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The cervical mucosa of women who are highly exposed to HIV-1, yet remain persistently seronegative (HEPS), presents a
unique opportunity to study the dynamics of an immune compartment potentially capable of preventing HIV-1 infection.
Herein, we provide a detailed characterization of the immunoglobulin repertoire of cervical and systemic B cells from
one such HEPS individual from Nairobi, Kenya. Analysis was done on 512 V,, sequences that were RT-PCR amplified from
B cells in a paired sample from the cervix and peripheral blood. The V3 and D, repertoire of class switched cervical B cells
differs significantly from that of systemic B cells, indicating that the cervical environment affects local B-cell populations
and hence V, gene expression. Six networks of clonally related, heavily mutated B cells were identified that spanned the
systemic and cervical B-cell compartments. Analysis of somatic mutations suggests this is likely the result of systemic,
class switched B cells homing to the cervical mucosa. Multiple networks of somatically mutated V-gene sequences,
unique to the cervical mucosa, were also identified. This supports the notion that site specific responses occur and have
unique regulation of tolerance and recruitment into local memory or blast B-cell compartments. We conclude that while
the nature of the cervical environment shapes the local B cell repertoire, the infusion of post germinal center B cells to
the human cervix is a common occurrence, and represents a means by which systemic immunization could provide the

REPORT

local antibodies necessary to prevent HIV-1 at the site of initial contact.

Introduction

Despite almost 30 years of research, the human immunodefi-
ciency virus (HIV-1) remains a significant health burden world-
wide. The vaccine required to stop the epidemic will require an
effective cell-mediated and humoral immune response;' however,
the foremost B-cell response is primarily directed against non-
neutralizing epitopes and secondary responses consistently lag
behind the mutating virus.>* Consequently, protection against
HIV-1 will likely require the presence of protective mucosal anti-
bodies at the site of first contact.? Because over 80% of infections
are acquired through heterosexual intercourse,’ elucidating the
details of a protective mucosal antibody response against HIV-1
in the human cervix is of obvious importance. HIV-1 specific
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IgA and, to a lesser extent, IgG, have been isolated from cervico-
vaginal secretions in some individuals who are highly exposed
yet remain persistently seronegative to HIV-1 (HEPS).¢!"® Other
studies on the mucosal response against HIV-1 have produced
inconsistent data regarding the contribution, specificities and
breadth of neutralization of both IgA and IgG." Nevertheless,
mucosal IgA has been declared a correlate of protection against
HIV_I,](],]Z

While the nature of the mucosal antibody response against
HIV-1 represents a considerable gap in knowledge of HIV-1
pathogenesis, the understanding of the relationship between the
systemic and genital tract immune compartments is even more
elementary. A member of the common mucosal immune system,
the human cervix represents a unique mucosal compartment in
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that circulating plasma-derived immunoglobulin (Ig) makes up
a substantial portion of total antibody levels in cervicovaginal
secretions.”® Immunizations delivered systemically and to dis-
tant mucosal sites have produced vaccine-specific IgG and IgA
at the genital tract.'*"® To what degree immunity in the genital
tract is dependent on Ig transport from the serum, as shown in
monkeys,* or B-cell homing from the periphery, remains unclear.
Considering the protective efficacy of mucosal Ig, defining the
relationship between the systemic and genital humoral immune
compartments at a molecular level is of high priority.

The ontogeny of B cells in different immune compartments
can be investigated by examining their rearranged and expressed
Ig variable heavy (V,,) chain genes.”*" The human immuno-
globulin heavy chain complex is located primarily on chromo-
some 14,** and consists of 123129V, 27 diversity (D,,),***
9 junction (J,,)** and 11 constant (C,) gene segments.””** The
V., gene segment can be grouped into seven families (V,, 1-7)
based on sequence homology among framework regions (FR)
1, 2 and 3 and complementarity determining regions (CDR) 1
and 2. While enormous diversity exists at the germline level,
it is not clear what amount of this entire diversity is expressed
in a given B cell compartment. The expressed V, repertoire
is shaped further by the combinatorial and junctional join-
ing of the V, D and ] segments. Additional somatic diversity
is generated by affinity maturation in which the initial V-D-J
templates are subject to somatic hypermutation.’? Systemically,
B-cell centrocytes with mutations improving antigenic affinity
are positively selected and expanded, presumably in germinal cen-
ters.”*% Despite this huge potential diversity, half of all germline
V., genes expressed in adult peripheral B cells can be classified as
one of the 22 functional V3 genes.” The biased expression of
V., genes in peripheral B cells is determined primarily by pref-
erential rearrangement during V-D-J recombination.*® However,
the expression and affinity maturation of V, genes in mucosal
B-cell compartments is understudied and it remains unclear how
similar the ontogeny is among compartments. Our studies herein
are directed at creating an initial understanding of the B cells and
V., gene repertoire present locally in the human cervix.

Detailed analysis of B-cell circulation between the genital
tract and peripheral blood immune compartments is needed to
elucidate their respective roles in fighting HIV-1. While not an
exhaustive list, this relationship can be studied in several ways:
First, by examining the V , genes of individual B cells of a par-
ticular phenotype®; second, by conducting comprehensive deep
sequencing of the V , transcriptome;*®* third and most simply,
by examining a specific subset of V , genes through the use of a
limited set of oligonucleotide primers.* In the present study, we
examined the expression of a major V , subset in a paired sample
of lymphocytes isolated from the cervix and peripheral blood of
an HEPS individual. The expressed and rearranged V3 family
of Ig RNA were amplified and sequenced from each sample using
a biased primer set, and provides evidence for the compartmen-
talization of the humoral immune system in the female genital
tract. Furthermore, while analysis of V, genes from local B cells
of the cervix cannot explicate the significance of plasma-derived
Ig in the cervix, we identified six networks of clonally related,
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heavily mutated B cells spanning both immune compartments.
Our characterization of the molecular details of this relation-
ship contributes to our growing understanding of genital tract
immunity.

Results

Cloning and sequencing. Four unique mutations were observed
in a total of nearly 15,000 sequenced base pairs of Cy-1 from the
40 productive sequences from the peripheral blood sample. This
is consistent with the estimated error rate of the proof reading 7go
DNA polymerase mix used, and served as our internal control for
the rate of PCR mutations.*® The PCR error rate was estimated at
1 base substitution for every 10 V, sequences analyzed.

A total of 512 V  sequences were RT-PCR amplified and
cloned from B cells in a paired CMC and PBMC sample. Non-
productive sequences were ignored, and identical sequences of
the same isotype and location were considered a single sequence.
Applying these criteria, the 356 productive V , sequences isolated
from the HEPS individual are summarized in Table 2. A signifi-
cantly higher frequency of unique V,-D, -], rearrangements were
identified in the IgG (p = 0.002) and IgM (p = 0.046) PBMC
sample relative to the CMC sample. Alternatively, the CMC IgA
sample was significantly more diverse than the IgA PBMC sam-
ple in that 35 of the 38 productive sequences (92%) isolated from
the cervix were identified as unique rearrangements, compared to
26 of 41 productive sequences (63%) from the peripheral blood
(p = 0.003). This suggests a greater proportion of the local B-cell
population in the cervix are IgA producing and is consistent with
the predominance of IgA plasmablasts within the endo- and
ecto-cervix (65-79%).%

V,;3 and D, gene usage in the cervix and peripheral blood.
Due to the highly conserved nature of FR-1, a small number of
sequences from V, families 1, 5, 4b and 6 were amplified using
the V3 specific sense primer; however, no significant differences
in their respective gene frequencies between the systemic and
mucosal B-cell compartments were observed (data not shown).

There are obvious differences in V ;3 and D, gene representa-
tion in the cervix versus the blood at the time point evaluated
(Fig. 1). Use of the family specific primers allowed for a direct
comparison of the representation of the specific gene families
listed in Figure 1A. Within isotype comparisons showed that
B cells rearranged as the IgA and IgG isotype each have a differ-
ent profile of V ;3 gene segment use in the cervix compared to
the peripheral blood (p < 0.05). Only B cells of the IgM isotype
did not have a different V ;3 gene expression profile between the
two populations (p > 0.05). Despite the difficulties in assign-
ing germline D genes given the high mutation rate, the D,, gene
expression profile within isotypes mirrored the above results in
that D, usage in isotype switched B cells differed between the
cervical and peripheral blood compartments (p < 0.05) (Fig. 1B).
No significant differences in J,; gene usage between the two com-
partments were observed (data not shown).

Frequencies of somatic mutation in the cervical mucosa and
peripheral blood. A detailed analysis of the somatic mutations in
both immune compartments is presented in Table 3. Collectively,
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Figure 1. Nature of the cervical environment shapes local V,, gene expression. (A) V, 3 gene segment frequencies from B cells of each isotype isolated
from the cervix or peripheral blood. V3-other is defined as any V3 locus other than those defined above. (B) D, gene segment frequencies from B cells
of each isotype isolated from the cervix or peripheral blood. Significant differences (*) in both V, and D, gene usage were observed between each of
the isotype-matched samples with the notable exception of IgM using x? tests (p < 0.05).

the frequency of somatic mutation among all isotypes was sig-
nificantly higher in cervical B cells (6.5%) compared to systemic
B cells (5.3%) (p < 0.05). When considered individually each
isotype tested had a higher frequency of mutation in the cervi-
cal mucosa than did the matched sample from peripheral blood,
although this was not statistically significant (Table 3). IgG2
bearing B cells had the highest frequency of mutation of all the
isotypes in both the cervix (8.5%) and peripheral blood (7.4%).
Interestingly, the largest difference in the frequency of mutation
between the cervix and peripheral blood was within the IgM
isotype. The cervical IgM population displayed a significantly
greater mean number of total mutations in both the CDR and FR
regions when compared with the IgM population in the periph-
eral blood (p < 0.05) (Fig. 2). Furthermore, isotype comparisons
revealed that cervical V , genes rearranged as the IgM isotype had
a higher mean number of total FR mutations than both IgA and
pooled IgG, although only significant for IgG (p < 0.05) (Fig. 2).

Evidence of additional antigen-driven affinity matu-
ration in the peripheral blood compared to the cervical
mucosa. The numbers of R and S nucleotide mutations for
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individual V; sequences of each isotype were compared with
the expected numbers of mutations in the most homologous
germline gene given random mutation. Using the multinomial
model described below, each V, sequence was given a p value
describing the probability that the observed excess or scarcity
of R mutations in the FR or CDRs respectively occurred by
random mutation. The mean p values estimating selection in
the FRs and CDRs for each isotype is presented in Table 3.
B cells of the IgA and IgG3 isotype had a significantly lower
mean p CDR value in the peripheral blood compartment
when compared with the cervical mucosa (p < 0.05), indicat-
ing that IgA and IgG3 switched B cells are under less selec-
tive pressure in cervical mucosa when compared with the
isotype matched cells in the peripheral blood. Although sta-
tistically insignificant, this trend holds true for both IgGl
and IgG2. Interestingly, B cells of the IgM isotype resist this
trend as IgM-V , sequences from the cervix showed a signifi-
cantly lower mean p CDR value than in the peripheral blood
(p < 0.05) (Table 3). Although not significant, these trends

hold true when examining mean p FR values.
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Figure 2. Distribution of somatic mutations in B cells isolated from the
cervix (dark bars) and peripheral blood (light bars). Shown is the mean
number of total (T), silent (S) and replacement (R) nucleotide mutations
for each isotype. IgG1, IgG2 and IgG3 V,, populations were pooled form-
ing one IgG population. (¥) is indicative of a signficicant difference (p <
0.05) between the mean number of mutations indicated.

The antigenic selection index differed between peripheral
blood and cervical B-cell V, genes. When the p value of each V
sequence was considered individually, the frequency of antigenic
selection could be determined by calculating the number of V
sequences with a p CDR or p FR <0.05 (Fig. 3). A trend towards
a higher inferred frequency of antigenic selection in the periph-
eral blood compartment relative to the cervical compartment
was observed for B cells of the IgA, IgG2 and IgG3 isotypes,
although only significant when examining the CDRs of IgG3
(p < 0.05) (Fig. 3B). The frequency of antigenic selection in the
cervix was comparable with that of the blood for IgG1 B cells.
Alternatively, and consistent with data presented in Table 3, IgM
cervical B cells showed a significant increase in the frequency of
selection for S mutations in the FRs when compared with isotype
matched cells in the peripheral blood (p < 0.05), indicating that
un-switched B cells in the cervix are under more selective pres-
sure than in the peripheral blood (Fig. 3A).

Identification of clonally related class switched cells in
the peripheral blood and cervical mucosa. Sequence analysis
revealed that in addition to site-specific B cells, a number of net-
works of related sequences sharing identical V -D,-J,, combina-
tions with different C, regions were present among the cervical
and peripheral B-cell compartments (Fig. 4). Applying our crite-
ria, a surprisingly high total of 27 of the 156 unique V , sequences
from cervical B cells can be traced to a related V , clone from
the peripheral blood. This is comparable to the 30 sequences
that form CMC-only networks. Considering the observed
diversity of the PBMC repertoire, it is possible and even likely
that CMC-only networks may also be the progeny of systemic
B cells that were not identified in this study. This strongly sug-
gests that the ability of the female genital tract to launch local
antibody responses is limited and requires continuous reseed-
ing. This observation is consistent with the limited local anti-
body responses observed following vaginal immunization with
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various antigens.”® Alternatively, nearly all of the peripheral blood
B-cell networks have crossed into the cervical B-cell population.
Only a single PBMC-only network could be formed, consist-
ing of simply two sequences. That the preponderance of related,
class switched PBMC clones could also be found in the cervical
mucosa indicates that the B-cell homing to the genital tract is a
common occurrence. This again may reflect the fact that the cer-
vical samples may have a different cellular composition;” how-
ever, as they were normalized for cDNA this likely reflects true
differences in B cells present, ontogeny and somatic evolution.

Each of the six compartment spanning networks is depicted
in Figure 5. Each isotype appears to be equally represented
in these networks with the notable exception of cervical IgM.
Indeed, differences in ontogeny appear to hold for the V, genes
rearranged as mucosal IgM as none we analyzed were common
to both cervix and peripheral blood. While clonal expansion is
evident among cervical B cells of the same isotype in five of the
six networks (exception of Fig. 5C), class switching appears to
occur prior to B-cell migration to the cervix. While there is evi-
dence of class switching among PBMCs in each of the six net-
works, class switching in cervical B cells is only apparent once in
Figure 5B, in that a second class switch event following clonal
expansion in the cervix was evident (IgG2-20 to IgA-35).

Highly mutated V,; gene sequences can be found in cervi-
cal and systemic spanning B-cell networks. Each V , sequence
of the network outlined in Figure 5A is shown in Figure 6.
Class switching likely occurred in the systemic compartment
before clonal progeny seeded the cervix as identical IgA and
IgGl sequences, sharing common mutations from the closest
germline, diversified by accumulating two additional mutations.
Additional B cells with further diversification to the IgA and
IgGl isotypes appear in the cervical compartment, each sharing
the two mutations found in both parents. Interestingly, all mem-
bers of the network, with the exception of IgGl CMC 30, which
has two additional mutations, share the 30 mutations from the
germline (V3-48*01) observed in the parent PBMC IgM clone.
The presence of these shared mutations suggests strongly that
affinity maturation occurred in the peripheral blood prior to class
switching and diversification.?"*** Furthermore, the number of
mutations observed in each parent PBMC clone in Figure 5 sug-
gests that the B cells migrating to the cervix have undergone one
or more germinal center reactions resulting in somatic mutation
and is consistent with our finding that for most isotypes, antigen
selection is higher systemically than mucosally. Obviously, the
location of IgM PBMC clone 44 as an intermediate between IgA
CMC clones 33 and 19 in Figure 5 is in violation of the class
switching rules. It is likely that intermediary clones, at least tran-
siently expressed as IgM, persist in circulation following previous
class switch events. Hypothetical intermediates were not included
in the presented genealogies as the TCS algorithm used generated
networks solely based on the sequences present. Alternatively, the
large and consistent number of mutations away from germline in
multiple classes and sites suggests that polymorphic V,,3 genes
may be present that are not currently in the databanks. A DNA
sequencing effort will be required to elucidate this.
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Discussion

Despite the devastation caused by the 300 million sexually
transmitted infections (STIs) estimated to occur annually,’
remarkably few studies have explored the antibody repertoire
of the cervical mucosa at a molecular level. Little is known on
the ontogeny of antigen specific B-cell responses in the geni-
tal mucosa. In particular, how B cells cycle among immune
compartments and whether this compartmentalization is sup-
ported by common immunoglobulin variable region gene usage
in the cervix has not been explored. Evidence reported herein
suggests that in addition to antibody extruded to the cervix,
humoral immunity in the female genital tract is comprised
of a locally resident unique spectrum of B cells, which over-
laps with, but is distinct from, the systemic B-cell repertoire.
Because our mononuclear cell samples originated from an HEPS
individual, our results are likely reflective of an active humoral
response occurring in the cervix against numerous STTs includ-
ing HIV-1."2 Our evidence shows that a considerable portion of
B cells in the cervix are descendants of class switched, mutated
B cells from circulation. This is likely the result of B-cell homing
from the circulation into the mucosa, following systemic germi-
nal center reactions, through yet undefined homing receptors.
Consequently, immunity in the human cervix is dependent on
the migration of systemic, antigen experienced, isotype switched
B cells into the cervix, in addition to the translocation of serum
Ig shown previously in reference 54 and 55. The identification
of related sequences within the cervical mucosa was not unex-
pected, as families of related sequences have also been observed
within other immune compartments such as the human tonsil,*
intestine,”” spleen® and subcarinae.”” However, it is not known
whether these related sequences reflect local clonal expan-
sion and class switching or are reflective of a limited sample
size. The identification of highly related and even identical V
sequences between the cervical mucosa and the peripheral blood
compartments is of particular interest because, to the authors’
knowledge, this is the first time this has been seen. While
highly specific CDR3 clone specific primers have been used to
6 they
do not permit an evaluation of the frequency of the observed

identify related IgG clones in different compartments,

clones. Our use of V,, family specific primers in the present
study, while biased to germline encoded V gene families, is rela-
tively non-biased to combinatorial assemblages; indeed, it is of
much lower bias than targeting a somatically combined CDR

1.°° and this allows us to make conclu-

region as in Thoree et a
sions about the regularity of observed clones. The identification
of related CMC and PBMC clones does not necessarily imply
that the observed mucosal response is of peripheral origin, as
B cells migrate to other mucosal tissues via the blood. However,
that the overwhelming majority of related class switched clones
found in the peripheral blood compartment have related or even
identical progeny within the cervical mucosa, and the pattern of
hypermutation observed within the networks, suggests strongly
that these B cells underwent clonal expansion and class switch
in a systemic immune response, and were not simply trafficking
from one mucosal site to another.
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Figure 3. Frequency of inferred antigen selection experienced by

B cells isolated from the cervix (dark bars) or peripheral blood (light
bars). An individual clone was determined to be antigen selected if
their p FR (A) or p CDR (B) was below 0.05 when calculated using the
multinomial model developed by Lossos et al.® Significant differences
(*) between the frequencies of antigen selection were observed in the
cervix when compared with isotype matched B cells in the peripheral
blood (p < 0.05).
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The V, gene usage is different among the isotypes expressed
in the cervix and blood compartments. The use of V|3, and D,
gene segments differs significantly between isotype matched IgA
and IgG B cells in the cervix relative to the peripheral blood sug-
gesting that much of the cervical B-cell repertoire is comprised of
a unique population of B cells. This is consistent with observed
differences in both isotype distribution, and antigen specificity
of the cervical and peripheral blood compartments.”®**¢62 In
this regard, the observed mucosal compartmentalization adds
credence to the presence of HIV-1 specific IgG and IgA in cervi-
covaginal secretions that is absent from the serum in some HEPS
individuals.®>®

The frequency of somatic hypermutation among the V , genes
of isotype switched systemic and mucosal B cells is distinct. The
B cells of the cervical compartment are oligoclonal with V
genes containing more somatic mutations than those found in
the peripheral blood. This is consistent with the V , gene status
of B cells from other mucosal sites, which have consistently been
shown to have more mutations than peripheral sites, possibly due
to the highly antigenic nature of the mucosal environment.?*
The frequency of hypermutation in cervical IgM B cells was at
least as high as that of IgA and IgG B cells in the cervix. This
is in contrast to the lower rates of hypermutation reported for
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Figure 4. Summary of networks formed between related V, sequences
of different isotypes between two immune compartments: the cervical
mucosa (solid line) and the peripheral blood (dashed line). The total
number of networks identified in each compartment is indicated along
with the total number of unique sequences (in parentheses) that col-
lectively form the networks.

IgM B cells in the intestinal mucosa, spleen, salivary gland and
the duodenum, relative to isotype controls,?*** Dunn-Walters

et al.»®

identified related IgM and IgA sequences in the salivary
gland in which the IgM clone had accumulated more mutations
than the class switched clone. IgM plasma cells in the intestine
have also been shown to have similar frequencies of mutation
as IgA plasma cells. Therefore, IgM B cells that persist fol-
lowing germinal center reactions clearly accumulate mutations
even after class switching. In the intestine, switching from
slgM to sIgA occurs in immune inductive sites such as mucosal
Peyer’s patches;® however, because the genital tract lacks equiva-
lent immune inductive sites, isotype switching from IgM B cells
in the cervix may require homing to a local lymph node thus
occurring at a slower rate. The resulting persistence of IgM-
expressing B cells in the local environment would allow somatic
mutations to accumulate and could also account for our observa-
tion that only IgM B cells appear to be more antigen-experienced
in the cervix compared to the blood.

Furthermore, no significant differences were observed
between V,;, D, and J,, gene segment use in IgM B cells in the
cervix when compared with those in peripheral blood, suggest-
ing that either both compartments are composed of overlapping
repertoires, or the selective pressures that shape V, gene expres-
sion in isotype switched cervical B cells are less pronounced in
non-switched B cells. The fact that no related IgM sequences
were shared between the cervix and peripheral blood compart-
ments, despite an increased sample size, implies that the cervi-
cal IgM compartment is separate from the peripheral blood, and
fundamental differences in the mechanisms of B-cell ontogeny in
the cervix are responsible for the observed differences in somatic
mutation and affinity maturation.

Alternatively, class switch recombination and affinity matura-
tion may either have different requirements at the mucosal sur-
face of the cervix, or occur outside germinal centers as has been
shown in animal models.®

These data support a two-tiered antibody protection strat-
egy in the genital tract. Similar to the strategy proposed for the

intestinal mucosa®

an oligodiverse, highly mutated antibody
repertoire exists within the cervical mucosa that is consistently
repopulated by affinity matured class-switched B cells from the
periphery. However, despite some similarities, differences in iso-

type ratios between the intestinal and genital tract implies there
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are considerable differences in both B-cell populations.’!'*#68

In the gut where IgA is dominant, this “innate-like” response is
mediated by a restricted IgA repertoire exhibiting low affinity,
yet broad reactivity.” In the cervix, where IgG is dominant, we
found that the IgA response appears polyclonal with an inferred
frequency of affinity maturation comparable to, and in some
cases higher than, other isotypes. Furthermore, the apparent
clonal expansion of cervical IgA bearing B cells in four of the
compartment spanning networks suggests that the role played
by IgA in the genital tract may be more adaptive in nature than
the innate-like role it plays in other mucosal tissues. This is con-
sistent with the extensive somatic mutation recently observed by
others in the CDRs of gp4l specific Fabs selected from phage
libraries derived from mucosal B cells of HEPS individuals.'?
These IgA-derived antibodies are neutralizing in transcytosis and
CD4 based assays and one of the four Fabs utilizes a V ;3 allele
with and an extended CDR3 characteristic of envelope-specific
HIV neutralizing antibodies. Similarly, many of the IgA V3
alleles we identified from the cervix of our HEPS patient appear
to have undergone extensive affinity maturation in an antigen-
driven process. The repeated exposure to HIV-1 in these individ-
uals may result in a local enrichment of antigen experienced IgA
bearing B cells and could play a role in the prevention of HIV-1.
Additionally, the observed oligoclonality and low frequency of
antigen selection and hypermutation of IgGl B cells presented
here, coupled with the subclass dominance of IgGl in cervico-
vaginal secretions,” suggests that in the cervix, IgG1 may mirror
to the “innate-like” role played by IgA in the gut.

In conclusion, we characterized the V, genes expressed in
the B-cell repertoire of the human cervical mucosa. We pres-
ent molecular evidence for the compartmentalization of cervical
B-cell populations from the peripheral blood repertoire in a HEPS
individual. Moreover, we show that many class switched B cells
from circulation appear to relocate to the genital tract and analy-
sis of their V genes allows us to form compartment and isotype
spanning networks. These molecular data, along with the pro-
tection afforded by systemically administered HPV vaccines,*”
and findings by others,’ collectively suggest that vaccines capable
of inducing a systemic antibody response should be an effective
method of inducing locally protective antibody. Indeed, systemic
immunization has been shown to induce high levels of specific
antibodies in the genitourinary tract.”""7”" Lastly, homing of
B cells to the cervix may allow rescue of B cells with potentially
auto-reactive specificity to forbidden epitopes on HIV-1 gener-
ated by systemic immunization to the external mucosal environ-
ment.”> The authors note that some level of caution should be
taken in extrapolating somatic mutation and mucosal-systemic
B-cell trafficking patterns from repertoire analysis conducted on
B cells from a single individual. We recognize that a larger and
more robust study involving samples from multiple subjects col-
lected at different time points can now be done using cutting-
edge technology; however, this study remains as a comparator
for the current technology. These data show a complex pattern of
B-cell sharing and compartmentalization and further repertoire
characterization by ultra-deep pyrosequencing® and assembly of

73,74

monoclonal antibodies from the V-genes of locally present
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individual clones. Dashed lines indicate identical sequences.

Figure 5. Related B-cell networks spanning the cervical mucosa and peripheral blood immune compartments. V, sequences, grouped according to
V,, loci, were aligned using TCS software with 95% statistical parsimony.”” Networks were formed between sequences with less than eight nucleotide
differences. Shown are six networks composed of related, class switched sequences isolated from peripheral blood (white circles) and the cervical
mucosa (grey circles). Each network is rooted in the most homologous human germline gene segment (double lined circles at the apex). Numbers in
inside the circles within parenthesis indicate the plasmid clone ID. Numbers above each connecting line indicate the number of mutations between

plasmablasts from this cohort is anticipated and will further shed
light on local immune responses in the cervix.

Materials and Methods
Subject. Peripheral blood mononuclear cell (PBMC) and cervical
mononuclear cell (CMC) samples were collected in parallel from

a HEPS commercial sex worker from Nairobi, Kenya. This indi-
vidual is a member of a well-characterized cohort of commercial
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sex workers in the Pumwani area of Nairobi*' and has annually
tested seronegative for HIV-1, and confirmed by PCR, since
testing began in 1985. Despite counselling, it is estimated these
women have approximately 64 encounters with HIV-1 every year
through unprotected sex.!

Sample collection. PBMC and CMC samples were har-
vested as part of a routine survey in February 2007 under ethical
approval by the University of Nairobi. Both PBMC and CMC

samples were collected using previously established methods.*
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IgA CMC 19

CDR2
IgM PBMC 2 GGGTCCGCCAGGCTCCAGGGAAGGGGCCGGAGTGGATTTCATAC ATCAATAGTAATAGTTATACCA TACAGTACGCAGACTCTGTGAAGGGCCGATTCACCATCA
IgA PBMC 2
TGGL PBMC 8 —mmm oo m oo oo oo o
IgGl CMC 30 =======mmme e s e CG-———= ——————— A e
IgGL CMC 28 —==——mm oo e GO m
IgA CMC 32
IgA CMC 33
IgM PBMC 44 —————mm oo e e o T
IgA CMC 19

CDR3
IgM PBMC 2 CCAGAGACTATTTCAARAACTCACTGTATCTGCAAATGTATAGCCTGAGAGCCGACGACACGGCCGTTTATTACTGT GTGAGAGATTATCCGCCCCACCGCGGGAG
IgA PBMC 2
IgGl PBMC 8 ----------- Gl === === e e e e e ————
IgGl CMC 30 ------—---- GC————— e i
IgGl CMC 28 ----—-—---- GC--—————————- o
IgA CMC 32
IgA CMC 33
IgM PBMC 44 -------- A--GC-—-————— - A-—mm e 2 [ —
IgA CMC 19

CCCCCAACTTCTACAT---GGACGTCTGGGGCAAAGGGACAATGGTCACCGTC TCTTCA

IgM PBMC 2
IgA PBMC 2
TGGL PBMC 8 === = mmm oo oo oo o o oo oo
TGGL CMC 30 —mmmmmmmm oo oo e oo
IGGL CMC 28 —————m—mmmmmmmm e o
TGA CMC 32 = mmmmmm oo oo oo
IgA CMC 33 ——-—-———o A m
IgM PBMC 44 ——---———- A
IgA CMC 19 ——-—-———o A m oo —

Figure 6. Confirmation of the relationship between sequences forming network A described in Figure 5. Dashes indicate conserved nucleotides
relative to the most homologous germline gene (IGHV3-48%01 and IGHJ6*03). Mutations in bold indicate a mutation that is not shared among all nine
related clones.

Table 1. Sequences of oligonucleotide primers used in the PCR
amplification of V, sequences

PCR. Total RNA was recovered from the CMC and PBMC
samples using the RNeasy Mini Kit (QIAGEN®) according to
manufacturer’s instructions. cDNA was synthesized from equiv-
alent quantities of RNA using the Thermoscript RT-PCR system
(Invitrogen) with an oligo dT primer according to manufac-
turer’s instructions. cDNA was amplified with the Expand High
Fidelity PCR System (Roche) in 50 pl using 600 nM of sense olig-
nucleotide primer (VhEF) specific for FR-1 of V3, and 600 nM
of one of 5 anti-sense primers specific for the 5' end of Cp., Cyl,
Cy2a, Cy3 or Ca® (Table 1). After initial hot start, amplifica-
tion consisted of ten cycles of 20 seconds at 94°C, 30 seconds at

55°C and 45 seconds at 72°C, followed by 30 cycles of 30 seconds

Primer®
VhF
IgG1 Reverse

Sequence 5'to 3'
CAG GTG CAG CTG CTC GAG TCT GG
CAT GTA CTA GTT TTG TCA CAA GAT TTG GG
TCT ACA CTAGTT TTG CGC TCA ACT GTCTT
TGT GTG ACT AGT GTC ACC AAG TGG GGT TTT
CTA GTG ACC TTG GGG CTG GTC GGG GAT GC
CTC ACA CTA GTA GGC AGC TCA GCA ATC AC

2Sequences were adapted from Barbas, et al.** (2001).

IgG2a Reverse
1gG3 Reverse
IgA Reverse

IgM Reverse

Briefly, PBMCs were collected by Ficoll-Hypaque gradient cen-
trifugation and CMCs were harvested using a clinical cytobrush
(Histobrush; Spectum Labs). To prevent contamination with
peripheral blood, CMC samples containing any visual blood
were discarded. Cells were washed and re-suspended into RNA
lysis buffer (QIAGEN®) and stored in liquid nitrogen.
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at 94°C, 30 seconds at 55°C and 45 seconds at 72°C (5 second
increase in incubation time with each cycle), followed by a final
extension for 7 min at 72°C.

Cloning and sequencing. The V,, PCR products were gel puri-
fied (QIAGEN® Gel Extraction Kit) and cloned into pCR®2.1-
TOPO-TA™ (Invitrogen) as per manufacturer’s instructions.
Individual colonies chosen on LB-AMP

bacterial were
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Table 2. Summary of the V, sequences derived from B cells of different isotypes in the cervix or peripheral blood

IgA 1gG1
Summary
Cervix Blood Cervix Blood

Sequences Analyzed 48 48 48 48

Unique® and

Productive® 38 4 30 40

Unique V-D-J 35 26 24 38

Rearrangements©

1gG2 1gG3 IgM
Cervix Blood Cervix Blood Cervix Blood
48 48 48 48 64 64
26 35 22 28 40 56
23 34 12 23 30 51

2ldentical sequences of the same isotype were considered a single sequence. A sequence was considered unique if it did not share 100% homology
with another clone of the same isotype, and productive if it contained no stop codons. The number of different V-D-J combinations was determined
considering only productive sequences and provides an indication of diversity when compared with the corresponding number of total unique

productive sequences.

Table 3. Mutation statistics for V, sequences B cells of each isotype isolated from the cervix or peripheral blood

Isotype SouTce Mutation Mean Number
i Frequency (%) of Mutations
Blood 6.2 15.7
IgA
Cervix 6.7 17.8
Blood 4.3 12.2
19G1
Cervix 53 12.8
Blood 74 21.3
19G2
Cervix 8.5 19.8
Blood 4.8 13.9
19G3
Cervix 53 14.9
Blood 5.6 15.0
IgM
Cervix 7.5 23.3

R:S Value CDRs  R:S Value FRs Mean P ER® Mean P CDR¢

1-22 1-32

4.74 1.81 0.162 0.166
3.70 2.07 0.238 0.286
BV/3 3.09 0.376 0.307
2.72 191 0.314 0.344
3.92 1.87 0.194 0.244
3.45 3.09 0.301 0.358
5.07 2.16 0.329 0.383
1.84 2.61 0.412 0.581
3.16 1.87 0.31 0.411
3.82 1.71 0.236 0.291

*Mean R:S values were calculated after pooling V,, sequences according to isotype and location. "Individual P FR values were calculated for each
sequence and the mean subsequently determined for each isotype. The P FR value is an estimation of the probability that the observed scarcity of R
mutations in FRs 1-3 occurred by random mutation and not through antigen driven affinity maturation.“® <Individual P CDR values were calculated for
each sequence and the mean subsequently determined for each isotype. The P CDR value is an estimation of the probability that the observed excess
of R mutations in CDRs 1,2 occurred by random mutation and not through antigen driven affinity maturation.*®

(100 pg/ml), expanded in overnight 2 ml bacterial cultures with
ampicillin (50 pg/ml), and the individual plasmids isolated using
QIAprep® Spin Miniprep kits (QIAGEN®). The V , inserts were
sequenced on both strands with T7 (5-TAA TAC GAC TCA
CTA TAG GG-3') and M13R (5'-CAG GAA ACA GCT ATG
AC-3") primers (Invitrogen) with an ABI Prism® 3730XL DNA
sequencer using Applied Biosystems BigDye™ Terminator v3.1.

Identification of Ig germline sequences. Each of the V, con-
sensus nucleotide sequences were trimmed to remove all residues
upstream of FR-1 and downstream of FR-4, then compared with
known human germ line V, genes to identify the V, ] and D
segments using IMGT/V-Quest.** CDRs and FRs were identi-
fied according to numbering of the inferred amino acid sequences
according to Kabat et al.®

Molecular analysis of V, genes. The multinomial model
46

developed by Lossos et al. was used to estimate the antigen
selection experienced by each clone. The number of observed
replacement (R) and silent (S) mutations in FRs 1-3 and CDRs
1 and 2 from each clone were input along with the nucleotide
sequence of the most homologous germline gene to estimate the
probability (p) that the observed excess or scarcity of R muta-

tions observed in the CDRs or FRs respectively were generated

www.landesbioscience.com

mAbs

4 A clone was considered to

have experienced antigen selection in the FRs or CDRs respec-
tively if either p FR or p CDR < 0.05. Mean p FR and p CDR val-
ues were also determined for each isotype within both immune
compartments. While this model does not take into account
biases caused by the intrinsic mutability of human CDRys, it does
provide a good estimation of the selection pressure experienced
by antibody genes.

All sequences were grouped according to V, locus and net-
works of related clones were identified using TCS software
developed by Clement et al.¥ with 95% statistical parsimony.
Networks were formed between sequences with less than eight
nucleotide mutations.

Statistical analysis. Continuous data was analyzed using a
Mann-Whitney U test with GraphPad Prism software as the data
did not follow the Gaussian distribution. x* tests were used to
compare proportions of V, D and ] gene segment usage between
the cervix and peripheral blood within isotypes. Diversity of
CMC and PBMC samples were analyzed by comparing frequen-
cies of unique V-D-] rearrangments found within isotypes using
Fisher’s exact test. Observed differences were considered signifi-
cant when p < 0.05.

solely through random mutation.
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