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Binding of CLL Subset 4 B Cell Receptor Immunoglobulins to
Viable Human Memory B Lymphocytes Requires a Distinctive
IGKV Somatic Mutation
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Amino acid replacement mutations in certain chronic lymphocytic leukemia (CLL) stereotyped B cell receptor (BCR) immu-
noylobulins (IGs) at defined positions within antigen-binding sites strongly imply antigen selection. Prime examples of this are CLL
subset 4 BCR IGs using IGHV4-34/IGHDS-18/IGHJ6 and IGKV2-30/IGKJ2 rearrangements. Conspicuously, and unlike most CLL IGs,
subset 4 1Gs do not bind apoptotic cells. By testing the (auto)antigenic reactivities of subset 4 IGs toward viable lymphoid-lineaye
cells and specific autoantigens typically bound by IGHV4-34" 1Gs, we found that IGs from both subset 4 and non-subset 4 IGHV4-
34-expressing CLL cases bound naive B cells. However, only subset 4 IGs reacted with memory B cells. Furthermore, subset 4 1Gs did
not bind DNA nor i or | carbohydrate antigens that are common targets of IGHV4-34-utilizing antibodies in systemic lupus erythemao-
tosus and cold agylutinin disease, respectively. Notably, we found that subset 4 |G binding to memory B lymphocytes depends on
an aspartic acid at position 66 of FR3 in the rearranyed IGKV2-30 yene; this amino acid residue is acquired by somatic mutation.
Our findinys illustrate the importance of positive and neyative selection criteria for structural elements in CLL IGs and sugygest that
auftoantigens driving normal B cells to become subset 4 CLL cells differ from those driving IGHV4-34* B cells in other diseases.
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INTRODUCTION

Considerable evidence suggests that
normal B cells ushered into the leukemic
state in chronic lymphocytic leukemia
(CLL) are selected by the structure of
their surface membrane immunoglobulin
(IG) antigen-binding site (1-3). Probably
the most dramatic evidence for this is
that about one-third of CLL cases exhibit
“stereotyped” B cell receptor (BCR) IGs,
characterized by very similar VH CDR3
amino acid sequences, usually encoded

by specific combinations of IGHV-IG-
HD-IGH] genes. The concept of stereo-
typed BCR IGs in CLL has evolved from a
scientific enigma (4-6) to a defined entity
(7,8) to a paradigmatic principle (9-11)
that supports the concept that leukemic B
cell clones are selected for transformation
based on structural restrictions in their
antigen-binding domains (1,12,13).

This principle has been further elabo-
rated in certain CLL stereotyped subsets
for which specific amino acid replace-
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ment mutations have been found at
defined positions within the leukemic
B cell’s antigen-binding site (14). A prime
example of this is subset 4, a group of
patients originally defined by the use of
IGHV4-34/IGHD5-18/IGH]6 and IGKV2-
30/IGK]2 rearrangements (7,9). The CLL
clones in this group are always IgG
isotype switched and always exhibit IG
somatic mutations (IGHV-mutated CLL,
M-CLL). Of note, the IG mutations in
the clones of many subset 4 patients are
shared, focusing on specific positions in
the H and L chain rearrangements and
often introducing the same or chemically
similar amino acids at those sites (14).
Finally, subset 4 BCR IGs can continue
to acquire somatic mutations over time
(15,16), implying that antigen selection
operates during clonal evolution.
Clinically, patients in subset 4 follow
indolent clinical courses, faring even
better than patients with mutated IGHV
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genes (16). This is surprising, because
subset 4 patients often develop the dis-
ease at an earlier age than other patients
who fall into other stereotyped subsets
or with CLL in general (16). One possible
explanation for their long and relatively
benign clinical courses is the frequent in-
ability to signal through the BCR (17,18),
since in other patients such signaling can
correlate with poor survival (19).

We (20,21) and others (22) have shown
that the mAbs expressed by the leukemic
B cells of ~50% of CLL patients bind
molecules on the surface of apoptotic
human T and B lymphocytes. It is likely
that such reactivity is directed toward
antigens that are usually intracellular
and become accessible on the surface
membrane during apoptosis (20,21).
However, a distinguishing feature of
subset 4 IGs mAbs is their inability to
react with apoptotic cells (20,21).

In this study, we evaluated the (auto)
antigenic specificities of subset 4, using
three mAbs belonging to the subset. Spe-
cifically, we evaluated the ability of these
mAbs to bind viable human lymphoid
cells as well as other autoantigenic tar-
gets that are often bound by mAbs using
the IGHV4-34 gene. By comparing these
results with appropriate control mAbs,
we determined that subset 4 mAbs bind
viable human naive and memory B cells.
We also found that, remarkably, binding
to memory B cells is dependent on the ac-
quisition, via somatic mutation, of a single
amino acid at a defined position in the re-
arranged IGKV2-30 gene. Furthermore, we
determined a surprising loss of subset 4
antibody reactivity with two autoantigens
commonly bound by IGHV4-34-expressing
mAbs, namely DNA and the I/i carbo-
hydrate antigens. Taken together, these
findings suggest that the autoantigens
driving the clonal evolution of normal
B cells to become subset 4 CLL cells are
distinct from those usually associated with
IGHV4-34 IG binding in other disease set-
tings. In the broader picture, this detailed
characterization of antigenic specificity of
subset 4, a prototype for clinically indolent,
good prognosis CLL, advances our un-
derstanding of how positive and negative

selection for specific structural elements
in CLL BCRs shape clonal behavior and
ultimately patient outcome.

MATERIALS AND METHODS

Cloning, Expression and Purification of
CLL mAbs

RNA from blood mononuclear cells
of CLL patients was extracted and
converted into cDNA as previously
described (12). Cloning, expression and
purification of mAbs were performed as
reported (23).

Site-Directed Mutagenesis

Targeted mutagenesis of the IGHV-
IGHD-IGH] and IGKV-IGK] sequence
of CLL mAbs was performed by
GENEWIZ.

Cell Immunofluorescence and Flow
Cytometric Analysis

Apoptosis in cell lines was induced
by y-irradiation (4000-5000 R) for ~15 h
before staining. Cells were then incu-
bated with CLL mAbs (5-50 pg/mL)
for 1 h at 4°C and binding detected by
FITC-conjugated F(ab’), goat anti-human
IgG (Southern Biotech), or by streptavi-
din PE-Cy7 (eBioscience) when biotin-
conjugated mAbs (sulfo-NHS-LC-biotin,
Thermo Scientific) were used. Apoptosis
was measured by staining with annexin
V-PE (BD Pharmingen) as recommended
by the vendor.

Cells isolated from tonsil were stained
using exclusively biotin-conjugated
CLL-derived mAbs. To distinguish
different lymphocyte populations in
tonsil samples, the following Abs were
used: Pacific Blue mouse anti-human
IgM (BioLegend, clone MHM-88), FITC
goat F(ab”), anti-human IgD (Southern
Biotech), Alexa Fluor 700 mouse anti-
human CD38 (eBioscience, clone HIT2),
and AmCyan mouse anti-human CD3
(clone SK7), PerCP mouse anti-human
CD19 (clone 4G7), APC mouse anti-
human CD27 (clone L128) and PE mouse
anti-human CD24 (clone ML5) (all BD
Biosciences). Samples were acquired
using an LSRII flow cytometer (Becton
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Dickinson) and analyzed using Flow]o
(LiveTree) software.

mADb Binding to DNA by Enzyme-
Linked Immunosorbent Assay

To determine mAb binding to double-
and-single stranded DNA, QUANTA
Lite™ dsDNA and QUANTA Lite™
ssDNA enzyme-linked immunosorbent
assay (ELISA) kits (INOVA Diagnostics)
were used. mAbs were tested follow-
ing the manufacturer’s instructions at
25 ug/mL. The signal-to-unit conversion
was calculated and positive cutoff values
were determined according to the manu-
facturer’s instruction.

Lipid-Linked Oligosaccharide Probes
Two hexasaccharides, pLNH and
pLNnH, from Dextra and an octasaccha-
ride, LNNnO, from Elicityl were analyzed
as lipid-linked glycan probes, neogly-
colipids (NGLs) derived by conjugation
to a phospholipid L-1,2-dihexadecyl-sn-
glycero-3-phosphoethanolamine (DHPE)
(24). A ceramide-linked octasaccharide
I-octa was isolated from human red cells
(gift of Peter Hanfland). The glycan se-
quences are given in Figure 3. These NGLs
and glycolipids were part of a microarray
of 79 NGL and glycolipid probes encom-
passing blood groups A, B, H, Le?, Leb, Le*
and Le’ related sequences based on linear
and branched backbones (collectively
designated CLL array Set 1, which is de-
scribed in detail elsewhere). These lipid-
linked probes were robotically arrayed
in duplicate at 2 and 5 fmol per spot on
nitrocellulose-coated glass slides using a
noncontact instrument as described (25).

Microarray Analyses for Anti-i- and
Anti-l-type Reactivity

Microarray binding analyses were
performed at 4°C essentially as described
(26). In brief, after blocking with 3% w/v
bovine serum albumin (Sigma-Aldrich)
in HEPES-buffered saline (5 mM HEPES,
pH 7.4, 150 mM NaCl, 5 mM CaCl,),
the microarrays were probed with the
following CLL mAbs: 141, 282, 183, 240
and 342, all at 10 ug/mL. The five mAbs
were used in their native configuration as



well as precomplexed with anti-human
IgG to render the native molecule multi-
meric; this resulted in increased avidity
of binding to ligands and allowed com-
parisons to IgM molecules. Data obtained
with precomplexed and native bivalent
IGs were the same. As positive controls,
human IgM anti-i and anti-I sera from

the Feizi laboratory collection, designated
anti-i P1A ELL (27) and anti-I Ma (27),
respectively, were analyzed at 1:100 di-
lution; moreover, a mouse IgM culture
supernatant designated Fc10.2 (28) was
tested undiluted. Binding was detected
using biotinylated anti-human IgG
(Vector Laboratories, anti-H + L chain), or
biotinylated anti-human IgM (Vector Lab-
oratories, pi-chain specific), or biotinylated
anti-mouse IgM (Sigma-Aldridge, p-chain
specific), all at 1:200 dilution, followed

by Alexa Fluor-647-labeled streptavidin
(Molecular Probes, Thermo-Fisher Scien-
tific) at 1 pg/mL. Imaging and data analy-
sis were as described (24,29). Binding sig-
nals for pLNH, pLNnH and LNnO were
probe-dose—dependent. Results shown
are at 5 fmol/spot.

RESULTS

CLL Subset 4 mAbs Bind Preferentially
to Antigen(s) on the Surface of Viable
Human B Lymphocytes

To understand the unexpected lack of
binding of subset 4 mAbs to apoptotic
cells (20,21), we tested three mAbs from
CLL clones belonging to this stereotyped
subset (mAbs 183, 240 and 342) for reac-
tivity with viable and apoptotic human
lymphoid cells. These results were com-
pared with those obtained using two
different CLL clones whose mAbs either
use the same IGHV4-34 gene without a
stereotyped rearrangement (mAb141), or
use a different IGHV gene and belong to
a different stereotyped subset (no. 1) with
a distinct BCR IG encoded by IGHV1-3/
IGHD6-19/IGH]4 and IGKV1(D)39/IGK]2
gene rearrangements (mAb360).

y-irradiated Ramos B and Jurkat
T cell line cells were exposed to the
above mAbs under nonpermeabilizing
conditions, and binding to the cell surface

was detected by flow cytometry. Notably,
each of the mAbs belonging to subset

4 (nos. 183, 240 and 342) bound to live

B cells and, to a much lesser degree, to
live T cells (defined as annexin V") com-
pared to apoptotic/dead B and T cells
(defined as annexin V") (Figure 1A, three
right panels). Meanwhile, as predicted
from our previous studies (20,21), the
subset 1 mAb360 bound to apoptotic cells
and minimally to viable cells (Figure 1A).
In addition, mAb141, which uses IGHV4-
34 but without a stereotyped rearrange-
ment and therefore with a different VH
CDR3 structure, showed low-level bind-
ing to annexin V" cells (Figure 1A and
references 20,21). Figure 1B shows the
binding of mAbs 183, 240 and 342 to live
B and T cells (based on an average of four
independent experiments).

These data indicate that subset 4 IGs
display selective reactivity with viable
human lymphocytes, with this reactivity
being much greater for B than for T cells.
Hence, the antigens recognized by sub-
set 4 mAbs are constitutively present
on the surface of viable B cells, unlike
those antigens brought to the cell surface
membrane during apoptosis that are rec-
ognized by most other CLL mAbs.

CLL Subset 4 mAbs Recognize
Memory and Naive Subpopulations of
Tonsillar B Cells

To verify that the above reactivity of
subset 4 mAbs with viable human B cells
was not limited to transformed Ramos
B cells, we analyzed the binding char-
acteristics of these mAbs with human B
lymphocytes from tonsillectomy samples.
CLL IGs bound well to CD19" (Figure 24,
right column) but minimally, at best, to
CD3" (Figure 2A, left column) tonsil cells,
in agreement with the findings above.

Intriguingly, the CLL subset 4 mAbs
distinguished two subpopulations of
CD19" cells, one with low and another
with higher mAb binding (Figure 2A).
In contrast, the IGHV4-34" non-subset
4 mAb141 recognized predominantly a
single CD19" population.

To further characterize the two tonsil-
lar B cell subpopulations that the subset
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4 1Gs selectively bound to and determine
which of the two subset 4-reactive pop-
ulations were bound by the IGHV4-34"
non-subset 4 mAb141, we exposed the
tonsil samples to a panel of mAbs and
polyclonal Abs (pAbs) that distinguish
naive from memory human B cells. Gat-
ing on the CD19*/CLL subset 4 mAb"™"
population indicated that these cells
were mostly CD27~/IgD*/CD38'°"
(Figure 2B), a phenotype compatible
with that of naive B cells. These cells also
expressed surface membrane (sm) IgM
(Figure 2B) and were CD24" (data not
shown). In contrast, the majority of the
CD19*/CLL subset 4 mAb*™ cells exhib-
ited a CD27*/IgD™/IgM™/*/CD38""
phenotype (Figure 2B), consistent with
memory B cells. Finally, when analyzing
the B-lymphocyte subpopulation bound
by mADb 141, it became clear that the
IGHV4-34" non-subset 4 mAb bound
the corresponding CD19"/CLL subset
4 mAb"8" naive B cell population
(CD27 /1gD*/IgM*/CD38"°"; Figure 2B).
These data confirm that subset 4 IGs
have a favored reactivity for viable
human B lymphocytes. Furthermore, the
data indicate that subset 4 mAbs bind
both naive and memory B cells. This
latter finding differs from the nonstereo-
typed IGHV4-34 mAD tested (141) and
the mAbs (30) and pAbs described by
others in other contexts (31-33) that pref-
erentially react with naive B cells (34).

The Cell Surface Autoantigenic Target
of CLL Subset 4 mAbs Is Distinct from
the I/i Carbohydrate Antigens

It is well documented that many
IGHV4-34-encoded antibodies bind to
poly-N-acetyllactosaminoglycans (NALs)
of the i- and I- antigen type (35) found
on the surfaces of human erythrocytes
(36) and lymphocytes (31,37). On human
B lymphocytes, the autoantigenic epitope
is predominantly a linear NAL of i an-
tigen type present on CD45 (38—40). We
therefore tested if CLL subset 4 mAbs
react with CD45" and CD45" cells of the
B cell lineage.

To do this, we used U266, a myeloma
cell line, which, although predominantly
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Figure 1. Subset 4 IGs bind to viable human B lymphocytes. Subset 4 mAbs (nos. 183, 240, 342) were incubated with Ramos or Jurkat cell
line cells under nonpermeabilizing conditions. mMAb 141, which expresses IGHV4-34 but does not belony to subset 4, and mAb360, which
is a member of subset 1 and does not express IGHV4-34, were used as comparators. Apoptosis was measured by annexin V staining.
(A) Representative contour plots of CLL mAb binding to Ramos cells. Binding detected by FITC-labeled F(ab’)2 fragments of goat poly-
clonal antibodies (pAbs) specific for human IyG. (B) Averaye bindiny of live (annexin V7)) and apoptotic/dead (annexin V) Ramos and
Jurkat cells by the followinyg biotinylated CLL mAbs: subset 4 mAbs183, 240 and 342; non-subset 4 IGHV4-34-expressing CLL mAbs 141
and DO8; and subset 2 mAb282 (IGHV3-21/IGLV3-21). Binding was detected by streptavidin PE-Cy7. Data obtained from four indepen-

dent experiments. Error bars represent SEM.

CD457, has a definable subpopulation of
CD45" cells. After exposing U266 cells
to mAb240, we observed that the mAb
bound both the CD45™ and CD45" popu-
lations within the clone (Supplementary
Figure 1). This was the case even when
we tested binding to U266 after presort-
ing the cell line into CD45" and CD45"
subpopulations (data not shown). Thus,
the autoantigenic target for subset 4 is
not limited to the CD45 antigen and need
not be the linear NAL i epitope.

Next, we directly tested binding of
the subset 4 mAbs to a microarray of
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blood group-related carbohydrate se-
quences. Figure 3 illustrates microarray
binding data for the 3 CLL subset 4
mAbs (183, 240 and 342), the IGHV4-34"
non-subset 4 mAb141 and a control
CLL subset 2 (IGHV3-21/IGLV3-21)
mADb282, each at a 10 ug/mL concen-
tration. These IGs were used in their
normal bivalent state as well as mul-
timers, created by preincubation with
anti-human IgG pAbs. The microarray
included the two linear i-active probes
with type 2 (Galp-4GlcNAc-) termini:
the hexasaccharide NGL pLNnH,

I MOL MED 23:1-12, 2017

Galp-4GIcNAcB-3Galp-4GlcNAcB-
3Galp-4Glc-DH, and the octasaccharide
NGL LNnO, Galp-4GlcNAcB-3Galp-
4GIcNAcB-3GalB-4GlcNAcB-3Galp-
4Glc-DH. Also included was a branched
I-active probe with two type 2 termini,
one of which is linked to the C6 posi-
tion of the polylactosamine backbone,
GalB-4GIcNAcB-6(Galp-4GlcNAcB-3)
Galp-4GlcNACcB-3Galp-4Glc-Cer. The
isomeric hexasaccharide glycan probe
pLNH with type 1 (GalB-3GIcNAc-)
terminus, GalB-3GlcNAcB-3Galp-
4GIcNAcB-3Galp-4Gle-DH, which lacks
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Figure 2. CLL IGs belonginy to subset 4 bind with different intensities to memory and naive B cells. Tonsil mononuclear cells were in-
cubated with CLL subset 4 mAbs 183, 240 and 342, and with a panel of commercial antibodies reactive with membrane antigens
that distinguish human B cell subsets. (A) Two subpopulations (dim and bright) of CD19* cells can be identified based on CLL subset
4 mAb binding. mAb141, which uses IGHV4-34 but does not belony to subset 4, recoygnizes only one population. (B) After gating
specifically on CD19* cells, it is clear that the CD19*/CLL mAb®™" fraction is predominantly CD277/IgD*/CD38"°Y (naive B cells) and
the CD19*/CLL mAb®™ cells are mainly CD27*/IgD~/CD38"*/"¥" (memory B cells). In contrast, CD19* cells bound by mAb141 are
predominantly CD277/IgD*/CD38"°Y cells (naive B cells).

Continued on the next page
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Figure 2. Confinued.

i-type antigen reactivity but expresses
an antigen recognized by the murine
IgM mADb Fc10.2 directed at fetal endo-
derm, was also included (Figure 3A).
The subset 4 mAbs did not bind to the
i- and I-type glycans, nor the FC10.2
antigen analog (Figure 3B), nor to other
blood group-related sequences in the
array (results not shown). Moreover,
the CLL IGs did not react with these
targets if precomplexed to create mul-
timeric structures resembling IgM
(Figure 3C). However, IGHV4-34" CLL
mADb141, bivalent or multimeric, bound
well to the representative i-antigen—
expressing probes in the array, pLNnH
and LNnO. As controls, human sera
containing anti-i (P1A ELL) and anti-I
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(Ma) IgM antibodies and murine IgM
mAb Fc10.2 (27,28) reacted well with
their respective target carbohydrate
antigens: the anti-i with pLNnH and
LNnO, the anti-I with I-octa and Fc10.2
with pLNH. These findings validate the
structures of the poly LacNac sequences
displayed on the array.

Together, the above results indicate
that CLL subset 4 mAbs have an auto-
reactivity distinct from that described
in other malignant and autoimmune
conditions (13-16,23), since they do not
interact with the carbohydrate autoanti-
gen classically recognized by nonstereo-
typed IGHV4-34 IGs. In this regard, the
non-subset 4 IGHV4-34" mAb141 binds
the classical epitopes (Figure 3).

I MOL MED 23:1-12, 2017

CLL Subset 4 IGs Do Not Bind DNA or
Other Intracellular Autoantigens

Next, we tested the reactivity of sub-
set 4 mAbs with nuclear and cytoplas-
mic autoantigens by exposing the three
CLL mAbs to HEp-2 cells and detecting
binding using goat anti-human IgG
pAbs conjugated with a fluorochrome.
The three subset 4 mAbs showed neg-
ligible binding to permeabilized HEp-2
cells compared with a subset 8 mAb
(no. 114; IGHV4-39/IGKV1(D)-39) that
binds well to cytoplasmic structures
and compared with a non-subset mAb
(no. 255) that binds nuclear constituents
(Figure 4A). The lack of binding to nu-
clear structures within HEp-2 cells is in-
consistent with the previously described
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Figure 3. CLL subset 4 IGs do not bind i or | carbohydrate antigens. (A) Glycan sequences
of the lipid-linked oligosaccharides pLNH, pLNnH, LNNnO and |-octa that were amony 76
additional (- and Fc10.2- antigen-neyative probes) in the microarray. Abbreviations: Gal,
galactose; GIcNAc, N-acetylglucosamine; Glc, glucose; DH, L-1,2-dihexadecyl-sn-glycero-
3-phosphoethanolamine; Cer, ceramide. (B), (C) Microarray analysis of CLL mAbs 141,
282, 183, 240, and 342, in either (B) native bivalent or (C) precomplexed condition. The
human anti-i IgM PIA ELL, human anti-l Ma, and the murine IgM Fc10.2 were included as
positive controls. The results are the means of fluorescence intensities of duplicate spots,
printed at 5 fmol, with error bars representing half the difference between the two values.

reactivity with DNA and other nucleic
acid—protein conjugates defined for non-
stereotyped IGHV4-34—expressing anti-
bodies in autoimmune settings (31-33).
This lack of DNA binding was con-
firmed directly by ELISA (Figure 4B).
Thus, an antigenic reactivity that would
be expected of IGHV4-34-expressing
human Abs is absent in CLL subset

4 IGHV4-34" mAbs.

Initial Studies to Determine the Target
Antigen of CLL Subset 4 mAbs on
Viable Human B Cell Surfaces

To examine structural aspects of sub-
set 4 antibody binding, we attempted to
inhibit binding to viable human B cells

by preincubating the CLL IGs with the
IGHV4-34-reactive mAb, 9G4. This did
not result in an appreciable decrease in
binding. However, preliminary immu-
nofluorescence experiments comparing
binding of CLL mAb240 to the Ramos
cell line cultured in the presence or
absence of inhibitors of the synthesis of
N-glycans (tunicamycin) or O-glycans
(benzyl 2-acetamido-2-deoxy-a-D-
galactopyranoside, BADGP) or glycolipids
(D-1-phenyl-2-hexadecanoylamino-
3-morpholino-1-propanol, PPMP) suggest
that the target of the subset 4 CLL IG
mAD240 is carried on N-glycans

(data not shown). Detailed studies are
under way to corroborate this possibility

RESEARCH ARTICLE

and establish the structure of the
determinant.

Structural Features of Subset 4 IGKV-
IGKJ Gene Rearrangements that
Permit Binding to Viable Human
Memory and Naive B Cells

Since subset 4 mAbs recurrently de-
velop replacement mutations that create
specific amino acids at defined sites/
positions within the portion of the IG
heavy (H) and light (L) variable domains
coded by the IGHV4-34 and IGKV2-30
genes (14) (Figure 5), we investigated the
roles of the individual somatically gen-
erated amino acids on binding to viable
human B cells. For these studies, we used
CLL subset 4 mAb240 as the starting
template and selectively and specifically
transformed its amino acid sequence back
to that corresponding to the germline
sequence of the IGHV4-34 and IGKV2-30
genes. Specifically, for IGHV4-34, we re-
verted four single amino acid mutations,
N22T (rH-1), E28G (rH-2), A99T (rH-3)
and 1101V (rH-4), and a final revertant,
rH-5, that had all four individual changes
together. For IGKV2-30, we made one
revertant, D66N (rL-1), since this gene
differed from the corresponding germline
sequence at only this residue.

Note that some of the positions re-
verted to the germline equivalent are
frequently mutated in subset 4 mAbs; for
example, amino acids at codon 28 in the
VH CDR1 of IGHV4-34 and at codon 66
in the VK FR3 of IGKV2-30 (Figure 5 and
ref. 14). The other mutations found in
mAb240 are unique to this mAb and are
not frequently seen in other members of
subset 4.

After incubating the altered ver-
sions of mAb240 containing each of the
IGHV4-34 H chain revertants with viable
B cells from tonsil samples and analyzing
them by flow cytometry, no substantial
reproducible change in binding was ob-
served from that using the original wild-
type (wt) H chain (not shown). This was
the case if we altered only single amino
acids, including the “subset 4-biased”
mutation at position 28 in VH CDR1, or
all four mutations. Similar results were

MOL MED 23:1-12, 2017 | CATERA ET AL. | 7
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Figure 4. Bindiny of subset 4 IGs to permeabilized and fixed HEp-2 cells and to DNA. (A)
Reactivity of subset 4 IGs with permeabilized and fixed HEp-2 cells. Binding of Abs was
detected using fluorochrome-labeled goat anti-human IgG pAbs. (B) Binding of native
CLL IGs to DNA determined by ELISA. IGHV4-34" subset 4 mAbs (nos. 183, 342 and 240),
IGHV4-34* non-subset 4 mAbs (nos. 141 and DOB8) and subset 2 (IGHV3-21/IGLV3-21) mAb
(no. 282) were tested for reactivity with dsDNA and ssDNA by enzyme immunoassay. Antibod-
ies were used at a concentration of 25 ug/mL. Human sera containing antibodies reactive
with dsDNA or with ssDNA were used as positive controls. Human serum without antibodies
aygainst dsDNA or ssDNA was used as neygative control. Data are averaye + SD of af least
three independent experiments. Following the calculation and result inferpretation informa-
fion provided by the manufacturer, values > 92.6 WHO units/mL for dsDNA binding (dashed
blue line) and > 68.6 U/mL for ssDNA binding (dashed red line) were reyistered as positive.

revertant L chain with the wt H chain
(240Hwt + rL-1), and then analyzed
binding of this and the unmanipulated
mADb240 by flow cytometry. When the
mAb containing the rL-1 revertant was
used, binding of viable B cells decreased
significantly (Figure 6A, orange line),

obtained when testing Ramos B cell line
cells (not shown).

Therefore, we next analyzed the role
of the L chain revertant at codon 66 in
the VK FR3 on the binding of subset
4 mADb240 to healthy B cells from tonsil
(Figure 6A). To do this, we paired the
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compared with binding of mAb240 with
the wt L chain (Figure 6A, blue line).
Furthermore, the revertant now bound
mainly the CD19*/CLL mAb"" cells
(Figure 6A, contour plot) that have the
phenotype of CD27 /IgD" naive B cells
(Figure 2B). Similarly, we observed a
marked decrease of B cell binding when
staining Ramos cells with the L chain
revertant-containing mAb240 (Figure 6B,
left panel, orange line). Indeed, the
extent of change in antigen binding ob-
served with a single amino acid change
in the L chain of mADb240 is equal to that
seen when a completely different L chain
(from non—subset 4 mAb141 that uses
IGKV1-27) is paired with the H chain of
the other subset 4 mADb183 (Figure 6B,
right panel, orange line).

Hence, reactivity of subset 4 mAbs
with viable human B cells and with
memory B cells is a function of the so-
matically generated D residue at position
66 of the L chain that is characteristic of
this stereotyped CLL subset. This struc-
tural alteration involves a change of an
amino acid in the FR and not the CDR
portion of the mAb. Of note, the amino
acid change introduces a charged residue
at this site.

DISCUSSION

In this study, we investigated an-
tigen binding by recombinant mAbs
from patients belonging to CLL ste-
reotyped subset 4, the largest M-CLL
subset and a prototype for indolent
disease. The binding of these subset 4
mAbs was compared with other Abs
using the IGHV4-34 gene in nonstereo-
typed configurations. Our findings are
informative not only for the specific
reactivities we identified, but also for
those that were expected based on the
literature (31-33) that we did not find.
Specifically, we documented that, unlike
most CLL mAbs (stereotyped or not),
subset 4 IGHV4-34—expressing mAbs
do not bind to the surface of apoptotic
human B lymphocytes; rather, they bind
selectively to viable cells. Furthermore,
after conducting binding studies with
normal B cell subsets, we discovered
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Figure 5. Sequences of the IGHV-D-J and IGKV-J rearrangements of subset 4 IGs and of the various IGHV4-34 and IGKV2-30 point rever-
tants. The (A) IGHV4-34- and (B) IGKV2-30-encoded parts of the IG H and L variable domains of CLL subset 4 mAbs (nos. 240, 342 and

183) are aligned with the corresponding germline counterpart. H and L chain revertants are indicated by arrows.

that subset 4 IGs bind both naive and
memory B lymphocytes, unlike IGHV4-
34" Abs in other disease settings that
bind exclusively to naive B cells (34).

In addition, and unlike most reported
IGHV4-34-expressing Abs, CLL subset 4
mAbs do not react with DNA, as IGHV-
4-34" Abs often do in systemic autoim-
munity (31-33), nor with i-active NALs,
as many IGHV4-34—expressing mAbs

do in cold agglutinin disease (30). Thus,
the uniqueness of the subset 4 IGHV4-
34/IGHD5-18/IGHJ6 + IGKV2-30/IGK]2
rearrangements overrides the ability of
IGHV4-34 germline-encoded structures
to bind DNA and i/I NALs and imparts
reactivity with an antigen present on the
surface of a defined functional subset

of healthy human B cells. Moreover, to
bind the B cell epitope, a residue (D66N)

not encoded by the germline sequence is
required in FR3; this lies at the junction
of VK CDR2.

Although in principle it is possible that
any germline IGHV could react with any
antigen when associated with an appropri-
ate IGHD and IGH] as well as an IGK/LV-
IGK/L] rearrangement, IGHV4-34 appears
to be unique among most germline genes
in that it is inherently biased to react
with autoantigens (41). This notion is
strongly supported by the exclusion of
normal human B lymphocytes bearing
the stamp of IGHV4-34 rearrangements
from entering germinal centers (42),
where somatic hypermutation and class
switch recombination can render innately
autoreactive gene products even more
dangerous by selecting variants having
higher-avidity autoantigen-binding sites

and/or more efficient IG effector iso-
types. In this light, the lack of reactivity
of CLL subset 4 mAbs to DNA and i
antigen is remarkable. The inability to
bind these two purified autoantigens was
shown directly in solid-phase antigen
binding assays using multiple subset
4 mAbs (Figures 3 and 4) that were
selected for testing based solely upon
available DNA sequences. Moreover, the
amino acid residues known to be respon-
sible for binding the i-type NAL antigen
(W at position 7 and AVY at positions 24,
25 and 26; Figure 5) are not altered in the
subset 4 IGs studied here and in most sub-
set 4 mAbs in available databases (11,14).
It is possible that a protein prepared
recombinantly does not fold like the
native molecule made in a cell. Short
of conducting a study of the crystal

MOL MED 23:1-12, 2017 | CATERA ET AL. | 9
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Figure 6. Effect of individual IGHV4-34 reversions on the bindiny of subset 4 IG 240 to viable human B cells. (A) Effect of light chain rever-
sion on bindiny to fonsil B lymphocytes. Tonsil mononuclear cells were incubated with biotinylated versions of CLL subset 4 mAb240 and
the original 240 H chain paired with the L chain revertant rL-1, followed by incubation with streptavidin PE-Cy7. Note the significant drop
in memory B cell binding and the increase in naive B cell binding. (B) Effect of light chain reversion or light chain swapping on binding to
Ramos B cells. Ramos B cell line cells were incubated with unmanipulated CLL subset 4 mAb240 or the original 240 H chain paired with
the L chain revertant rL-1 (left panel) or with unmanipulated CLL subset 4 mAb183 or the original 183 H chain paired with the L chain
rearrangement from CLL mAb 141, an IGHV4-34* |G that is not a member of subset 4 (right panel). In both cases (left and right panels),
each mAb was followed by incubation with streptavidin PE-Cy7. See Figure 5 for explanation of abbreviation for rL-1 revertant.

structure of the CLL mAbs used here,
this possibility cannot be excluded. How-
ever, we do know that the H chain is
associated with the provided L chain, as
both are found on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis
run under reducing conditions. Also the
H and L chain complex has an appropri-
ate molecular weight based on mobility
in size exclusion chromatography (data
not shown). The lack of binding of these
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antibodies to 1/i-type NALs requires fur-
ther investigation with a wider range of
carbohydrates.

A case for positive selection of a novel
antigen-binding site is strengthened by
our finding that subset 4 mAbs do not
react with apoptotic human B cells, while
they do bind to viable B lymphocytes
(Figure 1). Furthermore, this disparity
suggests that the target antigen on the B
cell surface is present constitutively and

:1-12, 2017

therefore differs from target antigens
brought to the cell surface from the inside
on apoptotic cells. This selective binding to
viable and not apoptotic cells also suggests
that the antigenic epitope is modified, de-
stroyed or removed by internalization or
cleavage during the apoptotic process,
consistent with structural antigenic
changes due to oxidation (20,43), flipping
of membrane components (44) or
enzymatic cleavage (45,46).



The second distinguishing feature
of subset 4 mAb binding to viable
human B cells is reactivity with two
phenotypically distinct B cell subsets
with different functional properties.
Specifically, subset 4 IGs bind memory
and naive human B cells. Although
the antigenic epitope recognized could
be shared by the two B cell subsets,
two findings suggest that this is not
the case. First, mAb141, which uses
the IGHV4-34 gene but not the IGHD,
IGH] or IGKV genes of subset 4, binds
to naive B cells and not to memory
B cells. We predict that this is due to
reactivity with i-antigen, as indicated
in Figure 3. Second, reversion of the
subset 4 characteristic somatically gen-
erated charged residue (aspartic acid,
D) to the germline-encoded residue
(asparagine, N) at position 66 in the VK
FR3 of the kappa L chain significantly
reduces binding to memory B cells and
enhances reactivity with naive B cells
(Figure 6A). Even though this obligate
aspartic acid resides in the VK FR3, it
is the first residue after VK CDR2, sug-
gesting that it might influence the struc-
ture or accessibility of the VK CDR2 to
antigen binding. The somatic nature
of this residue highlights that the CLL
precursor B cell was not excluded from
undergoing a germinal center reaction,
as is the case for most normal human
B lymphocytes (42).

In CLL, the functional consequences of
subset 4 binding to memory and naive
B cells have yet to be determined. In other
instances, anti-lymphocyte Abs, some of
which can be lymphocyte subset—
specific (47,48), cause cytolysis (49).
This has also been described for certain
IGHV4-34" mAbs (50). Therefore, the
indolent clinical course of CLL subset 4
patients (51) could relate to an ongoing
immunoregulatory interaction of these
B cells and their Ig products. By exten-
sion, we could speculate that such an
interaction might also induce and/or
maintain the anergic status of subset
4 CLL cells (18), thus lying at the core
of diminished responsiveness to ex-
ternal triggering that characterizes this

prototypic favorable prognostic CLL
subgroup.
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CONCLUSION

Using recombinant IGs corresponding
to CLL clones expressing IGHV4-34 in
either stereotyped subset 4 or non-
stereotyped configurations, we have
shown that CLL subset 4 BCR IGs do
not bind DNAs nor i or I carbohydrate
antigens; these are common targets of
IGHV4-34-utilizing antibodies in sys-
temic lupus erythematosus and cold ag-
glutinin disease, respectively. However,
these IGs do react with viable memory
B cells as well as naive B lymphocytes,
the latter being bound by other non-
subset 4, IGHV4-34-utilizing antibodies.
Notably, reactivity with viable B cells
depends on the acquisition of a somatic
mutation at position 66 of FR3 in the re-
arranged IGKV2-30 gene. This mutation
changes a hydrophilic, uncharged amino
acid (asparagine) to an acidic amino acid
(aspartic acid) at that site. Our findings
illustrate the importance of positive and
negative selection for acquired structural
changes in CLL subset 4 IGs in deter-
mining the unique antigen-reactivities of
these CLL clones. These findings
also suggest that the autoantigens
driving normal B cells to become subset
4 CLL cells differ from those driving
IGHV4-34-expressing B cells in other ma-
lignancies and in autoimmune diseases.
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