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We developed a replication-defective reporter virus pseudotyped with the envelope glycoprotein of equine
infectious anemia virus (EIAV). The in vitro host range and neutralization phenotype of EIAV Env-
pseudotyped virus were similar to those of replication-competent virus. An EIAV Env pseudovirus will improve
antigenic characterization of viral variants and evaluation of lentivirus vaccines.

The ability of lentiviruses to continually evolve and to escape
immune control is a central impediment in developing an ef-
fective vaccine for human immunodeficiency virus type 1
(HIV-1) and other lentiviruses. Despite enormous effort, vac-
cines that elicit antibodies that neutralize diverse HIV-1 iso-
lates, resulting in consistent protection against challenge with
heterologous pathogenic viruses, have not been developed.
Equine infectious anemia virus (EIAV) is a macrophage-tropic
lentivirus that causes a lifelong persistent infection in horses
(13, 16, 17). Horses infected with EIAV generally experience a
clinically variable disease course that is demarcated by acute,
chronic, and inapparent stages of infection. As for other len-
tiviral infections, an adaptive immune response is critical both
in controlling acute EIAV infection and in maintaining the
inapparent stage (5, 10, 15, 20). Importantly, EIAV-infected
horses are able to mount broadly reactive neutralizing-anti-
body responses that reduce levels of replicating virus during
long-term inapparent infection (1, 5, 6, 19). The identification
of viral epitopes targeted by broadly reactive neutralizing an-
tibody could facilitate the design of effective vaccines for EIAV
and other lentiviruses, including HIV-1.

Pseudotyped viruses have been successfully used to charac-
terize neutralizing antibodies and to identify broadly neutral-
izing epitopes of many viruses, including HIV, hepatitis C
virus, severe acute respiratory syndrome virus, and Venezuelan
equine encephalitis virus (2, 8, 11, 12, 21, 22). In this study, we
developed an EIAV Env-pseudotyped reporter virus using the
EIAV-based gene transfer vector developed by John Olsen
(14). The EIAV Env pseudovirus readily transduced equine
cells and was amenable to high-throughput assays for the anal-
ysis of EIAV broadly neutralizing antibodies. The EIAV Env
pseudovirus may be a useful tool for the identification of neu-
tralizing epitopes, the assessment of vaccine candidates, and
the characterization of EIAV-receptor interactions.

The overall goal of these studies was to generate a replica-
tion-defective reporter virus pseudotyped with EIAV Env that
would facilitate an immunological characterization of EIAV

envelope glycoproteins. To overcome the instability of EIAV
envelope expression in bacterial cells, the pSPEIAV19 surface
(SU) and transmembrane (TM) envelope sequences (GenBank
accession number EIU01866) were codon optimized by GenScript
(Piscataway, NJ), cloned into the low-copy-number vector
pLG338/30 (4), and grown in MAX Efficiency Stbl2 competent
cells (Invitrogen, Carlsbad, CA). This plasmid was designated
pLGcoSUTM. The combined effect of codon optimization and
amplification in the low-copy-number plasmid resulted in a
threefold increase in the stability of EIAV env. Protein expres-
sion was confirmed by Western blotting using EIAV convales-
cent-phase sera (not shown). EIAV Env pseudovirus stocks
were generated by cotransfection of human embryonic kidney
293T/17 cells (293T; ATCC CRL 11268) with three plasmids:
pEV53B, which encodes the viral core (14); the luciferase
reporter plasmid pSIN6.1ClucW (14); and the EIAV19 codon-
optimized envelope plasmid pLGcoSUTM, described above.
For a control, vesicular stomatitis virus glycoprotein (VSV-G)-
pseudotyped virus was generated by using the envelope plas-
mid pCI-VSV-G (7). Large-scale plasmid purification was per-
formed with an EndoFree plasmid maxikit (Qiagen, Valencia,
CA). Human embryonic kidney 293T/17 producer cells were
transiently transfected with 7.5 �g envelope plasmid, 15 �g
pEV53B, and 15 �g pSIN6.1ClucW using the ProFection
mammalian transfection system (Promega, Madison, WI). The
next day, 10 mM sodium butyrate was added in fresh media.
Supernatant was collected at 48 and 72 h posttransfection,
clarified by centrifugation, aliquoted, and stored at �80°C.

Pseudotyped virus stocks were assessed for supernatant re-
verse transcriptase activity (18) and transduction of equine
dermal (ED) cells (ATCC CCL 57). The levels of pseudovirus
reverse transcriptase activity were comparable to those of virus
stocks produced from cells infected with replication-competent
virus, 2 � 106 to 5 � 106 cpm/�l supernatant. For the titration
of pseudovirus, ED cells were seeded in 96-well culture plates
at 104 ED cells/well in Dulbecco’s modified Eagle medium
supplemented with antibiotics and heat-inactivated fetal calf
serum. The next day, the cells were inoculated with serial
dilutions of pseudotyped virus stock in the presence of 8 �g/ml
Polybrene. The culture media were changed the following day,
and the cells were assayed with the Bright-Glo luciferase assay
system (Promega, Madison, WI) at 72 h posttransduction.
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Luminescence was detected with a MicroBeta Trilux luminom-
eter (PerkinElmer, Boston, MA), and titers are reported in
relative light units (RLU) per milliliter.

Due to its wide host cell range, the VSV-G envelope is
widely used for pseudovirus production and has become a
standard for evaluating other pseudotyped viruses (3). There-
fore, we initially compared the EIAV Env pseudovirus titers to
that of VSV-G pseudovirus. Both pseudovirus stocks readily
transduced ED cells, with titers exceeding 107 RLU/ml. With
both VSV-G and EIAV Env pseudoviruses, we observed a
linear relationship between luciferase activity and the amount
of pseudovirus used for inoculation (Fig. 1A). The in vitro host
range of EIAV Env pseudovirus was investigated by the trans-
duction of additional cell types known to be permissive for
EIAV replication, including fetal equine kidney (EK) cells
(10), canine fibroblast (Cf2Th) cells (ATCC CRL 1430), and
equine monocyte-derived macrophages (MDM) (18). Each of
these cell types was susceptible to transduction by the EIAV

Env pseudovirus (Fig. 1B). Titers in EK and Cf2Th cells were
greater than 107 RLU/ml, similar to that obtained in ED cells.
The transduction of MDM was less efficient and more variable
than that of other cell types (Fig. 1B), similar to what has been
reported for the replication-competent virus (18, 19). These
results indicate that the EIAV Env pseudovirus can be a useful

FIG. 2. Immunological characterization of EIAV Env-pseudotyped
viruses. (A) Neutralization kinetics of EIAV Env pseudovirus by serum
samples obtained from pony 524 at sequential times postinoculation.
(B) Neutralizing-antibody titers against replication-competent virus
(EIAV19) (filled squares) and EIAV Env-pseudotyped virus (EIAV
Env19) (open squares) were determined with a focus reduction assay
(19) and a luciferase assay, respectively. Titers represent the inverse of
the serum dilution required to neutralize at least 75% of virus infec-
tivity. (C) Development of neutralizing antibody to the chimeric Env
pseudoviruses EIAV EnvPND-1 (filled circles) and EIAV Env19 (open
squares). Neutralizing antibody titers represent the inverse of the se-
rum dilution required to neutralize at least 75% of luciferase expres-
sion in transduced cells.

FIG. 1. Infectivity and cell tropism of EIAV Env-pseudotyped viruses.
(A) Linear relationship of luciferase activity and dilution of EIAV Env-
pseudotyped viruses (open circles) and VSV-G-pseudotyped viruses
(filled squares) in ED cells. (B) EIAV Env-pseudotyped viruses can trans-
duce cells permissive to replication-competent EIAV. Mean titers (RLU/
ml) and standard errors of EIAV Env-pseudotyped viruses in ED cells,
EK cells, Cf2Th cells, and MDM are shown, with titers comparable to
levels in ED cells. MDM were isolated from two horses, H175 and H176.
Results represent the means � standard errors of results for at least two
independent experiments, each performed in triplicate.
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tool for the molecular characterization of EIAV infectivity as
well as targeted gene delivery to equine cells.

The immunological characterization of the EIAV Env
pseudovirus was performed by using a well-characterized set of
longitudinal serum samples obtained from an experimentally
infected horse (1, 19). Serum samples collected on sequential
days postinoculation were heat inactivated to destroy comple-
ment, serially diluted twofold from an initial 1:10 dilution,
incubated with approximately 60,000 RLU of pseudovirus for 1
hour at 37°C, and inoculated in triplicate onto ED cells seeded
in 96-well plates as described above. The cells were assayed
72 h posttransduction for luciferase activity, and the percent
neutralization was calculated as a reduction in the number of
RLU compared to the number in cells inoculated with virus
only. The results indicated a dose-dependent decrease in neu-
tralization with an increasing dilution of sera (Fig. 2A). In
addition, we observed similar patterns in the development of
neutralizing antibody to the EIAV Env pseudovirus and the
replication-competent EIAV19 (Fig. 2B). The EIAV Env
pseudovirus was more sensitive to neutralization, as has been
reported for HIV-1-pseudotyped viruses (9).

We previously developed chimeric infectious molecular
clones to characterize the antigenic phenotype of SU variants
that arose during the course of EIAV infection in vivo (19). To
determine whether the EIAV Env pseudovirus can provide a
more rapid assay system for these types of analyses, the V2 to
V4 region of the codon-optimized EIAV19 envelope was re-
placed with the antigenic variant PND-1 sequence (GenBank
accession number EF405726). The PND-1 genotype was the
dominant in vivo env variant during early infection of pony 524,
and neutralizing antibody to EIAVPND-1 arose before the ap-
pearance of neutralizing antibody to the heterologous EIAV19

virus (19). Consistent with the previous results using replica-
tion-competent virus, neutralizing antibody to EIAV EnvPND-1

pseudovirus was detected earlier in infection and was present
at higher titers than neutralizing antibody to the EIAV Env19

pseudovirus (Fig. 2C).
In summary, we developed an EIAV Env-pseudotyped re-

porter virus system and demonstrated that the infectivity and
neutralization phenotypes of the pseudovirus recapitulate the
results for the replication-competent virus. This pseudotyped
virus system should facilitate studies of EIAV persistence and
pathogenesis and should aid in the design and evaluation of
lentivirus vaccines.
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