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ABSTRACT
Lentiviruses harbour high genetic variability for efficient evasion from host immunity. An attenuated equine infectious
anaemia (EIA) vaccine was developed decades ago in China and presented remarkably robust protection against EIA.
The vaccine was recently proven to have high genomic diversity, particular in env. However, how and to what extent
the high env diversity relates to immune protection remains unclear. In this study, we compared immune protections
and responses of three groups of horses stimulated by the high-diversity vaccine EIAV_HD, a single molecular clone of
the vaccine EIAV_LD with low env diversity, as well as a constructed vaccine strain EIAV_MD with moderate env
diversity. The disparity of virus-host interactions between three env diversity-varied groups (5 horses in each group)
was evaluated using clinical manifestation, pathological scores, and env-specific antibody. We found the highest titres
of env antibodies (Abs) or neutralizing Abs (nAbs) in the EIAV_HD group, followed by the EIAV_MD group, and the
lowest titres in the EIAV_LD group (P<0.05). The occurrence of disease/death was different between EIAV_HD group
(1/0), EIAV_MD (2/2), and EIAV_LD group (4/2). A similar env diversity-related linear relationship was observed in the
clinical manifestations and pathological changes. This diversity-dependent disparity in changes between the three
groups was more distinct after immunosuppression, suggesting that env diversity plays an important role in
protection under low host immunocompetence. In summary, inoculation with vaccines with higher genetic diversity
could present broader and more efficient protection. Our findings strongly suggest that an abundance of Env antigens
are required for efficient protection against lentiviruses.
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Introduction

An attenuated vaccine against the non-primate lenti-
virus equine infectious anaemia (EIAV) has been
used to provide efficacious protection against natural
EIAV infection for decades in China [1,2]. This vaccine
was developed from a natural virulent strain of EIAV
by gradually attenuating it in donkey monocytes via
121 passages in vitro, and was thereafter called
EIAVDLV121 [3,4]. The substantial potency of the
EIAVDLV121 vaccine could be demonstrated by the pro-
tection of animals against the challenge by a superviru-
lent EIAV strain (EIAVLN40), which otherwise resulted
in approximately 100% mortality [1,2,4]. The attenu-
ated EIAV vaccine (EIAVDLV121) could provide an
intriguing cross-variant protection, with 85% protec-
tion against EIAVLN40 or North American EIAV,
which has never been observed in vaccines against
other lentiviral diseases such as HIV-1 or SIV [5–7].

Env is the most diverse gene in the lentiviral gen-
ome. It has been reported that when the viral env
gene diverges 13% from that of the vaccine strain, the
protective ratio of EIAVD9 (an attenuated vaccine)
was reduced from 100% to 0% compared to the hom-
ogenous strain [8]. The North American and the Chi-
nese EIAV strains show a 32% env heterogeneity
[2,3,9]. Systematic sequencing analysis showed that
the genomic diversity of the attenuated vaccine
EIAVDLV121 was 2.5 times higher than that of its par-
ental strain (2.07% vs 0.81%). Our previous studies
suggested that the vaccine EIAVDLV121 might be
evolved from a natural quasispecies [2,3,10]. Such intri-
guingly high diversity in the EIAVDLV121 vaccine was
perhaps acquired through an evolutionary process
during the long-time passaging. In the genome of the
EIAVDLV121 strain, the highest diversity is seen in the
env gene, which displays 4 times higher diversity
than that of its parent strain (2.4% vs 0.6%) [10]. It
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has been well documented that the considerably vari-
able env plays a dominant role in virus-to-host immu-
nity [8,11–13], and it has become a target in the
development of efficacious lentivirus vaccines [8,13–
16]. Therefore, the potent attenuated lentivirus vaccine
harbouring high env diversity was potentially an ideal
candidate in response to the ongoing variation of
EIAV [1,8,11]. Although there has been some specu-
lation that the efficacy of the EIAV vaccine was related
to the diversity of this attenuated strain, especially for
env, there is, to date, no direct data that clearly supports
this hypothesis.

We therefore aimed to identify how and to what
extent the high diversity of env in the vaccine
EIAVDLV121 plays a role during protection. This
study was designed to investigate the potential corre-
lations between the env diversity (generated through
long-term passaging) and protection against EIA. The
high-diversity vaccine EIAVDLV121 (hereafter termed
EIAV_HD), a single molecular clone of vaccine with
low genome diversity (hereafter termed EIAV_LD),
and a constructed env moderate-diversity vaccine
strain (termed EIAV_MD) were used to vaccinate
three groups of horses. We assessed the virus-host
interactions over a long timescale. Our results show
that the protection rate against fatal challenging, the
clinical manifestation, pathological scores, and env-
specific antibody, are all positively correlated with
env diversity in the vaccine strain, indicating that
higher genetic diversity of vaccines could present
broader and more efficient protection.

Materials and methods

Ethics

The horses used in the inoculation-and-challenge study
were approved by the Harbin Veterinary Research
Institute (HVRI), the Chinese Academy of Agricultural
Sciences (CAAS). The Animal Ethics Committee
approval number is Heilongjiang-SYXK (Hei) 2017-
009. The horses used in the immunization studies
were treated strictly in accordance with the Principles
of Laboratory Animals of the Ministry of Science and
Technology of China. All physical procedures associ-
ated with this work were done under anaesthesia to
minimize pain and distress in accordance with the rec-
ommendations of the Ethics Committees of HVRI.

Construction and verification of a platform
involving env diversity-variant stains in vitro

To construct env diversity-varied EIAV strains in vitro,
the attenuated vaccine strain of EIAVDLV121 was used
as the strain with high diversity (termed EIAV_HD).
An infectious clone, which had been previously con-
structed using a single EIAV genome, was used as a

control strain representing a low-diversity EIAV strain
(termed EIAV_LD). The EIAV vaccine strain and the
infectious clone were prepared from equine macro-
phage cells (eMDM) as described previously [17].
Using these two strains as templates, a “hybrid” strain
was created using intracellular homologous recombi-
nation [18]. Briefly, the backbone gag-pol gene derived
from the infectious clone was obtained by PCR (CMV-
F: 5′-TAGTTATTAATAGTAATCAATTACGGGGT-
CATTAGT-3′ and RRE-R: 5′-GTTAGTTAGTAAAT-
GACCTACACCCAGGAAATGAACCCCA-3′). The
complete env gene and the 3′ LTR region were derived
from the vaccine using the primer pair 5′-CCACCA-
GAGTGTTGTGGAAAGGTGA-3′ and 5′-TGTTA-
GATCTTGAAAACAAGAC-3′. The two PCR
products were co-transfected into 293T cells at a 1:1
ratio, and the culture supernatants were collected 48
h after transfection. The supernatants were continu-
ously passaged in donkey foetal dermal cells for three
generations and the viral reverse transcriptase (RT)
activities were determined using an RT assay kit
(Roche, USA) according to the manufacturer’s instruc-
tions. The obtained recombinant EIAV strain was
termed EIAV_MD. The 50% tissue culture infectious
dose (TCID50) for each virus stock was determined
in eMDM cells as described previously [1,19]. The
diversity of each of these three diversity-varied strains
was validated in vitro using high throughput sequence
analysis of the env gene. The frequency of
single nucleotide polymorphisms (SNPs) of env was
separately calculated in the three env diversity-varied
strains.

Animal experiment design and evaluation

Clinical assessment was conducted using the challenge-
immunosuppression protocol in three groups of five
horses. Each group inoculated with one of the env
diversity-varied EIAV strains. Each of these 15 horses
was inoculated with 2 × 105 TCID50 of the chosen
viral strain. Another three horses serving as negative
controls were “inoculated” with 2 ml sodium chloride
saline. After inoculation, the temperature of each
horse was daily monitored during the entire exper-
iment. The number of platelets in peripheral blood
was periodically measured on designated sampling
days. At day 168 post-inoculation, each horse was chal-
lenged with the virulent EIAVLN40 strain (1 × 105

TCID50). Post-challenge non-survivors were autopsied
immediately after death. At 28 days post-challenge, all
survivors were treated with daily administration of the
immunosuppression agent dexamethasone at a dose of
0.11 mg/kg for 2 weeks [8,20]. At 14 days post-treat-
ment with dexamethasone, suppressed immunity in
the horses was confirmed using a Delayed Type Hyper-
sensitivity (DTH) reaction on the skin and a cell pro-
liferation assay on peripheral T cells via CFSE (5-
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carboxyfluorescein diacetate succinimidyl ester). All
surviving horses with successful immunosuppression
were monitored with continuing daily temperature
measurements and periodical platelet measurements.
At this point, all surviving horses were euthanized for
autopsy and pathological scoring.

Assessment of EIAV-host humoral immunity

Virus-specific humoral immunity was assessed using
env-specific responses in sera between the three
groups. Titres of env-specific antibodies (Abs) were
measured using ELISA, as previously described [1].
The avidity of env antibody was measured by exam-
ining the stability of antigen/antibody complexes in
the presence or absence of 6 M urea. The Avidity
Index (AI = antibody activity treated with urea/
untreated with urea) was used to calculate the avid-
ity of env-specific antibodies as described previously
[1]. Here the serum IgG antibody specific to Gag
protein was chosen as a negative control. The quan-
titatively (p26 point titre) and qualitatively (p26
avidity index) were conducted using our standard
ELISA procedures as previously described [19]. The
activity of neutralizing antibodies against the chal-
lenging virus strain (EIAVLN40) or inoculating vac-
cine strain (EIAVDLV121) were determined using
the luciferase-expressing virus reporter system.
Briefly, EIAV-env packaged viruses (derived from
the challenge strain and vaccine strain separately)
were obtained through co-transfection with
pONY8.1-Luc, pEIAV-GagPol, and the EIAV envel-
ope expression plasmid. The supernatant was col-
lected at 48h post-transfection. Subsequently,
HEK293T/ELR1 cells were co-cultured using the
supernatant with pseudo-virus mixed with inacti-
vated sera for 48h. Pseudo-viruses were harvested
to assess the activity of the neutralizing antibodies
through the extent of inhibition of viral replication
(as determined using a luciferase activity), using
the following equation: % inhibition = {[luciferase
activity with neutralizing antibodies/luciferase
activity without neutralizing antibodies]} × 100. The
background signal was determined using the sera
from the healthy control.

Quantitative assays for IFN-γ, GrzB and IL-2

The concentrations of three key virus-related cytokines
(IFN-γ, GrzB and IL-2) in blood plasma were deter-
mined using a direct-ELISA method according to the
manufacturer’s instructions (Bioaim Scientific, UK).
The background signal was determined using the
serum from the healthy group. Three independent
experiments were performed for each treatment.

Assessment of viral replication under host
immunity

Plasma viral loads were analysed for the presence of
viral RNA per millilitre of plasma by using a real-
time RT–PCR assay based on gag-specific amplification
primers [1,19]. The RNA copy numbers were deter-
mined by comparison with a standard curve obtained
using known amounts of EIAV-gag RNA standards.
A range of 102–108 copies of EIAV from gag standards
was used as a reference. Data were collected and ana-
lysed during all stages of observation using the PE
Applied Biosystems software.

Isolation of nucleic acids and SNP calling using
Illumina Hiseq

Isolation of nucleic acids and deep sequencing was per-
formed using Illumina Hiseq. In brief, proviral DNA
was extracted from eMDM cells in vitro that had
been cultured and infected in parallel with either the
EIAV_HD, EIAV_MD, or EIAV_LD (at the same
TCID50) using the QIAamp DNA Blood Mini Kit
(Qiagen, USA). The proviral DNA was amplified by
PCR. Each PCR product was size-fractionated and
recovered for sequencing (ligated with proprietary
adaptors using T4 RNA ligase) according to the man-
ufacturer’s instructions. The deep-sequencing exper-
iment was performed at the Beijing Genomics
Institute (Beijing, China), as a commercial service.
Three different strains were sequenced separately
using an Illumina Hiseq 2500 platform (Axeq Technol-
ogies, Rockville, MD, USA). An average depth of
150,000–210,000 reads for each nucleotide was gener-
ated. Sequence assembly and mapping were conducted
on the 3500xL Genetic Analyzer.

Assessment of clinical manifestations of disease
and pathological changes in horses from
autopsied samples

Clinical manifestations of disease in horses were indivi-
dually assessed. Horse rectal temperature was recorded
daily. Episodic fever was identified as being a tempera-
ture over 39°C. Horses with a platelet count in periph-
eral blood of less than 1 × 104 per μl/blood were
considered to have thrombocytopenia. Pathological
assessments were performed on five autopsied organs
by a professional pathologist. Autopsied specimens
were embedded in paraffin for 24 h, then sliced and
stained with haematoxylin and eosin (H&E) for mor-
phological review. The five autopsied organs were
lung, kidney, spleen, lymph nodes and liver. The sever-
ity of the pathological changes in each organ was cate-
gorized and scored independently between
immunocompetent horses and immunosuppressed
horses. For each organ, “0” indicated a normal organ,
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“1” indicated mild pathological changes, “2” indicated
moderate pathological changes and “3” indicated
severe pathological changes. A total of four pro-
fessional pathologists scored each organ, by reviewing
three randomly captured (×10 magnification) images
independently under double-blind conditions. For
each organ, the resultant score was the score assigned
consistently by at least three pathologists. If no such
consensus was reached, the organ was reassessed and
scored by a panel of more than five pathologists.

Statistical analyses

The env Abs titre, env Abs avidity and nAbs against
the vaccine strain in the three different env diver-
sity-varied groups of horses were compared using a
linear mixed-effects model and adjusting for time.
The group inoculated with the EIAV stain harbour-
ing env moderate-diversity was taken as a reference.
The package “lmerTest” in R (Version 3.6.0) was
used to carry out the estimation. Multivariate
ANOVA inference was employed to test for signifi-
cance between the different characteristics of the
three env diversity-varied EIAV strains. Results
were considered significant or very significant when
P-values were less than 0.05 or 0.01, respectively.

Results

Construction and verification of three env
diversity-varied EIAV strains in vitro

Previous research using sequencing techniques
revealed that the diversity of the attenuated EIAV
vaccine was four times higher than its parent strain
(Figure S1). Furthermore, a clear parallel was found
between the increased diversity and the increased
passaging in vitro during the developing attenuation
of virulent strain [10]. Here, three EIAV strains sup-
posedly varying in env diversity were constructed,
including an attenuated vaccine EIAV_HD, a
recombinant strain EIAV_MD, and a monoclonal
infectious clone EIAV_LD (Figure 1(A)) (details
are given in materials and methods) [17]. We com-
pared the frequency of mutated sites in the three
strains by conventional PCR and sequencing. The
results showed that the frequency of mutation of
EIAV_MD was intermittent between that of
EIAV_HD and that of EIAV_LD (Figure 1(B)). We
further confirmed this result by studying highly
informative SNP through deep sequencing, and
compared the numbers of highly mutated sites on
env in the three vaccine candidates. In EIAV_HD
characterized by high env diversity, there were five
highly variable regions (V1/V3/V4/V7/V8). In
EIAV_MD, three highly variable regions (V6/V7/
V8) were seen. Only a single highly variable region

(V2) was found in EIAV_LD (Figure 1(C)). Simul-
taneously, western blotting, RT activity assays and
real-time RT PCR were performed to ensure that
all viruses were correctly expressed and harvested
at a comparable level. Hence, we have obtained
three vaccine candidates with gradually reduced
diversity in their env genes in vitro.

Clinical manifestation of disease in horses
vaccinated with the vaccine candidates before
and after viral challenge

Fifteen horses were randomly divided into three groups
and inoculated with indicated vaccine candidates, with
an independent control group of three horses inocu-
lated with saline buffer, as indicated in the schematic
diagram (Figure 2). All the animals were challenged
with a virulent strain EIAVLN40 at 24 weeks post-
inoculation. The surviving horses were subjected to a
follow-up treatment of dexamethasone to mimic an
immunosuppression stage. The timeline of the whole
experiment can be broken down into three stages: a
24-week stage post-inoculation and prior to challenge;
a 4-week stage post-challenge but prior to immunosup-
pression, and an 8-week stage post immunosuppres-
sion. The immunity of the host can therefore be
considered as immunocompetent (week 0–24) fol-
lowed with immunosuppression (week 28–30). The
rectal temperature was monitored and the number of
platelets in peripheral blood was assessed throughout
the experiment (Figure 3(A)). All the animals lived
with normal health conditions in the first stage of 24
weeks and have generally similar viral load before chal-
lenge (2 × 102 to 4 × 103 copies/ml). There was
insignificant variation in the viral load at different
time points in sera from horses inoculated with the
three env diversity-varied EIAV strains (Figure S2).
After challenge, all the horses in the control group, 2
horses from the EIAV_LD group, and 2 horses from
the EIAV_MD group developed acute disease that
resulted in death. One horse in the EIAV_LD group
developed acute EIA, with concurrent fever and
marked decline in platelets, but did not die. The viral
load in all the horses that developed clinical symptoms
reached high levels (>1 × 107 copies/ml). However,
none of the horses inoculated with the high-diversity
vaccine developed disease post-challenge and prior to
immunosuppression, indicating that the EIAV_HD
provided complete protection. Moreover, the horses
without any clinical EIA symptoms harboured a low
viral load (2 × 102–4 × 103 copies/ml) (Figure S2).
The three mock-inoculated (sham control) horses dis-
played acute EIAs and died within 28 days post-chal-
lenge, and all had viral loads above 1 × 107 copies/ml
(Figure S2).

High fever and low levels of platelets were associated
with the development of EIAs in certain animals after
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challenge (Figure 3(A)). None of the animals had fever
before challenge (week 24). All the animals in
EIAV_HD group, 60% animals in EIAV_MD group,
and 40% animals in EIAV_LD group were clinically

protected from EIA (Figure 3(B)). In order to
confirm the protection of infection against EIAV,
horses were subjected to immunosuppression to sup-
press the host immunity and to exacerbate infection.

Figure 1. Construction of the three EIAV env diversity-varied virus candidates. (A) Schematics of diversity-varied EIAV strains. An
EIAV vaccine strain represented high-diversity EIAV (EIAV_HD) whereas an EIAV infectious clone represented low-diversity EIAV
(EIAV_LD). A homologous recombinant EIAV strain combining a gag-pol PCR product from the EIAV infectious clone with a PCR
product from the EIAV vaccine was obtained to represent the moderate-diversity EIAV (EIAV_MD). (B) Three strains with supposedly
varied env-diversity were validated by the distribution of env nucleotides using Molecular Evolutionary Genetics Analysis (MEGA)
analysis. Different types of nucleotides are represented with different colours with distinct genetic distances. (C) The number of
SNPs on env was estimated using a deep sequencing technique to confirm the variation of env-diversity.
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At the post-immunosuppression stage, one horse
inoculated in the EIAV_HD group developed EIA,
but without death. Another horse inoculated with
EIAV_LD also displayed a similar outcome. If we con-
sider that possible outcomes include EIA with or with-
out death, the group inoculated with EIAV_HD was
80% protected from EIAV infection, whereas the pro-
tective efficacy was reduced to 20% for the group
inoculated with EIAV_LD. In the group inoculated
with EIAV_MD with moderate env diversity, 60% of
horses were protected (Figure 3(C)). These results
clearly reveal a critical correlation between complexity
of env and protective efficacy.

Comparison of humoral immunity between
three groups inoculated with env diversity-
varied EIAV strains

The humoral responses to EIAV in all vaccinated
horses were evaluated by detection and analysis of
the titre of env-specific Abs (Figure 4(A)), the avidity
of env-specific Abs (Figure 4(B)), and the titre of
nAbs against EIAV vaccine strain (Figure 4(C)) from
the time of the inoculation to the time of challenge.
The temporal profile showed that the titres of env-
specific Abs and nAbs against EIAV vaccine strain in
the EIAV_HD group were significantly higher com-
pared to the other two groups, especially at 16 weeks
post inoculation (Figure 4(A,C)). Apart from the fact
that a gradual increase is seen in the titre of env Abs,
and the avidity and the titre of nAbs in all groups,
the slopes and expression levels are different. A lin-
ear-like correlation can be seen between the humoral
immune response and the env diversity of the

inoculating EIAV strain. Using trajectories based on
linear regression (Figure 4(D–F)), a significantly higher
and faster increasing env-specific Ab was observed in
the group inoculated with EIAV_HD compared to
the other two groups (P < 0.05). Similarly increasing
speed of avidity or nAbs were seen in all three groups
inoculated with diversity-varied strains. However, the
magnitude of avidity displayed a diversity-dependent
gradient. Additionally, the diversity-non-dependent
control, the titre and avidity of gag-specific Abs showed
no discrepancy in three groups. Only at 4 weeks post
inoculation were the titres of gag (p26) significantly
greater in EIAV_LD than in the other groups (Figure
S3). Using a linear mixed effects model with adjust-
ment for time, this disparity can be clearly demon-
strated (Table 1). Taking the group inoculated with
EIAV_MD as a reference, a significant enhancement
in env Abs titre, env Abs avidity and nAbs against vac-
cine strain could be seen in all five horses inoculated
with the EIAV_HD (all P < 0.01). In the group inocu-
lated with EIAV_LD, only the env antibody avidity
was significantly lower than the reference group, indi-
cating that EIAV_LD could arouse similar humoral
immunity to EIAV_MD strain. We also analysed cor-
relations between env diversity and nAbs to the chal-
lenge strain and several immune cytokines (IFN-γ,
IL-2 and GzmB) pre /post-challenge. Although the
nAbs against the challenge strain were found to be
low during the observation period, a milder disparity
was also observed between the three groups pre and
post-challenge (Table S1). Moreover, a significant cor-
relation could be seen between SNPs and nAbs for the
challenge strain and IFN-γ prior and post-challenge
using a Pearson method. (P < 0.05) (Table S2). A

Figure 2. The timeline of treatment and periodical measurement on experimental horses undergoing inoculation with env diver-
sity-varied EIAV strains in vivo. The three env diversity-varied EIAV strains are represented by the three brown colour gradients.
Fifteen experimental horses were randomly divided into three groups and were inoculated with three env diversity-varied EIAV
strains respectively. Another three horses (light-grey colour) were chosen as sham control. Within each inoculated group, inocu-
lation (day 0), challenge (24 weeks) and immunosuppression (28 weeks) are dotted along the upper line. Administration of dexa-
methasone for 14 days could inhibit the host immunity continuously to reach an immunosuppressed status. Peripheral blood was
sampled approximately every two weeks in survivors.
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significant correlation could be seen between SNPs and
nAbs against the challenge strain and IFN-γ prior and
post-challenge (P < 0.05) (Table S2). Only a mild corre-
lation between SNPs and IL-2 was seen post-challenge.
The enhanced nAbs and IFN-γ observed might be eli-
cited by viral strains with increased diversity. In sum-
mary, higher diversity of the EIAV strain elicited
greater humoral immunity even for IFN-γ than in
lower diversity EIAV strains.

High env-diversity vaccine provided better
protection from infection and pathological
damage

We next examined the pathological changes in tissues
from horses that had either died from the disease or
had been euthanized after challenge with a virulent
viral strain. At the immunocompetent stage, four
horses, two from EIAV_MD group (No.13 and
NO.16) and two from EIAV_LD group (No.9 and

No. 21), developed acute EIA and died post-challenge.
The pathological scores given to the organs of these
horses after autopsy are shown in Figure 5(A). As all
horses from the EIAV_HD group survived, one horse
from this group was euthanized for in-parallel com-
parison. The remaining 10 vaccinated horses that sur-
vived until the end of experiment underwent
euthanasia for pathological studies.

An inflammation varying in extent could be seen in
different tissues from the three env diversity-varied
groups separately. In general, pathological changes
were much milder in specimens from immunosup-
pressed horses than those from immunocompetent
horses. For example, the changes seen in the lungs
included sparse or abundant oedema with congested
capillaries and dilated alveoli with widened alveolar
septa. In the spleen, horses underwent detectable struc-
ture disarrangement with mild fibrosis. In the lym-
phoid tissue, mild-to-moderate chronic adaptive
changes, including hyaline degeneration and interstitial

Figure 3. EIA clinical manifestation and death in 15 horses inoculated with 3 different env diversity-varied strains. (A) Individual-
based daily clinical records were shown cross three inoculated groups including with EIAV_HD (upper line, background with the
darkest grey gradient), EIAV_MD (middle line, background with the moderately dark gradient) and EIAV_LD (lower line, background
with the lightest grey gradient). Rectal temperature greater than 39°C (red dotted line) and/or platelets in peripheral blood of
100,000/μl (blue dotted line) resulted in a diagnosis of EIA cross the three groups. (B) Kaplan-Meier curve of EIA protection con-
ferred by the three env diversity-varied strains. Kaplan-Meier curves on EIA proportion post-challenge between three groups
have implied the protective potential of three env diversity-varied EIAVs. Notably, the left Kaplan-Meier curve depicts the EIA-
to-time before immunosuppression whereas the right Kaplan-Meier curve depicts the real EIA-to-time from prior to post immuno-
suppression. The left-right curves comparison has further exhibited the diversity-dependent protection post-challenge (left) being
“amplified” under immunosuppression (right).

EMERGING MICROBES AND INFECTIONS 1315



fibrosis, were seen in organs (Figure 5(A,B)). In con-
trast, the typical and severe pathological changes
were seen in different tissues of the horses from the
control group after challenge with the virulence
EIAV strain (Figure 5(C)). In the five immunocompe-
tent horses, a mild parallel could be seen between the
severity of the pathological damage and the diversity
of EIAV stain with which the horse had been inocu-
lated (Table 2). In the lungs and kidneys, immuno-
pathological lesions diffused in interstitial tissue were
inversely proportional to the magnitude of env-diver-
sity. In the liver and lymphoid tissues, the extent of
chronic lesions was moderately inversely correlated
with the env diversity of the inoculating strain. One

horse from the EIAV_MD group exhibited unexpect-
edly severe lesions in the spleen. Although the severity
of pathological lesions was generally much milder after
immunosuppression, which is consistent with milder
clinical EIA, the effect of env-diversity was always vis-
ible (Table 2). The pathological changes observed in the
organs from the immunosuppressed survivors showed
mild differences between the three diversity-dependent
groups. These pathological results provided further evi-
dence of env diversity-dependent protection against
EIAV infection.

Discussion

Enhanced immunogenic diversity has contributed sub-
stantially to the successful development of vaccines,
especially against lentiviruses [21–23]. To obtain diver-
sity in vaccines, numerous approaches, including
sequential immunization, centralized or “mosaic”
immunogens have been continually developed for pro-
tection against HIV infection [15,24–26]. However, to
date, lentiviral vaccines against highly varied HIV-1
strains lack robust efficacy [27,28]. Eliciting broad pro-
tection against infection therefore remains a challenge
[22,23,25,29–32].

We hypothesized that a diversity-dependent mech-
anism should exist during virus-host interactions. We
used a well-characterized EIAV attenuated vaccine
able to provide effective immune protection against a
heterogenous virulence strain, and have constructed a

Figure 4. Time-dependent trajectories of env antibody titre, env antibody avidity and neutralizing antibody against vaccine strain in
three diversity-dependent inoculated groups. (A–C) The time-dependent titre of env Abs, env Abs avidity and nAbs against vaccine
strain are shown cross three inoculated groups. (D–F) The time-dependent slopes of the env Abs titre, env Abs avidity and the titre
of nAbs were compared between three groups based on supposed linear regression. The steepest slope by time was seen in the
group inoculated with EIAV_HD.

Table 1. Comparison of env Abs titre, env Abs avidity and nAbs
against vaccine strain from the horses inoculated with three
env diversity-varied strains, as calculated using a linear
mixed effects model.

env diversity

titre of env-
specific Abs

avidity of env-
specific Abs

nAbs against
vaccine strain

T value
P-

value T value
P-

value
T

value P-value

EIAV_MD
(Ref)

EIAV_HD 3.367 0.001 2.994 0.009 4.92 3.19E-06
EIAV_MD
(Ref)

EIAV_LD −0.5398 0.591 −2.367 0.032 0.518 0.605

Note: A linear mixed effects model was used here to compare three indi-
cators (env Abs titre, env Abs avidity and nAbs against the vaccine strain)
in the different env diversity-varied groups of horses. P < 0.01 indicated
statistical significance.
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diversity-dependent platform to verify our hypothesis.
Our findings have confirmed our hypothesis that the
env diversity of the immunogens is able to robustly

protect the host against EIAV infection. We observed
a remarkable env-diversity-dependent protective dis-
parity between the EIAV_HD (the EIAV attenuated

Figure 5. Comparison of pathological changes in specimens from immunocompetent horses (A), immunosuppressed horses (B) and
control horses (C). The typical pathological changes observed in lung, kidney, liver, spleen and lymph gland are presented on pic-
tures separately (haematoxilin and eosin 4 m paraffin sections, original magnification 10×). Pathological lesions severity and scoring
are given on Table 2. All organs and tissues are from horses developed EIA clinical symptoms (except EIAV_HD_2) prior and after
immunosuppressed stage.
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vaccine with high env diversity), EIAV_MD (a recom-
binant strain with moderate env diversity) and
EIAV_LD (an infectious clone with low env diversity).
Statistical analysis has revealed a linear correlation
between the extent of env-diversity and protection
against challenging EIAV infection. The immunosup-
pression of hosts inoculated with diversity-varied stains
has further “highlighted” the existing linear correlation
between env-diversity and protection. We supposed
that the suppression of host immunity could enhance
the viral replication, which was validated by the repli-
cating curve prior and post-challenge. Combining the
results of three env diversity-varied inoculated groups
prior to challenge and post-challenge as well as prior
to immunosuppression and post-immunosuppression,
it is clear that env diversity plays an important role in
immune protection against EIAV. To the best of our
knowledge, this is the first study demonstrating how
env diversity-varied lentiviral vaccines protected hosts
against viruses, leaving behind decades of Gag being
used as a primary target immunogen [33–36].

To better understand the mechanism of env diver-
sity-dependent protection, env-specific Abs were
periodically measured and compared between groups.
As expected, there was a linear correlation between
the titre, avidity of env-specific Abs or nAbs against
vaccine, and the magnitude of env-diversity of the
three inoculated strains. These results suggest that
increased env-diversity has a protective mechanism
as it enhances humoral immunity through both eli-
citing and maturing env-specific Abs. Notably, the
titre of nAb in HD group is much higher than the
other groups. Unexpectedly, we observed a markedly
low titre of nAbs in EIAV_MD group, similar to that
of the EIAV_LD group. By reviewing the deep
sequencing database and searching for differences
between strains, we found that a hypervariable region
V3, which is correlated with neutralization antibody
response [37,38], is absent in EIAV_MD sequences.
It has been previously documented that the hyper-
variable V3 region within vaccine EIAV is capable
to elicit an overwhelming abundance of nAbs. It is

very likely that the V3 region was excluded during
the random homogenous recombination process
used to generate EIAV_MD, leading to a significantly
lower titre of neutralizing antibodies in EIAV_MD
than in EIAV_HD. Regions with high env-diversity
could also play a role in autologous immune escape,
which has been substantially documented in HIV-1
[15,39]. Despite the formidable challenge of designing
vaccines targeting variable regions in env, it is never-
theless of great importance that we continue to
attempt this, in order to be able to target the hyper-
variable regions and wider epitopes from the diverse
quasispecies that may exist in viral stocks [40,41].
Here we adopted a recombinant PCR method based
on a dominance-based amplification rationale in
pooled variants and microvariants of the viral popu-
lation to mimic the vaccine diversity. We rec-
ommended our platform to any lentivirus
researchers attempting to mimic natural diversity in
lentiviruses.

In general, combining results from both our in vitro
and in vivo studies, the data presented here using EIAV
env diversity-varied viruses clearly demonstrate the
effects of env diversity on vaccine efficacy. Moreover,
the complexity of the env diversity was able to increase
during the virus-host interactions. Numerous HIV vac-
cines developed with enhanced diversity have con-
ferred higher protection compared to the low diverse
controls [21,22,42,43]. Notably, both the diversity
region and the extent of the diversity were important
during the development of the attenuated EIAV vac-
cine. Moreover, this diversity of immunogen-based
attenuated vaccine is likely to need to incorporate strat-
egies to expand the env-specific Abs precursor pool. In
addition, we found that the significance of env diversity
for vaccine efficacy does not preclude a role for gag
diversity in a protective vaccine. Therefore, additional
studies are still required for specific validation, and
there is still a long way to go before potent lentivirus
vaccines can be reliably developed. We believe that
our observations using env diversity-varied strains
could provide useful information for the design of

Table 2. Semi-quantitative scores of pathological lesions on five autopsied organs from challenged horses inoculated with three
env diversity-varied strains, prior and post immunosuppressed.

Stage Group Animal ID

Pathological changes score

lung liver kidney spleen Lymph node

Immunocompetent EIAV_HD 2 0 2 1 0 0
EIAV_MD 13 2 1 2 2 1
EIAV_LD 16 2 2 2 3 1
EIAV_LD 9 3 1 1 3 3
EIAV_LD 21 3 2 3 2 2

Immunosuppressed EIAV_HD 3 0 0 1 0 0
EIAV_MD 4 0 0 1 0 0
EIAV_LD 6 0 0 0 1.5 0
EIAV_LD 7 0.5 0 0.5 1.5 1
EIAV_LD 11 0 0.5 0.5 0.5 0.5

Note: Semi-quantitative scoring method was used to reflect the severity of organs from five immunocompetent horses and five immunosuppressed horses.
“0” indicated a normal organ, “1” indicated mild pathological changes, “2” indicated moderate pathological changes and “3” indicated severe pathological
changes.
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vaccine regimens for the other members of the lenti-
virus family.
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