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ABSTRACT

The molecular and biological properties of HIV-1 subtype C strains from South Brazil were investigated. We
sequenced gag and env fragments of viruses from 22 HIV-1-infected individuals from Porto Alegre City, which
has the highest frequency of subtype C in the country. The sequences were then compared with other sub-
type B, C, and F strains isolated in Brazil and other countries using phylogenetic methods. Amino acid sig-
natures were identified and correlated with phenotypic characteristics. We identified six strains with subtype
C (27.3%), eight subtype B (36.4%), one subtype F (4.5%), six C/B recombinants (27.3%), and one B/F re-
combinant (4.5%). The Brazilian subtype C sequences formed a unique phylogenetic group and presented 6
and 18 specific amino acid signatures in gag and env, respectively. Three distinct patterns of C/B recombi-
nants presented characteristic Brazilian amino acid substitutions. Subtype C viruses were predominantly RS
and non-syncytium-inducing, while C/B recombinants were R5/X4 and syncytium-inducing viruses. These
findings suggest that subtype C viruses circulating in Brazil are the result of a unique introduction into the
country. Recombination events between subtypes B and C have been occurring frequently for more than 10
years in South Brazil. Biological characterization confirms the hypothesis that subtype C is distinct from the
others in the evolution of coreceptor utilization.

INTRODUCTION

HE RELATIONSHIP BETWEEN THE GENETIC VARIABILITY, bio-

logical properties, and pathogenicity of HIV-1 is not well
established, in part because the majority of research efforts have
focused on subtype B, which is the most prevalent subtype in
the western world. However, subtype C is currently the most
prevalent genetic form of HIV-1, accounting for more than 56%
of all infections worldwide.! The rapid spread of subtype C has
been related to host, viral, and socioeconomic factors. There is
growing evidence that molecular and biological characteristics
distinguish subtype C viruses from other subtypes, and that such
differences may lead to increased fitness, possibly affecting
transmission and pathogenesis.>¢

Although the incidence of HIV/AIDS in Brazil began to de-
cline in 1996, infection rates have increased in recent years
(http://www.aids.gov.br). The HIV/AIDS epidemic in Brazil is
characterized by the predominance of subtype B; however, the
increased prevalence of non-B subtypes’-® has contributed to
the emergence of variant viruses that may eventually become
resistant and/or undetectable with current diagnostic tests.
Therefore, HIV-1 molecular surveillance programs are of para-
mount importance to systematically monitor the distribution of
HIV-1 and document the introduction of new variants.

The subtype C epidemic has been increasing in Brazil since
its introduction around 1990, particularly in the South Region,
where prevalence varies between 25% and 45%.'%! However,
the few studies that have characterized subtype C strains cir-
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culating in Brazil have focused on the pol region, so the bio-
logical properties of Brazilian subtype C are largely un-
known.'>13 In this work, we assessed HIV-1 subtypes in Porto
Alegre, a city in the South Region of Brazil with at least three
circulating HIV-1 subtypes and the highest rate of subtype C
infection in the country.!® This study represents the first in-
vestigation taking into account the association of molecular and
biological features of a panel of subtype C viruses in Brazil and
contributes to the understanding of both its evolutionary his-
tory in South Brazil and the HIV-1 epidemic in this region.

MATERIALS AND METHODS

Patient population

In 2003, blood samples were obtained from 22 HIV-1-in-
fected patients followed up at the Hospital de Clinicas in Porto
Alegre (Rio Grande do Sul, Brazil). Subjects gave informed
consent to participate in the study. Peripheral blood mononu-
clear cells (PBMCs) were isolated from blood samples by Fi-
coll-Hypaque density gradient centrifugation (Sigma Chemical
Co., St Louis, MO) for viral isolation and DNA extraction.

Virus isolation and biological characterization

HIV-1 isolation and expansion were performed according to
WHO/UNAIDS guidelines.!* To investigate each isolate’s abil-
ity to replicate in monocyte-derived macrophages, these cells
were infected with HIV-1-positive cell-free supernatants, as
previously described.!> The preferential coreceptor usage of the
primary viruses was assessed by infecting U87 cells transfected
with CD4 and chemokine receptors.!> The isolate’s ability to
induce syncytium formation was evaluated by infecting MT-2,
Sup-T1, and PM-1 CD4* T cell lines with these viruses, as de-
scribed previously.!> The CCR5-dependent isolate Ba-L and the
CXCR4-using virus III-B were used as controls in all assays.

DNA isolation, polymerase chain reaction (PCR),
and sequencing

DNA was extracted using the Qiagen extraction kit (QIA-
GEN, Valencia, CA). A nested PCR assay was conducted for
individual amplification of the gag (~450 bp) and env (~550
base pairs) regions using a Perkin Elmer 9600 Thermal Cycle.
The gag amplification used H1G777/H1P202 and H1Gag1584/
G17 as outer and inner primer sets, while the env amplification
used ED5/ED12 and ED31/ED33, respectively, as outer and in-
ner primers. PCR conditions were as described elsewhere.!%:17
PCR products were purified in Qiagen columns (QIAGEN, Va-
lencia, CA) and sequenced in an ABI 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA) using a Big Dye Ter-
minator kit (Applied Biosystems, Foster City, CA) and the same
PCR inner primers. Sequences were assembled using SeqMan
software (DNAStar, Madison, WI) and were reported to the
GenBank database under accession numbers DQ358756 to
DQ358798 and DQ394366.

Phylogenetic analysis

For subtype determination, sequences were aligned with an
HIV-1 subtype reference set from the Los Alamos database
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(http://hiv-web.lanl.gov) in CLUSTAL X'® and manually edited
in GENEDOC.!? Phylogenetic trees were constructed using the
neighbor-joining method with the TVM + 1+ G (env) and
GTR + I + G (gag) models of substitution implemented in
PAUP*4.0b2a.2° The reliability of each cluster was determined
using 1000 bootstrap replicates. Trees were drawn with the
TreeView program?! and the subtyping results were confirmed
using the REGA HIV-1 subtyping tool.??

To examine intrasubtype C relationships, a subset of gag and
env subtype C sequences (including our new Brazilian se-
quences, previously characterized Brazilian sequences, and
multiple subtype C sequences from other countries) was sub-
mitted to phylogenetic analysis as described above, using the
GTR + I + G model of substitution. Mean genetic distances
within and between groups were measured with the Kimura
two-parameter model implemented in MEGA 2.0,3 using 500
bootstrap replicates to calculate the standard deviations. To
identify amino acid patterns, nucleotide sequences were trans-
lated in GENEDOC, and amino acid sequences were compared
to the world consensus subtype C using the BIOEDIT pro-
gram.?* Sequences were screened for the presence of biologi-
cally important sites with the Prosite database.?’

Samples with discordant subtype classifications had their gag
and env sequences attached (1000 bp) and analyzed using the
bootscanning method implemented in SIMPLOT software.?%
Based on these 1000 base pair sequences, a phylogenetic tree
was constructed using the methodology described above. To
futher investigate the relationship between mosaic viruses cir-
culating in Brazil, each recombinant 1000-bp fragment was also
submitted to bootscanning analysis, using reference strains from
subtypes A-K and one of the other Brazilian recombinants.

RESULTS

Among the 22 HIV-1-infected individuals, 9 (41%) were
women (male-to-female ratio of 1.44), 68% reported hetero-
sexual behavior, and 41% were intravenous drug users (IDU).
Mean age was 36 years, and mean income was $293/month.
Most of the patients (72.7%) had opportunistic disease and/or
CD4 counts typical of AIDS status (Centers for Disease Con-
trol and Prevention classification—http://www.cdc.gov/hiv/
pubs/guidelines.htm). Except for individuals RS021 and RS022,
who were twin brothers and IDU, the patients were not epi-
demiologically related.

Phylogenetic analysis of env and gag regions showed that 15
specimens (68%) had concordant subtypes in both genomic re-
gions: 8 subtype B (36.4%), 6 subtype C (27.3%), and 1 sub-
type F (4.5%). Discordant subtypes were observed for 7 (32%)
samples, suggesting the possibility of recombinant viruses.
Through recombination analysis using bootscanning, we clas-
sified 6 (27.3%) of these viruses as subtype C in gag and sub-
type B in env and one (4.5%) as subtype B in gag and subtype
F in env (data not shown).

To examine the intrasubtype relationships between subtype
C strains, trees were constructed using published C sequences
from different countries (Fig. 1). All new and previously de-
scribed Brazilian subtype C (Cggr) sequences, including strains
from Porto Alegre isolated between 1992 and 2003, as well as
one sequence from Argentina and one sequence from Uruguay,
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FIG. 1. gag and env phylogenetic relationships among subtype C HIV-1 viruses from different countries. Group O sequences
were used as the outgroup. All new and previously described Brazilian subtype C sequences formed a monophyletic group shown
within the box. Trees were constructed using the neighbor-joining method and the bootstrap values for 1000 replicates are indi-
cated. Branches highly supported by the ML method are indicated (**p < 0.001). HIV-1 sequences generated in the present study
are indicated in bold and those presenting discordant subtyping are underlined.

grouped as a single monophyletic group in both gag and env
neighbor-joining and maximum-likelihood analyses. Contrast-
ing, sequences from all other countries were widely dispersed
across multiple clusters. Concerning the levels of viral diver-
sity within each geographic group (Table 1), Cggr sequences ex-
hibited lower levels of divergence than those from other coun-
tries. Brazilian subtype B presented greater intrasubtype

diversity than Brazilian subtype C in both gag and env regions.
No significant differences in the mean distances between groups
were observed.

We next investigated whether Cgr sequences had character-
istic amino acid substitutions (Fig. 2). In the 180 amino acid
fragment of envelope (positions 202-382 in HXB?2), consider-
ing only the substitutions with frequency equal to or greater

TaBLE 1. DNA DISTANCES OF DIFFERENT GEOGRAPHIC GROUPS OF
SuBTYPE C SEQUENCES AND BRAZILIAN SUBTYPE B SEQUENCES

Mean distance % (no. of viruses)
[standard deviation]

Country and

ethnic group Subtype env (C2-C3) env V3 gag
Brazil C 7.6 (14) [0.7] 44 (14) [1.2] 3.7 (20) [0.4]
India C 8.6 (12) [0.7] 6.4 (12) [1.3] 5.0 (14) [0.6]
Botswana C 12.4 (13) [0.9] 10.5 (13) [1.7] 6.5 (15) [0.6]
South Africa C 12.1 (15) [0.8] 12.2 (15) [2.0] 5.7 (14) [0.6]
Tanzania C 15.8 (7) [1.3] 12.8 (7) [2.7] 7.0 (7) [0.8]
Ethiopia C 12.0 (8) [1.1] 13.1 (8) [2.4] 6.0 (7) [0.7]
Brazil B 14.4 (14) [1.1] 15.3 (14) [2.3] 8.0 (10) [0.8]
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FIG. 2. Multiple alignment of consensus subtype C amino acid sequences for different geographic groups of gag (a) and env
(b) compared with the world consensus C sequence, and signature patterns for each of these groups. Brazilian subtype B se-
quences were also aligned against the world consensus B. Functional motifs are shaded differently: N-linked glycosylation (light
gray); protein kinase C phosphorylation (medium gray); casein kinase II phosphorylation (dark gray); amidation site (black).
(¢) Summary of mutations in the V3 region of the seven HIV-1 isolates studied. Amino acid positions above the alignment are
numbered according to their positions in the V3 loop. Net charges and the biological properties of each isolate are indicated
at the right of the sequences. RS, tropic for CCRS coreceptor; R5X4, tropic for both CCRS and CXCR4 coreceptors; NSI, non-
syncytium-inducing when exposed to MT-2 and Sup-T1 cell lines; SI, syncytium-inducing when exposed to MT-2 and Sup-T1
cell lines; MT, able to replicate in macrophages.
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than 50%, Cgg sequences (n = 12) differed at 18 positions from
the world consensus C (consC). Of these, 11 substitutions were
exclusive of Cgr sequences: V2551 (50%), E275K (92%),
L2771 (58%), E334K (58%), D335T (58%), K336A (83%),
K343E (75%), K358N (50%), E360T (75%), P361K (58%), and
S362H (92%). In gag, Cgr sequences (n = 18) showed 6
changes in 141 amino acids (positions 276-417 in HXB2) when
compared to the world consensus, one of which (I388T, 83%)
represented exclusive substitution of Brazilian sequences.

To evaluate wether the Cgr amino acid substitutions were
restricted to Brazilian subtype C sequences, we looked for these
signatures in our set of subtype B (Bgr) sequences. In env (n =
13), only the V295N (92%) substitution was present among Bgr
sequences, while in gag (n = 10), three signatures were also
present in subtype B: S357G (80%), A370V (70%), and 1388T
(50%). When we compared Bgr with the world consensus sub-
type B to investigate a possible signature pattern, four signifi-
cant substitutions were found in env: L202T (85%), D279N
(61%), S291T (54%), and T317A (77%), and one specific sig-
nature (R380K, 50%) was observed in gag.

The significance of Cgg amino acid substitutions was eval-
uated through their impact on functional motifs. In the consen-
sus C, 9 potential N-linked glycosylation sites were found in
the env fragment, 8 of which were conserved among Cgr se-
quences. Substitutions N289K and S291P were associated with
elimination of the N-linked glycosylation site at positions
289-293; however, the V295N amino acid change led to a new
adjacent N-linked site (positions 295-298). Another alternative
N-linked site (positions 358-361) appeared as a consequence
of substitutions K358N, E360T, and P361K. Cgg substitutions
S345G and K358N resulted in the loss of two potential protein
kinase C phosphorylation (PKC) sites (positions 345-347 and
356-358, respectivelly), while K343E and S345G resulted in
(respectively) a new casein kinase II phosphorylation motif (po-
sitions 340-343) and a new amidation site (positions 344-347).
In gag, two Cgp substitutions were associated with changes in
functional motifs; S357G resulted in a loss of a PKC site (po-
sitions 357-359) and I388T led to the emergence of a new PKC
site (positions 388-390).

Since we observed that 27.3% of our samples were poten-
tial C/B recombinants, we further characterized the phyloge-
netic relationships of these viruses. A phylogenetic tree was
constructed based on the attachment of gag and env (1000 bp)
sequences (Fig. 3a). All six recombinants clustered as a mono-
phyletic group (bootstrap = 88) that fell between subtype C and
subtype B clusters and included a C/B recombinant from Ar-
gentina (ARE195FL). Bootscanning analysis (Fig. 3b) showed
that all recombinant C sequences (gag) were more similar to
those of other recombinants than to reference strain sequences,
which did not always occur with the recombinant subtype B re-
gion (env). However, the RS014, RS021, and RS022 isolates
were more similar to each other in both regions than to other
reference strains. The same was observed for isolates RS009
and RS010. The B region of isolate RS013 was always more
similar to a subtype B reference strain than to other Brazilian
recombinants. All recombinants presented the six gag amino
acid substitutions observed in Cggr sequences, except RS013,
wich did not have the T342S substitution. Recombinant se-
quences were found to contain Bgr env substitutions L202T
(83%), D279N (67%), and T317A (67%), and the V295N (83%)
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substitution characteristic of Bgr and Cgr sequences. In addi-
tion, RS021 and RS022 were probably epidemiologically linked
viruses. Their gag sequences presented 13 nucleotide mutations
that resulted in five amino acid substitutions (3.1% of nucleo-
tide pairwise distance), while their env fragments were charac-
terized by 29 mutations that resulted in 16 amino acid substi-
tutions (5.6% of mean distance).

We isolated and investigated the biological properties of
seven viruses from our cohort. All isolates were macrophage
tropic in culture. Four of the five subtype C strains infected
only U87 CCR5™ cells (R5 viruses), while the fifth (RS001)
was also able to use the CXCR4 coreceptor, albeit with lower
cytopathogenicity relative to the use of CCRS. Both recombi-
nants were able to use both CCR5 and CXCR4 coreceptors
(R5/X4 viruses). The four subtype C RS isolates did not form
syncytium when exposed to MT-2 and Sup-T1 cell lines (NSI
viruses), while the three dual tropic viruses induced syncytium
in these cells (SI viruses). As expected, all isolates were able
to form syncytia in CCR5" CXCR4* PM-1 cells.

Since coreceptor and T cell line tropisms are associated with
basic amino acids in the V3 loop in subtype B and CRFO1_AE
viruses, we characterized the V3 region of our isolates (Fig.
2c¢). None of the subtype C isolates had positively charged
residues at positions 11, 25, and 29. However, isolate RS002
presented positive residues at positions 18 and 32, resulting in
an overall charge increase of +5. A neutral serine residue was
always present at position 11, while a negatively charged amino
acid (either D or E) was present at position 25. The character-
istic subtype C GPGQ motif at the tip of the loop was con-
served in all but one subtype C isolate (RS002). In contrast, the
C/B recombinants had a basic residue at position 18 (arginine,
characteristic of B viruses) and RS022 also had another residue
at position 25, increasing the overall charge to +6, which is
characteristic of SI viruses. The potential N-linked glycosyla-
tion site NXT at positions 68, highly conserved in most HIV-
1 isolates, was present in all of our isolates, and in all other
Brazilian sequences except RS014. Overall, Cgr V3 sequences
were three times more conserved than Bgr sequences
(Table 1).

DISCUSSION

Despite the small number of individuals enrolled in this pres-
ent study, they presented features similar to the current ten-
dencies of the Brazilian HIV/AIDS epidemic: (1) patients were
primarily female (here, the sex ratio was 1.44, whereas a ratio
of 4.0 was registered in 1993%7), (2) there was a marked fre-
quency in reported heterosexual behavior (68.2%), and (3) pa-
tients were of low socioeconomic status (on average).

The prevalence of subtype C was 27.3% for both gag and
env genes and 55% when including recombinants involving sub-
type C. The high proportion (27.3%) of recombinant subtypes
B and C viruses in our cohort is similar to that found by a study
based on pol region analysis (25%).'° The circulation of BC re-
combinant strains in Brazil was reported previously; however,
the majority of these reports were based on pol analysis.!'%-11-28
Other studies have found different patterns of BC recombina-
tion between different fragments of gag and env.??-3° The C/B
strains identified here presented a genetic structure similar to
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type B reference strain in its env region than to other Brazilian recombinants.
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an Argentine recombinant.! The monophyletic group and the
observation of Brazilian signature amino acids in their gag and
env sequences suggest local recombination events. Comparing
the six C/B recombinants, we observed at least three distinct
patterns of recombination, suggesting that recombination events
are very frequent. Furthermore, we could speculate that re-
combination events between these two subtypes have been oc-
curring for more than 10 years in Brazil, since patients RS021
and RS022 were seropositive in 1998, and the first BC recom-
binant in Brazil was detected by 1992-1993.2°

The monophyletic group formed by Cgr sequences in both
gag and env confirms that this subtype was recently introduced
in South Brazil from one or more similar founder strains, as
previously suggested by pol evaluation.?® This hypothesis is
also supported by the fact that mean distances of Cpr sequences
are lower than those of subtype C viruses from Africa and of
Brazilian subtype B viruses, which represent longer duration
AIDS epidemics caused by multiple virus introductions.?>»3233
Cpgr viruses had average distances more similar to those of In-
dian C viruses, which, as suggested, represent a recent and
unique introduction of this subtype.3? In addition, one virus
from Argentina and another from Uruguay clustered inside the
Brazilian group. Considering that subtype C was first detected
in Argentina by 1999 and in Uruguay by 2001,3* subtype C
probably spread from Brazil.

The close relationship among Cgg viruses is also supported
by a pattern of signature amino acids in both genomic regions.
These amino acid sites may have evolutionary, structural, and
phenotypic significance. For instance, out of 18 sites differen-
tially conserved in Cgr sequences, 5 were proposed to be pos-
itively selected (positions 281, 291, 335, 336, and 343 of
2p120).3> We could also associate some Cgg-specific signatures
with lost or emergent N-linked glycosylation sites in the enve-
lope. Carbohydrates in the gp120 limit the humoral immune re-
sponse and help shield the virus from immune recognition.36-37
Moreover, removal of N-linked glycans enhances CTL re-
sponses to HIV-1 env.3® We observed, for instance, that Brazil-
ian C sequences lacked the N-linked site at positions 289-293;
however, a new site was found closely adjacent. A similar phe-
nomenon was observed in the V1 region by Reitter et al.,° in-
dicating a potential strategy for maintenance of these N-linked
sites within gp120.

Although the five subtype C isolates were obtained from
AIDS patients, these viruses preferentially used CCRS, similar
to previous reports demonstrating that this subtype is distinct
in the evolution of coreceptor utilization.3® In association, V3
sequences of subtype C viruses were highly conserved and had
lower overall positive charge than subtype B sequences, which
is consistent with the NSI phenotype of subtype C viruses, as
reported previously.*? Indeed, none of Cgg specific amino acid
substitutions occurred in this genomic region. However, Brazil-
ian exclusive substitution V295N created a new N-linked gly-
cosylation site at position —1 of the V3 loop that is character-
istically absent in most C viruses.”> The absence of this site
was associated with the presence of a serine phosphorylation
site at position 11, which could contribute to an efficient use
of CCRS5 in subtype C viruses.2> However, Cgr viruses, which
are effective in utilizing CCRS, have both N-linked and phos-
phorylation sites. Thus, futher analysis may reveal the true im-
portance of these sites for viral entry. In addition, the dual tropic
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subtype C isolate (RS001) did not present basic amino acids in
V3 sequences, and its net charge (+3) was similar to that of
NSI viruses. This suggests that other regions of env may con-
tribute to X4 tropism, as previously suggested.*!*2

Among our samples, recombination events always occurred
with subtype C in gag and subtype B in env. Since these pa-
tients presented advanced stages of disease, and considering that
the R5-to-X4 switch occurs in at least 50% of subtype B-in-
fected individuals,*? the selection of these variants may be re-
lated to biological features of the subtype B envelope. Indeed,
the two C/B recombinants were dual tropic and syncytium-in-
ducing viruses, features more frequently observed among sub-
type B strains.

Our results point to a high genetic diversity of HIV-1 in
South Brazil. One contributing factor is the elevated rate of re-
combinant events over a long period of time. However, since
no circulating recombinants forms (CRF) containing Brazilian
subtype C viruses have been described, studies involving the
complete genome of Brazilian subtype C strains are needed. We
also can conclude that subtype C isolates from South of Brazil
are phenotypically similar to those in other regions.

SEQUENCE DATA

The sequences were reported to the GenBank database
under accession numbers DQ358756 to DQ358798 and
DQ394366.
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