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Abstract

Objective—Hepatitis C virus (HCV) is the most frequent cause of mixed cryoglobulinemia
(MC), which is characterized by endothelial deposition of rheumatoid factor (RF)—containing
immune complexes and end-organ vasculitis. MC is a lymphoproliferative disorder in which B
cells express RF-like Ig, yet its precise antigenic stimulus is unknown. We have proposed that
IlgG-HCV immune complexes stimulate B cell expansion and somatic hypermutation (SHM)-
induced affinity maturation in part via engagement of an RF-like B cell receptor. This study was
undertaken to test the hypothesis that SHM augments RF activity.

Methods—RFs cloned from single B cells from 4 patients with HCV-associated MC (HCV-MC)
were expressed as IgM, IgG, or IgG Fab. Selected Ig were reverted to germline. RF activity of
somatically mutated Ig and germline-reverted Ig was determined by enzyme-linked
immunosorbent assay.

Results—Ig with SHM had RF activity, with the preference for binding being highest for 1gG1,
followed by 1gG2 and 1gG4, and lowest for 1IgG3, where there was no detectable binding. In
contrast, reverted germline IgG exhibited markedly diminished RF activity. Competition with 1
pg/ml of protein A abrogated RF activity, suggesting specificity for IgG Fc. Swapping of mutated
heavy-chain pairs and light-chain pairs also abrogated RF activity, suggesting that context-specific
pairing of appropriate IgH and Igx, in addition to SHM, is necessary for RF activity.

Conclusion—SHM significantly contributes to RF activity in HCV-MC patients, suggesting that
autoreactivity in these patients arises through antigen-dependent SHM, as opposed to nondeletion
of autore-active germline Ig.

Chronic hepatitis C virus (HCV) infection is a major global health burden, affecting
[H11011]170 million persons worldwide, and it is the leading indication for liver
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transplantation in the US and Europe (1). Up to 20% of individuals with chronic HCV
develop serious liver-related complications, such as cirrhosis and hepatocellular carcinoma.
Although hepatocytes are the primary target for HCV infection, extrahepatic manifestations
of HCV infection occur in up to 40% of patients (2). One of the most prominent of these
manifestations is a small vessel vasculitis associated with mixed cryoglobulinemia (MC) (3).
MC is characterized by the aberrant clonal expansion of B cells that produce rheumatoid
factor (RF)-like IgM (4,5). This RF forms immune complexes (ICs) containing polyclonal
HCV- specific IgG and HCV RNA,; these complexes in turn deposit on the vascular
endothelium of organs such as skin, kidneys, and peripheral nerves, eliciting a complement
Clg-mediated vasculitis (6).

HCV is also associated with an increased risk of B cell non-Hodgkin's lymphoma (NHL)
(7), frequently of the low-grade marginal zone (MZ) or mucosa-associated lymphoid tissue
(MALT) subtypes. The continued presence of HCV is necessary for abnormal B cell
lymphoproliferation in both HCV-associated MC (HCV-MC) and NHL, since eradication of
HCV typically results in resolution of both diseases (8). However, it remains unclear why B
cells undergo clonal proliferation during chronic HCV infection. It is likely that HCV-
induced B cell lymphoproliferation arises from chronic antigenic stimulation of an initially
limited pool of preexisting autoreactive B cells. Persistently high levels of HCV-containing
ICs may stimulate the proliferation of RF-bearing B cells, but the precise antigen(s) and
stimulatory mechanisms have remained elusive. A striking feature of these expanded B cells
is their preferential use of the Ig gene segments VH1-69 and V«3-20 (5,9,10), which
together frequently encode RF of the Wa cross-reactive idiotype (11). We have previously
shown that these antibodies have low-to-moderate levels of somatic hypermutation (SHM),
and our phylogenetic analyses have suggested that they have acquired SHM as a result of
antigen-directed affinity maturation (5).

Expansions of B cells expressing VH1-69/Vx3-20-encoded RFs have been found in other
diseases without clearly defined infectious etiologies, including primary Sjégren's syndrome
(SS) (12), chronic lymphocytic leukemia (CLL) (13,14), and non—-HCV-related MALT NHL
(12). It has been proposed that a VH1-69-restricted repertoire has been shaped by evolution
to recognize common antigens and that continued proliferation predisposes to clonal B cell
expansion (15). Moreover, it has been suggested that polyreactive IgM “natural antibodies”
rapidly form a first line of defense against invading pathogens, as they broadly recognize
microbial epitopes independently of SHM. Interestingly, some humoral immune responses
to microbial infections are associated with autoreactivity. For example, it has recently been
shown that anti-human immunodeficiency virus (anti-HIV) neutralizing antibodies are
polyreactive to both HIV and self antigens (16). Whereas the HIV reactivities of these
(highly mutated) antibodies depend upon SHM, their self reactivities do not. This implies
that in the case of HIV, antibodies are positively selected on the basis of germline-encoded
polyreactivity, and that this polyreactivity is retained throughout affinity maturation despite
SHM.

Given the above, a central question in HCV-MC pathogenesis is what causes the expansion
of autoreactive B cells, and whether RF activity is present in the germline or arises as a
result of SHM. A finding that HCV-related RFs depend upon SHM for their activity would
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strongly suggest that during MC pathogenesis, certain VH1-69/V x3-20-expressing B cells
may have an initial low affinity for 1gG, but this affinity increases as a result of 1gG-directed
SHM. Such a finding would imply that 1gG coupled to HCV, not HCV by itself, is a major
driver of B cell lymphoproliferation. This result has implications not only for HCV-MC, but
also for other 1C-mediated diseases.

PATIENTS AND METHODS

Patients

This study was approved by the Institutional Review Boards at Rockefeller University
Hospital (RUH) and New York—Presbyterian Hospital (NYPH). Volunteers with chronic
HCV and laboratory-confirmed MC were recruited through the RUH outpatient clinic and
the hepatology clinic at NYPH. All donors provided written informed consent according to
the Declaration of Helsinki, before enrollment. Four subjects were selected for this study.
Subject LDU 125 was a 60-year-old white man with an HCV genotype 3 vial load of
200,000 1U/ml; he had not received previous treatment. Subject 773 was a 29-year-old white
woman with an HCV genotype 1b viral load of 380,000 1U/ml; she was considered a
nonresponder to PEGylated interferon-[H9251] and ribavirin. Subject 1403 was a 44-year-
old white Hispanic woman with an HCV geno-type 1 viral load of 500,000 1U/ml; she had
not received previous treatment. Subject 1432 was a 69-year-old white woman with an HCV
genotype 1 viral load of 30,000 IU/ml; she had not received previous treatment.

Ig cloning and expression

lg Vi/lg V_ pairs were cloned from singly sorted IgM+x+CD27[H11001] B cells from
patients with HCV-MC and expressed as IgM, as previously described (17). GenBank
accession numbers for the cloned Ig nucleotide sequences are EF624068—-EF624214 and
JF944897. For selected clones, Ig Vu/lg V| pairs were expressed as 1gG, as previously
described (18). For Fab generation, selected 1g Vi were ligated into an expression vector
encoding 1gG Ch2 with a COOH-terminal 6x His-tag and transfected into 293T cells along
with appropriate Ig V. constructs. For Fab purification, 0.5M NaCl, 10 mM HEPES, and 20
mM imidazole were added to transfection supernatants, which were then purified with
HisTrap HP columns (GE Healthcare) using 500 mM imidazole in the elution buffer.
Samples were desalted into 20 mM NaHPO4 and 0.5M NaCl (pH 7.4), using HiTrap
Desalting Columns (GE Healthcare). Purity and appropriate size of Fab was confirmed by
nonreducing sodium dodecyl sulfate— polyacrylamide gel electrophoresis.

Germline reversion of Ig clones

Ig Vy/lg V_ clones were compared to the published germline VH1-69 and Vx3-20
sequences to identify SHM in the V-region segments as previously described (5). To revert
SHM to germline sequences, polymerase chain reaction (PCR) was performed using
oligonucleotides encoding the relevant germline VH1-69 and Vx3-20 sequences. Only the
portions of the 1g genes encoded by VH1-69 and Vx3-20 V gene segments (framework
region 1 [FR1], first complementarity-determining region [CDR1], FR2, CDR2, and FR3)
were changed. CDR3 sequences, which arise as a result of the immunoglobulin gene
recombination process, were left unchanged. Therefore, germline-reverted clones encoded
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germline V region sequences and wild-type CDR3 sequences. Clones were verified by
sequencing.

Human Ig enzyme-linked immunosorbent assay (ELISA)

RF assays

Nunc MaxiSorp 96-well plates were coated overnight at 4°C with capture goat polyclonal
anti-human IgM or anti-human IgG antibodies (Bethyl Laboratories) or goat anti-human 1gG
Fc antibodies (Southern Biotech). All subsequent steps were performed at room temperature.
After blocking with 1% bovine serum albumin (BSA) in coating buffer (140 mM NaCl, 50
mM Tris, 0.05% Tween [pH 8.0]) for 2 hours, antibodies (diluted in coating buffer) were
added for 1 hour. After 5 washes with coating buffer, bound Ig was detected by addition of
horseradish peroxidase (HRP)-conjugated goat anti-human IgM, IgG, or Igx for 1 hour.
Plates were washed 5 times with coating buffer, and tetramethylbenzidine (TMB) substrate
(BioFX Laboratories) was added for 5 minutes. After the reaction was stopped with 1N HCI,
absorbance at 450 nm (Ay450) was measured with a FluoStar Omega microplate reader
(BMG). Human myeloma IgM and Fab (Jackson ImmunoResearch) and 1gG (Sigma) were
used to generate standard curves, and concentrations of IgM, 1gG, and Fab were calculated.

All steps in the RF assays were performed at room temperature. Nunc MaxiSorp 96-well
plates were coated with 1 pg/well human myeloma IgG1A, 1IgG2A, IgG3A, IgG4A. (Sigma),
or human IgG Fc (Jackson ImmunoResearch), and incubated for 1 hour. After washing 3
times, plates were blocked with 1% BSA in coating buffer for 1 hour. Serial dilutions of
monoclonal antibodies (mAb) (diluted in coating buffer) were then added in duplicate for 1
hour. Plates were washed 5 times with coating buffer, and HRP-labeled goat anti-human
IgM (Bethyl Laboratories) was added for 1 hour.

For comparison of anti-1gG1 activities of IgM, 1gG, and Fab, HRP-labeled anti-human Ig«
was used instead of anti-IgM as the detection antibody. After plates were washed 5 times
with coating buffer, 50 pl TMB was added. After 3 minutes, reactions were stopped with 50
ul IN HCI, and A4s5¢ was measured.

Protein A competition assay

Experiments were carried out as described above for the anti-lgG1 IgM-RF assay, with the
following exceptions. Serial dilutions of Staphylococcus aureus protein A (Sigma) were
added to 1IgG1A-coated micro-well plates. After incubating for 1 hour, IgM mADb (5 pg/ml)
were added, and ELISA was carried out as described above.

Statistical analysis

Data were analyzed using Graph-Pad Prism software. Results are presented as the mean +
SD of duplicate or triplicate measurements. Fisher's exact test was used to test the null
hypothesis that the number of clones with RF activity is not different in the SHM or
germline-reverted groups.
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Since B cells that have undergone clonal expansion in patients with HCV-MC express RF-
like IgM encoded by predominantly hypermutated VH1-69 and Vx3-20 gene segments (5),
we decided to test whether the hypermutated IgM had RF activity. Also, since phylogenetic
evidence has suggested that these B cells acquired SHM in an antigen-dependent manner
(5), we questioned whether SHM was essential for RF activity.

In a previous study, we singly sorted IgM+ x+ memory B cells from HCV-MC patients, and
cloned the expressed IgM heavy chain and light chain variable regions by IgV reverse
transcription—PCR (5). Four subjects (LDU 125, 773, 1403, and 1432) were selected for the
current study. In these patients, all of the cloned Ig used VH1-69 and V«3-20. For IgM
expression, we selected the most and least hypermutated 1g from each subject's major heavy
chain CDR3 (HCDR3) clonal populations. The Ig Vy—translated amino acid sequences of
clones that we selected for expression are shown in Figure 1. Subjects 1403 and LDU 125
had major clonal HCDR3 populations with unmutated Ig V. The remaining clones
contained SHM, and amino acid replacements tended to be more frequent in HCDR1,
HCDRZ2, and toward the C-terminal end of heavy chain FR3 (HFR3). One residue in
particular, S32, was frequently mutated in clonal populations from 2 subjects. Similarly,
amino acid sequences for each corresponding 1g V . are shown in Figure 2. All of these
sequences were mutated, and they contained between 1 and 7 amino acid changes.
Substitutions were most common in light chain CDR1 (LCDR1), light chain FR2 (LFR2),
LCDR2, and LFR3. Three residues were frequently mutated: S32, A57, and S66.

Sixteen of 21 tested wild-type clones with SHM isolated from HCV-MC patients bound
1gG1, with an A4sg (1 pg/ml mAb) of >2. Of 10 germline-reverted clones, 2 bound 1gG1
with an Azsg (1 pg/ml mADb) of >2 (P = 0.0057 by Fisher's exact test) (Figure 3). For subject
LDU 125 (Figure 3A), only clone A4 (which had a germline Ig V) did not bind 1gG1.
However, germline 1g Vy did not by itself preclude anti-IgG1 activity, as another clone with
germline 1g Vi, clone H5, bound IgG1. The clone with the most Ig Vi amino acid
replacements and the longest HCDR3 (clone B2) bound IgG1 moderately. Interestingly,
clones A4 and B2 shared a minor LCDR3 sequence. In 4 of 5 clonal HCDR3 populations,
reversion of Ig V and 1g V. reduced reactivity to IgG1. The exception was clone E5, which
had 1 Ig VH and 2 Ig V,.amino acid changes. Taken together, it is likely that a combination
of particular HCDR3 and LCDR3, as well as Ig V and Ig V. SHM, are necessary for anti-
IgG1 activity.

For subject 773 (Figure 3B) none of the clones of the major HCDR3 clonal population had
germline Ig Vy or Ig V,, and, except for clone G7, all had high anti-lgG1 activity that was
abrogated upon reversion of 1g V and 1g V. to germline. Clones F8 and G7, from the
second largest HCDR3 population, had high and low-to-moderate anti-1gG1 activity,
respectively. Thus, 1 ug of recombinant mAb F8 bound to IgG1 had an A4sg value above 3;
for mAb G7, the Aysp value was between 1 and 2. The anti-1gG1 activity of clone F8 was
reduced upon reversion to germline, whereas reversion of clone G7 (which was relatively
more hypermutated and shared no amino acid replacements with F8) had no effect on anti-
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IgG1 activity. This suggests that this particular Ig Vn/lg V. pair has low-to-moderate anti-
IgG1 activity that does not depend upon SHM.

In subject 1403 (Figure 3C), clone D9 was representative of the major clonal population,
which utilized a germline 1g VVy paired with 1g V. containing between 2 and 3 amino acid
changes. This clone had no detectable anti-1gG1 activity (Asso [1 pg/ml] <0.5). However,
clone F2, representative of the minor clonal population, utilized a unique HCDR3/LCDR3
pair with hypermutated Ig Vj and Ig V,. Clone F2 had strong anti-lgG1 activity (Agsg [1
ug/ml] >3) that was abrogated upon germline reversion.

All 22 B cells sorted from subject 1432 (Figure 3D) utilized the same HCDR3/LCDR3 pair.
Individual clones contained between 1 and 6 and between 1 and 2 amino acid Ig V and Ig
V. changes, respectively. Of the 4 clones tested, all had strong anti-1gG1 activity; this
activity was completely abolished upon germline reversion.

We next tested whether clonal HCV-MC IgM shared reactivity patterns with previously
well-defined RFs (Figure 4). It has been established that IgM-RFs from rheumatoid arthritis
patients bind 1gG1, 1gG2, and 1gG4 strongly and bind 1gG3 weakly (19). Similar results
have been reported for monoclonal RFs from patients with Waldenstrom's
macroglobulinemia (20) and cryoglobulinemia (21); it has been shown that these RFs bind a
discontinuous epitope spanning the heavy chain C region domains 2 and 3 (20).

We first compared the abilities of HCV-MC IgM to bind 1gG1, 19gG2, 1gG3, and IgG4. The
results obtained from clones from subject LDU 125 are shown in Figure 4A. Consistent with
other reports of RFs, binding was highest for 1gG1, followed by 1gG2 and IgG4, whereas
there was no detectable binding to 1gG3. We confirmed that the IgM bound to the Fc portion
of 1gG, using an Fc-specific ELISA (Figure 4B). For clones from each subject, anti-Fc
reactivity paralleled that seen for IgG1. We tested whether the binding of 1gG1 could be
blocked by Saureus protein A, which binds to the C42/Cy3 interface (22). Indeed, we
found that 1-5 ug/ml of protein A reduced binding to 1IgG1 by 50% (Figure 4C). Next, we
tested whether the multivalent stoichiometry of IgM was necessary for the binding of these
clonal RFs to IgG1 (Figure 4D). When clonal Ig were expressed as 1gG or Fab, no
significant anti-lgG1 activity was detected by ELISA. This suggests that these RFs have
low-to-moderate affinities for IgG1 and that the mutivalency of IgM confers a substantial
increase in avidity for IgG1.

Next, we tested whether Ig Vi or Ig V. SHM were the main contributors to RF activity. We
reverted either, both, or neither of the selected Ig Vi and Ig V. pairs to germline. We then
expressed the pairs as IgM and tested their reactivity to 1gG1 (Figure 5). For clone D12 from
subject LDU 125, Ig V. reversion completely abrogated RF activity, whereas Ig Vi
reversion did not (Figure 5A). For clone D10 from subject 773, Ig V. reversion slightly
reduced RF activity, whereas 1g Vy reversion did not (Figure 5B). In contrast, for clone F2
from subject 1403, Ig V reversion completely abrogated RF activity, whereas Ig V.
reversion did not (Figure 5C). For clone D2 from subject 1432, reversion of either Ig Vi or
Ig V,. moderately reduced RF activity, while reversion of both heavy and light chain SHM
abrogated RF activity (Figure 5D). Taken together, these results demonstrate that the
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contributions of Ig V or Ig V. SHM to RF activities are dependent upon particular
HCDR3/LCDRS pairs, as well as upon SHM in the paired Ig V. or Ig V.

We next tested the effects of particular, isolated Ig V,. SHM upon RF activity (Figure 6).
Replacement of 1g V,. S32 and S66 frequently occurred in clones from subject LDU 125 and
subject 773. Clone E3 from subject 773 contained Ig V,. S32T, S66T, and S79G; we
reverted either S32, S66, or both S32 and S79, and we paired these to germline E3 Ig V.
Clone F8 from subject 773 contained S32 and S66 Ig V,; we reverted both mutations to
germline, and we paired these to germline F8 Ig V. For clone E3 from subject 773,
reversion of 1g V,. S66 had less of an impact upon RF activity than did reversion of S32 or
of S32 and S79 (Figure 6A). Similarly, for clone F8 from subject 773, reversion of S66 had
less of an impact than S32 reversion upon RF activity (Figure 6B). Finally, we tested
whether RF activity was preserved upon interchanging Ig Vy and Ig V. from different
patients. For all of the pairs that we tested, swapping of Ig V and Ig V. completely
abrogated RF activity (Figure 6C).

DISCUSSION

This work is, to our knowledge, the first to show that SHM contributes to the RF activity of
HCV-MC- derived clonal IgM. We believe our data to be robust, given the number of mAb
studied, the expression of mAb as polymeric IgM, and the direct comparison of patient-
derived IgM and germline IgM. Taken together, our results suggest that 1gG (likely
complexed to HCV) drives the affinity maturation required for RF activity in HCV-MC. We
speculate that this initial binding event is of low affinity, since we frequently could not
detect RF activity in germline Ig.

In our earlier study (5), we found that clonal B cells from HCV-MC patients were often
restricted toward VH1-69/Vx3-20 usage, and that for each patient, B cells were
predominantly monoclonal or oligoclonal, based upon CDR3 sequences. Also, Ig expressed
by these B cells were modestly hypermutated, although 2 subjects had significant clonal
populations of B cells expressing unmutated 1g V. Notably, S32 in both Ig Vy and Ig Vi
was frequently mutated, as were A57 and S66 in Ig V. Of note, Ig V4 S32 mutations occur
in other NHL-associated antibodies (clone N.1 was an exact HCDR3 match with clone B10
from subject LDU 125 [23], and clone HA10 was an exact HCDR3 match with clone G7
from subject 773 [24]). In subject 773, the major clonal population had HCDR3 and LCDR3
exactly identical to those found in mAb M11, isolated by another group from the parotid
gland of a patient with MALT NHL with unknown HCV status (GenBank accession nos.
AY281329.1 and AY281341.1). Interestingly, mAb M11 contained only 1 amino acid
change (S89N), but exhibited high RF activity (12).

Historically, monoclonal IgM-RFs from MC patients have been classified into 3 different
groups based upon cross-reactive idiotype: Wa, Po, and Bla (25,26). RFs of the Wa group
were shown to have a marked restriction in Vx3-20 usage (27) and in VH1-69 usage as
defined by reactivity with the G6 mAb (28), as well as frequent Jy4 usage. Only a small
proportion of RFs in rheumatoid arthritis patients use the V and V. segments commonly
found in RF from patients with MC (29,30), implying that MC-related and rheumatoid

Arthritis Rheum. Author manuscript; available in PMC 2014 May 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Charles et al.

Page 8

arthritis—related RFs arise through different pathogenic mechanisms. Indeed, a previous
study showed that SHM decreased RF activity of a VH1-69/Vx3-20-encoded mAb
(expressed as murine 1gG1) derived from the synovium of rheumatoid arthritis patients (31).
Consistent with this, it has been thought that the germline VH1-69/V«3-20 pair is biased
toward intrinsic polyreactivity.

Moreover, since RFs from patients with HCV-MC have low levels of SHM, it has been
proposed that these SHMs may not have arisen as a result of antigen-dependent affinity
maturation and that SHM contributed little to RF activity (32). In contrast, we have found
that a small number of SHMs confer considerable RF activity to VH1-69/Vx3-20 pairs. In 18
of 21 tested clone pairs, the presence of modest numbers of SHMs conferred increased RF
activity. Moreover, depending upon the clone, SHM in Ig Vi, 1g V, or both was important
for RF activity. Comparison of mAb with selectively reverted Ig V,. amino acid
replacements suggests that the common S32T substitution may be a major contributor to RF
activity. However, our data also show that occasionally certain germline VH1-69/Vx3-20
pairs, with appropriate HCDR3 and LCDR3, can encode antibodies with low-to-moderate
RF activity.

The critical importance of CDR3 configuration for RF activity is not surprising and has been
corroborated by studies in which a single amino acid change in HCDR3 alters RF activity
(33). Previous studies have demonstrated that both IgH and Ig x are required for the RF
activity of RF Wa (34). Our study extends this observation by showing that swapping of IgH
and Ig« from different RFs abrogates RF activity. Importantly, although SHMs confer a
significant boost in RF activity, IgM structure is also required. When we expressed clones as
either IgG or IgG Fab, RF activity was barely detectable, suggesting that the observed IgM
anti-1gG activity is likely to be of moderate affinity and that the polymeric stoichiometry of
IgM confers significant avidity for 1gG.

Surprisingly little is known about the epitope specificities of HCV-MC RFs. The mutated
RFs in this study had similar reactivities to those that have already been reported for other
Wa cross-reactive idiotype RFs. Preference for 1gG1, 1gG2, and 1gG4 was seen, and the RFs
did not react with 1gG3. Moreover, they bound IgG1 Fc, and their interaction with 1gG1
could be blocked by Saureus protein A. As protein A binds to the IgG C2-Ch3 interface
(22), it is likely that HCV-MC RFs bind to an epitope in this region as well. The crystal
structure of Fab of AN (a non-Wa cross-reactive idio-type VH3/VA2-20-utilizing RF
isolated from a rheumatoid arthritis patient) complexed with IgG4 Fc reveals binding to the
Cn2/Ch3 interface of Fc. One of the contact residues is an SHM, implicating antigen-driven
selection in the production of pathogenic RFs (35).

Clonal expansions of B cells expressing the mAb G6-reactive cross-reactive idiotype are
seen in various other disease states, such as CLL (13,14), primary SS (36), Helicobacter
pylori—associated MALT NHL (12), and infection with Borrelia burgdorferi (37). In the
case of CLL, unmutated VH1-69-encoded lg are polyreactive, low-affinity antibodies,
whereas mutated VH1-69/V«3-20 Ig are monoreactive, high-affinity antibodies (33,38). It
has been proposed that a VH1-69-restricted repertoire has been shaped by evolution to
recognize common antigens and that continued proliferation in response to particular
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microbes predisposes to CLL (15). Indeed, it has recently been shown that unmutated
VH1-69-encoded mAb from CLL patients and healthy donors recognize cytomegalovirus
phosphoprotein pUL 32 (39). We are working to define the reactivities of HCV-MC mAb
toward HCV and other viral antigens.

Expansion of B cells expressing VH1-69 has been noted in patients with other autoimmune
diseases such as thrombotic thrombocytopenic purpura (40), in patients who have undergone
renal transplant (41), and in patients with viral infections such as HIV (16) and influenza
(42). This has prompted speculation that the VH1-69 gene segment has germline-encoded,
weak poly-reactivity that may function as a first-line, rapidly evoked defense against
invading pathogens. A number of HIV-reactive mAbD are polyreactive, bind to autoantigens,
and are encoded by VH1-69 (43,44). In one study, when autoreactive anti-HIV mAb were
reverted to germling, they retained self-reactivity, yet lost anti-HIV activity (16). Because of
this, it was postulated that polyreactive antibodies are positively selected before the germinal
center reaction and before SHM, and polyreactivity is retained throughout affinity
maturation despite hyper-mutation.

An implication of this is that foreign agents, rather than autoantigens, drive the acquisition
of SHM. However, our study suggests that in the case of HCVMC, self 1gG can drive
selection of SHM. Of course, it remains formally possible that anti-1gG activity arises
through HCV-driven affinity maturation and epitope mimicry. Consistent with our findings,
it has been observed in other disease processes that the accumulation of SHM on a
polyreactive backbone does not lead to loss of autoreactivity. In patients with primary SS
and parotid MALT NHL, the lymphoma cells express mutated, VH1-69/Vx3-20-encoded,
monospecific, high-affinity RF (12), and in patients with H pylori—associated gastric MALT
lymphoma, the lymphomas express mutated, VH1-69/V x3-20-encoded, polyreactive RF
(45). Moreover, some anti-DNA antibodies lose reactivity when reverted to germline (46),
and in a mouse model of lupus, antinuclear antibodies were found to arise from SHM of
nonautoreactive germline antibodies (47).

The biologic role of moderately active RF in microbial clearance remains unclear. Evidence
suggests that VH1-69-expressing B cells are expanded among the naive B cell compartment
in individuals in whom the HCV infection spontaneously clears, as compared to chronically
infected or healthy donors (48). It is uncertain whether this expansion relates directly to
HCV clearance, and if so, whether clearance is due to moderately reactive RF or high-
affinity, HCV-specific antibodies. It is unlikely that these RFs neutralize HCV by directly
blocking viral hepatocyte interactions. It is more likely that their role is to further
immunogenize HCV through IC formation. Indeed, it has been shown that RF-expressing B
cells can efficiently present tetanus toxin antibody 1Cs (49). It is likely that clearance of ICs
involves complement, particularly C1q, which is avidly fixed by IgM. Consistent with this,
attachment of RF to herpes simplex virus 1gG 1Cs does not lead to neutralization, unless
complement is added (50).

Although this study provides evidence that HCVMC-related RFs develop as a consequence
of affinity maturation to self antigens, it remains formally possible that RF activity is a result
of cross-reactivity with HCV. However, we believe that it is unlikely that HCV is the sole
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driver of RF activity, as we have not detected RF activity in several VH1-69/Vx3-20-
encoded mADb that neutralize HCV (Charles ED, Dustin LB: unpublished observations).
Future translational studies of HCV-MC patients are needed to elucidate the mechanisms of
tolerance loss, dissect shared recognition epitopes, and define their potential roles in
microbial control.
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CDR1 FR2 CDR2 FR3 HCDR3 #/Total Clonal HCDR3

VH1-69*%01 QVOLVQSGAEVKKPGSSVKVSCKAS GGTFSSYA ISWVRQAPGQGLEWMGG IIPIFGTA NYAQKFQGRVTITADESTSTAYMELSSLRSEDTAVYYC
VH1-69%02 T R ———-L-I- K
VH1-69*%03 D
VH1-69*%04 R ———-L-I- K
VH1-69*%05
VH1-69*06 K
VH1-69*%07 R
Subject_B Cell Clone
LDU 125_A4 ARGPDSSGYYYFY 7/18
LDU 125_B10 N R T M ARGPDSSGYYYFY 1/18
LDU 125_E3 M N V. B ARGPDSSGYYYFY 1/18
LDU 125_B2 -D---T-— P R K--R /-G-T-----I--- AREFNFDTTGYYFLY 1/1
LDU 125_D12 N M- P RR-V---V-G-T-----I--- AREFNYDSSGYYY 1/1
LDU 125_E5 D ARGPESSGYYYFY 1/1
LDU 125_H5 ARGPETSGYYYFY 1/1
LDU 125_D9 R M ARGPDSSAYY 1/1
773_D7 N X AREGIAAAVNPFDY 1/7
773_D10 s T-- M K AREGIAAAVNPFDY 1/7
773_E3 AREGIAAAVNPFDY 1/7
773_G1 R K F AREGIAAAVNPFDY 1/7
773_F8 T F-- Al NPYDY 1/4
773_G7 -=-L---G R L N-V F AREGRSGNLNPYDY 1/4
773_E5 R P D N AREGIAATINPFDY 1/1
1403_D9 ARAYGNNPTEVYWVY 9/9
1403_F2 R-T M T N---YD-——=- F- AREGYGDYGRPYDY 1/1
1432_D2 V--L--—- E T M ARDYGERESGYYFY 1/22
1432_E2 T- E ARDYGERESGYYFY 1/22
1432_E3 M E ARDY YFY 1/22
1432_E11 E ARDYGERESGYYFY 1/22

Figure 1.

Ig Vy—complementarity-determining region 3 (CDR3) amino acid sequences of singly
sorted IgM+x+CD27+ B cells from patients with hepatitis C virus—associated mixed
cryoglobulinemia (HCV-MC). Ig Vi and Ig V. reverse transcription—polymerase chain
reaction was performed on the singly sorted B cells from 4 patients (LDU 125, 773, 1403,
and 1432). Depicted are representative clones of each patient's predominant clonal heavy
chain CDR3 (HCDR3) populations. Germline VH1-69 amino acid sequences of framework
regions (FRs) and CDRs are shown, and sequences are listed by subject and B cell clone.
Sequences are compared to those of germline VH1-69 sequences; identity is shown by
dashed lines. The frequency of each clone among the total number of clones with identical
HCDR3 is listed (at the far right). Complete nucleotide sequences are available from the
GenBank database (accession nos. EF624068-EF624214 and JF944897).
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FR1 CDR1 FR2 CDR2 FR3
VK3-20%01 EIVLTQSPGTLSLSPGERATLSCRAS QSVSSSY LAWYQQKPGQAPRLLIY GAS SRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYC
Subject_B Cell Clone
LDU 125_A4 LTI--N- ——ee——e Remmmmm e -——— N--A
LDU 125_B10 _— A v
LDU 125_E3 ==-mmcmmcmemmcmmmemeee meeee T _TF
LDU 125_B2 o} LTL--N- Vem—mmmmmmmmm ——— —=-A
LDU 125_D12  —--emmmmmeeemcccccccmmmmee —eeee T- _r-
LDU 125_E5 =--m-cmcmceemceemmmemeeee meee T _7-
LDU 125 _HS —o e e T _7o
LDU 125 D9 —=mmmmmmmmmmmmmmmmmme e T- — A V.
773_D7 N- V e T
773_D10 e e Te ccmcccccccccccca= _—— T G
773_E3 -— T G
773_G1 —_— T
773_F8 —— T
773_G7 S Y
773_E5 -S- T
1403_D9 v . R A
1403_F2 I _— s S-
1432_D2 s - s
1432_E2 L -S-
1432 _E3 s e s
1432_E11 S J—

Figure 2.
lg V,—CDR3 amino acid sequences of singly sorted IgM+x+CD27+ B cells from patients

with HCV-MC. Ig light chain sequences corresponding to clones listed in Figure 1 are
depicted. Sequences are compared to the germline V«3-20 sequence; identity is shown by
dashed lines. Complete nucleotide sequences are available from the GenBank database
(accession nos. EF624068—-EF624214 and JF944897). See Figure 1 for definitions and
further details.
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Figure 3.

Anti-1gG1 activity of IgM positive for VH1-69/Vx3-20 is dependent upon the presence of
somatic hypermutation (SHM). Anti-1gG1 activity of wild-type, somatically hypermutated
IgM (squares) and germline-reverted (REV) IgM (circles) is depicted for subject LDU 125
(A), subject 773 (B), subject 1403 (C), and subject 1432 (D). In A, mGO53 IgM is a
negative control. Values are the mean + SD.
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Figure4.
The modestly hypermutated VH1-69+/Vx3-20+ IgM from patients with hepatitis C virus are

rheumatoid factors. A, Monoclonal antibodies (mAb) from subject LDU 125 were expressed
as IgM, and serial dilutions were incubated on enzyme-linked immunosorbent assay
(ELISA) plates coated with 1gG1, 1gG2, 1gG3, or 1gG4 and were detected with anti-IgM.
Binding was strongest for 1gG1 followed by 1gG2 and 1gG4, and was weakest for 1gG3. B,
Serial dilutions were incubated as in A, except ELISA plates were coated with IgG Fc. The
results demonstrated that IgM bound to the Fc portion of IgG. C, Before incubation with
IgG1-coated plates, IgM (1 pg/ml) were incubated with serial dilutions of protein A. For all
clones tested, preincubation with 0.5-1 pg/ml protein A yielded 50% inhibition of binding.
D, Anti-lgG1 activities of 1g expressed as either IgM, 1gG, or Fab were compared. These
VH1-69+/Vx3-20+ mAb bound IgG1 when expressed as IgM, but not as 1gG or Fab,
indicating that the binding to IgG1 is of low affinity and depends upon the avidity conferred
by multimeric IgM. Values are the mean + SD. WT = wild type; REV = germline reverted.

Arthritis Rheum. Author manuscript; available in PMC 2014 May 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Charles et al.

A LDU 125 D12 B 773 D10
Germline ? 4
o IgVH IgVi g3
& = D1ZNo Mo E
- 2 D12 No - 2
2 & D12y No g
- o D12V v 1 /. ke
S o #N g0
107102 10" 10° 10 10102 107 10° 107
IgM, pa/ml IgM, paiml
c 1403 F2 D 1432 D2
Germline ? 4
o IgVH IgVx 4% _ag
& ® 1403F2 No  No & - R
: v 1403F2 No i A
2 & 1403F2 ¢ No Q /8
- © 1403 F2 v v =1

>

103102 10" 10° 107
Ight, pg/ml

10 102 10" 10° 10!
IgM, pg/mil

Figureb5.
Rheumatoid factor activity is dependent upon both heavy chain and |

Page 18

Germline ?

IgVH IgVx
= 773 D10 No No
7 773010 No
-& 773 D10 \u': No
o 773D10 V v

Germline 7
IgVH lgVx
= 1432 D2 No Mo
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ight chain somatic

hypermutation. Anti-lgG1 activity of IgM clones from patients with hepatitis C virus—

associated mixed cryoglobulinemia (LDU 125 [A], 773 [B], 1403 [C

], and 1432 [D]) was

determined. IgM expression with either wild-type (WT) Ig Vy and 1g V. (squares), WT Ig

Vy and germline Ig V. (inverted triangles), germline Ig Vg and WT

1g V. (upright

triangles), or germline Ig Vi and Ig V . (circles) is shown. Checkmarks indicate germline.

Values are the mean + SD.
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Rheumatoid factor (RF) activity depends upon light chain somatic hypermutation (SHM), as
well as particular heavy chain complementarity-determining region 3 (HCDR3) and light
chain CDR3 combinations. A and B, Ig Vy was paired with wild-type 1g V, for which
some, all, or none of the SHMs were reverted to germline. C, Ig Vy and Ig V. from RF
from different patients were coexpressed and tested for RF activity. Swapping of Ig Vy and

lg V. abrogated RF activity. Values are the mean + SD.
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