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A series of potent, broadly neutralizing HIV antibodies have been
isolated from B cells of HIV-infected individuals. VRCO1 represents
a subset of these antibodies that mediate neutralization with
a restricted set of IGHV genes. The memory B cells expressing these
antibodies were isolated years after infection; thus, the B-cell sub-
population from which they originated and the extent of participa-
tion in the initial HIV antibody response, if any, are unclear. Here
we evaluated the frequency of anti-gp120 B cells in follicular (FO)
and marginal zone (M2Z) B-cell compartments of naive WT mice and
comparable human populations in uninfected individuals. We
found that in non-HIV-exposed humans and mice, the majority of
gp120-reactive B cells are of naive and FO phenotype, respectively.
Murine FO B cells express a diverse antibody repertoire to recog-
nize gp120. In contrast, mouse MZ B cells recognize gp120 less
frequently but preferentially use /IGHV1-53 to encode gp120-spe-
cific antibodies. Notably, /IGHV1-53 shows high identity to human
IGHV1-2*%02, which has been repeatedly found to encode broadly
neutralizing mutated HIV antibodies, such as VRCO1. Finally, we
show that human MzZ-like B cells express IGHV1-2*02, and that
IGHV1-53 expression is enriched in mouse MZ B cells. These data
suggest that efforts toward developing an HIV vaccine might con-
sider eliciting protective HIV antibody responses selectively from
alternative B-cell populations harboring IGHV gene segments capa-
ble of producing protective antibodies.

B-cell subsets | virus | germ line | polyreactive

raditional vaccine strategies mediate protection by generating

memory B cells and long-lived plasma cells (1). These strat-
egies have thus far failed to elicit broadly neutralizing or pro-
tective antibodies to HIV (2, 3). A major impediment to vaccine
development is lack of knowledge of the parameters that lead to
a successful HIV antibody response. HIV-infected individuals
develop high titers of antibody to the envelope glycoprotein
gp120 in the primary antibody response, but most often these
antibodies are nonneutralizing (4). Some protective epitopes,
such as the CD4 binding site, are not easily accessible on the free
virus, owing in part to masking of protein epitopes by carbohy-
drates. This glycosylation is host-derived, potentially inducing
tolerance in B cells that cross-react with self-antigens (5). In ad-
dition, naive B cells with low-affinity antigen receptors specific
for gp120 might not be efficiently triggered by HIV, owing to the
low surface density of gp120 on HIV virions (6, 7).

Antibodies able to broadly neutralize diverse strains of HIV
have been isolated, but are rare. These broadly neutralizing anti-
bodies are typically highly mutated and often polyreactive (1).
Although numerous epitopes on gpl120 have been identified as
targets of broadly neutralizing antibodies, recent studies of HIV-
infected serum demonstrating HIV broadly neutralizing activity
have shown that a major neutralizing epitope is directed against
the CD4 binding site of gp120 (8-10). The CD4 binding site is
a crucial component of viral attachment and entry into the target
cell and is one of the most conserved regions of gp120 (11).

The recently isolated broadly neutralizing antibody VRCO1
and related broadly neutralizing antibodies are able to neutralize
up to 90% of different HIV strains in vitro (12, 13). Despite the
fact that these broadly neutralizing antibodies were isolated from
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different individuals, this set of antibodies selectively uses the
IGHV1-2%02 gene segment to encode the Ig heavy chain. Struc-
tural studies have shown that the complementary determining
region 2 (CDRH2) of IGHV1-2*%02 that encodes VRCO1 confers
broad neutralization by binding the most vulnerable and conserved
portion of the CD4 binding site on gp120 (14). The CDRH2 of
VRCO1 and related antibodies is considerably mutated from the
germ line. These findings suggest that promoting HIV neutrali-
zation by targeting B cells bearing this IGHV segment may pro-
vide a promising vaccine strategy.

A successful HIV vaccine must be able to promote neutralizing
antibody responses over the dominant nonprotective responses.
Accomplishing this may require the specific participation of dif-
ferent B-cell subsets. The antibody response to physiological patho-
gens is a cooperative effort between different B-cell subpopulations
(15). The major B-cell populations, CD21*CD23™ follicular (FO)
cells in mice and IgD*CD27™ naive B cells in humans, require the
help of cognate T cells to respond to protein antigens to produce
class-switched, affinity-matured antibodies and memory B cells, a
process that takes time to develop. In addition, early after infec-
tion, marginal zone (MZ) B cells mount rapid antibody responses
to repetitive epitopes displayed by pathogens and are not neces-
sarily dependent on T-cell help. It is widely believed that MZ B
cells do not participate in germinal center reactions and thus do
not somatically mutate Ig genes, although independent studies
have shown the direct ability of mouse MZ B cells to induce
germinal centers and undergo somatic hypermutation (16, 17).
Furthermore, the human antibody response to the capsular poly-
saccharide of both Streptococcus pneumoniae and Haemophilus
influenzae are dominated by IgM* IgD*CD27" MZ-like human B
cells (18-20) and are often mutated (21-24), indicating that MZ B
cells are able to undergo somatic hypermutation when responding
to bona fide pathogens.

Qualitatively, antibodies from MZ B cells are more often pol-
yreactive than antibodies from FO B cells (25). This polyreactivity
may be particularly beneficial in protecting against HIV, which has
an extremely low surface envelope spike density, making hetero-
ligation to a viral spike and another antigen potentially important
for virus neutralization (7, 26). This second antigen may be a self-
antigen on the surface of an infected cell or an HIV virion. Thus,
the rarity of B cells that produce broadly neutralizing antibodies
may be in part due to peripheral tolerance mechanisms that would
impede the activation and differentiation of polyreactive B cells
during the immune response to HIV (27).

In this study, we examined B cells in naive mice to assess the
preimmune repertoire available for a primary antibody response
to the HIV envelope protein gp120. We found that the majority
of B cells capable of responding to gp120 are FO cells in WT
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mice and naive B cells in uninfected human adults, suggesting
that these B cells likely dominate the primary response to gp120.
We also found that murine MZ B cells are able to recognize
gp120, but do so using a restricted antibody repertoire domi-
nated by antibodies harboring a specific IGVH gene segment. Of
note, this murine IGHVI-53 gene is most closely related to the
IGHV1-2%02 gene used by the broadly neutralizing human VRC01
and related antibodies. Our findings suggest that a protective HIV
vaccine might involve eliciting broadly neutralizing antibodies
from B-cell populations that use IGHV gene segments known to
generate protective antibodies.

Results

Most gp120-Reactive Naive B Cells Are of Follicular Origin. The an-
tibody response to HIV gp120 has been studied for decades, largely
through analysis of serological data from chronically infected sub-
jects. The antibody response to physiological pathogens normally
involves a concerted effort among different types of B cells (15);
thus, we set out to investigate the extent to which B-cell subsets are
capable of participating in the primary HIV antibody response
not only to better understand why this response is typically non-
protective, but also to inform directions for vaccine design.

Given the close parallel in the development and function of
human and mouse peripheral B-cell subpopulations, we used
WT mice to evaluate the preexposure B-cell repertoire available
to respond to an HIV vaccine or infecting virions. Specifically,
we characterized the naive gpl20-reactive repertoire of the
major B-cell subsets in unchallenged mice. To assess whether
naive B cells in these populations are able to produce anti-gp120
antibodies, we sorted FO and MZ B cells from naive mice and
stimulated them polyclonally with LPS, and 5 d later tested
supernatants for total and gpl20-reactive IgM. MZ B cells
responded more robustly than FO B cells to LPS stimulation, as
expected (28, 29), producing more than 10-fold more total IgM
(Fig. 1); however, despite the significantly increased total IgM
production by MZ B cells, FO and MZ B cells produced rela-
tively similar amounts of gp120-reactive IgM (Fig. 14). Because
FO B cells are the major subpopulation, gp120-specific antibody
is more likely to be derived from FO B cells.

To analyze gp120 recognition by naive B cells in the context of
surface B-cell receptor binding, we labeled gp120 with biotin and
Alexa Fluor 647 and performed flow cytometric analyses. Alexa
Fluor 647 was chosen because of its brightness and small molec-
ular weight to maximize detection and minimize B-cell recogni-
tion of the fluorophore. Only plasma cells from mice immunized
with gp120 bound this reagent (Fig. S14). The observed gp120

Fig. 1. Most gp120-reactive naive B cells are of fol- A

binding by naive B cells is B-cell receptor specific, with no
gp120 staining on B cells expressing an Ig transgene of irrele-
vant B-cell receptor specificity (Fig. S1B). We used magnetic
column enrichment to capture all gp120-binding cells from the
spleens of naive mice (Fig. 1B and Fig. S1B). We further
evaluated the phenotype of these B220"gp120™ B cells to
identify FO (CD21™CD1d™) and MZ (CD21"CD1d™) B cells
(Fig. 1B). We found that in an unchallenged WT mouse, 50—
60% of splenic B cells that bind to gpl120 are FO B cells,
whereas only 10-20% are MZ B cells (Fig. 1C).

We also used magnetic column enrichment to examine gp120-
reactive human B cells from healthy non-HIV-infected spleens.
Representative staining is shown in Fig. 1D. The frequency of
gp120 reactivity varied among three individuals (Fig. S2). Simi-
larly, the distribution of these gpl20-reactive B cells into the
IgD*CD27 naive and IgD*CD27* MZ-like B-cell populations
was also variable but on average favored the naive B-cell pop-
ulation (Fig. 1E). Because individuals had varying frequencies of
splenic B-cell populations (16-44% naive and 25-35% MZ
phenotype), gp120-binding cells were normalized to the per-
centage of unenriched populations for each individual. We found
that gp120 binding was enriched for naive B cells almost twofold,
whereas gp120 binding did not appear to select for MZ B cells
(Fig. 1E). This further indicates that the gp120 precursor fre-
quency is higher in naive B cells than in the MZ-like B-cell
population in humans.

Mouse MZ B Cells Repeatedly Use the Same IGHV Gene to Encode
Antibodies That Recognize gp120. To analyze the naive anti-gp120
repertoire, we generated hybridomas from naive FO and MZ B
cells isolated from WT mice and screened them for gp120 re-
activity by ELISA. Because these hybridomas were generated
from mice that had never been exposed to gp120, we anticipated
that the antibodies they produced would be germ-line—encoded
IgM. As a first line of defense for humoral immunity, germ-line
IgM is inherently polyreactive, and accordingly, Ig from naive
B cells is often capable of binding multiple antigens (30, 31).
Therefore, it was important in the ELISA screening to ensure
that the IgM was bound to the gp120 coated on the plate, not to
the protein used for blocking. To accomplish this, we considered
hybridomas screened for gp120 reactivity by ELISA positive only
if the IgM bound gp120 regardless of the blocking reagent used.
From more than 2,500 FO and 1,700 MZ B-cell hybridomas
generated, 24 FO and 16 MZ B-cell hybridomas were found to
produce antibodies that could recognize gp120. The Ig heavy
chains were sequenced from these gpl20-reactive hybridomas
using degenerate IGHV primers (32), with gene segments assigned
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according to the International Immunogenetics Information Sys-
tem database (33). These analyses showed that naive FO and MZ
gpl20-reactive hybridomas were not mutated from germ line and
used similar distributions of IGHV and IGHD families (Fig. 24).
However, compared with FO B cells, IGHJ2 was overrepresented
among MZ B-cell gp120-reactive antibodies, owing at least in part
to a heavily favored VDJ combination (6 of 16 antibodies ana-
lyzed) in the MZ population (Fig. 24). Of these hybridomas
expressing the same VDJ rearrangement, the IgL chain VJ rear-
rangement was amplified from four hybridomas, which revealed
that each harbored a unique light chain: IGLVk1-110/IGLJk4,
IGLVKS5-48/IGLJKS, IGLVk1-135/IGLJk1, and an undefined Igk
chain distinct from the other characterized (and fusion partner)
IgL chains based on restriction digestion.

Because the IGHV1 family is the largest IGHV family in the
mouse, and the most frequently represented in gp120 binding, we
analyzed the gene segments from this family individually (Fig. 2B).
Whereas gpl120-reactive Ig heavy chains from FO B cells used
diverse IGHV1 family members, gp120-reactive MZ B cells used
predominantly /GHVI-53 (Fig. 2B). Furthermore, IGHVI-53
use was not obviously overrepresented in the unselected and
antigen-nonspecific Ig heavy chain repertoire from either B-
cell population (Fig. 2B). These data indicate that IGHVI-53 is
preferentially used by MZ B cells to encode antibodies that
recognize gp120.

Mouse IGHV1-53 Is Orthologous to Human IGHV1-2*02. We next
asked whether IGHV'1-53, used preferentially by murine MZ B
cells to generate gp120-reactivity, is similar to any /IGHV used in
anti-gp120 antibodies found in humans. To address this question,
we compared the IGHVI-53 sequence with human IGHV se-
quences using several databases, including IMGT (33). The
IGHV1-53 gene segment shows the highest sequence identity with
human IGHV1-2%02 and IGHVI1-46%01. Notably, VRCO01 and
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Fig. 2. Mouse MZ B cells repeatedly use the same /IGHV gene to encode
antibodies that recognize gp120. Hybridomas were generated from LPS-
stimulated naive FO and MZ B cells (five independent fusions from B-cell
populations sorted from four to eight mice each). Hybridomas were
screened for gp120-reactivity by anti-gp120 ELISA. Reactivity against the
blocking reagent was excluded by ELISA performed with BSA in parallel with
fish skin gelatin. Only 24 FO and 16 MZ hybridomas showed reactivity to
gp120 under both conditions and were considered positive. The Ig heavy
chain of each hybridoma was identified using a PCR strategy that selectively
amplifies most mouse VDJ rearrangements. (A) Heavy-chain V (Left), D (Center),
and J (Right) gene families used by FO (solid) and MZ (hatched) B cells to rec-
ognize gp120. (B) IGHV1 family member use in gp120-reactive FO (solid; Upper)
and MZ (hatched; Lower) hybridomas and antigen-unselected controls (open).
Antigen-unselected controls were generated by sequencing Ig genes from bulk
cDNA of LPS-stimulated FO and MZ B cells. *P = 0.0108, Fisher's exact test.
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related broadly neutralizing anti-gp120 antibodies are encoded by
IGHVI1-2%02, whereas other broadly neutralizing antibodies use
IGHV1-46*%01 (13). At the nucleotide level, mouse IGHV1-53 is
78% identical to human IGHVI-2*02, and the encoded protein
sequences are 70% identical and 85% hydrophobically similar (Fig.
3A4). In comparison, mouse /GHV family members are on average
only 63% identical to human IGHV1 family members at the pro-
tein level (34), suggesting that this high identity/similarity between
murine IGHV1-53 and human IGHV1-2*02 is not strictly a result of
family relatedness. Fig. 3B highlights the similarities among the
mouse germ-line IGHV1-53, human germ-line IGHV1-2*02, and
human mature IGHV of VRCO1 based on the Collier de Perles
configuration (35). Amino acids common to all three IGHVs are in
black, those shared only by IGHV1-2*02 and IGHV1-53 are in red,
and those shared only by IGHV1-2#02 and the mature VRCO1 are
in gray. At the protein level, IGHV1-2*02 and murine IGHV1-53
are 70% identical, whereas IGHV1-2*02 and the mature VRCO1
are only 58% identical; more than 40% of amino acids are identical
among all three IGHV-encoded sequences.

VRCO1 has been crystallized with a gp120 core protein (14).
This crystal structure showed that more than one-half of the
contact by VRCO1 with gp120 is within the IGHVI-2*02-enco-
ded and mutated CDRH2 region, likely accounting for the bias
in broadly neutralizing activity for IGHVI-2*02-encoded IgH
chains, independent of the IGHD and IGHJ segments (13, 36).
In support of the importance of this CDRH2 region, IGHVI-2*02—
encoded IgH chains can pair with diverse IgL chains and still
provide neutralizing activity (13, 36) and the mouse ortholog
IGHV1-53-encoded IgH chains can pair with diverse IgL chains
to encode anti-gp120 reactivity. Notably, the CDRH2 protein
sequence encoded by the murine germ-line IGHVI-53 is highly
similar to IGHV1-2%02, differing only by an inversion of two
amino acids to the human germ-line sequence (Fig. 3 A and B).

Germ-Line IGHV1-53 Antibodies Are Polyreactive and Do Not Neutralize
HIV. Although VRCO1 and its germ-line revertant have not dem-
onstrated polyreactivity, other HIV broadly neutralizing anti-
bodies, including those that use IGHVI-2*02 and IGHVI1-46%01
IGHV gene segments, have been shown to exhibit polyreactivity as
mature and germ-line antibodies (13). As expected, the mouse
MZ gp120-reactive IGHV1-53 antibodies showed polyreactivity by
ELISA and HEp-2 reactivity. All three MZ B-cell IGHVI-53-
encoded antibodies tested displayed some reactivity with both
chromatin and cardiolipin, and two showed strong binding to
HEp-2 cells (Fig. 44). Thus, like other MZ B-cell antibodies and
many HIV broadly neutralizing antibodies, the IGHVI-53—enco-
ded antibodies are polyreactive and autoreactive.

VRCO1 and related broadly neutralizing antibodies target
the CD4 binding site. To determine whether the gp120-reactive
MZ B-cell antibodies also recognize the same epitope on gp120,
we measured the ability of these IGHV1-53 antibodies to rec-
ognize RSC3, the CD4 binding site epitope used to identify
VRCO1 (12). Although VRCO1 bound very well to RSC3, the
MZ IGHV1-53 antibodies did not (Fig. 4B). The modest
binding by antibody MZ14 likely is not related to CD4 binding
site recognition, given that this antibody also bound the control
RSC3A, which has a single mutation abolishing the CD4 bind-
ing site (Fig. S3).

Finally, we also tested these IGHV1-53 antibodies for their
ability to neutralize a JR-FL pseudovirus in a TZM-bl neutrali-
zation assay. None of the mouse antibodies tested demonstrated
in vitro neutralization (Fig. 4C). Because these MZ B-cell-derived
antibodies are unable to neutralize virus, the germ-line IGHV1-53
antibodies do not behave like the heavily mutated VRCO1, but are
similar to the purported VRC01 germ line (7, 14) and are not
protective against HIV in germ-line form.

IGHV1-53 Is Enriched in Mouse MZ, Whereas IGHV1-2*02 Is Comparably
Expressed by both Naive and MZz-Like Human B Cells. The antigen
receptor specificity of newly generated immature B cells has been
shown to influence the differentiation of B cells into either MZ or
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FO B-cell compartments (37). Our data show more frequent
IGHV1-53 expression in both MZ B-cell hybridomas recognizing
gp120 and unselected antibodies from MZ B cells than in anti-
bodies from the gp120-reactive or unselected FO B-cell pop-
ulation (Fig. 2B). To more accurately determine the expression
of this IGHV1-53 gene segment in the different B-cell subsets, we
sorted FO and MZ B cells from naive mice and analyzed IGHVI-
53 expression by quantitative RT-PCR. Because FO and MZ B
cells express different amounts of IgM and IgD on their surface,
IGHYV expression was normalized to expression of Ig kappa chain
(Fig. 54). Our results show twofold to threefold greater IGHVI-53
expression by MZ B cells compared with FO B cells (Fig. 5B).
We similarly assessed the expression of IGHVI-2*02 in naive
(IgDMCD277) and MZ-like B cells (IgD™CD27") sorted from
a healthy human spleen. Because kappa and lambda light chain
use varies between individuals (38, 39), IGHVI1-2*02 transcript
was normalized to IgM expression. IgM transcript is depressed in
human MZ-like B cells compared with naive B cells (Fig. 5C),
similar to repression reported previously (40). Analysis of the
splenic naive and MZ-like B-cell populations from a single in-
dividual revealed that whereas IGHV1-2%02 is indeed expressed
by human MZ-like B cells (Fig. 5D), naive human B cells show
comparable expression of this IGH)V gene segment.

Discussion

To better understand which B-cell subsets are capable of gen-
erating an anti-gp120 antibody response, we analyzed FO and
MZ B-cell populations from naive mice and uninfected humans.
Based on frequency and absolute numbers of gpl120-reactive B
cells, our data indicate that the majority of B cells capable of
binding gp120 on their surface are of follicular origin in both
humans and mice (Fig. 1). If the primary anti-gp120 response is
dominated by FO B cells in humans and is generally non-
protective in acutely infected individuals, then it might be useful
to consider promoting the participation of other B-cell subsets as
an HIV vaccine strategy. In this regard, a recent study found that
repeated treatment of mice with BlyS increased the MZ com-
partment of mice, followed by a more robust response to Env
immunization and increases in the frequency and breadth of
neutralizing antibodies (41).

Investigation of the molecular repertoire of gp120-binding
antibodies from naive murine FO and MZ B-cell hybridomas
revealed that MZ B cells preferentially used IGHV1-53 to rec-
ognize gp120 (Fig. 2B). Because these hybridomas were generated
from LPS-stimulated naive FO and MZ B cells, and because
MZ B cells are preferentially stimulated by LPS (28, 29), we in-
dependently demonstrated by quantitative RT-PCR that IGHVI-53
is also disproportionately expressed by unstimulated MZ B cells
(Fig. 5B). This mouse segment is most closely related to the human
IGHV1-2%02, which encodes VRCO1 and related broadly neutral-
izing antibodies. An obvious difference between the two is that the
germ-line mouse IGHV1-53 is able to confer binding to gp120,
whereas germ-line human IGHVI-2*02 apparently cannot.
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encoded by germ-line murine IGHV1-53*01 (Upper)
and human IGHV1-02*02 (Lower) genes. Identities
are indicated by a vertical line; similarities, by “+.”
Identical CDRH2 residues are in red. Below the
CDRH2 region, an asterisk indicates residues mu-
tated in VRCO1, and black circles indicate residues
involved in interaction with gp120. (B) Mouse IGHV1-
53*01 (Left), human IGHV1-2*02 (Center), and the
mature mutated VRCO1 VH (Right) regions. Black
circles identify amino acids identical in all three, red
circles indicate identity between murine IGHV1-53
and human IGHV1-2*02, gray circles indicate identity
between IGHV1-2*02 and the mature VRCO1, and
white circles indicate amino acids not common with
IGHV1-2*02.

To further determine the quality of the mouse IGHV1-53 MZ
antibodies, we tested a subset for autoreactivity and neutralization
capability (Fig. 4). These IGHV1-53 antibodies bound gp120 and
also weakly bound chromatin, cardiolipin, and HEp-2 cells, but
were unable to neutralize HIV in vitro. These observations pro-
vide further evidence that to be protective, these B cells likely
would need to be drawn into a germinal center to undergo somatic
hypermutation and affinity maturation.

IGHVI1-2*%02—encoded broadly neutralizing HIV antibodies
have been isolated from circulating B cells from chronically
infected subjects (12). It is of interest that the affinity of VRCO01
and related antibodies for gp120 is perhaps lower than what
might be expected given the degree of somatic mutation dis-
played (12). This high mutation rate, viewed as a barrier in
vaccine design, might be a consequence of chronic antigen
stimulation and activation in the HIV disease state of the pa-
tient rather than borne out of necessity to enhance function.
The original phenotype of the B cells that eventually produced
these protective antibodies is unknown, and our findings
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Fig. 4. Germ-line IGHV1-53 antibodies are polyreactive and do not neu-
tralize HIV. (A) The IGHV1-53 MZ antibodies were tested for polyreactivity by
binding to chromatin (Left) and cardiolipin (Center) by ELISA or to HEp-2
cells (Right) by indirect immunofluorescence staining. Mouse IgM hybrid-
omas specific for NP (B1-8) or H-2° (3-83) were used as isotype controls.
(B) The IGHV1-53 MZ antibodies were tested for CD4 binding site recognition
by ELISA against RSC3. VRCO1 was used as a positive control. (C) Neutraliza-
tion ability of IGHV1-53 MZ antibodies was determined using a TZM-bl assay.
Mouse IGHV1-53 antibodies were incubated with JR-FL pseudovirus for 30 min
before culturing with TZM-bl cells for 48 h. Infection was determined with the
Beta-Glo assay and quantitated on a luminometer. Percent infection was
calculated in relation to values from wells that received no antibody. Human
b12 was used as a positive control for neutralization, and a mouse IgM specific
for LPS served as a negative control.
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Fig. 5. IGHV1-53 is enriched in mouse MZ, whereas IGHV1-2*02 is comparably
expressed by both naive and MZ-like human B cells. (4) FO B cells and MZ B cells
were sorted from between four and six pooled C57BL/6 mice. Gene expression
of IGHV1-53 (Left) and the constant region of the Ig kappa chain (IgxC; Right)
were assessed by RT-PCR. The results of one representative experiment of
two experiments are shown. (B) IGHV1-53 expression was normalized to I1gCx
to control for different amounts of Ig transcript in the different subsets.
Circles represent individual experiments, and bars indicate the mean. (C)
Naive and MZ-like B cells were sorted from a human spleen. Gene expression
of IGHV1-2*02 (Left) and human IgM (IGHM; Right) was assessed by RT-PCR.
(D) IGHV'1-2*02 expression by naive and MZ-like B cells normalized to IgM to
control for different amounts of Ig transcript in the different subsets.

suggest that the original B cells could have been either FO or
MZ B cells; however, we postulate that the B cells generating
these broadly neutralizing antibodies originally might have been
MZ B cells. Evidence to support this idea includes the much
shorter CDRH3 of many /GHV1-2*(02-encoded broadly neutral-
izing antibodies compared with other broadly neutralizing anti-
bodies (12, 13), a characteristic of human and rodent MZ B cells
(37, 42). In addition, the IGHVI-2%02 segment has been viewed
clinically as a feature of MZ lymphomas (43, 44), indicating that
human MZ B cells naturally express this IGHV gene segment.
Molecular analyses of a human spleen sample showed no pref-
erential expression for IGHVI-2*02 in MZ B cells, as has been
detected in mouse MZ B cells (Fig. 5). The fact that expression
appeared relatively even in the two human subsets is interesting,
considering that human MZ B cells preferentially use IGHV3
segments in their heavy chains, and that IGHV1 segments are the
least-used segments by this subset (45).

Abundant evidence using model antigens in rodent models has
indicated that MZ B cells typically mount rapid low-affinity anti-
body responses devoid of mutation. Although the use of these
model antigens clearly has been instructive, the prototypical MZ
B-cell antigen, hapten-polysaccharide conjugates, lack a protein
epitope, thus precluding the participation of T cells that would be
required for germinal center formation (46). Indeed, MZ B cells
are capable of seeding germinal centers and undergoing somatic
hypermutation (16, 17), and the antibody response in humans to
typical MZ B-cell antigens, bacterial capsular polysaccharides, are
often mutated (21-24, 42, 47). In reality, the contribution of MZ B
cells to pathogen challenge as class-switched, high-affinity anti-
bodies from germinal center reactions is difficult to ascertain and
largely undefined, because antibody responses of MZ B cells in an
intact mouse are difficult to follow. Nevertheless, there is a ratio-
nale for considering the elicitation of MZ B-cell HIV antibody
responses in vaccine design. Compared with naive or FO B cells,
MZ B cells exhibit increased expression of costimulatory receptors,
including complement receptor 2 and additional Toll-like receptors
(TLRs) (48-51). Human MZ B cells respond more robustly to T-
cell-like help or TLR stimulation in vitro (52-55). Rodent MZ B
cells express CD1d, and human MZ B cells express CD1c (19),
allowing these cells to provide cognate help to a wider range of T

1426 | www.pnas.org/cgi/doi/10.1073/pnas.1213713110

cells compared with FO B cells. Thus, a carefully selected adjuvant,
such as a TLR agonist, feasibly could preferentially target MZ
B-cell activation over dominant FO B-cell responses to gp120. If
IGHV1-2*02—expressing MZ B cells can be brought into germinal
centers to undergo somatic hypermutation, then broadly neutral-
izing CD4 binding site antibodies may be generated.

Materials and Methods

gp120 Production and ELISAs. gp120 was produced by transient transfection of
COS7 cells with 5 mg of HIV ADA gp120 plasmid (provided by T. M. Ross,
University of Pittsburgh) and Lipofectamine (Invitrogen). gp120 was purified on
agarose-bound lectin (Vector Laboratories) and stored in PBS and 0.1% azide.
For ELISAs, 2 mg/mL gp120 was used as coating material. gp120-reactive IgM
was quantitated with a gp120-specific IgM hybridoma developed in-house.

Flow Cytometry and Cell Sorting. gp120 was labeled with biotin and Alexa
Fluor 647 using EZ-Link Biotin (Thermo Scientific) and an Alexa Fluor 647
Microscale Labeling Kit (Thermo Scientific). For analyses of naive B-cell subsets,
splenocytes from unchallenged mice or HIV-uninfected humans were in-
cubated with gp120-biotin-Alexa Fluor 647. After washing, anti-biotin beads
(Miltenyi Biotec) were applied to the splenocytes, and the splenocytes were
run over an LS Magnetic Column (Miltenyi Biotec), at which point the column-
bound and flow-through fractions were collected and stained.

Hybridoma Generation and Screening. Follicular (FO) and marginal zone (MZ) B
cells were purified from spleens of four to eight naive mice in five in-
dependent sorts and stimulated for 3 d with 50 mg/mL LPS (Sigma). Sple-
nocytes were fused to SP/2 fusion partners with polyethylene glycol (ATCC)
for 4 h. Cell supernatant was screened for gp120-reactivity by ELISA 7-10 d
after selection with hypoxanthine (Sigma) and asazerine (Sigma). Hybrid-
omas were considered gp120-reactive if they had an OD over 2.0 after suc-
cessive screening and subcloning. Reactivity against the blocking reagent
was excluded by blocking with bovine serum albumin (Fisher Scientific) in
parallel with fish skin gelatin (Sigma). Hybridomas that bound gp120, re-
gardless of blocking reagent, were considered gp120-reactive. Approxi-
mately 2,500 and 1,700 hybridomas were derived from FO and MZ B cells,
respectively, and screened for gp120 reactivity. For antigen unselected
controls, FO and MZ B cells were sorted from naive mice and stimulated for
3 d with LPS as they were for the hybridoma fusions. RNA and cDNA were
then made from the bulk population, and random heavy chains were am-
plified by PCR and sequenced.

Polyreactivity Assays. ELISA plates were coated with 10 mg/mL chromatin
(prepared from bovine thymus, gift of L. Wysocki, National Jewish Health) or
cardiolipin (Sigma). For the HEp-2 reactivity, 100 mg/mL antibodies were
applied to HEp-2 antigen substrate slides (BION Enterprises) and detected
with anti-mouse IgM+IgG-Cy5 (Jackson Immunoresearch). Integrated in-
tensity was quantified on an Odyssey Infared Imaging System (LI-COR Bio-
sciences). Samples were normalized to a positive control (a mouse hybridoma
that is reactive to chromatin).

CD4 Binding Site Epitope Mapping. 293F cells were transiently transfected with
293Fectin (Invitrogen) and 30 mg of plasmid (gift of J. Mascola, National
Institutes of Health) to produce RSC3 and RSC3D as described (12). RSC3 or
RSC3D was coated onto ELISA plates at 2 mg/mL. The positive control, VRCO1,
was obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH from J. Mascola.

HIV Neutralization Assay. HIV pseudovirus constructs were a gift of P. Clapham
(University of Massachusetts). Pseudovirus was prepared by cotransfecting
JRFL subtype B envelope and pNL4.3Aenv backbone into 293T cells. Two
hundred TCIDs¢/mL pseudovirus was mixed with different concentrations of
antibodies and incubated for 30 min at 37 °C. TZM-bl cells were then added
to the pseudovirus/antibody mixture and incubated for 48 h at 37 °C. In-
fection levels were determined with the Beta-Glo assay (Promega), and
relative light units were read on a luminometer. Percent infection was cal-
culated in relation to values from wells that received no antibody.

RT-PCR. RT-PCR was performed with customized and commercially available
primers, as detailed in S/ Materials and Methods.
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