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Investigating the incidence and prevalence of HIV-1 superinfection is challenging due to the complex dynamics of two in-
fecting strains. The superinfecting strain can replace the initial strain, be transiently expressed, or persist along with the
initial strain in distinct or in recombined forms. Various selective pressures influence these alternative scenarios in differ-
ent HIV-1 coding regions. We hypothesized that the potency of the neutralizing antibody (NAb) response to autologous
viruses would modulate viral dynamics in env following superinfection in a limited set of superinfection cases. HIV-1 env
pyrosequencing data were generated from blood plasma collected from 7 individuals with evidence of superinfection. Viral
variants within each patient were screened for recombination, and viral dynamics were evaluated using nucleotide diver-
sity. NAb responses to autologous viruses were evaluated before and after superinfection. In 4 individuals, the superinfect-
ing strain replaced the original strain. In 2 individuals, both initial and superinfecting strains continued to cocirculate. In
the final individual, the surviving lineage was the product of interstrain recombination. NAb responses to autologous vi-
ruses that were detected within the first 2 years of HIV-1 infection were weak or absent for 6 of the 7 recently infected indi-
viduals at the time of and shortly following superinfection. These 6 individuals had detectable on-going viral replication of
distinct superinfecting virus in the env coding region. In the remaining case, there was an early and strong autologous NAb
response, which was associated with extensive recombination in env between initial and superinfecting strains. This exten-
sive recombination made superinfection more difficult to identify and may explain why the detection of superinfection has

typically been associated with low autologous NAD titers.

Human immunodeficiency virus type 1 (HIV-1) superinfec-
tion (SI) is the reinfection of a previously infected individual
with a distinct heterologous viral strain. This process allows viral
recombination to occur between distantly related strains and may
facilitate immune evasion (1, 2), development of drug resistance
(3), and disease progression (4-6). Moreover, new circulating re-
combinant forms complicate vaccine development by expanding
global viral diversity (7, 8). HIV-1 superinfection appears to occur
more often early in infection and is associated with a weaker and
immature immune response (9, 10). However, detection of super-
infection is difficult and hinges on timing of sampling and molec-
ular evidence of a genetically distinct viral subpopulation. The
recent development of more sensitive next-generation sequencing
techniques (e.g., ultradeep sequencing [UDS]) facilitates the iden-
tification of cases (4, 11, 12) and permits the assessment of intra-
host viral subpopulation dynamics.

The role of neutralizing antibodies (NADb) in protection
against superinfection has been supported by animal models (13).
Analogous to humans, superinfection in animal models has been
associated with a preexisting weaker cell-mediated and humoral
immune response to autologous and heterologous viruses (6, 9,
14-16). The host NAD response to HIV-1 can exert strong selec-
tive pressures that can drive rapid viral adaptation to escape im-
mune recognition in env (15, 17, 18). Nonetheless, factors that
modulate intrahost viral evolution after superinfection has oc-
curred have not been well characterized. Here, we investigated the
potential role of autologous NAb responses in driving viral evolu-
tion of HIV-1 superinfection in seven superinfected individuals
monitored longitudinally.
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MATERIALS AND METHODS

Population study and design. Individuals with intrasubtype B HIV-1
superinfection were identified from a previous screen of 118 participants
from the San Diego Primary Infection Cohort, enrolled between January
1998 and January 2007 (4). All screened cohort participants deferred an-
tiretroviral therapy for at least 6 months and had at least two plasma
samples available for sequencing. Here, we studied seven previously iden-
tified individuals with superinfection who had at least four serially sam-
pled time points available (Table 1). All individuals were men who re-
ported having sex with men (MSM) as their primary risk factor for HIV
acquisition. CD4 cell counts (LabCorp) and blood plasma HIV-1 RNA
levels (Amplicor HIV-1 monitor test; Roche Molecular Systems Inc.) were
also longitudinally quantified. Estimated dates of infection (EDI) were
determined using standard procedures (19).

RNA extraction and sequencing methods. HIV RNA was extracted
from blood plasma (QIAmp viral RNA mini kit; Qiagen, Hilden, Ger-
many), and cDNA was generated (RETROscript kit; Applied Biosystems/
Ambion, Austin, TX) from extracted HIV-1 RNA for three or more time
points over a minimum of 11 months. Single-genome sequencing (SGS)
and UDS of PCR-amplified env C2-V3 (HXB2 coordinates 6928 to 7344),
pol reverse transcriptase (RT; HXB2 coordinates 2708 to 3242), and gag
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TABLE 1 Subject baseline characteristics

cDNA (log,, copies/ml)
after first visit

2.53

6.26

3.38

3.08

4.86

4.77

4.58

CD4 T (cells/pl)
after first visit

First visit after
EDI (mo)

2.5

EDI

Risk

Age at

(mo/day/yr)

9/10/97
6/05/99
6/23/01
6/05/01
4/16/03

factor

Race

Sex

Male

enrollment (yr)

34
33
30
32
21

Subject ID

D2

717
492

MSM
MSM

African-American

White
White
White

3.0
0.9
3.3
2.3

Male

G5

711
571
516
471
321

MSM
MSM

MSM

Male

K6

Male

K9

White
White
White

Male

P2

5.7
2.3

11/23/03
6/08/04

MSM
MSM

Male

51

R5

Male

35

S1

4.58 (3.00-6.17)

516 (356.5-675.5)

2.5(1.7-3.3)

33 (31-34.5)

Median (IQR)

p24 (HXB2 coordinates 1366 to 1619) were performed as described pre-
viously (4, 11, 20). Al UDS and SGS sequences were screened for in-house
cross-contamination using BLAST as previously described (21).

Sequence analysis. UDS sequences were analyzed with the HyPhy
software package available on the DataMonkey webserver (Tables 2 and 3)
(22, 23). Estimates of sequence diversity were obtained from sliding win-
dows (length, 150 bp; stride, 20 bp) for each of the three sequenced gene
regions (4). UDS raw data were then analyzed using ShoRAH (short read
assembly into haplotypes) (24), which allows both quantification of ge-
netic diversity and identification of nonredundant sequences. Briefly, this
software uses a Bayesian probabilistic clustering method to identify se-
quence variation. The consensus sequence of each cluster represents a
haplotype, and the number of reads within each cluster estimated the
prevalence of the haplotype. Hence, the output consists of a list of haplo-
types and their relative frequencies (24-27). The viral diversity within
each subject’s subpopulation and at each time point was further quanti-
fied by the mean genetic distance (in number of base substitutions per
site) using a Tamura-Nei model (28). Analyses were conducted in
MEGAS (29). For the UDS sequences, we applied the method developed
by Poon et al., which consists of the reexpansion of generated viral vari-
ants to their relative read counts (30) (Table 4 and Fig. 1).

Recombination analyses. Sequences were also screened for recom-
binant variants by visual inspection of Highlighter plots using High-
lighter from the Los Alamos National Laboratory HIV Sequence Database
(http://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/HIGHLIGHT _
XYPLOT/highlighter.html) (31) and a genetic algorithm for identify-
ing recombination breakpoints (GARD) (32) (Fig. 2).

Neutralization assays. NAb assays against autologous pseudoviruses
were performed by Monogram Biosciences Inc. (15). Briefly, autologous
viral envelope populations were used to produce pseudotyped virus stocks
for each of the subjects at each available time point. The plasmid prepa-
rations used in the neutralization experiments contained the HIV-1 Env
quasispecies derived as a population from the patient plasma, so for the
neutralization assays a representative sampling of all of the Env variants
present in the subject’s plasma were also present in pseudotyped viral
stocks. Each individual’s plasma sample was tested in the neutralization
assay with each of the longitudinal pseudovirus stocks as previously de-
scribed (15). These pseudovirions were incubated for 1 h with serial 4-fold
dilutions of autologous plasma. Virus infectivity was determined 72 h
postinoculation by measuring the amount of luciferase activity expressed
in infected cells. Neutralizing activity is displayed as the percent inhibition
of viral replication (luciferase activity) at each antibody (Ab) dilution
compared to an antibody-negative control: percent inhibition = [1 —
(luciferase + Ab/luciferase — Ab]) X 100. The titer was defined as the
reciprocal of the dilution of plasma that produces 50% inhibition of virus
replication (IDs,). A threshold ID, titer of 20 was used to identify signif-
icant NAb responses (Table 5) (9, 15).

Phylogenetic reconstruction. Multiple alignments of the partial
HIV-1 env, gag, and RT regions were constructed with MAFFT (33) and
then manually edited using BioEdit (34). Sequences that could not be
unambiguously aligned were removed.

Demographic and evolutionary parameters of intrahost dynamics of
initial and superinfecting viral lineages were also estimated by a Bayesian
Markov chain Monte Carlo (BMCMC) inference implemented in BEAST
v1.7.4 (35) using partial env sequences. Briefly, BMCMC runs of 50 to 100
million generations were performed for each analysis with a GTR+1T',
substitution model under an exponential coalescent model tree prior. All
analyses were performed using an uncorrelated log-normal relaxed mo-
lecular clock (35). Maximum clade credibility trees were selected with the
software TreeAnnotator v1.7.4, with the first 10% of generations dis-
carded as burn-in. Trees were visualized in FigTree v.1.4.0, and Tracer
v.1.5 (http://beast.bio.ed.ac.uk/Tracer) was used to check for conver-
gence.
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TABLE 2 Sampling time point and env sequences

Viral Evolution after HIV-1 Superinfection

Subject ID and env

Time point (in days after EDI)/no. of partial env sequence haplotypes®

Total no. of sequences

sequence type 1 2 3 4 5 6 7 8 9 (UDS/SGS)

Ko6
UDS 219/8 95 (8/87)
SGS 124/14 180/23 219/38 261/12

S1
UDS 85/7 167 (7/160)
SGS 85/31 155/30 205/27 232/25 351/25 591/22

D2
UDS 325/39 164 (39/125)
SGS 45/22 220/24 325/26 463/24 2118/29*

K9
UDS 231/16 259/2 443/2 46 (20/26)
SGS 136/14 315/12

P2
UDS 86/4 931/46 1015/58 277 (108/169)
SGS 86/22 413/25 469/9 546/25 696/24 931/28 1015/22

R5
UDS 85/5 259/5 302/2 402/2 457/16 522/5 591/11 667/19 730/11 76 (76/0)
SGS

G5
UDS 56/14 196/11 408/2 604/9 840/1 869/9 932/26 72 (72/0)
SGS

“ Numbers indicate the day of sampling since EDI and the number of sequences available at each time point. For NAb rows, numbers indicate the day of sampling since EDI.

¥ Under antiretroviral therapy. Blank cells indicate that data were unavailable.

RESULTS

Population and sequence data. Seven HIV-1 intrasubtype B su-
perinfection cases were analyzed, with a mean duration of fol-
low-up of 18.2 months (range, 4.1 to 31.0). All were men who
reported sex with other men as their main HIV risk factor. Their
mean age at enrollment was 33.7 years (range, 21 to 51), and their
mean estimated duration of infection at enrollment was 85.4 days
(range, 26 to 170) (Table 1).

HIV-1 env sequences were generated from multiple time point
samples for each individual with a mean of 6.3 time points (range,
5 to 9 time points) (Tables 2 and 3 and Fig. 1). The numbers of
UDS haplotypes and SGS sequences generated at each time point
are summarized in Table 2. The mean sequence length was 192 bp
(range, 50 to 471 bp). Altogether, the mean number of partial env

TABLE 3 Time point of neutralizing antibody assays and mean Nab titers

sequences available for each individual was 132.4 sequences
(range, 46 to 277 sequences) (Table 2). Overall, superinfection was
detected within the first 2 years after EDI (mean date of SI of 330
days after EDI [range, 155 to 546 days]) (Fig. 1).

Intrahost viral dynamics and evolution. As expected, phylo-
genetic analysis of the combined data sets showed well-sup-
ported clades for each individual (data not shown), and origi-
nal and superinfecting lineages were observed in each
individual. In subject G5, we found evidence for a recombina-
tion event (breakpoint at position 227 [GARD; P = 0.01]) be-
tween original and superinfecting viral populations. Therefore,
we performed separate Bayesian phylogenetic analyses for each
G5 env nonrecombinant region. In each individual, the relative
proportion of the original infecting lineage, superinfecting lin-

Time point (in days after EDI) of NAD assays/ID5,"

Subject No. of time points
1D 1 2 3 4 5 6 7 8 9 (UDS and SGS)
K6 124/43 180/21 389/15* 3

S1 85/147 155/120 351/133 497/17 4

D2 45/42 325/18 463/24 3

K9 94/155 231/51 315/10 443/10 4

P2 86/585 163/737 352/406 546/291 696/262 7571146 1,015/15 7

R5 85/83 259/182 730/10%* 3

G5 56/8,513 408/1,480 604/223 840/34 869/25 93,258 6

@ Blank cells indicate that data were unavailable. Numbers indicate the day of sampling since EDI and the mean autologous NAD titer at each time point. Boldface indicates time
and Nab titers contemporaneous with or following (*) the first evidence of superinfection. For subjects K6 and R5, NAD assays were not available at the time of SI.
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TABLE 4 Overall mean viral diversity within env regions across the 7
superinfected subjects

Diversity”
Range
Subject Mean (minimum-maximum)
S1 0.06 0.01-0.14
Ke6 0.03 0.02-0.05
K9 0.02 0.01-0.09
P2 0.06 0.03-0.13
D2 0.04 0.02-0.11
R5 0.04 0.01-0.13
G5 0.07 0.02-0.14

“ The mean values within each individual and the ranges (minimum and maximum)
are indicated. The latest time point for subject D2 (under antiretroviral therapy) was
removed.

eage, and recombinant lineage varied over time (Fig. 1). High-
lighter plot analysis confirmed the presence of distinct lineages,
consistent with superinfection (Fig. 2).

We classified viral evolution profiles according to the persis-
tence or extinction of original and superinfecting lineages at the
subsequent time points. Altogether, these results allowed us to
characterize three different virologic profiles after superinfection:
(i) extinction of the original lineage (individuals K6, S1, D2, and
K9) (Fig. 1 to 3); (ii) cocirculation of both original and superin-
fecting lineages (individuals P2 and R5; Fig. 1 to 3); and (iii) re-
combination between original and superinfecting lineages for in-
dividual G5. These phylogenetic patterns within the first env
region derived from either the original or the superinfecting lin-
eage were highly supported (posterior probability P of 1) (Fig. 3).
Interestingly, the tree topology for subject R5 (Fig. 3A) demon-
strated distinct superinfecting lineages at the 5th and the 8th sam-
pled time points with high posterior probability (P = 0.95 to

0.99). More precisely, it showed the absence of ongoing replica-
tion of the first SI subpopulation (time point 5) at time points 6
and 7, which could illustrate the extinction of this first SI subpop-
ulation (i.e., SI failure or SI extinction), and a second potential SI
event at time point 8, with no close phylogenetic relationship ei-
ther with initial strains or with the first potential SI strains.

Similar analyses of viral dynamics were performed for both RT
(6 individuals) and gag (4 individuals) UDS data. Recombination
events within gag or RT coding regions were not detected, includ-
ing for subject G5. Viral dynamics of the HIV-1 RT region within
each subject were consistent with env analyses. Superinfection
with extinction of the original lineage or cocirculation of both the
original and superinfecting lineages occurred for all subjects ex-
cept for K9 and K6, for whom sufficient RT sequences were not
available (see Table S1 in the supplemental material). The limited
numbers of gag sequences available for most of the individuals did
not permit inference in this coding region.

Viral dynamics and autologous neutralizing antibody re-
sponse. We next considered the relationship between viral evolu-
tion and autologous NAb development during the period of ob-
servation. The mean env nucleotide diversity of the sampled HIV
RNA population was measured at each time point sampled and
within each subject. The global mean viral diversity within each
subject varied from 0.02 to 0.07 (Table 4). Neutralizing activity of
antibody in each individual’s plasma sample against autologous
contemporaneous pseudoviruses was then evaluated, and NAb
1D, titers were generated for 3 to 7 time points per participant
(Tables 3 and 5). Consistent with the detection of superinfection,
maximum viral diversity for each participant was observed at the
time of superinfection and at the time of recombination for sub-
ject G5 (Fig. 4). Interestingly, mean NAD titers to autologous vi-
ruses at the time of and shortly following superinfection were
barely detectable for six of the seven subjects. Specifically at the

Original Lineage
Superinfecting Lineage
Recombinant Strains
k1 — PO
11- QP09 @
* extinction of
original lineage
1@ @ - e
=]
: 01— Q0000
U
§
(%]
P2+ L & A an “w
co-circulation of
both lineages
s+ Q000000 9
Class C:
G5 — ’ ‘ ‘ inler-linea'ge
O o - ntorineage

0 12 24

36 // 72

Months after initial infection

FIG 1 Relative proportion of original and superinfecting lineages during the follow-up of the 7 subjects. The y axis represents 7 individuals identified as being
superinfected, and the x axis is the time from the estimated date of initial infection. Circles represent sampled time points. Blue, initial lineage; red, superinfecting
lineages; purple, recombinant strains. Slices represent the relative proportion of each lineage. Classes A and B are associated with a weak autologous NAb
response. In the class C individual, there was a strong autologous NAb response toward SI strains. The time point indicated by an asterisk was after initiation of

antiretroviral therapy.
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(class B: co-circulation
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FIG 2 Highlighter plots of aligned env from three representative individuals with distinct dynamics. In the plots, base differences from the top master sequence
are highlighted with colored ticks. Lineages are indicated with colored brackets: original, blue; SI, red; and recombinant strains, purple. K9 is an example of the
extinction of the original lineage. R5 shows the cocirculation of both original and superinfected lineages. G5 depicts intense recombination events between the
initial lineage and SI lineages associated with escape from contemporaneous autologous NAb response.

time of superinfection, the ID;, titers for participants K6 and D2
were the lowest, at 15 and 18, respectively, while for K9, P2, S1, and
R5, IDs, titers ranged from 51 to 291. However, a strong NAb
response to the autologous contemporaneous viral population
was observed at the time of superinfection for G5 (mean 1D,
1,480) (Table 5). Participant G5 also displayed high viral diversity
within env at the two latest time points available (with mean di-
versities of 0.14 and 0.09, respectively) where recombination
events were observed. Taken together, these associated virologic
and antibody data suggest that higher levels of autologous NAb
drives viral recombination after superinfection has occurred.

DISCUSSION

Understanding the immunological and virological dynamics of
HIV-1 superinfection may be important in the development of
efficient vaccine strategies, since superinfection can be considered
a vaccine failure. Therefore, correlates of susceptibility to super-

TABLE 5 Autologous NAD titers to contemporaneous viruses at the
time of first evidence of superinfection

ANAb ID

Estimated time of SI >
Subject (in days since EDI) Minimum Mean SD
K6 219 10 16 9.1
R5 457 10 139 258

667 10 10 10
G5 408 10 1,480 1,209
K9 231 10 51 33.1
S1 155 10 120 182.7
P2 546 10 291 118.2
D2 325 10 18 13.9

“ The means, medians, and standard deviations (SD) of autologous NAb (ANAD) titer
at the time of the superinfecting event within each individual are denoted. For subject
R5, two possible superinfecting events were identified. ID5, titers below the limit of
detection (<<20) were assigned to half the limit of detection (i.e., 10).

December 2013 Volume 87 Number 23

infection may reflect correlates of protection with vaccines. In this
longitudinal study of seven superinfected individuals, we pro-
vided unique insights into the postsuperinfection evolution of vi-
ral lineages under the selective pressure of the NAb response. We
observed three different patterns of viral subpopulation dynam-
ics. In four of seven individuals, there was evidence of extinction
of the original lineage, highlighting the ability of the superinfect-
ing lineage to overcome the preexisting immune response within
these hosts. Distinct original and superinfecting lineages cocircu-
lated in two individuals, and the two strains recombined in one
individual. This recombination between original and superinfect-
ing lineages likely facilitated evasion of host immune responses,
since viral replication continued at high levels (5.23 log,, HIV-1
RNA copies/ml) despite preexisting NAb.

Immune correlates of protection against superinfection have
been investigated previously. Hence, a broad CD8" T-cell im-
mune response does not seem to prevent HIV-1 superinfection (6)
but could drive selection of new recombinant variants after superin-
fection (36). Similarly, humoral immune responses around superin-
fection events have been previously studied, and a lack of NAb was
associated with superinfection events (9, 37). However, it was previ-
ously unknown if NAb responses could also drive recombination
between original and superinfecting strains. In this study, we ob-
served significantly increased viral diversity and recombination be-
tween original and superinfecting lineages in the one individual who
developed the highest autologous NAb response.

Next-generation sequencing is a promising approach to better
estimate the genetic diversity of viral population and by detecting
low-frequency variants (25, 26, 38). However, the large number of
possible haplotypes in a set of reads generated by UDS raises com-
putational and analytical problems. Using computational and sta-
tistical procedures for haplotype reconstruction and haplotype
frequency, our study confirms the potential benefits of UDS for
the analysis of the genetic diversity of viral populations. With
these methods, we observed that the highest amount of env diver-
sity was associated with the identification of superinfecting events
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FIG 4 Trend of mean viral diversification within env regions across the 7 superinfected subjects. Mean env viral diversity at each time point is plotted relative to
the time since the estimated date of infection (EDI). Participant S1 is shown as the dark blue line, K6 as the red line, K9 as the green line, P2 as the purple line,
D2 as the black line, R5 as the orange line, and G5 as the light blue line. Colored stars indicate the earliest time point with evidence of superinfection for each
individual. Crosses indicate times of recombinant events identified in subject G5. The highest diversity within each subject corresponded to the time of
superinfecting event(s) and, for G5, to the time when recombination was evident.

for all of the individuals. Interestingly, it also confirmed the pos-
sibility that two distinct superinfections with two different strains
occurred within subject R5, as suggested by both highlighter plots
(Fig. 2) and tree topology (Fig. 3A). For subject G5 we were able to
identify a putative recombination event within env arising at the
latest time points, corresponding with an increase in observed
viral diversity. Despite the limited size of this study, these obser-
vations demonstrate that this computational strategy can be used
to evaluate the viral dynamics occurring during superinfection.

In summary, the humoral response can exert very strong selec-
tive pressures on HIV-1 and can drive rapid viral escape (15, 18).
In this study, we confirmed that humoral immune selection pres-
sure is also associated with viral recombination and likely NAb
escape, similar to previous reports on cytotoxic T lymphocyte
pressure (36). Such immune-driven viral recombination may also
make superinfection harder to detect by homogenizing the circu-
lating viral population, and this observation may explain why the
detection of superinfection typically has been associated with low
autologous NAD titers (9).
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