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Abstract

Although there is increasing evidence that individuals already infected with
HIV-1 can be infected with a heterologous strain of the virus, the extent of protection
against superinfection conferred by the first infection and the biologic consequences of
superinfection are not well understood. We explored these questions in the simian
immunodeficiency virus (SIV)/thesus monkey model of HIV-1/AIDS. gWM@&infected
cohorts of rhesus monkeys with either SIVmac251 or SIVsmE660; and théi@Xposed
animals to the reciprocal virus through intrarectal jg@€ulations. Employing aig@arititative
real-time polymerase chain reaction (QRISPER )@88ay,4#€ determine@the replication
kinetics of the two strains of virus foF20 we€k®. Weibund that primary infection with a
replication-competent ¥ifts did not progeét agaifiSfacquisition of infection by a

heterologoul§ Vir

u§y but 'did,confer gélative control of the superinfecting virus. In animals
that becam@superinfeéted, theére"was a reduction in peak replication and rapid control of

18 relative susceptibility to superinfection was not correlated with

@R4*T celfcount, CD4" memory T cell subsets, cytokine production by virus-specific
€D8" or CD4" cells, or neutralizing antibodies at the time of exposure to the second
virus. Although there were transient increases in viral load of the primary virus and a
modest decline in CD4™ T cell counts after superinfection, there was no evidence of
disease acceleration. These findings indicate that an immunodeficiency virus infection
confers partial protection against a second immunodeficiency virus infection, but this
protection may be mediated by mechanisms other than classical adaptive immune

responses.
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Introduction

Superinfection with human immunodeficiency virus (HIV) is the infection of an
HIV seropositive individual with a second heterologous strain of the virus after infection
with the first infecting strain is established. There is accruing evidence for HIV-1 intza®
and intersubtype superinfection in settings of intravenous drug use, structured tf€atment
interruptions, and with strains that are resistant to antiretroviral dsgs(2, 46,22, 26, 28,

32,39,42, 43, 52, 60, 66). Epidemiologic studies have sugge€stadthat the f{ee

superinfection ranges from rare to as high as 5% pet yeatin high-risk')populations (9, 10,
15, 20, 24, 27, 31, 40, 41, 51, 59, 65¢67)." However, ifTemains unclear how readily
superinfections occur aftgei@iposure 9f @ifinfected individual to a heterologous strain of
virus. Furthermore, th§¥ariables that mag€ontribute to susceptibility or resistance to
superinfegfion, such as the timingOF exposure to a second virus or the immunologic
Stilus of th&@xposediindividual, have not been well-defined. It is also uncertain whether
Sipepinfction is invariably associated with the loss of HIV containment and clinical
deterioration (8, 17, 21, 23, 26, 27, 30, 60). Understanding the risks for and the
biological consequences of HIV superinfection will not only clarify an important clinical
problem, it may also provide important insights into the nature of the immune responses
that may confer protection against the initial acquisition of HIV.

The nonhuman primate model provides an ideal means of studying the
pathogenesis of HIV-1 superinfection. This system allows for control of many important
variables, including the dose, strain, route, and timing of infection. However, there have
only been a few animal studies that have attempted to explore the biology of

superinfection. The implications of these studies are uncertain because they have been
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done in models in which infected monkeys do not develop AIDS and the viruses used are
either replication-incompetent or replicate at low levels (11-13, 18, 36-38, 46-48, 53, 56-
58, 61-64). Therefore, it is unclear whether we can extrapolate from these studies the
frequency HIV-1 superinfection, the implications of superinfection on HIV pathogenesis,
and the feasibility of inducing broadly cross-protective immune responses.

In the present study, we have developed a rhesus monkey modelf@ffiucosal
superinfection to examine whether infection with replicationséompetent SIM€onfers a
relative resistance to superinfection and elucidate thi@fagtors that influence théelinical
course of infection with a second virus. MW@shoW thatalthbugh priofiifection with SIV
does not protect against subsequentifiicosalichallerig@with a heterologous SIV isolate,

the primary infection dg€§"attenuate th@#@plication’capacity of the second virus.
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Materials and Methods

Animals. Fourteen adult rhesus monkeys (Macaca mulatta) were used in this study. All
animals were housed at Bioqual (Rockville, MD) and maintained in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care guidelines at

National Institutes of Health.

SIV challenge stocks. The viruses used in this study included€gll-free uiglonied

pathogenic SIVmac251 and pathogenic SIVsmE66@(kindly providédl by Vangssa Hirsch,
NIAID/NIH). The stock of SIVmac25 Lg@Sex paiiicdon fiuman PBMC and the stock of
SIVsmE660 was expanded on rhestiifnonkgy PBME o initiate intravenous infections,
2.1x10° RNA copies ofiSIVmac251 an@8IVsmB§60 were used. 6.3x10" RNA copies of
SIVmac251fand@i8x 10% @ pies of SIVsmE660 were used for the intrarectal exposures.

Lhese weredoses thagere previously shown to reproducibly initiate mucosal infections

ib THESus monkeysi29).

Quantitative real-time PCR. Plasma SIVmac251 and SIVsmE660 RNA levels were

determined using a two-step quantitative RT-PCR assay. Four sets of strain-specific
probes and primers for gag and env were used to distinguish and quantify SIVmac251
and SIVsmE660. Viral RNA was extracted and purified from plasma using the QIAmp
Viral RNA mini kit (Qiagen, Valencia, CA). RNA were subjected to reverse
transcription (RT) with MultiScribe Reverse Transcriptase (Applied Biosystems, Foster
City, CA) to generate cDNA products for quantitative PCR using the env RT primer 5’-

GAACCCTAGCACAAAGACCCC-3’ and the gag RT primer of 5’-
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GGTGCAGCAAATCCTCT-3’. These primers were designed to anneal to conserved

regions of gag and env that are shared by the two viral strains.

The subsequent qPCR reactions were set up using TagmanGold Mastermix

(Applied Biosystems, Foster City, CA). cDNA were amplified with SIVsmE660 TagMa:

env and gag probes that were labeled with 6-carboxyfluorescein (FAM) and quenc

each sample, analyses for STVmac251 and SIVs

both env and gag. The sequences and in

were as follows:

| Biier/prob Sequence Temp
mae251 gag Forward 5’-TTCGGTCTTAGCTCCATTAGTG-3’ 62°
Revérse 5-AGTTACCACCTATTTGTTGTACTG-3’
Probe 5’-(Quasar)CTCCTCTGCCGCTAGATGGTGCTG-3’
mac251 enu Forward 5’-CCAAGAGAGGGAGACCTCA-3’ 56°
Reverse 5’-CCAAGCCAATCGGAGTGAT-3’
Probe 5’-(Quasar) ACTCCACAGTGACCAGTCTCATAGCA-3’
smE660 gag Forward 5’-CAAGGGTCTGGGTATGAATCC-3’ 62°
Reverse 5’-TCAATGCTTCTGCCATTAATCTAG-3’
Probe 5’-(FAM)TCCTGGCCCTCCTATTCCCTGACA-3’
smEB660 env Forward 5-AAACTGAGACAGATAGGTGGG-3’ 58°
Reverse 5’-CCTGTTCCAAGCCTGCAC-3’
Probe 5’ -(FAM)ACAAGGAACGCAGGGACAACAACA-¥

The assembled reactions were run on a Stratagene Mx4000 Multiplex

Quantitative PCR System (Stratagene, La Jolla, CA). Thermal cycling conditions

consisted of 10 min at 95°C for AmpliTaq activation, followed by 45 cycles of 30 sec at

95°C, 35 sec at gene- and strain-specific annealing temperatures as above, and 30 sec at

70°C. Triplicate test reactions were performed for each sample. The nominal copy
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numbers for test samples were determined by interpolation onto standard curves of RNA
standards (duplicate reactions for log10 dilutions of 10 to 10° copies Eq/ml). All data
analysis was performed with the Mx4000 v3.00 software (Stratagene, La Jolla, CA). The
threshold sensitivity of this assay is 100 copies Eq/ml of plasma. Because a low level of
cross-reactivity of probes between the two strains for SIV could not be eliminated, thé

baseline signal for the heterologous strain was substracted for all testedg@mples.

Infection. For intrarectal exposure to SIV, animalgi¥€igplaced in@isternal pegition after
anesthesia (Ketamine 10mg/kg intramugeular [i.fhand@ylazine 0.5Mg/kg i.m.) with the
pelvis propped up at approximately\@#5° anglé* A Wibticated infant feeding catheter was

inserted gently into thef#@€tum of the afiithal approXimately 4-6 inches without causing

any injury #BirStST

1 8fdiluent (phosphate-buffered saline [PBS] w/ 0.5% human
serum albumin) was géntly flushed through the catheter and then 1 ml of the virus was

Ejmth}]r 1 ?‘.‘1‘ + =

catheter, followed by a 5 ml flush with diluent. The animal was
pellirtied tO'1ts cage and kept tilted at a 45 degree angle until it fully recovered from
anesthesia. Six weekly, intra-rectal challenges were carried out with the heterologous

virus.

Antibodies. The antibodies used for surface staining of memory-associated molecules
and in the intracellular cytokine staining were purchased from BD Biosciences (BD) and
Beckman Coulter (BC). All reagents were validated and titered using rhesus monkey
peripheral blood mononuclear cells (PBMCs). The antibodies used in memory staining

were anti-CD3-PerCP-CyS5.5 (SP34.2 from BD), anti-CD4-fluorescein isothiocyanate
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(19Thy5D7 from BC), anti-CD95-allophycyanin (DX2 from BD), and anti-CD28-
phycoerythrin (CD28.2 from BC). For intracellular cytokine staining, the antibodies used
were anti-TNF-a-fluorescein isothiocyanate (Mab11 from BD), anti-CD95-phycoerythrin
(DX2 from BD), anti-IFN-y-phycoerythrin-Cy7 (B27 from BD), anti-CD28-PerCP-CyS5.5
(L293 from BD), anti-IL-2-allophycyanin (MQ1-17H12 from BD), anti-CD4-AmCyan
(L200 from BD), anti-CD3-Alexa fluor 700 (SP34.2 from BD), and anti#@D8a-ARC-c¥7

(SK1 from BD).

CD4" T lymphocyte counts and CD4" mi@hor ¥Slibsef!"Whole blaod collected in

EDTA was surface stained with anti8@D3.B&HEP-Cy3.5, anti-CD4-FITC, anti-CD95-
APC, anti-CD28-PE. Béfipheral bloodi@R4"* Bdymiphocyte counts were calculated by

multiplyingfthe"pereentda@ié,of CD3*€D4""T lymphocytes by the total lymphocyte counts.

‘Lhe perceéntages of cemifral, natve, and effector memory cells were calculated by

Imphocytes by the total lymphocyte counts.

ages of CD28"CD95%, CD28'CD95’, and CD28 CD95* T

IFN-y ELISPOT assays. Multiscreen 96-well plates were coated overnight with 100 ul

per well of 5 ug/ml anti-human gamma interferon (IFN-y) antibody (B27; BD
Pharmingen) in endotoxin-free Dulbecco’s PBS (D-PBS). The plates were then washed
three times with D-PBS containing 0.25% Tween-20, blocked for 2 h with D-PBS
containing 5% fetal bovine serum to remove the Tween 20, and incubated with peptide
pools and 2x10° PBMCs in triplicate in 100-ul reaction mixture volumes. The peptide

pool used in this study spanning the SIVmac239 Gag protein was comprised of 15 amino
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acid peptides overlapping by 11 amino acids. Each peptide in a pool was present at a 1
ug/ml concentration. Following an 18 h incubation at 37°C, the plates were washed 9
times with D-PBS containing 0.25% Tween-20 and once with distilled water. The plates
were then incubated with 2 ug/ml biotinylated rabbit anti-human IFN-y (Biosource) for 2
h at room temperature, washed six times with Coulter Wash (Beckman Coulter), and
incubated for 2.5 h with a 1:500 dilution of streptavidin-alkaline phospl@ité§€ (Southerii
Biotechnology). After five washes with Coulter Wash and on@With D-PBS§ttie plates
were developed with NBT/BCIP chromogen (Pieregls The proces§Wias stoppedby
washing with tap water, and the plates wef@air driéd and¥€ad with al€hzyme-linked
immunospot (ELISPOT) reader (Hit€¢h Ingtiifhentsjusing Image-Pro Plus image-

processing software (vgrsion 4.1) (Medi@Cyberiiétics, Des Moines, 1A).

PBMC stimulation agid intracellular cytokine staining. Purified PBMCs were isolated

from BDT Aantig@agtlated blood and incubated at 37°C in a 5% CO2 environment for
6h ivthe presence of RPMI 1640-10% fetal calf serum alone (unstimulated), a pool of
F5-mer Gag peptides (5 ug/ml [each peptide}), or staphylococcal enterotoxin B (5 pg/ml;
Sigma-Aldrich) as a positive control. All cultures contained monensin (GolgiStop; BD
Biosciences) as well as 1 ug/ml of anti-CD49d (BD Biosciences). The cultured cells
were stained with monoclonal antibodies specific for cell surface molecules (CD3, CD4,
CD8, CD28, and CD95) and with an amine dye (Invitrogen) to discriminate live from
dead cells. After being fixed with Cytofix/Cytoperm solution (BD Biosciences), cells
were permeabilized and stained with antibodies specific for [IFN-y, TNF-a, and IL-2.

Labeled cells were fixed in 1.5% formaldehyde-phosphate-buffered saline. Samples were
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collected on an LSR II instrument (BD Biosceiences) and analyzed using FlowJo
software (Tree Star). Approximately 200,000 to 1,000,000 events were collected per
sample. The background level of cytokine staining varied within different samples and
different cytokine patterns, but was typically <0.01% of the CD4" T cells (median, 0%)
and <0.05% of the CD8" T cells (median, 0.01%). All data are reported after backgg@uind
correction. The only samples considered positive were those in which¢li@p€rcentage of

cytokine-staining cells was at least twice that of the backgrousigh

Virus neutralization assay. Plasma samglés ar&gbllcetedfrom all I infected animals

immediately prior to intrarectal exp@Sire tehe secolidyirus. Neutralizing antibodies
were measured in a luciféfase réporter @ehe ass@ythat utilized either TZM-bl or

5.25.EG

dCueMIT(M7-Luc) cell§ids described previously (33). The 50% inhibitory
dose (ID5SO)was defig@tl as the"plasma dilution that resulted in a 50% reduction in
relative lummgséenee units (RLU) compared to virus control wells after subtraction of
Bagkgroun@RLU. Assay stocks of uncloned SIVsmE660 were generated in CEMx174
¢ells. Assay stocks of the Env-pseudotyped virus, SIVmac251/CS.41, was generated by
co-transfection of a SIVmac251CS Env plasmid and an Env-deficient HIV backbone
plasmid (pSG3AEnv) in 293T cells. Both viral stocks were made cell free by filtration

through 0.45-micrometer pores and stored at -70°C until use.

Statistical analyses. Statistical analyses and graphical presentations were computed with

GraphPad Prism, using nonparametric Wilcoxon rank sum tests and Mann-Whitney U

test. P values of <0.05 were considered significant.

10
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Results

SIVmac251 and SIVsmE660 differ by typical intraclade HIV-1 distance. To evaluate
the genetic relatedness of two isolates of SIV that are frequently used in nonhuman
primate studies, we compared the genetic distance between SIVmac251 and SIVsmE660
to intraclade and interclade HIV-1 sequence distances. We used HIV clade B and G
sequences in the Los Alamos HIV Sequence Database to generate our e§timates of.HIVi=l
interclade and intraclade diversity. We used one sequence paffpéison for these
alignments. We analyzed 11,484 pairs of sequencgsior gag, 21, 7% pairs of §€ficnces
for env, 32,465 pairs of sequences for nefifaiid 7,140 paifs of sequend@sfor pol. Figure 1
shows the distribution of normalizé@iftequeficies folip@rcent similarity of intraclade and
interclade pairwise condp@fisons. The @aleulate@distance between SIVsmE660 and
SIVmac254it gag, pol, env and néfiare plotted in each panel. As shown in Figures 1A
and B, thédistance betWeen gag'and env of the two SIV strains is similar to HIV-1 clades
B and € intraglad@idistances, with a distance of 0.91 and 0.83 respectively. In contrast,
the'distanees between the two SIV isolates in pol and nef are of the magnitude seen in
interclade differences in HIV-1 (Figures 1C and D). Therefore, these two pathogenic
SIV isolates are well-suited strains for use in a SIV model of superinfection because their
two key foci, env and gag, have differences that reflect a degree of sequence

heterogeneity comparable to different circulating HIV-1 isolates within the same clade.

Plasma SIV RNA levels following primary infection. We then established cohorts of

rhesus monkeys that were infected with one or the other of these two strains of SIV. The

viruses and routes of administration used to initiate these infections are summarized in

11
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Table 1. Eight animals were initially infected with SIVmac251 (Fig. 2A) and six animals
were initially infected with STVsmE660 (Fig. 2B). Infection was successfully established
in 9 of these 14 monkeys via intrarectal route. However, 5 of 14 monkeys did not exhibit
detectable viremia after 18 sequential intrarectal inoculations and had to be inoculated
intravenously to initiate the primary infection (CR53, AV74, CG5G with SIVmac25#and
CR54, CP37 with SIVSmE660).

Viral replication during primary infection occurred witliKinetics typigal of SIV:

replication in naive rhesus monkeys. Moreover, SIN tépligation Kifigtics did'@erdiffer
significantly between animals that becapa@ififectédiby aiufosal or int§avenous routes.
Monkeys that were infected with S@ag&ﬁll deV&loped uniform peak plasma viral
RNA levels of 6-7 logsf@t14 days aftefi¥iius im@€ulation followed by a sustained viremia
of 4-6 logs@f plagma vicdhRNA, with the’exception of one monkey (CT76) which had
undetectable viremiad§ 700°days post-infection.

In thelgbhidtt of monkeys infected by SIVsmE660, monkeys had peak plasma
VIFAPRNAMEvels of 5-8 logs at 14 days after virus inoculation, followed by sustained
viremia of 5-7 logs of plasma viral RNA in animals CP37 and CP23. However, three of
the monkeys infected with SIVsmE660 (CP3C, CG7G, AK9F) had undetectable plasma
viral RNA levels by 700 days post-infection, while monkey CR54 had undetectable
plasma viral RNA levels by 85 days post-infection. This wide range in peak and set point
viremias in monkeys infected with SIVsmE660 has been previously described (7, 19, 35).
Since plasma viral RNA levels at peak and set point in some of the SIVsmE660-infected
monkeys (CP37, CP23, CG7G) were of a magnitude comparable to that seen in monkeys

following SIVmac251 infection, the variability in SIVsmE660 replication levels in

12
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monkeys likely reflects a host factor effect rather than an intrinsic lack of replicative

capacity of the SIVsmE660 strain.

Plasma SIV RNA levels following superinfection. Once set point plasma virus RNA
levels were reached, all monkeys were exposed to the heterologous virus by 6 weekly
intrarectal inoculations. The duration of primary infection and plasmagifis§ RN Adevels
at time of exposure to the second virus are summarized in Table'li” The 888I¥mac25 1=
infected and 6 SIVsmE660-infected monkeys wereghigii fiionitored for evidefigevf
superinfection by assessing plasma SIVmde251 andhSIVSIE660 RNA*weekly for 20
weeks.

infected mefikeys, we déveloped algRT-PCR assay using strain-specific probes. Figure 3

shows théreéplicationdinetics'of the two strains of SIV following the first and second

e T A

,O_

in Fig. 3A, 6 of 6 monkeys that were initially infected with
SIVMSMEG60 became superinfected with SIVmac251. Of the 8 monkeys that were
imitially infected with SIVmac251, 6 became superinfected with SIVsmE660 (Fig. 3B).
Viral RNA of the heterologous SIV strain was detected by 14-21 days after challenge. In
11 of 12 superinfected animals, with the exception of AKO9F, the levels of plasma viral
RNA of the second virus at peak viremia were 1 to 4 logs lower than the peak viremia of
the first virus. In addition, the levels of plasma viral RNA of the second virus also
declined rapidly to undetectable levels in 6 animals (CR54, CP23, CR53, PBE, AH4X,

CG71), while the viral load persisted at low levels in the remaining 6 animals (CP37,

13
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CG7G, CP3C, AK9F, CP1W, CT76). The presence of the superinfecting virus at
multiple time points was confirmed in each animal by direct sequencing.

Of the 14 infected animals that were exposed to a heterologous virus, only 2
(AV74, CG5G) that were initially infected with STVmac251 resisted superinfection with
the heterologous virus (Fig. 3C). There was no detectable SIVsmE660 viral R 1
these animals for 20 weeks after exposure. The absence of replication second

virus was verified by direct sequencing (data not shown).

No apparent acceleration in disease perinfectioni. Interestingly,
e primary virus (Figure 3A and
3B) and a transient de g superinfection in all of the animals,

except CP . 4)."This finding is consistent with case reports of

IV sup ection ig@whic rinfected individuals developed a transient perturbation
A levels in association with a clinical prodrome that aroused

t an an intervening event might have caused a sudden rise in viral load (2,
27,42, 60, 67). The CD4" T cell counts are re-equilibrated 2-6 weeks after
superinfection and a small increase in the CD4" T cell counts in some of the animals was
observed from 42 to 126 days after superinfection (CT76, CP1W, CG71, CP3C, AK9F,
CG7G). We did not perform statistical analyses on the differences in the CD4" T cell
decline between superinfected and nonsuperinfected animals due to the small sample size

of animals that resisted superinfection, but the trend in changes of CD4" T cell counts

were indistinguishable between all animals. Therefore, there appeared to be no

14
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acceleration in disease progress in the superinfected monkeys as a consequence of

superinfection.

Peak viral replication following the second infection was lower than peak viral
replication following the first infection. Of the 12 monkeys that became superinfégied,
11 animals efficiently controlled the second virus at peak viremia, withgli@€Xception of
AKOF. Peak replication following the second virus infectiongWa§lower than peak
replication after the first infection in each monkey{Fig:88). Thellécrease in peak
viremia was statistically significant as deg@hinc@ By thé paired WilcoXon rank sum test
(p=10.001). Furthermore, when con§ifieredgs @ cohortythe median peak viral load value
following the second igf@€tion was lowgithangliaPobserved following the first infection

(Fig. 5B). Afhediffercn¢e in the médian values and interquartile ranges of peak viremia

between thelfirst andg@cond infections was statistically significant as determined by the

unpaired MannsWhitncy U test (p<0.0001).

Stusceptibility to superinfection was not associated with time after the first infection
or persistence of the primary virus. In these 2 cohorts of monkeys, superinfection was
initiated between 3 and 20 months after the primary infection (Table 1). This large
window of susceptibility suggests that infected individuals are likely susceptible to
superinfection regardless of the state of immune competence of the host or the maturity
of the immune response to the initial virus. Superinfection can occur after the immune
response against the initial infection has had time to develop and mature. In addition,

since 10 of 12 superinfected animals harbored the Mamu-A*01, -B*08, -B*17 alleles,
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(Table 1), susceptibility to superinfection appears not to be a consequence of major
histocompatibility complex alleles that are associated with relatively efficient viral
control.

Furthermore, the likelihood of acquiring a second virus appears not to be
correlated with the persistence of replication of the primary virus at the time of gxp@Siike
to the heterologous virus (Table 1). Some animals became superinfectg@d€Spite
relatively high levels of replication of the primary virus, rangifig ffom 10%10%RNA
copies/ml in the plasma (CP23, CP37, CP1W, PBEgEGTE, AH4X 8nd CRS53);while
others became superinfected in the settingf®ofund@éctabll@®r low levelreplication of the
primary virus, ranging from 102—10"1wym‘he plasma (CP3C, CG7G, AK9F,
CR54, CT76).

Intefestinglyy in‘@nimals thathad a’high set point viremia following exposure to
the first virus, either SEIVmac25t (CP1W, CR53, PBE, AH4X, and CG71) or SIVsSmE660
(CP3Pand CB2EThe second virus was efficiently controlled after superinfection while
thefirst infecting virus remained the predominant viral quasispecies in the plasma. In
dontrast, in animals that had undetectable plasma viral RNA levels following expusre to
SIVsmE660 (CG7G, CP3C, and AK9F) or SIVmac251 (CT76) prior to superinfection,
the heterologous virus replaced the first viral strain after superinfection even in monkeys
with blunted peak replication of the second virus. Only one monkey in the cohort, CR54,
was able to control both viruses to undetectable levels. These data suggest that, although
direct viral interference did not contribute to susceptibility to superinfection, it may have
influenced the viral replication dynamics of the second virus relative to the primary virus

after superinfection.
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Susceptibility to superinfection was not associated with absolute CD4" T cell counts
or percent central memory CD4" T cells. To determine if there were any clinical
parameters associated with relative susceptibility to superinfection in these cohorts of
monkeys, we assessed the absolute CD4" T cell counts and the percentage of CD4" @8

lymphocytes that were central memory cells immediately prior to the expéstire of thesé

animals to the heterologous virus. There was no difference bgfWgen absollle’CD4™ T.eell

counts or the percentage of CD4" central memory, Z@él

[§'in the anjifials that Begame
superinfected and those that resisted supgginfecti@i(Figf6A and B). "Although a
statistical analysis could not be perf@ined t@¥alidat@this observation due to the small
sample size of animalsgl#t resisted sup@finfecti®iiy'the absolute CD4" T cell counts and
the percentd@@6fgentralihemory @4™ Tcells of animals that resisted superinfection
were withil'the range@®f the'corresponding parameters in animals that became
fuperinfectedy lisaddttion, we also analyzed the percentages of effector and naive
Hiemory @4" T cells and found that there were no differences in these values between
the two groups of monkeys (data not shown). Together, these data indicate that animals
with immune systems that are more damaged by a prior SIV infection appeared not to

have an increased susceptibility to superinfection.

Susceptibility to superinfection was not associated with virus-specific cellular
immune responses. To determine whether systemic virus-specific cellular immune
responses conferred protection against heterologous virus in the monkeys that resisted

superinfection, all rhesus monkeys were evaluated for SIV-specific cellular immunity
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immediately prior to exposure to the heterologous virus. Cellular immunity to SIV was
first evaluated using an Elispot assay to assess PBMC IFNy responses following exposure
to a pool of SIV Gag peptides (Fig. 7A). SIV-specific T cell responses were
indistinguishable between the animals that became superinfected and those that resisted
superinfection.

S1V-specific CD4" and CD8" T lymphocyte function were furth@@$valuated by
intracellular cytokine staining. Immediately prior to exposugediiic heter@l@gous virus,
PBMC production of IFNy, TNFa, and IL-2 were agi@ssed, after stitfiulation With*STV
Gag peptide pools. We were able to detgeli¥irusspecifié@@D4" (Fig¥B) and CD8" (Fig.
7C) T lymphocyte responses in PBMEE, of allilonkc¥8i We did not perform statistical
analyses on the differed€€s in cytokincgétretigfiBétween the two groups of monkeys due
to the smalli§amplesize @fanimalgithat resisted superinfection. However, the cytokine
responsed ofi the two aflimals‘that resisted superinfection were within the range of the
corr@spending pafameters in animals that became superinfected. Therefore, the
gualitativeand quantitative cell-mediated SIV-specific immune responses of monkeys
thit became superinfected and those that resisted superinfection appeared to be
indistinguishable. These findings suggest that SIV-specific cellular immune responses
likely did not account for the variability in the susceptibility of these monkeys to

superinfection.

Antibody responses did not protect against superinfection. The role of neutralizing

antibody responses in protecting against HIV superinfetion is not clear (5, 49, 50). To

assess whether SIV-specific antibodies played a role in the resistance to superinfection in
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these cohorts of animals, plasma samples harvested just prior to the heterologous viral
challenge were assayed for neutralizing antibody responses elicited by the primary SIV
infection. The ability of plasma antibody to neutralize STVsmE660 and SIVmac251 was
measured in luciferase reporter gene neutralizing antibody assays using uncloned
SIVsmE660 and pseudoviruses expressing viral Envelope cloned from SIVmac251@8i41
(33). The serum IDs neutralizing titers against both viruses are showngifiPable 2,

Plasma from 5 of 6 monkeys (except CR54) that were first inféctéd with SI¥SmE660

neutralized the homologous SIVsmE660 (1:62 to_lgf08)Svhile plastha from §of8
SIVmac251-infected monkeys neutralizedfhomol@gpus@IVmac251 (1#33 to 1:215).
To investigate whether the daifibodigl generalgthby these animals following
primary infection have/the ability to ndlitralizeghi&heterologous virus, we assayed the
plasma of g monkeysfofneutralization activity against the second virus before their

exposure'tothat virusgfAs shown in Table 2, animals initially infected with SIVsmE660

genierated undetectable or low titer neutralizing antibodies to SIVmac251 (ranging from
undetcctableto 1:41).. We also detected neutralizing antibodies against SIVsmE660 in 6
of 8 animals that were initially infected with SIVmac251 (ranging from 1:73 to 1:245).
However, the titers against the heterologous SIVsmE660 in the STVmac251-infected
animals were not significantly lower than the titers againsted the homologous
SIVsmEG660 in SIVsmE660-infected animals (p=0.95, Mann-Whitney test).
Interestingly, animals AV74 and CG5G, which were initially infected with
SIVmac251 and subsequently resisted superinfection with SIVsmE660, had neutralizing

antibodies against SIVsmE660 prior to exposure to this heterologous virus. However, the

titers of these antibodies were within the range of antibody titers against SIVsmE660 that
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were generated by other SIVmac251-infected animals that became superinfected
following exposure to SIVsmE660. We did not perform statistical analyses of the
differences in antibody titers against SIVsmE660 between the STVmac251-infected
monkeys that resisted superinfection and the SIVmac251-infected monkeys that became
superinfected because of the small number of animals that resisted superinfection.
Nevertheless, the titers of neutralizing antibodies specific for the heter@l@gous viruses
that were elicited during primary infection appears to not haygiffluenced'the
susceptibility of monkeys to superinfection.
Discussion

HIV superinfection has imp@gtant imiplieatiog§for vaccine prevention of HIV
infection and the globall@énetic diversit§taf HIW In this study, we used intrarectal

inoculationgfof twa te

pli€ation-competent strains of SIV to simulate HIV-1

superinfe

¢tion and employed*quantitative analyses of viral RNA using strain-specific
primeis,to defin@liereplication dynamics of each virus over time. We demonstrated that
Imdnhe résponses generated during primary infection that are capable of controlling one
strain of SIV do not preclude subsequent infection with a second strain of SIV.
Superinfection occurred as early as 3 months and as late as 2 years following primary
infection and susceptibilities to superinfection appeared to be independent of classical
adaptive immune responses or the level of replication of the primary virus, even though
we were not able to evaluate the statistical significance of these parameters because of the
small number of animals that resisted superinfection in this study. Importantly, the
replication of the superinfecting virus during the first days following exposure was

attenuated compared with the replication of the primary virus. The relative susceptibility
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of monkeys to superinfection in the present study could not be attributed to a difference
in the replication capacities of these two strains of SIV, since superinfection occurred in
both cohorts of animals regardless of which virus was used to establish the first infection.
Furthermore, the ability of both SIVmac251 and SIVsmE660 to maintain dominance in
superinfected monkeys suggests that these two SIV strains are comparable in their
fitness.

Previous nonhuman primate studies using a live attepyfitéd immurig@déficiency

virus to generate protection against a pathogenic ipsfiilii@8icficien@¥kirus challénge
provide an important context for the presgfif¥indings. Although suchilive attenuated
viruses can confer protection againSg@hom@lbgous Yitls challenge (11, 14, 25, 36, 57,
64), they provide only gaftial protectiof@igainstiifieterologous virus infection (16, 34,

44, 63). The result

i$°of the\present Stidy are consistent with those findings in that prior
infection 'did not preveiit superinfection with a heterologous virus, but did damp
repligdtion of th@second virus at peak and in the post-acute phase of superinfection.
Interestingly, the 2 animals that resisted superinfection had also resisted 18 attempts at
the first infection by the intrarectal route and required intravenous inoculation to establish
primary infection. This finding raises the possibility that variations in the mucosal barrier
rather than specific immunological mechanisms may have contributed to differences in
susceptibility to mucosal infection in this cohort of animals (29).

Just as the correlates of protective immunity have not yet been defined for the
protection observed in monkeys that have received a live attenuated SIV vaccine (1, 3,
11, 44, 45, 54, 55), the mechanisms accounting for the partial protection observed against

superinfection are not clear. We used pooled peptides corresponding to SIVmac239 Gag
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to evaluate virus-specific cellular immune responses because the cross-reactive responses
are likely the most germane to controlling the replication of the heterologous virus.
Nevertheless, there may be additional T cell responses that contribute to controlling the
second virus that are not detected using SIVmac239 peptides. It is possible that the total
cell-mediated response to both viruses contributed to the relative control of each virasiin
superinfected animals. A recent study by Reynolds et al. examining thgl@bility of live-
attenuated SIV to protect macaques against heterologous viragichéllenge igplicated
MHC class I-restricted CD8" cellular responses ingédigifig heterdlogous viral#éplication
during the chronic phase of infection (44 Boweves, fuftheér studies @€ needed to
elucidate the relative contributions 6fEDS @ieells ddother factors, including CD4" T
cells, antibodies, and Ni€ells, in the d€ule phad€ of replication of the second virus. A

decrease ingthenu

fber' @f potentialitdrgetCells as a result of depletion of memory CD4"
I cells inithe lamina pf@pria i 'the gut and lymph nodes following the first infection may
have contributedit@ the reduction and magnitude of peak viremia observed following the
§eeond irféction. Further detailed characterization of CCR5" transitional and effector
memory T cells in mucosal effector sites are needed to determine the availability of target
cells. Other factors, such as innate immune responses or viral interference, may have
also contributed to the relative protection observed against the superinfecting virus.

The present study of superinfection in the SIV/rhesus monkey model has
important implications for HIV pathogenesis and vaccine development. Although this
SIV model of superinfection utilized a higher dose mucosal challenge to establish
superinfection than likely occurs in human cases of HIV superinfection, the findings in

the present study suggest that HIV superinfection can occur readily throughout the course
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of infection. Therefore, the prevalence of HIV superinfection is likely underestimated,
especially in cases whose only clinical manifestation is transient low-level replication of
the second virus. Interestingly, similar to human cases of HIV superinfection described
by Casado and Piantadosi, et al (8, 40), SIV superinfection in the present study also did
not necessarily lead to increases in viral load and clinical deterioration. This could'be
because both SIV strains that were used in this study are comparably figl@nd*therefore the
persistence of either one or both may not dramatically affectdi§éaSe progresgion. In
contrast, the clinical sequelae in HIV superinfectiogifi@§thave morgyariable'outeomes
than what we have observed in this studygince theelaive’ dynamic§6f the two viruses
may be markedly different as a con§gfuenegoPtheifif@lative replication fitness.
Although superinfectiofifi§ likely a corfifiign ph@iiotenon in HIV-1 infections, it may not

have cliniggl con:

equeniCel, if the tWo viruses are equivalent in their fitness or if the
superinfeeting virus tpdhsient!yteplicates at a low level. In contrast to this,
superinfection lik8ly'has a profound impact on the sensitivity of circulating viruses to
antiretroviral therapy and global HIV genetic diversity as a consequence of viral
réCombination.

Creating a vaccine that can protect against infection by a virus with the genetic
heterogeneity of HIV is a daunting challenge, given that immune responses generated
after live SIV infection do not prevent infection of macaques by a heterologous SIV
isolate in the nonhuman primate model. Nevertheless, the phenomenon of HIV/SIV
superinfection should not discourage the pursuit of an AIDS vaccine, since effective
vaccines for viruses such as mumps and measles do not prevent entry of virus into the

body. While the immune system does not prevent new strains of virus from establishing
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infections, it can limit the spread of those viruses and attenuate the pathogenic sequelae
of infection. Further dissection of the virologic and immune correlates of protection
against superinfection in monkeys may provide important insights into the nature of
immune responses that are required to provide protective immunity against an

immunodeficiency virus infection.
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Figure Legends

Figure 1. Genetic distances between SIVmac251 and SIVsmE660 in relation to
HIV-1 clade B and C intraclade and interclade distances. We performed pairwise
comparisons of 11,484 gag (A), 21,177 env (B), 7140 pol (C), and 32,465 nef (D)
sequences from individuals infected with HIV-1. The genetic distance for each.of these
comparisons was graphed as fractional similarity between a given pair (§=8Xis). The
amplitude of the bar graph reflects the percentage of pairwise@@iitparisonigi@xhibiting.a
given similarity (Y-axis). Comparisons between paii§iof$equencéiwithin edéhielade
and pairs of sequences from different clad@§are distingdished by shadittg: intraclade B
(light hatched bars), intraclade C (g bars)} intercldd® B versus C (dark hatched bars).
Genetic distances betwgén SIVmac25 Katid SIMSmEG60 sequences were similarly

calculated and plotte

simultaneously at each genetic locus as black diamonds.

yiral RNA levels following primary infection with either SIVmac251
OF SVsmi660. (A) Six rhesus monkeys were infected with STVmac251, and (B) eight
were infected with SIVsmE660 via either intrarectal (IR) or intravenous (IV)
inoculations. Although the animals were infected after different numbers of intrarectal
exposures or a single intravenous inoculation, the viral RNA levels are displayed
synchronously as days post-infection. Viral RNA levels are shown as log10 copies of

plasma viral RNA/ml of plasma for individual monkeys at each time point.

Figure 3. Plasma viral RNA levels of both SIV strains following the primary infection

and superinfection in each individual monkey. Monkeys were either first infected with
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SIVsmE660 and then with SIVmac251 (A), or first with SIVmac251 followed by
SIVsmE660 (B). Only two monkeys that were initially infected with SIVmac251 resisted
superinfection with SIVsmE660 after 6 intrarectal challenges (C). The red lines and
symbols represent RNA levels of SIVsmE660, while the blue lines and symbols represent

plasma RNA levels of SIVmac251.

Figure 4. Absolute CD4" T cell counts for 126 days after sup@fififection. {he CD4" F
cell counts in the peripheral blood are shown in blugfoithe six animals that Were initially
infected with SIVmac251 then superinfegt@dwith SIVsfiE660 (A), inréd for the six
animals that were first infected witlii§EV smB660 th&l uperinfected with SIVmac251

(B), and in black for thétWo animals thatzesistéll Saperinfection (C). The dotted line

indicates da§i0"prioPto $Uperinfecti@h. The pre-superinfection CD4" T cell counts were

ebtained 7'days priorgtl superinfection.

Eiguire 5.9Pecak plasma viral RNA levels were higher following the first infection
¢ompared to the second infection. (A) Peak plasma viral RNA levels for each monkey
following primary infection and superinfection are indicated by individual filled circles
and are connected by lines. In 11 of 12 superinfected animals, there was a lower peak
plasma viral RNA level following the superinfection than following the primary
infection. These comparisons were done using the 2-tailed paired Wilcoxon rank sum
test (p=0.001). (B) Peak plasma viral RNA levels are depicted as separate points
following primary infection and following superinfection. Bars representing the median

value and interquartile ranges are shown for each group. The 2-tailed unpaired Mann-
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Whitney U test (p<0.0001) was used to evaluate the statistical significance of the

differences between the peak viremias at the two time points.

Figure 6. Resistance to SIV superinfection was not associated with peripheral blood
absolute CD4" counts or central memory CD4" T cells at the time of exposure tQ thg
superinfecting virus. (A) CD4" T lymphocyte counts on the day of chall8lige withsthe
heterologous SIV isolate did not differ between the monkeysghat became'giiperinfected
and those that resisted superinfection. (B) There wal@l§omo signifiéant differénee in
these groups of monkeys in the percentagdof celifil meifiory CD4" Thymphocytes as
identified by their expression of CD@&and«CD95. Th&dashed boxes highlight the

animals that resisted sufi@finfection.

Eigure 7 #Resistanceg superitifection was not associated with SIV Gag-specific CD4"
andiCD8" TIymphoeyte responses at the time of exposure to the superinfecting virus.
Péripheral’blood lymphocytes obtained from the monkeys prior to challenge with the

s#perinfecting virus were exposed to a pool of overlapping SIV Gag peptides and their

responses were assessed in I[FN-y ELISPOT assays (A) and intracellular cytokine staining

assays. Gating on CD4" (B) or CD8" (C) T lymphocytes, the cells were assessed for
production of TNF-a, IFN-y, and IL-2. The dashed boxes highlight the animals that

resisted superinfection.
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