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Abstract

HIV sexual transmission via the male genital tract remains poorly defined. Male circumcision was
shown to reduce female-to-male transmission in Africa, providing a clue that the foreskin plays a
role in the route of transmission. Scientific data in four categories relating to how the foreskin
might affect HIV transmission is summarized: (i) surface area, (ii) microbiologic environment,
(iii) HIV-1-susceptible cells, and (iv) tissue structure. The relative contribution of each of these
areas is yet unknown, and further studies will be crucial in understanding how male circumcision
affects HIV transmission in men.
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Male circumcision has been shown to be effective in substantially reducing female-to-male
HIV sexual transmission in Africal=3. While many interesting theories have been proposed
regarding how circumcision works, few are adequately supported by published data®®.
Additional clinical results have revealed that the protection is unfortunately one-sided—that
is, male circumcision does not appear to protect female partners against HIV infection®. A
meta-analysis of studies enrolling men who have sex with men also failed to establish a
protective role for male circumcision in this population; though, newer data does support
protection in men who report only insertive roles’-8. These conflicting results are difficult to
fully explain, given the unknown role of the male foreskin in HIV sexual transmission. In
this review, we highlight existing data regarding the potential role of the foreskin and
mechanisms behind the observed effects of male circumcision. Figure 1 depicts four major
categories of proposed mechanisms, although their relative contributions are yet unknown.
We also identify areas that need to be further explored in each category to fully understand
how HIV is transmitted in men.

Surface area

In a brief report, Kigozi et al.? observed that the size of foreskins excised from 965 men
enrolled in the Rakai Community Cohort Study significantly correlated with HIV incidence
rates. That is, subjects whose measured foreskin surface areas were in the upper quartile
(45.6-99.8 cm?) had over a twofold increased risk of HIV infection compared to those in the
lowest quartile (adjusted IRR, 2.37, 95% CI 1.05-5.31). One explanation for this finding is
that a greater surface area would be associated with more resident HIV immune cells
(Langerhans cells, CD4+ T cells, CD8+ T cells, and macrophages), and hence greater rates
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of infection. Although published data regarding relative target cell densities in the penis
have been conflicting to date (discussed in further detail below), the mere presence of a
greater epithelial surface containing a greater absolute number of cells might provide
enough of a selective advantage for the virus. This phenomenon may also contribute to the
decreased efficiency of female-to-male HIV transmission relative to either male-to-female
or male-to-male routes of sexual transmission1%-11,

Once it became clear that male circumcision could reduce HIV transmission to men,
additional studies originating from the African circumcision trials were undertaken to
determine whether the prevalence of other sexually transmitted infections (STIs) were
affected. Two groups showed that prevalence rates for human papillomavirus infections
were significantly lower in circumcised men over a 2-year period!213. However, both
studies were limited by the inclusion of only two time points or samples collected per
subject. In addition, the collection method employed by both groups (superficial swabs of
either the urethra or coronal sulcus) could not control for contamination from recent sexual
partners. Tobian et al. also reported decreased herpes simplex virus type 2 (HSV-2)
incidence rates among circumcised men, as determined by HSV-2 serologies. In contrast,
male circumcision had no effect on either Treponema palli-dum (syphilis) or Neisseria
gonorrhoeae infection rates. Similarly, a report from Kenya saw no effect in prevalence
rates of either Trichomonas vaginalis, Chlamydia trachomatis, or N. gonorrhoeae infections
after male circumcision4. The reason for the disparity seen between the effect of male
circumcision on viral and bacterial pathogens is not entirely clear, but likely relate to
differences in routes taken during transmission (i.e., the squamous epithelia found in
foreskin, glans, and shaft tissue versus the columnar epithelium of the urethra).

In addition to infectious pathogens, male circumcision might also affect commensal bacteria
that naturally colonize the penile surface. To study this, the Ugandan group swabbed the
coronal sulci of 12 HIV-seronegative men both before and 12 months after circumcision®.
Using 16S rRNA sequencing, Price et al. reported that different bacterial families were
found after circumcision. Anaerobic bacterial species, some associated with bacterial
vaginosis in women, were found in greater abundance on the uncircumcised penile surface.
How exactly the type of bacteria found on the surface relates to HIV transmission is
unknown; one possibility is that the microbiological shift away from an anaerobic
environment after circumcision decreases nascent inflammation and thereby reduces the
likelihood that an invading HIV particle would encounter an immune cell to initiate
infection.

The penile surface’s microflora may also be affected by personal hygiene (i.e., different
levels of hygiene might allow different types of bacterial species to populate), which has
been shown to correlate with HIV seroprevalencel8. O’Farrell et al. used clinician’s
assessments of ‘wetness’ around the glans or coronal sulcus to show that uncircumcised men
had significantly higher rates of wetness when compared to circumcised men. Importantly,
they also found a 66.3% HIV seroprevalence in men with any level of penile wetness when
compared to 45.9% in those with no wetness (P < 0.001). These results together suggest that
the presence of the foreskin can substantially influence the microenvironment on or near the
surface of the penis and that this may in turn affect HIV susceptibility.

HIV-1-susceptible cells

Prior to the widely publicized clinical benefit of male circumcision, Hussain et al.1’
published a report analyzing immune cells in the genital tract. They found no difference in
the number of Langerhans (LCs) or CD4+ T cells between the inner and outer foreskin of
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adult men. Later reports have found conflicting results (Table I): one found more HIV-
susceptible cells in the outer when compared to either inner foreskin or glans tissue, and
another reported more cells in the inner than the outer foreskin®18. A study published by our
own group, in collaboration with Dr. Robin Shattock’s group, showed that initial differences
in LCs and CD4+ T-cell (glans > inner > outer) densities were not seen after the tissues
were allowed to culture for a few days*>18, Therefore, it is possible that some of the
previously observed differences were a result of surgically induced trauma to the tissues and
may not accurately reflect normal tissues.

To further understand the dynamics of the immunologic environment in the male genital
tract, Fahrbach et al. 19 examined target cell activity in the inner and outer foreskin in
response to inflammatory cytokines. Using long-term tissue explant cultures and fluorescent
microscopy, they showed that LCs and CD4+ T cells in the inner foreskin were significantly
more responsive to certain cytokines than those in the outer foreskin. One possible
explanation for these findings is that the inner foreskin is more permeable to external agents
and stimuli than the outer foreskin. This increased permeability may then relate to increased
viral susceptibility in the inner foreskin when compared to other penile surfaces.

Tissue structure

An appealing early theory proposed that the inner foreskin’s keratin, or cornified, layer was
thinner than that of other penile surfaces. A thinner keratin layer potentially allows HIV to
reach resident target cells more easily and hence makes uncircumcised men more
susceptible to infection. To support this, a study using penile tissue from cadaveric donors
reported that the keratin of the inner foreskin was approximately 1.5 subjective units thinner
than that of the outer foreskin or glans penis®. However, subsequent reports by our group
and others have found no significant difference between the inner and outer foreskin
keratinization after repeated measurements 2%:21, This superficial layer is also easily
sloughed, so an intact layer is unlikely to be found after sexual intercourse or to play a key
role in protection against HIV infection. Another argument against this primary role is that
the keratinization of the oral mucosa is relatively non-existent, yet oral transmission of HIV
remains the most inefficient route of transmission?2,

Beyond the keratin layers, the skin’s barrier function relies on other components such as
intercellular junctions. These cell-to-cell junctions serve to regulate cell and epidermal
growth, but also to protect the integrity of the epidermis?324. Expression of these proteins
can vary between epithelial strata in different areas of the body, which may influence how
well protected some areas are when compared to others. Early work in our laboratory has
shown subtle differences in protein expression patterns of foreskin and cervical tissues,
which may contribute to differences in HIV movement between the female and male genital
tract. We have also investigated skin characteristics relating to barrier function and
permeability and found that these may lend insight into how the presence of the foreskin
may lead to greater HIV transmission (data not shown).

Conclusions

Female-to-male HIV sexual transmission is the least well-described route of transmission,
perhaps because of its relative inefficiency. However, many men initially acquire HIV from
heterosexual sex with infected female partners, and they in turn infect others unknowingly.
Male circumcision has only been shown to protect the men themselves against HIV
acquisition, not their female partners8. The lack of a fundamental understanding in how
circumcision works to prevent against infections precludes our ability to understand why it
protects in certain routes and not others.
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In 2007, the Merck Adenovirus 5 (Ad5)-HIV-1 gag/nef/pol vaccine (STEP) trial was halted
because of significantly increased HIV acquisition rates in vaccine when compared to
placebo recipients?. Furthermore, uncircumcised vaccinated men were at up to a fourfold
increased risk for HIV infection relative to the other cohorts. Longer-term follow-up showed
that only circumcision status (and not baseline Ad5 titers, as initially believed) correlated
with HIV incidence rates. The reasons for these findings remain unknown even after several
years of ad hoc studies. Overly simplistic theories, such as keratin thicknesses or sheer
numbers of resident target cells, do not sufficiently explain these observations. Instead, it is
likely that a more complex interplay of all of the above factors exists: the greater epithelial
surface area provided by the foreskin, differences in the existing microbiologic and
immunologic environment between the circumcised and uncircumcised male genital tract
(enhanced by the vaccine), and differences in structural characteristics that allowed for
greater stimuli exposures (particularly repeated ones). Unfortunately, no studies have been
conducted to address these localized factors, and no answers have been found in serology-
based studies?®.

From the relatively few studies we do have available which have explored HIV transmission
in the male genital tract, we are left with even more questions: how exactly does HIV use a
greater epithelial surface area to its advantage? How does HIV cause infection through
penile epithelia? How does an anaerobic or aerobic flora affect virus movement into the
epithelium or nascent immune cells? How does the penile skin’s structure and barrier
function change after circumcision, and how does this affect HIV transmission? Lack of
specimen availability and known working models will certainly make finding these answers
difficult. Nonetheless, these hard-sought answers will serve to broaden our knowledge of
HIV sexual transmission and allow us to apply what we have found in male circumcision to
all at-risk populations.
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Fig. 1.
The uncircumcised penile model and potential mechanisms behind increased HIV

transmission in this model. Potential areas of infection (red) are increased with the presence
of the foreskin. Surface microflora (purple) can change with hygiene practices and removal
of the foreskin. Systemic or external stimuli can alter potential HIV-1 target cell populations
(green, blue, yellow) in the tissue. Circumcision may change tissue permeability and
structural elements (orange).
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Table |

Summary of Target Cell Densities in the Foreskin and Glans Penile Tissue

Langerhans cell densities (relative ratio)

CDA4+ T-cell lymphocyte densities (relative ratio)

Outer Foreskin: Inner Foreskin
Hussain et al.2 10
Patterson et al.? 0.2

McCoombe and Short¢ 14

Fischetti et al.d 0.7
Fahrbach et al.© 14
Range 0.2-3.4

Glans: Inner Foreskin
McCoombe and Short 0.9
Fischetti et al. 1.4

Range 0.9-14

1.0
0.2
1.2
0.4
0.6

0.2-1.2

1.0
1.4
1.0-1.4

aHussain et al.16: n = 3, reported as cells/mmz.

b ;
Patterson et al.17. n = 14 (inner) and 6 (outer), reported as percentage of total cells seen.

CMcCoombe and Short. n=21and 9 (fresh and cadaveric specimens, respectively), reported as cells/mm#.

dFischetti etaldn= NA, reported as cells/umz.

eFahrbach et al.18. n =11, reported as cells/umz.
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