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The long terminal repeat (LTR) transcriptional promoters of different human immunodeficiency virus (HIV)
type 1 subtypes were inserted into the LAI molecular clone of subtype B. The viral genotypes represent seven
subtypes (A, B, C, D, E, F, and G) and one circulating recombinant form (AG). We performed replication
studies with this isogenic set of viruses across six cellular environments. This approach revealed strong cellular
environment effects, but the method was not sensitive enough to detect small differences in the replication rate
between the subtypes. By conducting pairwise competition experiments between the virus variants in six
cellular environments, we could demonstrate significant differences in the replication rates of the subtypes and
that LTR-determined viral fitness depends both on the host cell type and the activation state of the cell. In
addition, we determined the degree of conservation of the transcription factor-binding sites (TFBS) in the
different-subtype LTRs by analyzing sequences from the HIV sequence database. The sequence analyses
revealed subtype-specific conservation of certain TFBS. The results indicate that one should consider the
possibility of subtype-specific viral replication rates in vivo, which are strongly influenced by the host envi-
ronment. We argue that the multidimensional host environment may have shaped the genetic structures of the

subtype LTRs.

The current human immunodeficiency virus type 1 (HIV-1)
pandemic is caused by at least nine subtypes (termed A
through K) and an increasing number of recombinant forms.
The HIV-1 subtypes are not evenly distributed throughout the
world but are clustered in certain areas. Genetic differences
between subtypes can be up to 40% nucleotide sequence dis-
similarity (e.g., in the V3 domain of the envelope protein), and
even within subtypes these differences can exceed 20%. There
has been a large skew in research focus on subtype B, which is
the most prevalent subtype in the western world. Conse-
quently, it is currently not clear whether the HIV-1 subtypes
have different biological properties that cause differences in
disease progression. Two studies have reported slower disease
progression for subtype A (19, 20), and there may be differ-
ences in viral load at peak viremia shortly after infection and
before the set point is reached in comparisons between sub-
types B and C (46) and between subtypes B and E (16). Dif-
ferences in transmission efficiency between subtypes have also
been reported in some studies (8, 45). To what extent these
differences are influenced by the interaction between the virus
genotype and the host environment is not known. Here, we
focused on the transcriptional promoter located in the long
terminal repeat (LTR) of the HIV-1 genome, which is one of
the most conserved regions among virus isolates and subtypes.
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This relative conservation indicates that the LTR is subject
to strict constraints because it is important for viral gene
expression and replication. The LTR is a major determinant
for virulence in several animal retroviruses, and even minor
changes or rearrangements within the transcription factor-
binding sites (TFBS) can have a significant impact on cell
tropism and pathogenicity (10, 33). For HIV-1 and its sub-
types, it is largely unknown to what degree the promoter con-
tributes to replication, infectivity, virulence, and viral fitness.
We aimed to identify interactions between six cellular environ-
ments and nine viral genotypes with an isogenic set of HIV-1
molecular clones containing a subtype-specific LTR.

The LTR of HIV-1 can be subdivided into the U3, R, and
US regions, the first two of which are essential for transcrip-
tion. Upon transcription, the R region folds the TAR hairpin
structure that interacts with the viral Tat protein to fully acti-
vate transcription. The U3 region contains the TATA box and
several upstream TFBS that control transcription (Fig. 1).
Most HIV-1 isolates have three SP1 sites and at least two
NF-kB sites, although the upstream NF-kB site is changed into
a GABP site in all subtype E isolates (51). There is consider-
able variation in the presence of other binding sites, such as
AP1, NFAT, and USF, and some of these differences are
subtype specific (18, 39). The TFBS exhibit distinct properties;
SP1, for example, is required both for basal and induced tran-
scription in the presence of the Tat-TAR complex (5, 6, 52).
The downstream NF-kB site can make up for the absence of
SP1 sites, depending on the T-cell line in which virus replica-
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FIG. 1. The HIV-1 LTR promoter in different subtypes. (A) Pro-
viral genome of HIV-1 (not to scale). (B) A detailed picture of the
subtype-specific TFBS in the U3 domain of the LTR promoter. Mo-
lecular clones were constructed through exchange of the U3 and R
regions (nucleotides —147 to +63) of the subtype B molecular clone
LAI with eight other subtype-specific promoter sequences. The U3
sequence changes do not affect the upstream Nef open reading frame.
Because the variant sequences were introduced into the 3" LTR of
subtype B, the R element encoding TAR is inherited from the 5" LTR.
The asterisks beneath each TFBS indicate the predicted fit obtained by
Matlnspector, as follows: ***, good; **, average; *, poor. —, no pre-
diction.

tion is tested (47). There are other examples where the lack of
a binding site or the presence of a low-affinity site is compen-
sated for by other regions in the LTR (17, 28, 42). This redun-
dancy in transcription activation pathways and the presence of
many different TFBS in HIV-1 may suggest a viral strategy to
be productive across several cellular environments with large
differences in the pool of transcription factors. There are more
than 2,000 known transcription factors encoded by the human
genome (23, 44). Differences in the presence or activation state
of these transcription factors are due to the cell developmen-
tal program. This transcription factor pool can also change
through exogenous influences (cytokines or coinfections) that
trigger specific signaling pathways in the cell, which result in
the activation of a new set of transcription factors (9). The
presence of distinct TFBS in the HIV-1 subtypes and the tem-
poral and/or spatial variation of transcription factors in the
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cellular environment may suggest that the phenotype or fitness
of the subtypes depends on the environment. Recently, small
differences in LTR transcriptional activity between subtypes
were demonstrated (18, 36, 38, 44). Whether these differences
in LTR activity result in subtype-specific differences in repli-
cation rate has not been addressed systematically thus far, and
to what extent the cellular environment contributes to the viral
replication rate is also unclear.

We inserted nine distinct subtype LTRs into the HIV-1 LAI
molecular clone of subtype B. The viral genotypes represent
seven subtypes (A, B, C, D, E, F, and G) and one circulating
recombinant form (CRF02-AG). This approach allowed us to
compare an isogenic set of virus variants that differ only in the
viral promoter. We measured the replication rate of each sub-
type across six cellular environments, which revealed signifi-
cant environmental effects. However, this approach was not
sensitive enough to detect small differences in the replication
rate between subtypes. By conducting pairwise competition
experiments between all virus variants in six cellular environ-
ments, we were able to estimate the replication rate of every
subtype in each environment. These results reveal significant
differences in replication rate between the subtypes and show
that the LTR-determined viral fitness depends on both the
host cell type and the activation state. We also show that a few
mutational differences are sufficient to cause a significant
change in viral fitness and the way in which the virus reacts to
changes in the environment.

MATERIALS AND METHODS

Constructs. Molecular HIV-1 clones with a subtype-specific LTR were derived
from the eight pBlue3’LTR constructs (A, C1, C2, D, E, F, G, and AG) de-
scribed previously (18). Additional subtype C LTR clones from Ethiopia and
subtype E LTR clones from Helsinki, Finland, will be described elsewhere. To
obtain the molecular clones, a 1.7-kb XhoI-BglI fragment of each subtype was
inserted into the molecular clone pLAI of subtype B. All molecular clones
therefore had a pLAI backbone and carried a subtype-specific LTR from posi-
tion —147 to + 63, stretching from the noncoding part of U3 to the R region,
including the complete TAR hairpin (Fig. 1). The original pLAI molecular clone
was used as the subtype B prototype (40). The subtype-specific LTR fragment
was inserted into the 3’ LTR of pLAI. During reverse transcription, the U3
sequences will be inherited in both LTRs of the viral progeny. The R region
(including the TAR element), however, is inherited from the 5" LTR sequence.
Thus, all nine viruses contain a subtype-specific LTR fragment from position
—147 to —1 and a subtype B TAR element after the first round of replication.

Cell lines. Human T-lymphocyte cell lines SupT1 and MT2 (49) were cultured
in RPMI 1640 (Gibco BRL) supplemented with 10% fetal calf serum, penicillin
(100 U/ml), and streptomycin (100 U/ml). The cervical carcinoma cell line C33A
(ATCC HTB31) (3) was cultured in Dulbecco’s modified Eagle’s medium (Gibco
BRL) with the same supplements. All cell lines were kept at 37°C with 5% CO,.

Transfection, virus replication, enzyme-linked immunosorbent assay, and
TCIDs, determination. C33A cells were calcium phosphate transfected with 5 wg
of plasmid DNA to produce virus stocks as described previously (12). Virus stock
concentrations were determined by measuring CA-p24 by an enzyme-linked
immunosorbent assay as described previously (18). For replication curves, SupT1
and MT2 cells (1.25 X 10°5 ml) were infected with virus stock (20 ng of
CA-p24), and virus replication was monitored by CA-p24 production. Some
cultures were supplemented with tumor necrosis factor alpha (TNF-a) (50 ng/
ml) or phytohemagglutinin (PHA) (2.5 pg/ml). These factors were added to the
relevant cultures every 3 days. We also measured the 50% tissue culture infec-
tious dose (TCIDs) of the input virus on SupT1 cells with or without TNF-« (2).

Competition experiments. Competition experiments were performed at least
twice from independent plasmid isolations and virus stocks to determine the
ranking of the nine virus variants and their relative fitnesses. Cells (0.75 X 10°)
were infected with virus stocks of two different genotypes (10 ng of CA-p24
each). Infections were monitored by microscopic inspection. The peak of infec-
tion was reached between 6 and 15 days, depending on the environment, as
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TABLE 1. Sequence diversity and presence of several TFBS differ among the HIV-1 subtypes

Sequence diversity

Subtype Fit* and sequence diversity of TFBS: (mean + SE) of LTR
(no. of se- segment from position
quences) ETSI APL-ITT APL-IT NF-«B-ITT NF-«B-IT NF-«B-I  SPI-III SPI-II SP1-I 147 to +63
A (10) s, 00677 s, 0,020 sk, 0.061 —_ w3k, (0,050 sk, () #,0.074  #5x,0.075 %, 0.033 0.054 = 0.011
B (33) k% 0,067 %, 0.100 — — w3k (0.007 wkk (0,025 %, 0.083  wxx 0.048 %, 0.059 0.054 = 0.008
C(21) sk 0.130  #xx,0.020 — wxfirk, 0,021 wrx, 0 wxx 0,053 %,0.093 s, 0.080  *,0.139 0.054 = 0.009
D (11) sk (0,009 wxx, (0.093 — — ok () sk (0,020 sk, 0,164 skx, 0,148 %, 0.031 0.071 = 0.009
E (15) #,0.110 =%, 0.041 — — wxk, (GABP), 0.012 s, 0 *, 0 sk, 0,046  *,0.029 0.029 = 0.006
F (9) sk, 0,060 k0124 s, 0.038 — Aok () sk, 0,024 %, 0.342 sk, 0165 *,0.090 0.076 = 0.015
G (9) sk 0,080 ek, 0.022 0 ek 0.087 — sk (0,025 k() #%,(.268 *,0.337  #,0.095 0.086 = 0.013
AG (11)  w##x,0.138  s#x,0.039 s, 0.022 — wxx0.020 sk () #,0.097 #0112 *,0.049 0.068 = 0.012
“ Fit determined by MatInspector. *x*, good; **, average; *, poor; —, no prediction.

b Sequence diversity of a particular TFBS.

judged by the presence of syncytia. At peak infection a small sample of cell-free
supernatant (1 pl containing approximately 1 ng of CA-p24) was passaged onto
fresh cells to continue the competition. Cells were harvested at two to five time
points, total cellular DNA was isolated, and the frequencies of the two viruses
were determined by sequencing (see below). Competition experiments were
performed under six different conditions, which are referred to as cellular envi-
ronments throughout this paper. Two environments are the T-cell lines SupT1
and MT2, which were cultured as described above, and the other four environ-
ments consist of one of these cell lines supplemented with either TNF-a or PHA.

Relative fitness. For each pairwise competition experiment we computed the
relative pairwise fitness W;; by comparing the initial and final viral genotype
ratios and viral expansion, without having to specify the underlying growth
process (27, 32), as follows:

- In[H(T)/H(0)]
Wi = 14 nd + W Tywi0)

in which H(T) and H(0) are the genotype ratios at the end and at the start of the
competition, respectively; d is the dilution factor or represents viral expansion;
and W{(T) and Wj(0) are the frequencies of virus j at the end and start of the
competition, respectively.

Next, we introduce the relative fitness w; of each subtype within a certain
environment, which is scaled to unity, so that ;E” w; = 1. Substituting w; =

=1

w;Wj;, we can estimate w; from all competitions involving subtype i (note that this
method does not guarantee the scaling to unity; this could be corrected by a

scaling factor, but in practice the error is very small): w; = nZ" W; . Finally,
=1

we estimate the relative fitness W; [W;] for the individual competition experi-
ments: W[W;] = w;W;. From the competition experiments we can thus calculate
n X (n — 1) X 2 (replicates) = 144 W;s per environment, which are tested by
analysis of variance for significant differences in fitness.

DNA isolation and sequencing. Total cell DNA was isolated from approxi-
mately 0.25 X 10° cells. Cells were lysed in 500 wl of cell lysis buffer (10 mM
Tris-Cl [pH 8.0], 1 mM EDTA, 0.5% Tween 20 and 5 ng of proteinase K per ml)
for 1 h at 56°C and 10 min at 95°C. Proviral LTR sequences were PCR amplified
by using the sense primer T7-5'LAlxba (5'-TAA TAC GAC TCA CTA TAG
GGT GGA AGG GCT AAT TCA CTC CC-3') and the antisense primer Sp6-
Lys21 (5'-ATT TAG GTG ACA CTA TAG GTT CAG GGA CAA GCC CGC
GGT-3"). Population sequencing of proviral LTR DNA was performed with a T7
DYEnamic Direct cycle sequencing kit (Amersham) on an ABI 377 sequencer
(Applied Biosystems).

TFBS predictions and sequence variation. The web-based program Mat-
Inspector (43) was used to predict the presence of TFBS. We used the Kimura
two-parameter model in the MEGAZ2 version 2.1 software package (24) to cal-
culate sequence variation within the region stretching from nucleotide —147 to
+63 in the LTR and within the individual TFBS.

RESULTS

Genetic structure of the LTR and relationships among the
HIV-1 subtypes. We constructed an isogenic set of nine viruses,
representing seven subtypes (A, B, C [two strains], D, E, F, and
G) and one recombinant form (AG). The subtype-specific
U3-R region stretching from nucleotide —147 to +63 was

inserted into the 3" LTR of the molecular clone pLAI from
subtype B. The U3 region will be inherited in both LTRs of the
viral progeny after a single round of replication. The R region
(including the TAR element) is inherited from the 5 LTR
sequence (22); therefore, all viruses contain a subtype B TAR
element. Figure 1A depicts the proviral genome of HIV-1, and
Fig. 1B shows the positions of known motifs in the exchanged
part of the transcriptional promoter. Indicated are the TFBS
for each HIV-1 subtype that was used in this study and the
predicted fit of these binding sites as determined by the web-
based program MatInspector (43). This analysis reveals some
small differences from the TFBS previously proposed by Jeen-
inga et al. (18). For instance, we now predict at least one AP1
site for all viruses, and a single ETS-1 site is present in most
variants, except for subtype E.

We determined how well the selected sequences represent
the subtypes that have been submitted to the HIV sequence
database. For this, we compared the TFBS and their predicted
fit with entries from the database. Table 1 lists the most prev-
alent TFBS in each subtype across a set of LTR sequences,
with the predicted fit calculated by Matlnspector and the
amount of sequence diversity in each binding site within a
subtype. Little sequence variation and a good fit indicate
strong conservation of a particular TFBS within a certain
HIV-1 subtype, suggesting that there may have been positive
selection for an optimal binding site for a particular transcrip-
tion factor. Table 1 also shows that the presence of some
well-known TFBS is less obvious than generally assumed. For
example, the downstream SP1-I site has a poor MatlInspector
fit for most subtypes, and the amount of sequence variation is
comparable to that of the large LTR segment. In contrast, the
NF-«kB sites in all subtypes and the GABP site in subtype E
have good predictions and low sequence variability. Thus,
some TFBS are highly conserved and might have a more im-
portant role than others, and some of these effects are subtype
specific. Comparing the MatInspector fit in Table 1 with Fig. 1
indicates that the selected LTRs are good representatives of
the subtypes.

Replication experiments in six different cellular environ-
ments. Recent studies have reported small LTR-directed dif-
ferences in transcriptional activity of the HIV-1 subtypes (18,
36, 38). However, the effect on viral replication was not accu-
rately assessed. We performed at least two replication assays
with the SupT1 T-cell line by measuring CA-p24 production
over time. Figure 2A shows a representative replication curve
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FIG. 2. The subtype LTR directs differential viral replication. Virus replication was monitored by measuring CA-p24 production. (A)
Replication curves of the nine virus variants in three different SupT1 cellular environments. (B) Replication in three different MT2 cellular

environments.

for each subtype, which reveals small differences in replication
rate between the subtypes in this particular cell type. We pro-
ceeded by performing replication experiments in five further
cellular environments, i.e., a second T-cell line (MT2) and both
T-cell lines supplemented with TNF-a or PHA. We assume
that each cellular environment represents a different nuclear
pool of transcription factors. For instance, SupT1 cells contain
the NF-«kB transcription factors p50 and p65 in an inactive
form in the cytoplasm, and TNF-a triggers their transport to
the nucleus (44, 51). PHA is a lectin that binds nonselectively
to glycosylated receptors, thereby activating several signaling
cascades that affect the nuclear pool of transcription factors.
Figure 2A demonstrates that such a change in the cellular
environment can have a strong effect on the replication rate of
HIV-1. Addition of TNF-a to the SupT1 T-cell line has a
positive effect on the replication rates of all subtypes. The peak
of infection is reached approximately 2 days earlier, and this
result was confirmed by the observation of syncytia. In con-

trast, addition of PHA to the SupT1 T-cell line has a negative
effect on the replication rates of all subtypes; the peak of
infection is delayed by approximately 4 days (results are sum-
marized in Table 2). We confirmed these results in a TCIDs,,

TABLE 2. Manipulation of the cellular environment
affects HIV-1 replication

Environment Peak of infection (days)” P value
SupT1 After 9
SupT1 + TNF-« -2 <0.0001
SupT1 + PHA +4-6 <0.001
MT2 After 6 <0.0001
MT2 + TNF-« 0 NSP
MT2 + PHA +1 <0.001

¢ —, earlier peak; +, delayed peak; 0, no change in peak.
> NS, not significant.
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FIG. 3. Virus competition. The percentage of each virus in the
competition was determined at five time points. SupT1 cells were
infected with equal amounts of subtypes A and B (A) or of subtypes A
and E (A). Only the change in the percentage of subtype A is shown.

assay, in which a much lower viral input (approximately 10-fold
lower) was required to initiate a productive infection in TNF-
a-treated SupT1 cells compared to the untreated control cells
(data not shown).

The MT2 T-cell line had a strong positive effect on the
replication rates of all subtypes compared to the SupT1 T-cell
line, and the peak of infection was reached 3 days earlier (Fig.
2B) (results are summarized in Table 2). TNF-«a did not sig-
nificantly affect the rate of virus replication in MT2 cells. PHA
again had a negative influence on the replication rate and de-
layed the peak of infection by approximately 1 day. Although
the replication experiments point towards differences in the
growth rates of the different subtypes, the variation in growth
rate in the cell cultures was too large for accurate quantifica-
tion. To reveal differences in relative fitness, we performed
pairwise competition experiments between subtypes. Although
conditions between competition experiments may vary slightly,
within each experiment both viral subtypes face exactly the
same conditions.

Differences in replication rate among HIV-1 subtypes. The
SupT1 T-cell line was infected with equal amounts of two
viruses, and the frequencies of the viral genotypes were as-
sessed at two to five time points by population sequencing of
the proviral LTR. Two representative competitions, between
subtypes A and B and between subtypes A and E, are shown in
Fig. 3. The ranking and relative fitnesses of the nine viral
genotypes were determined by performing 36 pairwise com-
petitions in SupT1 T-cells (Table 3). We performed each
competition at least twice with independent virus stocks and
obtained the same result. Subtype E had the strongest com-
petitive ability and always out-competed all other viruses. Vari-
ant C2 was the second best and was followed by A, C1, G, D,
AG, B, and F. This dominance in ranking is very robust and
absolute; i.e., the higher-ranked subtype always wins the pair-
wise competition. Furthermore, the difference in relative fit-
ness between two subtypes is a good indicator of the compe-
tition rate; i.e., the larger the fitness difference between two
genotypes, the faster that outgrowth of the fittest variant is
observed.

Subtype fitness depends on the cellular environment. Next,
all pairwise competitions were performed in duplicate in the
five additional cellular environments. We were interested
whether different cellular environments could affect the repli-
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cation rate in a subtype-specific manner. An environmentally
induced change in fitness of a particular subtype is best illus-
trated by a change in the ranking of viral fitness. Figure 4
depicts the competitive ability or relative fitness of each sub-
type in a particular cellular environment and the effect of a
change in cellular environment, and Table 3 lists the relative
fitness values.

Most strikingly, subtype E changed from being the strongest
competitor with the highest replication rate in SupT1 cells to
being the worst competitor with the lowest replication rate in
the SupT1-TNF-a environment (Fig. 4). Other prominent
changes across these two cellular environments include the
increase in the competitive ability of viral genotypes C1 and B,
which moved up in ranking from the fourth and eighth posi-
tions in SupT1 cells to the second and third positions, respec-
tively, in the SupT1-TNF-a environment. It has been shown
that LTR-directed transcription in a TNF-a-stimulated SupT1
T-cell environment is positively correlated with the number of
NF-«kB sites (18, 36, 37, 44). This is most likely due to the
elevated level of activated transcription factors p50 and p65 in
the nucleus. Our experiments show that the replication rate is
also positively correlated with the number of NF-«kB sites in the
LTR. The two C genotypes, with three NF-«B sites, are most
fit in the SupT1-TNF-a environment, and subtype E, with a
single NF-kB site, is the least fit genotype. In the SupT1 T-cell
environment, in which a low level of p50 and p65 transcription
factors is present in the nucleus, there is no correlation be-
tween the number of NF-«kB sites and fitness. Above we
showed that addition of PHA to the SupT1 cells has a negative
influence on the replication rates of all subtypes. Figure 4
shows that the HIV-1 subtypes react differently to the PHA
signal and that the PHA effect differs from the TNF-a re-
sponse. Thus, subtypes C2 and E were most fit and had com-
parable fitness in the SupT1-PHA environment, followed by
subtypes A, G, B, C1, F, AG, and D.

TABLE 3. Relative fitness and ranking of HIV-1 subtypes in
three SupT1 and three MT2 environments

Cell Viral Mean fitness = SE (ranking)” in cells with:

- eno-

fine gtype No addition TNF-« PHA

SupTl A 1.04 = 0.011a (3)  1.00 = 0.009b (4)  1.01 = 0.026a,b,c (3)
B 0.94 = 0.019b,d (8) 1.03 £ 0.010a (3)  1.01 = 0.023b,c (4)
Cl 099 = 0.010b,c (4) 1.05£0.011a(2)  1.00 = 0.022c¢ (5)
C2  1.07x0.012a(2) 1.11 =0.009 (1) 1.07 = 0.016a (1)
D 0.96 = 0.014b (6)  0.99 = 0.009b (5)  0.92 = 0.016d (9)
E 1.13 = 0.016 (1) 0.92 + 0.008 (9) 1.07 = 0.019a,b (2)
F 0.92 £ 0.010d (9)  0.95 £ 0.007c (7)  0.96 *= 0.020c,d (7)
G 0.99 £ 0.013c (5)  0.98 £ 0.008b (6)  1.00 = 0.021c (6)
AG  0.96 = 0.014b,c (7) 0.95 = 0.009¢c (8)  0.96 = 0.021c,d (8)
MT2 A 1.02 = 0.007a (3)  1.02 = 0.008b (3)  1.02 = 0.005a,b (3)

B 0.96 = 0.008c (9)  0.98 = 0.008d,e (7) 0.96 = 0.004f (9)
Cl 099 £0.007b (5) 1.01 £ 0.006b,c (5) 0.99 = 0.004c (5)
C2  1.05 = 0.009 (1) 1.07 = 0.012a (1)  1.06 = 0.006 (1)
D 0.98 = 0.004b,c (8) 0.98 = 0.008d,e (8) 0.97 = 0.004d,e (7)
E 1.02 = 0.007a (2)  1.05 = 0.006a (2)  1.03 = 0.005a (2)
F 1.01 = 0.005a (4)  1.01 = 0.008b,c (4) 1.01 £ 0.004b (4)
G 0.99 = 0.006b (6)  0.99 =+ 0.008c,d (6) 0.99 = 0.007c,d (6)
AG  0.98 =0.006b(7)  0.96 =0.012¢ (9)  0.97 = 0.004e.f (8)

“ Values with the same letter indicate that the subtypes have similar relative
fitnesses within an environment; however, in such cases the ranking remains

dominant.
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subtype C2; [J, subtype D; A, subtype E; @, subtype F; O, subtype G; @, subtype AG.

A change in host cell type can have a strong and subtype-
specific effect on viral fitness. For instance, when SupT1 and
MT?2 cells are compared, subtype F increases from the ninth to
the fourth fitness rank, and the relative fitness of subtype E
decreases strongly (Fig. 4). In general, fitness differences be-
tween the subtypes are smaller in the MT2 cell line, as indi-
cated by the twofold-lower range of fitness values (Fig. 4). This
also applies to the effect of TNF-a or PHA stimulation in these
cells. Because the replication rate is higher in MT2 cells, it is
possible that a host cell factor becomes limiting, thus imposing
an upper limit on virus replication. Nevertheless, there are
minor but significant differences across the three MT2 envi-
ronments, which are illustrated by two general features. The
first feature is the dominance of the ranking. For instance,
recombinant AG becomes the worst competitor in the MT2-
TNF-a environment, compared to the seventh fitness rank in
the MT?2 environment. The second feature is the magnitudes of
the slopes of the reaction norms in Fig. 4. For instance, com-
petition between subtypes E and A proceeds slightly faster in
the MT2-TNF-«a environment than in the MT2 environment,
which is due to increased fitness of subtype E in the former
environment.

Fitness properties are conserved within a subtype. We de-
scribed rather significant differences among the LTR promot-
ers of the different HIV-1 subtypes, in terms of both viral
fitness and their response to environmental changes. We al-
ready raised the issue of intrasubtype variation and conserva-
tion of the LTR sequences with respect to the present TFBS
and their Matlnspector fit. Intrasubtype variation raises the
possibility that the observed subtype-specific effects are merely
anecdotal. To test whether the observed expression patterns
are a more general property of a particular subtype, we ana-
lyzed additional viral strains. We selected two subtype E iso-
lates (E-Fin24 and E-Fin4) from a recent miniepidemic among
drug users in Helsinki, Finland, and two subtype C isolates
from Ethiopia (C-Eth26 and C-Eth9) which closely resemble
the C2 variant that was included in the initial analysis. All
sequences possess the characteristic subtype signature; the two
additional subtype E sequences have a GABP site instead of
the NF-kB II site, and the subtype C sequences possess three

NF-«kB sites. We measured virus fitness in SupT1 cells and
determined their reaction norms upon addition of TNF-a. The
results are summarized in Fig. 5 and strongly argue that the
LTR-imposed effect on virus replication in different cellular
milieus is indeed a property that holds for multiple isolates
within a subtype.

In summary, the competition assay is very robust in revealing
small replication differences among viral genotypes. The com-
petition assay provides strong evidence for the presence of
interactions between the viral genotype and the cellular envi-
ronment (30). This means that viral fitness based on the LTR
promoter is strongly influenced by the environment, which in
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FIG. 5. Conserved fitness and environmental responsiveness in dif-
ferent subtype C and E strains. The change in relative fitness was
determined for two additional subtype E (E-Fin24 and E-Fin4) and
two subtype C (C-Eth26 and C-Eth9) strains in SupT1 cells and SupT1
cells plus TNF-a. Relative fitness and the responsiveness to a changing
environment are very similar for the genotypes belonging to the same
subtype. @, C2; m, C-Eth26; A, C-Eth9; A, E; O, E-Fin24; [, E-Fin4.
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turn is determined by the pool of nuclear transcription factors
present in the host cell.

DISCUSSION

It is unclear whether the HIV-1 subtypes exhibit different
virus replication properties in vivo and thereby cause subtype-
specific disease characteristics. Moreover, the role of the host
cell environment in the performance of the different subtypes
is currently unknown. In this in vitro study, we showed that
there are subtype-specific replication rates that are dictated by
differences in the TFBS composition of the LTR promoter. In
addition, we demonstrated, by means of replication studies and
competition experiments, a profound influence of the cellular
environment on viral fitness. We also showed that a small
number of LTR changes can have a major impact on these
genotype-environment interactions. Below we discuss the pos-
sible origin of these interactions and the consequences for the
genetic structure of the virus.

Previous studies have reported small differences in the tran-
scriptional activities of the subtype LTR promoters (18, 36, 38,
44). Whether these differences result in subtype-specific repli-
cation rates has not been systematically addressed. One study
did report differences in the replication rates of HIV-1 sub-
types B and C, but the viral isolates used in that study differed
to a large and unknown extent, leaving the cause for the dif-
ferences unclear (4). The subtypes that we constructed differ
exclusively in the U3 part of the LTR promoter. The selected
LTR segments encode TFBS similar to those of viral isolates in
the HIV database and are thus good representatives of the
different subtypes. For example, the selected LTR segment
and all subtype E isolates possess an inactivating one-nucle-
otide deletion in the upstream NF-«kB site, which is converted
into a GABP site (51). This conversion seems to have a strong
positive fitness effect in the SupT1 environment but a negative
fitness effect in the SupT1-TNF-a environment, indicating a
possible evolutionary trade-off. Because the LTR structure
within a subtype is relatively conserved in terms of the number
and Matlnspector fit of TFBS, it is likely that the LTR-directed
fitness and environmental influences are general properties of
most isolates within a subtype. This was confirmed by the
inclusion of additional viral strains, to give a total of four
subtype C genotypes (C1, C2, C-Eth26, and C-Eth9) and three
subtype E genotypes (E, E-Fin4, and E-Fin24). The isolates of
a certain subtype exhibit almost identical fitness, and they also
react similarly to the environmental change that is induced by
addition of TNF-a to SupT1 cells. The E genotypes are the
best competitors in the SupT1 environment but become the
worst competitors in the SupT1-TNF-a milieu. The four C
genotypes are the best competitors upon addition of TNF-a to
the SupT1 cells. Genotype Cl1 is a special case; it was originally
chosen because it represents a different phylogenetic branch
within subtype C (18). Genotype C1 is different in that it has no
predicted SP1-III site, which may explain why it has a signifi-
cantly lower fitness than the three other C genotypes across all
environments.

The results of this study confirm that a small number of
mutations or even a single point mutation can significantly
affect fitness (10, 33, 51). Moreover, our data suggest that a
mutation can have a positive fitness effect in one cellular en-
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vironment and a negative fitness effect in another. One of the
most fundamental consequences of this study is that it may not
be possible to assign a single fitness value to a particular sub-
type. We show that viral fitness is not a rigid value but is largely
influenced by environmental factors. A single replication or
competition experiment may therefore not provide an accurate
fitness value, because fitness, as determined by the LTR pro-
moter, depends entirely on the tight interplay between the
genetic structure of the virus and the cellular environment. It
is therefore not possible to tell which subtype is better, but only
which subtype is better in a particular environment.

The origin of these subtype-specific genotype-environment
interactions in the HIV-1 LTR is unknown. Following the
neutral theory of evolution (21), HIV-1 genomes do not evolve
but rather float freely through sequence space, and genetic
drift may be the most important force that shapes the genetic
structure (14, 48). However, HIV-1 will adapt to the host
environment in the presence of a strong environmental cue.
For instance, this has been shown for the evolution of drug
resistance (26) and escape from neutralizing antibodies (41).
Inspection of the TFBS composition in Table 1 may suggest a
role of selection and drift in shaping of the transcriptional
promoter. First, there are TFBS with a good fit and low se-
quence variation compared to the complete LTR segment, for
example, NF-kB-I in all subtypes and NF-«kB-II in all subtypes
except subtype E, which instead has a conserved GABP site.
Second, there are TFBS with a poor fit and low sequence
diversity, for example, SP1-1 in recombinant AG and subtypes
G and D. Third, there are TFBS with a poor fit and high
sequence diversity, such as SP1-IT in subtype G. The first pat-
tern may be explained by strong purifying selection for a par-
ticular TFBS to retain a certain level of gene expression. The
second pattern may be caused by the presence of overlapping
TFBS at the same location. For instance, Matlnspector pre-
dicts binding of LYF-1, a T-cell-specific transcription factor, to
sequences overlapping the SP1-I site in subtypes D and G and
recombinant AG. The third pattern could be explained by
redundancy in TFBS, which may allow some elements to mu-
tate and to drift freely through sequence space because other
TFBS compensate to maintain a certain LTR activity. Through
this turnover scenario, a new TFBS identity may evolve. New
TFBS are frequently generated through duplication of existing
sites, in particular when the starting virus is a poor replicator
due to mutations that affect viral gene expression (7, 51).
Sequences from HIV-1-infected patients confirm that new sites
can be generated by duplication of preexisting TFBS (13, 23,
53). These results suggest that there is also a large adaptive
potential in the LTR, despite the conservation of the overall
genetic make-up.

The selectional cue for the transcriptional promoter of
HIV-1 comes from the activated pool of transcription factors
in the cellular environment. It is estimated that more than
2,000 transcription factors are encoded in the human genome
(25, 50). These factors are not equally expressed in all cells,
and many are induced at specific states of cellular develop-
ment. With respect to HIV-infected individuals, differences in
the pool of activated transcription factors may be found in
different cell types (e.g., macrophages and T-helper cells), the
differential activation state of cells (e.g., Th1 and Th2 states of
T cells and naive and memory T cells), different body compart-
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ments (e.g., lymphocytes, spleen, and brain), the occurrence of
viral and bacterial coinfections (e.g., hepatitis B [15], tubercu-
losis [11], or Epstein-Barr virus [31]), or genetic polymor-
phisms of the human host. The local environment of the HIV-1
LTR and other promoters is therefore multidimensional, as
the pool of transcription factors varies both temporally and
spatially. The principle of allocation predicts that high fitness
in a specific environment can be attained only at the expense of
average fitness in other environments (29). This means that
specialization and maximization of fitness in a particular envi-
ronment will be at the expense of fitness in another environ-
ment. The alternative is to optimize fitness across several en-
vironments, which will be at the expense of high fitness in a
specific environment. Between these two extremes of the ad-
aptational spectrum lie intermediate solutions with character-
istics of both strategies, depending on the variability of the
environment in time and space (35). We and others have
shown that the subtype-specific LTRs of HIV-1 possess the
signatures of both the generalist and specialist strategies. On
the one hand, there is redundancy and overlap in the TFBS
function that ensures replication in several cellular environ-
ments. On the other hand, the LTR also contains sites that
enhance replication in specific cellular environments (1, 28, 34,
42,47, 51). It seems likely that the subtype-specific variation in
HIV-1 represents different adaptational solutions as a result of
a changing and/or fluctuating environment. Therefore, the sub-
types are different solutions in sequence space and are posi-
tioned onto different and distant fitness peaks in the adaptive
landscape. These different solutions in the LTR may have been
explored shortly after the zoonotic transmission from apes to
humans, when there was room for increased replication be-
cause the simian-adapted virus was not optimized for replica-
tion in the new human host.

In this study, we showed that the subtype-specific LTRs
dictate different HIV-1 replication rates. Fitness is not a con-
stant parameter but is strongly influenced by the environment.
A few mutational differences between viral genotypes can
change fitness and the way in which the virus reacts upon
environmental changes. Under the influence of the variability
of the host environment, a trade-off seems to have arisen with
respect to the number and type of TFBS in the subtype-specific
LTRs and the degree of specialization. There have been sev-
eral reports of subtype-specific differences in disease charac-
teristics and transmission. Our study confirms that biological
differences between subtypes exist, but the impact on viral
pathogenesis and transmission remains to be determined.
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