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a b s t r a c t

The EIAV (equine infectious anemia virus) multi-species attenuated vaccine EIAVDLV121 successfully pre-
vented the spread of equine infectious anemia (EIA) in China in the 1970s and provided an excellent
model for the study of protective immunity to lentiviruses. In this study, we compared immune
responses induced by EIAVDLV121 to immunity elicited by the virulent EIAVLN40 strain and correlated
immune responses to protection from infection. Horses were randomly grouped and inoculated with
either EIAVDLV121 (Vaccinees, Vac) or a sublethal dose of EIAVLN40 (asymptomatic carriers, Car). Car horses
became EIAVLN40 carriers without disease symptoms. Two of the four Vac horses were protected against
infection and the other two had delayed onset or reduced severity of EIA with a lethal EIAVLN40 challenge
5.5 months post initial inoculation. In contrast, all three Car animals developed acute EIA and two suc-
cumbed to death. Specific humoral and cellular immune responses in both Vac and Car groups were eval-
uated for potential correlations with protection. These analyses revealed that although plasma viral loads
remained between 103 and 105 copies/ml for both groups before EIAVLN40 challenge, Vac-treated animals
developed significantly higher levels of conformational dependent, Env-specific antibody, neutralizing
antibody as well as significantly elevated CD4+ T cell proliferation and IFN-c-secreting CD8+ T cells than
those observed in EIAVLN40 asymptomatic carriers. Further analysis of protected and unprotected cases in
vaccinated horses identified that cellular response parameters and the reciprocal anti-p26-specific anti-
body titers closely correlated with protection against infection with the pathogenic EIAVLN40. These data
provide a better understanding of protective immunity to lentiviruses.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Among the different types of lentiviral vaccines, the live atten-
uated formulations demonstrated the best efficacy based on the le-
vel of protective immunity by providing complete or near-
complete protection from homologous challenges (Koff et al.,
2006; Tagmyer et al., 2008), controlling or dramatically reducing
the replication of heterologous viral strains (Reynolds et al.,
2008), and eliciting long-term protection (Yankee et al., 2009).
However, live vaccines are typically not considered viable options
in the development of lentiviral vaccines, especially in the context
of AIDS vaccines because of the risks that are associated with
ll rights reserved.
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genomic integration and reverse mutations. Therefore, a better
understanding of the protective immune responses that are elic-
ited by attenuated vaccines would assist with the development
of vaccines against lentiviral infections (Letvin, 2006; Robb,
2008; Whitney and Ruprecht, 2004).

The equine infectious anemia virus (EIAV) is one of the least
complex lentivirus and like other members of the lentivirus genus,
such as HIV-1, EIAV has the capacity to change its envelope surface
proteins as an immune evasion mechanism. However, after the ini-
tial progressive, recurring febrile episodes many infected horses
eventually become asymptomatic EIAV carriers. Therefore, defin-
ing the nature of the immune response resulting in asymptomatic
infections is critical to EIAV vaccine design. Several studies have
demonstrated that reduced EIAV replication in asymptomatic
horses was a consequence of host immunity and not due to EIAV
attenuation over time. For example, adoptive transfer of whole
blood from asymptomatic horses to EIAV-negative horses resulted
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in progression towards equine infectious anemia (EIA) (Craigo
et al., 2005; Hammond et al., 1997, 2000; Harrold et al., 2000)
and following dexamethasone-mediated immune suppression,
plasma viremia in EIAV carriers dramatically increased (Craigo
et al., 2002; Newman et al., 1991). These studies suggested that
EIAV virulence remained unaltered and that asymptomatic car-
riage was a consequence of acquired immunity to EIAV (Perryman
et al., 1988) thereby providing an ideal model for the study of pro-
tective immunity against this pathogen. Several studies character-
ized immune responses in EIAV-infected horses, including Env-
specific antibody maturation, avidity and conformation-depen-
dence, in addition to characterization of EIAV-specific lymphocyte
proliferation and cytotoxic T lymphocyte (CTL) activity. These
studies suggested that these responses played a role in controlling
EIAV in vivo (Chung et al., 2004; Hammond et al., 1999, 2000).

However, it remains undefined what specific immune response
parameter(s) are most important in mediating resistance (or con-
ferring protection) to lentivirus infections, especially since re-
search in this area is controversial. Some studies demonstrated
that controlling EIAV replication requires specific cellular immune
responses in combination with high levels of neutralizing antibod-
ies (McGuire et al., 2002; Tagmyer et al., 2007). Conversely, high
levels of CTL activity and the presence of neutralizing antibodies
were absent from Rhesus macaques (Macaca mulatta) resistant to
infection with pathogenic SHIV (simian immunodeficiency virus)
strains (Mansfield et al., 2008; Reynolds et al., 2008; Yankee
et al., 2009). One critical reason for these conflicting results with
respect to the role of immunity in containing lentivirus infections
is the lack of an appropriate infection model (Harris, 2009). In addi-
tion, most data published to date describing lentivirus immunity
has been derived from infection studies not designed to examine
protective immunity (Craigo et al., 2005; Hammond et al., 2000;
Rosenberg et al., 1999). Recently, a series of studies on protective
immunity using live attenuated EIAV vaccines were published
and revealed important information on the correlation of immu-
nity with protection (Craigo and Montelaro, 2010; Tagmyer et al.,
2008).The attenuated EIA vaccine (EIAVDLV121) was developed by
Shen et al. by serially passing the pathogenic wild-type EIAVLN40

strain in donkeys for 110 generations followed by 121 in vitro
passages in donkey monocyte-derived macrophages (MDM).
EIAVDLV121 was utilized extensively in China between 1975 and
1990 where 30 million equines were vaccinated to control an EIA
pandemic. As a result, the spread of EIA in China, which directly
or indirectly (slaughtering of infected animals) resulted in the loss
of at least 424,000 horses, mules and donkeys, was under control
by the early 1980s as reported by the Chinese Ministry of Agricul-
ture (Shen et al., 1984). Although this attenuated EIA vaccine was
the first vaccine that demonstrated effective protection against a
lentivirus related diseases, the mechanism resulting in protective
immunity remains undefined. More importantly, dexamethasone-
mediated immune suppression of EIAVDLV121-vaccinated horses
did not either significantly elevate plasma viral loads or trigger
clinical EIA (Ma et al., 2009), implicating the difference in immune
responses between induced by the vaccine strain and resulted by
asymptomatic infections.

In this study, we first provided the historic unpublished data on
the efficacy of the attenuated EIAVDLV121 strain against infections
with either homologous or heterologous EIAV pathogenic strains.
The immune responses elicited following vaccination with
EIAVDLV121 or with an EIAVLN40 sublethal dose were characterized
by comparing humoral and cellular response and characterizing
the relationship between the nature of the immune responses
and protection. This is the first systematic evaluation of the im-
mune responses elicited by a lentiviral vaccine that effectively pre-
vented infections with either homologous or heterologous EIAV
strains.
2. Materials and methods

2.1. EIAV strains

Five EIAV strains were utilized in this study: (i) the virulent
EIAVLN40 strain initially isolated from an EIA positive horse from
the Liaoning Province of China and passed for 16 generations in
horses. EIAVLN40 infections resulted in a 100% incidence of acute
EIA in infected horses when 104 TCID50 EIAV was used; (ii) the live
attenuated EIAVDLV121 vaccine strain derived from the virulent
EIAVDV117 strain by successive MDM passages in vitro (Shen et al.,
1984); (iii) EIAVFDDV12, a strain comprising a second-generation
of Chinese attenuated EIAV vaccine that was developed by further
passing the EIAVDLV121 vaccine strain in fetal donkey dermal cells
(FDD) for 12 generations (Shen et al., 2006); (iv) EIAVDLV34, a don-
key MDM-adapted virulent strain that was passed for 33 genera-
tions. Like EIAVLN40, infections with EIAVDLV34 resulted in acute
EIA incidence rates of 100% when horses were infected with 104

TCID50; (v) the American EIAVWyoming virulent strain, a gift from
Dr. Dawei Shen, Washington State University, and was passed in
horses for three generations to increase the virulence.
2.2. Experimental animals, clinical evaluation and longitudinal sample
collection

To evaluate the protective efficacy of the attenuated EIAVDLV121

vaccine strain, 116 mixed gender, outbread adult horses were ran-
domly selected and hypodermically vaccinated with
4 � 105 TCID50 of EIAVDLV121 and then challenged with
1 � 104 TCID50 of virulent strain EIAVLN40 3, 6, 10 or 12 months
post vaccination. Twenty-two horses were immunized with
EIAVDLV121 for either 6, 9 or 15 months prior to challenge with
the EIAVWyoming strain. Twenty-seven and 13 unvaccinated horses
(treated with saline) were infected with either EIAVLN40 or with
the American EIAVWyoming strain (1 � 104 TCID50). Rectal tempera-
tures for each horse were measured twice daily. Acute EIA was de-
fined as fever >39 �C, thrombocytopenia (<9 � 104 platelets/ll
blood) and jaundice.

For experiments comparing immune responses, 16 horses of
mixed gender were randomly grouped and inoculated with: (i)
the vaccine strain EIAVDLV121 (group Vac, four horses); (ii) sublethal
dose (1 � 103 TCID50) of the virulent strain EIAVLN40 to develop
asymptomatic carriers of EIAV pathogenic strain (group Car, three
horses); (iii) lethal dose (1 � 104 TCID50) of the virulent strain
EIAVLN40 to develop acute EIA (group Acu, three horses); (iv) the
same volume of saline (Mock, three horses). Horses, except for
those in the group Acu, were challenged with lethal dose
(105 TCID50) of the virulent strain EIAVLN40 23 weeks post the ini-
tial inoculation. In addition, three horses were mock inoculated
and challenged with saline as healthy controls (group Hea). Serum
samples prior to the start of the experiment were tested twice by
the agar gel immunodiffusion assay for the presence of EIAV anti-
serum to confirm that each animal was uninfected at the beginning
of the experiment (Coggins et al., 1972). Serum, plasma, and whole
blood samples were collected from horses at indicted intervals and
were stored at �20 �C until serological characterization was car-
ried out. A plasma aliquot was stored at �80 �C until plasma viral
loads were determined using real-time RT-PCR. Equine peripheral
blood mononuclear cells (ePBMC) were isolated from whole blood
over a discontinuous density gradient of Ficoll-Histopaque (den-
sity = 1.077 g/ml) for evaluating EIAV-specific cellular immune re-
sponses. During the course of all experimental process, all animals
were clinically monitored daily as described (Zhang et al., 2007).
All the above animal studies have been reviewed and approved
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by the Institutional Review Committee for Animal Administration
and Animal Care.

2.3. Antibody end-point titer assays and determination of anti-EIAV
avidity and conformational-dependence

Detection of serum antibodies specific to the EIAV capsid pro-
tein p26 was conducted by standard ELISA assay using purified re-
combinant p26 expressed in Escherichia coli (Piza et al., 2007). EIAV
envelope protein (Env)-specific serum IgG antibodies were assayed
quantitatively (endpoint titer) and qualitatively (avidity index and
conformation ratio) using the concanavalin (Con) A antigen-cap-
ture ELISA as described (Hammond et al., 1997). EIAV particles
were purified from EIAVFDDV12 supernatants using gradient centri-
fugation as described previously (Montelaro et al., 1982).

2.4. Neutralization assay

Serum neutralizing activity to the pathogenic EIAVDLV34 was
determined using the reverse transcriptase activity-based assay
as described (Kwong et al., 2009). Briefly, equine monocytes were
isolated from peripheral blood and cultured for 48 h at 37 �C in
96-well flat-bottom microplates containing 200 ll of culture med-
ium consisting of RPMI 1640 supplemented with 20% heat-inacti-
vated horse serum (Hyclone, Logan, UT), 40% fetal bovine serum,
4 mM L-glutamine, 50 U/ml penicillin and 50 lg/ml streptomycin.
All serum samples were heat-inactivated at 56 �C for 30 min to
inactivate infectious virus and complement factors. The serum
samples were serially diluted and incubated with 1000 TCID50/ml
of indicator virus (EIAVDLV34) at 37 �C for 1 h. The serum/virus mix-
tures were added to cultures of equine monocytes and incubated at
37 �C for 2 h. The wells were then washed and 200 ll of fresh med-
ium added and cultured for 4 days at 37 �C. Virus particles present
in respective culture wells were titrated by measuring reverse
transcriptase activity using the Reverse Transcriptase Assay Color-
imetric kit as described by the manufacturer (Roche, IN, USA).
When a reduction in reverse transcriptase activity was greater than
50% of the positive control (virus incubated with EIAV-negative
serum) following incubation in 610% horse serum, the sample
was defined as neutralization positive. The 50% neutralization ti-
ters of samples were determined by linear regression analysis of
dilution titers versus optical density (OD) values. These experi-
ments were repeated twice with similar results.

2.5. Measurement of EIAV-specific CD4+ and CD8+ T cell proliferation

EIAV-specific CD4+ and CD8+ T cell proliferation was assessed
using CFSE (5-carboxyfluorescin diacetate succinimidyl ester). As
the fluorescent intensity of CFSE-stained cells diminishes with
each cell division, cells that have undergone cell division are iden-
tified by flow cytometry (Gil et al., 2009; Witkowski, 2008). Briefly,
ePBMCs (1 � 107/ml) were incubated at 37 �C for 10 min with
5 lM CFSE (Invitrogen, Carlsbad, CA) and then 5 ml culture med-
ium (10% FBS) was added to stop CFSE cell staining. Cells were then
washed three times in PBS and resuspended at a concentration of
1 � 107/ml in culture medium. Stained cells were then cultured
in 96-well round bottom plates (4 � 105/well) with 1 � 104 pfu,
gradient-purified EIAVFDDV12. The temperature, time and pH of
the incubations were optimized. ePBMCs stimulated with 5 lg/
ml PHA-P (Sigma, St. Louis, MO) were used as the positive control.
Cells cultured in media containing no EIAV were used as the nega-
tive control. After incubating at 37 �C with 6% CO2 for 4 days, cells
from each treatment group were analyzed using a Beckman FC500
flow cytometer. Before the analysis, CFSE-labeled ePBMCs were
incubated with monoclonal antibodies specific for equine CD4 or
CD8 (VMRD, Pullman, WA) followed by an incubation with a
secondary APC-conjugated anti-mouse IgG (SouthernBiotech, Bir-
mingham, AL). Optimal gate settings were determined for each
experiment based on single-stained samples. The cell division in-
dex (CDI) of CD4+ or CD8+ T cells was calculated using the follow-
ing equation:

EIAV-specific CDIðcell division indexÞ

¼ Number of CD4þ=CD8þCFSEdimwith antigen
Number of CD4þ=CD8þwith antigen

� Number of CD4þ=CD8þCFSEdimwithout antigen
Number of CD4þ=CD8þwithout antigen
2.6. Intracellular staining (ICS)

The bovine IFN-c-specific monoclonal CC302 antibody (AbDSe-
rotec Ltd., Oxfordshire, UK) was used for assessing IFN-c secretion
by individual equine T lymphocytes as described previously
(Breathnach et al., 2005). ePBMCs (1 � 107/ml) were isolated from
each horse and stimulated with either 1 � 104 pfu of gradient-puri-
fied EIAVFDDV12 or with the same volume of virus-free medium at
37 �C for 16 h. Brefeldin A was added to the cells at a final concen-
tration of 10 lg/ml for 8 h. Cells stimulated with 25 ng/ml PMA
(Sigma) and 1 lM ionomycin (Sigma) were used as positive con-
trols. After an overnight incubation, cells were fixed in 4% formal-
dehyde (v/v in PBS) for 30 min. Intracellular staining of IFN-c was
performed at room temperature with 1 lg CC302 in permeabiliza-
tion buffer (PBS with 0.5% bovine serum albumin and 0.25% sapo-
nin) for 20 min. CD4+ and CD8+ T cells were also labeled and then
analyzed by flow cytometry as described above to determine the
percentage of IFN-c-secreting surface-labeled T cells from EIAV-
or medium-stimulated cell cultures. The EIAV-specific IFN-c re-
sponse was evaluated by the following equation:

EIAV-specific IFN-cþCD4þ=CD8þð%Þ

¼ Number of IFN-cþCD4þ=CD8þwith antigen
Number of CD4þ=CD8þwith antigen

� Number of IFN-cþCD4þ=CD8þwithout antigen
Number of CD4þ=CD8þwithout antigen
2.7. Quantitative analysis of viral plasma RNA levels

Quantitative analysis of viral genomic RNA/ml plasma was
determined by RT-PCR. Plasma-associated viral RNA from experi-
mentally infected horses was extracted using the QIAamp Viral
RNA Mini Kit (Qiagen, Valencia, CA). The following oligonucleo-
tides were used for RT-PCR reactions: EIAV-gag-specific forward
primer: 50-CGA TGC CAA ATC CTC CAT TAG-30, EIAV-gag-specific re-
verse primer: 50-CTG ATC AAA AGC AGG TTC CAT CT-30 and the
TaqMan probe (supplied by BioSystems Inc., Paris, France) 50-
FAM-CAC CAC AAG GGC CTA TTC CCA TGA CA-TAMRA-30. RT-PCR
was performed using the one-step PrimeScript RT-PCR Kit (Takara,
Shiga, Japan) in a 25 ll reaction mixture containing 12.5 ll 2� RT-
PCR buffer, 0.4 lM forward primer, 0.4 lM reverse primer, 0.2 lM
TaqMan probe, 0.5 ll RT mix, Ex-Taq 0.5 ll ddH2O 6.3 ll and 4 ll
of the RNA sample or RNA standard. The amplification protocol
was carried out under the following conditions: 5 min at 42 �C,
10 s at 95 �C followed by 40 cycles at 95 �C for 5 s and 60 �C for
40 s. Linear regression analysis of the standard curve was used to
estimate viral genomic RNA/ml of plasma. The standard RNA curve
was linear in the range between 102 molecules at the lower limit
and 109 molecules at the upper limit. All samples were measured
twice.
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2.8. Statistical analysis

Statistical analysis and data presentation were performed
using the SAS version 8.1 (SAS Institute Inc., Cary, NC) and
Graphpad Prism version 4.0 (GraphPad Software, La Jolla, CA)
programs, respectively. Significant differences of humoral and
cellular immune responses between experimental groups were
determined using the Student’s t test (two-tailed, confidence
intervals of 95%). Significant differences were reported when
p 6 0.05.
3. Results

3.1. Protection against acute EIA following challenge with either
homologous or heterologous virulent EIAV strains

In 1972–1983, a series of experiments were performed to detect
the protection of the attenuated EIAV vaccine strain EIAVDLV121

against the disease experimentally infected by a Chinese domestic
pathogenic strain EIAVLN40 and an American pathogenic strain
EIAVWyoming. The unpublished historic data obtained by R.X. Shen
et al. are first presented in this article to show the efficiency and
duration of immune protection against the challenge of homolo-
gous and heterologous virulent strains induced by the attenuated
EIAV vaccine for a duration between 3 and 30 months post vacci-
nation. Recent analysis revealed that differences between the gen-
omes and the gp90 sequences between EIAVDLV121 and EIAVLN40

were 2.8% and 7.1% and between EIAVDLV121 and EIAVWyoming were
23.5% and 37.8% (Wang et al., 2011). Laboratory infection of either
EIAVLN40 or EIAVWyoming resulted near 100% death of horses when a
high dose (1 � 104 TCID50) of virus was used. Results showed that
only one survived from acute EIA among 40 non-vaccinated horses
challenged with either of these two pathogenic strains. Therefore,
the parameter of protection from disease was actually appeared
as the protection from death of EIA in the summery of the historic
protection test presented below.

As shown in Fig. 1A, 45.5% (5/11) horses were protected from
acute EIA 3 months post vaccination with the highest protection
observed at 6–12 months post inoculation (79.2%, 61/77). The pro-
tection efficiency decreased to 50% (3/6) when animals were chal-
lenged 30 months post vaccination. All unvaccinated, EIAVLN40-
infected animals (n = 27) succumbed to acute EIA. More impor-
tantly, significant protection was observed in EIAVDLV121-vacci-
nated animals challenged with the heterologous EIAVWyoming

strain. Seventeen of 22 (77.3%) vaccinated horses vaccinated for
Fig. 1. Protection against acute EIA. Horses of mixed genders were vaccinated with
intradermally with 104 TCID50 of either (A), the Chinese domestic EIAV pathogenic strain
inoculated horses were used as controls. Acute EIA was defined by fever over 39 �C accom
the number of horses protected from EIA at each time point over the number of horses
6–15 months were protected from acute EIA (Fig. 1B). All 13 unvac-
cinated horses developed acute EIA and succumbed after challenge.

3.2. Characterization of immune responses in EIAVDLV121- and
EIAVLN40-infected animals

Immune responses elicited by the EIAV vaccine strain
EIAVDLV121 or domestic virulent strain EIAVLN40 were characterized
to identify potential differences associated with protection and
susceptibility. Healthy horses were inoculated with either
EIAVDLV121 (n = 4) or with sub-lethal (n = 3) or lethal doses (n = 3)
of EIAVLN40 as described in Fig. 2A. All four vaccinated horses
(Vac 1–4) did not present with any EIA-related symptoms and their
circulating viral loads (102–105 copies/ml plasma) were under the
1 � 107 copies/ml plasma threshold used to diagnose acute EIA. In
contrast, the three horses inoculated with a lethal dose of EIAVLN40

(Acu group) emerged with characteristic EIA symptoms 2–4 weeks
post infection as defined by fever (>39 �C), thrombocytopenia
(<6 � 104 platelets/ll blood), jaundice and/or edema. All animals
in this group died of severe EIA following the first febrile episode.
However, horses (Car 1–3) that received a sub-lethal dose of
EIAVLN40 did not appear with typical febrile episodes and directly
entered into the asymptomatic phase of infection.

To establish a correlation between immunity and protection
against EIAV, horses from the Vac and Car groups were challenged
with an EIAVLN40 lethal dose 23 weeks post primary immunization.
Three of four vaccinated animals challenged with EIAVLN40 sur-
vived and two (Vac 2 and 4) did not present with EIA symptoms
following challenge (Fig. 2B, panels B and D). However, two other
vaccinated animals (Vac 1 and 3) presented with EIA symptoms
at 47 and 29 days post EIAVLN40 infection, respectively (Fig. 2B,
panels A and C). Vac 3 died of EIA 34 days post challenge. Nucleo-
tide sequence analysis of EIAV gp90 in the Vac horses revealed that
EIAV sequences obtained from Vac 2 and Vac 4 were of the same
cluster as the EIAVDLV121 vaccine strain, indicating protection
against infection of the virulent strain. However, the EIAV gp90 se-
quences from Vac 1 and Vac 3 matched the EIAVLN40 virulent strain
cluster seven and 5 weeks post challenge, respectively, demon-
strating that these animals were infected with the virulent strain
(Fig. S-1 of the Supplementary Materials).

In contrast, only one of three Car group horses survived and all
presented with typical EIA symptoms following challenge with a
lethal dose of EIAVLN40 (Fig. 2C). The three PBS mock-vaccinated
(Moc) positive control animals died of acute EIA after infection
with the virulent EIAVLN40 strain within 14–28 days post challenge
(data not shown).
EIAVDLV121 for the indicated periods (3–30 months) and subsequently challenged
EIAVLN40 or (B), the heterologous American pathogenic strain EIAVWyoming. Saline-
panied by thrombocytopenia and jaundice. The numbers in parentheses represent

challenged.



Inoculated with the virulent strain (EIAVLN40)

Inoculated with the vaccine strain (EIAVDLV121)

Sampling

Hea Ctl (3)

Weeks0 4 8 12 162 6 10 20 24 28 32

Inoculated with saline

A

B

C

Car (3)

Vac (4)

Acu (3)

Mock (3)

Fig. 2. Differences in immunity resulting from EIAVDLV121 vaccination or from a sublethal EIAVLN40 infection. (A) Sixteen mixed-gender horses were randomly divided into
five groups. The Vac group was immunized with EIAVDLV121, the Car group was inoculated with a sublethal EIAVLN40 dose resulting in asymptomatic EIAV carriage, the Acu
group was inoculated with a lethal dose of EIAVLN40 and the Mock group received a saline injection only. Except for the Acu horses, all animals were challenged with
1 � 104 TCID50 of EIAVLN40 23 weeks post primary inoculation. In addition, the Hea group was mock vaccinated and challenged with saline and treated as the health control.
(B) Body temperature, platelet counts and viral loads of the four Vac group horses after EIAVLN40 challenge. (C) Body temperature, platelet counts and viral loads of the three
Car group horses after EIAVLN40 challenge.
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3.3. Characterization of antibody responses elicited by EIAVDLV121 and
EIAVLN40

Detection of serum antibodies specific to the EIAV capsid pro-
tein p26 was conducted by standard ELISA assay using purified re-
combinant p26 expressed in E. coli (Piza et al., 2007). The p26
capsid protein is the primary viral core protein making it a major
EIAV immunogen. Quantitative measurements of anti-EIAV Env
(envelope) glycoprotein specific serum IgG antibodies was carried
out by ELISA by immobilizing viral glycoproteins in microtiter
wells coated with ConA (Robinson et al., 1990). The EIA diagnostic
immuno-agar diffusion assay (Coggin’s test) is the standard used
for the detection of anti-p26-specific antibodies as defined by the
World Organization of Animal Health (OIE).

The endpoint titers for both Env- and p26-specific antibodies in
vaccinated horses (Vac group) and virulent strain asymptomatic
carriers (Car group) were not statistically different when analyzed
as two groups (Fig. S-2A). Chronological examination of the anti-
Env and anti-p26 antibodies revealed that anti-Env responses were
typically higher in Vac group animals in the early and intermediate
stages post inoculation, although statistical significance was only
observed at 12 weeks post infection (Fig. S-2B). The anti-p26 re-
sponse, however, was significantly different in that Vac group ani-
mals developed significantly higher anti-p26 titers during the first
8 weeks of infection compared to Car group titers that were signif-
icantly lower (10-fold, see Fig. S-2B).

Qualitative properties of Env-specific and p26-specific antibod-
ies were also analyzed. As observed for other lentivirus infection
models (including HIV, SIV, SHIV and EIAV) maturation of the hu-
moral response was observed (Cole et al., 1997, 2000; Hammond
et al., 1997; Wodarz, 2008). That is, following EIAV infection,
Env-specific antibody titers increased, as did their avidity index
and conformational dependency over a 6–8 months period post
infection, at which point these responses plateaued. In the context
of immune response maturity, antibody avidity and conforma-
tional dependence correlated with prognosis and vaccine efficacy
(Hammond et al., 1999; Montelaro et al., 1998).

Antibody avidity was measured by treating antibody/antigen
complexes with given concentrations of chaotropic reagents that
dissociate low-avidity antibody/antigen complexes. Generally, if
the ratio of remaining antibody (following the incubation with a
chaotropic agent to untreated antibody) i.e., the avidity index is
less than 0.3 following a 6 M urea wash, it is considered a low avid-
ity response.

The conformational dependency of envelope-specific antibodies
was characterized using a ConA antigen-capture ELISA that is
based on glycoprotein binding to ConA-coated microplates. If the
Fig. 3. Conformational dependent maturation of anti-Env glycoprotein antibodies. (A
experimentally infected horses (Vac, Car, Acu and Hea groups) during the experimental
inoculated with either EIAVDLV121 (Vac) or EIAVLN40 (Car). Arrows indicate the time of ch
reactivity ratio of the nondenatured Env ConA-ELISA divided by
the ratio of the denatured Env ConA-ELISA was >1.0, Env-specific
antibodies primarily recognized conformational Env epitopes. If
the ratio was <1.0 the antibodies recognized linear epitopes
primarily.

Similar to the endpoint titer results, there were no significant
differences between the avidity of the anti-Env or anti-p26 specific
antibodies examined between vaccinated animals and asymptom-
atic horses infected with an EIAVLN40 sublethal dose (p > 0.05). The
median antibody avidity for animals from both of these groups was
significantly higher than that of antibodies examined from the un-
treated healthy controls (p < 0.01, Fig. S3-A). The avidity indexes
(AI = antibody activity treated with urea/untreated with urea) of
both anti-Env and anti-p26 antibodies gradually increased from
0.3 to 0.5 in all vaccinated and asymptomatic horses during the
time points tested. However, the avidity of anti-Env-specific anti-
bodies in vaccinated horses increased more rapidly than the avid-
ity observed in asymptomatic EIAVLN40 carriers during the first
4 months post inoculation (Fig. S3-B). The median avidity index be-
tween these two groups during this initial infection period was sta-
tistically different (p < 0.01, data not shown).

Significant differences in the maturation of conformational
dependent Env-specific antibodies were observed between vacci-
nated, asymptomatic and EIAVLN40 acutely infected animals. As de-
scribed in Fig. 3A and B, the median conformation index (CI) of
Env-specific antibodies examined from Vac group animals was
close to 1.5 which was significantly higher than the CI of antibodies
examined from either the Car or Acu groups (p < 0.01). The matu-
ration pattern of conformationally dependent Env-specific anti-
bodies between Vac and Car group horses was readily
discernable. In contrast to the temporal change in the CI of anti-
bodies from Car group animals (which consistently shifted be-
tween 0.8 and 1.0 two weeks post inoculation) the ratio of
conformational dependent Env-specific antibodies from Vac group
animals was as high as 1.2 two weeks post inoculation, at which
point it gradually increased and leveled off near 1.5. Challenge with
an EIAVLN40 lethal dose transiently and modestly increased the CI
of antibodies examined from both of these two treatment groups.

3.4. EIAV-specific neutralizing antibody responses

Although the role of neutralizing antibodies in protection from
lentivirus infection remains undefined, the importance of anti-len-
tivirus neutralizing activities has been observed during the course
of recent HIV-1 and SIV/SHIV studies (Prado et al., 2009; Wodarz,
2008; Yankee et al., 2009) and the recent RV-144 AIDS vaccine trial
(Gilbert et al., 2011). To determine if a correlation existed between
) Comparison of conformation indices of Env glycoprotein-specific antibodies in
period. (B) Conformation indices for Env glycoprotein-specific antibodies in horses
allenge with a lethal dose of EIAVLN40. ⁄p < 0.05 using the Student’s t test.
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neutralizing activity and protection against EIAV infection, neutral-
izing antibodies from vaccinated horses (Vac group) and from
asymptomatic carriers infected with a sublethal EIAVLN40 dose
(Car group) were measured and compared. Due to in vitro growth
limitations of the EIAVLN40 challenge strain in eMDM, EIAVDLV34,
an eMDM-adapted strain derived from EIAVLN40, was used in anti-
body neutralization assays. To confirm that EIAVDLV34 remained
pathogenic, this strain was used to infect two EIA-naive horses
using the same dose established for EIAVLN40. Both EIAVDLV34-in-
fected horses developed EIA 21 and 28 days post infection, respec-
tively, and succumbed to the infection 27 and 42 days post
infection (Fig. S-4A).

Phylogenetic comparison of the EIAVDLV34 genome to its paren-
tal EIAVLN40 strain and to the EIAVDLV121 and EIAVFDDV12 vaccine
strains demonstrated that EIAVDLV34 clustered with EIAVLN40 and
not with the two vaccine strains (Fig. S-4B). Antibody reactivity
to the gp90 principal neutralizing domain (PND) is considered
important to viral neutralization (Shen et al., 2006). Amino acid se-
quence comparison of the PND sequence from EIAVLN40, EIAVDLV34,
EIAVDLV121 and EIAVFDDV12 revealed that the EIAVDLV34 PND se-
quence was more closely related to the EIAVLN40 parental strain
than to the vaccine strain PND sequences (Fig. S-4C).

Serum samples from infected horses from the respective groups
were collected to evaluate their capacity to neutralize EIAVDLV34.
The median neutralization titer of serum samples from vaccinated
horses during an 8-month period was significantly higher than the
median neutralization titers of antibodies collected from asymp-
tomatic carriers (Car group) or from antibodies collected from
horses with acute EIA (Acu group) (Fig. 4A, p < 0.01). Furthermore,
EIAV neutralizing activity in vaccinated horses emerged at as early
as 14 days post infection compared to the neutralization activity
observed in serum samples collected from asymptomatic carriers
which developed much slower (56 days post infection) (Fig. 4B).
3.5. Characterization of cell-mediated immune responses

Due to the failure of the AIDS STEP vaccine trial, it will be nec-
essary to re-evaluate AIDS vaccine design strategies focused on
inducing protective cytotoxic T lymphocyte (CTL)-based responses.
However, these responses are still considered essential to the con-
trol of lentivirus infections, particularly if neutralizing antibodies
cannot completely prevent the entrance of viruses to target cells
(Blish et al., 2007). Because the nature of the cell-mediated re-
sponse is critical to infection outcome, we evaluated these re-
sponses in our model system.

Antigen-specific T cell proliferation was examined by harvest-
ing ePBMCs from EIAV-inoculated and control horses, incubating
Fig. 4. Anti-EIAV neutralization titers. Serum neutralizing activity to virulent strain EIAV
titers from the Vac, Car, Acu and Hea groups. (B) Temporal development of neutralizing
horses and EIAVLN40 asymptomatic carries. ⁄p < 0.05 using the Students t test.
them with purified EIAVFDDV12 and measuring the level of
antigen-specific CD4+ and CD8+ T cell proliferation. Proliferation
data are expressed as cell division index (CDI), defined as the pro-
liferation ratio of antigen-stimulated cells divided by the prolifer-
ation of unstimulated cells. CDI values >0.1 are considered
positive responses.

CD4+ T cells had the highest median CDI values (compared to
CD8+ T cell proliferation), particularly CD4+ cells harvested from
EIAVDLV121-vaccinated horses (Vac group) and from EIAVLN40

asymptomatic carriers (Car group), but not CD4+ cells harvested
from horses with acute EIA (Acu group) (Fig. 5A). Furthermore,
the CDI of Vac group horses was significantly higher than the med-
ian CDI for Car group horses (p < 0.05, Fig. 5A). Specifically, CD4+ T
cell CDI increased gradually over the first 3 months post the infec-
tion. This early CDI increase reached a plateau 16 weeks post the
initial inoculation, however, the level of proliferation observed
for Vac group animals was significantly higher than the prolifera-
tion observed for CD4+ cells harvested from animals in the Car
group infected with an EIAVLN40 lethal dose (Fig. 5B, top panel).
The CD8+ T cell proliferation response over time had a profile sim-
ilar to that observed for CD4+ T cells (Fig. 5B, lower panel). Specif-
ically, CD8+ cells harvested from Vac group animals proliferated at
a higher level than the response observed for CD8+ cells collected
from Car group horses 12 weeks post inoculation, but was not sta-
tistically significant.
3.6. IFN-c secretion by CD4+ and CD8+ T cells

Characterization of IFN-c secretion in response to antigenic
stimulation is critical in evaluating the nature of cellular immune
responses. The importance of CD4+ T cell-mediated regulation in
the context of lentivirus infections e.g., HIV-1 and SIV was high-
lighted following examination of the data obtained from the failed
STEP AIDS vaccine trial (Hanke, 2008; Robb, 2008). For this reason,
we examined the EIAV-specific IFN-c response by both CD4+ and
CD8+ cells in our EIAV infection groups. The IFN-c response post
initial inoculation demonstrated that significantly more CD8+ cells
secreted IFN-c than CD4+ cells and that statistically more CD8+

cells from Vac group animals secreted IFN-c than cells harvested
from either the Car, Acu group or health control groups. However,
there was no significant difference in IFN-c-producing CD4+ cells
between the Car and Acu groups (Fig. 6A). The temporal profile
showed that slightly more CD4+ cells gradually became INF-c pro-
ducers in Vac group animals compared to Car group animals
20 weeks post inoculation. Only at 2 weeks post infection were
the numbers of INF-c-producing CD4+ cells significantly greater
in the Vac group than in Car group animals. More significant differ-
DLV34 was measured and expressed as reciprocal 50% neutralization titers. (A) Serum
activity expressed as reciprocal 50% neutralization titers of EIAVDLV121-immunized



Fig. 5. EIAV-specific CD4+ and CD8+ T cell proliferation. (A) Proliferation of EIAV-specific CD4+ and CD8+ T cells isolated from Vac, Car, Acu and Hea animals during the
experimental period was expressed as cell division index (CDI). (B) Temporal development of EIAV-specific CD4+ and CD8+ T cell proliferation from EIAVDLV121-immunized
horses and EIAVLN40 asymptomatic carries. CDIs are expressed as the proliferation in the presence of antigen/proliferation in the absence of antigen. ⁄p < 0.05 using the
Students t test.

Fig. 6. EIAV-specific CD4+ and CD8+ T cell IFN-c secretion. (A) Percent CD4+ and CD8+ IFN-c secreting cells isolated from Vac, Car, Acu and Hea animals during the
experimental period. (B) Temporal EIAV-induced IFN-c secretion by CD4+ and CD8+ T cells from EIAVDLV121-immunized horses and EIAVLN40 asymptomatic carries.
Background IFN-c secretion from EIAV-unstimulated lymphocytes was subtracted from the antigen stimulated cells. ⁄p < 0.05 using the Student’s t test.

Y.-Z. Lin et al. / Antiviral Research 92 (2011) 292–304 299
ences were observed in IFN-c-producing CD8+ cells. There were
more IFN-c-producing cells harvested from Vac group animals at
all time points examined compared to the number of IFN-c produc-
ing cells collected from Car group animals (Fig. 6B).
3.7. Plasma viral loads

Because plasma viral levels are often predictive of disease prog-
nosis and are an important factor that determines the type and
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magnitude of the host’s immune response (Whitney and Ruprecht,
2004), it was essential to determine the EIAV plasma loads in
EIAVDLV121-vaccinated horses and EIAVLN40-infected asymptomatic
carriers in the context of the different immune responses elicited
in these two treatment groups. Previous studies performed by us
and others showed that the EIAV viral loads during the febrile
phases were between 106 and 109 copies/ml of plasma compared
to 102–105 copies/ml of plasma in vaccinated animals and during
asymptomatic EIA (Langemeier et al., 1996; Li et al., 2003). In this
study, EIAV plasma RNA copy numbers from Vac and Car group
horses were determined by quantitative RT-PCR. Results demon-
strated that viral loads in both groups were below 1 � 106 cop-
ies/ml before challenge with EIAVLN40. There were no significant
differences in the viral loads between the EIAVDLV121-vaccinated
and sublethal dose EIAVLN40-infected horses (Fig. 7)A and B. How-
ever, viral loads in most Vac group horses (3/4) began declining
16 weeks post vaccination (Fig. 7A). In contrast, viral loads in
two Car group horses (and one Vac group horse) began increasing
at this time point (Fig. 7B).

3.8. Correlation between the immune responses and sterile protection

Since protection from infection failed in two of four vaccinated
horses (Vac1 and Vac3), we investigated immune response differ-
ences between the protected and non-protected horses. The hu-
moral and cellular immune responses during the early (2–
6 weeks post inoculation), intermediate (6–12 weeks post inocula-
tion) and late (12–23 weeks post inoculation) stages post vaccina-
tion and post challenge were grouped according to protective
efficacy against infection with the virulent EIAVLN40 strain by
detection of env sequences. Although significant differences in
the anti-Env antibody conformational dependence and neutraliza-
tion activity between EIAVDLV121-vaccinated horses (Vac group)
and EIAVLN40 asymptomatic carriers (Car group) were observed,
these variations in humoral immune responses were not observed
between protected and non-protected animals. However, remark-
able differences in the reciprocal end-point anti-p26 antibody-
binding titers were observed after the early vaccination stages that
showed a significant elevation of this antibody response in pro-
tected horses (Fig. 8A). This is the first data that correlated cap-
sid-specific antibody responses with protection against challenge
with an EIAV virulent strain (sterile protection).

In contrast, the differences in cellular immune responses be-
tween Vac group and Car group animals were easily discernable
(Fig. 8B). Differences in the EIAV-specific CD4+ and CD8+ T cell pro-
liferation were apparent during the medium and late time points
Fig. 7. Replication of EIAVLN40 and EIAVDLV121 in vivo. Viral RNA from (A), EIAVDLV121- or (
copy numbers/ml of plasma. The viral load considered a threshold for clinical EIA is indi
death as a result of EIA. Arrows indicate the time of the EIAVLN40 challenge.
post vaccination and post challenge, and IFN-c secretion by these
T cells was significantly elevated during late stages post vaccina-
tion and challenge. Combined with the differences observed in cel-
lular immune responses between Vac and Car group animals, these
results strongly suggested the importance of cell-mediated immu-
nity in the protection induced by the EIAV attenuated vaccine
strain.

4. Discussion

Our inability to understand the nature of protective anti-lentivi-
rus infections such as HIV-1 is preventing the development of
effective vaccines (Baker et al., 2009; Wodarz, 2008). These unsuc-
cessful attempts further suggest the need for research aimed at
characterizing the nature of immune responses with the capacity
of inhibiting or at least restricting HIV proliferation (Appay,
2009; Robb, 2008). In this study, we demonstrated for the first time
significant protection (77%) conferred by the EIAVDLV121 vaccine
strain against clinical disease caused by infection with the heterol-
ogous EIAVWyoming strain, which was 23.5% and 37.8% different at
the genomic level and sequence of the gp90 glycoprotein, respec-
tively. These results demonstrate that this attenuated EIAV vaccine
provides a useful lentivirus vaccine model with the capacity of
establishing a correlation between the nature of the immune re-
sponse and protection from disease and infection. Specifically, we
compared humoral and cellular responses in EIAVDLV121-vaccinated
and sublethally EIAVLN40-infected animals since both forms of EIAV
had similar circulating viral loads in these two groups of horses but
protection was only observed in the EIAVDLV121 vaccine group.

Analysis of the humoral response in both EIAVDLV121-vaccinated
and sublethally EIAVLN40-infected animals demonstrated that this
response matured over a lengthy period of time similar to previ-
ously published studies that were designed to define the nature
of immune responses mounted following infections with HIV, SIV
or EIAV, which developed over 6–8 months post infection (Cole
et al., 2000; Hammond et al., 1997; Montelaro et al., 1998). The
gradual increase in both avidity and conformational dependence
of Env-specific antibodies in EIAVDLV121-vaccinated and asymp-
tomatic EIAVLN40 carriers displayed a comparable maturation pat-
tern to that described in SIV-infected monkeys (Cranage et al.,
1997; Reynolds et al., 2008; Valentine and Watkins, 2008). Med-
ium to high avidity and conformational-dependent antibodies
were observed in EIAVDLV121-vaccinated animals early post immu-
nization. However, the envelope-specific antibodies in asymptom-
atic EIAVLN40 carriers were of low avidity and predominantly
directed to linear epitopes. A more significant difference in the
B), EIAVLN40-infected horses was measured by quantitative RT-PCR and expressed as
cated by the dashed line. ⁄Indicates an episode of typical EIA symptoms. ⁄⁄Indicates



Fig. 8. Correlation between the nature of the immune responses and protection from infection. Humoral (A) and cellular (B) immune responses from Vac group horses
reclassified into ‘protected’ or ‘infected’ groups according to resistance to virulent EIAVLN40 strain infection. Immune response parameters during the early, intermediate and
late stages post vaccination and after challenge were grouped as indicated by horizontal bars and analyzed separately for correlation with protection. p Values determined
using the Student’s t test.
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antibody response between EIAVDLV121-vaccinated and asymptom-
atic EIAVLN40 carriers was the development of neutralizing anti-
body, even though low levels of neutralizing antibodies in
asymptomatic EIAVLN40 carriers were detected 2–3 months post
infection that gradually increased similar to what has been re-
ported previously following infection with either EIAV or HIV-1
(Hammond et al., 1997; Wodarz, 2008). In addition, a previous
study showed that neutralizing antibodies could not be detected
in horses inoculated with the S2-deficient, non-pathogenic EIAVD9

strain or with an inactivated EIAV vaccine (Hammond et al., 1999).
However, in this study, the neutralization titer in vaccinated horses
developed 2–3 weeks post inoculation, increased rapidly and was
maintained at high levels throughout the examination period. This
difference in the humoral response profile suggested that the
response elicited by the EIAVDLV121 vaccine correlated with
protection.
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Our data demonstrated that some aspects of cell-mediated im-
mune responses also developed gradually. In contrast to a number
of previously published reports that failed to show a defined in-
crease in T cell response in EIAV-infected horses (Hammond
et al., 1997, 2000; Tagmyer et al., 2007), a steady and significant in-
crease in both CD4+ and CD8+ T cell proliferative responses and in
the number of IFN–producing CD4+ T cells 3–4 months post infec-
tion were observed in our study. In addition, we observed signifi-
cant differences in the cellular responses mounted by the
EIAVDLV121-vaccinated and asymptomatic EIAVLN40 carriers, partic-
ularly in CD4+ T cell proliferation and IFN-c-producing CD8+ T cells.
It should be noted that significant differences between these two
parameters were noticeable during the early stages post vaccina-
tion. Our cellular response data differed from responses reported
in some HIV-1 and SIV vaccination studies. One study reported that
SIV-infected Rhesus macaques that developed anti-SIV envelope
protein CD4+ T cell proliferative responses in the absence of CTL re-
sponses presented with enhanced SIV replication and accelerated
progression to AIDS (Liu et al., 2009). A difference between that
study and ours is that CD4+ T cells are the target cells for both
HIV-1 and SIV (but not of EIAV) and the activation and proliferation
of CD4+ cells therefore facilitated HIV-1 and SIV replication (Dyer
et al., 2008; Letvin, 2006; Schrier et al., 1996). The consistently
lower circulating viral loads in horses with dramatically increased
T helper cell responses observed in our study are likely due to the
fact that EIAV does not infect lymphocytes (Leroux et al., 2004).
Furthermore, it has been reported that the CD4+ T cell response
can influence CD8+ T cell effector mechanisms, the production of
neutralizing antibodies and the development of immunological
memory (Seder and Ahmed, 2003; Seder et al., 2008). The signifi-
cantly enhanced CD4+ T cell responses observed in EIAVDLV121 vac-
cinated animals likely affected other immune parameters such as
antibody affinity maturation and conformational dependence.

To minimize the possible variation in immune responses to dif-
ferent viral strains, analyses correlating immune responses with
protection were performed among vaccinated animals even
though the sample size was limited. Instead of protection from dis-
ease, protection from infection was utilized to more stringently
evaluate protection. The significant differences in all four parame-
ters of cellular immune responses between protected and unpro-
tected horses strongly demonstrated the importance of cell-
mediated immunity, especially CD4+ T cell-mediated immunity in
the protection induced by this attenuated lentivirus vaccine.
Although the role of CTLs in an effective AIDS vaccine needs to
be re-evaluated after the failure of the STEP II trial, the importance
of cellular immune responses are further supported by several re-
cent studies, including the AIDS vaccine trial in Thailand (Appay,
2009; Harris, 2009; Robb, 2008; Watkins, 2010).

In contrast, even though the EIAVDLV121 vaccine strain induced
significantly higher levels of conformationally dependent and
neutralizing Env-specific antibodies compared to the virulent
strain, the only difference in humoral immune response between
protected and unprotected groups of vaccinated horses was ob-
served in the reciprocal end-point titer of anti-p26-specific anti-
bodies. Published studies on humoral immune responses to EIAV
by others did not identify significant correlations between spe-
cific antibodies and protection (Hammond et al., 1997, 1999).
For the first time, our data suggested that the p26 capsid-specific
antibody might be a useful marker for identifying protective im-
mune responses to EIAV. The significance of the differences in
the p26 antibody is not clear although it has been reported that
anti-p24 HIV capsid-specific antibodies were required for protec-
tion (Farzadegan et al., 1992). Higher levels of anti-capsid-spe-
cific antibodies could be the result of enhanced levels of viral
capsid or its precursor (Gag) protein, which is considered the
major source of CTL epitopes (Chung et al., 2004; Zhang et al.,
1998). Furthermore, the enhanced CD4+ T cell activity in pro-
tected horses may more efficiently regulate the production of
p26 antibody responses.

The plasma viral load is considered a major factor that deter-
mines the level and quality of immune responses and protection
(Guo et al., 2004). The pathogenic and attenuated viral strains that
were used in this study replicated at similar levels during the
6 months of the pre-challenge period. However, the strains in-
duced significantly different humoral and cell-mediated immune
responses. The precise mechanism that mediates these differences
is unknown. Several possibilities may contribute to the specific fea-
ture of immunity that is induced by the virulent or attenuated
EIAV. Differences in the breadth and severity of EIAV immunoge-
nicity, especially against Env, induce different immune responses,
which have been reported in several recent publications (Craigo
and Montelaro, 2010, 2011; Tagmyer et al., 2008). The predomi-
nant quasispecies of the pathogenic strain EIAVLN40 were selected
by the pressure of immunity in vivo and were less effective in
inducing specific immunity compared to the predominant quasi-
species of the attenuated strain EIAVDLV121, which were developed
by continuous passages in cultivated macrophages. The antigenic
variation and levels of the attenuated vaccine strain were in-
creased in the in vitro environment that lacks the selective pressure
of immunity. Sequence analysis revealed that the vaccine strain
contained multiple species that consisted of quasispecies with a
genomic diversity of 2.6 ± 0.3%, which was 4.3-fold higher than
that of the pathogenic strain and contained fewer glycosylation
sites in the Env surface protein compared to the Env of the patho-
genic strain (data not shown). The loss of these glycosylation sites,
which were located near the Principle Neutralizing Domain, may
expose epitopes that were covered by oligosaccharide side chains.
Therefore, the vaccine strain was predicted to generate more anti-
bodies and to express more CTL and antigen-specific helper T (Th)-
cell epitopes, and subsequently stimulating an effective immune
response and protection that exceed that elicited by the pathogenic
strain. In addition, the strain with attenuated virulence and altered
intracellular behavior may act differently from the pathogenic
strain in inducing innate immune responses such as the expression
of cytokines and chemokines) and the function of target cells (such
as cell survival), which has been reported by us and other research-
ers (Covaleda et al., 2010; Haynes et al., 2006), and should largely
influence specific adaptive immunity (Mogensen et al., 2010).

The results of this study indicated that EIAVDLV121 vaccination
or a sublethal infection with EIAVLN40 resulted in persistent vire-
mia with similar plasma viral loads under the threshold required
for the development of clinical EIA. However, the immune re-
sponses elicited by these two EIAV strains were significantly differ-
ent. EIAVDLV121 stimulated significantly more robust humoral
(conformational dependent envelope antibodies and neutralizing
antibodies) and cellular (CD4+ T cell proliferation and IFN-c-secret-
ing CD8+ T cells) immune responses. In the context of protection
from infection, cell-mediated immune responses appeared to be
essential to preventing EIAV infections. Humoral responses also
likely played a role but were not sufficient for sterile protection,
however, the correlation of enhanced anti-p26-specific antibodies
with the protective immunity to EIAV remains to be investigated.
The data presented in this report highlight the importance of both
cellular and humoral responses in the context of protection against
EIAV infections and further demonstrate the attenuated EIAV vac-
cine as a unique model for better understanding of protective
immunity to lentiviruses.

Acknowledgments

This study was funded by the National Special Found for Control
and Treatment of Major Infectious Diseases (Grant 2012ZX10001-



Y.-Z. Lin et al. / Antiviral Research 92 (2011) 292–304 303
008 to JZ) and the National Natural Science Foundation of China
(Grants 30901349 to YL and 30771994 to JZ).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.antiviral.2011.08.016.

References

Appay, V., 2009. 25 years of HIV research!... and what about a vaccine? Eur. J.
Immunol. 39, 1999–2003.

Baker, B.M., Block, B.L., Rothchild, A.C., Walker, B.D., 2009. Elite control of HIV
infection: implications for vaccine design. Expert Opin. Biol. Ther. 9, 55–69.

Blish, C.A., Blay, W.M., Haigwood, N.L., Overbaugh, J., 2007. Transmission of HIV-1 in
the face of neutralizing antibodies. Curr. HIV Res. 5, 578–587.

Breathnach, C.C., Soboll, G., Suresh, M., Lunn, D.P., 2005. Equine herpesvirus-1
infection induces IFN-gamma production by equine T lymphocyte subsets. Vet.
Immunol. Immunopathol. 103, 207–215.

Chung, C., Mealey, R.H., McGuire, T.C., 2004. CTL from EIAV carrier horses with
diverse MHC class I alleles recognize epitope clusters in Gag matrix and capsid
proteins. Virology 327, 144–154.

Coggins, L., Norcross, N.L., Nusbaum, S.R., 1972. Diagnosis of equine infectious
anemia by immunodiffusion test. Am. J. Vet. Res. 33, 11–18.

Cole, K.S., Rowles, J.L., Jagerski, B.A., Murphey-Corb, M., Unangst, T., Clements, J.E.,
Robinson, J., Wyand, M.S., Desrosiers, R.C., Montelaro, R.C., 1997. Evolution of
envelope-specific antibody responses in monkeys experimentally infected or
immunized with simian immunodeficiency virus and its association with the
development of protective immunity. J. Virol. 71, 5069–5079.

Cole, K.S., Paliotti, M.J., Murphey-Corb, M., Montelaro, R.C., 2000. Maturation of
envelope-specific antibody responses to linear determinants in monkeys
inoculated with attenuated SIV. J. Med. Primatol. 29, 220–230.

Covaleda, L., Fuller, F.J., Payne, S.L., 2010. EIAV S2 enhances pro-inflammatory
cytokine and chemokine response in infected macrophages. Virology 397, 217–
223.

Craigo, J.K., Montelaro, R.C., 2010. EIAV envelope diversity: shaping viral persistence
and encumbering vaccine efficacy. Curr. HIV Res. 8, 81–86.

Craigo, J.K., Montelaro, R.C., 2011. Equine infectious anemia virus infection and
immunity: lessons for aids vaccine development. Future Virol. 6, 139–142.

Craigo, J.K., Leroux, C., Howe, L., Steckbeck, J.D., Cook, S.J., Issel, C.J., Montelaro, R.C.,
2002. Transient immune suppression of inapparent carriers infected with a
principal neutralizing domain-deficient equine infectious anaemia virus
induces neutralizing antibodies and lowers steady-state virus replication. J.
Gen. Virol. 83, 1353–1359.

Craigo, J.K., Li, F., Steckbeck, J.D., Durkin, S., Howe, L., Cook, S.J., Issel, C., Montelaro,
R.C., 2005. Discerning an effective balance between equine infectious anemia
virus attenuation and vaccine efficacy. J. Virol. 79, 2666–2677.

Cranage, M.P., Whatmore, A.M., Sharpe, S.A., Cook, N., Polyanskaya, N., Leech, S.,
Smith, J.D., Rud, E.W., Dennis, M.J., Hall, G.A., 1997. Macaques infected with live
attenuated SIVmac are protected against superinfection via the rectal mucosa.
Virology 229, 143–154.

Dyer, W.B., Zaunders, J.J., Yuan, F.F., Wang, B., Learmont, J.C., Geczy, A.F., Saksena,
N.K., McPhee, D.A., Gorry, P.R., Sullivan, J.S., 2008. Mechanisms of HIV non-
progression; robust and sustained CD4+ T-cell proliferative responses to p24
antigen correlate with control of viraemia and lack of disease progression after
long-term transfusion-acquired HIV-1 infection. Retrovirology 5, 112.

Farzadegan, H., Chmiel, J.S., Odaka, N., Ward, L., Poggensee, L., Saah, A., Phair, J.P.,
1992. Association of antibody to human immunodeficiency virus type 1 core
protein (p24), CD4+ lymphocyte number, and AIDS-free time. J. Infect. Dis. 166,
1217–1222.

Gil, L., Alonso, R., Lopez, C., Blanco, A., Romero, Y., Guillen, G., Hermida, L., 2009. A
CFSE-based assay of proliferative response of lymphocytes to stimulation with
dengue viruses. Acta Virol. 53, 147–152.

Gilbert, P.B., Berger, J.O., Stablein, D., Becker, S., Essex, M., Hammer, S.M., Kim, J.H.,
Degruttola, V.G., 2011. Statistical interpretation of the RV144 HIV vaccine
efficacy trial in Thailand: a case study for statistical issues in efficacy trials. J.
Infect. Dis. 203, 969–975.

Guo, X., Hu, J., Whitney, J.B., Russell, R.S., Liang, C., 2004. Important role for the CA-
NC spacer region in the assembly of bovine immunodeficiency virus Gag
protein. J. Virol. 78, 551–560.

Hammond, S.A., Cook, S.J., Lichtenstein, D.L., Issel, C.J., Montelaro, R.C., 1997.
Maturation of the cellular and humoral immune responses to persistent
infection in horses by equine infectious anemia virus is a complex and
lengthy process. J. Virol. 71, 3840–3852.

Hammond, S.A., Raabe, M.L., Issel, C.J., Montelaro, R.C., 1999. Evaluation of antibody
parameters as potential correlates of protection or enhancement by
experimental vaccines to equine infectious anemia virus. Virology 262, 416–
430.

Hammond, S.A., Li, F., McKeon Sr., B.M., Cook, S.J., Issel, C.J., Montelaro, R.C., 2000.
Immune responses and viral replication in long-term inapparent carrier ponies
inoculated with equine infectious anemia virus. J. Virol. 74, 5968–5981.

Hanke, T., 2008. STEP trial and HIV-1 vaccines inducing T-cell responses. Expert Rev.
Vacc. 7, 303–309.
Harris, J.E., 2009. Why we don’t have an HIV vaccine, and how we can develop one.
Health Aff. (Millwood) 28, 1642–1654.

Harrold, S.M., Cook, S.J., Cook, R.F., Rushlow, K.E., Issel, C.J., Montelaro, R.C., 2000.
Tissue sites of persistent infection and active replication of equine infectious
anemia virus during acute disease and asymptomatic infection in
experimentally infected equids. J. Virol. 74, 3112–3121.

Haynes, B.F., Ma, B., Montefiori, D.C., Wrin, T., Petropoulos, C.J., Sutherland, L.L.,
Scearce, R.M., Denton, C., Xia, S.M., Korber, B.T., Liao, H.X., 2006. Analysis of HIV-
1 subtype B third variable region peptide motifs for induction of neutralizing
antibodies against HIV-1 primary isolates. Virology 345, 44–55.

Koff, W.C., Johnson, P.R., Watkins, D.I., Burton, D.R., Lifson, J.D., Hasenkrug, K.J.,
McDermott, A.B., Schultz, A., Zamb, T.J., Boyle, R., Desrosiers, R.C., 2006. HIV
vaccine design: insights from live attenuated SIV vaccines. Nat. Immunol. 7, 19–
23.

Kwong, P.D., Mascola, J.R., Nabel, G.J., 2009. Mining the B cell repertoire for broadly
neutralizing monoclonal antibodies to HIV-1. Cell Host Microbe 6, 292–294.

Langemeier, J.L., Cook, S.J., Cook, R.F., Rushlow, K.E., Montelaro, R.C., Issel, C.J., 1996.
Detection of equine infectious anemia viral RNA in plasma samples from
recently infected and long-term inapparent carrier animals by PCR. J. Clin.
Microbiol. 34, 1481–1487.

Leroux, C., Cadore, J.L., Montelaro, R.C., 2004. Equine Infectious Anemia Virus
(EIAV): what has HIV’s country cousin got to tell us? Vet. Res. 35, 485–512.

Letvin, N.L., 2006. Progress and obstacles in the development of an AIDS vaccine.
Nat. Rev. Immunol. 6, 930–939.

Li, F., Craigo, J.K., Howe, L., Steckbeck, J.D., Cook, S., Issel, C., Montelaro, R.C.,
2003. A live attenuated equine infectious anemia virus proviral vaccine with
a modified S2 gene provides protection from detectable infection by
intravenous virulent virus challenge of experimentally inoculated horses. J.
Virol. 77, 7244–7253.

Liu, J., O’Brien, K.L., Lynch, D.M., Simmons, N.L., La Porte, A., Riggs, A.M., Abbink, P.,
Coffey, R.T., Grandpre, L.E., Seaman, M.S., Landucci, G., Forthal, D.N., Montefiori,
D.C., Carville, A., Mansfield, K.G., Havenga, M.J., Pau, M.G., Goudsmit, J., Barouch,
D.H., 2009. Immune control of an SIV challenge by a T-cell-based vaccine in
rhesus monkeys. Nature 457, 87–91.

Ma, J., Jiang, C., Lin, Y., Wang, X., Zhao, L., Xiang, W., Shao, Y., Shen, R., Kong, X., Zhou,
J., 2009. In vivo evolution of the gp90 gene and consistently low plasma viral
load during transient immune suppression demonstrate the safety of an
attenuated equine infectious anemia virus (EIAV) vaccine. Arch. Virol. 154, 867–
873.

Mansfield, K., Lang, S.M., Gauduin, M.C., Sanford, H.B., Lifson, J.D., Johnson, R.P.,
Desrosiers, R.C., 2008. Vaccine protection by live, attenuated simian
immunodeficiency virus in the absence of high-titer antibody responses and
high-frequency cellular immune responses measurable in the periphery. J. Virol.
82, 4135–4148.

McGuire, T.C., Fraser, D.G., Mealey, R.H., 2002. Cytotoxic T lymphocytes and
neutralizing antibody in the control of equine infectious anemia virus. Viral
Immunol. 15, 521–531.

Mogensen, T.H., Melchjorsen, J., Larsen, C.S., Paludan, S.R., 2010. Innate immune
recognition and activation during HIV infection. Retrovirology 7, 54.

Montelaro, R.C., Cole, K.S., Hammond, S.A., 1998. Maturation of immune responses
to lentivirus infection: implications for AIDS vaccine development. AIDS Res.
Hum. Retroviruses 14 (Suppl. 3), S255–S259.

Newman, M.J., Issel, C.J., Truax, R.E., Powell, M.D., Horohov, D.W., Montelaro, R.C.,
1991. Transient suppression of equine immune responses by equine infectious
anemia virus (EIAV). Virology 184, 55–66.

Perryman, L.E., O’Rourke, K.I., McGuire, T.C., 1988. Immune responses are required
to terminate viremia in equine infectious anemia lentivirus infection. J. Virol.
62, 3073–3076.

Piza, A.S., Pereira, A.R., Terreran, M.T., Mozzer, O., Tanuri, A., Brandao, P.E.,
Richtzenhain, L.J., 2007. Serodiagnosis of equine infectious anemia by agar gel
immunodiffusion and ELISA using a recombinant p26 viral protein expressed in
Escherichia coli as antigen. Prev. Vet. Med. 78, 239–245.

Prado, I., Fouts, T.R., Dimitrov, A.S., 2009. Neutralization of HIV by antibodies.
Methods Mol. Biol. 525, 1–15.

Reynolds, M.R., Weiler, A.M., Weisgrau, K.L., Piaskowski, S.M., Furlott, J.R.,
Weinfurter, J.T., Kaizu, M., Soma, T., Leon, E.J., MacNair, C., Leaman, D.P.,
Zwick, M.B., Gostick, E., Musani, S.K., Price, D.A., Friedrich, T.C., Rakasz, E.G.,
Wilson, N.A., McDermott, A.B., Boyle, R., Allison, D.B., Burton, D.R., Koff, W.C.,
Watkins, D.I., 2008. Macaques vaccinated with live-attenuated SIV control
replication of heterologous virus. J. Exp. Med. 205, 2537–2550.

Robb, M.L., 2008. Failure of the Merck HIV vaccine: an uncertain step forward.
Lancet 372, 1857–1858.

Robinson, J.E., Holton, D., Liu, J., McMurdo, H., Murciano, A., Gohd, R., 1990. A novel
enzyme-linked immunosorbent assay (ELISA) for the detection of antibodies to
HIV-1 envelope glycoproteins based on immobilization of viral glycoproteins in
microtiter wells coated with concanavalin A. J. Immunol. Methods 132, 63–71.

Rosenberg, E.S., LaRosa, L., Flynn, T., Robbins, G., Walker, B.D., 1999.
Characterization of HIV-1-specific T-helper cells in acute and chronic
infection. Immunol. Lett. 66, 89–93.

Schrier, R.D., Wiley, C.A., Spina, C., McCutchan, J.A., Grant, I., 1996. Pathogenic and
protective correlates of T cell proliferation in AIDS. HNRC Group. HIV
Neurobehavioral Research Center. J. Clin. Invest. 98, 731–740.

Seder, R.A., Ahmed, R., 2003. Similarities and differences in CD4+ and CD8+ effector
and memory T cell generation. Nat. Immunol. 4, 835–842.

Seder, R.A., Darrah, P.A., Roederer, M., 2008. T-cell quality in memory and
protection: implications for vaccine design. Nat. Rev. Immunol. 8, 247–258.

http://dx.doi.org/10.1016/j.antiviral.2011.08.016


304 Y.-Z. Lin et al. / Antiviral Research 92 (2011) 292–304
Shen, D.T., Gorham, J.R., McGuire, T.C., 1984. Enzyme-linked immunosorbent assay
for detection of equine infectious anemia antibody to purified P26 viral protein.
Am. J. Vet. Res. 45, 1542–1543.

Shen, T., Liang, H., Tong, X., Fan, X., He, X., Ma, Y., Xiang, W., Shen, R., Zhang, X., Shao,
Y., 2006. Amino acid mutations of the infectious clone from Chinese EIAV
attenuated vaccine resulted in reversion of virulence. Vaccine 24, 738–749.

Tagmyer, T.L., Craigo, J.K., Cook, S.J., Issel, C.J., Montelaro, R.C., 2007. Envelope-
specific T-helper and cytotoxic T-lymphocyte responses associated with
protective immunity to equine infectious anemia virus. J. Gen. Virol. 88,
1324–1336.

Tagmyer, T.L., Craigo, J.K., Cook, S.J., Even, D.L., Issel, C.J., Montelaro, R.C., 2008.
Envelope determinants of equine infectious anemia virus vaccine protection
and the effects of sequence variation on immune recognition. J. Virol. 82, 4052–
4063.

Valentine, L.E., Watkins, D.I., 2008. Relevance of studying T cell responses in SIV-
infected rhesus macaques. Trends Microbiol. 16, 605–611.

Wang, X., Wang, S., Lin, Y., Jiang, C., Ma, J., Zhao, L., Lv, X., Wang, F., Shen, R., Kong, X.,
Zhou, J., 2011. Genomic comparison between attenuated Chinese equine
infectious anemia virus vaccine strains and their parental virulent strains.
Arch. Virol. 156, 353–357.
Watkins, D.I., 2010. HIV vaccine development. Top. HIV Med. 18, 35–36.
Whitney, J.B., Ruprecht, R.M., 2004. Live attenuated HIV vaccines: pitfalls and

prospects. Curr. Opin. Infect. Dis. 17, 17–26.
Witkowski, J.M., 2008. Advanced application of CFSE for cellular tracking. Curr.

Protoc. Cytom., 25 (Chapter 9, Unit 9).
Wodarz, D., 2008. Immunity and protection by live attenuated HIV/SIV vaccines.

Virology 378, 299–305.
Yankee, T.M., Sheffer, D., Liu, Z., Dhillon, S., Jia, F., Chebloune, Y., Stephens, E.B.,

Narayan, O., 2009. Longitudinal study to assess the safety and efficacy of a live-
attenuated SHIV vaccine in long term immunized rhesus macaques. Virology
383, 103–111.

Zhang, W., Lonning, S.M., McGuire, T.C., 1998. Gag protein epitopes recognized by
ELA-A-restricted cytotoxic T lymphocytes from horses with long-term equine
infectious anemia virus infection. J. Virol. 72, 9612–9620.

Zhang, X., Wang, Y., Liang, H., Wei, L., Xiang, W., Shen, R., Shao, Y., 2007. Correlation
between the induction of Th1 cytokines by an attenuated equine infectious
anemia virus vaccine and protection against disease progression. J. Gen. Virol.
88, 998–1004.


	An attenuated EIAV vaccine strain induces significantly different immune  responses from its pathogenic parental strain although with similar  in vivo replication pattern
	1 Introduction
	2 Materials and methods
	2.1 EIAV strains
	2.2 Experimental animals, clinical evaluation and longitudinal sample collection
	2.3 Antibody end-point titer assays and determination of anti-EIAV avidity and conformational-dependence
	2.4 Neutralization assay
	2.5 Measurement of EIAV-specific CD4+ and CD8+ T cell proliferation
	2.6 Intracellular staining (ICS)
	2.7 Quantitative analysis of viral plasma RNA levels
	2.8 Statistical analysis

	3 Results
	3.1 Protection against acute EIA following challenge with either homologous or heterologous virulent EIAV strains
	3.2 Characterization of immune responses in EIAVDLV121- and EIAVLN40-infected animals
	3.3 Characterization of antibody responses elicited by EIAVDLV121 and EIAVLN40
	3.4 EIAV-specific neutralizing antibody responses
	3.5 Characterization of cell-mediated immune responses
	3.6 IFN-γ secretion by CD4+ and CD8+ T cells
	3.7 Plasma viral loads
	3.8 Correlation between the immune responses and sterile protection

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


