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Abstract

An urgent need exists for HIV-1 microbicides. Here, we describe the /n vivo testing of lactic acid
bacteria bioengineered to secrete cyanovirin-N. We fed pigtail macaques a yogurt formulation that
used bioengineered strains as a starter culture. Cyanovirin-N expression could be detected in the
rectal vault during and immediately after feeding. Ex vivo viral challenge of rectal tissue biopsies
revealed that peak viral burden was significantly lower in tissue obtained from experimental
animals compared to control animals. Formulation of candidate compounds in lactic acid bacteria
and their oral administration appears to be a feasible strategy for mucosal delivery of
microbicides.
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Introduction

While the world awaits the creation of an effective, prophylactic HIV-1 vaccine,
considerable effort has been expended on devising pharmacologic approaches to prevent
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mucosal HIV-1 transmission. A wide range of microbicidal drugs that act at extra- and
intracellular stages of the HIV-1 life cycle have been tested in animal models of viral
transmission [1, 2]. Mucosal application of antiretroviral drugs (ARV) such as reverse
transcriptase inhibitors prevents vaginal and rectal HIV-1 transmission in macaque and
humanized mice models of purposeful infection [3, 4]. The latter approach has been
clinically translated and encouraging results from recently completed trials appear to
validate ARVs as potential first line microbicides when administered vaginally or as oral
preventatives [5, 6]. Obvious limitations of using ARVs derive from their cost, side effect
profile and potential loss of efficacy against drug resistant viruses.

Besides ARVs, the microbicide pipeline includes numerous other compounds that are
efficacious in animal models including a number of protein molecules such as neutralizing
antibodies and fusion inhibitors [7]. An additional virucide is the compound cyanovirin-N
(CV-N), an 11-kDa protein originally isolated from Nostoc ellipsosporum (green blue algae)
[8, 9]. CV-N harbors anti-HIV activity at low nanomolar range by selectively binding to
high mannose residues in the viral envelope thereby blocking cellular entry [10]. Positive
attributes of CV-N include its broad activity against human and primate immunodeficiency
viruses and lack of cytotoxicity even at high concentrations. Additionally, direct rectal
application of CV-N in 1% or 2% gel formulation prevents mucosal transmission of Simian
HIV in macaque models [11, 12].

Protein compounds with anti-HIV-1 activity may be extremely potent and nontoxic, target a
diverse swarm of viruses, and retain sufficient potency to thwart the emergence of
resistance, yet their clinical utility remains questionable. The prohibitive cost of their
manufacture and generally labile profile in the presence of numerous proteases argue against
their further development as commercially viable drugs. Their formulation poses additional
challenges and currently relies upon direct mucosal instillation. Furthermore, as with all
microbicides, their dosing schedules need to assure adequate mucosal levels of drug during
at-risk activity requiring high levels of adherence. Here, we describe a potential strategy to
overcome many of these hurdles by using an alternative approach for mucosal delivery of
protein microbicides. We and others have previously described the ease with which lactic
acid bacteria (LAB) can be genetically manipulated to secrete proteins with anti-HIV-1
activity [13-16]. Here, we used LAB that had been bioengineered to secrete CV-N (LAB-
CV-N). We formulated LAB-CV-N as a yogurt product and fed pigtail macaques 50 ml
daily. We could detect CV-N in the rectal vault, rectal lavage and stool during feeding. To
evaluate antiviral activity, rectal biopsies obtained immediately before and after LAB-CV-N
administration underwent ex vivo viral challenge. LAB-CV-N administration was associated
with 20-fold lower levels of peak viral replication in tissue culture (n=4; p=0.025).
Furthermore CV-N expression could be detected in rectal lavage samples up to 7 days after
cessation of feeding. All animals tolerated treatment and no animals were colonized by
recombinant bacteria. Formulation of protein virucides in LAB based food vehicles appears
to be a promising strategy for their mucosal delivery.

Bioengineering LAB for secretion of CV-N

Numerous strains of LAB are known to exist as commensal organisms in humans and we
initially chose strains for genetic engineering that were known inhabitants of the
gastrointestinal and/or vaginal microbiome. Strains were compared for their ability to
secrete CV-N. A previously described expression system was used to create LAB-CV-N that
involved the insertion of a codon optimized CV-N gene in a plasmid construct with
appropriate LAB-specific signals for robust recombinant protein production and secretion
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[13]. The expression vector was electroporated into LAB by using Gene Pulser Il
Electroporation System (Bio-Rad Laboratories, Hercules, CA).

CV-N detection

Western blot was used to detect CV-N secretion using previously described methods [13].
The sensitivity of CV-N western blot was 0.1 ng, as determined by experiments using
known input of recombinant CV-N (kind gift of James B. McMahon and Michael R. Boyd).
Protein extracts from LAB-CV-N supernatants were run on NUPAGE® 4-12% Bis-Tris
precast Gel (Invitrogen) by using XCell SureLock® Mini-Cell (Invitrogen). After
electrophoresis, the resolved proteins were transferred onto PVDF membrane by using
XCell Il ® Blot Module. Upon the completion of transfer, standard protocols of
WesternBreeze® Chemiluminescent Detection Kits (Invitrogen) were followed and
developed on ECL Hyperfilm (GE Healthcare, Piscataway, NJ) according to manufacturer’s
instructions. Image acquisition of western blot was performed through Epson scan (Version
2.68a) by using an Epson Perfection 4990 photo scanner operating at film mode with the
following settings: 256 gray shades and a resolution of 300 dpi. To quantify bands, Quantity
One® (Bio-Rad Laboratories) basic (version 4.62) was used to measure densitometry.

CV-N gquantification

The Protein Detector HRP Microwell Kit from KPL (Gaithersburg, MD) was used to build
an in-house CV-N ELISA. Briefly, lavage samples were concentrated by employing Amicon
Ultra-0.5 Centrifugal Filter Unit with Ultracel-3 membrane (Millipore, Billerica, MA) and
combined with coating solution, pipetted onto Nunc MaxiSorp® plates and incubated
overnight. After blocking with 1% BSA, the plates were incubated with an anti-CV-N
primary antibody (kind gift of Drs. Boyd and McMahon) for one hour prior to adding a
secondary HRP anti-rabbit antibody for an additional hour incubation. Plates were washed
thrice after each antibody treatment and substrate (ABTS®) solution was added and
developed for 30 minutes. A SpectraMax® M5 (Molecular Devices, Sunnyvale, CA) plate
reader was used to measure light absorbance at 405nm. The sensitivity of CV-N ELISA was
1.0 ng, as determined by experiments using known input of recombinant CV-N.

Protein extraction from stool

One gram of unconcentrated stool was suspended in 1 ml of a fecal extraction buffer, which
consisted of Tris buffer isotonic saline (150 mmol/L), with 10 mmol/L CaCl, and 0.25
mmol/L thiomersal as an antimicrobial agent (pH 8.4) [17] and homogenized for 3 minutes
followed by centrifugation. The top halves of the supernatants then were pipetted off,
frozen, and stored at —20°C until assay.

CV-N formulation

Animal studies, described below, used LAB-CV-N that was formulated as yogurt. Briefly,
10° Colony Forming Units (CFU) of LAB-CV-N were admixed with scalded 500 ml non-fat
milk and incubated over night at 37° C, as described previously [18]. Product was stored in
daily 50 ml doses and frozen.

Animal Studies

Four sexually mature, healthy female pigtail macaques (average age = 9.5; range = 7-14
years) were used in an IACUC approved protocol. In order to reliably dose study animals
with known quantities of the test yogurt, each animal was trained to accept refrigerated
yogurt from a feeding syringe and (more successfully) to eat frozen yogurt in 10 ml and 20
ml cubes. All experimental feedings were observed by research personnel. The study
procedures, as noted below, were performed after animals were sedated and placed in a
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prone position with knees tucked under their abdomen. Several feeding trials were
completed and animals received 4 to 14 days of yogurt. Rectal lavage and swabbing was
performed at baseline, during feeding and up to 7 days after cessation of feeding in 3-4 day
intervals. Swabs were immediately placed in MRS media and underwent culture for 48 hrs.
Bacterial supernatant was assayed for CV-N production using western blot. For rectal
lavage, approximately 2 ml of sterile saline was instilled in the rectal vault then collected,
divided into two equal aliquots and immediately snap frozen. Rectal biopsies were obtained
at baseline and 24 hours after 3 days of LAB-CV-N administration. Briefly, forceps were
used to lift rectal epithelium and three 2-3 mm biopsies of epithelial mucosa were collected
and underwent several washes with antibiotic cocktail (100 units/ml penicillin,
streptomycin, nystatin, amphotericin B) and PBS. The biopsies were mailed overnight on
cold packs from the University of Washington, Seattle to our laboratory where they were
immediately layered onto 48 well plates on surgifoam (Johnson & Johnson) in RPMI 1640
containing 1L-2, penicillin/streptomycin and 20% FCS. Tissue sections were challenged
with 250 ¢l (TCID 50) of RT-SHIV (SIVnac239 With the Reverse Transcriptase replaced
with that of HIV-1 clone HXBc2. NIH AIDS Research and Reference Reagent Program
catalog #11342) and maintained over 20 days. Supernatant was collected in 3-4 day intervals
and tested for infectivity using the TZM-bl indicator cell line.

Statistical analysis

Results

Formulation

We quantified levels of viral replication by averaging luciferase activity associated with
each rectal tissue biopsy following ex vivo viral challenge. The biopsies were obtained
before and after LAB-CV-N administration or after sham-yogurt administration. For each
biopsy, levels of viral replication were quantified at ~3 day intervals over 20 days and
normalized to allow for inter-comparisons. We incorporated both the repeated experiments
within an animal as well as the paired nature of the study for which each animal contributed
equally to the control and treatment arms of the experiment. The descriptive measure for
each run of the experiment was a slope which measured the change in viral replication over
time. The average slope of each animal as a control was compared to its overall average
from the tissues contributed after being treated. The two-sided #test was conducted to
identify if the difference in slopes across all animals was significantly different from zero
(i.e., different from no effect due to treatment). Similar methods were used to compare the
treatment difference in the maximum value of viral replication for each animal.

of LAB-CV-N

Fermented food products have remained a staple of the human diet for millennia. The use of
LAB as components of starter cultures is used widely in the dairy industry and recent
advances in the genetic modification of LAB have allowed investigators to use engineered
strains as drug delivery vehicles for a range of bioactive compounds including cytokines and
viral antigens. Prior to commencing animal studies, we first compared the efficiency of
bioengineering CV-N in three species of LAB known to be commensal organisms in the
human gut (L. plantarumm) and vagina (L. jensenii, L. gasseri). As seen in Figure 1a, all three
species supported CV-N secretion at roughly equivalent levels. We chose L. plantarum for
all downstream studies given our focus on engineering CV-N production in the rectal vault.
We first verified that the yogurt fermentation process preserved the biosynthetic capacity of
LAB-CV-N. Approximately 100 .l of product was spread on plates and incubated at 37° C
overnight. The resulting bacterial clones were picked and independent clonal cultures were
started. During log growth phase (24-48 hours), supernatants were harvested and as seen in
Figure 1b, western blot revealed CV-N production in supernatants.
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In vivo retention kinetics and biosynthetic activity of LAB-CV-N

To better understand the /n vivo dynamics of LAB-CV-N, we first fed 2 animals with
product over a 14 day period. Animals were subjected to rectal swabbing at baseline and at
3-4 day intervals over 20 days. As seen in Figure 1c, culture of rectal swabs led to CV-N
detection in bacterial supernatants during all 14 days of feeding starting at the first
measurement at day 3. This successful trial run prompted us to shorten the duration of
feeding to 7 days and to measure CV-N levels in rectal lavage and stool. As seen in Figure
1d, CV-N could be detected in rectal lavage during and up to 10 days after the cessation of
feeding with peak levels of ~70-100 ng/ml on days 7-10. CV-N could also be recovered
from stool with peak levels of ~120-220 ng/g on day 7 but fell to levels below detection by
day 14 (Figure 1e).

Antiviral efficacy of LAB-CV-N

The ultimate success of a HIV-1 microbicidal drug is dependent upon its ability to prevent
the initial round of viral replication in mucosal tissue. To determine the effect of LAB-CV-N
in preventing viral replication in rectal tissue, we conducted trials in which we fed animals
over a three day period either yogurt made from wild-type L.plantarum (n=2) or
L.plantarum-CV-N (n=4). All animals underwent a pre-treatment biopsy 2 months prior to
yogurt administration. Upon yogurt administration, rectal biopsies were obtained on day 4,
placed in culture and challenged with virus. The overall experimental schema is shown in
Figure 2A. As seen in Figures 2B and C, quantification of levels of ex vivo viral replication
in tissue obtained from four animals over a 20 day period revealed up to 20-fold lower levels
of maximal viral replication in LAB-CV-N treated animals compared to tissues obtained
before LAB-CV-N treatment (paired t-test p-value=0.025). When we analyzed all data over
the 20 day period, the treatment samples were found to have lower rate of change in viral
replication than the control samples (i.e., —0.0167) but this difference was not statistically
significant (paired t-test p-value=0.142).

Discussion

The recent CAPRISAQ04 trial has conclusively demonstrated the preventive potential of
HIV-1 microbicides [5]. The data above suggests that LAB can be further developed as
HIV-1 preventatives and may overcome two major hurdles for the commercial and clinical
development of protein microbicides: the cost of manufacture and the relatively short half-
life upon direct mucosal instillation. Our experiments involved CV-N and demonstrated
delivery to the rectal vault after oral intake of bioengineered yogurt-an approach that may be
especially relevant to decreasing HIV-1 transmission in men who have sex with men
(MSM), a demographic sector with continued high rates of virus transmission. While peak
levels of viral burden were significantly lower in CVV-N treated animals, the product did not
completely eliminate viral replication suggesting that a multi-modal approach may be
required to improve antiviral potency. For example, it may be possible to engineer the
secretion of numerous antiviral molecules in a single LAB or introduce a combination of
LAB, each engineered to secrete a chosen antiviral molecule. While ours was a pilot study to
determine LAB-CV-N uptake and retention kinetics /n vivo, the next steps in testing
antiviral efficacy of LAB based reagents must include 7 vivo cross comparisons to leading
microbicide candidates (e.g. tenofovir). Although the number of animals studied is small, it
is interesting to note that the protective effect of CV-N was more durable than expected. For
example, despite rigorous washing of primary rectal biopsy material, we still observed lower
levels of peak viral replication in tissues obtained from LAB-CV-N treated animals over a
20 day ex vivo culture period. One explanation could be CV-N binding to macaque rectal
epithelial cells and mediating protection even after cessation of feeding. This conjecture is
further supported by the detection of CV-N in lavage samples but not in stool 10 days after
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cessation of feeding. Perhaps the mechanical forces of lavage dislodged residual CV-N from
epithelia allowing its detection in lavage even after the complete elimination of the source
recombinant bacteria. Alternatively, the discrepancy in CV-N detection in stool vs lavage
may simply be due to stool substrates not being concentrated prior to analysis and thus
containing CV-N below limits of detection by ELISA and/or western blot. Our proof-of-
principle experiments involved an LAB expression system that utilized an antibiotic
selection gene thereby accounting for rapid elimination of the bioengineered strains /in vivo.
Recent advances in the genetic manipulation of LAB allow insertion of chosen protein
encoding sequences directly into the bacterial genome thereby avoiding the use of drug
resistance markers [19,20]. Such approaches could be used to generate clinical grade
reagents as is being done in several European centers. Lastly, the success of any potential
microbicide is dependent upon several factors including cost, ease of use and duration of
effect. LAB based products would appear to satisfy each of these requirements. More work
to increase overall potency clearly needs to be performed to achieve sterilizing levels of
activity in mucosal surfaces.
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A. Comparison of the ability of various strains of LAB to support CV-N production and
secretion. Strains were transformed and western blot detection of CV-N in 10 pl of bacterial
supernatant revealed roughly similar biosynthetic potential in L. p/antarum, L. jensenii, and
L. gasseri.

B. Standard fermentation procedures were used to create a yogurt product with LAB-CV-N
as starter culture. Secondary culture of yogurt led to the identification of CV-N in culture
supernatant. A known amount (1 ng) of recombinant CV-N isolated from bacterial
supernatant was used as a positive control in all western blots as denoted in “+’ lane.

C. Western blot of supernatants of secondary culture of rectal swab samples from two
macaques (A, B) during and immediately after 14 days of LAB-CV-N feeding. CV-N could
be detected during all days of feeding. Samples were collected on days 0, 3, 7, 10 and 14 for
macaques A and B and 5 ul was loaded onto each well. A known amount (1 ng) of
recombinant CV-N isolated from bacterial supernatant was used as a positive control in all
western blots as denoted in ‘+’ lane. Values under each band correspond to CV-N
quantification (ng) as calculated by Quantity One® software.

D. CV-N levels were quantified by ELISA in rectal lavage samples during 7 days of LAB-
CV-N feeding and afterwards (days 8-17). Red bars denote days of feeding. Peak levels
were achieved at 70 ng/ml (macaque A) and 100 ng/ml (macaque B) on days 10 and 7,
respectively. Importantly, CV-N could still be detected in rectal lavage for up to ten days
after cessation of feeding in both animals.

E. Post-feeding levels of CV-N were detected in stool in two animals. Levels are denoted as
ng CV-N per gram of unconcentrated stool. CV-N could be recovered from stool with peak
levels of ~120-220 ng/g on day 7.
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A. Schematic of yogurt feeding regimen and biopsy timing in four macaques.

B. Levels of ex vivoviral replication in rectal tissue isolated from animals that had received
either no treatment, LAB-CV-N or LAB-placebo. Tissue sections were kept in culture over
20 days and levels of RT-SHIV replication were quantified by a TZM-b1 reporter assay.
Maximum levels of viral replication were up to 20-fold lower in LAB-CV-N treated animals
compared to animals that had not received any treatment (p=0.025).

C. Inter-comparison of peak values of RT-SHIV replication in rectal tissues from four
macaques before and after treatment with LAB-CV-N. Data are presented as mean levels of
luminescence (RLU) +/- SD.
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