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In men at risk of HIV infection, IgM, 1gG1, IgG3, and
IgA reach the human foreskin epidermis

MP Lemos', ST Karuna', G]J Mize', Y Fongl, SM Montano?, C Ganoza®, JR Lama’, J Sanchez® and
M]J McElrath>*>°

We profiled the humoral response in the penis, an area that has been minimally explored but may be relevant for

protecting insertive men against HIV and other sexually acquired infections. Comparing paired tissue samples from 20
men at risk of HIV infection, foreskin contains less immunoglobulin A (IgA) and more IgG2 than colon. Using foreskin
dermal and epidermal explants and paired plasma from 17 men, we examined |Ig accumulation by normalizing Ig to
human serum albumin (HSA) transudation. Dermal IgM, 1gG2, IgA, and IgE ratios were greater than that in plasma,
suggesting there is local antibody secretion at the dermis. Local Ig transcription was concentrated at the inner rather
than the outer foreskin, and inner foreskin Ig ratios did not correlate with blood, indicating that localized production can
contribute to the foreskinresponse. IgM, IgG1, IgG3, and IgA have preferential access to the foreskin epidermis, whereas
1gG2, IgG4, and IgE are restricted to the dermis. Lastly, Ad5-specific IgA was selectively present in the colon, whereas
foreskin Ad5 IgG was mainly derived from blood, and reached the inner epidermis at higher ratios than the outer

(P<0.002). In summary, the foreskin antibody response combines local and systemic sources, and there is selective

isotype accumulation in the epidermis.

INTRODUCTION

Substantial evidence has emerged over the years in non-human
primate models that potent antibodies can mediate protective
effects against STV and SHIV infection." In humans, the RV144
clinical trial demonstrated 31% protection among Thai
volunteers® where infection risk was directly associated with
blood immunoglobulin A (IgA) titers against the C1 region of
HIV Env and inversely associated with high titers of anti-Env
V1V2 IgG3.>> However, it remains to be determined whether
these vaccine correlates can protect at the rectal, vaginal, and
penile surfaces, where HIV is predominantly transmitted.®’
Whether passively infused antibodies or HIV vaccine candi-
dates can reach human genital and rectal sites at sufficient
concentrations is also unclear.

Quantitative methods to measure vaginal and rectal antibody
responses have been developed,® but penile Ig assessments are
limited. In uncircumcised heterosexual men”"'! and men who
have insertive sex with men,'*'? the foreskin is an important

site. of HIV exposure,'* as three independent randomized
controlled trials showed that circumcision reduced HIV
infection risk by 51-60%.”'' However, 70% of the world’s
men remain uncircumcised,'” and the uptake of circumcision
faces logistical'®'” and cultural barriers,'® so it remains
important to investigate whether the foreskin can be armed
with humoral responses that can prevent HIV infection. In fact
a recent study demonstrated that SIV can preferentially persist
in proximity to target cells at the macaque inner foreskin and
glands, but not the outer foreskin,'* indicating that immune
control at these sites may be most useful for protection.
Distinct Ig isotypes predominate in various mucosal
surfaces, suggesting that antibody restrictions are present
at the sites of host-pathogen interactions. IgM is first induced
during the immune response to a new antigen and has Clq
and complement activation functions; however, it is present in
low concentrations in the female genital and intestinal
surfaces, and is undetectable in seminal fluid of most
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healthy men."”?' IgA isotypes dominate in the intestine and
can inactivate pathogens by neutralization and exclusion.*' >
Both intestinal and genital IgA rely on local production, with
minor components transudating from blood.** ** Compared
with other isotypes, IgG is most abundant in blood, semen,
cervical, and vaginal compartments.”® There are four sub-
classes arranged by their abundance in serum: IgG1, IgG2,
IgG3, and IgG4. They have remarkable differences in
complement activation, phagocytosis, antibody-dependent
cell-mediated cytotoxicity, and Fc-Receptor binding,
with a general order of activating capacity being
IgG3 > IgG1> IgG2 > 1gG4.*

In addition to the isotypes, the specificity of the antibody
response can also be compartmentalized. Exposure to oral
Salmonella typhi or intranasal adenovirus can lead to IgG
antibody responses that concentrate in the nose and mouth, as
well as vaginal IgA;*"* whereas rectal exposure can lead to
antigen-specific IgG in tears and IgA that dominates in rectal
secretions.”’ Deltoid delivery of a canarypox HIV vaccine can
generate both IgG and IgA in rectal secretions, but this is
limited after inguinal immunizations, which drain the geni-
tals.”” Thus, the immunization strategies and natural infections
that trigger penile antibody responses may not match those that
successfully generate responses at mucosal surfaces.

To better understand the antibody profile that may have a
role in controlling infections at the foreskin, we evaluated the
humoral responses in the foreskin of sexually active young men
who have sex with men at high risk of HIV infection, and
compared these with colonic and systemic B-cell responses.
Our results indicate that some foreskin Ig isotypes transudate
directly from blood, whereas others are locally produced. These
findings have important implications for the development of
strategies to induce relevant Ig responses against sexually
transmitted infections (STIs) so that immune responses reach
this important site of pathogen exposure.

RESULTS

Foreskin tissue has different Ig isotype distributions than
colon tissue

To explore the tissue Ig isotype distributions in sexually active
men, we generated protein lysates and compared Ig concen-
trations from 20 matched colonic and foreskin tissues
(including inner and outer foreskin), normalized for protein
content (Figure 1). No differences were detected in total IgA or
IgGs when men with STIs were compared with men without
STIs (data not shown), so they were studied as a single cohort.
The median IgA concentration was at least fourfold greater in
the colon (3.13 ng g~ &, interquartile range (IQR) 1.34-4.93)
than in the inner (0.72 ng pug ~ ' IQR 0.45-2.17; P=0.001) and
outer foreskin tissue (0.65ngug ', IQR 0.38-2.82; P=0.001;
Figure la), and at least twofold greater than that in blood
(P=0.001; data not shown).

IgG1 had the highest overall median concentration in all
tissues and there were no significant differences among them
(Friedman Test P=0.387; Figure 1b). Interestingly, colonic
tissue median IgG2 concentrations (1.24 ngpg ', IQR 0.19-
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2.51) were lower compared with inner (2.36ngug~ ', IQR
0.30-4.73; P=0.011) and outer foreskin (2.85ngpg~ 1 IQR
1.00-3.88; P=0.001 (Figure 1c). IgG3 and IgG4 were less
abundant, and comparable among the different tissues
(Friedman P=0.951 and P=0.981, respectively; Figure 1d, e).
These colon and foreskin tissue IgG to protein ratios are
5.6-11.8% of those expected in plasma (data not shown). The
results indicated that, similar to the female genital tract,”®**
foreskin has a unique distribution of antibody isotypes that are
distinct from intestinal tissues.

Foreskin sources of antibody combine transudation from
blood and local production

Antibodies might reach the foreskin through convection/
transudation from blood, local production, or both. To define
the sources of Igs in the foreskin of sexually active men, we
separately cultured dermal and epidermal explants from 20
donors, measured Ig/HSA ratios released into 48-h culture
supernatants, and compared levels of released Igs with those in
paired blood taken prior to the procedure. Three participants’
tissues were excluded because of inefficient dermal-epidermal
separation, as indicated by hemoglobin contamination
(data not shown). In the remaining 17 individuals, dermal
Ig/HSA ratios were comparable with or higher than plasma
(Figure 2). Foreskin IgA/HSA ratios at the inner dermis and the
outer dermis were increased sixfold (P<0.001) and threefold
(P=0.008), respectively, when compared with plasma
(Figure 2a). Inner foreskin IgG2/HSA ratios were fivefold
larger than blood ratios (P = 0.009; Figure 2¢). Foreskin inner
dermis IgM/HSA ratios and outer dermis IgM/HSA ratios were
increased by threefold (P<0.001) and twofold (P=0.030)
compared with plasma (Figure 2f). Similarly, inner (P <0.001)
and outer dermis IgE/HSA ratios (P <0.001) were greater than
in plasma (Figure 2g). Thus, the results suggested local
accumulation or production of most Ig isotypes at the dermal
foreskin, after 48 h of culture.

To determine whether Ig transudation from blood is a
primary contributor to humoral responses at the
foreskin dermis, we examined the correlation of plasma
Ig/HSA ratios with inner and outer foreskin dermis ratios
(Figure 3). No correlation was identified among the inner
dermal isotypes and blood (Figure 3, black circles),
supporting that antibody is locally produced/accumulated
at the inner dermis. Similar results were found for
outer foreskin dermal IgA, IgGl, IgG2, and IgM and
their blood counterparts (Figure 3a-c, f), suggesting that
dominant isotypes have local production/accumulation at the
foreskin. However, the concentrations of less frequent
Ig isolates—IgG3, IgG4, and IgE—were directly correlated
between outer foreskin and blood (IgG3: r =0.544, P=0.013
(Figure 3d); IgG4: r=0.719, P=0.0004 (Figure 3e); IgE:
r=0.568, P=0.009 (Figure 3g)). Thus, these results suggest
that blood sources are the major contributors of outer fore-
skin IgG3, IgG4, and IgE antibodies, whereas other Igs
have localized foreskin accumulation or production that
contributes to the total response.
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Figure 1

The foreskin contains more IgG2 and less IgA than colonic mucosa. Twenty paired foreskin and colonic tissue samples were homogenized and

assayed by multiplex bead array for (a) IgA, (b) IgG1, (¢) IgG2, (d) IgG3, and (e) IgG4. All Ig concentrations were normalized to microgram of protein in the
tissue biopsy. Bars indicate median with IQR for each tissue. Lysate buffer designed for homogenization of skin samples prevented detection of IgM and
IgE standards, and thus their quantitation was not included in the figure. Only significant differences in Wilcoxon post-test after Bonferroni correction for
three comparisons are reported in the figure. g, immunoglobulin; IQR, interquartile range.

Foreskin dermis contains IgM-, IgG-, and IgA-secreting
cells, but no organized B-cell follicles

To determine whether local antibody-secreting cells (ASCs)
could be producing foreskin Igs, we first investigated the
evidence for local transcription of Ig genes, comparing inner
and outer foreskin RNA samples with matched samples of
blood and colon. A primer capable of amplifying IgM, IgGl1,
IgG3, and IgG4 transcripts (IgMG134; Figure 4a) or IgA

800

(Figure 4b) using real-time PCR identified ASCs in all tissues in
different frequencies. The results were normalized to an
endogenous control, TATA-box binding protein (TBBP).
Median relative expression of colonic IgMG134 (3.189, IQR
3.189-5.348) was higher compared with blood (1.381, IQR
0.846-2.315; P=0.0001), inner (0.038, IQR 0.010-0.240;
P<0.0001), and outer foreskin (0.002, IQR 0.001-0.024;
P<0.0001). Median relative expression of colon IgA
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Figure 2 Comparison of dermal and epidermal foreskin Igs with blood Igs. Foreskin and plasma samples from 17 participants were compared by
calculating the ratios of each antibody concentration normalized to HSA in each sample. HSA, (a) IgA, (b) IgG1, (c) IgG2, (d) IgG3, (e) IgG4, (f) IgM, and
(g9) IgE were measured by MBA. Samples under the level of detection are graphed at the bottom of the axis. Only significant differences in Wilcoxon post-
test after Bonferroni correction for eight comparisons are reported in the figure. HSA, human serum albumin; lg, immunoglobulin; MBA, multiplex bead

array.

(51.26, IQR 33.00-97.21) was also increased compared with
blood (3.23, IQR 2.45-5.15; P=0.0001), inner (0.041, IQR
0.013-0.273; P<0.0001), and outer foreskin (0.011,
IQR 0.002-0.023; P<0.0001). Blood IgMG134/TBBP and
IgA/TBBP ratios were also significantly higher than both
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foreskin areas (P<0.0001 each). The results indicated that
foreskin Ig transcription is low, but detectable.

No differences in Ig transcription in colon or foreskin
were detected among men with STIs and men without STIs in
our cohort (data not shown). Interestingly, there appeared to be

801



ARTICLES

a Inner foreskin Outer foreskin
10 10
@2 (& o o
£ L E
% g n,:r . o y ﬂq:PDU
T -5
c
z o % . ; 04 il
3 oo < om &
N 3"
0.0 dmeseem—m [ e
0001 0.01 01 1 10 0001 001 01 1 10
IgATHSA in plasma IgAIHSA in plasma
10 10
@ . .. @ o
E E o
IR O N
]
= < E
T M . < 0
123 [%]
z ES
5 o 3z
-} =
0.001 e rrrmerorerems 0.001 d e
0001 0.01 01 1 10 0001 001 01 1 10
1gG1/Hg in plasma 1gG1/Hg in plasma
c 10
. 10 o
2 L] J a2
£ L £ o
) 1 % e 5 1 &
© Ne 3 o
e *% c & a8
- * . F 81 o
g z
0.01 001
0001 e 0.001 demreremerrreer—rerrm—rreres
0001 001 01 1 10 R et
IgG2/HSA in plasma lgG2/HSA in plasma
d 10 10 r=0.544
@
2 H P=0.013
L § ¢
=i =
04 04
< <
2] :‘Q . ) u@ By
., =]
a oo Lyt 3 g oo o
- . k-
(Y —— (1T ——
0001 001 01 1 10 0001 001 01 1 10
IgG3/HSA inplasma IgG3/HSA inplasma
e 1 1
@ ° . @ oo
01 . 0.1
§ See o o E 0 a0
o 0.01 o " ° 0| g & o
£ eee® £ [+]
s 0001 e . s 0.001 -2
I oo I 00001 r=0.719
o P=0.0004
% 0.00001 g o.00001
0.000001 e 0.000001 4

0.001 0.01 0.1 1 0001 0.01 01 1
IgG4/HSA inplasma 1gG4/HSA inplasma

f 10 10
2 w
£ 1 M E 1
o .e 5
3 ." 3 oG
5 0| % 5 o| o
z Se® z ]
3 oo 3 oot
R R e ]
0001 0.01 01 1 10 0001 001 04 1 10
IgMIHSA plasma IgM/HSA plasma
01 0.1 r=0.568
£ z P=0.009
5 oo 5 0.01
o . 5 o
-; 0.001 e ; 0.001 - T
T sy A0 I o B Eﬁ
T 00001 {e . & 00001 o
=2 i 2 a
0.00001 4 0.00001 =

0.000001 0.00001 0.0001  0.001
IgE/HSA in plasma

I
0.000001 0.00001 0.0001 0.001
IGEIHSA in plasma

Figure 3 Most Ig/HSA ratios in the foreskin dermis do not correlate with
those in blood. Correlation between 17 foreskin dermal antibody HSA
ratios and those in paired blood were analyzed using Spearman’s
Correlation. HSA, (a) IgA, (b) 1gG1, (c) IgG2, (d) IgG3, (e) 19G4,

(f) IgM, and (g) IgE were measured via MBA. Inner dermis samples
are labeled with filled black circles; outer dermis samples are labeled
with open black squares. Spearman’s P values reported in the

figure are shown after Bonferroni correction for seven comparisons.
HSA, human serum albumin; Ig, immunoglobulin; MBA, multiplex
bead array.
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compartmentalization of the Ig transcription at the
foreskin, with inner foreskin levels being consistently higher
than outer (Figure 4a; P<0.0001). Thus, the inner foreskin
appears to especially accumulate ASCs capable of local Ig
transcription.

To test for the presence of ASCs in the foreskin dermis, we
also conducted immunofluorescence microscopy staining of
inner and outer foreskin tissues. In healthy men, plasma cells
were identified by their co-staining for CD138 and intracellular
IgA or IgG. The cells were rare, most often located in dermal
areas, and not organized in follicular structures (Figure 4c).
Inner foreskin (median 101.2 IgG + or IgA + cells per mm*
IQR 55.5-153.5) contained more cells than the outer (median
67.41gG + orIgA + cells per mm”IQR 25.8-91.5; P = 0.0002).
CDI138— IgA+ and CDI138— IgG+ cells were also
identified. The presence of ASCs could explain the observed
Ig of dermal explant cultures (Figure 2).

The foreskin epidermis permits the passage of selected
antibody isotypes

Ideally, vaccine-induced protection via HIV-1-specific anti-
bodies would rely on antibodies present at sites of exposure and
early infection, to prevent rapid initiation of local infection and
spread.””® Thus, we explored the extent to which antibodies
can permeate the foreskin epithelial barrier (Figure 2). All
antibody isotypes had significantly lower Ig/HSA ratios in the
outer epidermis than in the outer dermis (P < 0.014; Figure 2).
For example, median IgM in the outer epidermis was fourfold
lower compared with the outer dermis (P<0.001; Figure 3f),
median IgA was threefold lower (P<0.001; Figure 2a), and
median IgG1 was twofold lower (P<0.010; Figure 2b). Even
more dramatic examples of reduced antibody transport across
the epithelium were IgG2, IgG4, and IgE, as these isotypes were
often undetectable at the epidermis (Figure 2c, e, g). The results
indicated that the outer epidermal barrier restricts the passage
of antibody isotypes to the most outer layers.

The inner foreskin epidermis, however, showed differences
in permeability for the different isotypes (Figure 2). IgA, IgM,
IgE, and IgG4 showed significant reductions in inner epidermis
Ig/HSA ratios when compared with those in the inner dermis.
For example, median IgM/HSA ratios in the inner epidermis
were fivefold lower than those of the inner dermis; (P<0.001;
Figure 3f). IgA/HSA ratios in the inner epidermis were fourfold
reduced compared with the outer dermis (P < 0.001; Figure 2a).
This indicated that the epidermal barrier limits the passage of
some isotypes.

Interestingly, inner foreskin epidermis IgG1, IgG2, and IgG3
ratios were not distinguishable from inner foreskin dermal
levels (Figure 2c-e). These results suggested some preferential
Ig deposition at the inner epidermis.

Adenovirus 5 (Ad5) antibody responses at the foreskin
come primarily from blood and can reach the inner foreskin
epidermis

To determine whether our methods would be useful to elucidate
the distribution of antigen-specific responses at the foreskin, we
used an Ad5 ELISA to assess the IgG/HSA and IgA/HSA ratios
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Figure 4 Foreskin tissue contains antibody secreting cells. (a, b) Real-time PCR comparing 20 paired colonic biopsies, blood, and inner and outer
foreskin was used to quantitate mMRNA transcription with a primer that amplifies (a) IgM, 1gG1, I9G3, and IgG4 (IgMG134); and (b) IgA; normalized to
TBBP. Only significant differences in Wilcoxon post-test after Bonferroni correction for six comparisons are reported beneath each graph. Individual
measurements are represented by circles. Box plots show the median and IQR, with whiskers extending to the range of the data for each tissue.
(c) Representative 20 x magnification immunofluorescence microscopy images of paired inner and outer foreskin sections stained with DAPI nuclear
counterstain (pseudocolored blue), CD138 (pseudocolored green), and IgG or their isotype control (both pseudocolored red). (d) Selected 20 x
magnification immunofluorescence microscopy images of paired inner and outer foreskin sections stained with DAPI nuclear counterstain
(pseudocolored blue), CD138 (pseudocolored green), and IgA or their isotype control (pseudocolored red). In (c) and (d), we analyzed ~2.6-mm?
sections from 18 individuals, but photos represent only 1/200 of the area used to quantitate ASCs. ASCs, antibody-secreting cells; DAPI, 4’,6-diamidino-
2-phenylindole; Ig, immunoglobulin; IQR, interquartile range; TBBP, TATA-box binding protein.

in plasma, colon, and foreskin explant supernatants using
samples from the 14 Ad5-seropositive participants
(Ad5 neutralization titer > 18).

In colonic biopsies, Ad5-specific IgG responses were not
distinguishable from those in plasma taken previous to the
sigmoidoscopy (P =0.0590; Figure 5a). However, colonic
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Ad5-specific IgA responses were 22-fold higher than those in
plasma (P<0.0001; Figure 5b). Thus, natural infection with
adenovirus can generate abundant antibody responses in the
colonic mucosa.

Contrary to our findings for total foreskin Ig (Figure 2), Ad5
IgG responses in plasma were higher than those at the outer

803



ARTICLES

a_ bz c .

2] I — 2}
ol . o . P<0.0001 ay T 1 P=0.0230
n o w - w Q9
ET ZE 21 — P =0.0120
A = 0.1 S o
o o 9 o
c O £ £ c D
o = [ a a ©
= 5 0.01 133 0.01 %3 0.01
£1 = 21
£ E 0001 5 E oom 5 E 0.001
E o £ c £ o
m c m m <

¢ 0.0001 S 0.0001 ¢ 0.0001

o o) 3 'Y Y <

P &
Q\'a“’ & & c,\"‘.'a
& & & éé“g
Y
o ® &z& &
<KX
d e Inner foreskin Outer foreskin
1 1 r=0.510 1 r=0.711
P=0.0386 P=0.0019

0.1 0.1

0.01 0.01
0.001 0.001

0.0001 0.0001

A
E
f}
o
.
[}
c
s
=
&
=
Q
L=
fie]
]
<

Binding adenovirus 5
IgA ng mI™' per ng mI™' HSA

0.0001 0.001 0.01 0.1 1

Ad5 IgG/HSA in plasma

0.01

0.001

0.0001
0.0001 0.001 0.01 0.1 1

Ad5 IgG/HSA in outer dermis

AdS IgG/HSA in plasma
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foreskin dermis (P =0.0230; Figure 5c). Ad5 IgG in plasma
also trended higher than that in the inner dermis, but was not
significantly different after adjustment for multiple comparisons.
A similar pattern was observed when Ad5 IgA was compared
(Figure 5d). These results indicated that local adenovirus IgG and
IgA responses did not accumulate at the foreskin.

We also examined the correlation between dermal and
plasma Ad5 IgG/HSA ratios (Figure 5e). Ad5 IgA ratios were
not correlated, because many foreskin samples were below the
limit of detection of the assay (Figure 5d). Both inner
(r=0.510, Spearman’s P=0.0386) and outer (r=0.711,
Spearman’s P=0.0019) dermal Ad5 IgG ratios were
moderately correlated to plasma, indicating that Ad5 IgG
antibodies at the foreskin mainly transudate from blood.

Lastly, we assessed the differences among inner and
outer foreskin epidermis Ad5 IgG/HSA ratios to evaluate
our findings of differential antibody permeability in these
surfaces (Figure 5¢). Inner epidermis (median 0.016, IQR
0.007-0.022) had twofold more Ad5 IgG than outer epidermis
(median 0.007, IQR 0.004-0.011; P =0.0120). This indicated
that the inner foreskin can allow for increased penetration of
Ad5 IgG antibodies.

DISCUSSION

We investigated the antibody isotypes present in different areas
of the human foreskin and compared them with colonic
mucosa and blood. Our results indicate that foreskin humoral
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responses differ from intestinal humoral responses in critical
aspects such as the lack of inductive follicles, relatively few
ASCs, and the relative frequency of specific Ig isotypes (such as
increased IgG2 and reduced IgA). After 48 h of culture, IgA,
IgGl, 1gG3, and IgM Ig/HSA ratios at the foreskin epidermis
were indistinguishable from blood ratios, but 1gG2, 1gG4, and
IgE were rare. Thus, vaccine-induced immunity against HIV in
males may need to meet distinct requirements in order to
provide protection at systemic, rectal, and penile infection sites.

We explored whether the humoral immune response at the
foreskin relies on diffusion/convection of systemic antibodies.
In addition to blood sources, we found evidence that the
foreskin contains local ASCs that may contribute to local IgM,
IgA, IgG2, and IgE responses, as shown by increased dermal
total Ig/HSA ratios compared with blood, the presence of Ig
transcripts at the foreskin, the lack of correlation between inner
dermal responses and blood, and the presence of dermal cells
with intracellular IgA or IgG. Our results indicate that the
foreskin combines roles for systemic responses and resident
ASCs, similar to what has previously been shown for the
intestine, the female reproductive tract, and seminal fluid.**~*’
Thus, examining localized responses could reveal new mucosal
and genital correlates of exposure and protection, such as the
newly identified neutralizing anti-HIV IgA in subpreputial
swabs.***

Examining Ig/HSA ratios also may aid understanding of the
location of pathogen-specific responses, such as for adenovirus.
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Previous reports have indicated adenoviruses could be shed
rectally in HIV-infected individuals;*' and uncircumcised
Ad5-seropositive men who have sex with men vaccinated in
the Step study were found to be at an increased risk of HIV
infection.*> We show that Ad5-seropositive men who have sex
with men have Ad5 IgG and IgA localized in the colonic
mucosa, whereas only Ad5 IgG reaches the foreskin. These
results suggest that natural adenovirus exposure does not
attract Ad5 ASCs to this genital surface, but Ad5 IgG from
plasma can reach dermal and epidermal compartments.
Detecting antigen-specific antibodies in explant cultures
may serve to evaluate whether adoptive transfer therapies
and HIV vaccinations can reach the foreskin in humans, and
provide a picture of the effector response at male genital sites.

Our data indicate that the foreskin has selective barriers for
antibody transport at the epidermis. We demonstrate that the
foreskin epithelium is relatively impermeable to IgG2, 1gG4,
and IgE transport, whereas IgA, IgGl, IgG3, and IgM are
consistently detected at the foreskin epidermal layers. This
could suggest differential turnover of the isotypes in the
epithelium, or selective receptor-mediated transport. The
polymeric Ig receptor could have a role in IgA and IgM
movement across the epithelium, like it does in the gut and
female genital compartments.*>** IgG1 and IgG3 have higher
affinity for the neonatal Fc receptor than IgG2 and IgG4, and it
has been shown to modify IgG transport at the penile urethra
and human endocervix.** Future work will aim to elucidate the
transport mechanisms, and define whether they can aid in
control of infections at the foreskin.

In addition, our study is consistent with non-human primate
studies, where the foreskin-localized B-cell response was
concentrated at the inner foreskin.*® Compared with the outer
layers, we observed increased transcription of local Igs at the
inner foreskin. Blood and dermal Ig/HSA ratios for less
dominant isotypes were directly correlated only at the outer
foreskin, suggesting that local responses have a more important
role at the inner foreskin This might correspond to a localized
response to the inner foreskin microbiota,*” and may include
localized antibody deposition from penile secretions, which can
collect in the subpreputial space.

Given the enrolment restrictions of our study population, it
is unclear whether these findings are common to all
uncircumcised men, or whether it only represents young
men at high HIV risk (with or without asymptomatic
infections). One report has identified CD138 + IgA + cells
in the foreskin of one low risk Kenyan man, but they were
lacking in another one.” Further work will determine whether
humoral vaccine-induced responses can reach these sites of
host-pathogen interaction and potentially provide protection
for all uncircumcised males.

Curiously, our data suggest that both foreskin IgG3 and IgG4
antibodies are derived primarily from blood, but only IgG3 can
reach the foreskin epithelium. This finding is interesting in the
context of the RV144 study, where circulating anti-Env IgG3
antibodies correlated with reduced risk of infection, whereas
the anti-Env antibodies in the non-protective VAX003 study
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utilizing a similar regimen were predominantly IgG4.* In
addition to the functional consequences associated with each
isotype,>* their ability to reach genital surfaces in sufficient
concentration and to find appropriate mucosal cells for effector
mechanisms may contribute to vaccine efficacy.

In summary, we have demonstrated that both local and
systemic antibodies contribute to the foreskin immune
response. We show selective antibody isotype penetration to
the foreskin epidermis, especially at the inner foreskin. The
assays presented in this paper, and the recently reported
collection of subpreputial swabs,’*** may provide valuable
information to assess penile antibody responses in vaccine
studies protecting against STIs.

METHODS

Tissue and blood donation. We evaluated foreskin and colon biopsy
samples collected in Lima, Peru, during HVIN 914. They
correspond to 20 HIV-negative, 21-30-year-old men who have sex
with men at high risk of HIV acquisition."® All study participants
provided written informed consent prior to HVTN 914 participation,
and met safety criteria to undergo elective circumcision and sig-
moidoscopy procedures, as approved by the relevant institutional
review boards.

Participants received two Ringer’s Lactate enemas to cleanse the
intestine previous to collection of 29 sigmoid biopsies using a 3.3-mm
diameter cup forceps. Two weeks later, circumcisions were performed
using the sleeve procedure after dorsal penile nerve block anesthesia.
The inner foreskin was identified on the basis of the relative decrease in
melanocytes compared with the outer. Procedures were carried out
after confirming the absence of signs and symptoms of infection, but
samples collected at the time of procedures indicated that 10 of these
individuals were STI-positive, when tested for HSV-2 serology (n =5),
Chlamydia trachomatis in rectal swabs (n=3) and urine (n=1),
and/or Neisseria gonorrhoeae PCR in rectal swabs (n=23).

Protein lysate preparation. Colonic biopsies or foreskin pieces were
frozen at — 80 °C within 2 h of surgery. Tissue was homogenized in
lysate buffer,*” and normalized to 200 ug ml ' of protein as measured
by bicinchoninic acid assay (Pierce, Rockford, IL).48

Plasma isolation. Paired blood samples were collected by veni-
puncture into acid citrate dextrose tubes a few hours before the
procedures. Plasma was isolated by consecutive centrifugations: first at
300 x g to separate plasma from cells, and then at 800-1,000 x g to
remove any heme-containing contaminant.

Foreskin explant cultures. Epidermal sheets from foreskin were
separated from dermis after dispase digestion, then washed and
cultured for 48 h.*® As only the dermis is vascularized, hemoglobin
ELISA (ICL, Portland, OR) in epidermal explant supernatants was
used to assess dermal contamination.*®

Multiplex bead array. Tissue lysates, explant culture supernatants, and
plasma were assayed for Ig content using a multiplex human Ig
isotyping kit, single-plex HSA kit, and single-plex human IgE kit,
which used plastic beads measured in a Luminex platform
(all from Millipore, Billerica, MA). Samples were diluted to be within
the quantitative ranges of the standard curves. Tissue lysates were
assayed at 1:2, 1:10, and 1:100 dilutions in 0.5 x lysate buffer, which
was also used to prepare standard curves, positive controls, and
background controls. Explant supernatants were assayed undiluted,
1:2, 1:200, and 1:400 in RPMI 20% fetal bovine serum; plasma samples
were assayed at 1:30, 1:15,000, and 1:150,000 in RPMI 20% fetal bovine
serum, along with standard curves, positive controls, and background
controls diluted in the same buffer.
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Curve fitting for multiplex bead array used the nCal R package.”
A conservative lower limit of detection was defined as the estimated
concentration at which the lower confidence interval of the estimate
equaled the lowest standard used in the calibration curve. All Ig values
smaller than this limit were replaced by 0. All samples contained HSA
values within the standard curve limits of detection so there was no
replacement for HSA.

Concentrations of antibody in tissue lysates were normalized to
protein content to permit comparisons among foreskin and colon.
Because explant cultures contained fetal bovine serum, normalization
was not carried out with respect to protein concentration, but rather
with HSA as it is synthesized in the liver and transported from blood
through the skin via convection.>" This accounted for anticoagulant
dilution in the plasma collections and explant tissue size in the cultures.

RNA isolation, reverse transcription, and quantitative PCR. Inner
and outer foreskin pieces and colon biopsies were preserved in
RNAlater (Life Technologies, Grand Island, NY) and stored at
— 80 °C. RNA isolations were carried out by placing the thawed tissue
in 1 ml of TRI Reagent (Life Technologies) and homogenizing it with a
homogenizer with wide probe (Omni, Kennesaw, GA). Nucleic acid
separation used 1-bromo-3-chloropropane (Sigma-Aldrich, St. Louis,
MO) and Ribopure Kit (Life Technologies) columns. Blood was
collected in Tempus tubes, with RNA isolated according to the Tempus
Spin RNA Isolation Kit (Life Technologies).

RNA integrity was measured with an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA), and all samples had a median RNA
integrity number of 8.9 (IQR 8.3-9.3), well above the necessary quality
threshold to conduct these studies. One microgram of RNA was used
in reverse transcriptions using Superscript VILO (Life Technologies).

RT-PCR samples containing 1 ng of the original RNA input were
quantitated using Tagman Gene Expression assays (Life Technologies)
designed to expand across exons within TBBP as an endogenous
control, and a primer designed to amplify shared sequences in IgM,
IgGl, IgG3, and IgG4 (IgMG134), or IgA. A 7900HT real-time PCR
machine (Applied Biosystems, Foster City, CA) with 384-well plate
handling was used to run each of the samples. A standard curve,
containing 10® to 5.65 copies of the specific PCR product cloned in a
TOPO pCR2.1 plasmid (Life Technologies) was used to extrapolate
absolute transcript copy numbers using an nCal R package.” Three
different blood samples from each of the procedure visits, three colonic
samples from two sigmoidoscopy procedures, and three to five inner or
outer foreskin samples were each run in duplicate and summarized by
tissue for each participant using a trimmed mean to remove extreme
outliers. The IgMG134 and IgA copies were normalized to TBBP
expression, which was the least variable endogenous control when
compared with B-actin, B-glucuronidase, and cyclophilin A among the
different tissues.

Immunofluorescence microscopy. Foreskin pieces were fixed in
buffered formalin for a maximum of 7 days, dehydrated in 70%
ethanol, and paraffin-embedded. Four-micron-thick sections were
deparaffinized and rehydrated through graded alcohols to distilled
water for staining. Sections were incubated 20 min in pH6.0 Target
Retrieval Solution (DakoCytomation, Carpinteria, CA), cooled, and
loaded onto the DakoCytomation Autostainer. Endogenous perox-
idases and biotin were blocked with 3% H,O,, followed by a Avidin/
Biotin block (Biocare, Concord, CA) following manufacturer’s
instructions, and a 0.25% casein TBS, 0.1% Tween-20 (Sigma-Aldrich)
solution. Anti-CD138 (1:25 from Cell Marque, Rocklin, CA) or mouse
IgG isotype (0.2 pgml ~ ') was added to the slide for 60 min, followed
by biotinylated anti-mouse IgG (1:200; Vector Laboratories,
Burlingame, CA) and streptavidin Ax568 (Invitrogen, Carlsbad, CA) for
30 min each. For IgM/IgG staining, goat anti-human IgG and IgM
(1:5,000; Jackson Immunoresearch, West Grove, PA) or goat isotype
(3.4pugml ") was added for 60 min followed by CSA I amplification
for readout on fluorescein isothiocyanate. For IgA, rabbit anti-human
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IgA (1:5,000) or isotype (4.8 pgml ~ 1Y was added for 60 min, washed,
and stained with goat anti-rabbit Alexa Fluor 647 (1:50, Invitrogen) for
30 min.

Samples were counterstained with 4°,6-diamidino-2-phenylindole,
coverslipped with ProLong Gold (Life Technologies), cured, and then
stored at 4 °C until image acquisition. Slides were scanned on an
Aperio FL (Leica Microsystems, Buffalo Grove, IL) using single-band
filter cubes (Semrock, Rochester, NY) for each fluorochrome.
Exposure times were determined from stained control tissue and
remained constant on experimental samples. The validity of the
staining was confirmed on colon, abdominal skin, and lymph node
sections (data not shown).

Adenovirus 5 (Ad5) neutralization assay and ELISA. An Ad5
neutralization assay was carried out using participant plasma obtained
1 week before sigmoidoscopy as previously described.”

For ELISA, 96-well plates (Thermo Scientific, Waltham, MA) were
coated overnight with 1 x 10° viral particles of Ad5 purified by double-
banding, CsCl gradients, and dialysis, and diluted in 100 pl of coating
buffer (Immunochemistry Technologies, Bloomington, MN). Plates
were then blocked for 2h with 5% non-fat milk (Fisher, Scientific,
Hampton, NH), 3% Inactivated Goat Serum (Invitrogen), and 0.2%
Tween-20 (Sigma-Aldrich) in 1 x phosphate-buffered saline (Life
Technologies). Explant samples were assayed undiluted and at 1:10
and 1:100 dilutions in blocking buffer, and negative controls included
RPMI with 20% fetal bovine serum. Plasma samples were diluted in six
1:5 dilutions starting with 1:500. Samples, standard curves, and
controls were incubated for 2h at 37 °C.

After washing, goat anti-human IgG-HRP (Southern Biotech,
Birmingham, AL) or mouse anti-human IgA-HRP (Abcam, Cambridge,
MA) at 1:1,000 was incubated for 1h at 37 °C, then detected with
addition of BM Blue substrate (Roche, Basel, Switzerland) for 15 min.
The reaction was stopped by adding 50 pl of IN H,SO, and read within
20min using a SpectraMax M2 ELISA Plate Reader (Molecular
Devices, Sunnyvale, CA) at 450 nm absorbance. Standard curves used
human IgG (Bethyl Laboratories, Montgomery, TX) or human IgA
(Sigma-Aldrich), at 20.0 to 0.009 ng per well, and the linear ranges were
used for extrapolation of the concentrations.

Statistical analysis. Statistical comparisons were carried out using
Prism v6 (GraphPad Software, San Diego, CA). Nonparametric
comparisons among multiple tissues were carried out using the
Friedman test.>® If significant, a Wilcoxon signed ranked post-test
was used to identify differences between two specific tissues. Unless
specifically described, all P values described are Wilcoxon P values
corrected for multiple comparisons using Bonferroni. Spearman’s
correlation was used to assess the association between dermal antibody
HSA ratios and those in paired blood. Only comparisons with 7> 0.5
and P<0.05 were considered significant.
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