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9G4" IgG Abs expand in systemic lupus erythematosus (SLE) in a disease-specific fashion and react with different lupus Ags
including B cell Ags and apoptotic cells. Their shared use of VH4-34 represents a unique system to understand the molecular basis
of lupus autoreactivity. In this study, a large panel of recombinant 9G4* mAbs from single naive and memory cells was generated
and tested against B cells, apoptotic cells, and other Ags. Mutagenesis eliminated the framework-1 hydrophobic patch (HP)
responsible for the 9G4 idiotype. The expression of the HP in unselected VH4-34 cells was assessed by deep sequencing. We
found that 9G4 Abs recognize several Ags following two distinct structural patterns. B cell binding is dependent on the HP,
whereas anti-nuclear Abs, apoptotic cells, and dsDNA binding are HP independent and correlate with positively charged H chain
third CDR. The majority of mutated VH4-34 memory cells retain the HP, thereby suggesting selection by Ags that require this
germline structure. Our findings show that the germline-encoded HP is compulsory for the anti-B cell reactivity largely associated
with 9G4 Abs in SLE but is not required for reactivity against apoptotic cells, dSDNA, chromatin, anti-nuclear Abs, or cardiolipin.
Given that the lupus memory compartment contains a majority of HP* VH4-34 cells but decreased B cell reactivity, additional
HP-dependent Ags must participate in the selection of this compartment. This study represents the first analysis, to our knowl-
edge, of VH-restricted autoreactive B cells specifically expanded in SLE and provides the foundation to understand the antigenic

forces at play in this disease.

ystemic lupus erythematosus (SLE) is a systemic auto-

immune disease in which faulty B cell tolerance promotes

multiple autoantibodies including some like anti-ds DNA,
anti-Smith, and anti-nucleosome Abs with high disease specificity
(1, 2). Elucidating the molecular basis of SLE-specific autoanti-
bodies in the naive and memory compartments is important to
understand fundamental aspects of the disease pathogenesis in-
cluding the relative role of different Ags in the initial breakdown
of tolerance and the subsequent expansion of pathogenic B cells.
Yet, probing studies of these questions are hampered by chal-
lenges in the identification of disease-specific autoreactive B cells.
Consequently, extant studies have pursued only analyses of un-
selected B cells and have been largely restricted to assessing
general anti-nuclear Abs (ANA) and dsDNA binding (3-5). To
circumvent these limitations, we have resorted to the study of
autoantibodies that express the 9G4 idiotype (9G4 Abs), for which
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sensitivity (45-70%) and specificity (>95%) for SLE is similar to
that of anti-dsDNA Abs (6). The relevance of 9G4 Abs is further
illustrated by their correlation with overall disease activity and
several clinical manifestations including lupus nephritis (6—12).
These features, the shared expression of a single VH gene (VH4-
34), and the ability to purify 9G4™ B cells with a highly specific
anti-idiotype Ab render the study of 9G4 Abs a powerful exper-
imental system for the study of SLE-specific autoreactivity. The
9G4 system is also highly suitable owing to the high degree of
intrinsic autoreactivity engrained in the germline sequence of the
VH4-34 H chain expressed by 9G4 Abs and the inability of SLE
patients to appropriately censor autoreactive 9G4 cells (12, 13).
Indeed, most unmutated IgM 9G4 Abs studied recognize N-acetyl-
lactosamine (LN) glycans expressed by Ii blood group Ags.
Strikingly, anti-Ii 9G4 Abs comprise virtually 100% of the pow-
erful IgM cold-agglutinin responses triggered by acute Myco-
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plasma pneumoniae and EBV infections. Anti-i reactivity also
underlies the ability of IgM 9G4 to bind B cells (14-20). The
canonical anti-i B cell binding (BCB) of 9G4 Abs is further
documented by presence of this reactivity IgM 9G4 Abs derived
from fetal spleen B cells representing the innate repertoire without
previous antigenic selection. Of great relevance for our work, both
the expression of the 9G4 idiotype and the 9G4 canonical LN
autoreactivity are determined by a framework 1 (FR1) hydro-
phobic patch (HP) formed by residues Q°W’ and A?*V>*Y®of
the VH4-34 germline sequence (13, 21, 22).

In healthy subjects, effective tolerance ensures that 9G4 re-
sponses are restricted to acute responses and do not persist in the
long-lived IgG memory and plasma cell compartments. In contrast,
we have shown that in SLE, 9G4 B cells are substantially expanded
in the IgG memory compartment, and 9G4 Abs contribute dis-
proportionally to circulating IgG levels owing to defective germinal
center (GC) censoring that is unique to SLE among the autoim-
mune diseases (12). Yet, the Ags responsible for the selection of
9G4 IgG Abs in SLE GC remain poorly understood. Nonetheless,
important clues can be gleaned from extensive serological anal-
yses performed by our group. Thus, serum 9G4 IgG Abs bind
B cells both in vitro and in vivo by reacting with LN chains on
a B220 glycoform preferentially expressed on naive B cells (9).
In vivo, 9G4 BCB is prominent in active SLE and correlates with
naive B cell lymphopenia possibly due to a direct lytic activity of
these Abs (9, 23). Yet, 9G4 Abs may also react with ssDNA,
dsDNA (11, 24-26), as well as apoptotic cells as shown own by our
studies of SLE sera (27-29) and by chronic lymphocytic leukemia
studies (30). The latter reactivity is of great interest because apo-
ptotic cells accumulate in SLE GC (31) and may induce anti-
apoptotic cell Abs (APCA) with pathogenic functions (32—40).

Of course, serological studies cannot discriminate whether BCB
and APCA binding is due to cross-reactivity or polyreactivity against
both cell types or is instead mediated by difterent types of 9G4 Abs.
To clarify these questions and to further characterize the contribution
of 9G4 Abs to lupus autoreactivity, we analyzed a large panel of
recombinant 9G4 mAbs. Our results demonstrate high autoreactivity
of 9G4 Abs against several lupus Ags of pathogenic significance that
can be segregated into HP-dependent and HP-independent catego-
ries. Combined with deep sequencing analysis of the relative fre-
quency of VH4-34 B cells that express the HP, the aggregate of our
findings indicate that both types of autoantigens participate in the
selection of these autoreactive B cells into the SLE memory com-
partment with apoptotic cells contributing a major source of HP-
independent Ags. Contrary to previous studies of the global hu-
man B cell repertoire (41), L chains play a major modulatory role
in VH4-34-determined autoreactivity but rarely eliminate it. This
study represents the first systematic analysis, to our knowledge, of
a VH-restricted autoreactive B cell population specifically expanded
in SLE and provides the basis for a detailed understanding of the
antigenic forces at play in this disease.

Materials and Methods

Patient selection

Two SLE patients who fulfilled the American College of Rheumatology
revised criteria for the classification of this disease were systematically
studied. One patient displayed very high titers of serum 9G4 Abs as well as
ex vivo and in vitro binding of serum 9G4 Abs to B cells and apoptotic cells.
In contrast, the other patient did express low levels of serum 9G4 Abs and
the corresponding B cell and apoptotic cell reactivities. Isolated 9G4 mAbs
derived from additional lupus patients were also analyzed as indicated. Two
sex- and age-matched healthy control subjects (HC) were also included in
the study of 9G4 mAbs. Five additional SLE patients were recruited for deep
sequencing analysis of the VH4-34 repertoire. All patients were recruited
from the Lupus Clinic of the University of Rochester Medical Center.
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Sample procurement and cell isolation

Detailed written informed consent was obtained from all patients and healthy
donors in accordance with protocols approved by the Human Subjects In-
stitutional Review Board of the University of Rochester Medical Center.
PBMCs from HC and from two patients with SLE who fulfilled at least 4 out
of 11 American College of Rheumatology criteria for the classification of
SLE were isolated by VACUTAINER CPT tubes (BD Biosciences, Bedford,
MA) according to the manufacturer’s instructions. Tonsil samples were
obtained from individuals undergoing routine tonsillectomy. Mononuclear
cells were isolated from tonsil using Ficoll-Hypaque density gradient cen-
trifugation (GE Healthcare, Piscataway, NJ). Naive B cells were isolated
from tonsil mononuclear cells by negative magnetic bead purification using
the Human Naive B cell Isolation Kit (Miltenyi Biotec, Auburn, CA).

Flow cytometry

The following anti-human Abs were used in this study using a three-laser
LSR2 instrument: anti-CD19 allophycocyanin-Cy7, anti-CD24 FITC, anti-
IgD FITC, anti-IgD PE, anti-IgM FITC, anti-IgG PE (BD Biosciences),
anti-CD27 APC, anti-CD38 PE-Cy7 (eBioscience, San Diego, CA), and
anti-IgA PE (Southern Biotechnology Associates, Birmingham, AL). Anti-
rat idiotypic 9G4 (kindly provided by Prof. F. Stevenson, Tenovus Labo-
ratories, Southampton, U.K.) was fluorescently labeled using the Pacific
Blue Protein Labeling Kit (Molecular Probes, Carlsbad, CA). AnnexinV
FITC (Southern Biotechnology Associates) and 7-aminoactinomycin D (7-
AAD) were used to stain apoptotic and dead cells, respectively. Purified
mononuclear cells were stained at 4°C in PBS. Flow cytometric analysis
was performed with FlowJo software from TreeStar.

Single-cell sorting

Single B cells were sorted on an FACSAria (BD Biosciences) into 96-
well PCR plates (Bio-Rad, Hercules, CA) containing 4 pl/well 0.5X PBS
containing 10 mM DTT (Invitrogen, Carlsbad, CA), 8 U RNAsin (Prom-
ega, Madison, WI), and 0.4 U 5'-3" Prime RNAse Inhibitor (Eppendorf).
Plates were sealed with Microseal F Film (Bio-Rad) and immediately
frozen on dry ice before storage at —80°C until used for RT-PCR. The
following populations were sorted: naive cells (CD19*IgD*CD27 CD24*
CD38") and isotype-switched memory (CD19*IgD—CD27%).

Single-cell RT-PCR

cDNA was synthesized in a total volume of 20 wl/well in the original 96-
well sorting plate using the iScript cDNA Synthesis Kit (Bio-Rad). IgH,
Ig\, and Igk V gene transcripts were amplified independently by nested
PCR using 4 pl cDNA or unpurified PCR1 product as template, as ap-
propriate. All PCR reactions were performed in 96-well plates in a total
volume of 40 pl/well containing 50 nM each primer, 250 uM each dNTP
(Fermentas, Glen Burnie, MD), and 0.25 U HotStar Taq DNA polymerase
(Qiagen, Valencia, CA). Primers and cycling conditions for PCR am-
plification of Ig L chains have been described elsewhere (42). Primer
sequences for PCR amplification of Ig H chains were as follows: H chain
forward: VHI1 exterior, 5'-ATGGACTGCACCTGGAGGAT-3"; VHI1
interior, 5'-CCTCTTCTTGGTGGCAGCAG'-3"; VH2 exterior, 5'-CAT-
ACTTTGTTCCACGCTCC-3'; VH2 interior, 5'-TCCACGCTCCTGC-
TGCTGAC-3'; VH3 exterior, 5'-ATGGAGTTTGGGCTGAGCTG; VH3
interior, 5'-GGGGCTGAGCTGGGTTTTCC-3"; VH4 exterior, 5'-GA-
AACACCTGTGGTTCTTCC’-3"; VH4 interior, 5'-CTGGTGGCAGCT-
CCCAGATG-3'; VHS5 exterior, 5'-ATGGGGTCAACCGCCATCCT-3';
VHS interior, 5'-CCCTCCTCCTGGCTGTTCTC-3'; VH6 exterior,
5'-CTCCTTCCTCATCTTCCTGC-3'; VH6 interior, 5'-CCTCATCTTC-
CTGCCCGTGC; H chain reverse: IgA exterior, 5'-GTGTAGTGCTT-
CACGTGGCA-3'; IgA interior, 5'-GGCATGTCACGGACTTGCCG-3';
1gG exterior, 5'-GAGTCCTGAGGACTGTAGGA-3'; IgG interior, 5'-
GCGCCTGAGTTCCACGACAC-3'; IgM exterior, 5'-GTGATGGAGTC-
GGGAAGGAA-3'; IgM interior, 5'-CGACGGGGAATTCTCACAGG-3';
and sequencing reverse: SeqCK, 5'-GTCCTTGCTGTCCTGCT-3'; and
SeqCL, 5'-GGYGGGAACAGAGTG-3".

PCR products were visualized on a 1% agarose gel containing Sybersafe
(Invitrogen). Bands were excised and purified using the Qiaquick Gel
Extraction Kit (Qiagen). All samples were stored at —20°C.

Ig gene sequencing and analysis

Purified PCR2 products were sequenced at Genewiz Sequences were an-
alyzed by IgBLAST comparison with GenBank (www.ncbi.nlm.nih.gov/
igblast) to identify germline V(D)J gene segments with highest identity.
Sequences analyzed by IgBLAST were aligned with the published VH4-34
germline sequence using Megalign program from Seqman (Laser Gene
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Software). Ig CDR3 length and charge was determined by Joinsolver
(http://joinsolver.niams.nih.gov).

Expression vector cloning and Ab production

Expression vector cloning, transfection of human embryonic kidney
293T cells (American Type Culture Collection, Manassas, VA), and mAb
expression and purification were performed as described elsewhere (42).
Expression vectors were provided by Dr. Eric Meffre (Yale University).

ELISA

Quantitative IgG and 9G4 ELISAs were performed on Polysorp 96-well
plates (Nunc, Rochester, NY) as previously described (21, 41).

ANA assays

QUANTALite ANA and dsDNA ELISAs (INOVA Diagnostics, San Diego,
CA) were performed according to the manufacturer’s directions. Positive
binding was defined according to instructions for the low positive control
as an OD of more than twice the negative control. Abs were only con-
sidered reactive if positive reactivity was confirmed in at least two inde-
pendent experiments. ANA was also measured using Hep-2 substrates by
immunofluorescence. Hep-2—coated slides (Nova lite HEp-2, catalog
number 708101; INOVA Diagnostics) were incubated in a moist chamber
at ambient temperature with 20 .l purified Abs at 30 pg/ml for 30 min,
washed in PBS, and incubated for 30 min with FITC-labeled goat anti-
human IgG (20 pl). ANA-negative and ANA-positive control sera were
included in all experiments. Samples were examined on a Fluorescence
microscope (Fluorescence illumination system, Nikon Eclipse 501 Cam-
era, Diagnostic Instruments X-cite 120; Nikon) using IPlab 4.0 software.
Positive staining was determined by comparison with the controls at equal
exposure times.

Antichromatin ELISA

QUANTALite Chromatin ELISA (INOVA Diagnostics) was performed
according to the manufacturer’s directions. Positive binding was defined
according to instructions for the low positive control as an OD of more
than twice the negative control. Abs were only considered reactive if
positive reactivity was confirmed in at least two independent experiments.

Anticardiolipin ELISA

Anticardiolipin (ACL) ELISA (ALPCO Diagnostics) was performed ac-
cording to the manufacturer’s directions. Any valve >11 U/ml was defined
as strong positive (+++); 11 U/ml 1:4 (++); and 11 U/ml 1:16 (+). Abs were
only considered reactive if positive reactivity was confirmed in at least two
independent experiments.

BCB assay

Naive B cells were isolated from human tonsils. A total of 100,000 cells was
resuspended in 50 wl mAb at 100 pg/ml and incubated at 4°C for 30 min.
Cells were washed three times in cold PBS and subsequently stained with
Abs to CD19, CD27, IgD, and IgG, as well as with 7-AAD. Flow cyto-
metric analysis was performed on an LSRII (BD Biosciences) as previ-
ously described (21). Dead cells and doublets were excluded. The median
fluorescence intensity (MFI) of mAb (IgG) was determined on the naive
B cell population.

Apoptotic cell binding assay

The CDA45-negative Jurkat cell line (J45.1; American Type Culture Col-
lection) was cultured at 1 X 10° cells/ml with 20 pg/ml camptothecin for
18 h to induce apoptosis. A total of 100,000 cells was resuspended in 50 pl
mAbD at 100 pg/ml and incubated at 4°C for 30 min. Cells were washed
three times in binding buffer (0.01 M HEPES [pH 7.4], 0.14 M NaCl, and
2.5 mM CaCl,) and subsequently stained with anti-IgG, anti—-Annexin V,
and 7-AAD. Flow cytometric analysis was performed on an LSRII (BD
Biosciences). The MFI of mAb (IgG) was measured on J45.1 cells.

Autoantigen microarrays

The three mAbs at 10 pg/ml were incubated with autoantigen array
(Microarray Core, University of Texas Southwestern Medical Center,
Dallas, TX) and the autoantibodies binding to the Ags on the array
detected with laser wavelengths 532 nm (Cy3-labeled anti-IgG) to generate
tif images. Genepix Pro 6.0 software was used to analyze the image and
generate the .GPR file (GenePix Results format). Net fluorescence inten-
sities were defined as the spot minus background fluorescence intensity;
data obtained from duplicate spots were averaged. Signal-to-noise ratio
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(SNR) was used as a quantitative measure of the ability to resolve true
signal from background noise. A higher SNR indicates higher signal over
background noise. An SNR =3 was considered true signal from back-
ground noise. A heat map was generated using Cluster and Treeview
software (http://rana.lbl.gov/EisenSoftware.htm).

Glycan microarray

We used the Consortium for Functional Glycomics (CFG) mammalian
glycan microarrays version 5.1 for the analysis of samples at the Protein-
Glycan Interaction Core (Emory University School of Medicine, Atlanta,
GA) following standard CFG procedures (http://www.functionalglycomics.
org). Briefly, the 75G12 Ab was incubated on the glycan microarray slide
at 150 pg/ml in binding buffer for 1 h at room temperature. Then 9G4 at
20 pg/ml was added to the microarray, followed by detection with Alexa
546-labeled anti-rat IgG (Invitrogen). Image acquisition was performed
with ScanArrayExpress (PerkinElmer) and data analysis was performed
with Imagene software (BioDiscovery).

Deep sequencing of VH4-34 H chains

Five thousand cells were sorted from CD19*IgD™ CD27* cells, and total
cellular RNA was isolated using the RNeasy Mini Kit (Qiagen) by fol-
lowing the manufacturer’s protocol. After DNase I treatment (Life Tech-
nologies, Carlsbad, CA), 1 ng RNA was subjected to reverse transcription
using the iScript RT Kit (Bio-Rad). Aliquots of the resulting single-
stranded cDNA products were included with 50 nM VH4-specific pri-
mers and 50 nM Cg-specific primers in a 20-pl nested PCR reaction
using Platinum PCR Supermix (Life Technologies) and amplified using
a Bio-Rad C1000 Thermal Cycler (Bio-Rad) with the following con-
ditions: PCR1: after an initial step of 95°C for 5 min, 20 cycles of 95°C
for 30 s, 55°C for 30 s, and 72°C for 30 s, ending with a final extension
step of 72°C for 5 min; PCR2: after an initial step of 95°C for 5 min,
30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, ending with
a final extension step of 72°C for 5 min. Specific primer sequences used
are as follows: PCR1, VH4: 5'-CACCTGTGGTTCTTCCTCCT-3'; Cg:
5'-GAGTCCTGAGGACTGTAGGA-3"; PCR2, VH4: 5'-CTGGTGGC-
AGCTCCCAGATG-3"; and Cg: 5'-GCGCCTGAGTTCCACGACAC-3'.
Lib-L 454 fusion tags (forward: 5'-CCATCTCATCCCTGCGTGTCTCC-
GACTCAG-3' and reverse: 5'-CCTATCCCCTGTGTGCCTTGGCAGT-
CTCAG-3") were included in PCR2 primer sequences along with one of
four MID (Multiplex Identifier) tags for bar-coding sequences (MID1:
TCTCTATGCG; MID2: ACGAGTGCGT; MID3: CGTGTCTCTA; and
MID4: TAGTATCAGC).

After amplification, PCR products were purified with Agentcourt
Ampure XP beads (Beckman Coulter, Indianapolis, IN) according to the
manufacturer’s protocol, quantified, and pooled for multiplex sequencing.
Emulsion-based clonal amplification, breaking, and 454 sequencing were
carried out according to manufacturer’s protocol using a 454 GS Junior
System (Roche/454 Life Sciences, Branford, CT).

Resulting sequences were filtered for size by excluding sequences <300
and >600 bp. Sequences were then aligned with iHMMune-align software
and IMGT.org/HighVquest. Aligned sequences were compared, and un-
matched, poor, and nonfunctional results were filtered. The integrity of
the 9G4 HP was assessed based on the conservation of the VH4-34 FR1
germline sequence previously identified as responsible for this structure
(Fig. 3).

Statistical analysis

Statistical analyses were performed using one of the following: paired ¢ test,
unpaired ¢ test, Pearson correlation, Spearman correlation, Fisher exact
test, x? test, or one-way ANOVA with post hoc Tukey test. Differences
were considered significant at p < 0.05. Error bars denote SEM.

Results
Autoreactivity of SLE 9G4 Abs

In addition to the canonical VH4-34—encoded anti-i reactivity that
determines binding to B cells (43), SLE serum 9G4 Abs can also
react with other lupus autoantigens including dsDNA (6) and
apoptotic cells (anti-apoptotic cell binding [APCB]), which rep-
resent a rich source of pathogenic lupus autoantigens (38, 43). Our
initial recognition of 9G4 APCB in SLE (9, 27, 28) has been re-
cently consolidated by extensive serological analysis in our lab-
oratory showing that such autoreactivity is present in 60% of
unselected SLE patients, is present in the vast majority of patients
with elevated serum 9G4 Ab titers (80% of 9G4™), and correlates
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with disease activity and active lupus nephritis (29). A summary
of these data are provided in Supplemental Fig. 1. To better un-
derstand the structural underpinnings of the different types of
9G4 autoreactivity, we generated a panel of rIgG mAbs from SLE
9G4™ isotype-switched memory cells expressing either surface
IgG or IgA (44). For comparison, single 9G4 cells were also
sorted from naive cells of SLE patients and HC. Finally, 9G4*
memory cells, scarcely represented in HC (12), were similarly
analyzed. In all, we generated 98 unique 9G4 mAbs that were tested
for autoreactivity against viable B cells (BCB) and apoptotic cells
(APCB) and multiple other lupus Ags. In accord with other studies
of human mAb autoreactivity, individual Abs were classified as
polyreactive if they bound two or more of the antigenic targets
tested (3). Both BCB and APCB binding assays are illustrated in
Fig. 1, and the global reactivity of the full mAb panel is presented
in detail in Fig. 2 and summarized in Table I, which also describes
their genetic and molecular features. Ab sequences are provided
in Supplemental Figs. 2 and 3 (GenBank accession numbers
KF495432-KF495529; http://www.ncbi.nlm.nih.gov/Genbank).
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As shown in Fig. 2A, the large majority of 9G4 Abs (67-82%)
from different cellular sources were autoreactive against at least
one Ag, and 40-70% were positive in two or more autoreactivity
assays (poly-autoreactive Abs). The notable exception was the
lower level of strong autoreactivity and poly-autoreactivity (12%)
of the scarce 9G4 memory cells present in healthy subjects.
Overall, ANA autoreactivity was most common, as it was present
in up to 70% of all SLE Abs and 57 and 69% of 9G4 Abs derived
from healthy and SLE naive cells, respectively. Of note, this level
of 9G4 ANA autoreactivity is substantially higher than previously
detected in previous studies of total naive cells with similar
numbers of mAbs (~20% for healthy naive cells and 40% for SLE
naive cells) by different groups and our own laboratory (3, 4, 44).
Therefore, these results conclusively establish the high degree of
autoreactivity against SLE-related Ags of Abs using VH4-34 H
chains. Of significant interest, similar degrees of autoreactivity
were found in memory cells from both patients despite differences
in disease activity and levels of serum 9G4 Abs. This finding
suggests that, as it has been shown for ANA and anti-DNA B cells,
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FIGURE 1. Autoreactivity assays. (A) BCB assay: 100,000 naive tonsil B cells incubated with mAb (100 pg/ml), followed by anti-IgG PE. Shown is the

gating strategy for BCB by flow cytometry. MFI was quantified on 7-AAD ™ naive B cells. Examples are shown of negative (black), weak (orange), and
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source and autoreactivity results are indicated. Mutant Abs with disrupted HP (75G12M and 75A11M) are also shown side by side with the parental Abs

75G12 and 75A11. Original magnification X40.
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FIGURE 2. Autoreactivity of 9G4 mAbs. 98 9G4 mAbs were tested for Ag reactivity as illustrated in Fig. 1 and analyzed based on disease state (HC
and SLE) and cell origin (naive [N] and isotype-switched memory [M]). (A) Frequency of individual autoreactivities (ANA, BCB, APCB, dsDNA, and
ACL). Total autoreactivity (Auto) and polyautoreactivity (Poly) defined by binding to two or more Ags. (B) Percentage of strong binders (++/+++). (C) Heat
map summary of Ag binding: —, black; +, weak, yellow; ++, orange, moderate; and +++, red, strong.

autoreactive memory 9G4 B cells can be at least temporarily si-
lenced by late tolerance mechanisms (31, 45, 46).

Immunofluorescence analysis (Fig. 1E) revealed several ANA
nuclear binding patterns commonly observed with lupus serum
including homogeneous, speckled, and perinuclear. Cytoplasmic
staining was frequently observed in addition to nuclear reactivity.
In contrast, nucleolar reactivity was detected only in a subset of
mutated Abs derived from SLE memory cells. Although more
typically found in scleroderma, anti-nucleolar Abs have been re-
ported in SLE associated with cytoplasmic reactivity (47) and
allow stratification of this disease in African-American families
(48).

Only 15% of Abs were autoreactive in the absence of ANA
reactivity. Except for one SLE memory Ab with both BCB and
APCB, in every case, their autoreactivity was directed only against
B cells, and virtually all of these anti-B cell-restricted Abs (80%)
originated from naive B cells, whether from HC or SLE. Overall,
BCB was found in up to 60% of all 9G4 naive B cells in HC and
SLE but in only 27% of SLE memory cells. APCB was present in
all compartments, but its frequency was highest in SLE memory
cells (31%) and lowest in healthy memory B cells. As is the case
for murine and human polyclonal SLE Abs (48), 9G4 APCB was
predominantly directed against Ags expressed in late apoptotic
cells (Fig. 1B). When only strong autoreactivity (++/+++) was
considered, APCB, dsDNA, and ACL binding was preferentially if

not exclusively found in 9G4 SLE memory cells, which con-
versely, had decreased strong BCB (Fig. 2B, 2C). In contrast, 9G4
healthy memory cells expressed the lowest level of strong auto-
reactivity for ANA, BCB, and APCB and absent dsDNA and ACL
(Fig. 2B).

Given that both B cells and apoptotic cells could express multiple
Ags, we tested selected mAbs to further understand these reac-
tivities. We had previously demonstrated through immunoprecip-
itation and enzymatic modification studies that LN-bearing B220
was the B cell target recognized by serum 9G4 IgG Abs. This
specificity was directly confirmed by testing mAb 75G12 against
a high-density glycan microarray containing 610 glycans (Sup-
plemental Fig. 4).

The glycan array data has been deposited at: https://www.
functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp;
the number that links to samples is: cfg_request_2712 Ignacio
Sanz, and the specific primary screen numbers for each sample is:
primscreen_5949-primscreen_5964.

Regarding APCB reactivity selected mAbs with strong APCB
also recognized chromatin and individual histones as documented
by glomerular proteome microarrays previously used by some of
us (C.M. and Q.-Z.L.) with lupus serum Abs (49) (Fig. 3G). The
autoantigen protein array data has been deposited at http://www.
ncbi.nlm.nih.gov/geo/info/linking.html; accession numbers for
each sample are GSM 1224646, GSM 1224647, and GSM1224648.


https://www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp
https://www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp
http://www.ncbi.nlm.nih.gov/geo/info/linking.html
http://www.ncbi.nlm.nih.gov/geo/info/linking.html
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Table 1.  Autoreactivity and molecular characteristics of 98 9G4* mAbs
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Apoptotic
Cardiolipin
9G4 ANA dsDNA B Cel —mMm-—F— CDR3H CDR3H CDR3L CDR3L
ELISA ELISA ELISA Binding Binding ELISA CH VH JH  Length Charge VL JL  Length Charge
mAb
HC-Naive
218A6 + - - - - M VH4-34 J5 10 -1 K3-20 J2 10 0
218A7 + - - - - - M VH4-34 J4 15 0 K3-11  J1 5 1
218B2 + + - + - - M VH4-34 J6 18 1 K3-20 J5 11 0
218B5 + + - + - - M VH4-34 J6 20 =2 K3-20 J1 9 1
218Cl1 + ++ - + - - M VH4-34 J4 20 0 K3-15 J1 8 0
218C2 + — - +++ - - M VH4-34 J4 25 —4 L2-11 J3 9 1
218C7 + ++ - + + - M VH4-34 J4 23 0 K1-5 12 11 0
218E2 + +++ - + - - M VH4-34 J4 17 0 L3-21 I3 11 -1
218Gl + ++ - - - - M VH4-34 J4 14 2 K1-5 12 11 1
218H2 + - - ++ - - M VH4-34 J4 21 0 L1-40 I3 12 -1
227D1 + - — - - - M VH4-34 J4 14 -1 K3-20 J1 9 0
227E1 + - - - - - M VH4-34 J5 17 -1 L2-11  J1 9 2
227E3 + ++ - + + - M VH4-34 J3 15 1 K3-11  J2 8 1
227G3 + + - - - - M VH4-34 J6 15 1 K3-15 12 10 0
227H6 + ++ - + + - M VH4-34 J6 15 0 L2-14 I3 11 0
HC-SM
233B7 + + - - - - G VH4-34 J6 24 -1 K3-11  J3 10 2
233C3 + + + - - - G VH4-34 J6 16 2 L2-23 I3 10 2
152B5 + - - - - Al VH4-34 J5 19 1 K1-39 12 9 1
152B8 + - - - - - G2 VH4-34 J5 16 0 K4-1 I 9 0
152C1 + + - - - - Gl VH4-34 J6 25 3 K2-28 J5 9 0
152C12 + - - - - - G4 VH4-34 I3 15 2 K3-20 J1 9 1
152D1 + — - + - - Gl VH4-34 J5 14 0 K1-5 I 9 1
152D2 + - - + - - Al VH4-34 ]5 10 2 K1-39 J2 9 0
152E10 + +++ + - ++ + Gl VH4-34 J4 19 3 K1-39 J1 9 1
152F12 + + - - - - G3 VH4-34 J5 14 2 K1-17 J1 9 0
152H3 + + - - - - Gl VH4-34 J6 24 0 K1-39 J2 9 1
152H5 + - - + - - Gl VH4-34 J5 14 0 K1-5 I 9 1
SLE-Naive
T4A2 + ++ - + - - M VH4-34 J3 21 2 K1D33 J4 9 -1
7T4A6 + + - + + - M VH4-34 J4 11 1 K3-15 J1 9 1
T4A8 + ++ - ND + - M VH4-34 J6 30 3 L1-40 I3 12 0
T4A9 + + - + - - M VH4-34 J5 21 1 K1-5 2 10 0
74A10 + - - + - - M VH4-34 J5 17 0 L2-23 I3 14 0
T4A11 + - - + - M VH4-34 J4 13 0 K3-20 J1 9 1
74B9 + + - - - - M VH4-34 J4 15 2 K3-20 J1 9 0
74B11 + ++ - ++ + - M VH4-34 J5 18 2 K3-15 J2 10 0
74B12 + ++ + ++ + + M VH4-34 J4 24 3 K3-11 J4 10 1
74C2 + +++ - ++ ++ - M VH4-34 J4 21 3 L2-23 I3 11 0
74C3 + - +++ - - M VH4-34 J4 13 0 L1-40 J1 12 -1
74C6 + - - ++ - - M VH4-34 J5 16 1 L1-40 I3 12 -1
74C11 + + - + - - M VH4-34 J3 21 2 L1-40 J3 11 -1
74D2 + + - + - - M VH4-34 J4 20 3 K1-5 1 9 0
74D3 + + — - - - M VH4-34 J5 18 0 K4-1 J5 9 0
74D6 + + - - - - M VH4-34 J4 11 1 K3-20 J1 9 0
74D7 + + - + - - M VH4-34 J2 15 0 K1-5 12 10 0
74D9 + - - - - - M VH4-34 J5 14 -1 K1-5 2 10 0
74D12 + ++ - + + — M VH4-34 J4 14 2 K1-39 )2 9 1
201A2 + ++ - - - - M VH4-34 J4 15 1 K4-1 I 9 1
201A8 + + - + - - M VH4-34 J5 15 1 K1-39 2 9 0
201A11 + + - + - - M VH4-34 J3 17 -1 K1-39 J1 9 1
201B1 + - - - - - M VH4-34 J3 14 2 K1-39 J1 8 1
201B3 + + - + - - M VH4-34 J4 12 0 K2-28 J4 8 0
201B5 + - - - - - M VH4-34 J6 16 -3 K4-1 12 9 1
201B6 + + - - - - M VH4-34 J5 9 0 Ki1-12 J4 9 0
201B9 + ++ - - - - M VH4-34 J6 11 0 K1-33  J2 9 -1
201B12 + + - - - - M VH4-34 J3 11 -1 K4-1 12 9 0
201D2 + + - - - - M VH4-34 J3 13 -1 K1-39 12 9 1
201E6 + + - + - - M VH4-34 J6 17 0 K1-39 ]2 9 0
201F3 + + - - - - M VH4-34 J1 18 4 K1-15 J2 10 0
201F12 + + - - - - M VH4-34 J2 18 1 K1-39 12 9 1
201G2 + - - - - - M VH4-34 J5 14 -1 K1-39 ]2 9 0
201G3 + - - + - - M VH4-34 J6 19 0 K1-39 J4 9 0
201H9 + - - - - - M VH4-34 J6 21 -2 K3-11 J5 5 1
SLE-SM
T5A3 + + - + - - Al VH4-34 J4 22 2 K3-15 J2 10 0
75A10 + ++ - + ++ - Gl VH4-34 J4 14 3 K1-8 J3 9 0
75A11 + ++ + + +++ - G3 VH4-34 )4 17 2 K3-20 J1 9 2

(Table continues)
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AUTOREACTIVITY OF 9G4 B CELLS IN HUMAN SLE

Table I. (Continued)
Apoptotic
Cardiolipin
9G4 ANA  dsDNA B Cell CDR3H CDR3H CDR3L CDR3L
ELISA ELISA ELISA Binding Binding ELISA CH VH JH Length  Charge VL JL  Length  Charge
75B2 + - - - - - Al VH4-34 J4 15 0 L2-11  J1 10 1
75B6 + + - - - - Al VH4-34 J4 12 4 K1-33 )2 9 -1
75B8 + ++ - - - - Al VH4-34 J5 7 1 K2-30 J4 9 1
75C5 + + - - - - Al VH4-34 J4 13 3 K4-1 I3 9 0
75D9 + - - +++ - - Al VH4-34 J6 14 0 K4-1 12 9 2
75E11 + ++ - + + ++ Al VH4-34 J6 21 2 L1-51 J1 11 -1
75F3 + - - - - - Al VH4-34 J5 14 3 L1-40 J3 11 -1
75G12 + +++ ++ ++ +++ + G3 VH4-34 J4 17 2 K3-20 J1 9 2
88A1 + ++ +++ + + - Gl VH4-34 )4 16 4 L1-51 I3 11 -1
88A7 + ++ - - - - Al VH4-34 J3 25 3 K3-15 J1 10 -1
88A10 + +++ + + + +++ Al VH4-34 J5 17 3 Ki1-12 J4 9 0
88B5 + ++ - + + - Al VH4-34 J4 17 2 K3-20 J1 9 0
88Cl1 + + - - - - Gl VH4-34 J5 22 3 K3-20 J2 9 -1
88D1 + - - - - - Gl VH4-34 J6 20 -2 L1-40 I3 9 1
88D11 + - - - - - Gl VH4-34 J6 20 -2 L1-40 I3 9 1
88D12 + + - + - Al VH4-34 J6 17 1 K3-20 J4 9 1
88D3 + - - - - - Gl VH4-34 )4 11 0 K2-29 J2 9 3
88D5 + ++ - + ++ - Al VH4-34 J1 16 4 K1-39 2 9 0
88E3 + - - = - - Gl VH4-34 ]3 14 —4 L2-11 J3 9 0
88F7 + +++ +++ - ++ +++ Gl VH4-34 J5 19 4 K3-20 J2 10 0
88G2 + - - - - - Al VH4-34 J6 24 1 K3-20 J1 10 -1
88H9 + + - + Gl VH4-34 ]3 9 -1 K3D-15 I3 9 0
208A1 + - - - - - G VH4-34 J5 21 0 K3-11  J1 9 1
626A4 + - - - - - Gl VH4-34 J6 17 1 K1-9 12 9 -1
626B2 + - - - - - Gl VH4-34 J6 20 1 K1-39 J4 9 1
626B5 + - - - - + Gl VH4-34 )4 12 0 K1-5 n 9 1
626B6 + ++ + = + + Gl VH4-34 J4 17 3 K1-39 J1 9 0
626B11 + + - - - - Gl VH4-34 )4 20 -2 L1-51 I3 11 -1
626D4 + + - - - + Gl VH4-34 )4 13 0 K2-28 J5 9 0
626E3 + - + - - + Gl VH4-34 J6 16 -1 K1-39 )2 9 0
626G4 + + - - - - Gl VH4-34 J6 14 0 K3-20 J4 8 0
626G12 + - - + + - Gl VH4-34 J6 14 -1 K1-16 J5 9 0
626H2 + - - - + - Gl VH4-34 J6 20 2 K3-20 12 9 0

9G4 single-cell mAbs are listed according to their cellular origin (SM, switched memory cells). The isotype expressed by the corresponding cells is noted. The germline H
chain D and J segments as well as the L chain V and J segments used by each Ab are listed. The length and charge of the third hypervariable region of H and L chain (CDR3H and

CDR3L) are shown. The intensity of autoreactivity to different Ags is also shown.

Interestingly, our unbiased single-cell analysis revealed similar
frequencies of IgG and IgA cells in the SLE switched memory
compartment (46 and 54%, respectively). No major differences in
ANA or BCB were observed between the two isotypes. In contrast,
strong APCB was clearly overrepresented in IgG Abs, which also
contained all of the strong dsDNA binders, with only one IgA Ab
displaying modest dsDNA binding (ANA/dsDNA ratio: 1.8 for IgG
and 9.0 for IgA; BCB/APCB ratio: IgG 0.75; IgA 2.0). IgG3 Abs
were also represented in our panel. Of significant interest, both
1gG3 Abs found in SLE memory cells had extended autoreactivity
against multiple Ags, including strong APCB and dsDNA, a finding
consistent with the reported contribution of IgG3 Abs to lupus
nephritis through the recognition of nucleosomal Ags expressed by
apoptotic glomerular cells (50) and with the binding of 75G12 to
chromatin and histones previously discussed (Fig. 3G). Remark-
ably, both IgG3 Abs were clonally related with a single amino acid
difference in H chain second CDR and identical H chain third
CDR (HCDR3) (75G12 and 75A11; Supplemental Fig. 2). The
finding of two clonally related Abs out of 35 sorted memory cells
(6%) suggests the presence of sizable clonal expansions in the
SLE memory compartment.

As expected, all of the Abs generated from 9G4* B cells also
reacted positively with the rat anti-human mAb that defines the
9G4 idiotype. Interestingly however, different degrees of 9G4
reactivity were present with a strong correlation noted (p < 0.05),
between the degree of 9G4 expression and the strength of BCB but
not with autoreactivity against any other Ags tested (not shown).

Among different autoreactivities, the strongest correlation was
found between APCB binding and antinuclear reactivity (p <
0.0001) as all 20 apoptotic cell binders displayed antinuclear re-
activity, 18 of them with strong binding. Correlations between
other autoreactivities were significantly weaker or not present
(not shown).

The VH4-34 FR1 HP plays a differential role in separate 9G4
autoreactivities

The VH4-34 HP is required for /i binding of 9G4 IgM Abs but may
be dispensable for reactivity against DNA (51-55). Our previous
analysis of SLE serum polyclonal 9G4* 1gG predicted that the HP
would be required for BCB but not for binding to the other lupus-
associated self-Ags. To test this hypothesis, 14 autoreactive SLE
9G4™ mAbs (6 from naive cells and 8 from memory cells; Fig. 3)
were modified to eliminate the HP and generate an FR1 sequence
concordant with the consensus VH4 sequence present in all other
VH4 members. The sequence determinants of the VH4-34 HP as
compared with other VH4 genes have been described elsewhere in
detail (56) and are shown in Fig. 3A together with our mutagen-
esis strategy. 9G4 mutations did not prevent proper pairing of H
and L chains nor did they inhibit Ab expression (Fig. 3B). The
9G4 mutation, however, universally resulted in a complete loss
of BCB, thereby establishing that, irrespective of the HCDR3,
mutations outside the HP, and associated L chain, BCB is HP
dependent. Consistently, BCB was also absent in Abs that had
accumulated in vivo mutations in FR1 residues responsible for the
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FIGURE 3. HP-dependent and -independent 9G4 autoreactivity. (A) All functional VH4 family members are represented. Differences between VH4-34
and the VH4 consensus sequence accounting for the structure of the 9G4 HP are boxed. The AgeIVH4-34M primer mutates four bases in the 5" end of
'VH4-34, leading to amino acid changes at positions 6, 7, 23, and 25 that generate a consensus VH4 sequence devoid of the 9G4 HP. (B) A total of 14 native
and 14 mutant mAbs quantified by IgG ELISA and tested for binding to 9G4. Binding to 9G4 was normalized to IgG concentration and is expressed in
arbitrary units (AU). Mutants lost all reactivity to 9G4 (p < 0.0001, paired 7 test). BCB was lost on all mutant mAbs tested (p = 0.0005, paired ¢ test). (C)
Average APCB increased with mutation (p < 0.02, paired ¢ test). APCB increased in 11 out of 14 mutants tested, 1 decreased, and 2 negative binders
remained negative. Average reactivity to nuclear Ags increased (p < 0.02, paired ¢ test), with 12 out of 14 mutants increasing in reactivity and 2 decreasing.
Reactivity to dsDNA increased with mutation (p < 0.05, paired ¢ test). All eight negative binders remained negative, whereas three weak and three strong
binders increased in reactivity. (D) BCB of three representative mAbs and mutants is shown. (E) Late APCB of three representative mAbs and mutants. (F)
Heat map of Ag binding by 14 9G4 mAbs and corresponding mutants. —, black; +, weak, yellow; ++, orange, moderate; and +++, red, strong. (G) Ag
microarray showing normalized fluorescent intensity of three mAbs to chromatin and histones. The scale is shown at the bottom. Reactivity of APCB
corresponds to chromatin binding by ELISA as shown in the table in the right panel.

HP structure. Thus, all four Abs (74D6, 201B9, 152B8, and 88C1)
with spontaneous mutations in either A23 or Y25 were devoid of
any BCB despite retaining some expression of the 9G4 idiotype.
This preservation of 9G4 expression in the presence of partial
mutation of the FR1 HP is consistent with previous mutagenesis
studies (56) and indicates an absolute requirement of full integrity
of the HP for BCB. Strikingly, nucleolar reactivity but not other
types of ANA binding was also completely abolished by the
disruption of the 9G4 idiotype through in vitro mutagenesis (Fig.
1E). A notable difference between the two HP-dependent auto-
reactivites, however, is that nucleolar binding was only observed
in SLE memory cells. In contrast to the stringent requirement for
BCB, disruption of the HP resulted in increased average binding
to late apoptotic cells (p < 0.02, paired ¢ test; Fig. 3C, 3F), as
11 out of 14 mutants showed increase in APCB. Enhancement was
also observed for ANA reactivity (p < 0.02, paired ¢ test) in 12 out
of 14 mutants (Fig. 3C, 3F). Average dsDNA reactivity also

increased with HP mutation (p < 0.05, paired ¢ test). All eight
negative binders remained negative, whereas three weak and three
strong binders increased in reactivity (Fig. 3C, 3F). Binding to
chromatin was preserved, albeit moderately decreased, by the 9G4
HP mutation (Fig. 3G, right panel).

The VH4-34 FRI HP is preserved in the majority of VH4-34
SLE memory cells

Given the critical role of the 9G4 HP in BCB and its modulating
impact on other SLE autoreactivities, we wanted to ascertain the
degree to which this determinant was preserved in the SLE memory
B cell repertoire, as this would provide important information
regarding the antigenic pressures that shape autoimmune memory.
Thus, we performed deep sequencing analysis of global SLE
memory B cells to determine the relative frequency of cells that had
lost expression of the HP secondary to somatic hypermutation.
In all, ~30,000 IgG SLE sequences were analyzed from 6 SLE
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patients. VH4-34 contributed ~10% of all sequences, a frequency
in keeping with the abundance of 9G4™ memory cells we previ-
ously described in this disease (12). Interestingly, the HP was
retained in most SLE memory cells with a frequency of ~90% in
some patients (average 75%; Fig. 4).

The HCDR3 charge correlates with APCB, ANA, and dsDNA
binding but not with BCB

HCDR3 generates the largest degree of diversity in the human Ab
repertoire and has a critical contribution to the conformation and
antigenic specificity of the Ag binding pocket (57). However, the
influence of the HCDR3s is less understood in 9G4 Abs because
the FR1 HP may be dominant in binding to the canonical 1/i Ags,
and, yet, at least for IgM cold-agglutinins, the HCDR3 can de-
termine binding to other self-Ags while modulating anti-I reac-
tivity (26, 52, 56). Accordingly, we hypothesized that the nature
of the HCDR3 would preferentially influence HP-independent
9G4 autoreactivities (APCB, ANA, and dsDNA). No correlation
between charge and amino acid length of the HCDR3 was found
for the 98 9G4 mAbs (p = 0.2841, Pearson; Fig. 5A). The length
of the HCDR3 did not correlate with BCB (p = 0.4170, Pearson),
APCB (p = 0.3658), ANA (p = 0.1495), or dsDNA binding
(p = 0.7655). Interestingly, negatively charged HCDR3s correlated
with lack of significant autoreactivity including BCB (Fig. 5). In
contrast, in keeping with their well-established contribution to
dsDNA binding (58), a strong correlation was observed between
positively charged HCDR3 and dsDNA reactivity (p < 0.005) (Fig.
5B). A positive correlation also existed between positively charged
HCDR3 and ANA autoreactivity (p < 0.005, Pearson) collectively
and when the Abs were grouped according to their strength of ANA
reactivity (negative/—; weak/+; and strong/++; Fig. 5C). After re-
moval of dsDNA binders from the analysis, strong and weak anti-
nuclear binders each had a statistically higher average charge than
negative binders (p < 0.05, ANOVA). Hence, positively charged
HCDR3 contribute to ANA reactivity irrespective of their anti-
dsDNA reactivity. Positively charged HCDR3 also showed a posi-
tive correlation with APCB (p < 0.005, Pearson). This correlation
remained after removal of the eight dsDNA binders from the
analysis (p < 0.005). When apoptotic cell binders were divided into

0,
FIGURE 4. Mutation analysis of VH4-34 sequences it

by 454 amplicon sequencing. VH4-specific primers
were used to amplify rearranged H chains from total
cellular RNA of sorted CD19*IgD~ CD27* cells from -
SLE patients. The 454 amplicon sequencing for six
SLE subjects was performed, and resulting sequences
were aligned to germline sequences using IMGT/High
Vquest and iHMMune-align software. 9G4 idiotype
regions were analyzed for mutations in aa 23 or 25 in

AUTOREACTIVITY OF 9G4 B CELLS IN HUMAN SLE

three groups as before, there still was a statistical difference in the
average charge of the CDRH3 among each of the three groups (Fig.
5D). In contrast to the other types of autoreactivity, the charge of the
HCDR3 had no influence in the ability of 9G4 Abs to bind B cells
(p = 0.3372, Pearson; Fig. SE).

Influence of associated L chains on the autoreactivity of 9G4
Abs

As illustrated by anti-ds DNA Abs, L chains have the ability
to modify Ag binding, and their secondary rearrangement plays a
major role in editing mouse and human B cell autoreactivity (41,
59). Although L chain genetic analysis can reveal informative
associations with different autoreactivities (60), the contribution
of L chains to 9G4 Abs autoreactivity has not been systematically
studied. Overall, 9G4 Abs had significant underrepresentation of
N chains (k/\ ratio = 3.6), which may be more efficient at editing
autoreactivity in humans (41). Moreover, we found a strong
preference for Vk-proximal upstream Jk segments with use of the
more distal Jk4-5 in only 14 out of 98 Abs (14%) with all Jk4-5
Abs found in SLE B cells. Combined, these features argue against
active secondary L chain recombination in 9G4 B cells.

No significant skewing in terms of L chain isotype, Vk, or Jk gene
use was found for BCB Abs (Fig. 6A). Similarly, no differences were
found between positive and negative binders when B cell reactivity
was analyzed as a dichotomous variable. No significant correlations
between the charge and amino acid length of the L chain CDR3 and
the degree of BCB were observed (Table I). A similar analysis was
performed for APCB and ANA binding. There was no statistical
difference in the average MFI of apoptotic cell or ANA binding
between Abs expressing k or X L chains (Fig. 6B, 6C). The vast
majority of binders used either Vk1 or Vk3 L chains. The three
strongest apoptotic binders used Jk1, and no significant binding was
found in Jk5 Abs. A statistical analysis of dSDNA reactivity was not
performed due to the small number of dsDNA binders in this study.
However, both k and N L chains were used (five and one Abs, re-
spectively) in a ratio similar to the total Ab sample.

The impact of L chains was directly assessed by the generation
of 55 hybrid Abs formed by recombination of several H chains
and assorted L chains. Of significant interest, L chain swapping

SLE-1 SLE-2 SLE-3
b 67% | 58%
60% 72%

the FR1 region. Each subject is represented by an in-
dividual pie chart. Dark slices represent the percent of
'VH4-34 sequences predicted to have lost expression of
the HP due to somatic hypermutation of the A23 and/or
Y25 residues.

73%

| Unmutated HP Mutated HP
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FIGURE 5. CDR3 charge, but not length, influences 9G4 autoreactivity. Charge and amino acid (AA) length of the H chain CDR3 were calculated from
the sequence of all 98 mAbs. Differences in groups were determined by ANOVA. (A) The mAbs were divided into three groups based on the charge of the
CDRH3. There were no differences in length of the CDR3H (p = 0.4568, ANOVA). (B-E) The mAbs were divided into three groups based on the strength
of reactivity (—, negative; +, weak; and ++, strong) to self-Ags. (B) dsDNA binding (p = 0.0017, ANOVA). (C) ANA ELISA (p < 0.0001, ANOVA). (D)

APCB (p = 0.0001, ANOVA). (E) BCB (p = 0.3372, ANOVA).

had a significant quantitative impact on the expression of the 9G4
idiotype, which declined in 8 out of 12 hybrid Abs as compared
with the native Ab expressing the same H chain, whereas 4 Abs
experienced increased 9G4 expression. Consistent with the mu-
tagenesis experiments and the role of the HP, decline in 9G4 ex-
pression through L chain replacement correlated with decreased
BCB (Fig. 6B). In terms of autoreactivity, the overall trend ob-
served for all autoreactivities tested was one of preservation of the
binding properties of the parental Abs contributing the H chain
(Fig. 6C). In isolated instances, however, the swapped L chain did
significantly alter autoreactivity in either direction (decrease or
increase). Interestingly, most of the swapped L chains that abol-
ished binding were permissive of autoreactivity in other Abs
(whether native or hybrids; Fig. 6D). Similarly, autoreactivity was
observed in some hybrid Abs using L chains derived from parental
Abs devoid of the same type of autoreactivity.

Spontaneous somatic mutation is present in a significant
fraction of SLE 9G4 naive B cells

Our genetic analysis of 9G4 Abs uncovered an unexpected rate of
spontaneous VH4-34 mutation rates (3—10% amino acid mutation)
in a significant fraction of SLE naive B cells (25%; Supplemental
Fig. 2). This rate is well above the expected error rate introduced
by the PCR amplification and was not observed in healthy naive
cells nor in our previous studies of healthy naive B cells (45).
These results indicate the presence of early mutations in SLE
naive B cells presumably secondary to Ag-driven activation. Of
note, this phenomenon has been well documented in different
murine lupus models (46).

Discussion

The structural basis of human autoantibodies has been the subject
of intensive investigation for more than four decades (41, 61).
Initial studies of rheumatoid factor paraproteins provided critical
insights into the structural basis of idiotypes and Ab diversity

while also hinting at a role for somatic hypermutation first rec-
ognized by seminal studies of mouse L chains (62). Taking ad-
vantage of rDNA technology, we provided original evidence for
the ability of unmutated VH genes to encode human IgM auto-
antibodies including natural autoantibodies and SLE-specific anti-
Sm Abs (63, 64). Yet, to this day, the structural basis and reper-
toire use of mature IgG autoantibodies in human autoimmune
diseases remains poorly understood despite isolated studies of
limited numbers of Abs in some cases using phage-display tech-
nology that precludes identification of the original H and L chain
pairs (65, 66). These limitations have been largely resolved by the
generation of mAbs from single cells (3, 4) and more recently by
the emergent use of large scale next-generation sequencing (67,
68). However, although single-cell studies have identified multiple
tolerance checkpoints, their open-ended analysis of relatively
small numbers of unselected B cells have limited their ability to
detect SLE-associated autoreactivity beyond the global ANA re-
activity present in a significant fraction of all human B cells (3, 4).
Moreover, molecular analysis has been limited to global reversion
of mutated sequences from diverse VH genes to their germline
counterpart, a process generally leading to loss of autoreactivity.
Consequently, these studies could only confirm a general role for
somatic hypermutation in lupus autoreactivity (5).

In this manuscript, we sought to circumvent these limitations
by taking advantage of the properties of 9G4 Abs and applying
both single-cell analysis and next-generation sequencing. Given
their autoreactivity against different lupus Ags and the shared
expression of VH4-34, the study of 9G4 cells represents a highly
informative experimental model to understand the breakdown
of B cell tolerance in SLE (12, 13). A central advantage of this
system stems from the strong autoreactivity engrained in the
VH4-34 germline sequence, which in many cases is largely in-
dependent of the HCDR3 and L chain. In this respect, the 9G4
system also represents an important departure from other human
(auto)Ab systems.
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FIGURE 6. L chain contribution to Ag-binding by 9G4* Abs. A total of 97 (BCB) and 98 (APCB and ANA) 9G4* mAbs were analyzed. (A) mAbs were
divided by L chain type, Vk family, or Jk gene segment and analyzed for differences in the MFI of BCB and APCB and nuclear Ag reactivity (OD). No
significant differences were found in any of the analyses. (B) 9G4 expression levels and BCB activity values are plotted for hybrid Abs for which the level
of 9G4 expression decreased due to L chain replacements. The trend line shows a strong correlation between loss of 9G4 expression and attenuated BCB
(p < 0.0075). (€) Heat map showing the degree of autoreactivity of parental Abs compared with hybrids expressing the same H chain in combination with
different L chains. (D) A similar display of hybrid Abs grouped on the basis of their expression of a shared L chain recombined with different H chains.

To the best of our knowledge, this study represents the largest
of its kind involving a prespecified SLE-specific autoimmune re-
sponse in humans. It is important to emphasize that in addition to
studying a number of mAbs that compare favorably with other
studies, the focus on a single VH gene considerably enhances the
power to understand the structural features that underlie the par-
ticipation of 9G4 Abs in several SLE-related autoreactivities. It
should be noted that although our mAbs were derived from only
two patients, their autoreactivity mirrors the 9G4 serum auto-
reactivity of large numbers of SLE patients tested in our laboratory
and is therefore representative of this disease population at large (9,
28, 29). Accordingly, we slanted our experimental design toward
the analysis of large numbers of original Abs, mutants, and L
chain hybrids rather than increasing the number of donors, as this
design is better suited to the strength of any structural correlates.
The choice of patients is also of major relevance to our study
design. Thus, as it is the case for other SLE autoreactivities such
as anti-ds DNA and ACL Abs, some SLE patients do not express
high levels of 9G4 Abs despite the presence of significant
number of 9G4 memory cells (9, 12), presumably reflecting late
tolerance checkpoints that prevent their differentiation into Ab-
producing cells (5, 31, 45, 46). We therefore intentionally se-
lected two patients representing opposite ends of the spectrum
of serum 9G4 Ab levels and the associated serum BCB and
AACA reactivities. The concordance of results obtained with both
patients provides further validation for our structural conclusions

and indicate that differences in terminal differentiation of 9G4
cells into the plasma cell compartment in individual SLE pa-
tients may be dependent on effective functional censoring rather
than the inability to generate autoreactive memory cells of path-
ogenic potential.

Our study provides conclusive evidence for the central postulate
of the 9G4 model, namely the almost universal autoreactivity of
naive cells expressing VH4-34 (upwards of 70%), with predomi-
nance of anti-i BCB and ANA binding, which substantially sur-
passes the level of autoreactivity (20%) previously detected by our
group and others in non-9G4 naive cells in HC and SLE patients
(3, 4, 44, 69). Although it is possible that a component of 9G4-
associated autoreactivity may be eliminated during B cell matu-
ration in the bone marrow, these results indicate the importance
of peripheral tolerance mechanisms and are consistent with our
earlier studies pointing to the GC as the main site of censoring
for these cells in healthy subjects (12, 13). The efficiency of this
mechanism is known to result in very low levels of 9G4 memory
cells in healthy subjects that prevented the study of larger number
of these cells. Nevertheless, of 12 Abs analyzed, only 1 displayed
strong autoreactivity, and several showed binding to ANA or
B cells despite the absence of serological autoreactivity in the
corresponding healthy donors. As in SLE patients, these findings
are consistent with the existence of late censoring checkpoints that
prevent the differentiation of autoreactive 9G4 memory B cells
into autoantibody-secreting cells (31, 45, 46).
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A central finding of our studies is the delineation of SLE 9G4
autoreactivity into two distinct structural patterns: HP-dependent
(BCB and ANA nucleolar binding) and HP-independent (global
ANA, dsDNA, and APCB), as elimination of the HP universally
extinguished both BCB and nucleolar ANA binding while fre-
quently enhancing global ANA, APCB, and dsDNA reactivity (Fig.
3). Limited testing of the impact of the HP in antichromatin
binding indicates that this region may influence but is not required
for this autoreactivity. However, although necessary, expression
of the HP is not sufficient for either BCB or nucleolar binding.
Moreover, although BCB was strong in a large fraction of naive
B cells, nucleolar reactivity was only found in SLE memory cells.
Combined with our L chain—swapping experiments, these obser-
vations indicate that, in a significant departure from other SLE
studies, the intrinsic BCB potential of VH4-34 H chains is mod-
ulated by the HCDR3 and/or the associated L chain but does not
require somatic hypermutation. In contrast, antinucleolar reactiv-
ity appears to require somatic hypermutation. Formal validation
of this interpretation will require in vitro reversal to the VH4-34
germline sequence of mutated anti-nucleolar 9G4 Abs.

The strong correlation found between HCDR3 charge and
APCB, dsDNA, and ANA reactivity indicates a critical role for
this central component of the conventional Ag binding pocket in
HP-independent autoreactivity. This interpretation is consistent
with studies of IgM 9G4 Abs showing that, conformationally, the
HCDRS3 lies in close proximity to the HP, may promote anti-
dsDNA binding if positively charged, and may interfere with
canonical 9G4 Ab I/i binding and 9G4-induced RBC aggluti-
nation (26, 52, 56). However, ours is the first demonstration, to
our knowledge, of the reverse situation, in which the presence of
the HP attenuates or even blocks binding to ANA, dsDNA, and
APCB in Abs that otherwise possess the structural requirements
for binding to this group of SLE Ags.

Given the inherent autoreactivity of the VH4-34 H chain, 9G4
cells also represent a useful tool to understand the role of L chains
in SLE autoreactivity and the participation of receptor editing in the
modulation of human B cell autoreactivity (41). Our results con-
clusively demonstrate that, despite the L chain independence re-
ported for IgM cold-agglutinins, L chains have a strong modifying
potential of SLE 9G4 autoantibodies (70). However, contrary to
previous studies indicating the ability of most L chains to edit
the autoreactivity present in non-9G4 human B cells (41), most
L chains tested failed to eliminate VH4-34-determined auto-
reactivity. On that basis, one might have expected 9G4 B cells to
undergo enhanced secondary L chain recombination in an attempt
to edit autoreactivity. However, the Jk and \ L chain use patterns
were not consistent with this prediction in HC or SLE. Moreover,
the use of Vk-distal Jk genes or N L chains, more likely to be
found in edited autoreactive B cells (56, 60), did not correlate with
lack of 9G4 autoreactivity. Instead, our findings are reminiscent
of the traditional 3H9 mouse H chain, which imparts dominant
anti-dsDNA autoreactivity that can be edited by very few L chains
(59) and also with recent studies of the global B cell repertoire
in SLE indicating lack of consistent positive or negative selection
of individual L chains (70). Larger repertoire studies as well as
more extensive testing of selected L chains expressed by 9G4 cells
devoid of autoreactivity, currently underway in our laboratory, will
be required to conclusively answer these important questions.

The intrinsic predisposition to autoreactivity of VH4-34 H
chains notwithstanding, a small but significant fraction of naive
Abs (30% in HC and 15% in SLE) did not demonstrate auto-
reactivity against B cells or other Ags tested. Whether they react
with the i Ag or related Ags is currently under investigation
using the glycan microarrays shown in Supplemental Fig. 4.
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Autoreactivity against other self-Ags is also being explored using
several approaches including Ag microarray screening using dif-
ferent platforms, which have been useful to disclose unexpected
autoreactivity of anti-HIV Abs (71).

Interestingly, both HC and SLE naive cells showed similar
patterns of BCB and ANA autoreactivity despite the remarkable
rate of somatic hypermutation we found in naive SLE B cells
(3-10% in 25% of cells; Supplemental Fig. 2). These findings
indicate that SLE naive 9G4 B cells may experience substantial
activation-induced somatic hypermutation largely induced by
binding to i and/or ANA Ags and suggest that the expansion
of other SLE-related autoreactivites requires additional somatic
hypermutation and selection presumably in the GC upon in-
teraction, at least in part, with apoptotic cells. This conclusion
is supported by the increased reactivity against apoptotic cells,
dsDNA, and cardiolipin found in SLE memory cells further dis-
cussed below.

Understanding the participation of apoptotic cells, a rich source
of self-Ags including chromatin, in the diversification and selection
of autoreactive memory B cells is particularly important in SLE,
in which these cells accumulate in the GC (31, 34-37) and may
activate pathogenic autoreactive B cells (31). The ensuing APCA
may play a powerful effector pathogenic role not only through
conventional type III hypersensitivity reactions but also through
their ability to induce type I IFN production by dendritic cells
(40). Again, 9G4 cells represent a highly informative model as
they are specifically expanded in the GC of SLE patients but not
in other autoimmune diseases (12), and 9G4 APCB binding is
strongly present in SLE serum and correlates with disease activity
population at large (28, 29). Indeed, we observed enhanced APCB
in a significant fraction (31%) of SLE 9G4 memory cells in the
context of substantially lower levels of BCB relative to SLE and
HC naive cells. Although the actual Ags mediating APCB remain
to be formally elucidating, our initial studies indicate that binding
to histone/chromatin may mediate such autoreactivity in at least
a fraction of these Abs.

SLE memory cells were also enriched for binding to other lupus
Ags that could be enriched on apoptotic cells including dsDNA
and cardiolipin (39), as illustrated by the following naive/memory
ratios for these reactivities respectively: BCB: 1.8; APCB: 0.5;
dsDNA: 0.15; ACL: 0.2 (total reactivity); BCB: 2.0; APCB: 0.15;
dsDNA: 0; and ACL: O (strong reactivity). Even more informative,
in contrast to their consistently positive ANA reactivity, multiple
anti-APCB Abs showed little to none BCB activity (Figs. 2C, 3B).
Combined, our observations have important implications for our
understanding of the structural correlates of 9G4 autoreactivities
and provide the basis for testable hypotheses regarding the se-
lection of autoimmune memory responses in SLE, although a de-
finitive answer to the latter question will require the study of larger
numbers of patients. Thus, although the intrinsic HP-dependent
anti-i/ANA autoreactivity might provide the initial trigger for the
activation of 9G4 in SLE, HP-independent Ags, in part contributed
by apoptotic cells, appear to play an important role in subsequent
memory cell selection. Of note, apoptotic cells could also provide
HP-dependent Ags including nucleolar Ags (this work) and gly-
cosphingolipids (39, 72-74), and might select cells with dual
binding through the HP and the HCDR3, respectively. This model
is consistent with the behavior illustrated by memory Abs 75G12
and 75A11 in which disruption of the HP eliminated nucleolar
binding while preserving strong APCB (Fig. 1E). A similar role
could be postulated for chromatin given the attenuated binding
observed with 9G4 mutants that retained APCB. Nonetheless,
preferential positive selection dominated by HP-independent Ags
should result in a VH4-34 memory repertoire dominated by HP-
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negative Abs. This prediction, however, runs contrary to the re-
tention of the HP we observed through deep sequencing analysis
in a major fraction (up to 90%) of VH4-34 lupus memory B cells.
Thus, an integrated explanation of our results must invoke the
participation not only of apoptotic cells but also of hitherto un-
recognized HP-dependent Ags distinct from B cell and ANA Ags.

A more conclusive understanding of the Ags driving the ex-
pansion of this important population of autoreactive memory cells
in SLE will require additional studies of naturally occurring 9G4-
negative VH4-34 Abs and of naturally mutated 9G4 Abs after
in vitro reversion to the VH4-34 germline sequence. In addition,
both currently available and future Ab panels will require exten-
sive testing against diverse arrays of proteins, carbohydrates, and
glycolipids. Nonetheless, the results present in this study firmly
establish VH4-34—encoded 9G4 Abs as a major source of SLE-
associated autoreactivity and provide a critical first step toward
our understanding of the natural autoreactivity of a major pop-
ulation of human B cells and of the processes leading to its
pathogenic participation in SLE.
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