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Defining the earliest virologic events following human immunodeficiency virus type 1 (HIV-1) transmission
may be critical for the design of vaccine strategies aimed at blocking acquisition of HIV-1 infection. In
particular, the length of the eclipse phase and the number of transmitted virus variants may define the window
in which a prophylactic vaccine must act. Here we show that the dose of the virus inoculum affects these key
virologic parameters following intrarectal simian immunodeficiency virus (SIV) infection of rhesus monkeys.
Low-dose SIV infection resulted in a lengthened eclipse phase, fewer transmitted virus variants, and decreased
innate immune activation compared with these parameters in high-dose SIV infection. These data suggest a
mechanism by which it may be considerably easier for a vaccine to protect against low-risk HIV-1 transmission
than against high-risk HIV-1 transmission. These findings have implications for the design and interpretation

of HIV-1 vaccine efficacy studies.

Mucosal human immunodeficiency virus type 1 (HIV-1)
transmission in humans and simian immunodeficiency virus
(SIV) infection in rhesus monkeys are characterized by a lim-
ited number of transmitted/founder virus variants (5, 6). A
vaccine aimed at preventing the acquisition of infection would
need to block these infecting virus variants in the mucosa
during the eclipse phase of infection prior to systemic viremia
in order to prevent the establishment of permanent virus res-
ervoirs. Determining the length and characteristics of the
eclipse phase is therefore critical in defining the window of
vulnerability of the virus to vaccine-elicited humoral and cel-
lular immune responses. In this study, we assessed the effect of
the dose of the virus inoculum on the length of the eclipse
phase, the number of transmitted virus variants, and the innate
and adaptive immune responses following atraumatic intrarec-
tal SIV infection of rhesus monkeys.

Materials and methods. Outbred adult rhesus monkeys (4 to
16 years old) that did not express the major histocompatibility
complex (MHC) class I alleles Mamu-A*01, Mamu-B*08, and
Mamu-B*17 were housed at New England Primate Research
Center (NEPRC), Southborough, MA. Animals were inocu-
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lated once by the intrarectal route with a 1:1, 1:10, 1:100, or
1:1,000 dilution of our SIVmac251 challenge stock (n =
6/group). This challenge stock was derived by expanding a
previously described virus stock (6, 8) in human peripheral
blood mononuclear cells (PBMC) stimulated with concanava-
lin A and interleukin-2 (IL-2). The genotypic diversity of the
two stocks was indistinguishable (data not shown). The new
challenge stock had a concentration of 1 X 10° SIV RNA
copies/ml and a 50% tissue culture infective dose (TCIDs)
titer in TZM-bl cells of 9.3 X 10°/ml. The virus was diluted by
serial 10-fold dilutions in RPMI containing 10% fetal bovine
serum. A 1-ml inoculation was administered atraumatically by
the intrarectal route to anesthetized animals, using a 3-ml
syringe and a flexible catheter. Plasma SIV RNA levels were
determined on days 0, 1, 2, 4, 7, 10, 14, 21, and 28 and then
every other week following infection (Siemans Diagnostics).
All animal studies were approved by the Harvard Medical
School Institutional Animal Care and Use Committee
(IACUC).

Transmitted/founder viruses and their progeny were identi-
fied by single-genome amplification (SGA) of plasma SIV
RNA, direct amplicon sequencing, and phylogenetic analysis
within the context of a model of random virus evolution (5-7).
SGA was performed by extracting SIV RNA from plasma or
culture supernatant and performing limiting-dilution PCR of
newly synthesized cDNA. Although the inoculum sequences
proportionally represent the challenge stock, they do not rep-
resent a comprehensive sampling of the challenge stock. A
total of 525 full-length gp160 env sequences (range, 26 to 33,
and median, 29 sequences per animal) were generated from
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the 18 productively infected monkeys. Twenty-seven full-
length gp160 env sequences were also generated from the chal-
lenge stock. Transmitted/founder virus lineages were identified
by low-diversity sequence lineages as previously described (5,
6) and by single sequences with unique mutations that ex-
ceeded the number predicted by mathematical modeling (>4
mutations per 2,600 bp of env, or >0.15%) and measured
empirically to occur within the first 10 days of infection. In
animals infected by larger numbers of viruses, recombination
may have confounded the identification of certain transmitted/
founder virus lineages. Phylogenetic trees were generated by
the neighbor-joining method using ClustalW or PAUP* and
were evaluated for significance by bootstrapping.

Twenty-three cytokines were measured in serum using a
nonhuman primate cytokine Milliplex kit (Millipore) accord-
ing to the manufacturer’s instructions. The cytokines included
IL-1B, IL-1Re, IL-2, IL-4, IL-5, IL-6, 1L-8, IL-10, IL-12/23
(p40), IL-13, IL-15, IL-17, IL-18, gamma interferon (IFN-vy),
granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage (GM)-CSF, monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-la (MIP-1a),
MIP-1B, tumor necrosis factor alpha (TNF-a), transforming
growth factor B (TGF-B), sCD40L, and vascular endothelial
growth factor (VEGF). Serum samples were incubated with
antibody-coupled beads overnight, followed by incubation with
a biotinylated detection antibody and streptavidin-phyco-
erythrin (PE). Each sample was assayed in duplicate, and cy-
tokine standards supplied by the manufacturer were run on
each plate. Multianalyte profiling was performed using a Lu-
minex-100 system, and data were analyzed using BioPlex man-
ager software, version 4.1 (Bio-Rad). IFN-a was measured
using a human IFN-a enzyme-linked immunosorbent assay
(ELISA) kit (PBL Interferon Source). The median levels of
each analyte per group are reported.

SIV-specific cellular immune responses were assessed by
IFN-y enzyme-linked immunospot (ELISPOT) assays utilizing
pooled SIV Gag, Pol, Nef, and Env peptides essentially as
described previously (11). Flow cytometric assessments of T
lymphocyte subsets utilized the following monoclonal antibod-
ies (MADs): anti-CD3-Alexa Fluor 700 (SP34), anti-CD4-
AmCyan (L200), anti-CD8-antigen-presenting cell (APC)-Cy7
(SK1), anti-CD28-peridinin chlorophyll protein (PerCP)-Cy5.5
(L293), anti-CD95-APC (DX2), anti-CCR5-PE (3A9), anti-
HLA-DR-PE-Cy7 (L243), and anti-Ki67-fluorescein isothio-
cyanate (FITC) (B56).

SIV-specific humoral IgG responses were evaluated by a
Luminex assay to measure binding antibodies as previously
described (19). Briefly, STIVmac239 Gag p55 (Protein Sciences)
and Env gp140 (provided by Bing Chen, Children’s Hospital,
Boston, MA) were coupled to microspheres (Bio-Rad) and
incubated with serial dilutions of serum, and specific antibody
binding was detected using a biotinylated anti-monkey IgG
(Rockland). Positive and negative monkey serum controls
were used in each assay, and the midpoint titer (50% effective
concentration [ECs,]) of each sample was calculated using the
four-parameter logistic model (4PL) fit. The median titers per
group are reported.

Statistical analyses were conducted using GraphPad Prism,
version 5. The comparisons of eclipse phase length, transmit-
ted/founder variants, and innate and adaptive immune param-
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eters utilized the 2-sided Wilcoxon rank-sum test. P values of
<0.05 were considered significant.

Results and discussion. Twenty-four naive adult rhesus
monkeys (n = 6/group) received a single intrarectal inocula-
tion with 1 ml of a 1:1, 1:10, 1:100, or 1:1,000 dilution of our
SIVmac251 challenge stock, reflecting virus doses of 10°, 108,
107, or 10° SIV RNA copies (9.3 X 10°, 9.3 X 10% 9.3 X 10,
or 9.3 X 10% TCIDsy,), respectively. This virus stock was derived
by expanding a previously described challenge stock (6, 8) in
human PBMC, and the genotypic diversity of the two stocks
was indistinguishable (data not shown). As expected, decreas-
ing the virus inoculum dose resulted in reduced infectivity. The
1:1 dilution resulted in 100% (6/6) infectivity, the 1:10 and
1:100 dilutions resulted in 83% (5/6) infectivity, and the 1:1,000
dilution resulted in 33% (2/6) infectivity after a single intrar-
ectal inoculation (Fig. 1A). To characterize the length of the
eclipse phase, plasma SIV RNA levels were determined on
days 0, 1, 2, 4,7, 10, 14, and 21 following infection. All infected
monkeys exhibited comparable levels of plasma SIV RNA on
day 21, indicating robust virus replication in all groups (Fig.
1B). However, we observed substantial differences in the
length of the eclipse phase, which we defined as the time to the
first positive plasma SIV RNA. Monkeys infected by the 1:1,
1:10, 1:100, or 1:1,000 dilution of virus exhibited their first
positive peripheral plasma SIV RNA levels (>50 copies/ml)
after a median of 4, 4, 7, or 8.5 days, respectively (Fig. 1C and
D and Table 1). In particular, monkeys infected by the 1:100
and 1:1,000 dilutions exhibited significantly longer eclipse
phases than monkeys infected by the 1:1 and 1:10 dilutions (P
= 0.01, two-sided Wilcoxon rank-sum test). Following the
eclipse phase, virus replication kinetics appeared comparable
among all groups, with parallel slopes of increasing SIV RNA
levels and similar peak SIV RNA levels (Fig. 1D), comparable
with the results of previous studies (8, 11, 20, 21).

We next determined the number of transmitted/founder vi-
rus variants that established infection by assessing the phylo-
genetic patterns of env diversity in each animal on day 10
following infection, utilizing single-genome amplification
(SGA) and direct amplicon sequencing (5, 6, 15, 16). Monkeys
infected by the 1:1 and 1:10 dilutions of virus were character-
ized by a median of more than 10 transmitted/founder virus
variants with lineages found throughout the challenge inocu-
lum tree (Fig. 2A and B and Table 1). Precise estimation of the
numbers of transmitted/founder viruses in these groups was
not possible due to their large numbers, similar to previous
findings with intravenously inoculated animals (6). In contrast,
monkeys infected by the 1:100 dilution of virus exhibited a
median of 2 transmitted/founder virus variants, and the two
animals infected by the 1:1,000 dilution each showed only a
single transmitted/founder virus variant, with 95% confidence
of detecting a minor variant representing at least 5% of the
population (Fig. 2C and D and Table 1). These data demon-
strate that monkeys that received the 1:100 and 1:1,000 dilu-
tions were infected by significantly fewer transmitted/founder
virus variants than monkeys infected by the 1:1 and 1:10 dilu-
tions (P = 0.0002, two-sided Wilcoxon rank-sum test). Virus
diversification conformed to a model of random evolution, and
transmitted/founder virus sequences could be identified unam-
biguously in the lower dose groups. Analysis of transmitted
lineages from each animal compared to the inoculum revealed
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FIG. 1. Replication kinetics of acute SIV infection. Rhesus monkeys (n = 6/group) were inoculated by the intrarectal route with 1 ml of a 1:1,
1:10, 1:100, or 1:1,000 dilution of our SIVmac251 stock. (A) Fraction of monkeys infected in each group. (B) SIV RNA levels on day 21 following
infection. (C and D) SIV RNA levels of all monkeys (C) and median SIV RNA levels in each group from day 0 to day 14 (D).

no preferential transmission regardless of dose. Since the num-
ber of variants ranged from many more than 10 down to single
variant, these data suggest that susceptible target cells in the
colorectal mucosa were not a limiting factor for virus trans-
mission. Furthermore, these data suggest that the challenge
inoculum can be limited to control the number of transmitted
variants, thus providing a unique opportunity to probe early
viral and immune events.

We evaluated serum cytokine and chemokine levels follow-
ing infection by performing ELISA and Luminex assays (17).
Analytes that increased during acute SIV infection (IFN-vy,
IFN-q, IL-1Ra, MCP-1, IL-15, and IL-18) showed trends to-
ward lower and delayed median peak levels in the lower dose
groups compared with the trends in the higher dose groups
(Fig. 3). In particular, monkeys infected by the 1:1,000 dilution
of virus exhibited median peak levels of these cytokines on day
14, whereas animals infected by the 1:1 and 1:10 dilutions of
virus demonstrated median peak levels on day 10. These ki-

TABLE 1. Virologic characteristics of acute intrarectal SIV
infection in rhesus monkeys

Median

Dose No. of SIV Infection cclinse Median T/F*
RNA copies rate (%) perio d%days) virus variants
1:1 10° 6/6 (100) 4 >10
1:10 108 5/6 (83) 4 >10
1:100 107 5/6 (83) 7 2
1:1,000 10° 2/6 (33) 8.5 1

“ T/F, transmitted/founder.

netic differences presumably reflected, in part, the increased
length of the eclipse phase in the lower dose groups, but the
magnitudes of these analytes were also reduced despite similar
peak SIV RNA levels (Fig. 1D). These data suggest lower
levels of innate immune activation in the groups that received
the lower doses of virus. The results for the cytokines and
chemokines that showed minimal changes during acute SIV
infection (G-CSF, GM-CSF, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-8,
IL-10, IL-12, IL-13, IL-17, MIP-1&, MIP-1B, sCD40L, TGF-B,
TNF-a, and VEGF) were comparable among groups (data not
shown).

The adaptive SIV-specific cellular immune responses to
Gag, Pol, Nef, and Env, as determined by IFN-y ELISPOT
assays at week 4 following infection, appeared comparable in
all infected monkeys regardless of dose (11) (Fig. 4A) (not
significant). However, monkeys infected by the 1:100 and
1:1,000 dilutions of virus exhibited higher levels of CD28*
CD95™ central and transitional memory CD4" T lymphocytes
than monkeys infected by the 1:1 and 1:10 dilutions of virus
(Fig. 4B) (P = 0.001, two-sided Wilcoxon rank-sum test). SIV-
specific humoral IgG responses (19) to Env gp140 (Fig. 4C)
and Gag p55 (Fig. 4D) also appeared comparable in all in-
fected monkeys regardless of dose, although the kinetics of the
induction of Env-specific antibody responses was slightly de-
layed in the animals that received the 1:1,000 dilution of virus
(Fig. 4C).

Our data demonstrate that the dose of the virus inoculum
affects critical virologic parameters of acute intrarectal SIV
infection of rhesus monkeys. In particular, lower doses of virus
resulted in a longer eclipse phase, fewer transmitted/founder
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FIG. 2. Neighbor-joining phylogenetic trees of transmitted/founder (T/F) viruses and their progeny. (A to D) Env sequences from monkeys
infected by a 1:1 (A), 1:10 (B), 1:100 (C), or 1:1,000 (D) dilution of virus are shown from day 10 following infection, along with the SIVmac251
inoculum sequences. Transmitted/founder virus lineages are most clearly evident in animals inoculated with the two lower doses of virus. Numbers
of transmitted/founder viruses for each animal and group medians are shown. Bootstraps significant at 90% are indicated by asterisks. Low-
diversity transmitted/founder lineage sequences were significantly clustered when sequences from individual animals were analyzed with stock

sequences.

virus variants, and reduced innate immune activation (Table
1). These virologic parameters of acute infection may critically
affect the capacity of a vaccine to block acquisition of infection,
since the eclipse period defines the window of time in which
vaccine-elicited immune responses must act and the number of
transmitted/founder variants defines the diversity of viruses

that must be blocked. In particular, it may be considerably
easier for a vaccine to block a single transmitted virus in a
longer time frame than a swarm of genetically diverse viruses
in a shorter time frame (10). For example, if vaccine-elicited
antibodies could neutralize a fraction of circulating viruses in a
given population, then such a vaccine would be far more likely
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FIG. 3. Cytokine and chemokine levels during acute SIV infection. (A to F) Serum levels of IFN-y (A), IFN-a (B), IL-1Ra (C), MCP-1 (D), IL-15 (E), and
IL-18 (F) in monkeys infected by a 1:1, 1:10, 1:100, or 1:1,000 dilution of virus were determined. Median levels of each analyte are shown for each group.

to protect against a single virion than against multiple geneti-
cally diverse virus variants. We acknowledge, however, that
SIV RNA levels, numbers of transmitted/founder virus vari-
ants, and cytokine levels in plasma may differ in the mucosa as
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compared with the blood. Moreover, the present studies were
conducted by intrarectal SIV infection, and thus, the general-
izability of the conclusions to intravaginal SIV infection re-
mains to be determined (18).
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FIG. 4. Adaptive immune responses during acute SIV infection. (A) SIV Gag-, Pol-, Nef-, and Env-specific cellular immune responses were
determined at week 4 following infection with a 1:1, 1:10, 1:100, or 1:1,000 dilution of virus by performing IFN-y ELISPOT assays. Arrows indicate
animals that did not become infected. SFC, spot-forming cells. (B) Percentages of CD28" CD95™" central and transitional memory CD4" T
lymphocytes (CD4" CM) at week 4 in infected animals. (C and D) SIV Env gp140-specific (C) and Gag p55-specific (D) antibody responses
following infection were determined with a Luminex binding antibody assay. Median IgG responses are shown for each group.
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In the recently completed RV144 study, the ALVAC-AIDSVAX
vaccine regimen afforded 31% protection against the acqui-
sition of HIV-1 infection in a community-based efficacy
study in Thailand (14). Subgroup analyses revealed that the
point estimate of protective efficacy was 40 to 48% in low-
and medium-risk subjects but only 4% in high-risk subjects
(14). Although RV 144 was not formally statistically powered
for such subgroup analyses, these observations nevertheless
raise the important hypothesis that a vaccine may be far
more effective at blocking low-risk HIV-1 transmission than
high-risk HIV-1 transmission. Consistent with these obser-
vations, AIDSVAX alone, as well as an unrelated recombi-
nant adenovirus serotype 5 vector-based vaccine, proved
ineffective at blocking high-risk HIV-1 transmission in in-
travenous drug users and in men who have sex with men (3,
4, 12). High-risk HIV-1 transmission is characterized not
only by increased frequencies of HIV-1 exposure but also by
higher per-exposure transmission risk and higher virus doses
per exposure (2, 13), as well as increased numbers of trans-
mitted/founder virus variants (1, 9). We speculate that the
results of the present studies may offer a potential mecha-
nistic basis for why an HIV-1 vaccine candidate may afford
greater protective efficacy in low-risk than in high-risk pop-
ulations. Taken together, our data suggest that key differ-
ences in the early virologic events of acute infection may
critically affect the capacity of an HIV-1 vaccine candidate
to block acquisition of infection.

Nucleotide sequence accession numbers. All sequences were
deposited in GenBank under accession numbers GU998976 to
GU999527.
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