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Equine infectious anemia virus (EIAV) is a lentivirus with in vivo cell tropism primarily for tissue macro-
phages; however, in vitro the virus can be adapted to fibroblasts and other cell types. Tropism adaptation is
associated with both envelope and long terminal repeat (LTR) changes, and findings strongly suggest that
these regions of the genome influence cell tropism and virulence. Furthermore, high levels of genetic variation
have been well documented in both of these genomic regions. However, specific EIAV nucleotide or amino acid
changes that are responsible for cell tropism changes have not been identified. A study was undertaken with
the highly virulent, macrophage-tropic strain of virus EIAVwyo to identify LTR changes associated with
alterations in cell tropism. We found the stepwise generation of a new transcription factor binding motif within
the enhancer that was associated with adaptation of EIAV to endothelial cells and fibroblasts. An LTR that
contained the new motif had enhanced transcriptional activity in fibroblasts, whereas the new site did not alter
LTR activity in a macrophage cell line. This finding supports a previous prediction that selection for new LTR
genetic variants may be a consequence of cell-specific selective pressures. Additional investigations of the
EIAVwyo LTR were performed in vivo to determine if LTR evolution could be detected over the course of a
3-year infection. Consistent with previous in vivo findings, we observed no changes in the enhancer region of
the LTR over that time period, indicating that the EIAVwyo LTR was evolutionarily stable in vivo.

Genetic variation is a hallmark of retroviruses that is be-
lieved to be a consequence of the absence of proofreading
activity of the virally encoded enzyme reverse transcriptase.
Selective forces that act to alter, limit, or diversify the viral
population are well documented (42). For instance, human
immunodeficiency virus (HIV) variants in response to antiviral
drugs or neutralizing antibodies rapidly arise (5, 11, 30). Se-
quence variation throughout the HIV long terminal repeat
(LTR) between and within different clades of virus is docu-
mented; however, in general, nucleotide variation is limited
within the HIV enhancer/promoter proximal region that usu-
ally consists of two NF-�B and three Sp1 sites (52). In contrast
to HIV, the LTR enhancer region of equine infectious anemia
virus (EIAV) is one of the most variable regions of the EIAV
genome in tissue culture isolates and different field isolates (6,
25, 36, 43). A study that examined seven in vivo isolates dem-
onstrated that 45% of the nucleotide positions within the LTR
enhancer varied between the isolates whereas little to no vari-
ation was found in the rest of the LTR (36). Similar levels of
enhancer variation can be found in different tissue culture

isolates. These enhancer region alterations included point mu-
tations, insertions, and deletions in the roughly 90-bp region
(33).

EIAV LTR sequences influence the tropism of the virus
(43). While EIAV expression in macrophages utilizes a reper-
toire of transcription factors to initiate transcription that in-
cludes the macrophage-specific factor PU.1, EIAV expression
in fibroblasts is driven by a series of other, more generic tran-
scription factors such as AML-1, Oct-1, and ATF-1 (32, 34). In
some cases, the enhancer motifs that are occupied in either
macrophages or fibroblasts physically overlap and transcription
factor motifs that optimize LTR expression in a macrophage-
specific manner may not be present in a fibroblast-specific
strain of virus and vice versa (36). These observations have led
us to propose that in tissue culture, alterations in the EIAV
enhancer region may result from cell-specific utilization of
different transcription factors (33). Consistent with this, long-
term adaptation in tissue culture has been frequently associ-
ated with changes in the LTR enhancer (6, 43). While adap-
tation of EIAV to new cell types in tissue culture, such as
fibroblasts, has been a useful approach to facilitate the main-
tenance of virus stocks and study the molecular biology of the
virus (20, 21), fibroblast tropism of the virus is associated with
loss of both in vivo virulence (41) and the ability of the adapted
strain to replicate in macrophages (7). Serial passages of fibro-
blast-tropic strains in horses can reconstitute mild virulence
(40, 41). The LTR enhancer regions of these mildly virulent
readapted strains differ from that found in both highly virulent
strains of virus, as well as fibroblast-tropic strains (36).
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To understand the evolutionary selection of LTR changes
associated with changes in cell tropism, the LTR enhancer
region within a stock of EIAV was monitored during passage
through primary macrophages, endothelial cells, and fibro-
blasts. Serial passage through these three types of cells was
performed since this approach has been used in the past to
generate tissue culture-adapted EIAV (7, 28) and resulting
tissue culture-adapted viral populations are found to have
highly variable sequences present in the LTR enhancer region
(6). Sequence evolution was observed in the LTR, but not the
adjacent TM region, over the course of our passage study. The
LTR sequence that was fixed within our virus population con-
tained a new transcription factor binding motif. The altered
LTR increased the transcription capacity in fibroblasts, provid-
ing direct evidence that the LTR enhancer evolves in parallel
with cell tropism changes. Additionally, we investigated
whether LTR enhancer evolution was detected in vivo in an
experimental EIAV infection that was monitored over 3 years
as the viral infection changed from acutely viremic to inappar-
ent. In this in vivo study, the consensus sequence of the EIAV
LTR U3 did not change over this time course, suggesting that
rapid evolution of the LTR of virulent strains of EIAV does
not occur in vivo.

MATERIALS AND METHODS

Primary cells and cell lines. Monocyte-derived macrophages (MDMs) were
purified from peripheral equine blood from EIAV-seronegative horses as pre-
viously described (32). MDMs were maintained in high-glucose DMEM with
15% horse serum and 15% fetal calf serum (FCS) and penicillin/streptomycin
(pen/strep). Approximately 106 MDMs were plated in each well of a 48-well
cluster and infected with EIAV within 24 h of cell isolation. Umbilical cord
endothelial cells (UVECs) were isolated from equine umbilical cords by
trypsinization as previously described (35). UVECs were expanded, and aliquots
of cells were frozen. Thawed UVECs were maintained in high-glucose DMEM
with 40% FCS and pen/strep and passaged twice each week.

Three cell lines that support EIAV replication were used in these studies.
Canine fibroblastic line Cf2Th (ATCC CRL1430) was used for reporter gene
assays. DH82 cells (ATCC CRL10389), a canine histiocytic sarcoma cell line,
were also used in reporter gene assays. Equine dermal fibroblasts (ED) (ATCC
CCL57) were used in the cell tropism studies. All cell lines were maintained in
high-glucose DMEM with 10% FCS and pen/strep.

EIAV inoculum. The inoculum used for the in vitro and in vivo studies was
plasma obtained from an initial fever episode from an EIAV (Wyoming strain)-
infected horse (horse 2078) as previously described (3, 39). Stocks of EIA-
Vwyo2078 plasma contained approximately 108 horse infectious doses of virus/ml
as previously described (3, 39).

Reverse transcriptase (RT) PCR amplification of EIAV sequences. Virus par-
ticles were pelleted from equine plasma, serum, or tissue culture medium at an
average relative centrifugal force of 76,000 � g for 1 h at 4°C. mRNA was
extracted from particles by particle lysis, followed by mRNA binding to an
oligo(dT) column using the Fast Track kit (Invitrogen). The column was washed
extensively, and mRNA was eluted from the column. Negative-strand cDNA was
synthesized from viral mRNA using either EIAV U3-specific antisense primer
MunIC� (AGTGCCCAATTGTCAG) or a random primer supplied by Invitro-
gen. From the cDNA, a 450-bp product consisting of the 3� terminus of TM and
LTR U3 was amplified with Taq polymerase using 35 cycles of 92°C for 30s, 50°C
for 30s, and 72°C for 1.5 min, followed by a 4-min extension at 72°C on the last
cycle using primers 7333 (CCCAAGAAGGAACTCTCGCT) and MunIC�. All
amplifications were performed in duplicate or triplicate to obtain independent
amplification replicates.

Evolutionary analysis of EIAV clones. Amplified sequences were ligated into
pGEM-T (Promega), and competent Escherichia coli JM109 cells were trans-
formed with the ligation mixture. Clones that produced appropriately sized
restriction fragments were sequenced in both the sense and antisense directions
using T7 and the Sp6 primers present within the pGEM-T vector. Six to 22
individual clones were analyzed from each in vitro passage or in vivo time point.

From each time point, clones obtained from at least two separate amplifications
were included in the analysis.

EIAV sequences were trimmed to remove the primer sequences and any
plasmid DNA sequences. The clones amplified from each passage were aligned
using the algorithm ClustalW multiple alignment program in the software pack-
age BioEdit (16, 53). Estimation of effective population size was done using the
program FLUCTUATE (22). Nucleotide diversity (51) (using the Kimura 2
parameter model) and divergence (1) (using the Kimura 2 parameter model)
were done using the program MEGA2 (23). The software package DNASP 3.51
was also used to perform additional evolutionary tests (49). Substitution rate was
calculated by dividing the total number of substitutions in the population at a
certain time point compared to the inoculum consensus sequence by the total
number of nucleotide positions at the time point. The resultant number was
divided by the number of generations the virus had undertaken from the begin-
ning of the study. The number of viral generations was estimated by dividing the
total number of days in passage by the viral generation time as previously
described (50). Trees were created using MEGA version 2.1 (23) using the
neighbor-joining method with the Kimura 2 parameter model for nucleotide
substitution (1).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed as
previously described (32). Nuclear extract (NE) from MDM, endothelial, and
ED cells were generated by the procedure of Dignam et al. and stored in
modified buffer D (50 mM HEPES [pH 8.0], 80 mM KCl, 1 mM MgCl2, 0.5 mM
dithiothreitol, 15% glycerol, 0.5 mM phenylmethylsulfonyl fluoride) at �80°C
until use (14). Sense and antisense synthetic oligonucleotides containing LTR
nucleotide sequences �91 to �75 relative to the start of transcription were
designed with 5� overhanging ends. 32P-labeled and unlabeled blunt-ended oli-
gonucleotides were generated by fill-in reactions using the Klenow fragment of
E. coli DNA polymerase and the addition of appropriate deoxynucleotides.
Twenty thousand counts per minute of 32P-labeled probe was used in each
EMSA reaction, as well as 5 to 10 �g of NE. Blunt-ended competitor oligonu-
cleotides were used as noted in Results. Binding reactions in 80 mM KCl and 1
mM MgCl were performed at room temperature for 15 to 30 min, and bands
were separated on a 1� Tris/borate/EDTA–6% acrylamide gel at 200 V. Gels
were fixed, dried, and visualized by autoradiography.

Generation of LTR/reporter gene constructs and chloramphenicol acetyl-
transferase (CAT) assays. The LTR was amplified from proviral sequences
present in tissue from an experimentally infected horse. Primers 7606 Xho
(GGTTTCTCGAGGGGTTTTATAAATG) and Xba 323C� (TCTAGAGTAG
GATCTCGAACA) were used for amplification, which allowed us to clone the
full-length LTR into a modified pCATBasic (Promega) vector containing XhoI
and XbaI sites. Mutagenesis of the EIAVwyo LTR/CAT plasmid was performed
to generate EIAVfibrowyo LTR/CAT that contained two nucleotide changes at
positions �82 and �84 relative to the start of transcription. Using the
QuikChange strategy for mutagenesis (Stratagene), sense (GCTAGGCAACTA
ACCTGCAATAACCGGAAGTTCCTCAATATAGTTCCGCATTTGTG) and
antisense (CACAAATGCGGAACTATATTGAGGAACTTCCGGTTATTGC
AGGTTAGTTGCCTAGC) primers were synthesized that contained the two
nucleotide changes. Mutagenesis was performed by 12 rounds of amplification,
followed by DpnI digestion to cleave parental sequences. Colonies were isolated
and DNA sequencing was performed to verify the incorporation of the mutations
into the LTR.

The LTR/CAT constructs were transfected into either DH82 or Cf2Th cells
using Gene Porter (Gene Therapy Systems) as previously described (37). One
microgram of LTR/CAT plasmid, 0.5 �g of eTat plasmid (13), and 0.5 �g of
cytomegalovirus-driven �-galactosidase (�-gal) plasmid were transfected in trip-
licate. Cells were lysed 40 to 48 h posttransfection, and cell lysates were normal-
ized for �-gal activity. Cell lysates were analyzed for CAT activity using
[14C]chloramphenicol as previously described (38). Transfections were per-
formed at least three times in each cell line, and CAT values represent the mean
and standard error of the percent acetylation/0.1 mU of �-gal activity/h.

Analysis of TM/LTR U3 sequences in experimentally infected horses. One
thousand horse infectious units (HIU) of EIAVwyo2078 was inoculated into pony
524. Details of the clinical course of EIAV infection of pony 524 have been
previously described (3, 39). Following experimental inoculation of EIAVwyo,
serum and plasma samples from pony 524 were collected and frozen at �80°C at
each febrile spike, as well as periodically over the course of the 3-year infection.
Plasma samples from days 12, 39, 67, 201, 216, 289, 385, 437, 567, 832, and 878
postinfection (p.i.) were thawed and ultracentrifuged at an average relative
centrifugal force of 76,000 � g for 1 h at 4°C to pellet virus. RNA was extracted
from virions as described above, and RT-PCR was performed using the oligo-
nucleotides and conditions described above for the in vitro study. Viral se-
quences were analyzed as described for the in vitro passage study.
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LTR U3 sequences from three additional horses that were infected with
EIAVwyo2078 were analyzed. Horse 2084 was inoculated with 105 HIU of
EIAVwyo2078 and was necropsied during the first acute viremic episode at day
15 p.i. Horse 2085 was also inoculated with 105 HIU of EIAVwyo2078 and pro-
gressed through a typical acute and chronic EIA profile with severe acute fever
and thrombocytopenia from day 7 to day 30, followed by persistent thrombocy-
topenia and viremia in the absence of a recurrent fever. Horse 2085 was nec-
ropsied on day 124 p.i. Horse 586 was inoculated with 101 HIU of EIAVwyo2078

and had both an acute and three chronic fever episodes accompanied by throm-
bocytopenia. At necropsy on day 386 p.i., horse 586 was afebrile and had normal
platelet counts. Total RNA was extracted from samples of spleen with a com-
mercial RNA extraction kit (Trizol Reagent, Life Technologies) in accordance
with the manufacturers directions, and cDNA was synthesized with random
hexamer primers. The LTR U3 sequences were then PCR amplified with the
7333 and MunIC� primers as described above. The amplicons were cloned into
the pCR2.1 sequencing vector (TOPO TA cloning kit; Invitrogen), and strands
from a single clone each were sequenced in both directions by automated
dideoxy DNA methods.

RESULTS

Generation of EIAV with altered cell tropism. To determine
if LTR U3 region changes correlated with the expansion of
EIAV cell tropism, a virulent, macrophage-tropic strain of
EIAV (EIAVwyo2078) that was obtained during an initial vire-
mic episode of an experimentally infected horse was serially
passaged onto MDMs, endothelial cells, and fibroblasts (Fig.
1a). A 450-bp fragment of the EIAV genome was amplified. A
total of 437 bp were analyzed, encompassing 217 bp of gp45 or
TM, 17 untranslated nucleotides following the stop codon of
env, and the LTR U3. This region was monitored for changes
over the course of passage (Fig. 1b).

A well-characterized stock of EIAV (Wyoming strain)
(EIAVwyo2078) was used as the starting point in this in vitro
study and is referred to as the inoculum. Cloning and sequenc-
ing of RT-PCR-amplified fragments of the TM/LTR U3 se-
quences present in the EIAVwyo2078 stock demonstrated that
the inoculum contained little sequence variation in both the 3�
terminus of the TM and the LTR U3. Of the 17 clones of the
inoculum analyzed, 9 out of 7,174 positions were variable, for
an overall variance of 0.125% (supplemental Fig. S1A).

To determine if the level of nucleotide variation we observed
within the inoculum differed from the error rate generated by
Taq polymerase during the amplification, we determined the
specific error rate for our primers under our amplification
condition using a molecular clone of EIAV (p29A). p29A was
amplified using the same primers and conditions used in the
evolution study, and the amplified DNA was cloned into
pGEM-T. Fourteen clones were sequenced. Seven errors in a
total of 5,966 nucleotides were observed, indicating a rate of
0.117% for our amplification conditions. Since similar levels of
variation were observed in our amplified clones that were gen-
erated from either the inoculum stock or from a molecular
clone, we concluded that this region of the genome present in
the EIAVwyo2078 stock contained similar levels of variation to
that of a virus stock generated from a molecular clone.

To initiate the study, freshly isolated MDM cultures were
infected in duplicate with approximately 108 HIU of
EIAVwyo2078. Supernatants were collected daily, and superna-
tant RT assays were performed to monitor the infection. MDM
supernatants from the first in vitro passage were negative for
RT activity, so the collected supernatants were pooled and
ultracentrifuged and the pellet was resuspended and blind pas-

saged onto fresh MDMs. Supernatant RT positivity was de-
tectable in the second and all subsequent MDM passages.
Supernatants containing the greatest quantity of RT activity
(usually day 5, 6, or 7 p.i.) were used as viral stocks for each
subsequent round of MDM infection. A total of 10 MDM
passages were performed.

UVEC and ED cells were infected with equivalent quantities
of the EIAVwyo2078 inoculum in parallel with the first round of
MDM infection. As with the initial infection of MDMs, pas-
sage of these stocks onto UVEC or ED cells did not produce
RT-positive supernatants. However, unlike MDM cultures,
two subsequent rounds of ultracentrifuge-concentrated super-
natant passage onto either UVECs or fibroblasts did not result
in detectable virus replication (data not shown), indicating that
the EIAVwyo2078 stock did not replicate in the UVEC or ED
populations. The ability of a stock of EIAVwyo to replicate in
MDMs, but not endothelial cells or fibroblasts, is consistent
with previously reported findings (46).

From the 10th passage of virus in MDMs (macP10 virus),
RT-positive supernatants were collected and ultracentrifuged
to concentrate the virus and added to either UVEC or ED
cells. MacP10 virus replicated on UVECs as detected by both

FIG. 1. (A) Protocol used to alter the cell tropism of EIAV. A
highly virulent, macrophage-tropic strain of EIAV (EIAVwyo) was
used to infect primary MDMs. Supernatants were collected and pas-
saged into fresh MDMs nine additional times. Concurrently, unsuc-
cessful attempts were made to passage EIAVwyo stocks into primary
equine endothelial cells (UVECs) and equine fibroblast cells (ED
cells). Upon 10 MDM passages, viral stocks replicated in UVECs but
the stocks still did not replicate in ED cells. Following 10 passages in
UVECs, stocks were able to replicate in ED cells. 3� TM and the LTR
U3 sequences were RT-PCR amplified at passages noted and were
analyzed as described below. (B) The 450-bp region of the EIAV
genome amplified. This region encompassed the last 217 bp of TM, a
17-nucleotide spacer, and the 202 bp of the LTR U3.
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supernatant RT positivity and viral antigen immunostaining of
infected UVEC cultures (data not shown). In contrast, macP10
virus replication was not detected on ED cells in parallel re-
peated attempts. Virus was passaged 10 times on UVECs.
Peak RT activity within the supernatants arose more slowly in
UVEC cultures than in MDMs with peak activity between days
10 and 14 p.i. Supernatants from the 10th UVEC passage
(endoP10 virus) were passaged onto ED cell cultures, and
supernatant RT positivity was detected in the first and all
subsequent ED cell passages. Five additional rounds of pas-
sage in ED were performed.

Evolution of TM and LTR U3 sequences during virus pas-
sage. As with the inoculum, the 3� TM/LTR U3 region of the
viral genome was analyzed for variation over the course of
passage. This region was RT-PCR amplified from RT-positive
supernatants from MDM passages 3, 6, and 10, UVEC pas-
sages 1, 3, 6, and 10, and ED passages 1, 3, and 6 (Fig. 1b). Two
or three independent amplifications of each time point were
performed. Amplified DNA was cloned and sequenced. One
hundred thirty-three clones were analyzed over the course of
the cell passages (supplemental Fig. S1A shows all of the
sequences utilized in this study), and 101 unique clones were

identified. Thirty-five clones varied in both TM and the LTR
U3 region, 36 clones varied only in TM, and 30 clones varied
only in the U3. Single nucleotide changes were primarily re-
sponsible for the genetic variation, although nucleotide inser-
tions and deletions were also observed. Variation present in
the population during the passages was analyzed by investigat-
ing both the quasispecies diversity within each passage and the
divergence of the passage populations from the EIAVwyo2078

inoculum (Fig. 2a and b). Similar trends in variation were
observed within the LTR U3 and TM. The relative homoge-
neity of the inoculum sequences diversified and diverged dur-
ing macrophage passage 3 to passage 6. This was followed by
restriction of genetic diversity and divergence occurring at
macP10. Thereafter, diversity remained relatively constant
during the passages in endothelial cells and fibroblasts. Diver-
gence also occurred at a relatively constant rate within the
population of TM sequences over the remaining passages, with
somewhat greater divergence observed in the LTR sequences.

Estimates of the substitution rate/site/generation showed a
high rate of mutation during early macrophage passages (Fig.
2c). The substitution rate spiked during the sixth passage in
MDM but leveled off subsequently, remaining relatively con-

FIG. 2. Analysis of the quasispecies populations over the course of virus passage. (a) Diversity plot demonstrating the genetic variation present
within a population. (b) Divergence plot showing percent change in the quasispecies population from that of the inoculum population. (c) Sub-
stitutions/site/generation analysis in each passage. (d) Ratio of nonsynonymous to synonymous changes found in the carboxy-terminal 72 amino
acids of TM.
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stant for the remainder of the study. Consistent with the trends
found in substitution rates, analysis of the ratio of nonsynony-
mous to synonymous substitutions of amino acids in the TM
demonstrates that in early macrophage passages more nonsyn-
onymous changes are evident in the population than synony-
mous changes, suggesting that selection of genetic diversifica-
tion of the population is occurring (Fig. 2d) (15). This trend
was followed by an absence of amino acid change at macP10.
Subsequent passages fluctuated between diversification of the
protein sequence (NS/S �2) and purification or restriction of
the sequence. In terms of sequence evolution, these findings
suggest that an initial diversifying selection occurred that was
acting upon the small initial population, followed by stochastic
mechanisms directing evolution as the virus was passaged into
endothelial cells and fibroblasts. Similar patterns of early,
rapid genetic diversification have been previously observed in
HIV-infected individuals (26).

Fixation of the sequence changes within the population.
While nucleotide diversity and divergence were observed in the
carboxy TM terminus, this variation was not fixed in the pop-
ulation. As a result, the consensus sequence of this region of
TM remained unchanged over the course of the experiment
(Fig. 3a). The absence of change as the cell tropism of the virus

occurred indicated that changes in the carboxy TM terminus
are not required for alterations in EIAV cell tropism. Consis-
tent with the TM sequence variation not being fixed within the
population, rooted trees of the TM sequence were highly
branched and short (trees are available in supplemental Fig.
S2).

In contrast to the TM sequences, four nucleotide changes
within the LTR U3 were fixed in the population (Fig. 3b). An
initial change of C to T was observed at position �123 (C-
123T) relative to the start of transcription in the macP3 qua-
sispecies population. Four out of 12 clones contained the
change. The C-123T change was found in 100% of the clones
in the macP6 population and remained present and predomi-
nant in the population throughout the remainder of the study.
A second nucleotide change from T to G at position �85
(T-85G) was first observed in the endoP1 population, where 3
of 15 clones contained the change. In endoP3 and all subse-
quently isolated sequences, the T-85G change was present in
all of the clones. By endoP10, a T-to-A transition at position
�83 (T-83A) was fixed in the population. In the final ED cell
passage (fibroP6), half of the clones also contained a G-to-C
change at position �45. The G-to-C change at position �45

FIG. 3. Consensus sequences of the LTR U3 change as the cell tropism of the virus changes, but the carboxy terminal TM sequences do not.
(A) Consensus deduced amino acid sequences of the TM. (B) Consensus nucleotide sequences for the LTR U3 region. Inoc, inoculum.
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has been previously identified in some fibroblast-tropic EIAV
isolates (43).

Nucleotide changes that were fixed within the population
resulted in introduction of a novel transcription factor binding
site. LTR changes that we observed with alteration of cell
tropism of the virus were assessed for their impact on LTR
function. We chose to look at the first three changes that took
place in the LTR (C-123T, T-85G, and T-83A) since the func-
tional implication of the fourth change (G-45C) has been ex-
plored previously (43). To determine if the upstream C-to-T
change at nucleotide �123 altered levels of LTR activity, we
introduced a C-123T mutation into the EIAVwyo LTR and into
an EIAVwyo LTR that contained T-85G and T-83A. The
C-123T change in DH82 (macrophages) or Cf2Th (fibroblasts)

did not alter the transcriptional activity of either LTR in either
cell type (data not shown). Thus, it was concluded that the
�123 substitution did not impact the activity of the LTR.

Next, we explored the binding and transcriptional conse-
quences of the nucleotide changes at positions �85 and �83. The
two changes produced a DNA sequence (�89AACCGGA�83)
that resembled an AML (PEA-2 or CBP) binding motif (AA
CCGCA) in six out of seven positions (Fig. 4a). AML motifs
have previously been identified in numerous tissue culture
isolates of EIAV (8, 9, 34) but not in virulent strains of EIAV
such as EIAVwyo (36). In most EIAV isolates that contain an
AML site, the site is located at positions �98 to �92, slightly
upstream to the location of the mutations noted here. How-
ever, a more promoter-proximal AML site resides at �89 to

FIG. 4. Alternations in the EIAV enhancer generate a new transcription factor binding motif. (A) Alignment of several in vivo and in vitro
EIAV enhancer regions identifying the motifs frequently found within the EIAV enhancer. (B) Sequences of oligonucleotides used as probes and
competitors in EMSAs. (C) Binding of endothelial and fibroblast (ED cell) NEs to the WyoFibro probe. Increasing concentrations of unlabeled
Wyofibro competitor (Comp.) oligonucleotide eliminated binding of endothelial NE, whereas similar molar concentrations of the Wyo oligonu-
cleotide were unable to compete. The highest concentrations of the Wyoendo oligonucleotide competed slightly for binding. The three right-hand
lanes show a darker exposure of the ED NE binding. (D) Binding of fibroblast and macrophage NEs to the WyoFibro probe. Approximately
200-fold excesses of competitor oligonucleotides (27.5 to 30 pmol) were used to compete for binding. The arrow in panel C indicates specific band
retardation.
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�83 in several Wyoming-derived tissue culture isolates that
contain two AML motifs (55). To determine if the mutations at
positions �85 and �83 resulted in the gain or loss of a tran-
scription factor binding motif during viral passage, EMSAs
were performed using 32P-labeled oligonucleotides containing
the EIAVwyo sequence AACCTGT (Wyo), the intermediate
AACCGGT motif (Wyoendo) that contains the T-85G change,
or the AACCGGA (Wyofibro) motif found in endoP10 and the
fibroblast-passaged virus (Fig. 4b). In all three sets of oligonu-
cleotides used in these EMSA studies, the oligonucleotides
contained changes (from TTCCTCAA to TTCCGGGA) that
eliminated the downstream Ets (PU.1) binding site. We have
previously found that when PU.1 protein is present in NEs,
binding to the Ets site masks binding to adjacent sites (data not
shown). Thus, mutations that have been shown to eliminate
PU.1 binding (32) were introduced into the Ets site. Using NEs
from equine endothelial cells, equine fibroblasts (ED cells) or
a macrophage cell line, DH82, a band was retarded within the
gel with both Wyo and Wyoendo probes; however, both spe-
cific and nonspecific cold competitor oligonucleotides com-
peted for the binding to equivalent levels, indicating that the
binding was nonspecific (data not shown). Specific binding was
observed to a 32P-labeled Wyofibro oligonucleotide using all
three NEs, as demonstrated by the ability of specific compet-
itor to eliminate binding but the inability of equivalent con-
centrations of nonspecific competitor to compete (Fig. 4c and
d). Unlabeled competitor Wyo oligonucleotide did not com-
pete for Wyofibro binding, and competitor Wyoendo oligonu-
cleotide was able to compete slightly at the highest concentra-
tion of competitor. The binding pattern observed with
macrophage NE differed from that observed with endothelial
or fibroblast NE with a series of additional more rapidly mi-
grating bands (Fig. 4d). Interestingly, competitor Wyo and
Wyoendo oligonucleotides did compete to some degree for
these faster-migrating bands, suggesting that macrophage NEs
contain proteins that bind to a site present in all three oligo-
nucleotides (Wyo, Wyoendo, and Wyofibro).

To define the new motif, a series of competing mutant oli-
gonucleotides were tested against the Wyofibro probe (Fig.
5a). The inability of mutant oligonucleotides 2 to 5 to compete
for the retarded bands indicated that the nucleotides CCGG
AAGT were important for the DNA/protein interactions (Fig.
5b). This sequence had similarities to both an AML site and an
Ets core motif. However, neither oligonucleotides (105 and
111) that contained a consensus AML motif nor oligonucleo-
tides (124 and 163) that contained a core Ets motif were able
to compete for binding (Fig. 5c). Our studies suggest that the
evolution of the enhancer has generated a binding site not
previously recognized within the EIAV LTR.

New U3 motif enhanced LTR activity in fibroblasts. To
determine if the new binding site resulted in altered transcrip-
tion activity of the LTR in macrophages or fibroblasts, the site
was introduced into an EIAVwyo LTR/CAT construct, gener-
ating EIAVwyofibro. In the macrophage cell line, DH82, the
EIAVwyo LTR and the EIAVwyofibro LTRs had indistinguish-
able levels of activity in the presence of EIAV Tat (Fig. 6). In
contrast, in fibroblasts the EIAVwyofibro LTR had higher levels
of LTR activity than the EIAVwyo LTR, with an average of
3.25-fold higher activity than the EIAVwyo LTR in the pres-
ence of Tat. In total, these findings indicated that changes at

LTR positions �85 and �83 generated a new binding motif
that enhanced the transcriptional activity of the LTR in fibro-
blasts but not in macrophages.

The LTR enhancer alterations were not observed in an ex-
perimentally infected pony. Our in vitro passage results indi-
cated that LTR U3 sequences evolve as the cell tropism of the
virus changes. A previous study from our lab had demonstrated
that LTR U3 sequences isolated from healthy, EIAV-seropos-
itive horses differed from LTRs found in EIAV-infected horses
that were acutely viremic at necropsy (36). Furthermore, LTRs
from some healthy, seropositive horses did not contain tran-
scription factor binding motifs that are important for transcrip-
tion in macrophages. Our in vitro passage results in combina-
tion with the results from the earlier in vivo study suggested the
possibility that LTR evolution might be observed over the
course of in vivo EIAV infection as the infection evolved from
frankly viremic to subclinical. To investigate this, pony 524 was
experimentally inoculated with 103 HIU of EIAVwyo2078 and
the infection was monitored for approximately 3 years for fever
and thrombocytopenia (Fig. 7a) (3, 39). Pony 524 was frankly
viremic with accompanying fever and thrombocytopenia dur-
ing an initial episode of EIAV and chronically cycled with
viremia over subsequent months. Fever episodes abated during
year 2, but the animal became chronically thrombocytopenic
with ongoing detectable viremia. Several fever spikes were
detected as late as day 799 p.i., and the pony was necropsied on
day 878, when the pony was weakly viremic and afebrile and
had normal platelet counts. Virion RNA was amplified by
RT-PCR from plasma samples taken 12 times over the course
of the infection using primers 7333 and MunIC� that were used
in our in vitro study that amplified the 3� terminus of TM and
the LTR U3 (arrows in Fig. 7a denote LTR sampling times).
As was observed in the in vitro passage study, the relatively
homogeneous inoculum population of LTR U3 sequences ex-
panded rapidly during the initial fever episode (day 12), with
high rates of nucleotide substitutions (Fig. 7b) (supplemental
Fig. S1B contains all of the sequences isolated at each pas-
sage). While diversity remained high over the course of the
infection, by day 67, despite ongoing viremic episodes, substi-
tution rates dropped to levels reported for HIV and divergence
from the inoculum sequence remained lower than the diversity
throughout the infection. Interestingly, changes in the analysis
parameters did not appear to correlate with the disease state
(thrombocytopenia or fever) of the infected pony.

Despite the nucleotide diversity that was observed over the
course of the infection, the consensus sequence of the TM
(data not shown) and the LTR U3 did not evolve (Fig. 7c).
LTR U3 consensus sequences for days 67 and 567 differed
slightly from the consensus sequences present at other time
points, but these differences did not predominate long term in
the quasispecies population. Rooted tree analysis also demon-
strated an absence of evolution of the sequences (supplemen-
tal Fig. S3). Consistent with the stability of the EIAVwyo LTR
U3 in pony 524 over a 3-year period, the LTR U3 consensus
sequences RT-PCR amplified from plasma from three other
experimentally EIAVwyo2078-inoculated horses were found to
be identical to that of pony 524 and the inoculum consensus
sequence (Fig. 7d). These findings indicate that while LTR U3
variation can be observed in field isolates and in vitro isolates
(6, 36), detectable in vivo evolution of LTR U3 sequences from
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a virulent Wyoming strain of virus was not evident. This ob-
servation is consistent with previous findings (47). Further-
more, the absence of change within the consensus sequence
suggests that while the LTR U3 population may diversify at
points during the infection, the consensus sequence seems to
be highly suited for the environment and cell type infected
during this longitudinal study.

DISCUSSION

Previous studies have retrospectively identified alterations in
EIAV LTR enhancer sequences that are associated with long-
term passage in macrophages or leukocyte cultures (56) or
fibroblasts (6, 25, 27, 43). These changes include loss and gain
of transcription factor binding motifs (36). Some studies have

identified extensive EIAV LTR enhancer changes including
multiple nucleotide insertions or deletions (27, 57), whereas
other studies have found more modest changes (6, 43). LTR
alterations that are associated with fibroblast tropism have
been correlated with the alteration of LTR activity in a cell-
specific manner (43, 57); however, other reports suggest that
the LTR changes found in tissue culture-derived isolates are
not associated with cell-specific activity in vitro (25).

This study was undertaken to prospectively investigate the
changes in the LTR U3 that occur as cell tropism of the virus
is altered. We investigated intra- and interpassage variation, as
well as changes in consensus sequences over time. High levels
of nucleotide variation were observed as measured by nucleo-
tide diversity and divergence in early macrophage passages in
both the 3�-terminal TM sequences and the LTR U3. These

FIG. 5. The binding motif of the site generated during tissue culture passage is CCGGAAGT. (A) Sequences of unlabeled oligonucleotides that
were mutated at different locations across the Wyofibro oligonucleotide were used as competitors (Comp.) in EMSAs. (B) EMSA competition
studies using the mutant Wyofibro oligonucleotides as competitors and UVEC NEs. (C) Competition EMSAs using oligonucleotides containing
a consensus AML site (oligonucleotides 105 and 111) (34) or an Ets site that had been shown previously to bind to Ets transcription factor PU.1
(oligonucleotide 124 or 163) (32). ED NEs were used in this EMSA. All competitor oligonucleotides (27.5 �30 pmol) were in approximately
200-fold excess over the probe.
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levels were about five times higher than that reported for HIV
in a single-cycle analysis (29, 31). However, it should be noted
that genetic variation studies on the equivalent region of the
HIV genome have not been extensively explored and levels of
variation can be influenced by the region of the genome under
study (24). Concomitant with a burst of genetic diversification
in macrophages, a C-to-T change upstream from the enhancer
region in the LTR U3 was fixed as the predominant sequence
within the population. This change had no detectable effect on
LTR transcription in our reporter gene studies. Almost no
variation was detected in macP10 sequences, but variation
slowly increased over the remaining passages in UVECs and
ED cells. The slow increase in divergence during these pas-
sages suggested random genetic drift of a small population
(19). As the viral stock was passaged through UVECs and
fibroblasts that established a broader cell tropism, two more
nucleotide changes were fixed within the LTR U3 population
that created a new transcription factor binding motif that en-
hanced LTR activity in fibroblasts but not macrophages. The
generation of a new motif within the adapting LTR has been
previously demonstrated in HIV (54). A final mutation found
in the last passage in fibroblast was a G-to-C change immedi-
ately upstream from a PU.1 site that has been reported earlier
in fibroblast-tropic strains of virus (43). While the overall con-
sensus changes observed in the LTR were modest, some of the
genotypic changes that became predominant in the population
resulted in phenotypic changes that correlated well with the
observed cell tropism alterations.

EIAVwyo during the initial passage in MDMs replicated
poorly, but by MDM passage 2 replication became robust. This
finding suggests that EIAVwyo replication in MDMs in tissue
culture is not analogous to replication in vivo in tissue macro-
phages and virus must overcome undefined replication barriers
during early MDM passages that are not present in tissue
macrophages in vivo. Since we did not observe changes in the
LTR U3 during early macrophage passages, alterations of
other regions such as SU may have been responsible for the
initial in vitro adaptation. A study similar to this one investi-
gating changes in those sequences and the role those changes
play in cell tropism would be insightful. The SU has been
implicated in the cell tropism of virtually all other retroviruses
and is certainly the principal determinant of cell tropism in

HIV (for recent reviews, see references 10 and 18). While
Perry et al. have shown that SU sequences by themselves are
not sufficient to control cell tropism of EIAV (46), these se-
quences are important virulence determinants (12, 44, 45) and
would be predicted to control cell tropism in conjunction with
the LTR and potentially other genes in the 3� half of the
genome.

Our studies do not directly address the source of the LTR
variation. It is possible that the LTR sequences that became
fixed as the predominant population at later time points were
present in the inoculum but represented a minor fraction of
the population that we did not identify during our PCR am-
plification and cloning of the inoculum sequences. Alterna-
tively, the changes may have arisen de novo over the course of
the passage as point mutations. If this latter possibility oc-
curred, the mutations could have been generated during early
passages or could have been generated over the passages in a
stepwise manner. Our findings favor the stepwise development
of the changes since we only see each of the mutations in the
passage immediately prior to the mutation becoming the pre-
dominant variant in the population; however, the other alter-
natives cannot be excluded.

LTR evolution resulted in a new binding motif between an
methylation-dependent binding protein site at the 5� border of
the enhancer and an Ets binding site that in macrophages is
known to bind to PU.1 but is not bound in fibroblasts (17, 32,
34). While the presence of the new site in fibroblasts increased
LTR activity, it did not enhance activity in DH82 cells, a
macrophage cell line. From our EMSA studies, the shifting
pattern in macrophages differed from that observed in fibro-
blasts or endothelial cells. This altered pattern indicates that a
different set of proteins may be binding to the probe and it may
be the binding of a different protein(s) that accounts for the
altered LTR activity. Alternatively, in macrophages, a physical
competition for binding may be occurring between the newly
created site and the PU.1 binding site that resides immediately
downstream and partially overlaps the new site within the
enhancer (17, 32). Since PU.1 is not present in endothelial cells
or fibroblasts, such competition would not exist in these cells.

The region of TM that was amplified in this study encodes
the carboxy-terminal 78 amino acids of the cytoplasmic tail.
Previous studies mapping the cell tropism of other retroviruses

FIG. 6. The new enhancer motif results in enhanced LTR activity in fibroblasts but not in macrophages. LTR/CAT constructs were transfected
into either DH82 or Cf2Th cells, and cell lysates were analyzed for CAT activity at 40 h posttransfection.
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have not implicated this region in tropism determination.
Thus, it is not surprising that this region of TM remained
unchanged in our studies. Alternatively, we and others have
reported that most of the cytoplasmic tail of TM can be lost
during in vitro passage (37, 48), suggesting the possibility that
large amounts of genetic variation might be tolerated in this
region of the genome. In addition, we suspected that this
portion of env might be variable because in vivo studies with
EIAVwyo found that an adjacent upstream region of TM has
significant genetic variation (2–4).

While a previous study found extensive LTR enhancer vari-
ation between different field isolates of EIAV (36), the

EIAVwyo LTR was stable during a longitudinal study in an
experimentally infected pony, consistent with other in vivo
investigations of the EIAVwyo LTR (47). These findings sug-
gest that rapid evolution of EIAVwyo LTR sequences does not
occur within an infected horse. Furthermore, the observation
that the EIAVwyo LTR is found in multiple infected horses and
that the sequences do not significantly deviate from inoculum
sequences indicate that the LTR U3wyo sequences are highly
stable both within a horse and between infected horses. Thus,
our current findings demonstrate the stability of the Wyoming-
based LTR in vivo. This study does not account for the high
level of LTR enhancer variation observed between field iso-

FIG. 7. The consensus sequence of the EIAVwyo LTR U3 does not change over long term experimental infections of horses. (A) Clinical course
of experimentally infected Pony 524. The bars indicate time points when elevated body temperatures were observed. Platelet counts/�l of blood
over the course of infection are also shown (�). Arrows at the top indicate time points where TM/LTR sequences were sampled in this study.
(B) Evolutionary analysis of the pony 524 TM/LTR U3 clones demonstrated high rates of substitution (Œ) during early infection but not at later
time points. Nucleotide diversity and divergence fluctuate over the course of the infection. (C) Consensus sequence of the LTR U3 from pony 524
at 12 time points p.i. Bolded nucleotides denote sequence changes from the consensus sequence. (D) Consensus sequence of the LTR U3 in four
EIAVwyo-infected horses at time of necropsy. All horses were infected with a Wyo2078 stock. Horse 2084 was necropsied at 15 days p.i., when acutely
febrile. Horse 2085 was necropsied at 124 days p.i., following acute viremia and chronic thrombocytopenia. Horse 586 was necropsied at 586 days
p.i., following acute viremia and three subsequent fever episodes. Horse 586 and pony 524 were afebrile and had normal platelet counts at necropsy.
Bolded bases denote nucleotides that differ from that of the consensus (Con) sequence. Inoc, inoculum.
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lates that were observed in our previous study (36). Further
exploration of field isolate LTR sequences may provide in-
sights into both the level of enhancer variation with the field
population and the mechanisms by which enhancer diversifi-
cation occurs.
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