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Most HIV transmission occurs on the mucosal surfaces of the
gastrointestinal and cervicovaginal tracts, both of which are nor-
mally coated by a biofilm of nonpathogenic commensal bacteria.
We propose to genetically engineer such naturally occurring bac-
teria to protect against HIV infection by secreting antiviral pep-
tides. Here we describe the development and characterization of
Nissle 1917, a highly colonizing probiotic strain of Escherichia coli,
secreting HIV-gp41-hemolysin A hybrid peptides that block HIV
fusion and entry into target cells. By using an appropriate combi-
nation of cis- and transacting secretory and regulatory signals,
micromolar secretion levels of the anti-HIV peptides were
achieved. The genetically engineered Nissle 1917 were capable of
colonizing mice for periods of weeks to months, predominantly in
the colon and cecum, with lower concentrations of bacteria present
in the rectum, vagina, and small intestine. Histological and immu-
nocytochemical examination of the colon revealed bacterial
growth and peptide secretion throughout the luminal mucosa and
in association with epithelial surfaces. The use of genetically
engineered live microbes as anti-HIV microbicides has important
potential advantages in economy, efficacy, and durability.
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E very day, ~14,000 people, most of whom live in resource-
poor environments, are infected by HI'V. Over 80% of these
infections occur by the mucosal route during unprotected rectal
or vaginal sexual intercourse when HIV enters the body through
the surfaces lining the rectum, colon, vagina, or cervix (1). Each
of these surfaces is normally populated by a rich and varied
commensal microflora that play important roles in host physi-
ology, immune development, and defense against pathogenic
bacteria, fungi, and viruses (2, 3).

We propose to genetically engineer such naturally occurring
bacteria to provide protection against HIV by secreting com-
pounds that interfere with viral attachment, fusion, entry, or
replication. Introduction of such genetically modified organisms
under conditions in which they colonized the mucosa and
became a stable component of the resident microbiota of
uninfected individuals would provide a long-lasting bioshield
against HIV.

Previously, a similar strategy was used by Beninati et al. (4) to
protect rats against Candida albicans by vaginal colonization
with Streptococcus gordonii genetically engineered to secrete a
single-chain antiidiotype antibody. Similarly, Kruger et al. (5)
showed that Lactobacillus zeae expressing a single-chain anti-
body against Streptococcus mutans reduced bacterial growth and
pathology in a rat model of dental caries. With regard to
anti-HIV bacteria, Giomerelli et al. (6) genetically engineered
S. gordonii, amember of the normal microbial flora of the human
oral cavity that also colonizes the vaginal mucosa of experimen-
tal animals to produce cyanovirin-N, a potent HI V-inactivating
protein originally isolated from a cyanobacterium. Recently
Chang and colleagues (7) described the modification of a natural
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human vaginal isolate of Lactobacillus jensenii to secrete two-
domain CD4 and showed that it inhibited HIV entry into target
cells in a dose-dependent manner in vitro.

For the live microbial microbicide strategy to succeed, it is
necessary to demonstrate that genetically engineered bacteria
can (i) synthesize and secrete sufficient quantities of potent and
broadly active HI'V inhibitory compounds to block infection by
diverse HIV primary isolates; (i/) compete with indigenous
microbes for prolonged colonization of mucosal surfaces in the
gastrointestinal or the reproductive tract; and (iif) not cause any
pathology of the colonized organ. Here we tested the feasibility
of this approach by genetically engineering Nissle 1917, a highly
colonizing probiotic strain of Eschericia coli, to secrete a potent
HIV fusion inhibitor peptide. Our data demonstrate that the
resulting bacteria are capable of nonpathogenically colonizing
the large intestine of mice and secreting inhibitory concentra-
tions of the anti-HIV peptide onto mucosal surfaces of the
gastrointestinal tract in intact animals.

Materials and Methods

To construct the Cs;-HlyAz1s (Hly, hemolysin) expression plas-
mid, the region of HIVnr43-encoding amino acids 114-162 of
gp41 was cloned into pEHLYA2-SD, a high-copy-number am-
picillin resistance (Ap") plasmid that contains the lac operon
promoter, a Shine-Dalgarno sequence, multiple cloning sites,
and an epitope tag (Etag) in frame with the C-terminal 218 aa
of HIyA (8). The recombinant plasmid was contransformed with
the low copy number chloramphenicol resistance (Cm") plasmid
pVDL9.3 (9), which provides the HlyB and HlyD transporters in
trans, into Escherichia coli Nissle 1917 (obtained from a com-
mercial preparation of the probiotic Mutaflor from Ardeyp-
harm, Herdecke, Germany). The gene aadA1 was introduced
into Nissle 1917 by phage P1 transduction. Other strains and
plasmids were obtained by standard methods (see Supporting
Materials and Methods, which is published as supporting infor-
mation on the PNAS web site).

For peptide expression, Nissle 1917 transformants were grown
at 37°C in LB liquid medium containing chloramphenicol and
ampicillin to stationary phase without isopropyl B-D-
thiogalactoside (IPTG) or to late log phase with IPTG as
indicated. Culture supernatants were analyzed by gel electro-
phoresis, Western blotting, and complex formation with purified
5-helix protein. The ability of the secreted proteins to block HIV
infection in peripheral blood mononuclear cells was tested by
using HIV-GFP reporter virus pseudovirions encapsidated with
HIVnNp43, HIVyr.csF, or murine leukemia virus (MuLV) enve-
lope and flow cytometry (Supporting Materials and Methods).

Abbreviations: Hly, hemolysin; Ap", ampicillin resistance; Cm’, chloramphenicol resistance;
cfu, colony-forming units; Etag, epitope tag; MuLV, murine leukemia virus; IPTG, isopropyl
B-p-thiogalactoside.
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Fig. 1. Fusion inhibitor design. (Upper) The mechanism of membrane fusion
and C-peptide inhibition. In the prehairpin intermediate shown on the left,
the C-terminal region of gp41 is anchored in the viral membrane, and the
N-terminal region is inserted into the host cell membrane. In the absence of
inhibitor, this transient state collapses into a trimer-of-hairpins that brings the
N- and C-terminal regions into proximity, promoting fusion of the viral and
cellular membranes. In the presence of a C-peptide, fusion is inhibited by
binding of the peptide to the exposed N-terminal region of gp41, thereby
preventing formation of the trimer-of-hairpins. (Lower) The structure of the
Csp-HIyAy15 peptide and the locations of the C-peptides T20 and C34.

Animal experiments were conducted in the Association for
Assessment and Accreditation of Laboratory Animal Care-
accredited animal facility of the Vaccine Research Center using
procedures, protocols, and personnel approved by the Animal
Care and Use Committee. For mouse colonization studies, 4- to
8-week-old CD-1 mice (Charles River Laboratories) were fed
ampicillin (800 mg/liter) in drinking water for 1 day before and
during the study if indicated, then orally or rectally inoculated
with 5 X 108 bacteria in 200 ul of PBS. Fresh fecal samples were
collected at intervals and assayed for Nissle 1917 strains by
plating on Luria agar containing ampicillin and chlorampheni-
col. The identity of the antibiotic-resistant colonies recovered
from feces and tissues was confirmed by analysis of secreted
peptides and plasmid DNA. For tissue analysis, samples from
duodenum, jejunum, ileum, cecum, colon, rectum, and vagina
were isolated from euthanized animals and analyzed by micro-
biological plating, histopathology, and immunohistochemical
staining with the monoclonal antibody 2F5 (obtained from P.
Kwong, National Institutes of Health), which recognizes the
epitope ELDKWA contained in the C-terminal region of gp41
(10) (Supporting Materials and Methods).

Results

Experimental Design: Choice of Inhibitory Peptide, Secretion System,
and Bacterial Strain. Our method depends on the use of a potent
anti-HIV peptide, an efficient secretory system, and a highly
colonizing yet nonpathogenic bacterial host. As inhibitor, we
choose a 52-aa sequence (Csz) derived from the C-terminal
heptad repeat region of gp41, the transmembrane subunit of the
HIV envelope that catalyzes receptor-mediated membrane fu-
sion (11). As diagrammed in Fig. 1, Cs; can bind to the
N-terminal heptad repeat region of gp41, thereby preventing the
formation of the trimer-of-hairpins structure that is essential for
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Fig. 2. Secretion of anti-HIV peptides by bacteria. (A) Coomassie blue-
stained SDS gel of supernatants of log-phase IPTG-induced cultures of E. coli
Nissle 1917 transformed with HlyB,HIyD plasmid pVDL9.3 plus no additional
plasmid (lane 1), Etag-HIyA;s (lane 2), Csp-HIyAy1s (lane 3), Cso-HlyAqo3 (lane
4), and Csy-HlyAs3 (lane 5). The markers (M) have approximate molecular
masses of 188, 98, 62, 49, 38, 28, 17, 14, 6, and 3 kDa. (B) Coomassie blue-
stained SDS gel of supernatants of overnight cultures of various E. coli strains
transformed with pVDL9.3 plus Cs,-HlyA;1. Lanes: 1, Nissle 1917; 2, Nissle 1917
(aadA1); 3, C594.72; 4, C641.72; 5, C105.72.

membrane fusion and viral entry. HIV C-peptides are potent
entry inhibitors that are highly conserved between different
isolates, do not require disulfide bonding or other posttransla-
tional modifications, and are active against direct and trans
infection of multiple primary cell types (12, 13). One C-peptide,
T-20 (enfuvirtide), is currently in clinical use as a salvage
antiretroviral therapy (14).

For secretion, we used the E. coli Hly system because it allows
direct export from the bacterial cytoplasm into the extracellular
medium without a periplasmic intermediate (15, 16). The pro-
tein machinery of the Hly type I secretory apparatus consists of
two operon-specific inner membrane components, HlyB and
HIyD, and the chromosomally encoded outer membrane protein,
TolC, which form a protein channel between the inner and outer
membranes. The HlyB-HlyD complex recognizes the C-terminal
portion of the Hly enzyme (HlyA), thereby allowing the secre-
tion of polypeptides fused to this signal sequence (8, 9).

As host we used Nissle 1917, a commensal strain of E. coli that
was isolated in 1917 from the stool of a German soldier who
survived an outbreak of enterocolitis. Nissle 1917 is an excellent
colonizer in mice and humans and has been detected in infants
up to 6 months after initial administration (17-21). Analysis of
the genome structure of Nissle 1917 reveals the presence of
numerous fitness factors, including multiple iron uptake systems,
proteases, bacteriocins, fimbriae, and other adhesions (22). This
strain does not produce any known virulence factors and is
known to be safe for humans because it has been widely used as
a probiotic treatment for intestinal disorders, such as diarrhea,
irritable bowel disease, ulcerative colitis, and Crohn’s disease
(23-26).

Secretion of Anti-HIV Peptides by Nissle 1917. The HIV Cs, peptide
coding sequences were cloned into a high-copy-number Ap*
expression vector containing an Etag linker and the C-terminal
218 aa from HIyA, and the resulting plasmid was introduced into
Nissle 1917 expressing the HlyB and HlyD transporters from a
low-copy-number Cm' episome. Growth of the resulting Ap* Cm"
strain in rich medium led to the accumulation of the 32 kDa
Cs»-HlyAs3 fusion peptide as the predominant extracellular
protein in the culture supernatant (Fig. 24). The identity of this
protein was confirmed by positive Western blot reactions with
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the anti-C-peptide antibody 2F5 (10) and an anti-Etag antibody
and by its ability to form a complex with HIV 5-helix protein,
which contains a high-affinity binding site for C-peptides (data
not shown) (27).

The amount of Csp-HlyA,5 peptide secreted by Nissle 1917
was estimated to be 40 mg/liter, representing a peptide concen-
tration of 1.25 uM. Similar expression levels were found in
cultures grown to late log phase in the presence or absence of
IPTG and in saturated overnight cultures without inducer (Fig.
2B); this lack of dependence on IPTG was expected because of
the titration of the available Lac repressor by the high-copy-
number Lac operator. Several other commensal strains of E. coli
isolated from feces or vagina of normal healthy volunteers (28)
also expressed the Csp-HlyA, 5 peptide, but the levels of secreted
protein were no greater than or lower than for Nissle 1917
(Fig. 2B).

In anticipation that the length of the HIyA tail might affect the
secretion or biological activity of the fusion peptide, plasmids
containing progressively shorter C-terminal domains were con-
structed. Cs; fusion peptides containing 103 or 53 aa from the C
terminus of HIyA were efficiently secreted into the culture
medium, as peptides of 19.5 kDa and 13.7 kDa, respectively, at
molar levels similar to those for Cs»-HlyAs;g (Fig. 24); however,
a construct retaining 43 aa from the C terminus did not show any
peptide secretion (data not shown). These experiments define
the N-terminal boundary of the HlyA secretion signal sequence
at 43-53 aa upstream of the C terminus of the protein.

An important advantage of working with E. coli is the
extensive knowledge of the cis- and trans-acting signals that can
be manipulated to increase foreign gene expression. We have
previously found that gene aadA1 originating from Tn21 trans-
poson, which confers resistance to aminoglycoside antibiotics,
increases the expression of a broad spectrum of cellular proteins
in bacteria (Kar and Adhya, unpublished results). Introduction
of aadA1 into Nissle 1917 up-regulated Cs,-HlyAz1s peptide
expression by 3-fold without any adverse effect on the growth of
the bacteria (Fig. 2B).

Inhibition of HIV Infection by Secreted Peptides. The ability of the
secreted Csp-HlyAs s peptides to block HIV infection was dem-
onstrated by using HIV-GFP reporter virus assays in peripheral
blood mononuclear cells. Dilutions of the bacterial culture
supernatants were directly added to cells, which were then
infected with an HI'V or heterologous reporter virus and assayed
for GFP expression 3 days later. Fig. 3 shows that HIV infection
was inhibited in a dose-dependent fashion by each of the
Csp-HIyA peptides but not by a control Etag-HIyA peptide
lacking HIV sequences. This inhibition was specific for the HIV
envelope glycoprotein as shown by the lack of any effect on
pseudovirions encapsidated with MuLV envelope. Average 1Csg
values were 5.2 = 0.5 nM for the laboratory-adapted T-cell
(X4-tropic) reporter virus HI V4 3~GFP (Fig. 34) and 5.8 = 1.2
nM for the macrophage (R5-tropic) reporter virus HIVjr.csr—
GFP (Fig. 3B). Specific inhibition of HIV infection was also
observed when the bacteria were cocultured with Jurkat cells in
transwell plates before reporter virus infection (data not shown).

There were no consistent differences between the anti-HIV
potencies of the Cs, peptides containing different lengths of
HIyA sequences. Furthermore, the observed ICs, values for the
fusion peptides were in the same range reported for the unfused
T20 and C34 peptides (11, 27). Thus, it appears that the addition
of non-HIV sequences to the C terminus of the Cs, peptide does
not interfere with its ability to bind to the N-terminal region of
gp41 and block viral infection.

Colonization of Mouse Gastrointestinal Tract. The ability of the

genetically modified Nissle 1917 to colonize and secrete anti-
HIV peptides in intact animals was investigated by using the
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Fig. 3. Inhibition of HIV infection by secreted peptides. Peripheral blood
mononuclear cells were incubated with various dilutions of bacterial culture
supernatants for 1 h at 37°C, infected with a GFP reporter virus, and assayed
72 h later for GFP reporter expression by FACS. Results are normalized to the
percent of GFP* cells in the absence of inhibitor. (A) Inhibition of the labora-
tory-adapted CXCR4-dependent HIV isolate NL4.3 and of heterologous MuLV
pseudotyped reporter virus. Key: open black squares, Etag-HlyA;is plus
HIVnLa3; filled black squares, Cso-HlyAz1s plus HIVLas; filled green circles,
Csp-HlyAqo3 + HIVna3; filled orange triangles, Cso-HlyAss plus HIVy4.3; open
aqua squares, Etag-HlyAz1s plus MuLV; filled aqua squares, Csa-HlyAz1s plus
MuLV. (B) Inhibition of the primary CCR5-dependent HIV isolate JRCSF. Key:
open black squares, Etag-HlyAz1s plus HIVjrcse; filled black squares, Csy-
HlyAz1s plus HIVigcse; filled green circles, Csp-HlyAqos plus HIVjrcs; filled
orange triangles, Csy-HlyAss plus HIV g-csr.

mouse as a model system. The initial studies focused on the
gastrointestinal tract, which is the main reservoir for E. coli in
the body and the site for HI'V transmission by rectal intercourse.
Nissle 1917 expressing Cs,-HIyA,;g was orally or rectally admin-
istered to female mice, and the extent of colonization was
determined by bacterial plating assays of the feces. Because it is
difficult for exogenous human bacteria to compete with the
indigenous microflora of the mouse intestine, some of the mice
were either pretreated or continuously treated with ampicillin
during the experiment.

In the presence of continuous ampicillin selection, a single
administration of 5 X 10% genetically engineered bacteria led to
sustained colonization at levels of 107 to108 colony-forming units
(cfu) per g of feces for up to 12 days (Fig. 44). Substantial
colonization was also observed in mice given a single day of
pretreatment with ampicillin, although the levels of bacteria
dropped to10° to 107 cfu/g by the end of the experiment. In the
absence of antibiotic treatment, colonization levels fell rapidly to
103 to 10* cfu/g; however, the genetically engineered bacteria
were still present as evidenced by the fact that they returned to
levels of 107 cfu/g when the animals were re-administered
ampicillin (data not shown). There were no significant differ-
ences in colonization efficiency between oral and rectal admin-
istration. Analysis of Ap” Cm" colonies isolated from the feces of
animals colonized by either route demonstrated that they se-
creted the Cs;-HlyAs g peptide at similar levels as the starting
strain.

To investigate the cis- and trans-acting signals involved in the
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Fig. 4. Mouse colonization. (A) Effects of antibiotic treatment and admin-
istration route on short-term colonization. Mice were orally or rectally inoc-
ulated with 5 X 108 Nissle 1917 carrying the Cm" HlyB,HIlyD plasmid pVDL9.3
and the Ap" peptide expression plasmid pCs,-HlyAz1s. The mice were given no
antibiotic, 1-day pretreatment with ampicillin, or continuous ampicillin treat-
ment as indicated. At intervals, feces samples were assayed for Ap" Cm" cfu.
Key: filled black squares, no antibiotic/oral inoculation; open black squares,
no antibiotic/rectal inoculation; filled green circles, 1 day of antibiotic/oral
inoculation; open green circles, 1 day of antibiotic/rectal inoculation; filled
orange inverted triangles, continuous antibiotic/oral inoculation; open or-
ange inverted triangles, continuous antibiotic/rectal inoculation. (B) Long-
term colonization. Mice were inoculated orally and rectally with a total of 10°
Nissle 1917 carrying pVDL9.3 and the indicated peptide expression plasmid.
Mice were treated for 45 days with ampicillin, then taken off antibiotic for the
remainder of the experiment (arrow). Feces samples were periodically assayed
out to 100 days for Ap" Cm" cfu. Key: filled black squares, pCso-HlyA1g; filled
green circles, pCsa-HlyAqo3; filled orange inverted triangles, pCsy-HlyAss,

maintenance of gastrointestinal tract colonization, mice were
given a single treatment with ampicillin, orally administered
various bacterial strains, and then maintained without antibiotic
for 25 days. Colonization levels of Nissle 1917 expressing Cs»-
HlyA,;g fell >10,000-fold over this period (Table 1). This drop
in bacterial levels was not simply due to the amount of peptide
secreted, as shown by the somewhat better retention of bacteria
that overproduced the peptide because of the introduction of
aadA1l gene. The drop was also not exclusively due to the
presence of HIV sequences in the secreted peptide, as shown by
the poor maintenance of a strain expressing Etag-HlyA,;3. By

Table 1. Effects of cis- and trans-acting signals on
mouse colonization

Log cfu/g feces

Nissle 1917 Plasmid Day 1 Day 25 Log diff.
WT pCsa-HlyAz1g 8.35(0.27) 3.61(0.16) 4.74
aadA1 pCsz—HIyA218 8.42 (052) 4.62 (079) 3.80
WT Etag-HlyAz1s 7.84 (0.50) 3.02 (0.27) 4.81
WT Cso-HlyA1o3 7.98 (0.36) 5.99 (0.91) 1.99

Mice were orally administered 5 X 10% cfu of the indicated strain and
maintained without antibiotic. Feces were assayed for Ap” Cm" cfu at intervals
and the results at day 1 and day 25 are shown as the mean of the logso cfu per
g of feces with standard errors in parentheses. diff., difference.
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contrast, the extent of HlyA C-terminal sequences did appear to
play an important role, as demonstrated by the ability of bacteria
expressing the C-terminal deletion mutants Cs;-HlyA o3 and
Csy-HlyAs; to undergo more persistent colonization than Cs;-
HlyA,s, with levels at day 25 >100-fold higher than for the
full-length construct. This conclusion was confirmed by a com-
petitive colonization experiment in which mice were fed an equal
mixture of bacteria expressing Csp-HlyAz;s and Csp-HlyAss and
subsequently analyzed for the ratio of colonies expressing the
different length peptides. At day 1, a slight excess of bacteria
expressing the HlyA, ;s construct was excreted, but, by day 8 and
thereafter, only bacteria expressing the short HlyAss construct
could be recovered.

To examine the potential of the genetically engineered Nissle
for long-term, stable colonization in the absence of antibiotics,
mice were orally and rectally administered bacteria expressing a
Cs, peptide, then maintained on ampicillin for 50 days before
removal of the antibiotic. The rational for this prolonged initial
antibiotic treatment was that it would eliminate much of the
competing indigenous microflora while allowing the genetically
engineered bacteria to adapt to the nutritional environment of
the intestine. In the absence of antibiotics, bacteria expressing
Csp-HlyAj3 were again eliminated from the mice reaching
undetectable levels by 77 days (Fig. 4B). However, bacteria
secreting Csy-HIyA 03 and Csp-HlyA ;93 were maintained in the
mice at levels of ~10° cfu per g of feces for up to 50 days after
the removal of drug selection. Bacteria recovered from the
mouse feces after prolonged colonization were still capable of
secreting high levels of the Cs, peptides, indicating there was no
strong selection against peptide secretion in vivo.

In Vivo Growth Patterns and Peptide Secretion. The distribution of
the anti-HI'V bacteria in different tissues was examined in mice

Rectal
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Rectum

Fig. 5. Anatomical distribution of bacteria. Mice were given 1 day of
ampicillin pretreatment, then orally or rectally inoculated with 5 X 108 Nissle
1917 carrying pVDL9.3 and pCs,-HIyAss. After 3 days, the animals were eu-
thanized and dissected, and tissue segments were assayed for Ap" Cm" cfu.
(Upper) A diagram of the gastrointestinal tract. (Lower) The distribution of
genetically engineered bacteria.
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Fig. 6. Histopathology and immunohistochemistry of colon. Mice were
given 1day of ampicillin pretreatment, then orally inoculated with PBS or with
Nissle 1917 carrying pVDL9.3 and pEtag-HlyA;1s or pCsy-HIyAss, After 3 days,
the animals were euthanized, and the colon was dissected, fixed, and sec-
tioned for microscopy. Arrows point to areas of dense bacterial growth and
peptide secretion. (A) Histopathology. (7) PBS control mouse, hematoxylin—
eosin stain; (2) PBS control mouse, gram stain; (3) Nissle 1917::pCsy-HlyAs3
mouse, hematoxylin—eosin stain; (4) Nissle 1917::pCs,-HlyAs3 mouse, Gram
stain. (B) Immunohistochemistry using 2F5 antibody. (7) Nissle
1917::pEtag-HlyA;15 control mouse; (2) Nissle 1917::pCs,-HlyAs3 mouse with-
out antibody; (3) Nissle 1917::pCs,-HlyAs3 mouse with antibody.

that has been pretreated with ampicillin to reduce the endoge-
nous microflora then orally or rectally administered Nissle 1917
expressing Csp-HlyAss. The highest concentrations of bacteria
(108 to 10° cfu/g) were present in the colon and cecum after oral
and rectal administration (Fig. 5). Lower levels of bacteria (10°
to 10° cfu/g) were also recovered along the upper intestine,
including duodenum, jejunum, and ileum, in mice that were
orally inoculated, whereas bacteria were recovered from rectum
primarily in mice that were rectally inoculated. Nissle 1917 was
also recovered from vagina in approximately one third of rectally
inoculated animals.

Tissues from colonized animals were also processed for his-
topathology and immunohistochemistry. None of the target
organs demonstrated any inflammation, necrosis, or other pa-
thology. Detailed examination of the colon revealed the pres-
ence of numerous monomorphic, hematoxylin—eosin-stained
bacterial colonies in animals inoculated with Nissle 1917 ex-
pressing Cs;-HlyAss (Fig. 643) but not in control animals
inoculated with PBS (Fig. 6A41). As expected for E. coli, these
bacteria were Gram-negative (Fig. 644). The bacterial colonies
were present throughout the lumen, often in close association
with the epithelial surface. In some samples, the colon and
cecum of Nissle 1917-inocculated animals demonstrated goblet
cell hyperplasia and copious mucus secretion into the lumen that
was not evident in control PBS-inoculated animals.

To examine peptide secretion, colon samples were subjected
to immunohistochemistry using the human monoclonal antibody
2F5, which recognizes an epitope present in the Cs, peptide.
Clear staining was observed throughout the lumen in samples
from animals inoculated with Nissle 1917 expressing pCs,-
HlyAs; (Fig. 6B3), but not in control samples processed without
antibody (Fig. 6B2) or from animals expressing control Etag
peptide (Fig. 6BI).

Discussion

There is an urgent need for new approaches to prevent the sexual
transmission of HIV, especially in the developing world, where
the AIDS epidemic is continuing to spread essentially unabated.
Despite considerable effort, attempts to develop an efficacious
vaccine have so far been unsuccessful. Condoms and other
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barriers are effective when available and used consistently, but
this is often not the case. Recently there has been increased
interest in the use of topical microbicides as a practical and
cost-effective alternative method to block HIV transmission
during vaginal and anal intercourse (29-32); however, the need
for active, repeated application of such agents before sex is likely
to limit their use, especially in resource-poor environments.

We propose to use live, genetically modified bacteria as a more
durable method to deliver microbicidal agents to the mucosal
surfaces on which HI'V transmission occurs. Our results using the
commensal bacterium Nissle 1917 genetically engineered to
secrete an HIV fusion inhibitor peptide demonstrate several
potential advantages of using live microbial microbicides for
HIV prevention.

First, protection should be long-lasting because of the ability
of the bacteria to colonize and replicate in the host. This would
greatly improve prevention efforts by eliminating the necessity
for administering the microbicide immediately before sex and by
giving control to the vulnerable receptive partner in sexual
intercourse (32). In the present work, Nissle 1917 expressing
HIV-Cs,-HlyA persisted in mice for periods of weeks to months
under antibiotic selection, indicating the ability of this strain to
efficiently replicate in the intestine. Microscopy of the colon
confirmed the presence of dense bacterial growth and mucosal
adherence. Although efficient colonization of mice required
antibiotic treatment to reduce competing microflora, coloniza-
tion in humans may be more effective because Nissle 1917 is a
human rather than rodent strain. It should be possible to further
improve the retention of the bacteria by selecting for highly
colonizing variants or by deliberate manipulation of colonization
factor genes.

Second, bacteria are simple and practical to manufacture,
store, distribute, and administer, and they are far less expensive
than protein-based microbicides. Commercial preparations of
Nissle 1917 (Mutaflor) consist of lyophilized bacteria in an
enteric coated capsule for oral ingestion, which can be manu-
factured at low cost and stored at room temperature indefinitely.

Third, our approach could be used to express a variety of
peptides that inhibit HIV recognition, fusion, and entry into
susceptible host cells either by directly binding to the viral
envelope glycoprotein or by blocking cellular receptor and
coreceptor sites (30). In the present work, we focused on the Cs;
peptide because of its potent inhibitory activity against a wide
spectrum of HIV isolates because of the strong conservation of
the gp4l sequences recognized by C peptides (11). Although
Hamburger et al. (33) have reported that adding cargo proteins
to the N terminus of a C peptide decreased its potency, this was
not the case for addition of HlyA sequences to the C terminus
of Cs,. Because the atomic basis of C-N peptide interaction is
known, similar peptide inhibitors can be designed for any related
virus of known sequence, including enfuvirtide-resistant variants
of HIV or simian immunodeficiency virus.

Fourth, the method could be adapted to deliver peptides to the
cervicogenital, oral, and gastrointestinal mucosa by using dif-
ferent microbial hosts; e.g., the vaginal bacteria L. jensenii (7),
the oral bacteria S. gordonii (4), or commensal yeasts such as
Pichia guelliermondii and Saccharomyces boulardii. Vaginal de-
livery may also be possible by using E. coli, which is found in the
vagina of ~20% of healthy women (28, 34). In the present work,
we found Nissle 1917 in the vagina of approximately one-third of
rectally inoculated animals; preliminary data indicates a close
correlation between bacterial colonization and the estrous phase
of the mice.

Fifth, although our method is primarily intended to prevent
new HIV infections, it could also potentially be used as a
therapeutic method in combination with standard highly active
antiretroviral drug treatment or as a means of preventing viral
rebound in individuals who have ceased treatment. This appli-

PNAS | August23,2005 | vol.102 | no.34 | 11997

APPLIED BIOLOGIAL

SCIENCES



Lo L

P

1\

BN AS PN AN D

cation would require that peptide secreted into the lumen be
taken up into the mucosa. Delivery of anti-HI'V peptides to the
intestine would be especially useful in view of recent evidence
that standard antiretroviral treatment does not fully block CD4
T cell depletion in this compartment, which is the major site
of HIV replication and pathogenesis at all stages of infection
(35, 36).

The particular microbial microbicide described here should be
safe for human use because it is based on a commensal strain of
bacteria, Nissle 1917, that has been used as an over-the-counter
probiotic with an excellent biosafety record (18, 23, 25, 37). We
found that administration of these bacteria to mice had no
inflammatory effects in the gastrointestinal tract or vagina.
Before testing in humans, however, it would be desirable to
remove any transferable antibiotic resistance markers from the
bacteria, which could be accomplished by integration of the
peptide expression cassette into the host cell chromosome.

The most likely use for the genetically engineered Nissle 1917
would be to prevent HIV infection during rectal intercourse,
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which is the predominant mode of transmission for men who
have sex with men; however, rectal intercourse also plays an
important albeit often overlooked role in transmission to
women; e.g., when used as a form of birth control, to preserve
a woman’s virginity until marriage, in cases of rape, and by sex
workers.

Although the role of the natural microflora in preventing
infection by pathogenic microbes is well known, the concept of
using genetically engineered organisms for this purpose is a
concept that has not yet been tested in human beings. The
severity of the worldwide HIV/AIDS epidemic combined with
the lack of effective biomedical interventions warrants such an
approach.
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