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BRIEF REPORT

Interaction of Fibronectin With
Semen Amyloids Synergistically
Enhances HIV Infection

Nadia R. Roan,"? Simon Chu,' Haichuan Liu,* Jason Neidleman,’'
H. Ewa Witkowska,** and Warner C. Greene">*

'Gladstone Institute of Virology and Immunology, “Department of Urology,
3Department of Obstetrics, Gynecology, and Reproductive Sciences, *Sandler-Moore
Mass Spectrometry Core Facility, *Department of Medicine, and ®Department of
Microbiology and Immunology, University of California, San Francisco

Semen harbors amyloids that enhance human immunodefi-
ciency virus type 1 (HIV-1) infection. We set out to identify
factors that bind these amyloids and to determine whether
these factors modulate amyloid-mediated HIV-enhancing
activity. Using biochemical and mass spectrometric ap-
proaches, we identified fibronectin as a consistent interaction
partner. Although monomeric fibronectin did not enhance
HIV infection, it synergistically increased the infectivity en-
hancement activity of the amyloids. Depletion of fibronectin
decreased the enhancing activity of semen, suggesting that
interfering with the binding interface between fibronectin and
the amyloids could be an approach to developing a novel class
of microbicides targeting the viral-enhancing activity of semen.
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Although much progress has been made in combating the AIDS
epidemic, approximately 2.5 million people continue to be
newly infected with human immunodeficiency virus (HIV)
each year [1]. The majority of infections result from sexual con-
tact between an infected individual and their uninfected part-
ner. A considerable body of recent literature suggests that
semen, the vector for sexual transmission of HIV, markedly en-
hances infectivity of the virus in vitro [2-11]. Screening of a
peptide library generated from human semen identified multi-
ple fragments from prostatic acid phosphatase that formed am-
yloid fibrils that enhance HIV infection [2, 12]. These amyloids,
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termed semen-derived enhancer of viral infection (SEVTI), are
cationic and enhance HIV infection by electrostatically promot-
ing attachment of the virions to target cells [2,4]. More recently,
we identified a second set of semen amyloids comprising frag-
ments from semenogelin 1 (SEM1) and SEM2, the major com-
ponents of the semen coagulum [6]. Like SEVI, SEM amyloids
are cationic and enhance HIV attachment. The relative levels of
amyloidogenic SEVI and SEM peptides in semen samples from
different individuals correlate with the relative viral-enhancing
activity of the samples [5, 6], suggesting that both amyloids con-
tribute to the ability of semen to enhance HIV infection.

METHODS

Detailed protocols are provided in the Supplementary
Materials.

RESULTS

To determine whether the viral-enhancing activity of semen
amyloids can be modulated by naturally occurring factors in
semen, we set out to identify interacting proteins of the SEM1
amyloids in pull-down experiments. Biotinylated SEM1 amy-
loids, whose fibrillar structure and HIV-enhancing activity
were confirmed by thioflavin T binding, electron microscopy,
and infectivity assays (data not shown), were conjugated to
streptavidin-conjugated beads and incubated with seminal plas-
ma (SP). Following extensive washing, bound proteins were
identified by mass spectrometry. Fibronectin (FN) was identi-
fied as the top high-confidence interacting factor (defined as
the hit exhibiting the highest level of enrichment in 3 of 3 inde-
pendent experiments; Supplementary Materials). Of note, FN is
also a prominent component of the SEM1-containing semen
coagulum. The levels of seminal FN bound to SEM1 fibrils
was significantly more than that bound to control samples con-
taining only beads or the corresponding monomeric SEM1 pep-
tide (Figure 1A). In the reciprocal experiment, pull-down of FN
from SP resulted in coisolation of peptides from the amyloido-
genic region of SEM1. Immunoprecipitation of FN resulted in
enrichment of peptides from the amyloidogenic region of SEM1
[6] by 3.1-fold relative to control samples, in which albumin was
immunoprecipitated. Dot and western blotting analyses con-
firmed that purified FN physically interacted with SEM1 amy-
loids (Figure 1B). The ability of FN to bind SEM1 amyloids is
consistent with the previous reported ability of this protein to
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Figure 1. Fibronectin (FN) binds semen amyloids and augments their ability to enhance human immunodeficiency virus type 1 (HIV-1) infection. A, Label-
free mass spectrometry quantification of endogenous seminal FN bound to biotinylated semenogelin 1 (SEM1) fibrils, beads, or the monomeric SEM1
peptide. NSAF, normalized spectral abundance factor. ***P<.001, ****P<.0001 (by 2-tailed ¢ tests). B, SEM1 fibrils but not monomeric SEM1 peptide
bind purified FN. Beads conjugated to SEM?1 fibrils or monomeric peptide were incubated with FN, washed, and then assessed by dot blot (top) or western
blot (bottom). IP, immunoprecipitated materials. C—H, HIV-1 infection of TZM-bl cells. CCR5-tropic 81A HIV-1 virions (100 ng/mL p245%9) were incubated for
5 minutes with the indicated concentrations of the corresponding factors, diluted 15-fold, and then added to TZM-bl cells. Infection was assessed 3 days
later by quantitating B-galactosidase activity. Background signal corresponding to uninfected cells was subtracted from shown values. C, FN inhibits HIV-1
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bind the general amyloid fold of fibrils, including bacterial
curli [13].

We next assessed whether binding of FN to SEM1 amyloids
affects the ability of the fibrils to enhance HIV infection. Infec-
tion of TZM-bl cells with HIV-1 was performed as previously
described [6]. When added alone, FN inhibited HIV infection
(Figure 1C), a finding consistent with FN-mediated interference
of gp120 binding to the CD4 receptor [14]. Conversely, addi-
tion of FN to SEM1 amyloids resulted in viral enhancement ac-
tivity that was significantly higher than the effect of the SEM1
amyloids alone (Figure 1D). Synergy between the 2 factors was
confirmed in a complete dose-response curve, wherein the the-
oretical sum of infection levels in the presence of either factor
alone was significantly less than that observed experimentally
(Figure 1E). The synergistic enhancing effects between FN
and the amyloids was not due to increased proliferation or via-
bility of the cells, as assessed by cellular adenosine triphosphate
levels (Supplementary Figure 1A). Synergistic enhancement of
HIV infection was also observed between FN and SEVI amy-
loids (Figure 1F), suggesting that FN may generally boost the
viral-enhancing activity of semen amyloids. In contrast, FN to-
gether with purified human albumin, a highly prevalent protein
in semen, did not enhance HIV infection (Figure 1G), demon-
strating specificity in the response. Furthermore, SEM1 and
SEVI amyloids did not synergize with each other (Figure 1H),
suggesting that synergistic viral enhancement is a rather unique
response elicited by a combination of FN and the amyloids. FN
similarly boosted the ability of semen amyloids to enhance
HIV-1 infection of CEM.M7 cells and primary activated
CD147CD4" peripheral blood leukocytes, demonstrating that
the synergy also occurred in nonadherent and primary cells
(Figure 1I-K). Furthermore, enhancement occurred with both
R5- and X4-tropic viruses (Figure 1K).

To test whether specific domains of FN mediated the
synergistic enhancing activity, proteolytic fragments of FN
were tested for their ability to increase SEM1 fibril-mediated
enhancement of HIV infection. The N-terminal 29-kDa FN
fragment, generated from cleavage of FN by cathepsin D
and partial tryptic digestion, proved sufficient to synergize
with SEM1 amyloids in HIV infection assays (Supplementary

Figure 1B). In contrast, a 40-kDa chymotryptic fragment of
FN, beginning at approximately residue 300 and located
downstream of the N-terminal 29-kDa fragment, failed to syn-
ergize with the amyloids (Supplementary Figure 1B). These
findings indicate that synergistic stimulation of HIV infection
with semen amyloids is mediated through the N-terminus
of FN.

The HIV-enhancing activity of semen amyloids is highly de-
pendent on their cationic nature, since anionic polymers abro-
gate their ability to enhance HIV infection [4, 6]. To determine
whether FN overcomes this inhibitory activity of anionic poly-
mers, we assessed whether pretreatment of the 29-kDa N-terminal
FN fragment with the polyanion heparin affected its ability to
synergize with SEM1 amyloids. As shown in Supplementary
Figure 1C, heparin abrogated the synergistic enhancement of
HIV-1 infection mediated by the FN fragment. Therefore, the
complex consisting of the cationic amyloids with the active
FN fragment is still dependent on electrostatic interactions for
enhancement activity.

Next, studies were performed to determine whether FN al-
tered the binding of the fibrils to either HIV-1 virions or target
cells. To assess whether FN increased the ability of SEM1 fibrils
to bind HIV-1, we conducted a virion pull-down assay as de-
scribed elsewhere [8]. SEM1 amyloids were incubated with
HIV-1 81A in the absence or presence of FN, followed by
low-speed centrifugation and assessment of p24°° in the pellet
measured by ELISA. As shown in Supplementary Figure 24, FN
did not significantly increase the ability of SEM1 amyloids to
bind and pellet HIV-1 virions. These data argue against the no-
tion that FN increases HIV infection by altering the fibrils in a
way that facilitates their binding to viral particles. FN also did
not increase binding of SEM1 fibrils to TZM-bl cells (Supple-
mentary Figure 2B). Furthermore, electron microscopy did
not reveal marked alterations in SEM1 fibril length or clustering
following addition of FN (Supplementary Figure 2C). Together,
these findings indicate that the action of FN likely does not
involve altering amyloid structure or increasing amyloid
attachment to either virions or target cells.

Finally, we set out to examine the activity of endogenous
seminal FN by assessing the effect of FN blockade or depletion

Figure 1 continued.

infection of TZM-bl cells. *P< .05, ****P<.0001 (by the Bonferroni multiple comparisons test, compared with infection in the ab-

sence of FN). D, FN increases the ability of SEM1 amyloids to enhance HIV-Tinfection. *P< .05, **P< .01, ***P<.001, ****P<.0001 (by 2-tailed t tests).
E, Data are similar as those in panel D but also show the theoretical additive value of infection levels in the presence of FN and SEM1 amyloids (grey line).
The experimental infectivity levels in the presence of both FN and SEM1 amyloids ( purple line) is higher than the theoretical value (grey line), demonstrating
a synergistic effect. £, FN increases the ability of semen-derived enhancer of viral infection (SEVI) to enhance HIV-1 infection. G, FN and albumin do not
enhance HIV infection. H, SEM1 and SEVI amyloids do not synergistically enhance HIV-1 infection. /and J, HIV-1 infection of CEM.M?7 cells. CCR5-tropic
81A HIV-1 virions (100 ng/mL p24%29) were incubated for 5 minutes with the indicated concentrations of the corresponding factors, diluted 15-fold, and then
added to suspension CEM.M7 cells. Infection was assessed 3 days later by flow cytometry. FN increases the ability of SEM1 amyloids (/) and SEVI (J) to
enhance HIV-1 infection of CEM.M7 cells. K, FN increases the ability of SEM1 amyloids to enhance both CCR5-tropic (top) and CXCR4-tropic (bottom) HIV-1
infection of activated CD4" peripheral blood leukocytes (PBLs). CD14~CD4" cells were purified from buffy coats and activated with PHA/IL-2. Two days later,
nef-IRES-GFP HIV-1 virions (20 ng/mL p24%39) were pretreated for 5 minutes with the indicated concentration of FN or SEM1 amyloids, diluted 15-fold, and
added to the cells. Infection was assessed 3 days later by flow cytometry. Abbreviation: RLU, relative light unit.
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Figure 2. Blockade or immunodepletion of fibronectin (FN) decreases the ability of seminal plasma (SP) to enhance human immunodeficiency virus type 1
(HIV-1) infection. A, Incubation of SP with antibodies against FN but not against lactoferrin (Lfn) or albumin (Alb) decreases SP-mediated enhancement of
HIV infection in TZM-bl cells. SP was diluted with phosphate-buffered saline to 2% and incubated for 12 hours at 4°C with anti-FN, anti-Lfn, or anti-Alb (all
antibody concentrations, 60 pg/mL). HIV was then added, followed by TZM-bl cells, and infection was assessed 3 days later by quantitating B-galactosidase
activity. B, Mock-treated SP or SP immunodepleted of FN (Supplementary Figure 3) was diluted to 2% and assessed for the ability to enhance HIV-1
infection of TZM-b cells, using methods described in panel A. C and D, Data are similar to those in panels A and B, except that CEM.M?7 target cells
were used. Infection levels were determined by assessing GFP expression on a LSRII flow cytometer.

on the ability of SP to enhance HIV infection. SP was mixed
with HIV-1 in the absence or presence of anti-FN and then
added to TZM-bl cells, and infection levels were assayed 3
days later by luminescence. Anti-FN concentrations of up to
200 pg/mL did not diminish the viral-enhancing activity of SP
relative to treatment with control antibodies (data not shown).
However, because under these experimental conditions the
virions may have competed with anti-FN for binding to the
FN/amyloid complex, we tested whether an overnight treatment
of SP with anti-FN in assay plates, followed by addition
of HIV-1 and target cells, would lead to different results.
Remarkably, under these conditions, SP markedly enhanced
HIV infection in a manner inhibited by anti-FN (Figure 2A).
In contrast, antibodies against lactoferrin or albumin, 2 other

abundant proteins in human semen, did not inhibit the SP
response (Figure 2A). Immunodepletion of FN from semen
through the use of anti-FN (Supplementary Figure 3) also de-
creased the ability of SP to enhance viral infection (Figure 2B).
Blockade or immunodepletion of FN under similar conditions
likewise diminished the ability of SP to enhance HIV infection
of the nonadherent CEM.M?7 cells (Figure 2C and 2D). Togeth-
er, these data suggest that blockade or depletion of FN can
diminish SP’s viral-enhancing activity.

DISCUSSION

Although semen amyloids have been well characterized for their
ability to enhance HIV-1 infection [2-9], their ability to bind to
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and be modulated by other proteins in semen has not been
studied. Here, we identify FN as a binding partner of HIV-
enhancing SEM1 amyloids. FN increases the ability of SEM1
and SEVI amyloids to enhance HIV-1 infection, which may ex-
plain the marked infection-enhancing activity of semen (which
contains all 3 factors) [2, 5]. The mechanism by which FN aug-
ments the activity of the amyloids is unclear but does not appear
to be mediated by increased virion attachment to the fibrils and
is recapitulated by the N-terminal 29-kDa region of FN. Be-
cause heparin abrogates the viral-enhancing activity of the
FN/fibril complex, we speculate that FN may facilitate the bind-
ing of the fibrils to heparan sulfate proteoglycans on the surface
of target cells in a manner that facilitates subsequent viral entry.
In fact, FN contains a heparin-binding domain located within
the 29-kDa N-terminal region [15]. The studies described here-
in report an unprecedented ability of FN to further augment the
HIV-enhancing activity of semen amyloids. Design of site-
specific disruptors targeting the interface between FN and
seminal amyloids may be useful for developing microbicides
that impair the ability of semen to enhance HIV infection.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages regard-
ing errors should be addressed to the author.
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