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Abstract

Effective preventive measures against HI\VV must function near the time of virus transmission to
prevent the establishment of a chronic infection. Low-dose SIV/SHIV infections by multiple
routes lead to remarkably rapid systemic dissemination of virus and large numbers of infected
cells during the initial weeks of the acute infection. Here we describe the narrow time-frame
during which potent post-exposure interventions such as anti-retroviral therapy or the
administration of high-titered neutralizing antibodies can block the establishment of the in vivo
infection. This short window of opportunity is applicable to HIV infections and represents a
formidable challenge for developing effective chemoprophylaxis and vaccine approaches.
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Introduction

Because once an HIV-1 infection is established it cannot be eradicated, the period
immediately following exposure to virus becomes a most critical phase of the infection. This
interval may be the only time when preventive measures can completely block the process
of “virus acquisition”, the current focus of HIV vaccine and pre-exposure chemoprophylaxis
approaches [1,2]. For practical reasons, it has been difficult to determine this “window of
opportunity” for HIV because so few patients, with an unequivocally determined time of
exposure, have been monitored by frequent sampling of clinical specimens. Historically,
numerous temporal parameters of early HIV-1 infection have been measured including the
onset of symptoms, seroconversion, p24 antigenemia, virus isolation, and more recently,
determinations of plasma viral RNA and cell-associated viral DNA. The results of many
studies have given rise to the notion that the “eclipse” period for HIV-1, during which virus
is undetectable in the blood, lasts for 10 days and that the peak of viremia may not occur for
more than three weeks following HIV-1 transmission [3-5].

Simian immunodeficiency virus (SIV) and SIV/HIV chimeric viruses (SHIVSs) have been
extensively used as surrogates for HIV-1 to study the dynamics of the acute virus infection.
Unlike exposed humans, the properties of the virus inoculum, the precise time of virus
exposure, dose size, and route of transmission are all known ahead of time. Depending on
the research goal, each of these parameters can be altered to investigate specific questions
relevant to the transmission, establishment, and kinetics of the acute HIV-1 infection in
humans. In this regard, there are at least two critical issues pertaining to the “window of
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opportunity” for intervention during the acute infection: 1) the identity of the initial cell
type(s) targeted by the incoming virus and their activation status and 2) the rate of systemic
virus spread, as monitored by the total number of infected CD4* T lymphocytes in an
exposed individual at different times following virus transmission. By evaluating these
parameters, the SIV/SHIV macaque model has provided important answers to both
questions.

Transmission route and inoculum size considerations

Traditionally, experimental animals have been inoculated with viruses by the intravenous
(IV), intramuscular, and the oral routes. For SIV and SHIV studies, the IV route has been
extensively used in natural history and pathogenesis experiments and is the most reliable and
direct way to establish infections and to disseminate virus to tissues/organs throughout the
body. 1V inoculated SIVs and SHIVs are rapidly delivered to secondary lymphoid tissues
and the GI tract where virus replication proceeds exponentially, heralding the onset of the
systemic infection. The IV route has been used to model drug user/blood transfusion, and
possibly, needle-stick transmissions of HIV-1.

Mucosal inoculation of SIVs and SHIVs has become the route of choice for vaccine
experiments, although it is now appreciated that virus can rapidly cross the mucosal barrier
[6]. Following the penetration of the epithelial cell layer, “founder infections” are
established in CD4* memory T cells residing in the submucosa where the progeny virus
population expands [7,8]. Translocation of virus and infected cells to draining lymphoid
tissue/lymph nodes ushers in the systemic phase of the acute infection, resulting in an
exponential increase of progeny virion production. Intrarectal inoculation of SIV and SHIV,
modeling male to male transmission, typically results in a modest delay in the appearance of
peak plasma viremia versus inoculation by the 1V route, when comparable inoculum sizes
are administered (see below). This delay presumably reflects the additional time required to
penetrate the colonic columnar epithelial barrier and to establish a local infection in the
submucosa. Vaginal transmission of SIV and SHIV is thought by some to be slower than
when virus inoculation occurs by the IV and intrarectal routes [9]. This additional delay
could reflect the relative paucity of lymphoid tissue adjacent to submucosal founder
infections and/or suppressive effects of innate immune responses in the female genitourinary
tract [10,11]. Representative patterns of SIV replication following low dose inoculation by
different routes are shown in Fig. 1.

Inter-comparisons of dose effects following inoculation by parenteral and non-parenteral
routes can be problematic. First, dose size based on infectivity (viz. TCIDsgg) is dependent on
the cell types used for: 1) preparation of the virus stock; and 2) the assay used to measure
infectivity. Dose size based on viral RNA copy number or Gag protein content will be
affected by the amount of defective virions present in the challenge stock. Second, passage
through a mucosal barrier can be affected by multiple factors compared to intravenous
inoculation, where a clear relationship exists between inoculum size and the rate at which
virus is disseminated systemically [12,13].

When rhesus macaques are inoculated IV with a relatively low dose (viz. 100 TCIDsq) of
SIVmac239, peak plasma viremia occurs between days 10 to 14 PI, whereas inoculation of
10,000 TCIDs accelerates this phase of the infection by 3 or 4 days (Fig. 1 inset) [14,15]. A
study of SIVmac251 titration by the IR route (10% down to 102 TCIDs) reported that
plasma viral RNA was initially detected 4 to 8.5 days PI, depending on the inoculum size
[16]. In the 2 of 6 animals that became infected at the dilution endpoint (103 TCIDs), peak
plasma viremia occurred at day 14 PI. It is worth noting that inoculation of macaques with
as little as 1 TCIDs of SIV by the 1V route can establish infections leading to AIDS,
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indicating the inefficiency of transmission by the rectal route [13]. Another study, evaluating
repeated low dose IR inoculation of SIVSmEG60 or SIVmac239, reported that peak plasma
viral RNA loads were attained within 1 to 2 weeks of the last unsuccessful inoculation [17].
Single genome analyses of virus transmitted by repeated low dose rectal inoculation of
uncloned SIVSmEG60 or SIVmac251 revealed the presence of one or a few viruses in
plasma prior to peak viremia, a result similar to that found in humans exposed to HIV-1 by
mucosal routes [17,18]. Taken together, these results suggest that once the mucosal barrier is
penetrated by an infectious particle, the replication kinetics and systemic spread of SIV are
similar to those reported for low dose inoculation by the IV route (Fig. 1).

Less data is available relating inoculum size and SIV infection kinetics following
intravaginal (I'\Vag) inoculation. When analyzed in the absence of hormones that cause
thinning of the vaginal epithelium, inoculation with 10° or 104 TCIDs led to the
establishment of SIVmac251 infection in 20 of 20 animals, whereas macaques receiving 103
TCIDsg only became transiently viremic (intermittent virus isolations from PBMC and no
detectable cell-associated viral DNA) [19]. Based on inoculum size alone, this result would
make SIV transmission by the 1VVag route 10-fold less efficient than virus administered
rectally [17]. In a study examining repeated low dose (1000 TCIDsg) IVag inoculation of
SIVmac251, rhesus monkeys became infected 2 to 3 weeks following a prior unsuccessful
challenge [20]. This is somewhat slower than the kinetics reported for low dose inoculation
of SIV by the IR route. Some low dose 1Vag inoculated animals experienced the transient
plasma viremia described above before developing a prototypical SIV systemic infection.

The dynamics of virus replication and systemic dissemination during the
acute infection

Because of obvious logistic difficulties in obtaining clinical specimens in a timely fashion,
very little is known about virus and infected cell dynamics during the early phase of acute
HIV-1 infections. Nonetheless, studies using the SIVV/macaque model had revealed that the
gastrointestinal tract was a major site of virus replication and CD4* T cell loss during acute
SIV infections [21,22]. This result stimulated several groups, including our own, to examine
the effects of SIV and SHIV on CD4" T cell subset loss as well as the levels of plasma viral
RNA and cell-associated viral DNA during the initial weeks of the acute infection. Not
unexpectedly, high numbers of infected cells were detected in the blood between days 7 to
10 post inoculation. The results from one study reported that the frequency of SIV infected
memory CD4* T cells, recovered from the blood, inguinal and mesenteric lymph nodes, and
jejunal mucosa, peaked at day 10 PI [23]. Surprisingly, the fraction of memory CD4* T cells
from each of these tissues carrying SIV DNA was extraordinarily high -- ranging from 30 to
60% of the total memory cells analyzed (Fig. 2a). This unexpected massive infection of
memory CD4* T cells was associated with a corresponding rapid systemic depletion of this
T cell subset during the acute infection.

Unlike SIV and HIV-1, pathogenic X4 SHIVs exclusively utilize the CXCR4 chemokine
receptor during infections of rhesus macaques [24]. The expression of CXCR4 on virtually
all naive and a significant fraction of memory CD4* T lymphocytes makes both subsets the
target of SHIVs and explains the characteristic rapid, irreversible, and complete depletion of
CD4™* T cells that occurs in virus infected animals [25-27]. Live cell sorting followed by
limiting-dilution cocultivation with macaque PBMC was used to determine the frequencies
of naive or memory CD4* T cells releasing infectious SHIV during the acute infection. The
results obtained in three infected animals were quite striking (Fig. 2b). On day 10 PI, 30 to
90% of total circulating naive CD4* T cells were producing infectious particles.
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For many years, a prevailing dogma was the HIV and SIV were unable to replicate in
quiescent CD4* T cells [28,29]. Because naive CD4* T cells are prototypical “resting” cells
and the frequency of SHIV-infected naive CD4* T lymphocytes releasing infectious
particles at day 10 PI was enormous, it became imperative to verify the activation status of
these virus-producing population. Immunophenotyping by flow cytometery revealed that
during the period of prodigious virus production and systemic dissemination, naive CD4* T
cells did not express the Ki-67, HLA-DR, or CD69 activation markers [30]. This result was
also confirmed by combined in situ hybridization/immunohistochemistry, which indicated
that virtually none of the SHIV producing cells in the mesenteric lymph node was co-
expressing the Ki-67 activation marker (Fig. 3). These results were also concordant with
reports demonstrating that during the acute SIV infection, virus producing memory CD4* T
cells in lymph nodes or colon submucosa exhibited a non-activated phenotype [8,31].

Another dogma involving HIV and resting CD4* T lymphocytes is that integration of viral
DNA is blocked in quiescent cells. Limiting-dilution Alu-LTR PCR was therefore used to
ascertain the integration status of viral DNA in the large population of infected, non-
activated CD4" T cells during the acute SHIV infection [32]. As shown in Fig. 2c, a
remarkably high proportion of these cells were found to contain integrated viral DNA.
Taken together, the results presented in the three panels of Fig. 2 use independent assays,
measuring different parameters, to show that enormous numbers of resting CD4* T cells are
infected by SIV and SHIVs during acute infections of rhesus monkeys. These include CD4*
T lymphocytes circulating in the blood, present in secondary lymphoid tissues, such as
lymph nodes, spleen, and tonsils, and mucosal associated locations such as the Gl tract.
Based on the high frequencies of SIV/SHIV infected cells in the blood and tissues by days 7
to 10 PI, a conservative estimate would predict that 10° to 1019 CD4* T cells (corresponding
to 1% and 10% of total body CD4* T lymphocytes, respectively, in a 5 kg macaque) might
be infected at this time [33-35].

Can acute SIV or SHIV infections of macaques be blocked?

A previous study reported that initiating a 28-day course of a potent anti-retroviral therapy
(ART) at 24h PI prevented SIV infections in rhesus macaques [36]. In contrast, extending
the time of treatment start from 24h to 72h post SIV inoculation resulted in subsequent
uncontrolled virus replication and disease development. In a follow-up study, ART was
delayed until 48h post intravenous inoculation (100 TCIDgg SIVmac239) to allow a
“controlled” establishment of the viral infection and possibly enable an immune system,
sensitized to low levels of virus replication, to suppress SIV when treatment was
discontinued [14]. As shown in Fig. 4a, plasma viral RNA levels were below detection
limits in four of the six macaques during the 4 weeks of ART. In addition, memory CD4* T
cells in the blood and at an effector site (lungs) were maintained at pre-infection levels
during the period of drug administration. Unfortunately, plasma viremia became detectable
in the treated animals immediately following the cessation of ART. All six of these SIV
infected macaques eventually developed immunodeficiency and were euthanized between
weeks 34 and 174 PI. These results indicate that the prevention of virus induced injury to the
immune system, by potently suppressing SIV replication beginning at 48 P1 for one month,
did not result in subsequent control of the virus infection following cessation of treatment.

Passive transfer of antiviral neutralizing antibodies (NAbs) to macaques can confer
sterilizing protection when present at sufficient titers prior to an SHIV challenge [37-40].
To determine how soon following virus exposure NAbs must be present to block the
establishment of a virus infection, high-titered anti-SHIV 1gG, known to prevent virus
acquisition, was administered to macaques at 6 or 24h following the intravenous inoculation
of 75 TCIDgq of virus [41]. Sterilizing protection was achieved in three of four animals
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receiving neutralizing 1gG 6 hours following SHIV inoculation, as monitored by DNA and
RT-PCR of circulating PBMC and plasma, respectively, and attempted virus isolations from
plasma, PBMC and lymph node specimens (Fig. 4B). Although virus replication was
suppressed for more than 4 weeks in the fourth animal, plasma viremia and cell-associated
viral DNA subsequently became detectable. In contrast to these results, transfer of NAbs to
two monkeys 24h post exposure delayed, but did not block, SHIV infection in either animal.
Compared to macaques receiving post-exposure ART (protection up to 24h post virus
exposure), the time interval during which SHIV acquisition can be prevented by
administering NAbs was significantly reduced (up to 6h PI).

is the “window of opportunity” for blocking the establishment of

an HIV infection?

The answer to this question has always been problematic because the time of HIV exposure
is rarely precisely known. However, is it reasonable to think that HIV has an eclipse period
lasting for 10 days or that the peak level of plasma viremia is delayed for more than 3 weeks
in a recently exposed individual [3,17]? A hypothetical HIV replication profile incorporating
these two parameters is presented in Fig. 1. One could argue that SIV/SHIV and HIV have
fundamentally different biological properties, which affect virus acquisition, or that the very
short intervention times for preventing the establishment of SIV/SHIV infections by
administering post-exposure NAbs and ART are inappropriate because the virus challenges
were intravenous. Route dependent transmission differences are not the critical factors
explaining the purported long delay in establishing HIV infections. Rather, the fundamental
determinant that would mitigate this supposed difference is the guiding principle of
virology: an infection is initiated when a single infectious particle enters a susceptible cell.
For HIV sexual transmission, this occurs when an infectious virion successfully penetrates
the vaginal/rectal mucosa and enters a CD4* T lymphocyte to establish a founder infection
[7,8]. Subsequent spread to secondary lymphoid tissues leads to the systemic phase of the
acute infection, the time when plasma viremia first becomes detectable in exposed
individuals. In this regard, there is no a priori reason to believe that infectious SIV/SHIV
particles in the submucosa would interact with dendritic and/or CD4* T cells and be
transferred to regional lymph nodes in a fundamentally different manner than HIV.
Furthermore, although higher exponential growth rates and reproduction ratios have been
proposed for SIV versus HIV [42,43], the “ramp up” virus replication periods (lasting 12 to
14 days), measured in recently HIV exposed individuals [3,44], are similar to the values for
SIV/SHIV in macaques.

A Swedish study of primary HIV-1 infections (transmission by homosexual and
heterosexual intercourse/needle sharing) in patients with single and determinable exposure
times is consistent with relatively short virus eclipse and exponential expansion phases. In
this cohort, 12 of 15 individuals experienced clinical symptoms 13 to 15 days following
exposure and plasma viral RNA initially became detectable during the week preceding the
onset of illness [45,46]. When considered together with the exponential HIV-1 replication
rates reported for recently infected persons cited above [3,44], these results are not that
different from those observed for SIV/SHIV. The HIV infectivity profile during acute
infection shown in Fig. 1, based on hypothetical eclipse phases and time of peak plasma
viremia, should therefore be shifted much closer to the time of virus transmission.

Conclusion

Currently there are no data describing the kinetics of systemic virus dissemination following
exposure to HIV-1. However, given the likelihood that the total number of infected CD4* T
cells increases from 0 to more than 101 in SIV/SHIV infected macaques during the first 10
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days of the acute infection, the critical time frame for interdicting HIV-1 acquisition may
also be quite narrow — perhaps as short as one or two replication cycles after transmission,
depending on the local density of CD4* T cell targets at the founder infection site. This
would be consistent with the recommendation to initiate post-exposure HIV prophylaxis as
soon as possible following needle stick injury. Treatment beginning at 72h following
exposure is unlikely to be of benefit [47]. The rapid systemic dissemination of virus in
exposed individuals therefore presents a formidable challenge for developing an effective
prophylactic HIV vaccine.
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Figure 1.
Representative SIV infectivity profiles in rhesus macaques following low dose inoculations
by different routes. The curves shown are based on reports for inoculation of SIV by the IV
(100 TCIDsgg) [14], IR (930 TCIDsg) [16], and 1VVag (1000 TCIDsgq) [20] routes. The
hypothetical HIV curve is based on an eclipse period of 10 days and peak levels of plasma
viremia occuring on day 25 post exposure [3,17]. The inset depicts the levels of plasma
viremia measured in macaques inoculated with 100 or 10,000 TCIDsg of SIVmac239 by the
IV route [14,15].
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Figure 2.

Massive numbers of CD4* T lymphocytes become infected systemically by SIV and SHIV
during the acute infection. (a) Cell-associated viral DNA present in memory CD4* T cells,
recovered and sorted from the indicated tissues of SIVmac 251 infected animals (adapted
from reference [23]. (b) Percentage of naive and memory CD4" T cells releasing infectious
particles (limiting-dilution/co-cultivation with uninfected PBMC) on days 6 and 10
following IV SHIVpnH12r inoculation (adapted from reference [30]). (c) Frequency of naive
and memory CD4" T cells containing integrated viral DNA in 4 monkeys at day 10 post
SHIVpH12r infection (adapted from reference [32]).
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Figure 3.

Virus producing lymph node cells from macaques are not activated during the acute
infection. Mesenteric lymph node sections from two SHIVpy12R infected monkeys (day 10
P1) were analyzed by combined immunostaining for Ki-67 (red) and in situ hybridization
(green) (adapted from reference [30]). Superimposed images are shown in the right panels.
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Figure 4.

Post-exposure administration of an anti-retroviral drug or NAbs. (a) A 4-week course of the
reverse transcriptase inhibitor, tenofovir, was initiated in 6 animals, 48h following IV
inoculation of 100 TCIDs5q of SIVmac239 (colored curves). Two untreated monkeys (black
curves) served as controls (adapted from reference [41]). (b) Polyclonal anti-viral NAbs
were transferred at 6h (four macaques) or 24h (2 macaques) post IV inoculation of
SHIVpu12 (75 TCIDsg). The dashed curves represent two recipients of non-neutralizing
antibodies (adapted from reference [41]).
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