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Feline  immunodeficiency  virus  (FIV)  infection  has been  the  focus  of several  studies  because
this  virus  exhibits  genetic  and  pathogenic  characteristics  that  are similar  to those  of  the
human  immunodeficiency  virus  (HIV).  FIV  causes  acquired  immunodeficiency  syndrome
(AIDS) in  cats,  nevertheless,  a large  fraction  of  infected  cats  remain  asymptomatic  through-
out life  despite  of persistent  chronic  infection.  This  slow  disease  progression  may  be  due
to the  presence  of factors  that  are  involved  in the natural  resistance  to infection  and  the
eline immunodeficiency virus

mmunopathogenesis
mmune system dysfunction
atural resistence

immune response  that  is mounted  by the  animals,  as well  as due  to the  adaptation  of  the
virus to the  host.  Therefore,  the study of virus–host  interaction  is  essential  to the  under-
standing  of  the  different  patterns  of disease  course  and  the virus  persistence  in  the host,
ats and  to  help  with  the  development  of effective  vaccines  and  perhaps  the cure  of  FIV  and  HIV
infections.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The feline immunodeficiency virus (FIV) was initially
isolated in 1986 from domestic cats that exhibited signs

of immunodeficiency but were seronegative for the feline
leukaemia virus (FeLV) [1]. FIV belongs to the family Retro-
viridae, the subfamily Orthoretrovirinae,  and the genus
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Lentivirus [2]. It exhibits a complex genomic organisation,
which includes the structural genes gag, pol,  and env, as well
as several other genes that encode non-structural proteins.
The 5′ and 3′ ends of the proviral DNA that is integrated into
the host cell chromosomes comprise long terminal repeats
(LTRs), which are repeated regions that contain informa-
tion on the start and termination of transcription [3,4].
Because the genomic organisation and pathogenesis of FIV
are similar to those of human immunodeficiency virus
(HIV), FIV has been widely used as an experimental model
in studies of immunopathogenesis and virus–host interac-
tions and in the development of vaccines and antiretroviral
therapies [4–8].

FIV is present worldwide and can be classified into five
well-characterised subtypes (A–E) [9–13]. The prevalence
of FIV varies from 1% to 44%, depending on the health status
of the investigated cats [3,14–16]. The prevalence of FIV is
influenced by the animals’ behaviour. Free-ranging male
cats in areas of high population density constitute the risk
group mainly because of their greater exposure to bites,
which are the main path of disease transmission, during
territorial demarcation fights [3].

Infected cats do not exhibit specific clinical signs, and
some animals can remain asymptomatic throughout life.
FIV infection causes progressive immunosuppression that
results in the development of the acquired immunodefi-
ciency syndrome (AIDS) in cats, which, similar to human
HIV infection, increases susceptibility to secondary and
opportunistic infections. Concomitantly, FIV also causes
immunostimulation, which results in immune-mediated
diseases [17,18].

FIV infection is one of the most important infectious
diseases in cats because it causes persistent infection. The
aim of the present review is to discuss the virus–host
interaction in FIV infection to better understand the
immunopathogenesis of this disease, particularly the
immune system dysfunction. In addition, the present
review seeks to establish the presence of factors that are
involved in the natural resistance to FIV infection, similar to
those that have been discovered in HIV-exposed seroneg-
ative humans.

2. Immunopathogenesis of FIV infection

2.1. Pathogenesis and course of disease

Following infection, viral replication occurs in dendritic
cells, macrophages, and CD4+ T lymphocytes. A marked
viraemia is usually detected in the second week post-
infection (pi), with a peak between 8 and 12 weeks, when
the virus spreads across the entire organism [3,4,18,19].
During this initial stage, or the acute phase, the ani-
mals may  exhibit mild to moderate clinical signs, such as
fever, transient generalised lymphadenopathy, anorexia,
and lethargy [4,18,20]. Gag-specific cytotoxic T lympho-
cytes (CD8+) may  be detected as early as the second week
pi, which is prior to seroconversion [21] Two to eight weeks

after infection, specific antibodies against the surface (SU)
and transmembrane (TM) proteins of env gene, and the cap-
sid (CA) and matrix (MA) proteins of gag gene might be
identified [4,18].
logy and Infectious Diseases 36 (2013) 549– 557

Despite the development of a cellular and humoral
immune response, the animals are unable to eliminate the
virus, which leads to the establishment of persistent FIV
infection [4]. Nevertheless, the immune response reduces
the circulating viral load, which defines the onset of the
asymptomatic stage. The infected cats remain in this stage
for many years, or even throughout life, with few clin-
ical signs; however, progressive immunodeficiency with
reduction in the number of CD4+ T lymphocytes and an
inversion of the CD4+/CD8+ ratio [3,18,19].

Finally, a proportion of FIV-positive cats reaches the
second stage, or terminal phase, which correlates with
the generalised lymphadenopathy, pre-AIDS, and AIDS
stages of HIV infection [4,22]. This phase is charac-
terised by severe immunosuppression and a consequent
reduction in circulating antibodies, which allows the
viral load increase and the development of disease
s that are caused by opportunistic or secondary chronic
infections, neoplasia, and neurological disorders [4,19].
Despite the progressive immunodeficiency, the course of
the disease depends on the virus–host interaction, which
explains why  only a fraction of the animals develops the
terminal phase.

2.2. Entry receptors and cell tropism

The cell tropism and the pathogenesis of the viral dis-
ease are determined by the specificity of the interaction
between the viral surface proteins and the host cell recep-
tors [4,23]. Similar to HIV infection, infection with FIV
requires an initial interaction with a primary receptor and
subsequent binding to a co-receptor [24]. In the case of
HIV infection, the surface glycoprotein (gp120) interacts
with the CD4 receptor expressed on the surface of CD4+

T lymphocytes [25], which results in a conformational
change in gp120 that exposes the co-receptor binding
site, thereby allowing binding to the chemokine receptors
CXCR4 or CCR5 [23,25]. The interaction between the co-
receptor and gp120 induces a conformational change in the
HIV transmembrane glycoprotein (gp41) that exposes its
fusion peptide and thus allows the fusion of the viral enve-
lope with the cell membrane [23,26]. This conformational
change in the envelope proteins is an important mecha-
nism for viral escape because the conserved regions of the
surface protein, which are the target of neutralising anti-
bodies, are not exposed prior to binding to the receptor and
co-receptor [25].

In contrast to HIV, FIV uses CD134 instead of CD4 as its
primary receptor. CD134, which is also known as OX40,
is a member of the tumour necrosis factor and nerve
growth factor receptor superfamily [24]. A large fraction
of the FIV primary strains that have been isolated from
infected animals, which are most likely the transmissi-
ble viruses, require initial binding to the CD134 receptor
and subsequent binding to the CXCR4 chemokine receptor
for productive infection [24,27]. However, some culture-
adapted FIV strains do not use the CD134 receptor and are

able to interact directly with the CXCR4 co-receptor [23].
The interaction between CD134 and the FIV surface protein
gp95 leads to structural changes that expose the binding
site of the CXCR4 co-receptor [28]. Binding to the CXCR4
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o-receptor induces the exposure of a serpentine region
f the FIV transmembrane protein (gp36) that binds to the
ell membrane, thereby originating a hairpin structure that
llows for viral fusion and entry [29]. These interactions
lso induce the exposure of the epitopes that are the tar-
et of neutralising antibodies [28]. Although the V3 region
f gp95 is the principal immunodominant domain of FIV,
he antibodies produced exhibit low neutralising activity.
owever, upon the binding of gp95 to soluble CD134, de
erseval et al. [28] observed that monoclonal antibodies
gainst the surface protein inhibited FIV infections in vitro,
hich denotes a viral escape mechanism during infection.

In addition to a mechanism of viral protection against
he host’s immune response, the binding of the virus to cell
urface receptors and co-receptors also accounts for the dif-
erentiated cell tropism that occurs throughout the course
f the disease. In the case of HIV infection, binding via the
D4 receptor allows for entry into all CD4+ T lymphocytes
24]. However, the main viral strains found during the early
tages of infection are those that use the co-receptor CCR5,
hich is only expressed by activated memory T lympho-

ytes, whereas the strains isolated at later stages tend to
se the CXCR4 co-receptor [30]. In the case of FIV infection,
ll of the viral strains tested to date interact with the CXCR4
o-receptor, which, in cats, is highly expressed in activated

 cells, B cells, and monocytes [23,31]. Nevertheless, the
eed to interact with the primary receptor CD134, which

s more abundantly expressed in activated CD4+ T lym-
hocytes, constrains the initial infection and consequently
esults in a depletion of the CD4+ T-cell subgroup that plays

 vital role in the development of the antigen-specific cel-
ular immune response [23,24].

Therefore, although these viruses use different entry
eceptors, the initial target of both FIV and HIV is the
ctivated T lymphocytes [24]. However, with the pro-
ression of infection, the host’s immune response exerts

 positive selective pressure on the virus [32]. The high
rror rate of the reverse transcriptase enzyme, which is
nvolved in retroviral replication, leads to mutations that
esult in the generation of a wide variety of different
iral genomes within a single individual (quasispecies) and
llows for a small changes of the surface proteins that
lters their recognition by the immune system (antigenic
rift) [33]. Kraase et al. [32] found a greater accumulation
f mutations in the FIV env gene amongst cats diagnosed
ith late infection (322 weeks pi) compared with ani-
als with acute infection (12 weeks pi). These mutations
ere mainly found in the glycosylated regions, which

s an additional mechanism that is used by viruses to
vade the immune system. In addition, a single mutation
nvolving the loss of a glycosylation site (T271I, N269G, or
269D) might give rise to mutants that are less dependent
n the receptor CD134 [32,34]. Similar to the culture-
dapted FIV prototypes, the viral variants that bind directly
o the co-receptor CXCR4 are likely more susceptible to
eutralising antibodies [32]. Thus, the presence of these
iruses in the circulation during the asymptomatic phase

ust be transient; however, when the animals reach the

erminal phase, which is characterised by severe immuno-
uppression, the viruses begin to circulate again [32] and
ncrease the number of infected cells, including CD4+
logy and Infectious Diseases 36 (2013) 549– 557 551

and CD8+ T lymphocytes, B lymphocytes, and astrocytes
[3,23,35].

2.3. Immune system dysfunction

As mentioned above, a cellular and humoral antiviral
immune response occurs during the acute phase of the
infection, which reduces the viral load. However, the infec-
tion persists as a result of the viral evasion mechanisms
(e.g., glycosylation of the viral envelope proteins, camou-
flage of the immunodominant epitopes through structural
changes of the envelope glycoproteins after binding to the
host cell, and antigenic drift) and the immune dysfunc-
tion that occurs after infection. With the progression of
the FIV infection, two opposing events occur that result in
immune dysfunction: immunosuppression and hyperacti-
vation of the immune system [7]. A summary of the events
that promote the immune dysfunction are shown in Fig. 1.

2.3.1. Immunosuppression
The immunosuppression caused by FIV infection mani-

fests as a loss of response to viral antigens, a loss of response
to mitogens, and the inability to launch a primary immune
response against secondary pathogens [7]. Torten et al. [36]
observed that, together with the progression of the disease
(25–44 months pi), the infected cats exhibited a reduction
in their response to T-dependent immunogens but an ade-
quate response to T-independent immunogens. In addition,
these researchers observed a reduction in lymphocyte pro-
liferation, which is induced by mitogens in the infected cats.
An alteration in cytokine production, immune anergy, and
apoptosis, and a hyperactivation of regulatory T cells are
the mechanisms that might explain the immune system
dysfunction.

Although several studies have quantified the cytokines
in FIV-infected cats, the profile of cytokine alteration is not
yet well established (Table 1). This cytokine alteration is
likely related to the infection stage, especially in relation
to the reduction of CD4+ T lymphocytes and the inversion
of the CD4+/CD8+ ratio, as well as the different methods
that have been used for the quantification of the proteins
or transcripts. Lawrence et al. [37] observed a significant
increase in the production of interleukin-1 (IL-1), IL-6,
and tumour necrosis factor alpha (TNF�) in peripheral
blood mononuclear cells (PBMCs) in response to mitogens
(concanavalin A (ConA) and pokeweed mitogen (PWM))
in FIV-positive cats with or without signs of immunosup-
pression. In addition, a significant reduction of IL-2 was
observed in symptomatic animals, which also exhibited
reduced lymphocyte proliferation in response to mito-
gens [37]. An increased bioactivity of TNF� and IL-6 was
observed in alveolar macrophages before (four weeks pi)
and after (10 weeks pi) the inversion of the CD4+/CD8+

ratio [38]. The same study also observed an increased
expression of TNF�, IL-6, IL-10, and interferon-gamma
(IFN�). An increased expression of IFN� and a reduced
expression of IL-2 and IL-12 were observed in infected

cats after the inversion of the CD4+/CD8+ ratio 24 weeks pi
[39].

FIV-infected cats do not exhibit a primary immune
response against a secondary infection by either
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Fig. 1. Hyperactivation and immunosuppression in FIV infection. FIV infection causes hyperactivation of Treg cells, which suppress the production of IL-2,
IL-12,  IL-6, IFN� and TNF� by increased production of IL-10 and TGF�. Moreover, the T-T cell interaction induced by hyperactivation of T cells suppresses

munosu
nd hype
IL-2  production, which results in anergy and apoptosis. The consequent im
Finally, reduced antiviral response allows for FIV chronic antigenaemia a

Toxoplasma gondii [39] or Listeria monocytogenes [40].
FIV- and T. gondii-co-infected animals exhibit increased
expression of IL-10 before and after the infection by
the secondary pathogen. The high production of IL-10
suppresses the production of Th1 (IL-2, IL-12, and IFN�)
and Th2 (IL-6) cytokines, which explains the inability to
contain the infection by T. gondii [39]. Dean et al. [41]
observed that FIV-positive cats, especially animals with
chronic infections (after the inversion of the CD4+/CD8+

ratio), exhibited higher numbers of colony-forming units
of L. monocytogenes in the lymph nodes. In addition, the
innate immune response of these cats with chronic infec-
tion was unable to contain the secondary infection four
days after inoculation, unlike animals with acute infection
or FIV-negative cats [41]. This reduction in the response to
infection by L. monocytogenes might be due to increased
IL-10 expression, which inhibits the production of TNF�
in macrophages [40]. In contrast to Levy et al. [39], Dean
et al. [40] did not observe a reduction in the levels of IL-2
and IFN�,  most likely because the animals from the latter
study did not exhibit an alteration of the CD4+/CD8+ ratio.

Nevertheless, both studies observed an increase in the
IL-10/IL-12 ratio, which explains the deficient response
to the secondary pathogen because IL-12 stimulates IFN�
and TNF� production and IL-10 suppresses the production

Table 1
Cytokines production and immune response of cats infected with FIV.

Increase Decrease Immune re

IL-1, IL-6, TNF� IL-2 Decreased 

IL-6, IL-10, TNF�, IFN� 

IL-10a,b, IFN�a, IL-2a,b, IL-6b, IL-12a,b Decreased 

IL-10b TNF�b Decreased 

a Before co-infection with secondary pathogen.
b After co-infection with secondary pathogen.
ppression causes decrease in antiviral and secondary pathogen response.
ractivation of immune system.

of IL-12 by dendritic cells [7,42]. Therefore, there is an
important change in cytokine production that results in a
deficient response to secondary pathogens.

Both FIV and HIV infections are associated with a
progressive loss of T-cell function, which is caused by
the suppression of IL-2 production, and an increased
programmed cell death (apoptosis) of T cells in the lymph
nodes [7]. Immune anergy is the functional inactivation of
T or B lymphocytes following antigenic stimulation due to
inadequate amounts of co-stimulatory molecules (e.g., B7.1
and B7.2) in antigen-presenting cells or to the presence
of inhibitory CTLA-4 (cytotoxic T lymphocyte-associated
antigen 4) receptors [43]. The binding of B7 molecules to
the CD28 receptor, which is expressed in T lymphocytes,
stimulates the release of IL-2 and consequently the clonal
expansion that is needed to mount an effective immune
response, whereas the binding of B7 to the CTLA4 receptor
suppresses the release of IL-2 and thus terminates the
immune response [43]. In addition, antigen recognition
induces the production of pro-apoptotic proteins, but the
activity of these proteins is neutralised by anti-apoptotic

proteins in the normal response to microorganisms [43].

Guiot et al. [44] observed that FIV-infected cats exhib-
ited increased apoptosis that affected all lymphocyte
types (CD4+ and CD8+ T lymphocytes, B lymphocytes, and

sponse Reference

response to mitogen Lawrence et al. [37]
Ritchey et al. [38]

response to T. gondi infection Levy et al. [39]
response to L. monocytogenes infection Dean et al. [40]
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atural killer (NK) cells). This increased apoptosis was
irectly correlated with an increase in the animal’s age and
he duration of the infection and with a reduction in the
umbers of CD4+ T cells [44]. The increase in the apoptosis
f CD4+ and CD8+ T cells in both the lymph nodes and the
lood of FIV-positive cats might be related to an increase

n the levels of CD4+ and CD8+ T cells with a B7+CTLA4+

henotype [45]. An increase in B7+ T cells was observed in
nimals with acute infection (<6 months), asymptomatic
nimals (1–5 years), and mainly animals with terminal
nfection (8–10 years) that exhibit a chronic secondary oral
r respiratory infection and, in most cases, the presence of
-cell lymphoma at necropsy [45]. The chronic activation
f T cells co-expressing B7 and CTLA-4 and the possibility
f a T-T interaction mediated by the binding of B7.1/B7.2 to
he CTLA-4 receptor induce a bidirectional suppression of
L-2 that results in anergy and apoptosis [7,45,46]. There-
ore, this mechanism causes immunosuppression with a
rogressive loss of T cells and premature termination of
he immune response against pathogens [45,46].

The regulatory T (Treg) cells are mostly CD4+ cells that
xpress high levels of CD25 (alpha chain of the IL-2 recep-
or), and their function is to regulate the activation of other

 cells [43]. The Treg cells depend on the transcription
actor Foxp3 and IL-2 to maintain their function and pro-
uce cytokines, such as IL-10 and tumour growth factor
eta (TGF�), that block the activation of lymphocytes and
acrophages [43]. There are two different types of Treg

ells: the thymus-generated natural Treg cells, which are
elated to the suppression of auto-immune T cells and the
aintenance of tolerance to self-antigens, and the adap-

ive or induced Treg cells, which regulate the response of
D4+ and CD8+ T cells to pathogens (e.g., bacteria, fungi,

ntracellular parasites, and viruses) and are activated in
he peripheral lymphoid tissues [47–49]. The function of
he induced Treg cells is to avoid the tissue damage that is
aused by excessive inflammation in response to pathogens
49,50]. However, certain pathogens modulate the activ-
ty of these Treg cells and thus cause persistent chronic
nfection [48].

Mexas et al. [49] showed that Treg cells (CD4+CD25+) are
he target of acute FIV infection since these cells exhibit
igh viral mRNA levels two weeks after infection, which
orrelates with the peak of viraemia. The establishment of
ersistent chronic infection may  be related to the infection
f CD4+CD25+ cells because these cells are activated during
cute infection in the presence of the Foxp3 transcription
actor and TGF� and suppress the production of IL-2, thus
nhibiting the antiviral response of the helper T cells [48].
n cats, the CD4+CD25+ cells are unable to proliferate in
esponse to antigenic or mitotic stimulation due to the lack
f IL-2 production, and exhibit the ability to suppress the
roliferation of the CD4+CD25− cells when activated [51].

n addition, during the disease progression, Treg cells act
s a reservoir of infection, where the virus might repli-
ate at low rates without becoming a target of the immune
esponse because these cells exhibit anergic characteris-

ics [49]. Although cats with chronic FIV infection exhibit
he same proportion of CD4+CD25+ cells as FIV-negative
nimals, the CD4+CD25+ cells of FIV-positive cats exhibit

 greater expression of B7.1 and B7.2 molecules in both
logy and Infectious Diseases 36 (2013) 549– 557 553

the lymph nodes and the blood, as well as a greater CTLA-4
expression in the lymph nodes [51]. The expression of these
molecules explain the immunosuppression mechanism
associated with the Treg cells (CD4+CD25+B7+CTLA4+) that
are activated by FIV during the progression of the disease.

2.3.2. Hyperactivation of the immune system
In addition to progressive immunosuppression, FIV-

positive cats also exhibit marked hyperactivation of B
and T cells [7]. The total protein levels are increased in
FIV-infected cats due to an increase in the gamma glob-
ulins [52]. In one study, two  FIV-positive cats with B-cell
lymphoma exhibited an increase in B lymphocytes,
increased IgG (from the beginning to the end of the
follow-up period, which corresponded to 50–300 weeks
pi), and a progressive increase in IgA [53]. Takano et al.
[54] also observed higher globulin levels in FIV-positive
cats at the terminal phase compared with animals in the
asymptomatic phase or those that were FIV-negative. An
increase in the levels of B cells with surface immunoglobu-
lins (sIg+) and negative for CD21, which represent cells that
are differentiated for antibody production, was observed
in the asymptomatic cats and more evident in animals
in the terminal phase, which suggests that this finding
might be related to the emergence of immunosuppression
signs [54]. The activation of B lymphocytes corresponds
to a polyclonal and non-virus-specific activation because
antibodies against heterologous non-viral antigens were
detected six to eight weeks after infection, remained until
the end of the study (90 weeks pi), and did not exhibit
cross-reactivity with FIV viral recombinant antigens [55].
Furthermore, neither the stimulation of B lymphocytes nor
hypergammaglobulinemia were caused by co-infection
with other pathogens because the study used specific
pathogen free (SPF) animals that were experimentally
infected with FIV [55]. Therefore, the hyperactivation
caused by FIV is responsible for the appearance of
immune-mediated diseases, such as chronic gingivitis-
stomatitis and glomerulonephritis, myeloproliferative
neoplasms, and lymphomas [18].

The stimulation of CD4+ and CD8+ T cells starts during
the acute phase of FIV infection and continues throughout
the disease progression [7]. The increase in the number of
activated CD8+ T cells (CD8�lowCD62L−) suggests that the
naïve CD8+ T cells are replaced by the activated CD8+ T
cells during FIV infection. The same phenomenon occurs
with the CD4+ T cells, which reduce the expression of
CD62L during the course of infection (reviewed in [7]). In
addition, and as mentioned above, the increased expres-
sion of B7 molecules and CTLA-4 by activated CD4+ and
CD8+ T cells might alter the host’s immune response [45].
Tompkins and Tompkins [7] suggested that FIV infection
activates CD4+, CD8+ and Treg (CD4+CD25+) T cells. The
activation of Treg cells inhibits the production of IL-2 and
IFN� through the production of TGF� and thus reduces
the immune response against FIV through the induction
of anergy and apoptosis, which allows for continuous viral

replication and chronic antigenaemia. In turn, chronic anti-
genaemia causes hyperactivation of the CD4+/CD8+ T cells
and Treg cells, which results in anergy and apoptosis due
to the activity of the Treg cells and an inappropriate T-T
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cell interaction due to the binding of B7/CTLA-4, which are
expressed in larger amounts in activated T cells [7]. This
uncontrolled hyperactivation of immune system causes
progressive immunosuppression and a reduction in the
immune response to secondary infections.

3. Factors of natural resistance to lentivirus
infection

Major efforts have been devoted in recent years to the
discovery of novel alternatives to the treatment, and per-
haps even cure, of HIV infection. For that purpose, many
studies seek to understand the factors that are involved
in the natural resistance to HIV-1 infection that occurs in
some individuals who, despite a history of frequent (sexual,
parenteral, or vertical) exposure to the virus, do not exhibit
any serologic evidence of infection or any sign of immun-
odeficiency [56]. These high-risk exposed but seronegative
(ESN) individuals seem to have genetic and immunolog-
ical factors that reduce their susceptibility to infection,
although a single factor individually may  not account for
this characteristic [57].

Amongst the genetic factors involved in the slow
progression of AIDS and resistance to HIV infection,
the following have been identified: alleles of human
leucocyte antigen (HLA), the presence of activators or
the absence of inhibitors of the genes encoding KIR
(killer immunoglobulin-like receptor) molecules, a genetic
polymorphism of the chemokines RANTES (regulated
on activation normal T-cell expressed and secreted),
macrophage inflammatory protein (MIP)-1�, and MIP-1�
and their receptors [56,57]. Amongst these alterations,
the deletion of 32 base pairs of the gene encoding the
CCR5 receptor (CCR5�32) is strongly correlated with resis-
tance to HIV infection [58]. Dean et al. [59] observed that
approximately 10% of the studied population (n > 600),
which included healthy controls, ESN individuals, and HIV-
positive individuals with and without signs of AIDS, had the
CCR5�32 allele. This mutation causes a change in the read-
ing frame of amino acid 185 that generates a non-functional
protein with a premature termination codon [58,59]. Indi-
viduals who are homozygous for the CCR5�32 allele are
strongly protected against HIV infection because these
individuals lack a functional CCR5 co-receptor on their cell
surface [59,60]. All of the CCR5�32/�32 homozygous indi-
viduals were ESN individuals, whereas none amongst the
1343 HIV-positive individuals exhibited this genotype [59].
In addition, CCR5+/�32 heterozygous individuals exhib-
ited some degree of resistance to infection; and when
infected, their viral load is lower, and their progression of
AIDS is slower compared with that observed in CCR5+/+

homozygous individuals [59]. There is still no evidence of
any mutations in the FIV receptors that confer a natural
resistance to infection in cats. Currently, the following are
known: the in vitro infectivity of FIV decreases in a large
fraction of strains with the use of a feline/human hybrid
CD134 receptor, the human CD134 receptor is not func-

tional for FIV entry [61], and mutations in the human CXCR4
co-receptor (D187A) prevent the in vitro entry of FIV [62].

Nevertheless, although a deletion in the CCR5 co-
receptor gene grants a high natural resistance to HIV
logy and Infectious Diseases 36 (2013) 549– 557

infection, this mutation is not found in all ESN indi-
viduals. Therefore, other factors might also be involved.
The host’s innate immunity contributes to the protection
against HIV infection mainly through the activity of NK cells
and a large production of IFN�. In addition, an increased
production of �-chemokines (e.g., CC chemokine ligand
(CCL)2, CCL3 (MIP-1�), CCL4 (MIP-1�), CCL5 (RANTES),
and CCL11), �-chemokines (stromal cell-derived factor-1
(SDF-1)), peroxiredoxin II, CD8+ cell antiviral factor (CAF),
NK cell stimulatory factor B, IL-22 (cytokine involved
in the production of acute-phase proteins), defensins,
and ribonucleases have been associated with protective
effects [revised in 56,57]. The innate immune response
mediated by cellular restriction factors, such as APOBEC3
(apolipoprotein B mRNA-editing catalytic polypeptide 3),
Trim5� (tripartite motif protein), and tetherin, inhibits the
viral replication of retroviruses and thus blocks the estab-
lishment of infection after the virus has entered the host
cell [57,58].

APOBEC3 deaminates cytidine residues in RNA and
single-stranded DNA, thereby converting cytosine (C) into
uracil (U) or thymine (T), which alters the encoding of
the viral proteins [8,63]. According to recent observations
in humans, exposure to HIV increases the expression of
APOBEC3G, and ESN individuals exhibit a higher expression
of this protein compared with non-exposed individuals.
In addition, APOBEC3G reduces the susceptibility to HIV
infection in vitro [56–58]. In cats, the action of APOBEC3G
was  investigated with three exogenous feline retroviruses:
FIV, FeLV, and feline syncytium-forming virus (FeSFV),
which is different from the first two viruses because it is
considered non-pathogenic in nature [8]. FeLV exhibited
reduced infectivity in vitro when APOBEC3 proteins were
present, which might explain the occurrence of abortive
and regressive infection in some of the cats that had contact
with the virus [8,64]. FeLV belongs to the genus Gam-
maretrovirus and does not have the accessory genes vif
and bet, which are found in species that belong to the
genera Lentivirus and Spumavirus, respectively [33], and
are associated with the inactivation of APOBEC3 [65]. An
exception is the equine infectious anaemia virus (EIAV),
which is the only lentivirus that lacks the vif gene, but it
exhibits resistance to feline APOBEC3 [8]. Several studies
have shown that retroviruses are inhibited by the action
of APOBEC3 in non-susceptible species, which explains
the host specificity and enables its therapeutic use [63].
Although APOBEC3 exhibits an antiviral effect, viruses have
mechanisms that prevent the action of this protein in the
natural host, and cause a persistent infection. The same is
true with tetherins, which exert an antiviral action by pre-
venting the release of viral particles. Dietrich et al. [66]
showed that the release of FIV and HIV-1 particles was
inhibited by the transient expression of the feline teth-
erin. However, FIV replication did not decrease when the
expression of tetherin was stable, which probably occurs
in natural infection. Furthermore, the cell-to-cell spread
of the virus is facilitated by the increase in syncytium

formation [66,67]. According to some studies, the feline
Trim5� is truncated and does not exhibit any antiretroviral
effect [66,67]. Therefore, further investigation of restric-
tion factors, especially their importance in the prevention
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nd treatment of infection, is warranted because ortholo-
ous restriction factors were shown to inhibit infection by
etroviruses.

Although acquired immunity, both cellular and
umoral, plays a crucial role in the resistance to HIV infec-
ion, there is not yet a consensus as to which mechanisms
re truly protective. With regard to the cellular immune
esponse in ESN individuals, some reports indicate a
trong anti-HIV response by non-cytotoxic CD8+ T cells,
he recognition of a different epitope compared with
eropositive individuals, and a greater Th1 response that is
haracterised by an increased production of IL-2 and IFN�
nd a reduced IL-10 production [56,57]. Nevertheless,

 low lymphocyte activation was also shown to reduce
he susceptibility to HIV infection because lymphocyte
ctivation is needed for viral replication and is associ-
ted with the pathogenesis of the disease [7,56]. The
esistance to infection might be related to the humoral
mmune response mainly through the production of
nti-HIV immunoglobulin A (IgA), which is present in
ervicovaginal secretions, saliva, colostrum, and serum,
nd by the presence of autoantibodies against the CD4
eceptor in ESN individuals [56,57]. In cats, anti-CD134
ntibodies were observed in 63% (143/226) of FIV-positive
nimals, whereas these antibodies were not present in
ny of the SPF animals (n = 107) and only in 0.44% (1/225)
f the diseased cats, some of which were infected by
eline herpesvirus (FHV), feline coronavirus (FCoV), or
eLV but were FIV-negative [68]. In addition, the cats with
nti-CD134 antibodies exhibited a lower viral load and a
etter state of health, which indicates the importance of
hese antibodies in the progression of disease [68].

. Conclusions

The ability of animals to develop an immune response
hat is sufficiently robust to reduce FIV viral load, although
nable to extinguish the FIV infection, may  reflect an

mportant factor for reducing the speed of disease progres-
ion. However, this factor might also increase the selective
ressure and induce the accumulation of a greater num-
er of mutations throughout the course of the infection
ecause the virus has a greater need to adapt to survive

n the host. In addition, the early reduction in the num-
er of CD4+ T lymphocytes and the consequent decrease

n the CD4+/CD8+ ratio, which correlates with the emer-
ence of immunosuppression signs, might be related to the
resence of virus with mutations that favour its escape or
ccurs in cats unable to develop a response that restricts
iral replication.

Few studies have examined the presence of factors
hat are involved in the natural resistance to FIV infection
n cats. The identification of these factors may  con-
ribute to a better understanding of the various patterns
f disease progression and help with the development
f a FIV/HIV cure. The complexity of the virus–host

nteraction, particularly the mechanisms of viral per-
istence, justifies the difficulty in the development of
ffective vaccines and treatments. Therefore, much of
his interaction must still be investigated before a full

[

[

logy and Infectious Diseases 36 (2013) 549– 557 555

understanding of FIV infection in cats and HIV infection in
humans.

Acknowledgment

This work was  supported by the São Paulo Research
Foundation (FAPESP) grant 2009/52979-5.

References

[1] Pedersen NC, Ho EW,  Brown ML,  Yamamoto JK. Isolation of a T-
lymphotropic virus from domestic cats with an immunodeficiency-
like syndrome. Science 1987;235:790–3.

[2] ICTVdB Management. 00.061.1.06. Lentivirus. In: ICTVdB
–  The Universal Virus Database, version 4; 2006.
http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/

[3] Hartmann K. Feline immunodeficiency virus infection: an overview.
Veterinary Journal 1998;155(2):123–37.

[4] Lecollinet S, Richardson J. Vaccination against the feline immun-
odeficiency virus: the road not taken. Comparative Immunology,
Microbiology & Infectious Diseases 2008;31:167–90.

[5] Talbott RL, Sparger EE, Lovelace KM,  Fitch WM,  Pedersen NC, Luciw
PA,  et al. Nucleotide sequence and genomic organization of feline
immunodeficiency virus. Proceedings of the National Academy of
Sciences of the United States of America 1989;86:5743–7.

[6] Burkhard MJ, Dean GA. Transmission and immunopathogenesis of
FIV  in cats as a model for HIV. Current HIV Research 2003;1(1):15–29.

[7] Tompkins MB,  Tompkins WA.  Lentivirus-induced immune dys-
regulation. Veterinary Immunology and Immunopathology
2008;123:45–55.

[8] Münk C, Hechler T, Chareza S, Löchelt M.  Restriction of feline
retroviruses: lessons from cat APOBEC3 cytidine deaminases and
TRIM5alpha proteins. Veterinary Immunology and Immunopathol-
ogy 2010;34:14–24.

[9] Kakinuma S, Motokawa K, Hohdatsu T, Yamamoto JK, Koyama
H,  Hashimoto H. Nucleotide sequence of feline immunodefi-
ciency virus: classification of Japanese isolates into two subtypes
which are distinct from non-Japanese subtypes. Journal of Virology
1995;69(6):3639–46.

10] Hohdatsu T, Hirabayashi H, Motokawa K, Koyama H. Comparative
study of the cell tropism of feline immunodeficiency virus isolates
of subtype A, B and D classified on the basis of the env gene V3–V5
sequence. Journal of General Virology 1996;77:93–100.

11] Pecoraro MR,  Tomonaga K, Miyazawa T, Kawaguchi Y, Sugita S, Tohya
Y,  et al. Genetic diversity of Argentine isolates of feline immunode-
ficiency virus. Journal of General Virology 1996;77:2031–5.

12] Duarte A, Marques MI,  Tavares L, Fevereiro M.  Phylogenetic
analysis of five Portuguese strains of FIV. Archives of Virology
2002;147(5):1061–70.

13] Nakamura K, Suzuki Y, Ikeo K, Ikeda Y, Sato E, Nguyen NT, et al.
Phylogenetic analysis of Vietnamese isolates of feline immunode-
ficiency virus: genetic diversity of subtype C. Archives of Virology
2003;148(4):789–91.

14] Lara VM,  Taniwaki SA, Araújo Jr JP. Occurrence of feline immunode-
ficiency virus infection in cats. Ciência Rural 2008;38(8):2245–9.

15] Levy JK, Scott HM,  Lachtara JL, Crawford PC. Seroprevalence of feline
leukemia virus and feline immunodeficiency virus infection among
cats in North America and risk factors for seropositivity. Journal of
the American Veterinary Medical Association 2006;228(3):371–6.

16] Hartmann K, Griessmayr P, Schulz B, Green CE, Vidyashankar AN,
Jarrett O, et al. Quality of different in-clinic test systems for feline
immunodeficiency virus and feline leukemia virus infection. Journal
of  Feline Medicine and Surgery 2007;9(6):439–45.

17] Dunham SP, Graham E. Retroviral infections of small ani-
mals. Veterinary Clinics of North America Small Animal Practice
2008;38:879–901.

18] Hosie MJ,  Addie D, Belák S, Boucraut-Baralon C, Egberink H, Frymus
T,  et al. Feline immunodeficiency, ABCD guidelines on preven-
tion and management. Journal of Feline Medicine and Surgery
2009;11(7):575–84.
19] Dunham SP. Lessons from the cat: development of vaccines
against lentiviruses. Veterinary Immunology and Immunopathology
2006;112:67–77.

20] Callanan JJ, Thompson H, Toth SR, O’neil B, Lawrence CE,
Willett B, et al. Clinical and pathological findings in feline

http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0005
http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0015
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0020
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0025
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0030
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0035
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0040
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0045
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0050
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0055
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0060
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0065
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0070
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0075
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0080
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0085
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0090
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0095
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100
http://refhub.elsevier.com/S0147-9571(13)00055-6/sbref0100


icrobio

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

556 S.A. Taniwaki et al. / Comparative Immunology, M

immunodeficiency virus experimental infection. Veterinary
Immunology and Immunopathology 1992;35:3–13.

21] Beatty JA, Willett BJ, Gault EA, Jarrett O. A longitudinal study of feline
immunodeficiency virus-specific cytotoxic T lymphocytes in exper-
imentally infected cats, using antigen-specific induction. Journal of
Virology 1996;70(9):6199–206.

22] Hosie MJ, Beatty JA. Vaccine protection against feline immunode-
ficiency virus: setting the challenge. Australian Veterinary Journal
2007;85:5–12.

23] Willett BJ, Hosie MJ.  Chemokine receptors and co-stimulatory
molecules: unravelling feline immunodeficiency virus infection. Vet-
erinary Immunology and Immunopathology 2008;123:56–64.

24] Shimojima M,  Miyazawa T, Ikeda Y, Mcmonagle EL, Haining H, Akashi
H, et al. Use of CD134 as a primary receptor by the feline immunod-
eficiency virus. Science 2004;303:1192–5.

25] Kwong PD, Wyatt R, Robinson J, Sweet RW,  Sodroski J, Hendrickson
WA.  Structure of an HIV gp120 envelope glycoprotein in complex
with the CD4 receptor and a neutralizing human antibody. Nature
1998;393:648–59.

26] Doms RW,  Moore JP. HIV-1 membrane fusion: targets of opportunity.
Journal of Cell Biology 2000;151(2):F9–14.

27] De Parseval A, Chatterji U, Sun P, Elder JH. Feline immunodeficiency
virus targets activated CD4+ T cells by using CD134 as a binding
receptor. Proceedings of the National Academy of Sciences of the
United States of America 2004;101:13044–9.

28] de Parseval A, Grant CK, Sastry KJ, Elder JH. Sequential CD134-CXCR4
interactions in feline immunodeficiency virus (FIV): soluble CD134
activates FIV Env for CXCR4-dependent entry and reveals a cryptic
neutralization epitope. Journal of Virology 2006;80(6):3088–91.

29] Garg H, Fuller FJ, Tompkins WA.  Mechanism of feline immun-
odeficiency virus envelope glycoprotein-mediated fusion. Virology
2004;321(2):274–86.

30] Bleul CC, Wu L, Hoxie JA, Springer TA, Mackay CR. The HIV core-
ceptors CXCR4 and CCR5 are differentially expressed and regulated
on human T lymphocytes. Proceedings of the National Academy of
Sciences of the United States of America 1997;94:1925–30.

31] Willett BJ, Cannon CA, Hosie MJ.  Expression of CXCR4 on feline
peripheral blood mononuclear cells: effect of feline immunodefi-
ciency virus infection. Journal of Virology 2003;77(1):709–12.

32] Kraase M, Sloan R, Klein D, Logan N, Mcmonagle L, Biek R, et al.
Feline immunodeficiency virus env gene evolution in experimen-
tally infected cats. Veterinary Immunology and Immunopathology
2010;134:96–106.

33] Flores EF. Virologia veterinária. 1st ed. Santa Maria: Editora da UFSM;
2007.

34] Willett BJ, Mcmonagle EL, Logan N, Samman A, Hosie MJ.
A single site for N-linked glycosylation in the envelope
glycoprotein of feline immunodeficiency virus modulates
the virus-receptor interaction. Retrovirology 2008;5(77),
http://dx.doi.org/10.1186/1742-4690-5-77.

35] Ishikawa M,  Baba K, Shimojima M,  Okada M,  Shojima T, Miura T, et al.
Adaptation of feline immunodeficiency virus subtype B strain TM2
to a feline astrocyte cell line (G355-5 cells). Veterinary Microbiology
2011;149:307–15.

36] Torten M,  Franchini M,  Barlough JE, George JW,  Mozes E, Lutz
H,  et al. Progressive immune dysfunction in cats experimentally
infected with feline immunodeficiency virus. Journal of Virology
1991;65:2225–30.

37] Lawrence CE, Callanan JJ, Willett BJ, Jarrett O. Cytokine production
by cats infected with feline immunodeficiency virus: a longitudinal
study. Immunology 1995;85:568–74.

38] Ritchey JW,  Levy JK, Bliss SK, Tompkins WA,  Tompkins MB.
Constitutive expression of types 1 and 2 cytokines by alveolar
macrophages from feline immunodeficiency virus-infected cats. Vet-
erinary Immunology and Immunopathology 2001;79:83–100.

39] Levy JK, Liang Y, Ritchey JW,  Davidson MG,  Tompkins WA,  Tompkins
MB.  Failure of FIV-infected cats to control Toxoplasma gondii corre-
lates with reduced IL2, IL6, and IL12 and elevated IL10 expression by
lymph node T cells. Veterinary Immunology and Immunopathology
2004;98:101–11.

40] Dean GA, Bernales JA, Pedersen NC. Effect of feline immunodeficiency
virus on cytokine response to Listeria monocytogenes in vivo. Veteri-
nary Immunology and Immunopathology 1998;65:125–38.

41] Dean GA, Lavoy A, Yearley J, Stanton C. Cytokine modulation of the

innate immune response in feline immunodeficiency virus-infected
cats. Journal of Infectious Diseases 2006;193:1520–7.

42] Roy S, Lavine J, Chiaromonte F, Terwee J, Vandewoude
S,  Bjornstad O, et al. Multivariate statistical analyses
demonstrate unique host immune responses to single

[

[

logy and Infectious Diseases 36 (2013) 549– 557

and dual lentiviral infection. PLoS ONE 2009;4(10):e7359,
http://dx.doi.org/10.1371/journal.pone.0007359.

43] Abbas AK, Lichtman AH. Imunologia básica: funç ões e distúrbios do
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