using mouse strains
with a cell subset specific deletion of ST6Gall, the enzyme
that catalyzes the addition of a2,6-linked terminal sialic acid
residues on IgG antibodies, may overestimate the level of B cell
extrinsic sialylation if the deletion in the target cell population
is incomplete and if B cell subsets that have escaped ST6Gall
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deletion have a competitive advantage over those with a deletion
of the enzyme.

To study this in a most informative setting we decided to
analyze changes in human IgG sialylation in mice lacking mature
B cells and serum antibodies. To get the most complete picture
we used human intravenous immunoglobin preparations (IVIg),
as IVIg contains all human IgG subclasses present in serum.
In this experimental scenario, human IgG molecules represent
the only antibody isotype in the serum and hence should be
fully accessible for de novo sialylation. Moreover, mouse terminal
sialic acid residues (Neu5Gc) can be distinguished from human
sialic acid residues (Neu5Ac) by analytical techniques allowing
an unequivocal identification of newly added mouse derived
sialic acid residues to the transferred human antibodies in vivo
(38). By using two independent analytical techniques to assess
extrinsic de novo IgG sialylation in vivo, our results suggest
that the addition of sialic acid residues is a very rare, but
nonetheless detectable event. Interestingly the acceptor sugar
moieties accessible for the de novo mono- or disialylation seemed
to contain two terminal galactose residues (G2 glycoform), while
in principle also monogalactosylated (G1) glycoforms could
have served as acceptor structures for de novo sialylation and
are normally present in mice in vivo. Moreover, both core
fucosylated G2 and non-fucosylated G2 sugar moieties were able
to acquire terminal Neu5Gc. Of note, increasing the amount of
potential acceptor sugar structures by pre-treating human IgG
with neuraminidase only marginally increased the level of I1gG
sialylation, further strengthening the notion, that extrinsic IgG
sialylation is a rather inefficient process. However, it has to be
considered that also the monosialylated structures as potential
acceptor structures were removed. More importantly, when IgG
preparations such as IVIg were used, in which IgG molecules
present additionally containing N-linked sugar moieties in the
Fab portion as potential acceptor sites for extrinsic sialylation,
an almost exclusive sialylation occurred in these more easily
accessible sugar domains (although not at a higher efficacy). As
Fab arm glycosylation may modify antibody specificity, it will
be interesting to study if extrinsic Fab arm glycosylation affects
target antigen binding (49). If no Fab associated sugar moieties
were present, however, minor changes in Fc-linked sugar
moieties could be detected for mouse and human monoclonal
antibodies. As the extent of B cell extrinsic IgG sialylation was
similar for mouse and human IgG, we would exclude that human
IgG molecules become sialylated less efficiently in mice due to
some species barrier effects. Furthermore, as the amount of de
novo sialylated IgG never exceeded two percent of the total IgG
present in vivo, one would not expect functional consequences
for IgG activity. Indeed, the human CD20 specific antibody

1. Ravetch JV, Clynes RA. Divergent roles for Fc receptors and
complement in  vivo. Annu Rev Immunol. (1998) 16:421-32.

doi: 10.1146/annurev.immunol.16.1.421

Rituximab did not show an altered activity when passaged
through B cell deficient mice.

In summary, our study demonstrates that the process
of B cell extrinsic de novo sialylation of IgG antibodies
in vivo is only affecting a minor subset in the pool of IgG
glycovariants present in IVIg and cytotoxic IgG preparations
and hence may not trigger altered pro- or anti-inflammatory
IgG activities.
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Systemic lupus erythematosus (SLE) is characterized by high levels of autoantibodies
and multiorgan tissue damage. The pathogenesis of splenomegaly in SLE remains
unknown. In this study, the role of immunoglobulin G (IgG) generation and deposition
in the inflammation of the spleen and associated dysfunction in SLE was investigated.
In the lupus mice, we observed the development of spontaneous splenomegaly, and
we found that lupus serum IgG is an important pathological factor involved in the
initiation of inflammation and further germinal center (GC) and plasma cell formation.
We discovered that macrophages of the splenic marginal zone are dispensable for the
GC response induced by lupus IgG, but red pulp macrophages are important for GC
responses. Furthermore, we found that pathogenic lupus IgG promotes inflammation
and GC formation through the macrophage-mediated secretion of TNF-a. Syk inhibitor
treatment suppressed the changes in the histopathology of the spleen induced by lupus
IgG. This study will contribute to the understanding of the pathogenesis of splenomegaly
in lupus and promote the development of an effective therapeutic strategy for SLE.

Keywords: immunoglobulin G, systemic lupus erythematosus, spleen, inflammation, macrophages, germinal
center

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by high
levels of autoantibodies and multiorgan damage. The unknown interaction of genetics factors,
environmental elements, and hormone levels results in abnormal immune cell activation and the
release of cytokines, leading to damage multiple organs, such as the kidney, skin, lungs, brain,
and joints (1, 2). The immunologic disturbances in SLE involve autoantibodies and the formation
and deposition of immune complexes. SLE patients and murine lupus models exhibit increased
autoantibody and nuclear self-antigens levels in the circulation, which causes tissue damage,
immune complex deposition, complement activation, and cytokine secretion (3, 4). It has been
reported that circulating immune complexes can activate plasmacytoid dendritic cells to induce
type I IFN responses, which stimulate the differentiation of monocyte-derived dendritic cells and
promote B cell activation and humoral autoimmunity (5). Both innate and adaptive immune
systems are involved in the immune response in SLE pathogenesis.
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Immunoglobulin G in the Pathogenesis of Splenomegaly in Lupus

The spleen is an important peripheral lymphoid organ for
antibacterial and antifungal immunity. As the site of immunocyte
proliferation and differentiation, the spleen combines the
innate and adaptive immune responses in an exclusively
organized manner. The red pulp macrophage and marginal
zone macrophage (MZM) populations in the spleen enable
the efficient removal of aging erythrocytes and blood-borne
pathogens, respectively (6, 7). MZMs located in the marginal
zone barrier, express the type I scavenger receptor MARCO
and type C lectin SIGN-R1, which recognizes pathogens (8).
White pulp containing T, B, and follicular dendritic cells are
involved in adaptive immunity (9, 10). After antigen-specific
differentiation in the splenic follicles, plasma cells produce and
migrate into the red pulp. Autoantibodies are produced by
B cells recruited to the germinal center (GC). The GC is an
important site of B cell differentiation into long-lived memory
and plasma cells. Traditionally, high-affinity autoantibodies
are associated with the GC response, but recent studies have
indicated that B cell activation and differentiation also occurs
in the extrafollicular pathway in SLE. In SLE, autoantibodies are
secreted by plasma cells in the spleen through both extrafollicular
and GC pathways (11).

Splenomegaly is infrequently observed in SLE patients and
lupus mice, although it has been reported as a manifestation of
active SLE (12, 13). Splenomegaly may be caused by increased
splenic function, congestion, or infiltration (14-16). Although
the spleen is not considered a common target organ in SLE, but
the function of the spleen in producing antibodies cannot be
neglected. Thus, it is important to understand the pathogenesis
and features of splenomegaly and inflammation of spleen
in lupus.

T cells, B cells, and macrophages are known to contribute
in the pathogenesis of SLE. Autoantibodies are involved in
the pathogenesis of autoimmune diseases (17). Previous studies
showed that lupus patient serum induces tissue damage (18-20).
Serum IgG from lupus patients activates inflammatory cells,
such as monocytes/macrophages, dendritic cells and neutrophils,
which produce cytokines and subsequently induce tissue damage
(21-23). Fcy receptors (FcyRs) are receptors for IgG, and the
balance between activating and inhibitory FcyRs determines
the threshold of immune cells activation (24). B cells express
only the inhibitory receptor FcyRIIb. It has been reported
that FcyRIIB-deficient mice display an increased frequency of
autoreactive B cells and lupus-like manifestations (25, 26).
Although monocyte/macrophage abnormalities play a pivotal
role in the pathogenesis of SLE, the role of macrophages
in spleen inflammation and splenomegaly is still unknown.
Spleen tyrosine kinase (Syk) is a member of the Src family
of non-receptor tyrosine kinases that associate with surface
receptors, including the B cells receptor (BCR) and Fcy
receptors, and is involved in the signal transduction pathways
of PI3K/Akt, Ras/ERK, PLCc/NFAT, and IKK/NF-kB (27, 28).
Treatment with the Syk inhibitor R788 completely abrogates
skin inflammation induced by serum from lupus patients and
suppresses established skin injury in lupus-prone mice (29),
but whether inhibiting Syk suppresses spleen inflammation
remains unknown.

In the present study, we investigated the histopathological
features and pathogenesis of splenomegaly in lupus mice. We
found that in lupus mice, IgG is an important pathological factor
in red pulp inflammation and GC responses; pathogenic lupus
IgG promoted GC formation through the macrophage-mediated
secretion of TNF-a. Inhibiting Syk suppressed inflammation
of the spleen induced by lupus IgG. This study broadens
the understanding of the pathogenesis of splenomegaly in
lupus mice.

MATERIALS AND METHODS

Mice and Reagents

C57BL/6 (B6) mice were obtained from the Animal Center
of Nanjing Medical University. B6.MRL-FasP"/] (B6.MRL/lpr;
000482) mice were purchased from the Model Animal Research
Center of Nanjing University. MRL/MpJ] (MRL; 000486),
MRL/Mp]-Fas’P'/] (MRL/lpr; 000485), FcyRIIb~/~ (002848),
FcyRIII~/~ (003171), and TNF-a~/~ (005540) mice were
purchased from Jackson Laboratories (USA). Pathogen-free
environments were provided at the Animal Core Facility
of Nanjing Medical University. All animal experiments were
approved by the Nanjing Medical University Institutional Animal
Care and Use Committee (IACUC-1710012). All experiments
used in this study were approved by the Institutional Ethics
Committee of Nanjing Medical University.

SLE patient and healthy human sera were provided by the
First Affiliated Hospital of Nanjing Medical University and the
Third Affiliated Hospital of Nanjing Medical University. From
the provided serum, SLE patients with >4 of the 11 revised
criteria of the American College of Rheumatology (ACR) for
the classification of SLE were selected. All patients had SLE
disease-activity index scores ranging from 0 to 20. Serum from
healthy individuals was used as a control. Informed consent was
received from all patients under the Nanjing Medical University
Review Board-approved protocol. Mice sera were collected from
B6.MRL/lpr and C57BL/6 mice.

Lupus IgG was extracted from the SLE patient serum
using Protein G Agarose beads (Millipore, USA) following
the manufacturer’s protocol, as described previously. The Syk
inhibitor R406 (sc-364595A) was purchased from Santa Cruz
Biotechnology (Dallas, USA). Clodronate liposomes (CLs) were
purchased from FormuMax (California, USA).

Histopathology, Histochemistry,
Immunohistochemistry (IHC), and
Microscopy

For histological examinations, spleens were fixed in 4%
paraformaldehyde. After fixation, the samples were dehydrated
in ethanol, embedded in paraffin, cut into 5-pum sections,
and stained with hematoxylin and eosin (HE). The spleen
inflammation severity was scored from 0 to 4: grade 0 = normal,
grade 1 = mild inflammation in the red pulp, grades 2-3 =
different quantities of infiltrating inflammatory cells in the red
pulp and under the capsule, and grade 4 = increased numbers of
infiltrating inflammatory cells in the red pulp and a large number
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of megakaryocytes (megakaryocyte hyperplasia). For the IHC
assay, the tissue slides were incubated with primary anti-mouse
IgG (ab190475, Abcam), anti-MARCO (sc-65353, Santa Cruz),
anti-CD138 (10593-1-AP, Proteintech), anti-F4/80 (ab6640,
Abcam), and anti-human IgG (ab109489, Abcam) antibodies
followed by incubation with biotinylated secondary antibodies
and avidin-biotin-peroxidase complex treatment. Then, 3,3'-
diaminobenzidine was used for development, and all slides were
counterstained with Mayers hematoxylin. Biotin-conjugated
PNA (Vector Laboratories B-1075) was used to identify the
GC, which was captured with a Zeiss LSM700 microscope (Carl
Zeiss, USA).

Histochemistry of reticular fibers in paraffin sections (8 jum)
was assessed by the silver impregnation method previously
described by Gordon and Sweets (30). Frozen sections were
air-dried and fixed with ice-cold acetone and then detected by
acid phosphatase using the previously described Gomori acid
phosphatase method (31).

Injection Protocol and Macrophage

Depletion

For ink injection, B6 mice and B6.MRL/Ipr mice (30 weeks)
were injected with Indian ink (0.1 ml/10 g) containing 50-100 nm
carbon particles. India ink diluted 1:10 in PBS was injected
intravenously after anesthesia with 10% chloral hydrate (Sigma,
Aldrich). The spleens were collected 30 min after injection, and
formalin-fixed paraffin sections (5 jum) were assessed using light
microscopy and HE staining.

Intrasplenic injections were administered to C57BL/6 mice to
induce IgG deposition and inflammation in the spleen after mice
anesthetized intraperitoneally with 10% chloral hydrate (Sigma,
Aldrich). Following disinfection, an ~1cm incision (without
opening the peritoneal cavity) was made at the left loin, and then
lupus serum was injected into the spleen in situ. Mice received
the same volume of PBS or healthy human serum as the control.
C57BL/6 mice used in this study were female with 6-8 weeks of
age, unless otherwise indicated.

Macrophages were depleted with 1mg (40 mg/kg) CLs
administered to C57BL/6 mice by intraperitoneal injection 48 h
before lupus IgG (200 ug) injection. To selectively deplete the
MZMs, 162 ng (6.5 mg/kg) of CLs was injected intraperitoneally.
The same volume of empty liposome-phosphate-buffered saline
(control liposomes) was injected as a control.

Flow Cytometry

The spleen was isolated and mashed into RPMI 1640 medium
containing 2% FBS. After erythrocytes were lysed, a single cell
suspension of splenocytes was prepared and then stained with
the cell surface markers. For GC B cell staining, cells were
stained with anti-B220-PE (RA3-6B2, Biolegend), anti-Fas-APC
(15A7, eBioscience), and anti-GL-7-FITC (GL-7, Biolegend). For
marginal zone B (MZB) cell staining, cells were stained with
anti-B220-FITC (RA3-6B2, BD), anti-CD21-APC (7G6, BD), and
anti-CD23-PE (B3B4, BD). For IgG-secreting plasma cells, after
surface staining of anti-CD138-APC (IB17-R0268, Miltenyi),
cells were fixed, permeabilized, and stained for anti-IgG-FITC
(Poly4060, BD). For MZM staining, cells were stained with

anti-F4/80-PE (BMS, Biolegend), anti-CD11b-Alexa Fluor 488
(M1/70, Biolegend), anti-SIGNR1-APC (22D1, eBioscience), and
anti-MHC II (I-Ab)-eFluor 450 (AF6-120.1, eBioscience). All
samples were detected on a flow cytometer (Beckman Coulter,
USA) and analyzed with Cytexpert 2.0 software.

Isolation and Culture of Bone

Marrow-Derived Macrophages

To obtain bone marrow-derived macrophages (BMMs),
C57BL/6, FcyRII™/~, and FcyRIII™/~ mice were sacrificed by
cervical dislocation, and the bone marrow cells were flushed
from the femoral shafts using serum-free DMEM. After the
adherent cells were removed at 3h, the non-adherent cells in
suspension were cultured with 30ng/ml M-CSF (PeproTech)
for 6 days, and the medium was changed every 3 days. After
incubation, the adherent BMMs were obtained. The adherent
BMMs were then cultured in fresh complete culture medium
for stimulation with 50, 100, 200, and 300 pg/ml lupus IgG that
extracted from the SLE patient serum.

Western Blotting

Isolated BMMs were lysed in RIPA buffer. The cell lysates
were subjected to SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore). The primary
antibodies p-Syk (CST, 2717), Syk (CST, 2712), p-NF-kB p65
(CST, 3033), and NF-kB p65 (CST, 4764) were diluted with
1/1,000. The evaluation of immunoreactivity was performed
with the ECL analysis system.

ELISA Assay

TNF-a and MCP-1 levels were measured using ELISA kits (R&D
Systems, USA). The blood serum and cell supernatant were
diluted and studied using a standard curve. All of the samples
were measured in triplicate. The procedure was performed
according to the manufacturer’s instructions.

Anti-dsDNA antibody levels in the serum were determined by
ELISA, as described previously (32). Briefly, 96-well microtiter
plates (Costar) were pretreated with calf thymus dsDNA
(Sigma-Aldrich) for 2h at 37°C and then placed overnight at
4°C. After being washed with PBS containing 0.05% Tween-20
(PBST), the plates were blocked with 1% BSA for 1h. After the
plates were incubated with a 1:100 dilution of mouse serum, the
levels of anti-dsDNA antibodies were detected with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG, anti-mouse
IgG1, anti-mouse IgG2a, anti-mouse 1gG2b, anti-mouse 1gG2c,
anti-mouse 1gG3, anti-mouse IgM, anti-mouse IgA, and anti-
mouse IgE (all from Southern Biotech). Tetramethylbenzidine
(TMB) substrate was used for the development, and absorbance
at 450 nm was measured on a Thermo Multiskan Spectrum 1500.

Statistical Analysis

All data are shown as the mean & SEM. Statistical analyses were
performed using GraphPad PRISM with Student’s f-test. The
differences were considered significant at *P < 0.05, **P < 0.01,
and P < 0.001. All experiments were repeated at least three
times with four to five mice in each group.
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RESULTS

Lupus Mice Spontaneously Develop

Splenomegaly

To understand the changes in the spleen during SLE, we
observed lupus mice that spontaneously develop lupus-like
clinical ~manifestations. We found that splenomegaly
spontaneously develops in B6.MRL/lpr and MRL/lpr
mice. The length and weight of the lupus mice spleens
were much greater than those of the normal mice
(Figure 1A). Histopathology showed increased numbers of
accumulated cells in the white pulp in the spleens of lupus
mice (Figure 1B).

To investigate the architectural changes in the spleen in
lupus mice, we used silver impregnation to assess the reticular
fibers. We found increased reticular fiber density in the white
pulp. Acid phosphatase staining revealed increased numbers of
phagocytes in the splenic red pulp of the lupus mice (Figure 1C).
We used ink injection to evaluate the physiological function of
the spleen and found that carbon particles were disseminated
into the red pulp of lupus mice, while particles were retained
exclusively in the marginal zone of normal mice (Figure 1D).
These data suggest that the antigen capture ability is weakened
in the spleens of lupus mice. Since MZMs act as a barrier to the
entry of circulating pathogens into the follicles of the spleen, we
investigated the distribution of MZMs in the spleens of lupus
MRL/Ipr mice. We found that the numbers of MARCO+ cells
were significantly reduced in the spleens of lupus MRL/Ipr mice
(Figure 1E). MZBs, which are an innate non-recirculating B cell
population responsible for antigen transport from the marginal
zone into the follicles and can be induced to differentiate
rapidly into plasma cells, are located close to MZMs. We found
that the MZB cell population was largely expanded in the
marginal zone of the spleen at 12 weeks in MRL/Ipr mice but
decreased at 30 weeks in MRL/Ipr mice (Figure 1F). These
data suggest that there are structural defects in the spleen in
lupus mice.

IgG Production and Deposition Are
Involved in the Pathogenesis of
Splenomegaly in Lupus Mice

Since autoantibody-IgG is a major contributor to the
development of tissue inflammation in SLE, we detected
IgG deposition in the spleens of lupus MRL/lpr mice
of different ages and found that IgG was deposited in
the red pulp of the spleen in MRL/lpr mice of different
ages. We also investigated plasma cells by detecting
CD138 in the spleen and found that plasma cells were
present in the red pulp in the spleens of mice of various
ages (Figure 2A).

To determine whether the levels of autoantibodies in the
peripheral blood reflect the levels of IgG deposition in the
spleen of lupus mice, we detected immunoglobulin isotypes
and anti-dsDNA antibodies. We found that the level of anti-
dsDNA IgG in the blood increased as the age of MRL/Ipr
mice increased; 1gG1, 1gG2a, IgG2b, and IgG3 of anti-dsDNA

were predominant in the blood of MRL/lpr mice (Figure 2B).
Autoantibodies are generated by plasma cells; we found that the
number of IgG-secreting plasma cells in the spleen increased
from 6 to 30 weeks in MRL/lpr mice (Figure2C). These
results suggest that antibody-secreting cells produce pathogenic
IgG autoantibodies that deposit in the spleen and secret into
the periphery.

Lupus IgG-induced Splenic Red Pulp

Inflammation and GC Responses

In this study, we found a large amount of IgG secretion
and deposition in extrafollicular foci in the spleens of the
lupus mice (Figure 2). To confirm that deposited IgG further
induces immune responses in the spleen, we established a
model with IgG deposition in the mouse spleen by intrasplenic
injection of serum from SLE patients and healthy individuals.
The results showed that serum from SLE patients induced
red pulp inflammation, while PBS and serum from healthy
humans did not (Figure3A). We further used serum from
lupus mice and normal mice to repeat this experiment. We
also found that serum from lupus mice induced inflammation
in the spleen, but serum from normal mice and young lupus
mice did not (Figure 3A). To determine whether the severity of
inflammation induced by lupus serum in the spleen is related to
the volume injected, we used various volumes of lupus serum.
We found that the severity of inflammation in the spleen is
related to the volume of injected lupus serum (Figure 3B).
We also investigated the kinetics of inflammation induced
by lupus serum in the spleen and found that inflammation
developed at 6h and peaked at 3 days after intrasplenic
injection (Figure 3B). We used IHC staining to determine
the cell types in the inflamed spleens. We found that spleen
inflammation was characterized by the infiltration of F4/80
macrophages in the red pulp (Figure 3C). IgG deposition was
observed in the spleens of C57BL/6 mice receiving intrasplenic
injections of lupus serum (Figure 3C). We did not observe any
inflammation and IgG deposition following intravenous and
intraperitoneal injection of the same volume of lupus patient
serum (Figure S1).

To confirm the role of IgG in inflammation induced by
lupus serum, we used IgG-depleted lupus serum. We found
that at 3 days after injection, the severity of inflammation
was significantly decreased in the red pulp of mice injected
with IgG-depleted SLE serum compared to mice injected with
whole SLE serum (Figure 3D). Lupus IgG from SLE serum
significantly induced spleen inflammation compared to IgG
from healthy human serum (Figure S2). This finding suggests
that IgG plays an important role in the development of
inflammation induced by lupus serum in the spleen. MZB
cells located in the marginal zone of the spleen differentiate
directly into plasma cells in extrafollicular responses. GCs are
important sites of autoreactive B cell activation in autoimmune
diseases. Antibodies are secreted by plasma cells in the spleen
through extrafollicular and GC pathways (11). We investigated
whether lupus serum IgG induces extrafollicular responses, GC
responses, and plasma cell formation using flow cytometry.

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3020


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhang et al. Immunoglobulin G in the Pathogenesis of Splenomegaly in Lupus

'B6 B6.MRL/Ipr MRL  MRL/Ipr ® 15 08

*%

0.6

N
S

*%
*
0.4:

ol BA | =l Inl BEM Is

B6 B6.MRL/lpr MRL MRL/lpr B6 B6.MRL/Ipr MRL MRL/Ipr

»n
(=3

spleen weight (g)

spleen length(mm)

D iv.iink

B6 B6.MRL/lpr MRL MRL/lpr
Gated on B220
MRL 12w MRL/lpr 12w

E MARCO F e ek

20+

MRL

154

o

)

o *%k%
10{ eo® OE

£ 6.79
MRL 30w MRL/Ipr 30w

MZB% of total B cells

MRL/lpr

CD23 ——

MRL12w MRL/Ipri2w MRL30w MRL/Ipr3ow

CD21

FIGURE 1 | MRL/Ipr mice spontaneously developed splenomegaly. (A) The size and weight of the spleens of 30-week-old B6.MRL/Ipr, 26-week-old MRL/Ipr mice
and C57BL/6, MRL mice of the same age. (B) The representative histopathology of the spleens of 30-week-old B6.MRL/Ipr, 26-week-old MRL/Ipr mice, and
C57BL/6, MRL mice of the same age. (C) Silver impregnation (upper part) and positive acid phosphatase reaction (under part) in the spleens of B6 (30 weeks),
B6.MRL/Ipr (30 weeks), MRL (26 weeks) and MRL/Ipr mice (26 weeks). (D) Ink injection evaluation of the physiological function of the spleens of B6 mice (30 weeks)
and B6.MRL/Ipr mice (30 weeks). Carbon particles (arrow markers) distributed in the marginal zone of B6 mice and in the red pulp of B6.MRL/Ipr mice. (E) MARCO
expression in the spleens of MRL and MRL/Ipr mice (30 weeks). (F) FACS analysis of the frequency of MZB cells (B220+CD21/35"CD23°) in the spleens of MRL/Ipr
(12 weeks and 30 weeks) and control MRL mice (12 weeks and 30 weeks). Data are representative of three experiments, n = 4-5 mice per group. WP, white pulp; RP,
red pulp. *P < 0.05, **P < 0.01, **P < 0.001.

The results showed that the numbers of GC and IgG-secreting ~ MZB cell numbers decreased at 8 days after injection of SLE
plasma cells increased at 8 days after injection of SLE patient  patient serum. There were no significant changes in MZB
serum, whereas GC and plasma cell numbers decreased in  cell numbers between mice injected with SLE patient serum
mice injected with IgG-depleted SLE serum (Figure 3E). We  and mice injected with IgG-depleted SLE patient serum. The
found an approximately five-fold reduction in GCs and plasma  injection of healthy human serum did not induce obvious
cells in the spleens of mice injected with IgG-depleted SLE  changes in GCs and plasma cell numbers (Figure $3). These
serum compared to mice injected with whole SLE serum.  data suggest that IgG is an important factor in the development
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FIGURE 2 | IgG production and deposition in the spleens of lupus mice. (A) IHC showing that IgG and CD138 are distributed in the splenic red pulp in 6-, 12-, and
30-week-old MRL/Ipr mice. (B) Serum levels of the anti-dsDNA antibody in MRL/Ipr mice (left panel) at different ages (6, 12, 20, and 35 weeks). Levels of anti-dsDNA
antibody immunoglobulin isotypes in 35-week-old MRL/Ipr mice (right panel). *P < 0.05, **P < 0.01. (C) Flow cytometry analysis of IgG-secreting plasma cells
(IgG+CD138+) in 6-, 12-, and 30-week-old MRL/Ipr mice. The results are representative of three independent experiments, n = 4-5 mice per group.

of lupus serum-induced red pulp inflammation and the
GC response.

Macrophages Are Required for the
Development of Spleen Inflammation and
GC Responses Induced by Lupus IgG

It has been reported that macrophages play a critical role in
tissue damage in SLE (18). It is unclear whether macrophages are
involved in spleen inflammation and the GC response induced by
lupus IgG.

To determine the role of macrophages in lupus IgG-induced
spleen inflammation and the GC response, we depleted
macrophages in experimental mice by using various doses of
CLs (33). We treated mice with high (40 mg/kg) and low doses
(6.5 mg/kg) of CLs, which depleted red pulp macrophages,
and MZMs, respectively. We found that the inflammation
induced by lupus IgG was alleviated in red pulp macrophage-
depleted mice compared to mice without depletion of red
pulp macrophages (Figure 4A). This finding suggests that red
pulp macrophages are crucial for the initial inflammation
induced by lupus IgG. Since MZMs expressing MARCO are
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FIGURE 3 | Lupus IgG-induced splenic red pulp inflammation and GC responses. (A) Histopathological image of the spleen of C57BL/6 mice at 3 days after
intrasplenic injection of serum (80 wl) from healthy individuals, SLE patients, B6.MRL/Ipr mice (30 and 6 weeks), and serum from C57BL/6 mice; PBS injection was
used as a control. (B) Severity of red pulp inflammation induced by intrasplenic injection with different volumes of serum from a lupus patient (left panel), and the
kinetics of inflammation on different days after intrasplenic injection of lupus serum (80 wl) (right panel). (C) IHC results of F4/80 and IgG staining in the spleen of
C57BL/6 mice 3 days after the injection of SLE patient serum. (D) Histopathological image of red pulp infllmmation 3 days after injection of PBS, SLE patient serum,
and IgG-depleted SLE patient serum. IHC results of peanut agglutinin (PNA) 8 days after injection of PBS, SLE patient serum, and IgG-depleted SLE patient serum.
PNA staining was used for GC identification. (E) FACS analysis of the frequency of MZB cells (B220+CD21/35"CD23°), germinal center B (GCB) cells
(B220*FastGL7*), and IgG-secreting plasma cells (IgGTCD138%) 8 days after intrasplenic injection of PBS, SLE patient serum, SLE patient serum, and IgG-depleted
SLE patient serum in the spleens of C57BL/6 mice. All results are representative of three independent experiments; n = 4-5 mice per group. *P < 0.05, **P < 0.001.

deficient in the spleens of lupus MRL/lpr mice (Figure 1E),  The results showed that depletion of red pulp macrophages
we further determined whether lupus IgG affects GC and  (pretreated with 40 mg/kg CLs) decreased MZB, GCB, and
plasma cells in red pulp macrophages and the MZM deficiency.  plasma cell populations in the spleens of mice injected with
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FIGURE 4 | Effect of macrophages on lupus IgG-induced red pulp inflammation and GC responses. (A) FACS analysis showing that F4/80 expression in the spleen of
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lupus IgG (Figure 4B). MZM deficiency (pretreatment with 6.5
mg/kg CLs) increased the number of MZB cells, which may
respond to lupus IgG, but did not affect GCB and plasma
cell populations (Figure 4C; Figure S4). These data suggest that
lupus IgG can promote the formation of GCs and plasma cells
without MZMs. Red pulp macrophages are indispensable for the
development of spleen inflammation and the formation of GCB
and plasma cells.

The Role of Syk, FcyR, and TNF-« in
Inflammation and the GC Response
Induced by Lupus IgG

Syk plays an important role in lupus IgG-induced signal
transduction. We examined the lupus IgG-induced Syk-NF-«B
signaling pathway in BMMs and found that lupus IgG induced
Syk and NF-kB p65 phosphorylation in a dose-dependent
manner (Figure 5A; Figure S5). To further confirm the effect
of lupus IgG on the activation of Syk and NF-«kB, we used
a Syk inhibitor. We found that the Syk inhibitor treatment

suppressed p-Syk and NF-kB p-p65 activation induced by lupus
IgG (Figure 5B).

The FcyRs, which are IgG receptors, include activating
receptors FcyRI and FcyRIII and the inhibitory receptor FcyRII.
We used FcyRII- and FcyRIII-deficient BMMs to determine
the role of these receptors in the lupus IgG-induced Syk-
NF-kB signaling pathway. The results showed that deficiency
of the activating receptor FcyRIII decreased Syk and NF-«kB
p65 activation induced by lupus IgG, while deficiency of
the inhibitory receptor FcyRII increased Syk and NF-kB p65
activation induced by lupus IgG (Figure 5B).

To investigate the cytokine release by macrophages stimulated
with lupus IgG, we detected TNF-a and MCP-1 levels in the
supernatant of BMMs stimulated with lupus IgG. We found that
lupus IgG increased the levels of TNF-o and MCP-1, whereas Syk
inhibitor treatment significantly inhibited TNF-a and decreased
MCP-1 expression, but the difference in MCP-1 expression was
not significant (Figure 5C).

To further understand whether Syk regulates spleen
inflammation induced by lupus IgG, we compared changes in
the histopathology of spleens from mice treated with or without
a Syk inhibitor. The results showed that the Syk inhibitor
treatment obviously decreased the red pulp inflammation
induced by lupus IgG (Figure 5D). Since lupus IgG increased the
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FIGURE 5 | Lupus IgG promoted inflammation and GC formation through TNF-a secretion by macrophages. (A) Western blot detected phosphorylated Syk (p-Syk)
and total Syk, phosphorylated NF-kB p65 (p-p65), and p65 in BMMs stimulated with various doses of lupus IgG for 20 min. The results are from three independent
experiments. (B) Western blot detected p-Syk, Syk, p-p65, and p65 in BMMs stimulated with 100 g/ml lupus IgG in the presence or absence of R406 (2 wM) for

30 min. BMMs were isolated from WT, FeyRII=/~, and FcyRIlI=/~ mice. The results are from three independent experiments. (C) ELISA results of TNF-a and MCP-1 in
the supernatant of WT-derived BMMs stimulated with 100 wg/ml lupus IgG for 18 h in the presence or absence of R406 (2 uM). **P < 0.01, the result is representative
of three independent experiments. (D) Histopathological image of the spleen in C57BL/6 mice treated with or without the Syk inhibitor R406 (10 mg/kg) after 3 days of
intrasplenic injection of lupus IgG (200 ng) from an SLE patient. The results are representative of three independent experiments, n = 5 mice per group. (E)
Histopathological image of the spleen 3 days after intrasplenic injection of lupus IgG (200 g) in WT (C57BL/6) and TNF-a~/~mice. PNA was expressed 8 days after
intrasplenic injection of lupus IgG in WT and TNF-a~/~ mice. The result is representative of three independent experiments, n = 5 mice per group.

level of TNF-a in the supernatant of BMMs, we speculated that
lupus IgG could promote GC formation through the secretion
of TNF-a by macrophages. To confirm this speculation, we used
TNF-a-deficient mice. The histopathology demonstrated that
red pulp inflammation induced by lupus IgG was significantly
decreased in TNF-a-deficient mice compared to wild-type (WT)
mice. The THC staining showed that GC formation induced by
lupus IgG was also significantly reduced in TNF-a-deficient mice
compared to WT mice (Figure 5E). In TNF-a-deficient mice, we
found that lupus IgG decreased the initial red pulp inflammation
and further inhibited GC formation.

DISCUSSION

Splenomegaly has been reported in lupus mice and patients,
but there is little information available about the mechanism
of splenomegaly in SLE patients. Although the pathogenesis
of SLE remains unclear, evidence suggests that SLE may
be caused by immunological abnormalities, including
immunotolerance  deficiency, abnormal interactions of
T and B cells, immune cell hyperactivity, and defective
clearance of autoantigens (34). The spleen is the largest

peripheral lymphoid organ and has a specialized structural
organization for immunocyte proliferation and differentiation,
and interaction with the circulation. Sustained autoantigen
and immune complex deposition in the spleen may enhance
the abnormalities and promote the progression of SLE.
Our study demonstrates that lupus mice spontaneously
develop splenomegaly, and the architectural injury of the
spleen in lupus mice may be due to the production and
deposition of large amounts of pathogenic IgG, which is an
important pathological factor in spleen inflammation and
immunological abnormalities.

SLE is a disease mainly driven by autoantibodies (35). We
found large amounts of IgG and quantities of plasma cells in the
spleens of MRL/Ipr mice; the accumulation of anti-dsDNA IgG
in the peripheral blood is related to age. The dsDNA antibody
is an important parameter for both diagnosis and treatment
in SLE (36, 37). It has been reported that autoantibodies in
SLE are mainly produced by B cells through affinity maturation
and somatic hypermutation in GCs and also extrafollicular
responses (11, 38). Plasma cells can arise through B cell activation
and direct differentiation in the extrafollicular site or in the
T-dependent GC response. Antigens can activate B cells in a
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T-independent or T-dependent manner. There are no definite
markers that discriminate plasma cells by their pathway of
differentiation. We and others have shown that IgG isolated
from SLE patient serum can induce organ damage (18, 20,
39). Therefore, we established animal models of IgG deposition
in the spleen by intrasplenic injection of lupus serum. Based
on this model, we investigated whether lupus IgG induced
inflammation and further GC and plasma cell formation. The
results showed that the intrasplenic injection of lupus serum-
induced red pulp inflammation at 3 days and further increased
GC and plasma cells differentiation at 8 days. However, compared
to mice injected with lupus serum containing IgG, mice injected
with IgG-depleted lupus serum displayed decreased GC and
plasma cell formation. Therefore, lupus IgG in SLE serum is the
important pathological factor inducing red pulp inflammation,
and dysfunctional adaptive immune responses in the spleen
in lupus.

It has been shown that MZMs surrounding the splenic follicles
can clear autoantigens or blood-borne antigens. The absence of
MZMs results in the retention of apoptotic cell debris within
the marginal zone and increased loading of antigens on MZB
cells, stimulating the autoimmune response (3). MZMs have
been reported to interact with MZB cells in the spleens of
BXD2 lupus mice with the membrane lymphotoxin-a1p2 and
lymphotoxin B receptor. The abnormal follicular shuttling of
MZB cells causes the loss of MZMs and thus downregulates
the clearance of autoantigens (40). Our data demonstrate that
depletion of MZMs increased the number of MZB cells, but
did not affect the presentation of antigens and induction of
the GC response, which is consistent with a report by Aichele
(41). MZB cells can differentiate directly into plasma cells in
extrafollicular responses and can also deliver antigens to the
follicles, enhancing T-dependent responses (42). We found that
lupus serum IgG decreased MZB cell numbers, but it is not
clear if lupus IgG affects extrafollicular responses or the delivery
of antigens to the follicles. MZMs and red pulp macrophages
are known to interact with apoptotic cells entering the spleen
from the circulation. There are many studies on the defects in
the MZM-mediated regulation of inflammation and tolerance in
autoimmune diseases, but not many on red pulp macrophages.
Red pulp macrophages are known to increase the phagocytosis of
apoptotic cells in the absence of MZMs (33), but information on
how red pulp macrophages regulate inflammation and adaptive
immunity in autoimmune diseases is lacking. Macrophages
in the red pulp of the spleen express receptors for IgG
or IgG-opsonized erythrocytes (43). In our study, red pulp
macrophages were found to influence inflammation and GC
responses induced by lupus IgG. The removal of F4/80 splenic
macrophages can inhibit the development of autoantibodies
and lupus pathology in mice (33). Therefore, this finding
suggests that macrophages play a role in the pathogenesis
of SLE.

IgG deposition in tissue can activate complement or engage
in the activation of the FcyR to mediate antibody-dependent
cell cytotoxicity (ADCC) and initiate inflammation (44). In this

study, we found that the effect of lupus IgG was mediated
by its binding to the FcyR on macrophages. Lupus IgG
activated Syk and NF-kB signaling, leading to the release of
TNF-a. In the in vivo experiment, we found that red pulp
macrophages play an important role in initial inflammation
and GC and plasma cell formation. Lupus IgG promotes
inflammation though macrophage-mediated secretion of TNF-
o and further promotes GC formation. TNF-a is important
for the development of skin and liver injuries induced
by lupus serum (18, 20). However, whether macrophages
interact with T cells induced by lupus IgG requires further
investigation. Syk plays a central role in FcyR-mediated
macrophage activation. In the current study, we inhibited
Syk downstream of FcyR, which decreased the inflammation
induced by lupus IgG, and decreased NF-kB signaling and
TNF-a secretion induced by lupus IgG in macrophages.
Numerous studies have described Syk abnormalities in BCR-
mediated signaling in B cells and Syk inhibition in the
progression of glomerulonephritis in SLE (45), but there
is little information regarding the role of FcyR-mediated
signaling in the progression of spleen inflammation and immune
responses. Syk is an important therapeutic target for the
spleen inflammation. FcyR-mediated signaling transduction is
dependent on immune-receptor tyrosine-based activation motifs
(ITAM), which are located in its cytoplasmic tail. Syk binds
these phosphorylated ITAM motifs and activates downstream
signaling. We confirmed that inhibiting Syk suppressed spleen
inflammation and macrophage activation in the vitro experiment
and spleen inflammation model. Furthermore, we observed that
inhibitor of Syk also treated splenomegaly in our previous
study (29).

In conclusion, our study demonstrates that IgG plays an
important role in the pathogenesis of splenomegaly in lupus
mice. IgG production and deposition in the spleen is an
important pathological factor in spleen inflammation and
immunological abnormalities. Red pulp macrophages, instead of
marginal zone macrophages, are indispensable for inflammation
and GC responses in splenomegaly. Lupus IgG promotes the
GC response through TNF-a production by macrophages. Syk
is a therapeutic target for the suppression of inflammation
in splenomegaly in SLE. These findings will contribute to
future research for the development of therapeutic strategies for
splenomegaly in SLE.
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The hinge region of immunoglobulin G (IgG) is involved in C1g and FcyRIlIA-expressing
natural killer (NK) cell recruitment. Both heavy chains (HCs) of the hinge region can
be cleaved sequentially by several proteases of the tumor/inflammatory/infectious
microenvironment,  including  matrix = metalloproteinase 12  (MMP12), or
immunoglobulin-degrading enzyme from Streptococcus pyogenes (IdeS), impairing
Fc-mediated functions. The cleavage of therapeutic monoclonal antibodies (TmAbs),
which are based on a human IgG1, IgG2 or IgG4 structure, has been poorly investigated,
although it may represent an escape mechanism to these treatments. Therefore,
we used non-reducing SDS-PAGE to compare the cleavage kinetics of five IgG1
TmAbs (trastuzumab, rituximab, cetuximab, infliximab, ipilimumab), one IgG2 TmAb
(panitumumab), and two IgG4 TmAbs (nivolumab and pembrolizumab) by MMP12
and IdeS, which were found to cleave the first and second HCs with different kinetics.
Panitumumab was more protease-resistant than IgG1 and IgG4 TmAbs. The latter
were usually more protease-sensitive, whereas IgG1 TmAbs were usually cleaved with
intermediate kinetics. However, we observed intra-subclass variability among IgG4
and IgG1 TmAbs. Nivolumab and pembrolizumab were cleaved similarly by MMP12,
whereas pembrolizumab was more IdeS-resistant. Ipilimumab was more IdeS-sensitive
and MMP12-resistant than the other IgG1 TmAbs, regardless of Gim allotype. In
addition the Fc fragment of IgG1 TmAbs were highly resistant to cleavage by MMP12,
whereas their cleavage kinetic by IdeS was very similar to that observed with the
intact forms (excluding ipilimumab). Importantly, the cleavage kinetic of ipilimumab Fc
fragment by IdeS was superimposable to that of trastuzumab, cetuximab and infliximab
Fc fragment, showing that the variability observed for intact ipilimumab is unrelated to its
Fc portion. We propose that the variability in the cleavage sensitivity/resistance balance
among TmADbs of IgG1 and IgG4 subclasses results partially, from TmAb characteristics
related to and/or located in the Fab region. Finally, with ELISA and flow cytometry,
we observed that a single cleavage of IgG1 TmAbs greatly decreased their affinity for
FcyRIIIA and C1g and their ability to induce FcyRIlIA-dependent functional responses
of NK cells. Overall, our results indicate that the cleavage of the hinge region should be
considered with TmAbs treatment and in the development of new molecules.
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INTRODUCTION

Therapeutic monoclonal antibodies (TmAbs), which are
extensively used for treatment in cancer or chronic inflammatory
diseases, are based on a human IgGl, IgG2, or IgG4 structure.
The choice among the three subclasses during the design and
development of an mAb is mainly directed by its expected
mechanism of action. The IgG1 format efficiently binds Clq
and FcyRs and triggers complement-dependent cytotoxicity
or antibody-dependent cell-mediated cytotoxicity (ADCC)
(1, 2). Therefore, this subclass is used to develop cytolytic
mAbs. Conversely, the IgG2 or 1gG4 format, which weakly
binds Clq and FcyR, is usually favored when developing
neutralizing/antagonist TmAbs. The binding sites of Clq and
FcyR on human IgG are relatively close and are partially
located in the lower hinge region (defined by the sequence
ZB3PAPELLGGP?! in IgG1) (1-3).

Previous studies have shown that in addition to the
papain and pepsin sensitivity of the hinge region (4, 5),
the lower hinge region of IgGl is cleaved by tumor-,
inflammatory-, and/or infectious-associated proteases such
as matrix metalloproteinases (MMPs) or immunoglobulin-
degrading enzyme from Streptococcus pyogenes (IdeS) (6-11). A
first cleavage of one heavy chain (HC) generates single-cleaved
IgG (sc-IgG), which retains its whole structure via CH3-CH3
and glycan weak interactions (9). Nevertheless, the cleavage
sites are located within or proximal to the binding sites for
Clq and FcyR, thus reducing their binding and ultimately
Fc-mediated functional responses (1, 2, 6). The cleavage of
the second HC is usually slower and generates F(ab’),, which
obviously loses the Fc-dependent interactions. The cleavage of
trastuzumab or pertuzumab (anti-HER2, used in breast cancer
therapy) impairs ADCC and has been associated with a weakened
therapeutic effect in a mouse xenograft tumor model (12, 13).
Furthermore, high levels of cleaved IgG were detected in serum
from individuals with inflammatory bowel diseases, who did not
respond to anti-TNFo TmAbs (10). Therefore, the proteolytic
cleavage could be an immune evasion mechanism in IgGl
TmADbs treatment.

By contrast, IgG2s are almost completely MMP-resistant and
only partially cleaved by IdeS. This resistance has been linked to
the sequence of their lower hinge region. Indeed, replacing the
Z4PELLGG* (EU numbering) of an IgG1 mAb hinge region
with the 2! PPVA-G?3¢ sequence of an IgG2 resulted in complete
resistance to the cleavage by MMPs (14). Finally, the cleavage of
IgG4 has been poorly documented, although Ryan et al. suggested
that IgG1 and IgG4 mAbs were similarly cleaved by MMP3 and
IdeS (6). Besides the amino acid composition of the lower hinge
region related to the subclasses, the numerous available TmAbs
feature other structural and/or conformational variations. Some
are natural, such as the four IgG1 allotypes resulting from the
combination of genetic markers (Gms) (K214/R214 and D356-
L358/E356-M358 defining the G1m17/G1lm3 and G1lm1/Glm-
1 allotypes, respectively) or Fc glycosylation. Other variations
are related to bioengineering such as the type of humanization
(chimeric, humanized, or full human) or the S228P mutation
introduced to stabilize the core hinge region of IgG4 (15). The

effect of this subclass-independent structural heterogeneity of
engineered TmAbs on protease sensitivity is unknown.

In this context, we aimed to compare the cleavage of a panel
of eight widely used TmAbs (three chimeric, two humanized,
and three full-human) regrouping five IgGls that include the
four allotypes, one I1gG2 TmAbD, and two IgG4 TmAbs. We
chose IdeS as a model protease (12-14, 16) and MMPI2,
secreted by macrophages in the tumor microenvironment
or in chronic inflammatory diseases, as a more relevant
pathophysiological protease. We used SDS-PAGE to kinetically
analyze the proteolytic fragments for each TmAbs. Moreover, we
analyzed the effect of the cleavage on the binding of Clq and
membrane FcyRIITA as well as its functional consequences by
ELISA or multicolor flow cytometry.

MATERIALS AND METHODS

Monoclonal Antibodies

TmAbs obtained from the CHRU de Tours included five IgG1
molecules: cetuximab (anti-EGFR), infliximab (anti-TNFa),
ipilimumab (anti-CTLA4), rituximab (anti-CD20), trastuzumab
(anti-HER2), one IgG2 (panitumumab [anti-EGFR]), and two
IgG4 molecules (nivolumab and pembrolizumab [both anti-
PD1]). MAbs including unconjugated anti-CD16 (clone 3G8)
and FITC-conjugated anti-CD16 (clone 3G8) and PE-conjugated
anti-IFNy (clone 45.15) were from Beckman Coulter and PE-
Cy5-conjugated CD107a (clone H4A3) was from BD Biosciences.
Horseradish peroxidase-conjugated anti-Clq was from Abcam.
Allotypes of rituximab were produced by Evitria (Schlieren,
Switzerland) were constructed following the same strategy as
described by Ternant et al. (17).

Enzymes and Proteolytic Cleavage
Recombinant IdeS and IgdE were from Genovis. The human
recombinant MMP12 catalytic domain was from Sinobiological
Inc. The proteolytic cleavage of 50 g TmAbs (1 mg/mL)
involved 0.05U IdeS/pg TmAbs or 10pg/mL MMPI2 in
phosphate buffered saline (PBS, pH 7.4) and tris buffered saline
(pH 7.5), respectively. MMP12 activity required the addition of
10mM CaCl,. At the indicated times, a sample of the reaction
was stopped by 10 mM iodoacetamide (Sigma Aldrich) for IdeS
or 1 mM EDTA for MMP12. To generate single-cleaved TmAbs
(sc-TmAbs) for binding and functional experiments, TmAbs
were incubated at 3mg/mL with 0.1 U IdeS/iug TmAbs in PBS
for 6 min. All reactions were performed at 37°C.

In order to produce Fc fragments, 50 pug TmAbs were
incubated with 1U IgdE/ng TmAbs either in PBS (pH 7.4) or
TBS (pH 7.5) at 37°C for 48 h.

SDS-PAGE

Proteolytic fragments were analyzed by SDS-PAGE in NuPAGE
MES SDS running buffer (ThermoScientific) on 6% (or 10%
for the cleavage of the Fc domain) homemade gels under non-
reducing conditions. Samples were heated at 95°C for 10 min in
Laemmli buffer before electrophoresis. SeeBlue Plus2 Pre-stained
Protein Standard (Invitrogen) was used as a weight molecular
marker. Proteins were stained with Coomassie Blue and images
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were acquired on a Fusion Fx (Vilber Lourmat). Relative
percentages of each fragment were obtained by densitometry
using Image] (1.50i) software.

Binding Property of TmAbs to FcyRIIIA
CD16-transduced NK92 cells (2 x 10*) were incubated with
FITC-conjugated anti-CD16 3G8 (dilution 1:100) and increasing
concentrations of TmAbs or sc-TmAbs (30 min at 4°C) and were
analyzed by flow cytometry as described (18).

Functional Responses of

CD16-Transduced NK92 Cells

IgG2 mouse mAb, mouse anti-CD16 mAb, or (sc-)TmAbs
(5g/mL) was used to sensitize Nunc Maxisorp 96-well culture
plates (ThermoScientific) overnight at 4°C. Then, 100 pL CD16-
transduced NK92 cells (2 x 10*) were plated on non-sensitized
or sensitized plates and incubated at 37°C in 5% CO, humidified
air for 4 h with anti-CD107a mAb (dilution 1:20) and 0.1 pg/mL
BD GolgiPlug containing Brefeldin A (BD Biosciences). Cells
were fixed and permeabilized by using the BD Cytofix/cytoperm
Plus kit (BD Biosciences) and stained with anti-IFNy mAbs
(dilution 1:10) for 30 min at 4°C. Data were acquired with a
Gallios flow cytometer (Beckman Coulter) and were analyzed by
using Kaluza v1.3.

C1q ELISA

Nunc Maxisorp 96-well culture plates were coated with
saturating concentrations of (sc-)TmAbs (10pug/mL) in
0.05 mol/L bicarbonate buffer (pH 9.5) overnight at 4°C. Wells
were washed three times with PBS containing 0.05% Tween-20,
then blocked with PBS-0.05% Tween-1% BSA for 1h at 37°C.
After three washes, 0.01-30g/mL Clq was added. After
incubation for 2h at 37°C, wells were washed three times
with PBS-0.05% Tween-20 and incubated with horseradish
peroxidase-conjugated anti-Clq (dilution 1:200) for 1 h at 37°C.
3,3',5,5'-Tetramethylbenzidine (Thermo Scientific) was used as
a substrate. Absorbance was measured at 405 nm on a Mithras
LB940 (Berthold Technologies).

RESULTS

Comparison of MMP12- and
IdeS-Mediated Cleavage of TmAbs

To kinetically compare the proteolytic cleavage of TmAbs,
we first incubated five IgG1 TmAbs (trastuzumab, rituximab,
cetuximab, infliximab, and ipilimumab), one IgG2 TmAb
(panitumumab), and two IgG4 TmAbs (nivolumab and
pembrolizumab) with MMP12 for various times. The generated
fragments were analyzed by non-reducing SDS-PAGE. An
example of the cleavage (rituximab) is shown in Figure 1A.
The ~148 kDa band (intact rituximab) started to decrease after
5-15min and almost completely disappeared after 6h. After
15min, two bands corresponding to the cleavage of one HC
were detected: one ~125 kDa (sc-TmAbs) and one ~30-35
kDa [hemi-Fc (Fc(m)) released in denaturing conditions]. The
sc-TmAD band increased up to 4-6h and disappeared at 24h,
while the Fc(m) band increased over time. A fourth band of

~98 kDa (F(ab),, corresponding to the cleavage of the second
HC, was observed after 30 min. It increased with time and was
the major band detected after 24 h. Finally, two additional slight
bands of 2250-55 kDa were observed after 4 h when IgG1 TmAbs
were tested. The bands corresponding to the intact TmAbs,
sc-TmAbs and F(ab’), were quantified (Figure 1B).

The IgG2 mAD panitumumab was highly resistant to cleavage
by MMP12: the intact form represented >90% after 24h
(Figure 1B left). By contrast, intact forms of the two IgG4
TmADbs pembrolizumab and nivolumab decreased rapidly and
disappeared after 6h. Sc-TmAbs increased rapidly (up to
~40% at 1-2h), then decreased and became undetectable after
24h (Figure 1B middle). The proportion of F(ab’), increased
constantly to represent >80 and >90% after 6 and 24h,
respectively (Figure 1B, right). Finally, among IgGl TmAbs,
trastuzumab, rituximab, cetuximab, and infliximab showed an
intermediate cleavage kinetics: about 20% of the intact form still
observed after 6 h of incubation, with the maximum of sc-TmAbs
(up to ~40%) observed at 4-6h, followed by almost complete
disappearance. The proportion of F(ab’); increased constantly
to represent ~30 and >80% after 6 and 24h, respectively
(Figure 1B, middle and right). Unexpectedly, the cleavage of
ipilimumab, the fifth IgG1 TmAb, was markedly slower and close
to that of panitumumab: the intact form was still ~70% after 24 h
and the sc-TmAb and F(ab’), forms did not exceed 20%, whatever
the time.

We then studied cleavage by IdeS. As shown in Figure 1C
for rituximab and Figure 1D for all TmAbs, the cleavage by
IdeS was actually faster than that by MMPI12 (Figure 1D,
left). IdeS cleaved the first HC very rapidly: almost all intact
forms were converted in sc-TmAbs (Figure 1D, middle) when
F(ab’),; became detectable (Figure 1D, right). However, the latter
form did not exceed 75% after 24h, whatever the TmAb.
Finally, we did not detect any additional bands as observed in
MMP12 experiments.

The proteolytic profile of the eight TmAbs with IdeS
according to their subclass differed from that observed with
MMPI12. First, the cleavage of the first HC (leading to sc-
TmADb) was similar whatever the TmAb studied, except for
the panitumumab: maximal sc-panitumumab proportion was
observed after ~2h vs. 30 min for the other TmAbs (Figure 1D,
middle). Therefore, the differences between the TmAbs mainly
affected the cleavage of the second HC, as observed by the
simultaneous decrease of sc-TmAbs and increase of F(ab’),
forms (Figure 1D, middle and right). The panitumumab second
HC was highly resistant to this cleavage by IdeS [~30% of
F(ab’); at 24 h]. Secondly, the two IgG4 TmAbs did not behave
similarly. The cleavage of the second HC of pembrolizumab
was slower than that of nivolumab: F(ab’), increased from
~20 to 45% between 1 and 24h and from ~25 to 75%
between 1 and 24 h. Finally, the cleavage of the second HC of
trastuzumab, rituximab, cetuximab and infliximab was similar
[~40-50% of sc-TmAbs and F(ab’), at 24 h] and intermediate
between that of IdeS-resistant panitumumab and IdeS-sensitive
nivolumab. The profile of ipilimumab was once again different
from that of the other IgGl-TmAbs and was close to that
of nivolumab. Indeed, after 30 min, sc-ipilimumab decreased,
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FIGURE 1 | Cleavage of TmAbs by MMP12 or IdeS. Non-reducing SDS-PAGE for rituximalb without or with MMP12 (A) or IdeS (C) incubation (representative
example). (B,D) show the relative quantity of cleavage product: intact TmAbs (left), single-cleaved forms (middle), and F(ab’), (right) at different times after incubation
with MMP12 (B) or IdeS (D). The eight TmAbs (IgG1 in gray line, IgG2 black line, and IgG4 dotted line) are indicated: trastuzumab (circle), cetuximab (triangle),
infliximab (crossed diamond), ipilimumab (square), rituximab (inverted triangle), panitumumab (diamond), nivolumab (crossed circle), and pembrolizumab (crossed
square). Each band was quantified by densitometry with ImagedJ. Data are mean (SD) (n = 3).

leaving only ~20% of this form and ~80% of F(ab)); after =~ Glml7;-1 (infliximab and trastuzumab), and GIml7;1
24h (Figure 1D). (rituximab). We wondered whether the Glm allotype could

The five IgGl TmAbs included the four possible Glm  be related to the variability of IgGl TmAbs cleavage. We
allotypes, that is, Glm3;-1 (cetuximab), Glm3;1 (ipilimumab),  compared the cleavage kinetics by MMP12 (Figure 2A) and IdeS
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FIGURE 2 | Cleavage of rituximab allotypes by MMP12 or IdeS. The relative quantity of intact TmAbs (left panel), single-cleaved forms (middle panel) and F(ab’), (right
panel) of the four allotypes based on the rituximab format G1m3;-1 (inverted triangle), G1m3;1 (square), G1m17;-1 (circle) or G1m17;1 (triangle) after incubation with
MMP12 (A) or IdeS (B), as described in Figure 1. Data are mean (SD) (n = 3).

(Figure 2B) of the four allotypes constructed on the rituximab
structure. Their general profiles were very similar to those of
IgGl TmAbs excluding ipilimumab. The cleavage kinetics of
the four allotypes by IdeS was superimposable, as was that with
MMPI12 until 6 h. After 24 h, we detected 27% of the GIm17;1
intact form vs. only 5-10% of the other mAbs (Figure 2A, left
panel). Accordingly, the amount of both sc-mAbs and F(ab’), of
G1m17;1 was reduced (Figure 2A, middle and right). The results
show the limited influence of the G1m allotype on the MMP12-
and IdeS-mediated cleavage of mAbs.

Opverall, the ranking of MMP12- and IdeS-mediated TmAbs
cleavage (IgG4 TmAbs > IgGl TmAbs > ipilimumab >
IgG2 TmAb and nivolumab=ipilimumab > IgGl TmAbs >
pembrolizumab > IgG2 TmADb, respectively) clearly differed,
which shows that the proteolytic profile of a TmAb on incubation
with a given protease may differ from that of other TmAbs of the
same subclass.

MMP12 and IdeS-Mediated Cleavage of

lgG1 TmAbs Fc Fragment

We then wondered whether the variability of IgG1 TmAbs
cleavage could be related to their Fc portion. To this end,
IgGl TmAbs were firstly incubated for 48 h with IgdE, which
cleaves the upper hinge region (19), followed by MMP12 and
IdeS cleavage. The fragments obtained after IgdE cleavage were
analyzed as described in Figures 1, 2. We observed four bands

for each TmAbs: one ~148 kDa (intact TmAbs), one ~120 kDa
corresponding to the cleavage of the first HC upper hinge region
by IgdE (FabFc), one ~55kDa corresponding to the cleavage of
the second HC upper hinge region (Fc) and finally one ~50 kDa
corresponding to the Fab (Figure 3A left). It is of note that
cetuximab Fab domains are glycosylated explaining the slightly
higher MW of its Fab compared to other IgGl TmAbs. The
intensity of the Fab and Fc bands was substantially higher than
that of intact TmAbs or FabFc bands, whatever the TmAbs,
showing that IgdE cleaved the upper hinge region efficiently
in our conditions. The percentage of intact/FabFc TmAbs were
very low (ranging from 8 to 14%) after cleavage of ipilimumab,
trastuzumab, infliximab and cetuximab, while it reached ~30%
after cleavage of rituximab. Given this discrepancy, which may
be related to the A221V mutation located very close to the upper
hinge region of rituximab (20), this TmAb was not included in
the following experiments.

The sequential cleavage by IdeS and MMP12 of the lower
hinge region of intact and FabFc TmAbs results in the production
of Fc(m) associated with several fragments >50 kDa (Figure 3B,
reaction I and II). Moreover, cleavage of the first HC of a Fc
fragment results in the simultaneous production of Fc(m) and
Fc(m)+hinge (band &35 kDa), whereas cleavage of the second
HC results in the disappearance of the latter and production of
Fc(m) (Figure 3B, reaction III). Given that Fc(m) may results
from cleavage of intact TmAbs, FabFc or Fc fragment, its
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FIGURE 3 | Cleavage of TmAbs Fc domain by MMP12 or IdeS. (A) Non-reducing SDS-PAGE for IgG1 TmAbs following IgdE cleavage. The cleavage reaction is
represented on the right. The percentages of each fragment generated are also noted. (B) Potential cleavage reaction of IgdE-generated fragments after MMP12 or
IdeS cleavage. The non-reducing SDS-PAGE for ipilimumab (representative) with or without MMP12 (left) or IdeS (right) incubation are shown. (C) Show the relative
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monitoring is obviously insufficient to evaluate the cleavage of the
Fc. However, the first and second cleavage of the Fc portion may
be accurately monitored by evaluating the intensity over time of
the Fc and Fc(m)+hinge bands, respectively.

Using this approach, we unexpectedly found that the intensity
of the Fc band was almost unchanged over time after MMP12
incubation. Accordingly, almost no Fc(m)-+hinge was observed
even after 24 h of incubation, whatever the TmAD (the example of
ipilimumab is shown in Figure 3B, left). This result demonstrates
the inability of MMP12 to cleave the Fc fragment of the four
tested IgG1 TmAbs. By contrast, the Fc decreased very rapidly
and disappeared after 15 min on incubation with IdeS. This was
associated with a simultaneous rapid increase of Fc(m)+hinge
and Fc(m) (reflecting the cleavage of the first HC). It was followed
after 30 min by the progressive decrease (and disappearance at
24h) of the Fc(m)-+hinge and increase of the Fc(m) (reflecting
the cleavage of the second HC). We then compared the cleavage
kinetics of the four IgG1 TmAbs (Figure 3C). The amount of Fab
was unchanged over 24h showing that the IgdE remaining in
the medium did not further cleave the Fab-containing fragments
(Figure 3C, left panel). Interestingly, the cleavage kinetic of the Fc
by IdeS was very similar to that observed with intact IgG1 TmAbs
excluding ipilimumab (shown in Figure 1D): the cleavage of
the first HC was almost completed after ~15min [all Fc were
converted in Fc(m)+hinge and Fc(m)], while the cleavage of the
second HC was slower, increasing progressively from ~ 30 min
up to 24 h (reflected by the simultaneous decrease from ~20 to
0% of Fc(m)-+hinge and increase from ~20 to 35-40% of Fc(m)
(Figure 3C middle and right panel). Finally, and importantly,
the cleavage kinetics of the four IgG1 TmAbs tested, including
ipilimumab, were superimposable.

Overall, these results show that ipilimumab Fc fragment
and that of trastuzumab, cetuximab, and infliximab were
cleaved similarly by IdeS, whereas MMP12 was inefficient in
our conditions.

Effect of a Single Cleavage of TmAbs on
Binding to Membrane FcyRIIIA and
FcyRIlIA-Dependent Functional Responses
of NK Cells

We then compared the effect of single cleavage on binding of the
TmADs to the FcyRIIIA expressed on NK cells. We measured
the inhibition of the FITC-conjugated anti-CD16 mAb (3G8)
binding to FcyRIIIA/CD161 NK92 cells by the intact TmAbs and
sc-TmAbs. Intact IgG2 and IgG4 TmAbs poorly competed with
binding of the 3G8 (Figure 4A, left), which shows their extremely
weak binding to membrane FcyRIITA. Accordingly, we did not
detect an effect of the cleavage on FcyRIIIA binding, because
the curves obtained with sc-TmAbs and their respective intact
forms were similar. The inhibition curves revealed that the five
intact IgG1 TmAbs bound efficiently to FcyRIIIA (Figure 4A,
right). The curves were similar, starting at 0.03 mg/mL and
reached maximal inhibition (~80%) at 3 mg/mL. The binding
of the single-cleaved IgGl TmAbs was substantially reduced
because the inhibition was detected at 0.3 mg/mL and reached

an upper limit (at 3 mg/mL) of 35-60% depending on the TmAbs
(Figure 4A, right).

We then compared the ability of sc-TmAbs to trigger NK
functional responses upon FcyRIIIA engagement. Given the lack
of a cell expressing all antigens (at similar level) recognized by
the eight TmAbs, we could not compare the functional responses
in a target cell-based assay (such as ADCC). Therefore, we
used a target cell-independent assay with FcyRIIIA-expressing
NK92 cells incubated in plates sensitized overnight with a
saturating concentration of intact or sc-TmAbs and analyzed
by flow cytometry (Figure 4B, row 1). In accordance with their
low affinity for FcyRIIIA, degranulation and IFNy production
were low after incubation with intact or single-cleaved forms of
IgG2 and IgG4 TmAbs (Figure 4B, row 2 and 3). By contrast,
incubation with intact IgGl TmAbs resulted in substantial
responses. The percentages of responding cells were decreased
(4-5-fold lower) after incubation with the corresponding single-
cleaved forms (Figure 4B, row 4 and 5).

Effect of a Single Cleavage of TmAbs on
C1q Binding

We then compared the effect of single cleavage of the eight
TmADbs on the binding of C1q. We used an ELISA method with
increasing concentrations of C1q added to plates sensitized with
intact or single-cleaved TmAbs. The binding of Clq to intact or
single-cleaved forms of IgG2 and IgG4 TmAbs was, as expected,
extremely weak, detected at Clq >2mg/mL (Figure 5, left).
Conversely, we detected C1q binding to the intact IgG1 TmAbs at
Clq >0.2 mg/mL and peaking at ~10 mg/mL (Figure 5, right).
The binding of C1q to rituximab was slightly higher of its binding
to the other IgGl TmAbs. The binding of Clq to the single-
cleaved IgG1 TmAbs was similar and was decreased by about
10-fold as compared with the binding to their intact counterpart.
In this case, the binding was detected at C1q >3 mg/mL without
reaching a maximum even at Cl1q >20 mg/mL.

DISCUSSION

To the best of our knowledge, this study is the first to
compare kinetically the cleavage of the lower hinge region of a
panel of TmAbs. Our results clearly demonstrate that TmAbs
with the IgG1 and IgG4 format are both MMP12- and IdeS-
sensitive, whereas a TmAb with an IgG2 format was more
resistant. Comparing ipilimumab to the other IgG1 TmAbs or
pembrolizumab to nivolumab showed that their cleavage kinetics
on incubation with a given protease differed substantially and
different ranking with IdeS and MMP12 incubation. Moreover,
our results indicate that the specific cleavage kinetics of
ipilimumab were unrelated to its allotype and did not extend
to its Fc portion. We have also shown that the affinity for Clq
and FcyRIIIA of all IgG1 TmAbs decreased greatly after a single
cleavage, reaching the level observed with IgG2 or IgG4 TmAbs.
Accordingly, IgG1l sc-TmAbs lost their FcyRIIIA-dependent
functional responses. Our results show that the cleavage kinetics
by proteases present in pathological microenvironments should
be considered in the design and development of TmAbs.
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FIGURE 4 | Binding of sc-TmADs to FcyRllIA-transduced NK92 cells and FcyRIllA-dependent functional responses. (A) Binding of cleaved or intact IgG2/IgG4
TmADbs (left) or IgG1 TmADbs (right) to FcyRIIIA-transduced NK92 cells. Percentage inhibition of 3G8 binding was analyzed as described previously (18). The eight
TmAbs were used: trastuzumab (circle/TTZ), cetuximab (triangle/CTX), infliximab (crossed diamond/IFX), ipilimumab (square/IPI), rituximab (inverted triangle/RTX),
panitumumab (diamond/PAN), nivolumab (crossed circle/NIV), and pembrolizumab (crossed square/PEM). (B) Gating strategy and flow cytometry analysis of
FeyRIlIA-transduced NK92 cells incubated in the absence or presence of intact or cleaved plate-bound IgG2 or IgG4 TmAbs (row 2 and 3) or IgG1 TmAbs (row 4 and
5). The percentages of degranulation and IFNy-producing cells are shown. Results are representative of three different experiments.
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Several previous studies have shown that monoclonal IgG2
were almost completely resistant to cleavage by MMPs (11, 14).
By contrast, their first HC was cleaved by IdeS, whereas the
cleavage of their second HC was incomplete, as revealed by
the simultaneous presence of sc-IgG2 and F(ab’), after 24h
of incubation (11). Our results confirmed that the IgG2 mAb
panitumumab was MMP12-resistant and that the cleavage of its
second HC by IdeS was reduced as compared with that of the
other TmAbs. We could not compare different IgG2 TmAbs in
our study and therefore cannot state that this is a general feature
of these molecules. Replacing amino acids from an IgG1 hinge
region with those of an IgG2 led to protease resistance (14), so the
relative resistance of IgG2 is probably mainly, if not exclusively,
dependent on the specific sequence of its lower hinge region.

All the other TmAbs we tested were cleaved, although at
different levels by IdeS and MMPI12. The cleavage kinetics
of the two proteases differed. Indeed, as previously described,
IdeS cleaved the first heavy HC extremely rapidly. F(ab’), was
observed afterward, which indicates that the cleavage of the
second HC occurred mainly on sc-TmAbs (21). Furthermore,
this second cleavage was slow and incomplete even after
24h. By contrast, MMPI12 cleaved the first HC more slowly,
and sc-TmAbs and F(ab’), were at a similar level at 4-6h,
which indicates that the cleavage of the two HCs occurred
simultaneously. In addition, sc-TmAbs were no longer detected
after 24 h (except for ipilimumab), so the cleavage of the second
HC was faster and more complete than that observed with IdeS.
In addition, we observed two additional bands at 24h when
IgGl TmAbs were incubated with MMPI12. These bands were
detected after sc-TmAbs disappeared. They probably correspond
to a third cleavage occurring on the F(ab’), in the upper hinge
region (data not shown). Therefore, MMP12 can cleave the upper
hinge region in the absence of the Fc region (Figure 1), whereas
it was unable to cleave the lower hinge region in the absence of
Fab (as shown in Figure 3 by the very low cleavage of the Fc
portion of IgG1 TmAbs). Conversely, it has been proposed that
IdeS interacts with the CH2 domain, before cleaving the hinge
(8). This is in accordance with our finding that IdeS cleaved
the Fc portion and the intact form of IgGl TmAbs (excluding

ipilimumab) with very similar kinetic (Figures 1D, 3D). Hence,
our results indicate that IdeS and MMP12 have a different site of
interactions with IgG leading to different kinetics.

Using both proteases, we compared the cleavage of five IgG1
and two IgG4 TmAbs. Ryan et al. suggested that IgG1 and IgG4
mAbs were similarly susceptible to MMP3 and IdeS cleavage
(6), and the latter has been shown to cleave IgG4 down to
F(ab’); (22). Our results showed that the two IgG4 TmAbs tested
were cleaved by MMP12 and IdeS. However, pembrolizumab
and nivolumab were poorly and very strongly cleaved by IdeS,
respectively, whereas both were highly cleaved by MMPI12
(and more rapidly than all the IgGl TmAbs tested). Thus,
the sensitivity/resistance of TmAbs with the IgG4 format may
differ substantially depending on the TmAb and the protease.
Both TmAbs have the S228P mutation (6), which rules out
that this structural characteristic may explain their differences
in cleavage. The crystallographic resolution of pembrolizumab
showed that one CH2 domain was rotated ~120° as compared
with other known mAbs and the authors suggested that this new
conformation may not be a crystallization artifact (23). Thus,
assuming that the CH2 domain rotation is actually indicative of
the structure of pembrolizumab in free solution and considering
that IdeS must bind to the CH2-CH3 interface to cleave the
hinge region (8), it may be hypothesized that the rotated CH2
of pembrolizumab could account for its reduced IdeS-mediated
cleavage. The variability in cleavage kinetics observed with IgG4
TmAbs was confirmed when comparing TmAbs with the IgG1
format. Indeed, ipilimumab was strongly MMP12-resistant and
IdeS-sensitive, whereas the other four IgG1 TmAbs were cleaved
with similar and intermediate kinetics by each protease. Several
previous studies have reported that monoclonal IgG1 molecules
are cleaved efficiently by MMP3, MMP7, MMP12, and IdeS
(6, 9, 10). Our results demonstrate that this is not a general
feature. Even though the amino acid composition of the lower
hinge region is clearly involved in the resistance of IgG2, the
sequence is the same in a given subclass (i.e., the five IgG1 TmAbs
and two IgG4 TmAbs tested). Therefore, the differences in the
cleavage kinetics with the IgGl and IgG4 TmAbs are due to
other characteristics.
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We hypothesized that the variability observed for ipilimumab
among IgG1 TmAbs was due to its G1m3;1 allotype. Indeed, we
have recently shown that the IgG1 allotype affected the affinity of
an mAb for the FcRn, showing that a structural variation located
outside an interaction site may nevertheless affect this interaction
(17). However, we observed that the four allotypes of an mAb
constructed on the basis of rituximab were cleaved similarly,
which suggests that this polymorphism does not account for
the feature of ipilimumab. It may be assumed that the glycans
present in position N297 are involved in the cleavage modulation
because glycosylation can affect the cleavage of the upper hinge
region of IgG by papain (24). However, the binding of TmAbs
to FcyRIIIA is influenced by the glycan structure (25), whereas
we found similar binding of all tested IgG1 TmAbs including
ipilimumab. Moreover, our results showed that the cleavage of
ipilimumab Fc fragment by IdeS was superimposable to that of
the 3 other IgG1 TmAbs Fc fragment. We conclude that the
variability observed for intact ipilimumab is not related to natural
structural differences located within its Fc portion (including
glycosylation). We therefore propose that the Fab region could
affect the cleavage kinetics of a given TmAb.

Among variations of the Fab related to bioengineering, the
type of humanization could be important. In line with this
assumption, ipilimumab was the sole fully human IgG1 tested
in our study, whereas the other IgG1 TmAbs were chimeric or
humanized. The fact that nivolumab and ipilimumab, which are
both fully human TmAbs, were cleaved with opposite kinetics by
MMP12 indicates that this type of engineering is not associated
with a given cleavage sensitivity/resistance profile. Overall,
our results confirm that the cleavage sensitivity/resistance by
proteases might mainly depend on the subclass when comparing
IgG2 vs. IgG1 or IgG4 TmAbs. They demonstrate for the first
time a variability in this sensitivity/resistance balance among
TmAbs of IgG1 and IgG4 subclasses, which likely results from
TmAb characteristics probably related to and/or located in the
Fab region and may be at least partially specific to a given TmAbD.

The functional consequences of the proteolytic cleavage have
been broadly studied with mAbs including TmAbs such as
trastuzumab or pertuzumab, in in vitro and in vivo models
(12, 13). We explored the ability of the eight TmAbs to bind to
the membrane form of FcyRIIIA. A single cleavage decreased
the binding, whatever the tested IgG1l TmAbs, in accordance
with the results reported with trastuzumab by using ELISA with
recombinant FcyR (12). Consequently, IgGl sc-TmAbs were
not able to induce FcyRIIIA-dependent IFNy production and
degranulation by NK92 cells on stimulation with plate-bound
TmADs, as compared with their intact forms. Due to the lack of
a cell expressing all antigens recognized by the TmAbs tested, we
could not compare the functional responses in a target cell-based
assay. We however observed that IgG2 and IgG4 TmAbs, which
are inefficient to mediate ADCC or CDC due to their reduced
affinity for FcyRIIIA and Clq (confirmed in our study), were
also inefficient to induce degranulation or cytokine production
in our target cell-independent assay, conversely to intact IgG1
TmAbs. NK-cell degranulation assessed by CD107a labeling has
been widely used as a surrogate marker for cytotoxic activity (26—
28) including rituximab- trastuzumab- or cetuximab-mediated

ADCC directed against target cell lines expressing CD20, Her-2
or EGRFR, respectively. The fact that IgGl sc-TmAbs were
inefficient as compared to intact forms in our assay, strongly
suggest that the lack of activation would extend to functional
responses (such as depletion) observed in target cell dependent
assays. FcyRIIIA expression is not restricted to human NK cells.
Several FcyRIIA-expressing myeloid cells, including a subset of
monocytes, macrophages, and neutrophils (at low levels) (29, 30)
co-express FcyRIITA. Both receptors are involved in myeloid cell-
mediated functions such as ADCC, antibody-dependent cellular
phagocytosis (ADCP) and trogocytosis (31-33). Several lines
of evidence indicate that myeloid cells contribute substantially
to the mechanism of action of cytolytic tmAbs [reviewed in
(34)]. Indeed, targeting the myeloid-specific immune checkpoint
CD47/SIRP-a pathway, triggers ADCP mediated by anti-CD20
and anti-Her2 mAbs in vitro and results in increased antitumor
activity of TmAbs in diverse mouse models. The HI131R
polymorphism of FCGR2A gene encoding FcyRIIA, (whose
expression is restricted to myeloid cells), is associated with
patient responses to rituximab (lymphoma), cetuximab (colon
cancer), and trastuzumab (breast cancer). Finally, a high tumor-
associated macrophage infiltration is associated with favorable
outcome in follicular lymphoma and breast cancer patients
treated with rituximab and trastuzumab, respectively. Our results
confirmed that the cleavage of a single H dramatically reduced
the binding of IgG1 TmAbs to FcyRIIIA. It has been reported
that it decreased similarly the binding to FcyRIIA and partially
abrogated FcyRIIA-dependent functions induced by TTZ (12).
Therefore, it may be assumed that the reduced FcyRIIIA-
dependent functions mediated by NK cells reported herein with
IgG1 sc-TmAbs, probably extend to FcyRIIIA- and FcyRIIA-
dependent functions mediated by myeloid cells. This assumption
is sustained by the fact that peripheral blood mononuclear
cells (instead of NK cells) were used as effector cells, in the
previous studies showing the reduced lysis mediated by sc-
TmADbs compared with intact TmAbs (12, 13). Further studies
are warrantied to evaluate specifically the impact of the cleavage
on FcyRITA-mediated function such as ADCP. In addition, we
observed impaired binding of Clq to IgGl sc-TmAbs, which
further suggests that the lower hinge cleavage may be an escape
mechanism in cytolytic mAbs therapy.

The impact of the cleavage in TmAbs-based therapies is
presently unknown. The cleavage of trastuzumab or pertuzumab
has been associated with a weakened therapeutic effect in mouse
xenograft tumor model (12, 13). In humans, increased tumor
sc-IgGs were found to be associated with poor breast cancer
patient outcomes (35) and high levels of MMP3-/MMP12-
cleaved IgG were detected in sera from inflammatory bowel
diseases patients, who did not respond to anti-TNFa therapy
(10). These studies suggest that proteolytic degradation may
contribute to compromised humoral immunity and/or non-
responsiveness of patients to TmAbs. It is however of note that
sc-IgG were detected in these studies, whereas, to the best of our
knowledge, the presence of cleaved TmAbs in patients has not
been reported so far. Our results underline the need to develop
new assays to measure the levels of cleaved TmAbs in vivo,
in order to evaluate/monitor the importance of the proteolytic
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cleavage in their efficiency. The loss of interaction with immune
effectors by IgG1 TmAbs after a single cleavage showed that this
subclass loses its advantage over IgG2 or IgG4 TmAbs in terms
of cytolytic activity. Ipilimumab, whose antitumor effect depends
on the Fc region (although it is an antagonist) (36) was almost
uncleaved by a relevant protease such as MMP12. The IgG2 or
IgG4 format is favored in the case of neutralizing/antagonist
TmAbs, which do not require Fc-mediated functions. However,
a second cleavage producing F(ab’), would negatively affect the
pharmacokinetics of these antibodies, which would be eliminated
more quickly because of an absence of binding to FcRn. With
these potential consequences, our results show the need to study
each TmADb in the relevant protease microenvironment to assess
its susceptibility/resistance balance. Even though non-cleavable
structures are being developed by mutating the hinge region
(14), we show that a natural format can resist the cleavage
without structure modification. A better understanding of this
phenomenon is required to limit the escape mechanism in
TmAbs-treated patients.
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N-linked glycans play an important role in immunity. Although the role of N-linked
glycans in the Fragment crystallizable (Fc) region of immunoglobulins has been thoroughly
described, the function of N-linked glycans present in Ig-variable domains is only just
being appreciated. Most of the N-linked glycans harbored by immunoglobulin variable
domain are of the complex biantennary type and are found as a result of the presence of
N-linked glycosylation that most often have been introduced by somatic hypermutation.
Furthermore, these glycans are ubiquitously present on autoantibodies observed in
some autoimmune diseases as well as certain B-cell lymphomas. For example, variable
domain glycans are abundantly found by anti-citrullinated protein antibodies (ACPA) in
rheumatoid arthritis (RA) as well as by the B-cell receptors of follicular lymphoma (FL).
In FL, variable domain glycans are postulated to convey a selective advantage through
interaction with lectins and/or microbiota, whereas the contribution of variable domain
glycans on autoantibodies is not known. To aid the understanding how these seemingly
comparable phenomena contribute to a variety of deranged B-responses in such different
diseases this study summarizes the characteristics of ACPA and other auto-antibodies
with FL and healthy donor immunoglobulins, to identify the commonalities and differences
between variable domain glycans in autoimmune and malignant settings. Our finding
indicate intriguing differences in variable domain glycan distribution, frequency and
glycan composition in different conditions. These findings underline that variable domain
glycosylation is a heterogeneous process that may lead to a number of pathogenic
outcomes. Based on the current body of knowledge, we postulate three disease groups
with distinct variable domain glycosylation patterns, which might correspond with distinct
underlying pathogenic processes.
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INTRODUCTION

Immunoglobulins Provide Humoral

Immunity

B cell antigen receptors (BCR) are rearranged at the
pre-B cell stage during B-cell development, and may be
present as membrane-bound B-cell receptors or as soluble
immunoglobulins. Through distinction between foreign
and self-antigens, immunoglobulins play a key role in the
defense against infections. Immunoglobulins can initiate a
variety of inflammatory effects throughout the organism,
depending on e.g., the recognized target, the isotype used or
the properties of the Fragment crystallizable (Fc) tail. Once a
B cell has encountered antigen, the B cell becomes activated
and is able to secrete the B-cell receptor, particularly after
maturation to antibody-secreting plasma blasts and plasma
cells, in soluble form as IgM. Upon further activation and
acquisition of T cell-help, class switching from IgM to IgG,
IgA, or IgE can occur, leading to the presence of antigen-
specific, isotype-switched antibodies in serum and other
bodily fluids (1). Of all immunoglobulins, IgG is the most
prominent in serum, with a concentration of ~10 mg/mL
(2, 3). IgG directly links the innate to the adaptive immune
system by activating the complement system and binding to
Fc receptors. Likewise, it can also mediate uptake of microbes
by dendritic cells and macrophages, which transport the
pathogen to secondary lymphoid organs for further initiation
and activation of the adaptive immune response. Likewise,
immunoglobulins can facilitate antibody-dependent cell
mediated cytotoxicity (ADCC), a process in which FcyR-
receptor activation leads to pathogen lysis by natural killer cells
(4, 5). Furthermore, complement-dependent cytotoxicity (CDC)
enhances cellular pathogen uptake for subsequent antigen
presentation (5).

Addition of Glycans Shapes

Immunoglobulin Function

Harboring of N-linked glycans is a result of the co-translational
covalent addition of carbohydrate groups to asparagine residues
in the lumen of the endoplasmic reticulum (ER). This process
is primed by the presence of N-linked glycosylation motifs,
which consist of an asparagine (N), followed by any amino
acid but proline, followed by serine (S) or threonine (T)
(N-X-S/T; X#P). Initially, a pre-formed lipid-linked glycan
consisting of two N-acetlyglucosamines (GIcNAc) linked to nine
mannose (Man) and three glucose (Glc) residues is attached
en bloc (dolichol-P-P-GIcNAc;MangGlcs). When the protein
is subsequently transferred to the Golgi complex, glycosyl-
hydrolases and transferases further diversity the attached glycan
(Figure 1) (11). Finally, three main types of glycans can be
identified (Figure 1) (12). First, a high mannose-type glycan
when the terminating mannoses remain uncleaved. Second,
a “complex-type glycan” which can be heterogenous and is
found in over 30 different species on antibodies (Table 1)
(12). Complex glycans consist of at least two “antennae”
formed by presence of N-acetylglucosamine residues to the
mannose core, but can also express three-or four antennae

(12). These antennae can be extended through the addition
of galactoses and terminal sialic acid. Furthermore, complex
glycans can also contain a bisecting N-acetylglucosamine and
a core fucose. The latter sugar moiety, when expressed by
Fc-glycans of IgG, can mediate a strong impact on FcyR-
binding (26). Third, a hybrid-type glycan which has one
single terminal N-acetylglucosamine residue to which galactose
and then sialic acid can be attached and one arm with
mannoses (12).

Fc Glycosylation

Immunoglobulins are glycoproteins with conserved N-linked
glycans in their Fc tail. For example, all IgG subclasses harbor
N-linked glycans at heavy chain position N297 (27). It is
becoming increasingly evident that these Fc-glycans can have
major immunoregulatory functions (28, 29). For example, IgE
Fc-glycosylation has been shown to play a role in allergic
reactions by modulating the interaction of IgE to its Fc
Receptor (30). Fc-glycan variability is relatively limited by
the three-dimensional structure of the protein and peptide-
glycan interactions. In addition, the limited accessibility of
glycosyltransferases to the glycan mostly prevents extension
of the glycan by sialylation and galactosylation (31, 32).
Nevertheless, the Fc-glycans still vary greatly in composition
and around 30 different glycan structures were observed for
IgG, the majority of which are complex-type biantennary
structures (33).

Variable Domain Glycosylation

In contrast to the ubiquitous N-linked glycosylation of the Fc-
tail, only a proportion of immunoglobulins contains additional
N-linked glycans in the variable domain. In the naive human
B-cell repertoire, N-linked glycosylation motifs are only present
in the variable domain when rearrangements contain the V-
segments IGHV1-8, IGHV4-34, or the more rarely used IGHV5-
10, IGKV5-2, IGLV3-12, and IGLV3-22 (34). Additional N-
linked glycosylation motifs may be found in naive B cells when
junctional diversity creates novel motifs in the complementary-
determining region 3 (CDR3). Whereas, the influence of
conserved N-linked glycans on the Fc tail effector functions
is becoming increasingly well-understood (13, 21, 35-37), N-
linked glycosylation of the antigen-binding fragment (Fab) arms,
responsible for antigen binding, has been less studied (13, 29).
As a consequence, the mechanisms and functions of variable
domain glycosylation are less well-understood as compared to Fc
glycosylation for which the immune-related impact and immune
modulatory effects are well defined (38-41). For example,
different IgG Fc-glycoforms can influence Fcy-Receptor binding,
and thereby control the activation of e.g., FcyRIII-expressing
immune cells by immune complexes (42). Some Fc-glycoforms,
expressing high levels of sialic acid-residues, have even described
to display anti-inflammatory effects, thereby contribution to the
control of inflammation and inflammatory processes (26, 43).
Nevertheless, it is highly conceivable that also variable domain
glycosylation can have an impact on immune function since it
is abundantly present in both autoimmune diseases and certain
B-cell lymphomas (18-20, 22, 24, 44-47).
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mannose residues and/or attach N-acetylglucosamine residues. Ultimately, three core types of glycans may be distinguished: (1) uncleaved terminating mannoses
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General Glycan Composition

The type of glycans present in the Fc-part and the Fab-
part can differ considerably. Fc glycans show increased
degrees of fucosylation as compared to variable domain
glycans. Conversely, variable domain glycans are more often
galactosylated, bisected, and sialylated, putatively due to the
Fc glycan being shielded in between two heavy chains in
the quaternary immunoglobulin protein structure, decreasing
its accessibility for the glycosyltransferases responsible for the
complex glycan structures (14). In contrast, the variable domain
of antibodies is more likely to be exposed when traversing
the Golgi complex, leading to more fully maturated glycans.
However, due to the inherently diverse nature of the variable
domain, local changes due to differential VD] usage and
somatic hypermutation may result in varying local differences
to enzyme accessibility (38). Furthermore, the influence of
disease and physiological factors such as hormones, age, cytokine
release, and pregnancy, may induce an altered expression of
glycosyltransferases in B cells, skewing the newly attached

structures toward certain glycoforms in both the variable domain
and the Fc-region alike (38, 48-50).

Variable Domain Glycosylation in Healthy

Donors

Prevalence

Variable domain glycans have been estimated to be present in
15-20% of IgG immunoglobulins (combining heavy and light
chain prevalence) in healthy individuals. In general, estimates
from genetic analyses have been slightly lower than from protein-
based strategies, such as the measurement of sialic acids to
determine the presence of variable domain glycans (13, 29, 51—
54). One explanation for this discrepancy, is offered by the
observation that the stability of secreted immunoglobulin may
be positively affected by the presence of variable domain glycans
acquired during antigen-specific immune responses (thereby
also potentially offering an in vivo selection mechanism for
these antibodies) (55). As this enhanced stability would lead
to an increased half-life, variable domain glycosylated serum
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TABLE 1 | Overview of all the diseases mentioned and their N-linked glycan specifications.

Frequency Distribution Glycan type Proposed function

HD 156-20% (13) CDR3 Complex
(bisecting GIcNAc,
sialylated) (14, 15)

RA ACPA >90% (13) FR3 (16) Complex Creates possible optimal balance
(highly sialylated, bisecting
GlcNAc, core fucose) (13)

ANCA MPO Unknown FR3 (17) Complex Impact functional and structural characteristics of
(galactosylated and the immunoglobulin
mono-or di-sialylated) (18)

SLE Unknown Unknown Unknown

pSS anti-SS-A and/or anti-SS-B ~23% (19, 20) FR3 (20) Complex (20) (Sialylated) Selection advantage

MG anti-MuSK Unknown Unknown Unknown

1gG4-RD Unknown Unknown Complex Unique effector function, interaction with Siglecs
(Sialylated) (21)

FL 79-100% (22) CDR2 (22, 23) Mannose Selection advantage

PCFCL Unknown CDR2 (24) Unknown

DCBCL 41% (22) CDR3 (25) Unknown

BL 82% (22) Unknown Unknown

HD, Healthy Donor; CDR3, Complementarity-Determining Region 3; RA, Rheumatoid Arthritis;, FR3, Frame Work 3; ANCA MPO, Anti-Neutrophil Cytoplasmic Autoantibody (ANCA)
Associated Vasculitis (AAV), myeloperoxidase; SLE, Systemic Lupus Erythematosus; pSS, primary Sjogren’s Syndrome; SS-A, Anti-Sjégren’s-syndrome-related antigen A; SS-B,
Anti-Sjégrens’s-syndrome-related antigen B, MG, Myasthenia Gravis; MuSK, muscle-specific kinases, IgG4-RD, Immunoglobulin 4 Related Disease; FL, Follicular Lymphoma; CDR2,
Complementarity-Determining Region 2; PCFCL, Primary Cutaneous Follicle Center cell Lymphoma; DCBCL, Diffuse large B-cell lymphoma, BL, Burkitt’s Lymphoma.

immunoglobulins may be relatively abundant compared to their
prevalence in the cellular compartment.

V Allele Distribution

Variable domain glycans were found to cluster around antigen-
binding sites, suggesting that they are not randomly acquired,
but rather lead to selective outgrowth of B cells (24, 53). A
possible explanation is that the addition of these glycans induce
a significant change in antigen affinity and binding, thereby
modulating the interaction between antigen and antibody (53).

Glycan Composition

Over 90% of healthy donor IgG N-linked glycans contain a core
fucose, of which the fucosylated digalactosylated form is the most
abundant (14, 56). The majority of the N-linked glycans found
on IgG plasma are of the complex biantennary type which are
characterized by a high degree of conformational flexibility. In
comparison with Fc glycans, the IgG variable domain glycans
contain low percentages fucose and high percentages of sialic
acids, bisecting GIcNAc and galactoses (15, 18, 57), with some
differences between individuals depending on circumstances
such as age and pregnancy (57). The high mannose type glycan
is rare in healthy donor variable domains, estimated to represent
only 4% of IgG variable domain glycans (38).

Subclass-Specific Differences

Within immunoglobulins, there are key differences found
between subclasses. Recently, both IgE and IgG4 were shown to
contain significantly more variable domain glycans than other
isotypes (46, 54, 58). In particular, bone marrow-derived IgE
was found to contain twice as many variable domain glycans

as other immunoglobulin subclasses in healthy donors (46),
despite the fact that they often carried fewer mutations. IgE VD]
often retained germline-encoded N-linked glycosylation motifs
and acquired additional ones at a faster pace than IgG and
IgA. It has been suggested that in this way, variable domain
glycosylation blocks antigen recognition sites and thereby creates
a low-affinity resident IgE repertoire, which could protect against
allergic reaction by occupation of Fce receptors (54). Similarly,
IgG4 contained more N-linked glycosylation motifs than IgG1-3.
Indeed, the number of N-linked glycosylation motifs was similar
to that found in IgE (46), which could suggest a commonality
as both subclasses are known to be involved in T-helper 2
type responses.

Variable Domain Glycosylation in

Autoimmune Diseases

Autoimmune diseases are characterized by an adaptive immune
response against host tissues. A growing body of evidence
shows an increased prevalence of autoantibody variable domain
glycosylation in the context of many autoimmune diseases (59).

Immunoglobulin G4-Related Disease

In light of the differential variable domain glycosylation of
immunoglobulin subclasses in healthy donors, immunoglobulin
G4-related disease (IgG4-RD) represents a particularly
interesting disease, as it is characterized by increased IgG4
titers. IgG4-RD is a multisystem fibroinflammatory condition,
in which tumor-like masses related to organ dysfunction and
tissue infiltration by IgG4™ plasma cells may be found in a
number of anatomical locations, particularly the bile ducts
(60, 61). Recently, variable domain glycosylation was found
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to be increased in IgG4-RD patients in comparison to healthy
controls and patients with non-IgG4-related primary sclerosing
cholangitis (21). In particular, as detected by Sambucus nigra
agglutinin (SNA) affinity chromatography, the presence of
variable domain sialylation was increased in both IgGl and
IgG4 subclasses, even when corrected for the inherently higher
N-linked glycosylation rates in IgG4 variable regions (46). This
observation was corroborated by another study investigating
combined variable domain and Fc-glycosylation in IgG4-RD
patients (44). Although the role of increased variable domain
glycosylation is unclear, it is suggested that increased variable
domain sialylation could impart IgG4 immunoglobulins in the
context of 1gG4-RD with disease-specific immunomodulatory
properties through binding of SIGLECs such as CD22 (62).

Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a destructive, autoantibody-
mediated inflammatory disease of the joints which affects ~0.5-
1% of the population (63, 64). The anti-citrullinated protein
antibodies (ACPA), that are typically found in RA patients, target
proteins that have undergone a post-translational conversion
from arginine to citrulline (65). ACPA have been shown to bind
their antigens with low affinity (66), and can occur in different
isotype compartments including IgG, IgM, or IgA (67).

We were the first to observe the abundant presence of
N-linked glycans in the variable domain of ACPA-IgG (45)
and provided first evidence indicating that these glycans are
introduced during somatic hypermutation and thereby could,
potentially, influence the binding to citrullinated antigens. As
previously mentioned, healthy control IgG contains 15-20%
variable domain glycans, whereas this percentage is considerably
increased in ACPA-IgG to over 90% (13). It has been postulated
that these glycans modulate the antibody’s interaction with
citrulline. ACPA acquire this feature during affinity maturation
as a consequence of somatic hypermutation. Indeed, for ACPA-
IgM, no increase in variable domain glycosylation was observed
(13). The latter observation is in line with the notion that
T-helper cell activity is required for the generation of N-
linked glycosylation-sites and hence the addition of variable
domain glycans.

The ACPA-IgG variable domain glycans show high degrees
of sialylation, could impart an immune-modulatory function
(13, 68, 69). If this is the case, ACPA could locally shape
immunological microenvironments at inflamed diseases sites, as
synovial fluid-derived ACPA exhibited higher variable domain
glycosylation prevalence than ACPA obtained from peripheral
blood (13).

Anti-neutrophil Cytoplasmic Autoantibody

Anti-neutrophil cytoplasmic autoantibody (ANCA) associated
vasculitis (AAV), is characterized by inflammatory lesions of the
blood vessels (70, 71). Of the two predominantly recognized
antigens, proteinase 3 (PR3) and myeloperoxidase (MPO) (72,
73), only the latter has been associated with increased levels of
sialylated variable domain glycans (17). The recent description of
SHM introduced glycosylation motifs, confirmed observations of
increased variable domain glycan prevalence in AAV (17, 18). As

with other autoimmune diseases, the function and implication of
these autoantibodies are as yet incompletely clarified (18).

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is an autoantibody-
mediated chronic disease characterized by multi-organ
involvement that typically affects women (74, 75). In most
cases of SLE, high titers of antinuclear antibodies (ANA) directed
at nuclear and cytoplasmic cell components may be detected,
and thus prove useful as a diagnostic marker (76, 77). Recently, it
was observed that patients with SLE showed a 6% increase in the
amount of acquired N-linked glycosylation motifs in the variable
domain compared to a control data set (19). However, if variable
domain glycosylation is truly enhanced on mature proteins,
and whether it plays a role in SLE pathogenesis and/or disease
activity or is rather a bystander-effect, needs yet to be confirmed.

Primary Sjogren’s Syndrome

Primary Sjogren’s Syndrome (pSS), is characterized by
lymphocytic infiltrates in the exocrine glands (78). A hallmark of
this disease is the presence of anti-RO (SS-A) and anti-La (SS-B)
antibodies (79). Increased IgG variable domain glycosylation has
been observed in pSS patients as compared to healthy controls
(20). The authors noted an absence of evidence for antigen
selection pressure in the variable region sequences, and proposed
that antigen-independent interaction of the variable domain
glycans with parotid gland microenvironmental lectins might
represent an alternative stimulus for B-cell proliferation (20).

Myasthenia Gravis

In Myasthenia Gravis (MG), autoantibodies against
neuromuscular junction protein impair neuromuscular
transmission, resulting in skeletal muscle weakness (80).
Although MG is typically characterized by antibodies against
the acetylcholine receptor (81, 82), in rare cases the pathologic
mechanisms derives from antibodies directed against muscle-
specific kinases (MuSK) (83). These MuSK autoantibodies are
present in 5-10% of the patients (80, 84) and are typically of
the IgG4 subclass which are associated with anti-inflammatory
responses. To a lesser extent, IgG1 anti-MuSK antibodies may be
found alongside the IgG4 variants (85). To our knowledge, Koers
et al. were the first to investigate the frequency and distribution
of variable domain glycans in MG patients (46). In these studies,
no differences were found in the distribution of the glycosylation
motifs compared to healthy controls (46). However, recently
variable domain glycans have been observed in monoclonal
anti-MuSK-antibodies, although the phenomenon was not
ubiquitous in this disease, leading the authors to suggest that
variable domain glycosylation is not essential for the generation
of anti-MuSK antibodies (85). Since it was also observed that the
characteristics of bulk memory B cells in MuSK MG patient do
not differ from healthy controls (46), the conclusion that variable
domain glycosylation plays no major role in MuSK MG seems
warranted. However, such conclusions should be corroborated
by in vivo observations rather than genetic analyses, as IgG4
may undergo Fab-arm exchange with the potential of radically
changing the antibody’s properties (86).
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In summary, variable domain glycans are present in high
prevalence in a number of autoimmune diseases with disease-
specific autoantibodies. For some (such as RA and AAV),
the ubiquitous presence of variable domain glycans, suggest a
mechanistic role, for example in the breach of immunological
tolerance of variable domain glycans in these diseases. In
other autoimmune diseases, variable domain glycosylation is
less abundant (e.g., SLE, MG, and pSS). The reason for these
differences is not known, but might relate to the type of
antigens recognized or the chronicity/abundance of antigen-
exposure. In comparison with healthy donor IgG, auto-antigen
IgG from patients with autoimmune diseases can show an
enhanced variable domain glycosylation (13). Nonetheless, the
glycan composition of the overall IgG response is similar as in
both situations complex-type glycans are observed, although an
elevated level of highly sialylated glycan-species have been on
auto-antigen-specific IgG in RA (13, 15, 18).

Variable Domain Glycosylation in B-Cell

Malignancies

Intriguingly, the abundant presence of variable domain glycans
has not only been observed in autoimmune disease, but
also in the case of certain lymphomas. These findings are
interesting as both disease groups may result from poor immune
regulation and could therefore point to an unappreciated shared
pathogenic mechanism.

Follicular Lymphoma

Follicular lymphoma (FL) is the most common indolent B-
cell lymphoma, representing roughly 40% of all non-Hodgkin
lymphomas (22). Immortalized by BCL-2 overexpression, FL
cells remain situated in the germinal center stage leading to
ongoing somatic hypermutation after malignant transformation
(87). Already two decades ago, it was observed that FL BCR
commonly feature SHM-induced N-linked glycosylation motifs
(22). Indeed, such motifs are present in 79-100% of FL, and
seemingly cluster around “hotspot” sites at positions 38 (CDR1),
55 (FR2), 107 (CDR3), and 125 (FR4) on the FL BCR (24). Such
a ubiquitous presence of acquired glycans suggests a key role in
lymphomagenesis. A popular theory involves glycan interaction
with microenvironmental lectins, or alternatively with lectins
from opportunistic bacteria. This interaction would stimulate
the BCR via exposed variable domain glycans and in doing so
provide additional growth and survival signals to the lymphoma
cell (40, 88-90). An interesting and unusual finding on N-linked
glycans found on FL B cells is that they appear to be rich in
the otherwise rare oligomannoses in the variable regions, even
though they feature complex-type glycans in the Fc domain
(91, 92).

Primary Cutaneous Follicle Center Cell Lymphoma

Primary Cutaneous Follicle Center Cell Lymphoma (PCFCL) is
an uncommon indolent B-cell lymphoma of unknown etiology
that is found preferentially on the skin of the scalp and trunk (93).
As to immunophenotyping and morphology, PCFCL mirrors
FL (94, 95). Indeed, similar to FL it was recently observed that
the vast majority of PCFCL BCR feature up to four acquired

variable domain glycans (24). Unlike FL however, there was
no evidence of ongoing SHM, suggesting that the variable
domain glycans must have been present already at malignant
transformation. Although the majority of the acquired N-linked
glycosylation motifs in PCFCL were found in the CDRs, the exact
positions differ between the two diseases, with PCFCL showing
no proclivity to cluster around hotspots. Whether these N-
glycosylation motifs indeed lead to in vivo glycosylation, remains
to be confirmed (24).

Burkitt’s Lymphoma

Burkitts lymphoma (BL) is an aggressive B-cell
lymphoma associated with Epstein Barr virus and Human
immunodeficiency virus which accounts for ~1-5% of the
non-Hodgkin lymphomas (96). Like FL, BL may incidentally
show intraclonal sequence variation (47, 97), although the true
extent of this phenomenon has, at least to our knowledge, yet
to be verified. Many BL, especially the endemic variant, acquire
novel glycosylation sites (47). Additionally, many BL BCR which
have not acquired novel variable domain glycans, have been
found to express a rearranged IGHV4-34 gene which contains a
germline-encoded variable domain glycan. Some cases lost their
germline sites, but 75% of these had acquired a newly formed site.
This implies that there is a selective pressure to maintain at least
one variable domain glycan, although how this influences BL
disease biology is currently unclear, as no functional experiments
as with FL have been performed.

Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma (DCBCL) is a common lymphoid
malignancy and accounts for 40% of non-Hodgkin lymphoma.
DLBCL is clinically heterogenous, but generally aggressive and
characterized by the presence of mature B cells (98). One
study showed variable domain glycosylation in up to 41% of
DLBCL (22). However, since all DLBCL were included, this
may represent an overestimation of primary DLBCL, as a
subset might represent cases of the ubiquitously glycosylated FL
which have undergone histological transformation. Therefore, it
remains unclear whether variable domain glycans are found in an
increased prevalence in primary DLBCL, as the relatively small
datasets used do not provide sufficient evidence to support these
observations (24).

Variable Domain Glycans May Serve to Distinguish
Lymphoma Types

Summarizing, B-cell lymphomas with a follicular growth
pattern have a strong proclivity to acquire variable domain
glycans. Indeed, the variable domain glycans may in fact
determine their follicular architecture as it links the cell to the
germinal center microenvironment (22). Since normal plasma
cells, memory B cells, multiple myeloma cells and chronic
lymphocytic leukemia cells do not show a marked increase in
N-linked glycosylation motifs, it appears that variable domain
glycans are of less importance to cells that have exited the
germinal center. Moreover, it appears that the mere presence
of any variable domain glycan is not sufficient, but N-linked
glycosylation motifs need to occur in specific locations, as
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witnessed by the FL hotspots and the fact that naturally occurring  variable domain glycan clustering in IgG4-RD, SLE, and MG may
IGHV4-34 variable domain glycans are often lost and replaced  provide additional evidence toward this hypothesis.
with novel motifs. Given these findings, antigen-independent In contrast to acquired variable domain glycans in
BCR activation through interactions between glycans and  autoimmune diseases, 87% of heavy chain variable domain
microenvironmental lectins could represent a main driving  glycosylation motifs of FL patients were observed in the CDR.
mechanism for lymphomagenesis (89, 90). Moreover, rather than clustering on particular regions, FL
. . . BCR acquired N-linked glycosylation motifs in a number of
A Comparison of Physiology, Autoimmune very specific hotspots (24), with the strongest hotspot located
Diseases and Lymphoma in CDR2 (Figure 2, Table 1) (22, 23). These latter sites were
Distribution of the N-Linked Glycosylation Motifs introduced during somatic hypermutation by introduction of
The position of an N-linked glycosylation motif in the variable  an asparagine residue, which is an uncommon event for healthy
region may prove informative for its functional consequences. B cells or CLL cells at this position (22). Likewise, acquired
Indeed, depending on the variable region position, glycans PCFCL variable domain glycans can often be found in the CDR2
may block antigen-binding, contribute to antigen-specificity = region, although they do not cluster around the canonical FL
or interact with other molecules without interfering with  hotspots (24). DLBCL variable domain glycans appear to cluster
the antigen-binding site. An analysis of structural regions around the CDR3 region (25), and SHM-acquired BL variable
containing the newly acquired glycans may help to make a  domain-glycans also favor the CDRs, especially CDR2 (47, 99).
rough distinction between these possibilities. The majority of ~ Some authors have suggested super-antigens as a driver of clonal
the N-linked glycosylation motifs in patients with pSS, RA and  selection and expansion of variable domain glycosylated B cells
AAV were observed in framework region 3 (FR3) (Figure2, inBL (99).
Table 1) (16, 17, 20). In addition, RA patients’ ACPA showed a These differences in distribution indicate an interesting
slight increase in the amount of glycosylation motifs in CDR1  difference in variable domain glycosylation between lymphoma
and a slight decrease in CDR3 compared to healthy donors  and autoimmune disease. The variable domain glycans typically
(16). This finding could be interesting since FR3 is known found in lymphoma CDR, could prove to be detrimental to
for its interaction with super-antigens which are known to  autoantibodies. Indeed since the CDR is intimately involved
stimulate B-cell differentiation and antibody secretion (42). The  in antigen binding, blocking the antigen-binding site with
tendency of the N-linked glycosylation motifs to appear in the a large glycan molecule may be expected to interfere with
FR could even represent an alternative pathway for autoreactive ~ autoantibody recognition, a requirement for B-cell growth and
B cells generation independent of classic antigenic selection (19).  selection. Conversely, the strong hotspot clustering of variable
Indeed, less of such enrichment is thus far observed in healthy =~ domain glycans in lymphoma BCR could also be explained
donors, for whom the majority of the glycosylation motifs were  as a result of glycans contributing to or “mimicking” antigen-
located in the CDR regions (16, 46, 53). Future determination of ~ binding, especially when those antigens are environmental or

FR1 FR2 FR3 FR4
I [
CDR2 CDR3

CDRI1

Lymphoma l Lymphoma |

\ /

|
]

FIGURE 2 | Schematic overview of regions where N-linked glycosylation motifs are found for different diseases. Overview of the location within the variable domain of
frequently found glycosylation motifs for autoimmune diseases and lymphomas. The majority of the variable domain glycosylation motifs in autoimmune diseases were
found in the CDR regions, for lymphomas the majority of the variable domain glycosylation motifs were found in the FR regions.
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bacterial lectins. Whether those antigens are indeed lectins, other
microenvironmental antigens or the substrate of physiological
B-cell activity before malignant transformation, is one of the
key open questions to understand the importance of this
phenomenon. Alternatively, the hotspot clustering may not
signify antigen-recognition at all, but could contribute to auto-
stimulatory properties due to tertiary formations of the BCR [as
described by a different process in for example CLL (100)].

Composition of the Glycan

Although there is generally a decreased amount of Fc sialylation
and galactosylation in autoimmune diseases (101, 102), N-linked
sugars present on ACPA IgG variable domains form a notable
exception with their high sialic acid content of up to 44% (13).
Similarly, increased sialylation of variable domain glycans was, as
compared to healthy controls also recently observed in the IgG
variable domain glycans from patients with AAV and IgG4-RD,
the latter regardless of Fab-arm exchange (18, 21). To underline
the disease-specificity of this phenomenon, it is worth noting that
even subgroups of patients with the same diseases, such as high-
activity ANCA-PR3, have been reported to express strikingly
low levels of variable domain sialylation. Nonetheless, variable
domain sialylation may prove to be a common hallmark of
autoantibodies in a plethora of autoimmune diseases (Table 1).
Since sialic acids are so prominently present on variable domain
glycans in ACPA B cells, it might be possible that they give these
B cells a survival advantage compared to B cells without the
sialic acids.

In contrast to the highly sialylated variable domain glycans
in RA, AAYV, and IgG4-RD patients, FL variable domain glycans
were reported to be rich in high-mannose structures (Table 1)
(91, 92, 103). Such glycans were solely observed at sites which
were newly acquired through somatic hypermutation. In 85% of
FL cases, non-germline variable domain glycans were found in
the CDR, of which the majority were high-mannose structures
(91). Their near-universal presence in this disease, may signify
that they are beneficial or even essential to improve proliferation
and survival (40). In healthy donors, these high mannose
structures are normally not found on the cell surface, sparking
the hypothesis that in FL the glycans do not fully mature inside
the Golgi complex due to enzyme inaccessibility (91, 92).

Glycan-Lectin Interaction

The variable domain glycans of autoantibodies are, by and large,
located at different positions as in FL and the mechanism by
which the variable domain glycans of autoantibodies convey
a survival advantage does not immediately become clear.
However, it may be well-explained by interaction of highly
sialylated variable domain glycans with sialic acid-binding
immunoglobulin-type lectins (SIGLECs). Through interaction of
sialic acids with for example SIGLEC CD22, an inhibitory co-
receptor of the B-cell receptor (104), an optimal balance between
stimulatory and inhibitory signals is achieved. By interfering with
e.g., CD22 or other cellular lectins, the threshold for activation of
ACPA-expressing B cells may be modified, leading to a selective
advantage to those ACPA-expressing B cells that have introduced
an N-linked glycosylation site. In case such interactions are

underlying the apparent selective advantage mediated by variable
domain glycans to autoreactive B cells, it might explain the
differential localization of these glycans in autoimmunity vs. FL.

As mentioned above, in case of FL, it has been proposed
that interaction with environmental lectins act as a driving
force behind the formation of variable domain glycans. In this
case, glycan-lectin-interaction does not modulate or disrupt
an inhibitory receptor, but rather serves as surrogate to
mediate BCR-crosslinking. Indeed, it was shown that lectins
can bind variable domain glycans introduced during somatic
hypermutation, and in this way provide a survival signal for
autoreactive B cells from the germinal center and onwards during
development (88). Furthermore, experimental models confirmed
interaction between lectins and FL high-mannose variable
domain glycans, thereby stimulating the cells (40, 88). FL variable
domain glycans have been reported to interact with C-type
lectins, for example dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN) (40). DC-SIGN
is expressed by dendritic cells and macrophages, both of which
may be abundantly found in FL biopsies. DC-SIGN binding
was shown to trigger BCR signaling (88-90), but so did other
lectins, such as those on opportunistic bacteria (40). In ultimo,
it was hypothesized that lymphomagenesis through the latter
pathway could be interrupted by targeted antibiotic treatment
(24). However, more characterization of both the auto-lectins
and lectins from opportunistic bacteria would be necessary to
fully understand the pathogenesis of FL and create possible
treatment options. Since PCFCL shares a few characteristics
with FL, it is thought that the variable domain glycans of
PCFCL patients are also mannosylated, potentially leading
to stimulation from lectins from the cutaneous microbiome
(24). Only little is known about the functionality of BL and
DLBCL variable domain glycans, but it is possible that lectin
interactions also plays a role in BCR activation in these diseases.
Although a similar mechanism may mediate disease activity in
variable domain glycosylated autoantibodies, we are unaware
of any published experimental evidence to support or deny
this possibility.

CONCLUSION

Concluding, variable domain glycans appear to play an important
role in several B-cell diseases, both hemato-oncological and
autoimmune in nature. However, in both fields the precise
role and consequences of the variable domain glycosylation
remain at best incompletely understood. There are, nonetheless,
some observed commonalities between N-linked glycans in
autoimmunity and in hematology. Lectin interaction is a
recurring hypothesis in both autoimmune and malignant
settings, although additional evidence is warranted to further
support these paradigms.

Careful scrutiny of the distribution of variable domain
glycans could hold the key to an increased understanding of
any of these diseases. Currently, only RA ACPA and FL BCR
have been investigated in extensive detail, which has led to
corresponding pathogenic postulations of the variable domain
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glycans. Researchers should aim to compile publicly accessible
compendia for all other implied or potentially affected diseases,
so side-by-side comparison may clarify important commonalities
and differences for each disease.

A possible lead to further understanding of the contribution
of variable domain glycans in different disease, is the different
distribution and composition of variable domain glycans
in autoimmunity and malignant hematological disease. Such
differences suggest that in these disease groups, whilst both
apparently resulting from deficient immune monitoring, variable
domain glycosylation may play distinctly different roles.

On the other hand, defining common variable domain
glycosylation patterns should help cluster diseases by shared
underlying pathological mechanisms. Based in the current body
of knowledge, we propose three such clusters: (1) near ubiquitous
CDR-glycosylation with high-mannose structures, which is
typical for certain lymphoma types and may depend on auto-
lectin interactions potentially mimicking BCR-triggering; (2)
near-ubiquitous FR(3)-glycosylation with extensive sialylation
that may facilitate SIGLEC interaction, comprising some well-
studied autoimmune diseases; and (3) Increased, but non-
ubiquitous (FR) glycosylation in autoimmune diseases, which
may well be a result of concurrent immune processes rather than
an independent driving mechanism.

All in all, variable glycosylation in B-cell diseases is an
emerging field of investigation. Through comparison of both

commonalities and differences in variable glycosylation of B-cell
diseases across a number of fields, diseases may be clustered by
shared pathogenesis and currently missing causative mechanisms
may be clarified.
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Previous studies showed that monoclonal immunoglobulins G (IgGs) of “monoclonal
gammopathy of undetermined significance” (MGUS) and myeloma were hyposialylated,
thus presumably pro-inflammatory, and for about half of patients, the target of the
monoclonal IgG was either a virus—Epstein—-Barr virus (EBV), other herpes viruses,
hepatitis C virus (HCV)—or a glucolipid, lysoglucosylceramide (LGL1), suggesting
antigen-driven disease in these patients. In the present study, we show that monoclonal
IgAs share these characteristics. We collected 35 sera of patients with a monoclonal
IgA (6 MGUS, 29 myeloma), and we were able to purify 25 of the 35 monoclonal IgAs
(6 MGUS, 19 myeloma). Monoclonal IgAs from MGUS and myeloma patients were
significantly less sialylated than IgAs from healthy volunteers. When purified monoclonal
IgAs were tested against infectious pathogens and LGL1, five myeloma patients had a
monoclonal IgA that specifically recognized viral proteins: the core protein of HCV in one
case, EBV nuclear antigen 1 (EBNA-1) in four cases (21.1% of IgA myeloma). Monoclonal
IgAs from three myeloma patients reacted against LGL1. In summary, monoclonal IgAs
are hyposialylated and as described for IgG myeloma, significant subsets (8/19, or 42%)
of patients with IgA myeloma may have viral or self (LGL1) antigen-driven disease.

Keywords: monoclonal immunoglobulin A (IgA), multiple myeloma, monoclonal gammopathy of undetermined

significance (MGUS), infectious antigens, Epstein-Barr virus, hepatitis C virus, lysoglucosylceramide (LGL-1),
sialylation

INTRODUCTION

Myeloma is preceded by an asymptomatic stage termed monoclonal gammopathy of undetermined
significance (MGUS) (1-4). In MGUS and myeloma, clonal plasma cells produce large quantities
of a so-called “monoclonal” immunoglobulin (Ig). In MGUS, clonal plasma cells represent <10%
of bone marrow cells, and the amount of monoclonal Ig in blood is <30 g/L. Following the
acquisition of genetic alterations in clonal plasma cells, a fraction of MGUS progress over time
toward smoldering, then overt myeloma (5, 6). The rate of transformation of MGUS toward
myeloma is 1% per year per individual. In myeloma, patients suffer from diverse renal, bone, and
hematological complications; clonal plasma cells represent >10% of bone marrow cells, and the
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amount of monoclonal Ig in blood is >30 g/L (6). For 55-60%
of MGUS and myeloma patients, the monoclonal Ig is type G, for
20-25%, it is type A, and for <5%, it is type D, M, or E; light chain
myeloma represent ~15% cases (7).

The causes of MGUS have long remained unknown, although
it is established that chronic infection may lead to the emergence
of oligoclonal and eventually, monoclonal plasma cells and
the subsequent production of a so-called “monoclonal Ig.”
In addition, it is thought that certain genetic backgrounds,
ethnicity, lipid disorders, and obesity may increase the risk of
developing myeloma. Consistent with these observations, the
study of Ig genes in malignant plasma cells had revealed restricted
heavy-chain variable-region use and highly hypermutated Ig
heavy- and light-chain genes, which supports antigen-mediated
selection of the malignant clone (8, 9). Recent studies identified
several types of antigens that are specifically recognized by
monoclonal IgGs, notably lysoglucosylceramide (LGL1) (10, 11),
and infectious antigens (12-14). Thus, it has been proposed that
chronic simulation by glucolipidic auto-antigens or by infectious
antigens may underlie the pathogenesis of subsets of IgG MGUS
and myeloma.

Identification of LGL1 as a frequent target of the plasma
cell clone in MGUS and in myeloma resulted from the
study of patients with Gaucher disease (10, 11). Gaucher
disease is a genetic disorder in which a glucocerebroside
(or glucosylceramide) accumulates, and MGUS and myeloma
are more frequent in Gaucher patients than in the general
population. Nair et al. demonstrated that the monoclonal Ig
of patients with Gaucher disease frequently target LGL1, a
glucosylceramide present in excess in these individuals (10,
11). Moreover, up to a third of monoclonal Igs from patients
without Gaucher disease—with sporadic MGUS or myeloma—
may also target LGL1, which suggested a link between chronic
stimulation by a self-antigen and the development of MGUS
and myeloma (10, 11). In parallel, our group investigated
whether an abnormal immune response to latent infection
may lead to MGUS and eventually, myeloma. We designed
a new assay, called the multiplexed infectious antigen micro-
array (MIAA), which carries proteins and lysates from nine
infectious pathogens, to analyze the specificity of infectious
antigen recognition of purified monoclonal IgGs from MGUS
or myeloma patients (15). Using the MIAA assay, we found
that purified monoclonal IgGs reacted with several infectious
pathogens known to cause latent infection. These pathogens
include herpesviruses, especially Epstein-Barr virus (EBV), and
hepatitis C virus (HCV) (12-15). EBV and HCV are oncogenic
viruses associated with solid cancers and B-cell malignancies such
as Hodgkin and non-Hodgkin lymphoma, mostly directly via cell
infection and transformation (16-19). In contrast, EBV DNA is
rarely detected in malignant plasma cells (20). Thus, in MGUS
and myeloma with EBV-specific IgG, malignant transformation
presumably occurs indirectly, without infection of tumor cells,
via chronic antigen-driven stimulation of the B-cell receptor
(BCR) that has identical heavy and light chain specificity to the
secreted IgG. Interestingly, monoclonal IgGs may contribute to
the inflammation associated with MGUS and myeloma, since
they have a very low level of sialylation of the Fc fragment,

a characteristic typically associated with a pro-inflammatory
action (21).

In contrast to the monoclonal IgGs of MGUS and myeloma
patients, the characteristics and antigenic targets of monoclonal
IgAs have not been studied. IgA myeloma is relatively rare and
differs from IgG myeloma by a worse prognosis and shorter
survival: patients with IgA myeloma are considered more at
risk of bone destruction, extra-medullary disease, infection, and
hyper-viscosity facilitated by greater polymerization of IgAs
compared to IgGs (22-28). In the present study, we were able
to collect serum from 35 patients with a monoclonal IgA; 25/35
monoclonal IgAs were successfully separated from other Igs. The
specificity of antigenic recognition of the purified monoclonal
IgAs was analyzed using the MIAA and an adapted LGLI assay;
the isotype of monoclonal IgAs was also determined, and their
degree of sialylation was quantified.

MATERIALS AND METHODS

Patients

We examined 35 patients with a monoclonal IgA (6 MGUS,
29 myeloma). Among those, 6 MGUS and 22 myeloma were
diagnosed at the University Hospitals (CHUs) in Tours and
Bordeaux (France) over the 2010-2016 period. Samples of blood
serum from seven additional patients with IgA myeloma from
international cohorts of relapsed myeloma were provided by
Novartis (Basel, Switzerland).

Purification of Monoclonal IgAs and

Determination of Isotype

After clotting, blood samples were centrifuged at 2,200 x g
(4°C), and serum aliquots were frozen. Measurement of Ig
concentration, separation of monoclonal IgAs from other Igs,
and verification of purity were performed as described previously
(12-15, 21). Briefly, the presence of a monoclonal IgA in serum
is first established in clinical laboratories, then purification of
the monoclonal IgA is performed. The protocol of purification
starts with a high resolution agarose gel electrophoresis (SAS-
MX high resolution; Helena Biosciences, Gateshead, UK), which
allows us to elute the monoclonal Ig from the gel, for elution
in PBS. The purity of the monoclonal IgA preparation is then
verified by isoelectrofocusing on an agarose gel (pH 3-10)
followed by blotting and immunorevelation by an anti-human
IgA alpha chain antibody labeled with peroxidase. In some
cases, the monoclonal IgA preparation still contains very small
amounts of other IgAs (oligo- or poly-clonal), always in very low
concentration and not detectable by our techniques. Moreover,
eventual contamination by IgG is not relevant here because
all further assays are revealed using anti-human IgA alpha
chain antibodies.

To determine the AI1/A2 isotype, 96-well plates (Nunc
MaxiSorp™) were coated overnight at 4°C with 50 I of goat
anti-human IgA antibody (Southern Biotech, Birmingham, AL,
USA) diluted 1:500 in 25 mM borate buffer pH 9. After washing
with PBS-Tween 0.05%, wells were saturated for 2h at 37°C
with 0.25% B-grade bovine gelatin (Sigma, St. Louis, MO, USA)
diluted in 0.1% PBS-Tween; 50 ] of monoclonal IgA (400 ng/ml)
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was then added (2-h incubation, 37°C). After washing, 50
pl of biotinylated mouse anti-human IgAl or IgA2 antibody
(0.5 wg/ml; Southern Biotech, Birmingham, AL, USA) was added
(2-h incubation, 37°C). After washing, 50 pl of streptavidin-
HRP (1pg/ml; Vector Laboratories, Burlingame, CA, USA)
was added (1-h incubation, 37°C). After washing, 50 pl of
3,3',5,5'-tetramethylbenzidine (TMB) was added. The reaction
was stopped with 50 pl of sulfuric acid (0.5 M). Optical density
was read at 450 nm using a Spark 10 M multimode microplate
reader (Tecan, Mdnnedorf, Switzerland).

The MIAA Assay

The MIAA assay allows testing for panels of commercially
available proteins, antigens, or/and lysates from EBV, herpes
simplex virus 1 (HSV-1), HSV-2, cytomegalovirus (CMYV),
varicella zoster virus (VZV), HCV, Helicobacter pylori (H. pylori),
Toxoplasma gondii (T. gondii), and Borrelia burgdorferi (B.
burgdorferi) (12-15, 21). For incubation on MIAA arrays, Ig
concentrations were adjusted to 400 pg/ml (serum) or 50-
200 wg/ml (purified monoclonal IgAs) in 80 pl. After washing,
MIAA slides were incubated with Dylight™ 680-labeled goat
anti-human IgA Fc antibody (1:2,500; 0.4 pg/ml; Immuno
Reagents, Raleigh, NC, USA). Fluorescence signals were detected
with the Odyssey infrared imaging system scanner at 21-
pm resolution (LI-COR Biosciences, Lincoln, NE, USA) and
quantified using the GenePix® Pro 4 Microarray Acquisition
and Analysis Software (Molecular Devices, Sunnyvale, CA, USA)
(12-15, 21). Five fluorescence thresholds of specific positivity
were determined using positive and negative controls: 500,
for HCV, H. pylori, T. gondii; 1,000, for HSV-1 and HSV-
2; 1,200, for CMV; 1,400, for EBV and VZV; and 1,800 for
B. burgdorferi. Fluorescent signals below the thresholds were
considered negative (12, 21).

Dot Blotting Assays

Nitrocellulose membranes (Amersham, Buckinghamshire, UK)
were spotted with recombinant EBNA-1 protein, relevant and
irrelevant EBV peptides, or HCV core protein, then dried (12).
Saturation of membranes, and incubation with serum or purified
monoclonal IgA were performed as published (12). Antigen-IgA
complexes were revealed using an HRP-labeled goat anti-human
IgA (« chain) from Bethyl Laboratories (Montgomery, TX, USA).

LGL1 Immunoblotting Assay

For LGLI1-specific immunoblotting, polyvinylidene fluoride
(PVDF) membranes were incubated for 90 min in 100 pg/ml of
LGL1 in 0.1 M sodium bicarbonate, rinsed 3 times in PBS and
0.1% Tween 20 detergent, then blocked for 2h with 5% bovine
serum albumin (BSA) (10, 29). Samples of serum or purified
monoclonal IgAs were submitted to agarose gel electrophoresis;
then, the gels were blotted onto the LGL1-saturated membranes
by diffusion blotting during 12 min (10, 30). After blocking for
1h with 2.5% BSA in PBS and 0.1% Tween 20, membranes
were incubated with anti-human IgA horseradish peroxidase
(HRP)-conjugated secondary antibody for 1h, then washed
and revealed with Super Signal West Pico chemiluminescent
substrate (Thermo Scientific).

Analysis of the Sialylation of Serum IgAs

An enzyme linked lectin assay (ELLA) was developed to analyze
IgA sialylation, and an enzyme linked immuno-sorbent assay
(ELISA) was used for the detection of total IgAs, as previously
described (21). Ninety-six well plates (Nunc MaxiSorp™) were
coated overnight at 4°C with 50 pl of goat anti-human IgA
(Bethyl Laboratories, Montgomery, TX, USA) diluted 1:250
(4.0 ug/ml; ELLA) and 1:1,000 (1.0 wg/ml; ELISA) in 25mM
borate buffer pH 9. After three washes with 200 pl of PBS-
Tween 0.05% (Sigma, Saint Louis, USA), 100 pl of periodic acid
(5mM) per well was added for 10 min at room temperature,
protected from light. The plates were then saturated with 100
ul of 0.25% B-grade bovine gelatin (Sigma, St. Louis, MO,
USA) in PBS-Tween 0.01%, at 37°C, for 2 h. After three washes,
samples were diluted in PBS-Tween 0.1% and deposited in
triplicate wells containing 1.25 ng of Ig for the detection of
total IgA, or 2.5 ng of IgA for sialylation studies. The total
IgA quantity was assessed by incubating the plates with 50 pl
of HRP-coupled goat anti-human IgA diluted 1:1,000 for 1h
(Bethyl Laboratories, Montgomery, TX, USA). Sialic acid was
revealed using 50 pl of biotinylated Sambucus nigra agglutinin
(SNA) diluted 1:750 (2 pg/ml; Glycodiag, Orléans, France) for
90 min and then 50 pl of streptavidin HRP diluted 1:1,000
(1 ng/ml; Vector laboratories, Burlingame, CA, USA) for 1h,
at 37°C. Then, 50 pl of TMB, the chromogenic substrate for
HRP (Sigma-Aldrich, St. Louis, MO, USA) was added, and the
reaction was stopped by 50 pl of 0.5 M sulfuric acid, after 3 min
for IgA detection, and after 5 min for sialic acid detection. Optical
densities (OD) were measured using a Spark 10 M multimode
microplate reader (Tecan, Madnnedorf, Switzerland) at 450 nm.
The percentage of sialylation was calculated as follows: [SNA
OD signal/IgA OD signal]/[ng IgA in SNA well/ng IgA in IgA
well] x 100. In all experiments, internal controls were used to
assess reproducibility.

Statistics

Data analysis was performed by GraphPad Prism 6.01 software.
Patient parameters were expressed as medians and ranges,
or/and means + standard error of the mean (SEM). The Chi-
2 test was used. For continuous variables, a Mann-Whitney
U-test or a Kruskal-Wallis test followed by Dunn’s post-hoc
test was performed. The tests used are indicated in the legends
of figures and tables. A value of p < 0.05 was considered
statistically significant.

Study Approval

The study was promoted by the CHU of Nantes, France (#
RC12 0085) with the approval of the local and national ethical
committee [Comité Consultatif de Protection des Personnes
dans la Recherche Biomédicale, Commission Nationale de
I'Informatique et des Libertés (CNIL #912335)]. Written
informed consents were obtained from patients and healthy
donors, by the blood bank (Etablissement Francais du Sang
(EFS), Nantes, France). A convention was signed between
CRCINA and EFS Pays de La Loire.
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RESULTS

Characteristics of Patients With a

Monoclonal IgA

In this retrospective study, 35 patients with a monoclonal IgA
were recruited (6 MGUS, 29 myeloma). Annotated clinical data
were available for 26 patients (6 MGUS, 20 myeloma); the
biological and clinical characteristics of patients are shown in
Table 1. The male/female ratios were 33.3% for MGUS and
45.0% for myeloma, and the median age of MGUS and myeloma
patients with monoclonal IgA at the time of diagnosis was 76.6
and 75.1, respectively. Thus, in this cohort, patients with IgA
myeloma were older than in the series of 135 IgG myeloma
patients we studied previously (median age at the time of
diagnosis: 75.1 years for IgA myeloma vs. 63.8 years for IgG
myeloma) (12, 21). Compared to IgG myeloma, the quantity of
monoclonal Ig produced at the time of diagnosis of IgA myeloma
was low (median quantity of monoclonal Ig: 17.0 g/L for IgA vs.
26.7 g/L for IgG), and the median percentage of plasma cells in
the bone marrow was high: 52 vs. 33% for IgG myeloma (12). All
but one patients with IgA myeloma presented with bone lesions,
and the International Staging System (ISS) and Durie-Salmon
Staging (DSS) scores indicated that 50.0% of patients presented
with ISS stage III at the time of diagnosis (median DSS stage
II1: 59.1%).

Serological Status of MGUS and Myeloma
Patients With a Monoclonal IgA

The unseparated IgG and IgA serological status was determined
for 32 patients (6 MGUS, 26 myeloma) using the MIAA,
which tests for reactivity to lysates and/or antigens representing
nine infectious pathogens (12, 15, 21). The MIAA assay can
be revealed either with a fluorescent goat anti-human IgG Fc
antibody (for IgG serology) or with a fluorescent goat anti-
human IgA Fc antibody (for IgA serology), which allowed us
to analyze in parallel IgG and IgA reactivity in the serum of
patients (Table 2). Overall, the rates of positive IgG serology for
EBV, CMV, HSV-1, T. gondii of MGUS, and myeloma patients
were comparable to those of our previous studies and to those
observed in the general population. The rates of positive IgG
serology differed for HSV-2 (high frequency of positivity in the
IgA cohort) and VZV (likely underestimated by the MIAA)
(12, 15, 21). Patients also had a positive IgA serology for EBV,
CMYV, HSV-1, as reported for the general population (31-35).
The rates of positive IgA serology were significantly lower than
the rates observed for IgG serology for EBV, CMV, HSV-1 (p <
0.00001, Fisher exact test), and HSV-2 (p = 0.0272, Fisher exact
test) (Table 2). They were similar to those of IgG for H. pylori and
T. gondii, and increased for VZV.

Identification of the Infectious Targets of

Purified Monoclonal IgAs

Monoclonal IgAs were separated individually from other Igs
from blood serum, then incubated on the MIAA. In general,
monoclonal IgAs were more difficult to purify than monoclonal
IgGs because of their migration in agarose in the beta—gamma
zone (Figure 1). Altogether, purity was achieved for 25 (71.4%)

TABLE 1 | Characteristics of patients with IgA monoclonal gammopathy of
undetermined significance (MGUS) or IgA myeloma.

MGUS Myeloma

Patients, n 6 29
Patients with available biological data, n 6 20
Male sex, n (%) 2 (33.3%) 9 (45.0%)
Age (year)

Median 76.6 751

Range 66-97 57-95
Monoclonal IgA (g/L)

Median 8.0 17.0

Range 3.0-19.0 4.0-57.0
Bone marrow plasma cells (%) n =2 n=19

Median 8 52

Range 1-16 1-89
B2-microglobulin (mg/L)

Median NA 4.2

Range NA 1.1-14.0
Leukocytes (x10°/L)

Median 71 4.6

Range 4.1-11.8 1.3-9.0
Hemoglobin (g/dl)

Median 1.2 9.7

Range 7.6-126 5.4-16.3
Platelets (x10°/L)

Median 218.5 164.0

Range 132-356 24-269
ISS (n = 8)*

Stage I, n (%) 2 (25.0%)

Stage II, n (%) - 2 (25.0%)

Stage Ill, n (%) - 4 (50.0%)
DSS (n = 22)

Stage |, n (%) - 0 (0%)

Stage II, n (%) - 9 (40.9%)

Stage lll, n (%) - 13 (59.1%)

n, number; NA, not available; ISS, International System Staging; DSS, Durie-Salmon
Staging. *The Bo-microglobulin level was available for only eight myeloma patients.

monoclonal IgAs (6 MGUS, 19 myeloma). The Al or A2 isotype
was determined for 21 monoclonal IgAs: 20 were IgAls (5
MGUS, 15 myeloma) and 1 was an IgA2 (1 MGUS, XO01).
None of the monoclonal IgAs from MGUS patients recognized
any infectious pathogen in the MIAA (Figure S1), whereas the
purified monoclonal IgAs from five (26.3%) myeloma patients in
this series specifically recognized a single recombinant protein
from a single pathogen. Four recognized EBV nuclear antigen-
1 (EBNA-1) (Figures 2A-E), and one recognized HCV core
protein (Figure 2F). MIAA results of other myeloma patients
are shown in Figure S1. Dot blots with recombinant EBNA-
1 or HCV core proteins confirmed a positive reaction for the
monoclonal IgAs specific for EBNA-1 (Figure 3A) or HCV core
(Figure 3B). EBNA-1-specific monoclonal IgAs were then tested
against an immuno-dominant B-cell public epitope sequence,
PGRRPFF (EBNA-1 residues 400-406), reported to be a target
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TABLE 2 | IgG and IgA serological status of MGUS and myeloma patients with monoclonal IgA, as determined with the multiplexed infectious antigen micro-array (MIAA)

assay.
Pathogens MGUS Myeloma MGUS and Myeloma
(n =6) (n =26) (n=32)

Negative Positive Negative Positive Negative Positive
IgG serology
EBV, n (%) 0 6 (100%) 0 26 (100%) 0 32 (100%)
HCV, n (%) 6 0(0.0%) 25 13.1%) 31 138.1%)
CMV, n (%) 4 2 (33.3%) 12 14 (53.8%) 16 16 (50.0%)
HSV-1, n (%) 1 5 (83.3%) 7 19 (73.1%) 8 24 (75.0%)
HSV-2, n (%) 3 3 (50.0%) 15 11 (42.3%) 18 14 (43.8%)
VZV, n (%) 5 1(16.7%)" 22 4 (15.4%)* 27 5 (15.6%)"
H. pylori, n (%) 4 2 (33.3%) 19 7 (26.9%) 23 9 (28.1%)
T. gondii, n (%) 5 1(16.7%) 17 9 (34.6%) 22 10 (31.2%)
B. burgdorferi, n (%) 5 1(16.7%) 26 0 (0.0%) 31 13.1%)
IgA serology
EBV, n (%) 2 4 (66.7%) 13 13 (50.0%) 15 17 (63.1%)2
HCV, n (%) 6 0(0.0%) 25 1(3.8%) 31 1(3.1%)
CMV, n (%) 5 1(16.7%) 26 0 (0.0%) 31 1(3.1%)°
HSV-1, n (%) 4 2 (33.3%) 24 2 (7.7%) 28 4 (12.5%)°
HSV-2, n (%) 5 1(16.7%) 22 4 (15.4%) 27 5 (15.6%)¢
VZV, n (%) 4 2 (33.3%) 14 12 (46.2%) 18 14 (43.8%)°
H. pylori, n (%) 5 1(16.7%) 18 8(30.8%) 23 9 (28.1%)
T. gondii, n (%) 5 1(16.7%) 23 3(11.5%) 28 4(12.5%)
B. burgdorferi, n (%) 5 1(16.7%) 21 5(19.2%) 26 6 (18.8%)

Prior to the analysis of the specificity of purified monoclonal IgAs, the IgG serology status and the IgA serology status were assessed in parallel for 32 patients (6 MGUS, 26 myeloma)
by analyzing serum samples (containing unseparated IgGs, unseparated IgAs, and monoclonal IgA) with the MIAA assay, revealed with either a Dylight™ 680-labeled goat anti-human

I9G Fc antibody or a Dylight™ 680-labeled goat anti-human IgA Fc antibody.

*Underestimated by the MIAA assay, the percentage of positive IgG serology for VZV in the general population being >90%.

ap < 0.00001.

bp < 0.00001.

°p < 0.00001.

9p =0.0272.

ep = 0.0272.

"o = 0.1289 compared to the IgG serology, Fisher exact test.

EBV, Epstein-Barr virus; HCV, hepatitis C virus; CMV, cytomegalovirus; HSV, herpes simplex virus 1; V2V, varicella zoster virus; H. pylori, Helicobacter pylori; T. gondli, Toxoplasma

gondii; B. burgdorferi, Borrelia burgdorferi.

for polyclonal Igs from 86.3% of the general population (36).
However, we previously found that the PGRRPFF sequence was
recognized by only 2/32 (6.25%) of EBNA-1-specific monoclonal
IgGs (12). In this cohort of IgA myelomas, none of the four
EBNA-1-specific monoclonal IgAs recognized PGRRPFF (data
not shown).

Identification of Monoclonal IgAs That
Target LGLA1

Purified monoclonal IgAs from MGUS and myeloma patients
were analyzed with the LGL1 assay adapted from Nair et al.
(10). As shown in Figure 4, only three monoclonal IgAs reacted
with LGLI, and all were from myeloma patients (X03, X08,
Nvs37). The monoclonal IgA of each of the three patients did not
recognize any pathogen of the MIAA assay (their MIAA assay
was negative, an indirect proof of purity of the monoclonal IgA
preparation). Thus, 3/19 (15.8%) of myeloma monoclonal IgA
targeted LGLI in this series.

Characteristics of Myeloma Patients With a
Monoclonal IgA Specific for EBNA1 or
LGL1

We compared the clinical characteristics of the four myeloma
patients with EBNA-1-specific monoclonal IgA [“EBNA-1(+)”
patients] with those of the 17 myeloma patients with a
monoclonal IgA that was non-reactive for pathogens of the
MIAA assay [“MIAA(-)” patients] (Table 3). Compared to other
IgA myeloma patients, myeloma patients with EBNA-1-specific
IgA were relatively young at the time of diagnosis (<63 years
old), as reported for myeloma patients with EBNA-1-specific
monoclonal IgG (12). Regarding patients with an LGL1-specific
monoclonal IgA, Nair et al. reported a tendency toward a mild
form of disease for LGL1-associated myeloma (10). Here, clinical
and biological characteristics were available for only two patients.
The data did not suggest a mild disease since both had bone
lesions: one had >50% plasma cells in the bone marrow, and one
had a DSS stage III (Table 4).
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FIGURE 1 | Separation of monoclonal IgAs from other Igs in serum. (A) Monoclonal IgAs (red arrowheads) and monoclonal IgGs used as controls (green arrowheads)
were separated from other Igs in serum as published (9-11, 19). In the serum of healthy volunteers (HV), only polyclonal Igs are found; thus, no band is seen, only a
smear. Note that monoclonal IgAs migrate in the g zone, are less well-separated than monoclonal IgGs, and thus are more difficult to purify than monoclonal IgGs.
(B) The purity of monoclonal IgAs and IgGs was verified using isoelectric focusing (IEF) and immunoblotting. (A,B) Nine examples are shown for monoclonal IgAs and
three for monoclonal IgGs (S, serum; Mc, monoclonal Ig separated from polyclonal Igs). Polyclonal Igs are represented by smears, whereas monoclonal Igs are
represented by a single band in serum protein electrophoresis (A) and due to different migration according to different degrees of sialylation during IEF, as a stack of
bands (B). The lines of sample deposit are indicated by white arrowheads. The albumin band is shown with a black arrowhead (A).

Glycosylation of IgAs

As published for monoclonal IgGs, the sialylation level of
unseparated, total IgAs, assessed in serum, expressed in %
sialylation, was lower for MGUS and myeloma patients with
a monoclonal IgA than for healthy volunteers (41.2 vs. 63.4%,
respectively; ***p < 0.0001, Mann-Whitney U-test) (Figure 5A)
(12, 21). No difference was observed according to age (healthy
donors under or over 60 years), nor between MGUS and
myeloma (Figure 5B). In addition, there was no difference in IgA
sialylation depending on the antigenic specificity (MIAA+ vs.
MIAA-) of the monoclonal IgA (Figure 5C, Table 4). However,
due to the small size of the cohorts, these results will need to be
confirmed in larger studies.

DISCUSSION

This is the first analysis of the antigenic origins of IgA myeloma.
In this small cohort, no antigenic target was identified for the
monoclonal IgAs from MGUS patients, but for patients with
IgA myeloma, two viruses (EBV, HCV) were candidate targets
for the monoclonal IgA of 5/19 patients (26.3%). In addition,
the monoclonal IgA of 3/19 myeloma patients (15.8%) reacted
with LGL1, a glucolipidic auto-antigen. These results imply that

chronic stimulation by viral antigens or auto-antigen LGL1 may
underlie the initiation of ~40% of IgA myeloma, as reported for
MGUS and myeloma with a monoclonal IgG (10, 12).

In this study, myeloma patients with a monoclonal IgA
were typically older and had stage III disease, consistent with
IgA myeloma being more severe than IgG myeloma (22-28).
Analysis of the IgG and IgA serology status of MGUS and
myeloma patients revealed that despite stage III disease, patients
maintained detectable levels of polyclonal IgGs and IgAs directed
against common pathogens. The rates of positive IgG serology
against EBV, CMV, HSV-1, and HSV-2 observed for IgA myeloma
patients were similar to those of the general population. The
rates of positive IgA serology of these patients were lower than
those of IgG for EBV, CMV, HSV-1, and HSV-2, as expected
(31-35). They were similar to the rates of positive IgG serology
for H. pylori, T. gondii, B. burgdorferi, and higher for VZV.
Thus, this cohort of patients with IgA myeloma maintained
IgG- and/or IgA-mediated protection against EBV, CMV, HSV-1,
HSV-2,and VZV.

Two viral proteins, EBV EBNA-1 and HCV core, were
specifically recognized by monoclonal IgAs from certain
myeloma patients; these proteins are also the targets of
monoclonal IgGs in both MGUS and myeloma (12-15). Because
IgAs are linked with the digestive tract and other mucosal tissues,
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and ORF26, whereas the purified Mc IgA recognized EBV EBNA-1 only. (D) For patient X086, the serum contained IgAs that recognized EBV EBNA-1, EBV VCA, and
HCV NS3; the purified Mc IgA recognized EBV EBNA-1 only. (E) For patient X09, both IgAs in serum and the purified Mc IgA recognized the EBV EBNA-1 protein only.
(F) For patient X12, the serum contained IgAs that recognized EBV EBNA-1, EBV VCA, HSV-1 gG, HSV-1 lysate, HSV-2 lysate, and HCV core, whereas the purified
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(9, 14, 19). Note that dots may be superimposed; horizontal bars represent the means of results obtained for a pathogen, Ag, or lysate. Experiments were performed

in triplicates, repeated at least once.

it is not surprising that monoclonal IgAs reacted with pathogens
found in mucosal or digestive and hepatic tissues (HCV) or in
saliva (EBV) (31, 35, 37). The PGRRPFF sequence, identified as
a frequent EBNA-1 epitope for the general population, was not
recognized by EBNA-1-reactive monoclonal IgAs, an observation
also made for EBNA-1-reactive monoclonal IgGs (12, 36). It will
be important to determine whether the amino acid sequences
targeted by monoclonal Igs from myeloma patients differ from
those of Igs from healthy individuals. Future characterization
of the EBNA-1 sequences recognized by monoclonal IgGs and
IgAs should help determine whether certain epitope “hotspots”
are overrepresented in the BCR specificity of malignant B cells
in myeloma. For instance, knowing the viral sequences linked
to MGUS and myeloma would permit their elimination from
the future EBV vaccines in development (38, 39). In addition,
for 15.8% of patients with IgA myeloma in this cohort, the
purified monoclonal IgA reacted with LGL1, a self-antigen

initially described as a target of monoclonal Igs in the context of
Gaucher disease (10, 11). In future studies, it would be of interest
to determine whether MGUS and myeloma patients with an
anti-LGL1 monoclonal Ig present a mild, unsuspected metabolic
deficiency resulting in sphingolipid accumulation.

Altogether, our findings suggest that for a significant fraction
(>30%) of patients with IgA or IgG myeloma, the initial cause
of disease may be chronic antigen stimulation due to a viral
infection (particularly by EBV or HCV) or autoimmunity against
LGL1 (10-14). These observations may be compared to the
~50% chronic lymphocytic leukemia (CLL) where the malignant
clone displays somatically mutated Ig heavy (H) chain variable
(IGHV) genes, indicative of antigen-driven disease (40, 41).
Importantly, antigen-driven disease may be associated with a
distinct prognosis: patients with antigen-driven CLL seem to have
a more favorable clinical course than other CLL patients, whereas
myeloma patients with EBNA-1-associated myeloma tend to
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FIGURE 3 | Confirmation of the specificity of recognition of EBV EBNA-1 or
HCV core proteins by purified monoclonal IgAs. (A) Dot blotting assays with
purified recombinant EBNA-1 were performed in parallel with PBS, as control
(CTRL), and with the serum and the purified monoclonal IgA from six patients.
As assessed by the MIAA array, both serum and purified monoclonal IgAs of
the patient X05 did not recognize EBV EBNA-1, and only unseparated IgAs
from the serum of the patient X11 recognized EBNA-1 (negative controls). For
patients X01, X04, X06, and X09, both serum and purified monoclonal IgAs
recognized EBV EBNA-1, thus confirming the results obtained with the MIAA
array. (B) A dot blotting assay with purified recombinant HCV core protein was
performed in parallel with PBS, as control (CTRL), and with the serum and
purified monoclonal IgA of patients. As assessed by the MIAA array, both the
serum and the purified monoclonal IgA of patient X08 did not recognize the
HCV core (negative control). For patient X12, both the serum and the purified
monoclonal IgA recognized the HCV core, confirming the results obtained with
the MIAA array. Experiments were performed at least twice.

present with more severe disease (12, 42, 43). In this small cohort,
myeloma patients with EBNA-1-specific monoclonal IgA were
relatively young at diagnosis (<63 years), with severe (59-93%)
plasma cell infiltration of the bone marrow, characteristics similar
to those reported for myeloma patients with EBNA-1-specific
monoclonal IgG (12). Regarding LGL1-associated myeloma, Nair
et al. suggested that it may represent a mild form of myeloma
(10). In the present study, the two myeloma patients with LGL1-
specific IgA did not have mild disease. Studies performed on large
cohorts of well-annotated patients (with cytometry, cytogenetics,
genetic data) are necessary for the full characterization of
myeloma linked to LGL-1 or EBV EBNA-1.

The antigenic targets of malignant clones of B-cell lineage
have been studied in the context of CLL, using different technical
approaches (phage-display technology, mass spectrometry).
Several auto-antigens have been associated with CLL, notably
cytoskeleton components (non-muscle myosin heavy chain IIA,

TABLE 3 | Characteristics of myeloma patients with a monoclonal IgA specific for
EBV nuclear antigen 1 (EBNA-1).

Myeloma with or without a monoclonal IgA
specific for EBV or HCV

HCV(+) EBNA-1(+) MIAA(-) p-value
Patients, n 1 4 17
Male sex, n (%) 1 0 (0%) 7 (41.2%)
Age at Diagnosis (year)
Patients, n 1 3 17
Median NA 60.6 75.1
Mean + SD NA 602+29 735+88 p=0.0254*
Range, min-max 94 57-63 57.1-86.5
Leukocytes (10%/L)
Patients, n 1 3 16
Median NA 3.6 5.1 NS
Range, min—-max NA 3.4-4.6 1.3-9.0
Hemoglobin (g/dI)
Patients, n 1 3 16
Median NA 9.8 9.7 NS
Range, min-max NA 8.5-12.5 5.4-15.3
Platelets (10°/L)
Patients, n 1 3 16
Median NA 140 169 NS
Range, min-max NA 113-237 24-269
Bone Marrow Plasma Cells (%)
Patients, n 1 3 16
Median NA 74 46.5 p =0.0572*
Range, min-max NA 59-93 1#-89
Calcemia (mmol/L)
Patients, n 1 3 17
Median NA 2.4 2.2 NS
Range, min—-max NA 2.3-2.6 1.8-2.7
Creatinin (umol/L)
Patients, n 1 3 17
Median NA 59.0 69.0 NS
Range, min-max NA 57-117 36-763
B2-Microgobulin (mg/L)
Patients, n 1 2 5
Median NA 5.6 4.5 NS
>3.5 mg/L, n (%) NA 1(60.0%) 2 (40.0%)
Range, min-max 3.05-8.2 1.1-14.2
Monoclonal IgA (g/L)
Patients, n 1 4 17
Median NA 33.0 16.0 NS
Range, min-max NA 17.0-57.0 4.0-57.0
Bone Lesions
Patients, n 1 3 17
With bone lesions, n (%) NA 3(100%) 15 (88.2%) NS
DSS Stage
Patients, n 1 4 17
Stage | NA 0 0
Stage Il NA 1 7
Stage Ill, n (%) NA 3(75.0%) 10 (58.8%) NS
(Continued)
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TABLE 3 | Continued

Myeloma with or without a monoclonal IgA

specific for EBV or HCV
HCV(+) EBNA-1(+) MIAA(-) p-value

ISS Stage

Patients, n 1 4 5

Stage |, n NA 2 1

Stage I, n NA 0 2

Stage Ill, n (%) NA 2 (50.0%) 2 (40.0%) NS
Serum IgA Sialylation (%)

Patients, n 1 3 17

Median (mean) 49.7 (49.7)  53.4(41.7)  40.8(43.1)

Range, min-max NA 11.9-59.7 35.9-57.9 NS

n, number; NA, not applicable; NS, not significant; HCV+, patient with HCV-specific
purified monoclonal IgA; EBNA-1+, patients with EBNA-1-specific purified monoclonal
19A; MIAA-, Patients with a purified monoclonal IgA not specific for any infectious pathogen
of the MIAA. Because biological information was not available for all patients, and was
partial for some patients, the number of patients with data may vary. Statistical analysis
was performed using the Chi-2 test for categorical variables and the *Mann-Whitney test
for continuous variables. Significant differences are indicated. *MM patient with 29g/L
monoclonal IgG.

TABLE 4 | Characteristics of myeloma patients with a lysoglucosylceramide
(LGL1)-specific monoclonal IgA.

Patient X03  Patient X08 Patient Nvs37

Sex (M/F) F F M

Age (year) 76 66 51

Leukocytes (x10%/L) 2.4 7.2 NA
Hemoglobin (g/dl) 6.9 12.8 NA
Platelets (x 10%/L) 191 269 NA
Bone marrow plasma cells (%) 51 16 NA
Calcemia (mmol/L) 2.16 2.36 NA
Creatinin (nwmol/L) 66 38 NA
B2-microglobulin (mg/L) NA NA NA
Monoclonal IgA (g/L) 28.0 8.0 23.2
Bone lesions Yes Yes NA
ISS stage NA NA NA
DSS stage NA Ml NA
Serum IgA sialyation (%) 36.1% 46.3% NA

NA, not available; ISS, International System Staging; DSS, Durie-Salmon Staging.

vimentin, cofilin-1, filamin B), cardiolipin, proline-rich acidic
protein-1 (PRAP-1), dUTPase, and auto-antigens at the surface
of apoptotic cells and bacteria (Streptococcus pneumoniae for
instance) (44-51). Evidence of virus (HCV, HIV)-driven CLL has
been less reported (52-54). Regarding EBV, EBV DNA is typically
not detected in malignant CLL or myeloma cells (20). The
variability of EBV DNA loads in blood and the patterns of anti-
EBV Ig responses of patients have been well-analyzed in CLL, but
the findings of these studies appear to mostly reflect the deficient
immune system of aged CLL patients (55-58). Thus, formal
evidence of EBV antigen-driven CLL disease is still lacking,

and identified CLL-associated antigens are predominantly auto-
antigens linked to bacterial infection and/or apoptotic cell
removal, and to a lesser degree, viral antigens (44, 45, 52-54).
In contrast, the most frequent antigenic targets associated so far
with MGUS and myeloma are viral proteins (especially from EBV,
HSV, HCV) and a ganglioside, LGL1 (10-14). Of note, several
groups reported that gangliosides facilitate cell entry of viruses
(59). Knowing whether anti-LGL1 monoclonal Igs can counter
virus cell entry would be of interest.

IgA glycosylation was also analyzed. Monoclonal IgAs differed
from IgAs from healthy donors by their low level of sialylation, a
characteristic observed for monoclonal IgGs and associated with
a pro-inflammatory action of the Ig Fc fragment upon binding
to FcyR, notably in monocytes and macrophages (21). However,
sialylation did not differ depending on the antigenic specificity
of the monoclonal IgA. Further studies are needed to determine
whether monoclonal IgAs from MGUS and myeloma patients
contribute to the production of pro-inflammatory cytokines, as
reported for patients with hyposialylated IgGs (polyclonal or/and
monoclonal) (21).

In aging populations, the incidence of MGUS and the
subsequent risk of myeloma and other MGUS-associated diseases
increase (60, 61). The detection of antigen-initiated MGUS and
myeloma cases, and the determination of the antigenic target of
the monoclonal Ig, should be useful additions to the diagnostic
work-up of MGUS and myeloma because they allow new
possibilities of prevention and treatment. First, disease-initiating
antigenic targets could serve as new risk markers. Second, MGUS
patients, who are not treated presently, and myeloma patients
could benefit from antigen-reduction treatments. Supporting
this approach, several groups reported that the addition of
anti-viral treatment to myeloma protocols resulted in disease
regression and/or improved response to chemotherapy, notably
for HCV-associated myeloma (62, 63). Drugs that target BCR
signaling may also be considered (64, 65). Moreover, new
drugs are currently being developed that specifically target
EBV (66, 67). Clearly, if one could clear the MGUS-associated
underlying chronic infection early on, it may be possible to
prevent the development of myeloma (68). Regarding myeloma
patients with an LGL1-specific monoclonal Ig, reduction of
LGLI levels may be envisioned as a complementary treatment.
Indeed, LGL1 reduction has been successfully achieved
in Gaucher patients for many years (69-73). Importantly,
glucolipid reduction prevents associated B-cell malignancies
in murine models (74, 75). Recently, Nair et al. reported
that glucolipid reduction treatment resulted in decreased
amount of monoclonal Ig in Gaucher patients with monoclonal
gammopathy (76).

In conclusion, EBV EBNA-1, the HCV core protein, and
LGL1, a glucolipid, were identified as candidate antigenic
targets of the purified monoclonal Igs of patients with IgA
myeloma. An abnormal immune response to these viruses or
to LGL1 may therefore be part of the pathogenesis of IgA
myeloma, as reported for IgG myeloma. Detecting patients who
present with LGL1- or virus-associated MGUS or myeloma is
important since it is possible to add antigen target reduction to
classic treatments.
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FIGURE 4 | Lysoglucosylceramide (LGL1) is specifically recognized by subsets of purified monoclonal IgAs. LGL1-specific immunoblotting assays were performed as
described in the Materials and Methods section (7, 27, 28). Samples of serum (left) or purified monoclonal IgAs (right) were first submitted to agarose gel
electrophoresis; then, the gels were blotted onto LGL1-saturated membranes. After blocking for 1 h, membranes were incubated with anti-human IgA horseradish
peroxidase (HRP)-conjugated secondary antibody, then washed and revealed by chemiluminescence. The positive control (CTRL+, left) was a sample of serum from a
patient known to have LGL1-specific IgAs. Negative controls (CTRL-) were samples of serum without LGL1-reactive IgAs (one from a healthy volunteer, two from
patients). The lines of sample deposit are indicated by white arrowheads. The positive signals characteristic of LGL1-reactive Igs are encircled. Patterns of migration
may differ for serum and purified monoclonal IgAs because serum may contain both monoclonal and polyclonal LGL1-reactive IgAs.
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FIGURE 5 | Hyposialylation of IgAs from monoclonal gammopathy of undetermined significance (MGUS) and myeloma patients. The sialylation level of IgAs in the
serum of healthy volunteers (HV, n = 12), MGUS (n = 6), and myeloma (n = 22) patients was assessed using an enzyme-linked lectin assay (ELLA) technique, as
described in the Materials and Methods section. Unfortunately, we were not able to constitute a control cohort of patients with excessive amounts of non-clonal IgAs.
Results are expressed as percentages of sialylated forms of IgAs in serum. (A) Sialylation level of IgAs from HV (green dots) and MGUS and myeloma (MM) patients
(red dots); **p < 0.001, Mann-Whitney U-test. (B) Sialylation level according to age, in HV under or over 60 (green dots), and according to the diagnosis of MGUS
(orange squares) or MM (red squares). (C) Sialylation level of IgAs from MM patients with a pathogen-specific monoclonal IgA, as determined by the MIAA (filled red
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indicate means+SEM. (B,C) Significant differences are indicated by stars; *p < 0.05 and *p < 0.01, Kruskal-Wallis test followed by Dunn’s post-hoc test (ns, not
significant).
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