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ABSTRACT A major obstacle to development of an effective AIDS vaccine is that
along with the intended beneficial responses, the immunization regimen may acti-
vate CD4� T cells that can facilitate acquisition of human immunodeficiency virus
(HIV) by serving as target cells for the virus. Lu et al. (W. Lu et al., Cell Rep 2:1736 –
1746, 2012, https://doi.org/10.1016/j.celrep.2012.11.016) reported that intragastric ad-
ministration of chemically inactivated simian immunodeficiency virus SIVmac239 and
Lactobacillus plantarum (iSIV-L. plantarum) protected 15/16 Chinese-origin rhesus ma-
caques (RMs) from high-dose intrarectal SIVmac239 challenge at 3 months postimmuni-
zation. They attributed the observed protection to induction of immune tolerance,
mediated by “MHC-Ib/E-restricted CD8� regulatory T cells that suppressed SIV-
harboring CD4� T cell activation and ex vivo SIV replication in 15/16 animals without
inducing SIV-specific antibodies or cytotoxic T.” J.-M. Andrieu et al. (Front Immunol
5:297, 2014, https://doi.org/10.3389/fimmu.2014.00297) subsequently reported protec-
tion from infection in 23/24 RMs immunized intragastrically or intravaginally with iSIV
and Mycobacterium bovis BCG, L. plantarum, or Lactobacillus rhamnosus, which they
ascribed to the same tolerogenic mechanism. Using vaccine materials obtained from
our coauthors, we conducted an immunization and challenge experiment with 54
Indian RMs and included control groups receiving iSIV only or L. plantarum only as well
as unvaccinated animals. Intrarectal challenge with SIVmac239 resulted in rapid infection
in all groups of vaccinated RMs as well as unvaccinated controls. iSIV-L. plantarum-
vaccinated animals that became SIV infected showed viral loads similar to those
observed in animals receiving iSIV only or L. plantarum only or in unvaccinated controls.
The protection from SIV transmission conferred by intragastric iSIV-L. plantarum ad-
ministration reported previously for Chinese-origin RMs was not observed when the
same experiment was conducted in a larger cohort of Indian-origin animals.

IMPORTANCE Despite an increased understanding of immune responses against
HIV, a safe and effective AIDS vaccine is not yet available. One obstacle is that im-
munization may activate CD4� T cells that may act as target cells for acquisition of
HIV. An alternative strategy may involve induction of a tolerance-inducing response
that limits the availability of activated CD4� T cells, thus limiting the ability of virus
to establish infection. In this regard, exciting results were obtained for Chinese-
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origin rhesus macaques by using a “tolerogenic” vaccine, consisting of intragastric
administration of Lactobacillus plantarum and 2,2=-dithiodipyridine-inactivated SIV,
which showed highly significant protection from virus transmission. In the present
study, we administered iSIV-L. plantarum to Indian-origin rhesus macaques and failed
to observe any protective effect on virus acquisition in this experimental setting.
This work is important because it contributes to the overall assessment of the clini-
cal potential of a new candidate AIDS vaccine platform based on iSIV-L. plantarum.

KEYWORDS SIV vaccine, oral vaccines

With an estimated 37 million individuals infected with human immunodeficiency
virus (HIV) worldwide and no cure for this infection, the development of a safe

and effective vaccine remains a key priority in contemporary research on HIV/AIDS.
However, the enormous variability of HIV in the human population, the flexible,
mutation-tolerant structure of the HIV envelope (Env) protein, the ability of HIV to
rapidly escape cellular immune responses, and the persistence of the virus in an
immunologically silent latent form have created unique scientific challenges to the
design of a successful HIV vaccine that have not yet been overcome (1, 2). In addition,
the design of an effective AIDS vaccine is further complicated by the fact that candidate
immunization regimens may result in the activation and expansion of CD4� cells in
mucosal tissues that are the portal of entry for HIV. These vaccine-induced activated
CD4� T cells often express the main HIV coreceptor, CCR5, and therefore have the
potential to act as targets for the virus, thereby increasing the risk of its acquisition (3,
4). Altogether, these complex, multifaceted biological challenges have so far precluded
the successful clinical development of an AIDS vaccine.

The current paradigm in the field of HIV vaccinology is predicated on the premise
that optimal immunogens must elicit high and durable titers of broadly neutralizing
HIV-1 Env-specific antibodies in concert with robust antiviral cellular immune responses
and in the absence of major CD4� T cell activation in mucosal tissues to achieve
meaningful protection (1, 2). While some protection from virus transmission and/or
early replication has been observed with several immunization regimens in preclinical
studies of rhesus macaques (RMs) of Indian origin, a model of HIV infection widely used
in the United States, none of these approaches has yet proved to be consistently
successful in humans. More recently, a very intense research effort has focused on the
design of HIV Env immunogens that can elicit the production of broadly neutralizing
antibodies (bnAbs). This effort was prompted by the observations that (i) a number of
bnAbs targeting different epitopes in the Env protein have been observed in the sera
of a subset of HIV-infected individuals and (ii) the passive administration of such bnAbs
to RMs has conferred strong protection from intravenous and mucosal simian-human
immunodeficiency virus (SHIV) challenges (5–7). However, the generation of durable
high titers of bnAbs in healthy humans or RMs after administration of specific HIV
Env-based immunogens has so far been elusive, and it appears that a deeper under-
standing of the molecular mechanisms responsible for the generation of these bnAbs
is needed in order to generate such effective immunogens.

Given these premises, it is not surprising that the results of clinical trials aimed at
testing the efficacy of candidate HIV/AIDS vaccines in humans have so far been
disappointing. Earlier clinical trials, such as the AIDSVAX (based on recombinant
gp120-Env), Step and Phambili (both based on human adenovirus 5 [Ad5] vectors
expressing the HIV antigens Gag, Pol, and Nef), and HVTN-505 (based on DNA express-
ing HIV antigens Gag, Pol, Nef, and Env and Ad5 vectors expressing a Gag-Pol fusion
protein and Env) trials, showed no protection from HIV acquisition (8, 9). Note that the
Step, Phambili, and HVTN-505 trials all showed a trend toward increased risk of HIV
infection in vaccinated individuals. While the mechanisms responsible for this effect
remain unclear, it has been proposed that the vectors used for these trials increased the
level of CD4� T cell activation in mucosal tissues, as observed in preclinical studies of
similar vectors in RMs (3). In contrast, the RV-144/Thai trial, which tested an immuni-
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zation regimen consisting of a “prime” vaccine called ALVAC-HIV (vCP1521) followed by
a boost with the AIDSVAX gp120 envelope protein (subtypes B and E), showed limited
(�31% [P � 0.039] according to a “modified intent-to-treat” statistical analysis, 26.4%
[P � 0.08] according to an “intent-to-treat” statistical analysis, and 25% [P � 0.16]
according to a “per-protocol” statistical analysis) but significant protection from HIV
infection in a population of low-risk individuals (10). While the results of the RV144 trial
have widely been seen as encouraging, the relatively low and transient level of
protection, which appeared to fade after 4 to 6 months, clearly indicates that more
candidate HIV vaccines, both concepts and products, should be developed and tested
in preclinical models (11).

In this study, we tested an innovative vaccine concept based on immune modula-
tion that was originally developed by the laboratory of Jean-Marie Andrieu (12). The
rationale for this approach is the idea that an infectious inoculum must find permissive
target cells in order to establish a systemic and spreading infection in the host. For HIV
and simian immunodeficiency virus (SIV), the preferred permissive target cells are
activated CD4� T cells that also express CCR5, and upon initial mucosal infection,
inflammatory immune responses recruit additional activated CD4� T cells in a
process that may contribute to the ability of the initial infection to expand, spread,
and disseminate throughout the host. A conceptually alternative vaccination par-
adigm may therefore involve induction of a tolerance-inducing response that limits
the availability of susceptible activated CD4� T cells, thus limiting the ability of the
inoculum to establish a spreading infection. In the original study by Lu et al. (12),
intragastric vaccination of Chinese-origin RMs was performed with a combination of
Lactobacillus plantarum, a commensal bacterium that favors immune tolerance, and
2,2=-dithiodipyridine (Aldrithiol-2)-inactivated SIV (iSIV). The hypothesis was that L.
plantarum would promote immune tolerance to SIV, thus preventing the establish-
ment of SIV infection by lowering the number of activated CD4� target cells. In the
study of Lu et al., the vaccine-induced protective effects were attributed to CD8�

regulatory T cells that suppressed CD4� T cell activation and ex vivo SIV replication
in 15 of 16 RMs without inducing SIV-specific antibodies or robust cytotoxic T
lymphocyte (CTL) responses. Of 16 Chinese-origin RMs that were challenged intrar-
ectally at a high dose (i.e., 100,000 50% tissue culture infective dose [TCID50]) with
the vaccine-homologous virus SIVmac239 or the heterologous strain SIVB670, 15
showed sterile protection. Moreover, for four animals that were rechallenged
intravenously, plasma SIV levels peaked slightly and then dropped to undetectable
levels.

In addition, the Andrieu-Lu team asked an independent expert (Gianfranco Pancino
of the Pasteur Institute) to confirm these results by rechallenging, with a very high
intrarectal SIV dose, seven RMs that were vaccinated 3 years earlier and had already
resisted SIV infection 2 years before. This experiment showed that the seven Chinese
RMs remained fully protected, while four animals that were used as controls became
infected (Pancino, unpublished report to the Scientific Council of Paris-Descartes
University, March 2013 [available on request]).

In the current study, we performed an immunization and challenge experiment with
a cohort of 54 RMs of Indian origin, using immunogens provided by the Andrieu team,
and included additional control groups receiving iSIV only or L. plantarum only. Note
that vaccination did not trigger any B cell immune response even in the control group
that received iSIV only. Intrarectal challenge with SIVmac239 resulted in similarly rapid
infection in all groups of vaccinated RMs as well as unvaccinated controls. No apparent
protective effect on virus acquisition was conferred by the tested iSIV-L. plantarum-
based vaccination in this experimental setting. Furthermore, SIV-infected Indian-origin
RMs that were vaccinated with iSIV-L. plantarum showed peak and postpeak viral loads
similar to those observed in animals receiving iSIV only or L. plantarum only or in
unvaccinated controls. The protection from SIV transmission conferred by intragastric
iSIV-L. plantarum immunization reported by Lu et al. (12) for Chinese-origin RMs was
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not observed when the same vaccine was tested in a larger cohort of Indian-origin
animals.

RESULTS
Immunization and challenge study design. In this study, we evaluated potential

protection from rectal SIVmac239 challenge conferred by intragastric administration of
2,2=-dithiodipyridine-inactivated SIV (iSIV) and Lactobacillus plantarum. The study de-
sign is shown in Fig. 1, including immunization regimens and the challenge time.
Briefly, four groups of Mamu-B*08-negative and Mamu-B*17-negative Indian-origin
RMs were immunized as follows: (i) 17 animals received iSIV and L. plantarum, (ii) 10
received iSIV only, (iii) 10 received L. plantarum only, and (iv) 17 received a sham
intragastric immunization. Six months following the final immunization, all RMs were
challenged intrarectally with a single dose of SIVmac239 (10,000 TCID50). All infected
animals were monitored for 6 to 8 weeks after the first detection of SIV viremia (�1,000
copies/ml of plasma) to monitor the early clinical, virological, and immunological
course of the infection.

Anti-SIV Env antibody responses postvaccination. Anti-SIV gp140 antibodies
were measured by enzyme-linked immunosorbent assay (ELISA) prior to challenge for
all immunized animals. Anti-gp140 antibodies were found to be below the limit of
detection for all 54 animals for plasma collected at the latest time point prior to
challenge. These data led us to conclude that no anti-gp140 antibodies were generated
after immunization, including in the control group vaccinated with iSIV alone (Fig. 2),
thus identifying a clear difference between Indian and Chinese RMs in the ability to
mount an immune response to an intragastric SIV vaccine.

FIG 1 Study design, including oral intragastric immunization regimens and schematic representation of
immunization and challenge. Four groups of Mamu-B*08-negative and Mamu-B*17-negative adult Indian
RMs were immunized daily for 5 days (blue arrows), as follows: 10 received L. plantarum (LP) only, 10
received iSIV only, 17 received a sham intragastric immunization, and 17 animals received iSIV and L.
plantarum. Six months following the final immunization, all RMs were challenged intrarectally with a
single dose of SIVmac239 (10,000 TCID50) (red arrow). All infected animals were monitored for up to 4
months after the first detection of SIV viremia of �1,000 copies/ml. Blood was collected at intervals
throughout the study.

FIG 2 Anti-SIV envelope antibody responses postvaccination. Binding Ab titers were measured in sera
collected prior to challenge. The amount of anti-SIV gp140 is expressed in nanograms per milliliter for
each immunization group. The color scheme is as follows: blue, L. plantarum only; red, L. plantarum-iSIV;
green, iSIV only; and orange, controls.
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Protection from virus transmission. Six months following the last oral immuniza-
tion, we performed mucosal (i.e., intrarectal) challenge with a single dose of 10,000
TCID50 SIVmac239. This SIV challenge resulted in rapid productive infection in the vast
majority of RMs (50 of 54 animals), with all groups of vaccinated animals and controls
showing the same rate of infection (Fig. 3). The four RMs that remained ostensibly
uninfected (i.e., did not experience two separate time points at which plasma viremia
was above 103 copies/ml) belonged to the following groups: (i) the iSIV-L. plantarum
group (one animal with a single blip of 1.7 � 103 copies/ml [at week 2 postchallenge]
that then remained negative for the rest of the follow-up), (ii) the iSIV group (one
animal that always remained negative), and (iii) the control group (one animal that
always remained negative and one animal that experienced two blips of �103 cop-
ies/ml of plasma [i.e., 1.1 � 102 copies/ml at week 2 postchallenge and 2.1 � 102

copies/ml at week 4 postchallenge] and then remained negative for the rest of the
follow-up). Overall, these data indicate that in the current experiment, intragastric
immunization with iSIV-L. plantarum (or with each of the individual components alone)
did not confer protection from a single intrarectal challenge with 10,000 TCID50 of
SIVmac239 in our cohort of Indian-origin RMs.

Protection from virus replication. To determine whether the performed immuni-
zation with iSIV-L. plantarum (or the individual components) conferred any improved
postacquisition control of virus replication, we next measured plasma viremia longitu-
dinally in all SIV-infected RMs included in this study. As shown in Fig. 4A and B,
SIV-infected animals that belonged to all four experimental groups showed very similar
kinetics of peak viremia, postpeak decline, and set-point viral loads. In particular, the
trends of SIV viremia were similar among the three immunization groups (iSIV-L.
plantarum, iSIV alone, and L. plantarum alone) compared to each other and to the
unvaccinated control group. Overall, these results indicate that the tested immuniza-

FIG 3 SIV transmission and viral acquisition. After SIVmac239 challenge, the numbers of animals that were
infected (black bars) and that remained uninfected (gray bars) were plotted. LP, L. plantarum.

FIG 4 Viral loads (individual and groups). (A) Individual SIV plasma viral loads (expressed as numbers of copies per
milliliter of plasma) were measured by real-time PCR at weeks 1, 2, 4, 8, and 16 after infection. (B) Average viral
loads of the immunized groups compared to those of the control animals. Error bars represent SD. The color
scheme is as follows: blue, L. plantarum only; red, L. plantarum-iSIV; green, iSIV only; and orange, controls.
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tion regimens did not induce any significant control of postacquisition virus replication
in the SIV-infected RMs.

Protection from SIV-induced CD4� T cell decline. To investigate whether intra-
gastric immunization with iSIV-L. plantarum (or the individual components) had any
impact on SIV pathogenesis and associated immune deficiency, we next measured
CD4� T cell counts longitudinally (both as percentages of CD3� T cells and as absolute
numbers of cells per cubic millimeter of blood) after SIV infection in all RMs included
in the current study. As shown in Fig. 5A to D, we found that the trends in CD4� T cell
counts, measured as both percentages and absolute counts, were very similar for all
four experimental groups (i.e., no statistically significant differences were observed).
Based on these data, we concluded that intragastric immunization of Indian RMs with
iSIV-L. plantarum did not appear to induce any protection from viral pathogenesis, as
assessed by longitudinal CD4� T cell trends, after intrarectal transmission of SIVmac239.

DISCUSSION

As reported by Lu and colleagues, intragastric immunization of Chinese-origin RMs
with iSIV-L. plantarum protected 15 of 16 animals from intrarectal challenge with
SIVmac239 as well as with the heterologous strain SIVB670 (12). They also reported that
in four animals protected from intrarectal challenge that were subsequently rechal-
lenged intravenously, plasma SIV RNA levels showed a minor transient peak and then
declined to levels that were below the limit of detection. Moreover, an independent
study showed that 7 of 7 vaccinated Chinese RMs that were protected after a first
challenge (performed 1 year after vaccination) remained protected after a second
challenge performed 2 years later (i.e., 3 years after vaccination). Importantly, in their
paper, Lu et al. showed that the group of four Chinese RMs vaccinated with iSIV only
had a clear anti-SIV antibody response (IgM and IgG); moreover, Chinese RMs vacci-
nated with iSIV-L. plantarum had a strong suppressive activity generated by major
histocompatibility complex E (MHC-E)-restricted regulatory and/or suppressive CD8�

FIG 5 CD4 counts (percentage and absolute, individual and groups). A longitudinal assessment of CD4� T cell levels in
peripheral blood was performed. (A) After SIV challenge, individual levels of CD4� T cells in blood (expressed as numbers
of cells per cubic millimeter) were calculated. (B) Average CD4� T cell counts were calculated for each immunization group.
(C and D) Individual and average frequencies of CD4� T cells were tracked (expressed as percentages of CD3� T cells). Error
bars represent SD. The color scheme is as follows: blue, L. plantarum only; red, L. plantarum-iSIV; green, iSIV only; and
orange, controls.
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T cells. These cells were measurable only in fresh cells (12, 28) and were not evaluated
in the current study.

These exciting and provocative results, reported for the use of an unconventional
AIDS vaccine approach, prompted the Bill & Melinda Gates Foundation to support a
larger follow-up study in which Indian-origin RMs were used and two additional groups
were included (each immunized with one individual component of the regimen, i.e.,
iSIV alone or L. plantarum alone). The choice of using Indian RMs (instead of the Chinese
RMs used in the previous study) reflects the fact that this subspecies of RMs has been
used for the vast majority of preclinical nonhuman primate (NHP) studies of candidate
HIV/AIDS vaccines. Note that the immunogens used in the current study were produced
by the group of W. Lu and J.-M. Andrieu as described in the original study, and an
extensive characterization of these reagents was performed in the laboratories of the
AIDS and Cancer Virus Program (Frederick National Laboratory for Cancer Research) and
T. R. Klaenhammer for iSIV and L. plantarum, respectively.

The overall results of the current study are quite straightforward in that they indicate
that the intragastric immunization of Indian RMs with iSIV-L. plantarum (or with any of
the individual components, i.e., iSIV only or L. plantarum only) did not confer any
protection from virus transmission after intrarectal challenge with SIVmac239 or result in
an attenuated outcome of SIV infection as determined by either levels of virus repli-
cation (peak or set point) or CD4� T cell counts. Taken as a whole, these results are in
strong contrast to those observed by the Lu-Andrieu team for Chinese RMs, in which
15/16 animals were protected from a very high intrarectal dose of SIVmac239. This rather
striking difference in outcome between the initial study by Lu et al. and the current
experiment prompted us to carefully consider any potential differences that could be
responsible for these discordant experimental results.

The first study was conducted at the Nonhuman Primate Laboratory of the Gaoyao
Experimental Animal Center, while the second was conducted at the Yerkes National
Primate Research Center of Emory University. While differences between facilities can
have an impact on the results of NHP studies, differences in protocol-specific proce-
dures seem unlikely to account for the observed difference in results. Indeed, prior to
the second study, all experimental procedures, including in particular the preparation
and intragastric administration of the immunogens and the intrarectal challenge with
SIVmac239, were reviewed in detail with Lu and Andrieu.

A second potential difference was the challenge virus used. Although SIVmac239 was
used for both studies, different stocks were used in the two studies, i.e., one produced
by W. Lu in the first study and the other kindly provided by K. Van Rompay of the
California National Primate Research Center of the University of California at Davis for
use in the second study. While use in the second study of the identical challenge stock
used by Lu et al. in the first study would have been optimal, there was not a sufficient
amount of the original SIVmac239 stock available to conduct the second experiment. Any
potential differences between the SIVmac239 stocks used in the two experiments are
mitigated by the fact that both were prepared from the SIVmac239 molecular clone and
therefore are unlikely to differ enough from each other to account for the observed
dramatic difference in virological outcomes. Furthermore, the challenge dose of 10,000
TCID50 used in the current experiment was chosen to be 10-fold lower than the dose
used in the original study by Lu et al. to minimize the prospect of weak protection not
being observed as a result of using a different and possibly more infectious preparation
of SIVmac239.

Perhaps the most important difference between the two studies was in the genetic
makeup of the RMs used, i.e., Chinese origin in the first study and Indian origin in the
second experiment. As mentioned above, this difference reflected an explicit decision
to attempt to extend the observations reported from the initial study of Chinese-origin
RMs to the Indian-origin RM system that is most commonly used as a preclinical NHP
model for HIV/AIDS vaccine development.

In this context, the absence of an antibody response to SIV Env in all 54 Indian RMs
included in this study represents an important finding. In particular, the lack of
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response observed in the 10 RMs that were intragastrically vaccinated with iSIV alone
is in strong contrast to the anti-SIV Env antibody response observed in the four Chinese
RMs vaccinated with iSIV alone (12). In addition, the absence of viral suppression in the
17 Indian RMs that received iSIV-L. plantarum indicates that the CD8� T cell-mediated
regulatory responses that elicited viral suppression in Chinese RMs were not induced
(or were not functional) in vaccinated Indian RMs. It is conceivable that this lack of
immune responses in Indian RMs contributed to their lack of protection against SIV
challenge.

The observed differences in immune responses between Indian and Chinese RMs
after intragastric immunization are most likely of genetic origin. At this time, full-
genome sequences of both Indian- and Chinese-origin RMs are available, and compar-
ative analyses of these two subspecies at the genetic level have identified a number of
differences and polymorphisms in immune-related genes that may potentially explain
the protection observed in Chinese RMs and the absence of protection observed in
Indian RMs (13, 14). Consistent with the vaccination success observed in Chinese RMs,
several studies published over the last decade have suggested that the immunogenetic
background of Chinese RMs is much closer to that of humans than to that of Indian RMs
(15–19).

Overall, the results of the current study are very straightforward, as the oral iSIV-L.
plantarum vaccine protected none of the Indian RMs tested, while the same vaccine
prepared by the same team protected most of the Chinese RMs tested. As mentioned
above, it is possible that this discrepancy was caused by the different immunogenetic
responses elicited in the two subspecies of RMs by the same vaccine. Note that the
strong CD8 regulatory T cell activity that prevents CD4� T cell activation and thus
suppresses SIV replication that was discovered in vaccinated Chinese RMs by Andrieu
and Lu has also been found in the so-called “elite controllers,” a rare population
(�1/100) of HIV-infected individuals who maintain undetectable viral loads without
antiretroviral therapy (20). It is therefore possible that Indian RMs are not the appro-
priate model for studying the effects of an oral suppressive vaccine (such as iSIV-L.
plantarum), as they do not have a genetic background allowing a suppressive/regula-
tory CD8� T cell response.

MATERIALS AND METHODS
Animals. Fifty-four healthy, SIV-uninfected, Mamu-B*08-negative, Mamu-B*17-negative Indian rhesus

macaques (RMs) were used in this study. All animals were housed at the Yerkes National Primate
Research Center and maintained in accordance with NIH guidelines. These studies were approved by the
Emory University Institutional Animal Care and Use Committee (IACUC).

Preparation of iSIV and L. plantarum. Detailed methods are given in the original paper by Lu et al.
(12). SIVmac239 was grown in CEM174 cells, and culture supernatant containing an estimated 1 � 1012 RNA
copies was inactivated first with 250 �M 2,2=-dithiodipyridine and then by heating at 56°C for 30 min. The
inactivated virus was then used to inoculate CEM174 cells to verify the lack of measurable residual
infectivity. L. plantarum (ATCC 8014) was cultured at 37°C in MRS medium with a rotation rate of 200 rpm.
To obtain L. plantarum at the logarithmic (mid-log) phase of bacterial culture, bacteria were cultured until
they reached an optical density at 600 nm of 1.0, with a final L. plantarum concentration of �1010 CFU/ml
(�3.5 h) (21).

Characterization of iSIV. Characterization of the inactivated virus preparation provided by Andrieu
also included SDS-PAGE and immunoblot analysis under reducing and nonreducing conditions, which
showed a complex profile of mostly non-SIV proteins but did confirm the presence of SIV gp120(SU),
gp41(TM), p28(CA), and p8(NC) in the preparation, with the nonreducing analysis showing apparent
cross-linking of p28(CA) and p8(NC) proteins, as expected for 2,2=-dithiodipyridine-treated virions
(22–24). p28(CA) content was estimated to be approximately 15 �g/ml based on SDS-PAGE analysis. The
SIV gag RNA content was estimated at approximately 3 � 1011 copies/ml, based on the averaged values
for triplicate determinations across a 3-log dilution series in a quantitative reverse transcription-PCR
(qRT-PCR) assay, as described in detail previously (25).

The residual 2,2=-dithiodipyridine concentration in the preparation provided, determined by high-
pressure liquid chromatography (HPLC) analysis, was 4 to 5 ng/ml. The provided reagent was confirmed
to be SIVmac251 by sequence analysis (99.1% Env similarity with SIVmac239, provided by N. L. Letvin and
D. H. Barouch of Harvard University; 98.5% similarity with virus provided by R. S. Veazey of Tulane
University; 98.7% similarity with virus provided by C. J. Miller of UC Davis; 97.9% similarity with virus
provided by R. C. Desrosiers of the University of Miami; and 97.9% similarity with virus provided by the
German Primate Center). No residual virus infectivity was observed as assessed using the Tzm/bl cell
assay.
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Independent verification of L. plantarum. Freeze-dried L. plantarum powder was received and
stored at �80°C until processing. For 16S rRNA gene sequencing, powder was streaked onto the
following three media for colony isolation, for purity analysis, and to obtain the 16S rRNA gene sequence:
(i) plate count agar (PCA) (incubated aerobically at 30°C), (ii) Luria-Bertani (LB) agar (incubated aerobically
at 37°C), and (iii) MRS plates (incubated anaerobically at 37°C). L. plantarum grew on all media. A total
of 11 different colonies from the 3 plates were picked for 16S rRNA gene colony PCR. BLAST searches
showed that all 11 colonies exhibited 100% identity to L. plantarum. For cell counts, 0.5 g of powder was
diluted in 49.5 ml of 0.1� MRS medium in triplicate, and serial dilutions were performed in that diluent.
The dilutions were spiral plated onto MRS plates and incubated anaerobically at 37°C for 3 days, and the
white colonies were counted on a protocol counter. The average 	 standard deviation (SD) colony count
was 3.03 � 1010 	 3.92 � 109 CFU/0.5 g of powder. In summary, identification by 16S rRNA gene
sequencing showed that the colonies were all L. plantarum, indicating sample purity. The bacterial count
of the freeze-dried powder was approximately 6 � 1010 CFU/g of sample.

Immunization regimen. All immunizations were delivered to anesthetized animals via oral intra-
gastric delivery. Indian-origin RMs were divided into four experimental groups: (i) 17 animals received
iSIV and L. plantarum, (ii) 10 received iSIV only, (iii) 10 received L. plantarum only, and (iv) 17 received a
sham intragastric immunization. All animals received each dose of iSIV and/or L. plantarum every 30 min
for 3 h, for five consecutive days. The amount of L. plantarum administered was 5.4 � 1011 CFU/day, for
a total of 2.7 � 1012 CFU over 5 days. The amount of iSIV administered was 7.2 � 109 copies/day, for a
total dose of 3.6 � 1010 copies over 5 days. Control animals received a sham immunization via the same
method.

Viral challenge. Six months following the final immunization, all RMs were challenged intrarectally
with SIVmac239 (10,000 TCID50), provided by K. Van Rompay of the California National Primate Research
Center, Davis, CA. Animals were considered to be infected if they had �1,000 copies/ml sustained for
multiple time points.

Plasma viral load determination. qRT-PCR to determine the SIVmac239 load was performed as
previously described (26). The sensitivity of the assay as performed is 60 copies/ml of plasma.

Anti-SIV Env antibodies. SIV Env-specific binding Abs were measured by use of an enzyme-linked
immunosorbent assay (ELISA) with commercially purchased SIVmac239 gp140 antigen (Immune Technol-
ogy Corp., New York, NY) as described previously (27). Briefly, ELISA plates (Costar; Corning Life Sciences,
Lowell, MA) were coated with SIVmac239 gp140 (0.5 �g/ml) overnight at 4°C. Plates were washed and
blocked for 1 h (phosphate-buffered saline [PBS]–Tween with 4% whey and 5% dry milk). Test sera was
added to duplicate wells in serial 3-fold dilutions and incubated for 2 h. Plates were then washed, and
bound Ab was detected using peroxidase-conjugated anti-monkey IgG (Accurate Chemical and Scientific,
Westbury, NY) and tetramethylbenzidine substrate (KPL, Gaithersburg, MD). Reactions were stopped by
addition of 100 �l of 1 N H3PO4. Each plate included a standard curve generated using goat anti-monkey
IgG and rhesus macaque IgG (both from Accurate Chemical and Scientific Corp.). Standard curves were
fitted, and sample concentrations were interpolated to nanograms of Ab per milliliter of serum by using
SOFTmax 2.3 software (Molecular Devices, Sunnyvale, CA). The concentrations of IgG are relative to our
standard curve and are not absolute values.

Power calculation. Power calculations to determine the appropriate animal number for this exper-
iment were conducted in collaboration with Steve Self of the University of Washington, Seattle, WA. In
particular, the number 17 for the iSIV-L. plantarum and control groups was powered at 60% efficacy and
with good robustness to deal with the possibility of 1 or 2 noninfections in the control group. For
the single-component arms (i.e., iSIV alone and L. plantarum alone), the number 10 was chosen with the
awareness that the smaller group size might increase the possibility of type 1 errors of the tests in the
comparison with the other groups. This decision was made in order to be able to address whether (i)
each single-component arm is “noninferior” to the two-component arm, (ii) each single-component arm
has a positive efficacy relative to that of placebo, and (iii) there is a positive interaction between iSIV and
L. plantarum that delivers a level of protective efficacy greater than that predicted from the efficacies of
the single-component arms. This assessment involved outcomes for all four experimental groups for
which a formal test for interaction was made and defined the real scientific issues that motivated
inclusion of the two single-component arms in the design.

Statistical analyses. Measurements among all treatment groups were performed in GraphPad Prism
(version 5.0f), using the parametric t test or nonparametric Mann-Whitney test as well as one-way analysis
of variance (ANOVA) with Bonferroni multiple-comparison adjustments. Mixed-effects regression analysis
of viral loads, CD4 counts, and CD4 percentages was also performed in R (v3.3.3). The slopes for each
immunization group were compared to those for the control group to determine the statistical
significance of the impact of each immunization on CD4� T cell counts and viral loads.
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