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The present study examined the efficacy of using multiple mechanisms as part of a topical microbicide to inactivate herpes sim-
plex virus (HSV) by combining theaflavin-3,3=-digallate (TF-3) and lactic acid (LA) over the pH range of 4.0 to 5.7 to mimic con-
ditions in the female reproductive tract. Six clinical isolates of HSV-2 and two clinical isolates of HSV-1 were almost completely
inactivated when TF-3 (100 �M) was present with LA over the pH range of 4.5 to 5.7, whereas four additional HSV-1 clinical iso-
lates required TF-3 concentrations of 250 to 500 �M for comparable virus titer reduction. LA (1%) alone at pH 4.0 reduced the
titers of laboratory and clinical isolates of HSV-1 and HSV-2 by >5 log10, but most LA-dependent antiviral activity was lost at a
pH of >4.5. When HSV-1 and HSV-2 were incubated at pH 4.0 without LA virus titers were not reduced. At pH 4.0, HSV-1 and
HSV-2 titers were reduced 5 log10 in 20 min by LA alone. TF-3 reduced HSV-2 titers by 5 log10 in 20 to 30 min at pH 4.5, whereas
HSV-1 required 60 min for comparable inactivation. Mixtures of TF-3 and LA stored at 37°C for 1 month at pH 4.0 to 5.7 main-
tained antiviral activity. Semen, but not cervical vaginal fluid, decreased LA-dependent antiviral activity at pH 4.0, but adding
TF-3 to the mixture reduced HSV titers by 4 to 5 log10. These results indicate that a combination microbicide containing TF-3
and LA could reduce HSV transmission.

Herpes simplex virus type 2 (HSV-2) is the primary causative
agent of genital herpes worldwide (1), but HSV-1, which is

usually orally located, has been shown recently to be responsi-
ble for an increasing proportion of first episode HSV infections
(2). HSV is the major cause of genital ulcers in the developed
world (3).

Recent trials of an HSV vaccine found that the vaccine did not
prevent HSV-2 disease or infection but was somewhat effective
against HSV-1 (4). In the absence of an effective HSV vaccine,
microbicides represent an alternative strategy to reduce HSV
transmission which is important not only for preventing HSV
transmission but also for reducing human immunodeficiency vi-
rus (HIV) transmission. There is a link between HSV and HIV so
that people with an HSV infection are at greater risk for HIV
acquisition (5). It has been suggested that increased HIV infection
in the presence of HSV is the result of ulcerations caused by HSV
that can provide an entryway for HIV through the mucosa. How-
ever, daily acyclovir therapy did not reduce HIV-1 transmission
despite a 73% reduction in HSV-2 caused genital ulcers (6). Other
studies have shown that acyclovir therapy to reduce HSV-2 shed-
ding did not reduce the risk of HIV infection, possibly as the result
of continued innate immune activation (7) and the resultant con-
tinued presence of HIV-1 receptor-positive cells in the genitalia
(8). These studies suggest that preventing initial HSV-2 infection
may be the sole way to break the link between HSV-2 infection and
increased risk of HIV infection.

Recent studies have indicated that HSV-2 shedding is accom-
panied by a constant release of virus (9) at widely spaced regions in
the genital tract (10) and that, even though HSV-2 shedding de-
creases after the initial clinical episode, high virus numbers (�3
log10/ml) of HSV-2 are shed for years after initial infection (11).
Even in patients receiving high-dose antiviral therapy to suppress
HSV, reactivation was frequent and HSV-2 shedding was 2.5 to 3.0
log10/ml of buffer used to extract HSV DNA from genital swabs
(12).

We have previously shown that the digallate dimer of (�)epi-

gallacatechin gallate (EGCG), theaflavin-3,3=digallate (TF-3),
which is the primary catechin in black tea (Fig. 1), has the potential
to function as a microbicidal agent against HSV at acidic and
neutral pH (13). However, it has been shown that reducing the
transmission of other enveloped viruses, such as HIV (14) and
hepatitis C virus (15), is more effectively accomplished using mul-
tiple drug therapy. Combining three or even four drugs can syn-
ergize the action of the drugs interacting with different molecular
targets and reduce the risk of drug resistance development (14).

Vaginal fluid has been shown to inactivate a number of bacte-
rial pathogens through the combined mediated activities of lactic
acid (LA), low pH, and antimicrobial peptides (16). HIV trans-
mission is reduced by acidic pH combined with LA (17). The
importance of LA at physiological concentrations (55 to 111 mM)
and acidic pH has been shown for protection against bacteria as-
sociated with bacterial vaginosis (18).

In the present study we showed that combining TF-3 with LA
at pH 4.0 reduced HSV titers by �5 log10 and that between pH 4.5
and 5.7, where LA loses antiviral activity, TF-3 substantially re-
duced HSV titers. HSV inactivation was rapid and occurred at a
concentration for both TF-3 and LA that can easily be delivered to
the female reproductive tract.
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MATERIALS AND METHODS
Cells and viruses. HSV-1 (strain F1) was obtained from R. Rubenstein
(Downstate Medical Center, NY), and HSV-2 (strain 333) was obtained
from Mary K. Howett (Penn State University). HSV-1 and HSV-2 were
grown in Vero and CV-1 cells, respectively. Cells were obtained from the
American Type Culture Collection (Manassas, VA) and were grown in
RPMI 1640 medium with 10% fetal calf serum (FCS) (19). The mainte-
nance medium for Vero and CV-1 cells was as described above but with
1% FCS. Clinical isolates of HSV-1 and HSV-2 were obtained from Lisa
Rohan and Jeanne Jordan at the Magee-Womens Hospital (Pittsburgh,
PA) by using an institutional review board-approved protocol. In re-
sponse to a physician order, independent of this protocol, swabs were
collected from patients and put in M-4 medium, and samples not needed
for HSV diagnosis were frozen at �20°C and shipped to our laboratory
coded but without identifiers, as outlined in our institutional review
board protocol.

Virus purification. Vero and CV-1 cells were grown in RPMI 1640
medium supplemented with 1% FCS (13). Monolayers of Vero cells were
infected with HSV-1 at a multiplicity of infection of 1:100, as were CV-1
cells with HSV-2. After 1 h adsorption, the cells were washed and then
incubated for 48 h at 37°C in 5% CO2. The cells were then frozen at �80°C
and thawed at 4°C, and the suspensions were clarified by centrifugation at
3,000 rpm for 10 min.

HSV-1 and HSV-2 titration. HSV-1 and HSV-2 were incubated under
the indicated experimental conditions for 1 h, with the exception of the
time course study, in RPMI 1640 medium with 1% FCS at the appropriate
pH. Virus was titrated by inoculation of 10-fold dilutions into Vero cell
cultures in 96-well microtiter tissue culture plates (Falcon). A virus dilu-
tion (0.1 ml) in maintenance medium was inoculated into each well with
three wells per dilution (20). Each experiment was performed in triplicate,
and each datum point presented is the mean � the standard deviation of
three separate experiments. The plates were incubated for 5 days at 37°C
and examined daily for a cytopathic effect. Virus titers were calculated by
the method of Reed and Muench (21). To ensure that combination of
TF-3 and LA were not toxic to the Vero cells used for titration, incubation
mixtures at pH 4.0, 4.5, 5.0, and 5.7 were diluted with medium as de-
scribed above; the cells were incubated for 24 h and then tested using a Cell
Titer 96 aqueous nonradioactive cell proliferation assay (Promega, Mad-
ison, WI). No cell toxicity was found.

Virus inactivation with TF-3. TF-3 (Wako Chemicals USA, Rich-
mond, VA) was dissolved in dimethyl sulfoxide (DMSO) and diluted in
phosphate-buffered saline (PBS) or 1% FCS medium just before use. The
final DMSO concentration in both control and TF-3 samples was 0.5%
and did not affect cell growth or survival. HSV isolates were incubated
with TF-3 at the indicated concentration for 1 h at 37°C in PBS at the
indicated pH. Addition of TF-3 to the medium did not change the pH.

pH treatment of virions. PBS with LA was made by adding 1% LA to
PBS and then adjusting pH to 4.0 to 5.7 with NaOH. To make PBS with
HCl, HCl was added to PBS to reach the desired pH. The virus was treated
with the appropriate buffer for 1 h and then titrated using Vero cells. Prior

to conducting these experiments, we determined that the pH of the PBS
remained at 4.0 or 4.5 in the presence of 1% LA for at least 24 h (see Table
S1 in the supplemental material).

Storage studies. The TF-3 stock solution in DMSO was either diluted
with PBS containing 1% LA at pH 4.0 to 5.7 or with PBS adjusted to pH 4.0
with HCl and then stored at 4°C, 25°C and 37°C for 1 week or 1 month in
the dark. Control samples of HSV-1 and TF-3 were made immediately
before assay, incubated at 37°C with 5% CO2 for 1 h, and then titrated
using Vero cells.

Treatment with semen and CVL. Semen (Lee Biosolutions, St. Louis,
MO) or cervical vaginal fluid (CVL; provided by Bernard J. Moncla and
Charlene S. Dezzutti, Magee Womens Research Institute, Pittsburgh, PA,
and collected using institutional review board-approved protocol
PRO11020218) was diluted with PBS alone or PBS with 1% LA. The virus
was incubated with semen and/or CVL for 1 h at 37°C and then titrated
using Vero cells. CVL did not change the pH of the incubation mixture,
and semen raised the pH 0.3 to 0.5 U (see Table S1 in the supplemental
material).

Statistics. Results are expressed as the means � the standard devia-
tions of three separate experiments. Treatment differences were measured
using unpaired Student t tests. Differences with a P value of �0.05 were
considered significant.

RESULTS
Effect of pH and LA on the inactivation of HSV by TF-3. HSV-1
and HSV-2 were inactivated by TF-3 in PBS over the pH range of
4.0 to 5.7 with a reduction in virus titer of 3 to 5 log10 (Fig. 2A and
B). HSV-2 and HSV-1 were equally inactivated by TF-3 at pH 5.7
but HSV-2 was 1.5 to 2.5 log10 more sensitive to TF-3 inactivation
between pH 4.0 and pH 5.0. When 1% LA (111 mM) was added to
the incubation mixture (Fig. 2C and D) with TF-3, the virus titers
were reduced by 4 to 5 log10 from pH 4.5 to 5.7 and, interestingly,
1% LA by itself (control samples) reduced the titers of HSV-1 and
HSV-2 by �5 log10 at pH 4.0 (Fig. 2C and D) without added TF-3. As
mentioned in Materials and Methods, 1% LA and TF-3 were not
toxic to the Vero cells used for HSV titration and cell numbers were
not reduced. These results indicate that a combination of TF-3 and
1% LA very effectively inactivates HSV from pH 4.0 to 5.7.

When the concentration of LA was decreased to 0.3% at pH 4.0
(Fig. 3) HSV-1 and HSV-2 titers were still reduced by 4 to 5 log10. At
a concentration of 0.1% LA HSV-1 titers are not reduced, while the
titer of HSV-2 is reduced by �2 log10, suggesting that HSV-2 may be
somewhat more sensitive to inactivation by LA than HSV-1.

Inactivation of clinical isolates of HSV-1 and HSV-2 by TF-3
and LA between pH 4.0 and 5.7. Experiments were performed to
determine whether there was variability in the sensitivity of clini-
cal isolates of HSV-1 and HSV-2 to inactivation by TF-3 in the
presence of LA between pH 4.0 and pH 5.7 (Fig. 4). Clinical iso-
lates and the laboratory strain of HSV-2 were sensitive to inacti-
vation by TF-3 at pH 5.7 and 5.0 with most titer reductions of ca.
4 to 5 log10 (Fig. 4B and D). At pH 4.5, four of the six clinical
isolates as well as the laboratory strain were inactivated by �4
log10, while the titers of the other two HSV-2 clinical isolates (P11,
P27) were reduced by 2 to 3 log10 (Fig. 4F). However, P11 and P27
control titers were lower than the other isolates at pH 4.5, allowing
for less total decrease in virus titers. Both the laboratory strain and
the clinical isolates showed significant TF-3-dependent titer de-
creases (P � 0.001) between pH 4.5 and 5.7. At pH 4.0, all of the
HSV-2 clinical isolates were inactivated in the presence of 1% LA,
and therefore no effect of TF-3 could be measured (Fig. 4H).

HSV-1 clinical isolates showed variability in sensitivity to TF-3
inactivation (Fig. 4A, C, and E) between pH 5.7 and 4.5. At pH 5.7,

FIG 1 Structure of theaflavin-3,3=-digallate (TF-3).
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the titers of the six clinical isolates were all �5 log10 and showed
titer reductions in the presence of TF-3 from 3 to 5 log10. The titer
decreases of the six clinical isolates and the laboratory strain at pH
5.7 were significant (P � 0.001). HSV-1 isolates P32 and P56 ap-

peared to be most sensitive to TF-3 inactivation at pH 5.7. At pH
5.0, the titers of P32, P56, and the laboratory isolate were reduced
by 4 to 5 log10 (P � 0.001), whereas the P15, P25, P38, and P42
titers declined by 1-2 log10 (P � 0.01). When the pH was reduced
to 4.5, three clinical isolates (P56, P38, and P32) and the labora-
tory isolate showed titer reductions of 3 to 5 log10 (P � 0.001),
whereas isolates P15 and P25 showed infectivity decline of �1
log10. At pH 4.0, all of the HSV-1 isolates were reduced by 4 to 5
log10 by 1% LA (Fig. 4G). The results at pH 4.0 (Fig. 4G and H)
show that all clinical isolates of HSV-1 and HSV-2 are almost
completely inactivated by 1% LA.

The three HSV-1 clinical isolates (P15 [25, 42]) which showed
less inactivation by 100 �M TF-3 at pH 4.5 and 5.0 (Fig. 4C and E)
than the other HSV-1 clinical isolates were treated with TF-3 con-
centrations of 250 and 500 �M (Fig. 5A and B). TF-3 at 250 �M
decreased the titers of P15 and P25 by an additional 1 to 1.5 log10

at both pHs but did not further decrease the titer of P42. When the
TF-3 concentration was raised to 500 �M the infectivities of P15
and 25 were almost completely eliminated. P42 showed greater
resistance to TF-3 inactivation than any of the other HSV clinical
isolates, but its infectivity was reduced by �3 log10 at pH 4.5 and
5.0 using 500 �M TF-3 and was reduced by �2.5 log10 by 100 and

FIG 2 Efficacy of TF-3 and LA for inactivation of HSV-1 and HSV-2. TF-3 was used at a concentration of 100 �M, and LA was used at 1%. Virus from a clarified
cell supernatant was incubated for 1 h at 37°C under the indicated condition prior to titration with Vero cells. (A) HSV-1 and TF-3; (B) HSV-2 and TF-3; (C)
HSV-1, 1% LA, and TF-3; (D) HSV-2, 1% LA, and TF-3. Control samples in panels A and B are without LA, while in panels C and D controls have 1% LA. Titers
are the means � the standard deviations of results of three separate experiments. The laboratory strains of HSV-1 and HSV-2 were used in these experiments.

FIG 3 Effect of LA concentration on the inactivation of laboratory strains of
HSV-1 and HSV-2 at pH 4.0. Isolates were prepared and titers were deter-
mined as described for Fig. 2.
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250 �M TF-3. When the HSV-2 clinical isolate P22, which showed
less sensitivity to 100 �M TF-3 at pH 5.0 (Fig. 4D) than the other
isolates was treated with 250 �M TF-3 its titer was reduced by 5
log10 (results not shown). These results indicated that HSV clinical
isolates that are more resistant to TF-3 can be further inactivated
by increasing the TF-3 concentration.

Time course of HSV-1 and HSV-2 inactivation at pH 4.0 and
pH 4.5. The rate of HSV-1 and HSV-2 inactivation was examined
over a 1-h time period in the presence of 1% LA or 1% LA�TF-3
(100 �M) (Fig. 6). With 1% LA alone at pH 4.0 the titers of both

HSV-1 and HSV-2 are reduced by 5 log10 in 60 min, while at pH
4.5 titer reductions of 1.0 to 1.5 log10 were seen in the same time
interval. When TF-3 is present with LA at pH 4.5, the inactivation
curve of HSV-2 is similar to those seen for both HSV-1 and HSV-2
at pH 4.0 with 1% LA. Within 15 min, 3 to 4 log10 of HSV-2 is
inactivated and within 20 to 30 min HSV-2 titers are decreased by
�5 log10. When HSV-1 was incubated with TF-3 and LA at pH 4.5,
while the virus was almost completely inactivated in 60 min the
rate of infectivity decline is slower than for HSV-1 and HSV-2 at
pH 4.0 with LA alone and HSV-2 at pH 4.5 with TF-3 and LA.

FIG 4 Efficacy of combinations of TF-3 and LA for the inactivation of clinical isolates of HSV-1 and HSV-2 in the pH range found vaginally. All control samples
contained 1% LA, and treated samples had TF-3 (100 �M) and 1% LA. (A and B) pH 5.7; (C and D) pH 5.0; (E and F) pH 4.5; (G and H) pH 4.0. Panels A, C,
E, and G show results for HSV-1 isolates, and panels B, D, F, and H show results for HSV-2 isolates. “Lab” indicates the laboratory strains of HSV-1 and HSV-2
utilized in other figures. Isolates were prepared and titers were determined as described for Fig. 2.
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Between 20 and 30 min of incubation HSV-1 infectivity at pH 4.5
is reduced by 2.5 to 3.0 log10 less compared to both HSVs at pH 4.0
(1% LA) and HSV-2 at pH 4.5 (TF-3, 1% LA). The results in Fig. 6
in conjunction with those in Fig. 4 and 5 suggest that some HSV-1
clinical isolates are more resistant to TF-3 inactivation than
HSV-2.

Effect of storage on the antiviral activity of TF-3. TF-3 was
stored with LA under conditions of various temperature and pH,
which a microbicide product could encounter during storage and
use, after which anti-HSV activity was measured at 1 week and 1
month (Fig. 7A to D). TF-3 stored with LA and kept at 37°C
consistently inactivated 4 to 5 log10 of HSV-1 between pH 4.5 and
5.7 at 1 week (P � 0.001) and 1 month (P � 0.01). Antiviral
mixtures stored at 25°C for 1 week inactivated 2 to 3 log10 of virus
at pH 5.7 and 5.0 (P � 0.001) but at 1 month showed comparable
activity to samples stored at 37°C (P � 0.001). When antiviral
mixtures were stored at 4°C HSV-1 titers were reduced by 2 to 3

log10 at both 1 week and 1 month between pH 4.5 and 5.7. Con-
trols which contained 1% LA but no TF-3 showed that LA main-
tained its antiviral activity at pH 4.5 and 4.0 (Fig. 7C and D). At pH
4.0 LA reduced virus titers by �5 log10 at all storage temperatures
and at pH 4.5 LA reduced HSV titers by 1 to 2 log10. LA by itself
had no antiviral activity at pH 5.0 and 5.7. TF-3 was also stored at
4°C without LA for 1 week and 1 month (Fig. 7E). After 1 week,
stored TF-3 decreased HSV titers by �2.5 log10 at 25°C (P � 0.01)
and 37°C (P � 0.001), which was comparable to the unstored
sample, whereas the sample stored at 4°C had decreased antiviral
activity. After 1 month of storage, samples at 4 and 25°C showed
comparable antiviral activity to unstored samples, reducing infec-
tivity by 2 to 3 log10, while the sample stored at 37°C inactivated
virus by 4 to 5 log10 (P � 0.001) (Fig. 4E). These results indicated
that storage of TF-3 and LA or TF-3 alone for 1 month did not
result in the loss of antiviral activity of either compound.

Effect of semen and cervical vaginal fluid on TF-3 antiviral
activity. Since semen and CVL will be present in vivo, the antiviral
efficacy of TF-3 and LA were examined in their presence (Table 1).
When HSV-1 and HSV-2 were incubated at pH 4.0 with LA but
without TF-3 the titer of both viruses was reduced by �3 log10 in
the presence of only semen or CVL. Semen appeared to slightly
inhibit the anti-HSV activity of LA against HSV-2 at pH 4.0, while
CVL had no effect on viral inactivation. We have found that 12.5%
semen raises the pH slightly to 4.3 to 4.4, and this may partially
explain why semen somewhat reduces the anti-HSV activity of LA
(data not shown). When semen and CVL were present together at
pH 4.0 with 1% LA, HSV-1 inactivation was 2 log10 less effective
than when semen or CVL was present alone. However, when TF-3
was added to the 1% LA at pH 4.0 both HSV-1 and HSV-2 titers
were reduced by 4 to 5 log10 in the presence of semen and CVL.

DISCUSSION

The results of the present study establish that all clinical isolates of
HSV-1 and HSV-2 examined were effectively inactivated at pH 4.0
by 1% LA but that antiviral LA activity was diminished at a pH of
�4.5. The difference seen in the effectiveness of LA at pH 4.0 and
4.5 may be due to the change in distribution at the two pHs be-
tween lactic acid and lactate. The pKa of L-lactic acid used in these
experiments is 3.85 so that while the concentration of 1% LA
(including both lactate and lactic acid) is 111 mM at pH 4.0 and
pH 4.5, the concentrations of the acid forms are 44.8 mM at pH 4.0
and 19.6 mM at pH 4.5. Previous studies with bacteria have shown

FIG 5 Effect of increased TF-3 concentrations on TF-3 resistant HSV-1 clin-
ical isolates. (A) pH 4.5; (B) pH 5.0. Isolates were prepared and titers were
determined as described in Fig. 2.

FIG 6 Time required for inactivation of HSV-1 and HSV-2 by LA and TF-3. All samples at pH 4.0 and 4.5 have 1% LA and, where indicated, TF-3 (100 �M) as
well. Laboratory isolates were prepared and titers were determined as described in Fig. 2.
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that it is the acid form of the molecule which has antimicrobial
activity (16). However, when TF-3 was utilized in combination
with LA, HSV titers could be reduced by as much as 5 log10 from
pH 4.0 to pH 5.7. We have previously shown that TF-3 inactivates
HSV from pH 5.7 to pH 8.0 (13) so that a combination of TF-3,
LA, and acidic pH would be effective over the entire pH contin-
uum found vaginally (22). The ability of semen to inhibit inacti-
vation of HSV and HIV by candidate microbicides, as well as the
endogenous antiviral activity in CVL, has been found in a number
of studies (23, 24, 25). These previous results suggested that by
combining multiple mechanisms for viral inactivation HSV and
HIV could be effectively inactivated in the presence of semen. We
also show here that the presence of semen alone or with CVL can
reduce the efficacy of LA against HSV at pH 4.0 but that the addi-
tion of TF-3 at pH 4.0 with LA reduces virus titers as effectively as
when semen is absent. These studies also established that storage

FIG 7 Effect of storage at various temperatures and pHs on the antiviral activity of TF-3 and LA. Samples were stored at either 4, 25, or 37°C at pH 5.7 (A), pH
5.0 (B), pH 4.5 (C), or pH 4.0 (D) with 1% LA present in both controls and TF-3 (100 �M)-treated samples. Unstored samples were made fresh directly before
assay at the indicated pH. (E) Samples were also stored without LA at pH 4.0. Isolates were prepared and titers were determined as described in Fig. 2.

TABLE 1 Effect of semen and CVL on the inactivation of HSV by TF-3
and LAa

HSV sampleb

Mean HSV titer � SDc at a TF-3 concn of:

0 �M 100 �M 250 �M 500 �M

HSV-1
Semen � LA 0.66 � 0.77 0 0
CVL � LA 0.35 � 0.26 0 0
Semen � CVL � LA 2.63 � 0.69 0.83 � 1.44 0.58 � 1.01 0.83 � 0.88

HSV-2
Semen � LA 1.59 � 0.48 0.54 � 0.94 0 0
CVL � LA 0.69 � 1.38 0.46 � 0.80 0 0
Semen � CVL � LA 2.03 � 1.51 0 0.13 � 0.22 0.58 � 1.01

a All samples were adjusted to pH 4.0 and contained 1% LA. Control samples at pH 4.0
that did not have LA, semen, or CVL had titers of 104.21 � 0.40 for HSV-1 and
105.08 � 0.14 for HSV-2.
b The semen concentration used was 12.5%, and the CVL concentration used was 10%.
c Numbers in the table are titers of remaining infectious HSV (log10) and are means of
three separate experiments. Control values are given in footnote a.
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of TF-3 with 1% LA at 37°C for 1 week to 1 month consistently
maintained TF-3-dependent anti-HSV activity from pH 4.5 to 5.7
with no apparent loss of LA-dependent antiviral activity at pH 4.0.

Our results showing that it is not acidic pH by itself, i.e., pH 4.0,
that inactivates HSV, but the acid form of lactic acid is in agree-
ment with other studies that found that at pH 4.0 or below the acid
form of total lactate reduces the infectivity of HIV in the presence
of human cervicovaginal mucus (17) and inactivates or reduces
the growth rate of Escherichia coli (16) and other Gram-negative
bacteria (26). It has also been found that LA in its acidic form
increases the release of antiviral mediators from vaginal epithelial
cells (27). This cytokine response is specific for LA and occurs
solely at an acidic pH. It is the presence of LA in the vagina that is
important for maintaining protective function, e.g., preventing
bacterial vaginosis, and it does not appear to matter which bacte-
rium produces LA (18, 28). The importance of acidic pH by itself,
however, should not be discounted since it has been shown that
human papillomavirus diffusion through mucin is 2.5 times
slower at pH 3.0 than pH 7.0 (29).

TF-3 has been shown in our previous studies to inactivate a
number of enveloped viruses, including HIV (30), measles virus,
Semliki Forest virus, respiratory syncytial virus, and vesicular sto-
matitis virus (13). A number of recent studies have shown that the
TF-3 precursor EGCG inhibits the enveloped virus hepatitis C
from cell entry and confirm our previous studies showing EGCG
inactivation of HSV (31, 32). The mechanism of EGCG and TF-3
viral and bacterial inactivation appears to involve interaction with
components of cell membranes (33, 34). TF-3 has the ability to
bind to lipid bilayers without being absorbed into the interior of
the bilayer, as does EGCG, and both can therefore be delivered to
membrane proteins (34), including viral membrane proteins re-
quired for fusion such as HSV gB and gD (35). The present study
focused on TF-3 since we have previously shown that whereas
TF-3 and EGCG inactivate HSV at neutral pH, only TF-3 inacti-
vates HSV at acidic pH (13, 19).

Since TF-3 binds to lipid bilayers and can also inactivate bac-
teria (36), it is likely that it also can bind cell membranes and raises
the question of toxicity. There is, however, evidence arguing
against TF-3 toxicity in addition to the fact that TF-3 is present in
black tea, which is widely consumed and is on the U.S. Food and
Drug Administration’s list of compounds generally recognized as
safe (GRAS) and approved for human consumption. We have
previously shown using confocal and electron microscopy that
TF-3 does not damage Vero cells (13). TF-3 in combination with
other theaflavins from black tea has been shown to have low mu-
cosal toxicity and lack systemic absorption when applied vaginally
in a gel to rabbits as well as showing no cytotoxicity to human
vaginal and cervical epithelial cells (37). When TF-3 and other
theaflavins were consumed orally by healthy volunteers, only min-
ute amounts could be detected in plasma and urine (38, 39). This
is similar to results found with EGCG, where studies with healthy
volunteers showed oral consumption was safe and well tolerated
(40), and no dermal toxicity was found after daily topical applica-
tion with mice (41).

Although all HSV-2 isolates examined in the present study
were equally sensitive to TF-3 inactivation from pH 4.0 to 5.7,
some HSV-1 clinical isolates required higher TF-3 concentrations
for comparable inactivation. The numbers of isolates used here
are not sufficient to draw a broad conclusion that HSV-2 isolates
will on average be more sensitive to TF-3 inactivation than HSV-1.

However, this would not be entirely unique since differences be-
tween the interaction of HSV-1 and HSV-2 with other com-
pounds such as the HSV receptor heparin sulfate, and neomycin
have also been found indicating that HSV-2 is more sensitive to
inhibition by polyanions than HSV-1, while polycations more ef-
fectively inhibit HSV-1 than HSV-2 (42, 43, 44). This suggests that
there may be differences in the structure of HSV envelope glyco-
proteins required for cell binding and fusion between the clinical
HSV isolates so that TF-3 has a lower binding affinity for the
envelope glycoprotein(s) of some HSV isolates.

Shedding of HSV-2 in the genital tract has been found to be
characterized by frequent, intermittent episodes and not solely by
larger less frequent episodes (9). Although antiviral therapy is
clinically effective, it does not change the frequency of virion shed-
ding occurrences, and it was found that 20% of patients receiving
standard dose antiviral therapy had HSV titers of �104/ml (12).
That study also showed that even with high-dose valaciclovir or
acyclovir, virion shedding remained at comparable levels with
standard dose therapy, and the authors suggested that genital HSV
shedding cannot be further reduced with current treatment regi-
mens. It is therefore necessary to inactivate shed HSV virions to
further reduce HSV transmission.

A microbicide utilizing TF-3, LA, and buffered to an acidic pH
(45) would inactivate shed HSV virions and supplement innate
mucosal protection, including LA already present in the vagina, as
well as potentially help inactivate acyclovir resistant HSV virions
(46). Decreasing the size of the HSV inoculum is important for
reducing viral transmission since it is likely that reducing HSV
titers close to an infectious threshold will reduce the likelihood of
infection. Vaccine challenge studies in a guinea pig model showed
protection from infection using 5 � 104 PFU/ml, but no protec-
tion with a 20-fold-higher challenge dose (47). The importance of
the shed HSV titer for viral transmission has also been found for
mother-to-infant transmission during birth, where differences in
shed HSV titers can result in 10-fold differences in the incidence of
viral transmission (48). Viral load has also been shown to be the
primary predictor of HIV transmission (49). Therefore, the more
mechanisms that can be utilized to reduce shed HSV titers pro-
vided both by the microbicide and the mucosal immune system,
the greater the probability of reducing viral transmission. Work
supporting this principle has been provided recently by a study
using combinations of vaccines and microbicides to reduce HIV
transmission in a macaque model (50). The vaccine reduced the
HIV load but not the acquisition of the virus, whereas the micro-
bicide reduced HIV acquisition somewhat but had little effect on
viral loads. TF-3 reduction of HSV-1 and HSV-2 inoculum sizes,
even if the titers of some HSV-1 isolates may not be reduced as
much as HSV-2 isolates, should decrease HSV transmission at all
pHs in the female genital tract. Potentially, this will also reduce
HIV transmission as well since the probability of HIV infection is
three times higher in people with previous HSV-2 infection (5).

In summary, to reduce HSV transmission in the genital tract
multiple antiviral mechanisms should function simultaneously to
inactivate both HSV-1 and HSV-2 virions because of the increas-
ing prevalence of HSV-1 infections in the anogenital tracts (2).
TF-3 inactivates HSV at a neutral and acidic pH, is stable in this
pH range (51), and when combined with LA at low pH inactivates
HSV in the presence of semen and CVL. A microbicide that main-
tains low vaginal pH and provides additional LA to maintain a
vaginal LA concentration of �1% (111 mM) is supplementing
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antiviral mechanisms already present in the vagina. If the antiviral
activity of TF-3 and LA are added to the natural low pH and innate
mucosal immunity present in the female reproductive tract, it will
be possible to reduce the transmission of HSV.
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