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Viral Divergence in Two Groups of Partnerships: Superinfection or Sequential Expression of Dual Infection (SEDI)?

GLADSTONE
INSTITUTE OF
VIROLOGY AND
IMMUNOLOGY

Background

 Worldwide 44 cases of sequentially expressed dual
infections (SEDI) or apparent superinfection have been
reported.

 Reports of HIV-1 superinfection have mostly involved
recent seroconverters (77%), in whom the incidence of
apparent superinfection is comparable to the incidence of
primary HIV infection (Smith 2004, Grant 2005).

* In contrast, superinfection among chronically infected
persons is rare (Gonzales 2003, Tsui 2004, Bragg 2007)..

 More than half of reported cases were not identified In
cohort studies that permit estimating the incidence of
superinfection

« Screening for superinfection in HIV-infected cohorts in
some cases has been triggered by risk factors or clinical
markers making incidence impossible to estimate or difficult
to interpret

 Only 6 (13.6%) of reported SEDIs have been linked to a
source partner where both infections predate the exposure

« Although it is unlikely that superinfection clears the
initial virus entirely, in several cases where sensitive
virological assays have been employed the original virus
falls below the limits of detection during follow up. Itis
therefore possible that the subsequent predominate virus
may have been present as a minor variant before putative
superinfection, even as a coinfecting virus at primary
infection.

« The prevalence of primary coinfection in North America
IS not known

* Interrogation of proviral DNA and multiple distant
regions of the genome, clonal analysis, and cohort studies
In multi-clade epidemics as methods of superinfection
screening and surveillance appear to document more
frequent SEDI (Marcus 2006, Piantadosi 2007, 2008;
Campbell 2008).

* Inthe Positive Partners cohort no evidence of
superinfection linked to a known source partner has been
found (Bragg 2008), yet cases of viral divergence or SEDI
have been reported (Marcus 2000)

Objectives Methods (continued)

The primary aims of this analysis are to clarify whether viral
divergence detected in individuals over time (SEDI) in a cohort
study of HIV superinfection is more likely a result of
superinfection or sequential expression of dual Infection
(SEDI) and if ART could fully account for reduced incidence of
superinfection.

 Estimate the expected number of superinfections in a
cohort of HIV-positive seroconcordant partnerships using
primary HIV-1 infection per-contact risk models (Padian 1997,
Vittinghof 1999) based upon reported unprotected sexual
exposure in seroconcordant HIV-positive sexual partnerships.

 Explore the hypothesis that exposure and observed SEDI
In two different groups of partnerships suggests there are
mechanisms blocking superinfection

 Explore the hypothesis that known possible mechanisms
blocking superinfection including the effects of ART on
infectivity and as possible chemoprophylaxis against
superinfection fail to account for differences between

estimated expected viral divergence and those observed.

Participants

The Positive Partners study is a prospective cohort of
HIV-positive, seroconcordant sexual partnerships and highly
exposed individuals reporting multiple unenrolled seropositive
partners in San Francisco. Eligibility is based upon a minimum
of 10 reported unprotected sexual exposures with an
HIV-positive partner in the past year. 433 participants were
recruited from 2000 to 2008; known transmission pairs were
not enrolled when complete epidemiological evidence was
available. Demographic, sexual behavior, sexual and social
network information were collected at baseline and
approximately one year later. Blood and semen samples were
collected at each visit; complete blood counts, viral load
testing (Roche Cobas v1-1.5), and drug-resistance genotypes
were performed at both timepoints.

Group A and Group B Partnerships

Participants were divided into two groups based upon whether
they enrolled with a seroconcordant partner (Group A) or not
(Group B). We collected behavioral data and biological
specimens for all enrolled participants at two time points
(Group A partnerships and Group B enrolled participants). We
also collected behavioral data from Group B unenrolled
seroconcordant partners at two time points. Although a subset
of Group A participants also had seroconcordant unenrolled
partners, which contribute to Group B partnerships, there is no
overlap between the Groups’ partnerships.

Sexual Exposure

Frequency of possible exposure to superinfection was
calculated by participant reports at baseline and exit of the sex
they had with their enrollment partner and other seropositive
individuals in the past three months. Participants were asked to
identify the frequency of the sex they had that was oral, anal, or
vaginal; with or without condoms; with ejaculation or withdrawal,
with condom failure; etc. All sex data were collected on a
partner-by-partner basis, rather than in aggregate, to increase
accuracy in recall and allow for various levels of exposure to be
analyzed separately. In this analysis, in Group A only sex data
from partnerships with other individuals known to be
HIV-positive and enrolled in the study were included; in Group B
we looked for exposure to superinfection from unenrolled
seroconcordant partners and genetic viral divergence between

baseline and exit timepoints.

Viral Sequences

All genetic viral sequences reported here are population based.
Viral sequencing at the pol locus was attempted at baseline and
follow-up for all individuals. Sequencing in gag was also
performed for a subset of those who failed in pol at one or more
timepoints. For those participants with viral loads less than 100
copies/ml proviral DNA sequencing was performed in pol, those
failing in pol were also attempted in gag. Sequencing of tat and
env were also performed to confirm linkage in a small subset of
couples in whom previous sequencing failed for either partner.

Pol sequences were derived using the Visible Genetics
TruGene clinical resistance genotype system. Gag sequencing

was performed at the UCSF AIDS Research
Laboratory of Clinical Virology. Tat and env sequencing were

Institute

performed as described in Tsui, 2004. All sequences were
assembled using BioEdit v.7.0.4.1 and aligned with the Clustal
X v2.06 sequence alignment tool.

Phylogenetic analysis was done using neighbor-joining trees
with bootstraps generated using Clustal X. We used 1000
random samples of sites from the alignment; drawing 1000
trees (1 from each sample) and counted how many times each
grouping from the original tree occurs in the sample trees. No
bootstrap values above 70% were generated between partners’
viral sequences taken from the same time point, indicating their
viruses were significantly divergent and no superinfection had
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Results: The Cohort and Viral Divergence

Table 1: Partnership Group Characteristics

Group A Group B
Individuals Observed 250 145
Mean Age 41.27 40.05
Mean Years HIV+ 10.17 9.24
Individual HIV+ < 3 Years 36 14.40% 30 20.69%
Individual HIV+ > 10 years 118 47.20% 51 35.17%
ART* Naive 61 24.40% 42 28.97%
ART™ Intermittent 70 28.00% 43 29.66%
ART™ Continuous 119 47.60% 60 41.38%
Individuals Infectious™ 111 44.40% 70 48.28%
Median VL of Infectious** Individuals 46,700  copies/ml 58,550 copies/ml
Person-years Observed 293.89 111.66
Partnerships Observed 174 756
Mean Partnership Duration (years) 1.37 0.13

* Antiretroviral Treatment
**> 1,500 copies/ml at either time point

Prevalence of Viral Diversity

At exit from the study a total of 281 viral genetic sequences were
analyzed phylogenetically for evidence of polyphyletic genetic
divergence from baseline sequences in the same individual
suggesting a separate source lineage. Of those 250 applied to
exposures reported in Group A partnerships and 145 applied to
Group B (for a subset of individuals exposure occurred from both
partnership groups). )

Thirteen viral sequences suggested SEDI for an overall
prevalence of 4.63% (Table 2). Among individuals analyzed from
plasma-derived viral RNA the SEDI prevalence was 2.36% while
prevalence from those virally suppressed on ART and analyzed in
proviral DNA the SEDI prevalence was 6.49%. These findings are
roughly comparable to previous cohort studies that reported SEDI
iIncidence as low as 2.1% when derived from plasma RNA and as
high as 7.7% from proviral DNA.

Table 2: SEDI* Observed Prevalence by Genetic Source

RNA DNA Totals
Group A 1 7 8
Exit Genotypes Completed 112 138 250
Group B 1 0 1
Exit Genotypes Completed 68 77 145
Group Aand B 1 3 4

Total Observed 3 10 13

Genotypes Completed Total 127 154 281

SEDI Prevalence 2.36% 6.49% 4.63%

* Sequentially expressed dual infections

Results: Exploring Hypotheses

Estimates of Expected Superinfection Based Upon Exposure

We predicted the incidence of superinfection that would have occurred in
Groups A and B if superinfection occurred as efficiently as primary
infection (Table 3). The estimated per-contact incidence rates for primary
transmission from HIV-positive sources to HIV-negative partners through
unprotected receptive and insertive anal and vaginal intercourse have
been reported (Padian 1997, Vittinghof 1999). Each insertive and
receptive Ul episode was counted for each partnership in each Group.
Based on the total Ul exposure estimates for the cohort, we would expect
as many as 77 superinfections in Group A compared with 8-12 observed
and 18 in group B compared to 1-5 observed.

Hypothesis I: Biological mechanisms effectively block HIV
superinfection

In the absence of biological mechanisms (either host or virological)
blocking HIV superinfection, the incidence of viral divergence should be
driven by the number of exposures to a partner known to be HIV-positive
and having a genetically distinguishable virus rather than the number of
HIV positive sexual partners. The expected pattern is illustrated in Table
4: High exposure (+) should lead to high SEDI incidence (+) even if
number of partnerships is low (-) while high numbers of partnerships
should produce fewer SEDIs as long as number of exposures is lower.

Table 4 shows that while Group A partnerships (166) account for only
18% of total partnerships in both groups 5 times as many Ul exposures
occurred in Group A. Eight (62%) SEDIs can be attributed exclusively to
this group while another 4 may have resulted either from exposures
among Group A or Group B partnerships. Only 1 (7.8%) SEDI can be
attributed exclusively to Group B exposures.

Since 6-12 (62% to 92%) SEDIs may have resulted from Group A
exposures versus 1-5 (7.8 to 38.5%) that may have resulted from Group
B exposures the data provide support for accepting the null hypothesis
that biological mechanisms do not effectively block superinfection.

Hypothesis Il: Lack of superinfection in exposed partnerships is due
to reduced infectiousness (suppressed viral loads) and potential
prophylactic effects of ART against infection

In Group A we know infectivity as indicated by viral loads and whether
partners were on ART continuously, intermittently, or not at all. We can
adjust expected superinfection estimates by eliminating Ul exposures
from uninfectious partners (viral loads <1,500) and also eliminating
individuals potentially less susceptible to new infection (continuously on
ART).

If lack of evidence of superinfection is due to possible protective effects of
ART we would expect that estimates of superinfection incidence adjusted
for ART to be equal to or less than observed superinfections.

Accounting for Disparities Between Expectations and Reality: Mechanisms Blocking Superinfection?

Table 5 shows adjusted superinfection estimates. Whether controlling for partner infectiousness and possible protective effects of ART,
estimated superinfections continue to exceed the number of observed SEDIs by as little as 4 (55%) to as much as 36 (820%).

These data indicate that fewer SEDIs than expected may be partially explained by preventative effects of known possible mechanisms blocking

superinfection (ART) but large gaps still exist between estimated and observed superinfections. The evidence suggests that biological
mechanisms other than ART may be effectively blocking superinfection.

Table 3: Partnership Groups: Incidence of Expected Superinfection in the Absence of Mechanisms Blocking Superinfection

Type of contact Per contact risk 95% CI* Number of contacts Expecteq 95% CI* bounds
superinfections
(lower) (upper)
Group A Prospective (N=168)
URAI* 0.82% (0.24% - 2.76% ) 8,701 71.35 20.88 240.16
UIAI* 0.06% (0.02% - 0.19% ) 8,642 5.19 1.73 16.42
URVI* 0.09% (0.05% - 0.10% ) 461 0.41 0.23 0.46
UIVI* 0.01% ( 0.005% - 0.011% ) 644 0.06 0.03 0.07
Totals: 77.02 22.87 257.11
Group B Prospective (N=756)
URAI* 0.82% (0.24% - 2.76% ) 2,090 17.14 5.02 57.68
UIAI* 0.06% ( 0.02% - 0.19% ) 1,562 0.94 0.31 2.97
Totals: 18.08 5.33 60.65

*Cl is the confidence interval, ART is antiretroviral therapy, URAI is unprotected receptive anal intercourse, UIAl is unprotected insertive anal intercourse, URVI is
unprotected rececptive vaginal intercourse, and UIVI is unprotected insertive vaginal intercourse.

Table 4

Observed Exposure and Viral Divergence: Testing a Hypothesis about Mechanisms Blocking HIV-1
Superinfection

. : Viral Superinfection
: Total Ul Partnership- . : .
Partnerships UI* per year Divergence Linked to Source
Exposures years
Observed Partner

Hy: Group A

UI* with enrollment partner

- + +
166 18,449 114 162 12 ** 0
+ - -
756 3,652 96 38 5"
* Unprotected Intercourse

** 13 Total SEDIs Observed: 8 in Group A only, 4 in both groups, 1 in Group B only
Table 5

Estimated Superinfections: Testing a Hypothesis about Known Possible Mechanisms Blocking HIV-1 Superinfection

H,: Group B

UI* with un-enrolled seropositive Not Applicable

Absence of Mechanisms Potentially Uninfectious Partner And More Suseptable to Infection (Not on
(VL >1500 cps/ml) Continuous ART)
. Total UI* Estimated . Total UI* Estimated . Total UI* Estimated Superinfection
Partnerships . . Partnerships . . Partnerships . . Linked to Source
Exposures Superinfections Exposures Superinfections Exposures Superinfections Partner
Group A
UI* with enrollment partner 166 18,449 77 87 9,134 41 47 4,181 17 0
(12 SEDIs observed)** (5 SEDIs Observed) (4 SEDIs observed)
Group B***
UI* with un-enrolled seropositives 756 3,652 18 396 1,914 9 214 1034 5 Not Applicable
(5 SEDIs observed)** (2-5 SEDIs observed) (2 SEDIs observed)

* Unprotected Intercourse
** 13 Total SEDIs Observed: 8 in Group A only, 4 in both groups, 1 in Group B only

*** In Group B viral loads of partners are unknown so partner's infectiosness has been estimated based on observations from Group A
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« Existing cohort data regarding SEDIs can be analyzed utilizing
partnership as the unit of analysis to explore hypotheses regarding
the risk of superinfection from concurrent exposure (if those data
are also collected) compared to the likelihood that SEDIs result
from previous exposure, especially primary coinfection.

* In this study, data that appeared to suggest frequent
superinfection from current sexual partners more likely suggested
that SEDIs result from previous exposure, especially primary
coinfection or superinfection during recent infection, because viral
divergence could not be linked to the sources of most exposures.

 The hypothesis that protective effects of ART therapy against
infectivity or susceptibility to infection accounts for fewer than
expected cases of superinfection was not fully supported in this
analysis.

 Taken together the hypotheses explored in this study lend
further support to the possibility that biological mechanisms that
block HIV superinfection develop during chronic infection.

 Mounting data on patterns of viral divergence suggest directions
for further studies and analysis including:

o More sensitive virological studies to better detect and follow
SEDI patterns would be informative including allele-specific PCR
experiments, 454 or Pyrosequencing, and full-genome sequencing.

o0 Intensive virological assessment of recently infected individuals
for evidence of primary coinfection and follow-up to document
sequential expression of co-infecting viral variants would clarify
inquiry into whether appearance of divergent viral variants reflects
HIV-1 superinfection or SEDI of initially co-infected persons.
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