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SUMMARY

Filarial worms cause highly morbid diseases such as elephantiasis and
river blindness. Since the 1940s, researchers have conducted vaccine
trials in 27 different animal models of filariasis. Although no vaccine
trial in a permissive model of filariasis has provided sterilizing immu-
nity, great strides have been made toward developing vaccines that
could block transmission, decrease pathological sequelae, or decrease
susceptibility to infection. In this review, we have organized, to the

best of our ability, all published filaria vaccine trials and reviewed
them in the context of the animal models used. Additionally, we pro-
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vide information on the life cycle, disease phenotype, concomitant
immunity, and natural immunity during primary and secondary in-
fections for 24 different filaria models.

INTRODUCTION

Filariae are tissue-invasive, vector-borne parasitic nematodes
that cause tremendous morbidity worldwide (Table 1). The

causative agents of lymphatic filariasis (Wuchereria bancrofti, Bru-
gia malayi, and Brugia timori) infect over 120 million people.
These agents cause genital diseases (typically hydrocele) in ap-
proximately 25 million and lymphedema/elephantiasis in approx-
imately 15 million people (1). Onchocerca volvulus, which causes
river blindness and skin disease, is estimated to infect 37 million
people and is responsible for blindness or visual disturbance in
approximately half a million people (2, 3). Other filarial infections
that cause disease in humans include Loa loa, certain Mansonella
species, and, occasionally, Dirofilaria (4). Over 1 billion individu-
als live in areas where filarial worms are endemic.

Current efforts to control or potentially eradicate filarial
diseases include the Global Program To Eliminate Lymphatic
Filariasis, the Onchocerciasis Elimination Program of the
Americas, and the African Programme for Onchocerciasis
Control. These programs function primarily through repeated
mass drug administration (MDA) of antifilarial medications to
populations in countries where filarial worms are endemic and
at times also incorporate strategies of vector control. Vaccines
against filarial diseases would provide an important tool for
these control efforts (5).

Animal studies evaluating vaccine approaches for filariasis
have been conducted since the 1940s. An understanding of the
lessons learned from prior vaccine studies, however, is challeng-
ing, as the work has been conducted using a large variety of filar-
iasis models. Since the different animal models of filariasis have
distinct life cycles and various degrees of permissiveness, it is dif-
ficult to understand the implications of specific vaccine trials
without an in-depth knowledge of the models used.

In this review, we have attempted, to the best of our ability, to
gather all filarial vaccine trials and to understand them within the
context of the models in which they were carried out. Filarial vac-
cine articles were obtained first by conducting numerous PubMed
searches and then by checking reference sections of investigational
and review papers. Articles published up until May 2012 were
included for review. The reviewed studies have utilized nine dif-
ferent filarial species (Acanthocheilonema viteae, Brugia pahangi,
B. malayi, Dirofilaria immitis, Litomosoides sigmodontis, L. loa,
Onchocerca ochengi, Onchocerca lienalis, and O. volvulus) and 13
different mammals (mice, rats, hamsters, jirds, Mastomys coucha,
Mastomys natalensis, dogs, cats, ferrets, mandrills, chimpanzees,
rhesus monkeys, and cattle) in various combinations for a star-
tling total of 27 different filaria models.

Since every combination of filarial parasite and animal has its
own strengths and limitations, this review is organized by animal
model. Vaccine trials for all 27 models have been included in sum-
mary tables. Due to limited information for some models, only 24
models are discussed in the text. Furthermore, in three cases (B.
pahangi/B. malayi in mice, B. malayi in Mastomys natalensis/Mas-
tomys coucha, and O. volvulus/O. lienalis in mice), two models are
discussed in the same section because the models are extremely
similar and because the literature occasionally referred to the sim-
ilar models interchangeably or in an unclear fashion. Thus, there T
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are 21 different chapters where models are discussed, with sections
for each summarizing what is known regarding life cycle, disease
phenotype, natural immunity during primary and secondary in-
fections, concomitant immunity, and vaccine trials. At the end of
the review, we provide a few conclusions that we have come to
after reviewing the filaria vaccine literature and make suggestions
for possible future directions in the field. We hope that this work
will serve as a useful reference for clinicians, microbiologists, and
immunologists when interpreting work done in the field of filaria
vaccinology.

MODELS OF FILARIASIS

Acanthocheilonema viteae

For Acanthocheilonema viteae, the natural hosts are gerbils (in-
cluding jirds and the great gerbil Rhombomys opimus) (6). The
experimental hosts are hamsters, jirds (Meriones unguiculatus,
also known as Mongolian gerbils), rats, and Mastomys species. The
vector is the soft tick, Ornithodoros moubata (Ornithodoros tartas-
kovskyi) (7) (Table 2).

A. viteae in hamsters. (i) Permissiveness. Hamsters are per-
missive to infection, with transient microfilaremia. Male hamsters
are more susceptible to infection than females, possibly due to a
protective effect imparted to females by 17-�-estradiol and pro-
gesterone (8). Infection of hamsters by subcutaneous injection of
100 L3-stage larvae obtained from tick dissections results in the
development of 26 to 52 worms per animal, depending on the
hamster strain (9). While microfilaremia is typically transient (de-
tails below), some inbred hamster strains develop stable microfi-
laremia (9).

(ii) Life cycle. Except for transient microfilaremia, the life cycle
is assumed to be similar to that observed in jirds (Fig. 1), with
adults residing in deep subcutaneous tissues and microfilariae
(MF) circulating in the blood (see “A. viteae in jirds”). Patency
commences at 6 to 8 weeks postinfection (p.i.), peaks at approxi-
mately 11 weeks p.i., and declines to undetectable levels by 19
weeks p.i. (9–11). After this time, hamsters are considered “la-
tently” infected, meaning that they still harbor adult worms de-
spite being amicrofilaremic. Latent infections can continue until
at least 200 days p.i. in hamsters (11).

(iii) Disease. Glomerular basement thickening, glomerulone-
phritis, hepatitis, amyloidosis, and cellular infiltrates of the lung
have all been observed in infected hamsters (12, 13). Hamsters
infected with 1,000 larvae over the course of a year have more
pronounced signs of disease than animals infected once with 500
larvae and develop subcutaneous abscesses containing live or dead
worm material (12).

(iv) Natural immunity. Research on natural immunity in this
model has been focused on protection against microfilaremia in
latently infected hamsters. Transfer and immunosuppressive
studies suggest that adult worms in latently infected hosts are still
capable of producing MF and that latency is most likely due to IgM
antibodies that induce antibody-dependent cellular cytotoxicity
against MF (11, 14–16). Latency in this model may be associated
with an inability of A. viteae to immunomodulate hamster anti-
body production (17). Indeed, chronic infection in rats and jirds is
associated with decreasing worm-specific IgG and IgM antibody
titers, which does not occur in infected hamsters (17).

(v) Immunity in the setting of repeated parasite exposures.
Studies in this model show, at most, the development of only a

small degree of concomitant immunity (10, 18). Protection ac-
quired from repeated infections is best obtained from many low
doses of L3s and results in an immune response that may arrest
development of newly invading L3s (18). This phenomenon is not
present when hamsters are infected with higher doses for fewer
repetitions. At high doses of L3s, worm burdens continue to in-
crease, and there appears to be no arrest in worm development
(18). Superinfection with high doses does, however, result in in-
creased numbers of subcutaneous nodules containing pus and
adult worm fragments (10, 18).

Implantation of female worms, but not implantation of
male worms or injection of male excretory/secretory (ES)
products, prior to infection with L3s, has been shown to induce
a protective immune response when microfilaremia is used as a
marker of susceptibility (14). Due to the endpoint used, it is not
clear whether this protective immune response is against MF or
infective larvae.

(vi) Vaccine studies. Vaccination with irradiated L3s results in
antibody responses to 68- and 205-kDa L3 antigens and moderate
protection against development of L3 larvae to adult worms
(59.4%). However, this does not significantly alter the number of
circulating MF (19). Vaccination with adult extracts or crushed
MF results in decreased duration of patency and, in the case of
female extract, decreased adult worm burdens (11).

(vii) Lessons learned and clinical significance. This is a per-
missive model that exhibits transient microfilaremia and weak
concomitant immunity. A. viteae shares some antigens and simi-
larities in life cycle with Onchocerca volvulus. While this is not a
model of any of the hallmark diseases associated with filariasis,
infected hamsters develop glomerular disease, a finding that can
occur with all of the major filarial pathogens of humans. Hamsters
infected with A. viteae exhibit stage-specific immunity, wherein
the microfilarial stage is killed but adult worms continue to sur-
vive. This state appears to be due to IgM antibodies against the MF
and can be induced by implantation of adult female worms or
vaccination with parasite extract. Despite the high level of protec-
tion against MF, this model system exhibits only weak concomi-
tant immunity against infectious L3 larvae.

A. viteae in jirds. (i) Permissiveness. Jirds are permissive to
infection. All jirds infected with 20 L3s by subcutaneous (s.c.)
injection develop stable microfilaremia for more than 18 months
(20).

(ii) Life cycle. The majority of L3s move into host muscles
within 24 h p.i. and then begin migrating through the musculature
and subcutaneous tissues (6, 21). Larvae molt at 7 days p.i. and
again at 23 days p.i., after which the adult worms remain in the
subcutaneous tissue or muscular fasciae (6, 22). Patency com-
mences at 50 to 72 days p.i. (6, 20) and remains stable for a period
of 2 years, provided that the jirds are not overwhelmed with a large
infection (20).

(iii) Disease. Our search yielded no mention of pathology other
than the finding that parasite burdens of 10 or more mating pairs
result in high levels of microfilaremia and can lead to host death
(20).

(iv) Immunity in the setting of repeated parasite exposures.
Jirds infected with A. viteae exhibit concomitant immunity, a phe-
nomenon in which active infection with living adult worms pro-
tects against additional infections by L3 larvae. When jirds are
repeatedly infected with L3s, parasite burdens eventually plateau
to a steady state, and further injection of L3s does not result in
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higher parasite burdens (23). Interestingly, this steady state is vari-
able depending on the infectious dose used for repeated infections
but not on the number of times that the jird is infected (23, 24).

The development of effective concomitant immunity in this
model is not dependent on the host encountering L3s, as it can be
induced by implantation of a single adult female worm (25). The
mechanism of this protection is not completely clear but may be
associated with decreased migration or death of larvae within 5
days after superinfection (25). However, other studies using im-
plantation chambers suggested that killing of the superinfecting
larvae happens between 7 and 14 days p.i. (26). Regardless of the
exact time frame, histological analyses show eosinophil-rich gran-
uloma formation around larvae after superinfection (25, 26). Pro-
tective immune responses in this model may be due to IgG anti-
bodies directed against the L3 cuticle (24). Partial resistance to
superinfection has been correlated to IgG levels (24), and in vitro

studies support the importance of the host antibody response, as
heat-labile factors in serum of immune jirds have larvicidal effects
(27).

(v) Vaccine studies. Several Onchocerca antigens have been
evaluated in this model, including two that can be detected in A.
viteae ES products (OvB20, and MOv2) and one that is a subunit
of O. volvulus tropomyosin (MOv14) (28–30). All of these anti-
gens induced moderate protection (36 to 60%) against adult
worm burdens and exceptional protection against microfilaremia
(89 to 97%).

However, when jirds are vaccinated with recombinant A. viteae
tropomyosin, protection against L3 challenge is slightly lower (29
to 35%) (31). Interestingly, this vaccination protocol is protective
when given with STP (squalane, Tween, and Pluronic), a type
1-inducing adjuvant, but not alum, a type 2-inducing adjuvant.

Irradiated L3s provide the greatest protection in this model (7,

FIG 1 (A) Life cycle of A. viteae within its natural host, the gerbil. (B, left) Known survival of worms after infection in various hosts. � indicates that the host most
likely lives longer, but no published reports have specifically shown longer survival. (Right) Rough outline of the course of microfilaremia over time after infection
with 20 L3s in jirds (Mongolian gerbils) (20) or 160 L3s in hamsters (14).
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19, 24, 32, 33). Jirds vaccinated once with 5 irradiated L3s dis-
played a 61% reduction in worm burden (7), and vaccination with
50 irradiated L3s resulted in 90% protection (7). Vaccination with
irradiated larvae results in clearance of infectious L3 larvae at be-
tween 2 and 5 days after challenge with eosinophils, macrophages,
and neutrophils surrounding, trapping, and rupturing larvae (32).

(vi) Lessons learned and clinical significance. While this
model does not appear to mimic any human disease caused by
filarial infection, the permissive nature of jirds for A. viteae makes
this an excellent small-rodent model for filaria vaccine studies.
The primary limitation of this model for vaccine studies is the
practical difficulty of enumerating adult worm burdens. As the
worms reside in the deep subcutaneous spaces, counting adult
worms requires whole-animal dissection, a process that is both
time-consuming and technically challenging. The successful use
of Onchocerca antigens to induce protection in this model is
promising. Successful vaccination with tropomyosin and STP, but
not alum, suggests that adjuvants that induce type 1 responses
may be preferable to those which induce the type 2 responses
observed in natural infection. In contrast to the findings in this
model, in the Onchocerca-mouse model, mice vaccinated with
OvB8, Ov64, or Ov7 were protected when the antigen was ad-
sorbed to alum but not when given with complete Freund’s adju-
vant (CFA) (34). The results suggest that the most effective im-
mune response will vary depending on the vaccine candidate used.

There is a high degree of concomitant immunity observed in
this model. It is interesting that the adult worm burden needs to be
carefully controlled in this model in order for the host, and sub-
sequently the parasite, to survive. As such, this model appears to
be an excellent one for investigating the mechanisms of concom-
itant immunity.

Brugia malayi

For Brugia malayi, the vectors are mosquitoes (Mansonia, Anoph-
eles, and Aedes). The natural hosts are humans, cats (35), and
monkeys. The experimental hosts are jirds, Mastomys, monkeys,
mice, and ferrets (Table 3).

Brugia malayi in ferrets. (i) Permissiveness. Ferrets are per-
missive to infection, with transient microfilaremia.

(ii) Life cycle. Our search yielded little information on early
parasite development in this model, yet it is clear that B. malayi
carries out its entire life cycle in the ferret. Five to eight months
after s.c. inoculation of L3s, adults can be found mainly in the
lymphatics but also in the skin and heart (36, 37). Patency devel-
ops at 3 months p.i. and lasts until 6 to 8 months p.i. in 85 to 90%
of infected ferrets (Fig. 2) (36, 37). Some studies utilize intrave-
nous (i.v.) injection of MF into naive ferrets, which results in
constant microfilaremia for 3 to 4 weeks, followed by a gradual
decline to zero microfilaremia over 4 months (38).

(iii) Disease. Ferrets display many of the pathological se-
quelae exhibited by humans infected with B. malayi. These
include lymphatic changes such as lymphangiectasia, lymph-
adenopathy, lymphatic obstruction, and subsequent formation
of collateral lymphatic channels (36, 37). Although single in-
fections induce only transient episodes of lymphedema, ferrets
that are repeatedly infected with B. malayi develop chronic leg
edema (36). Ferrets also develop eosinophilic granulomas in
the liver, lungs, and lymph nodes that mimic lesions seen in
human tropical pulmonary eosinophilia (TPE) (36, 39). Simi-T

A
B

LE
3

(C
on

ti
n

u
ed

)

H
os

t
Im

m
u

n
iz

at
io

n
ca

te
go

ry
Im

m
u

n
iz

at
io

n
A

dj
u

va
n

t
D

os
e

P
ro

te
ct

io
n

(%
)b

R
ef

er
en

ce
(s

);
n

ot
e(

s)
L3

/a
du

lt
M

F

C
ae

no
rh

ab
di

ti
s

el
eg

an
s

pa
ra

m
yo

si
n

5
�

g
2�

22
–5

6
13

8

R
h

es
u

s
m

on
ke

y
(p

er
m

is
si

ve
)

Li
ve

w
or

m
s

R
ep

ea
t

L3
in

fe
ct

io
n

s
V

ar
ie

d
Lo

w
er

M
F

co
u

n
ts

af
te

r
2

in
oc

u
la

ti
on

s

66

L3
cu

lt
u

re
d

w
it

h
im

m
u

n
e

se
ra

10
0–

40
0

w
or

m
s

2�
0

65
Ir

ra
di

at
ed

la
rv

ae
Ir

ra
di

at
ed

la
rv

ae
10

0–
40

0
(1

0–
40

ki
lo

ra
ds

)
2�

75
73

–1
00

65
;o

n
ly

2
m

on
ke

ys
au

to
ps

ie
d

fo
r

ad
u

lt
w

or
m

s;
be

st
re

su
lt

s
in

th
e

20
-k

ilo
ra

d
gr

ou
p

re
ga

rd
le

ss
of

n
o.

of
w

or
m

s;
h

ow
ev

er
,i

f4
00

w
or

m
s

w
er

e
in

oc
u

la
te

d,
th

e
10

-
an

d
20

-k
ilo

ra
d

gr
ou

ps
al

so
h

ad
10

0%
pr

ot
ec

ti
on

E
S

pr
od

u
ct

s
L

3
E

S
pr

od
u

ct
s

10
0–

40
0

w
or

m
s

2�
74

65

a
A

ll
re

pe
at

in
fe

ct
io

n
st

u
di

es
ar

e
sh

ad
ed

.R
ep

ea
t

in
fe

ct
io

n
st

u
di

es
th

at
te

st
ed

fo
r

pr
ot

ec
ti

ve
im

m
u

n
it

y
af

te
r

ch
em

ic
al

ab
ro

ga
ti

on
of

th
e

pr
im

ar
y

in
fe

ct
io

n
ar

e
la

be
le

d
C

A
I.

B
m

A
g,

B
.m

al
ay

ia
n

ti
ge

n
;I

n
si

g.
,i

n
si

gn
ifi

ca
n

t;
E

C
-S

O
D

,E
.c

ol
i-

ex
pr

es
se

d
su

pe
ro

xi
de

di
sm

u
ta

se
;M

T
,m

it
oc

h
on

dr
io

n
-r

ic
h

fr
ac

ti
on

;N
R

,n
u

cl
eu

s-
ri

ch
fr

ac
ti

on
;r

W
bG

ST
,r

ec
om

bi
n

an
t

W
uc

he
re

ri
a

ba
nc

ro
ft

ig
lu

ta
th

io
n

e
S-

tr
an

sf
er

as
e;

M
A

b
O

V
H

,m
on

oc
lo

n
al

an
ti

bo
dy

O
V

H
;P

V
A

X
,a

co
m

m
er

ci
al

ly
av

ai
la

bl
e

pl
as

m
id

.
b

C
h

al
le

n
ge

w
as

do
n

e
by

in
oc

u
la

ti
on

w
it

h
L3

s
u

n
le

ss
ot

h
er

w
is

e
st

at
ed

.

Morris et al.

388 cmr.asm.org Clinical Microbiology Reviews

http://cmr.asm.org


larly, ferrets develop a transient pneumonia while clearing mi-
crofilariae from the bloodstream (36).

(iv) Natural immunity. Nearly all ferrets are susceptible to in-
fection. Necropsies performed at 5 to 8 months p.i. found at least
1 adult worm in each of 9 inoculated ferrets (37). Although there
was a large variance in the number of worms found per animal in
this study (1 to 25 worms), it is unclear if there is an immunolog-
ical mechanism responsible for partial resistance to adult worms
in this model. There is, however, evidence that the development of
an amicrofilaremic state is due to an adaptive immune response.
Serum transfer studies suggested that infected ferrets develop a
sheath-reactive IgG antibody that is sufficient to protect against
microfilaremia (38).

(v) Immunity in the setting of repeated parasite exposures.
Ferrets that have achieved amicrofilaremia and are subsequently

injected with MF intravenously are able to clear those MF faster
than do naive ferrets (38).

(vi) Vaccine studies. i.v. as well as intradermal injection with
live or dead MF results in �50% protection against subsequent
challenge with L3s injected s.c. (40). Additionally, prior i.v. inoc-
ulation with microfilarial worms causes substantially accelerated
clearance of MF after subsequent i.v. injection of MFs (38, 40).

(vii) Disease after treatment or vaccination. Ferrets that have
been vaccinated with MF and subsequently infected a single time
with L3s developed pathological sequelae similar to those seen in
repeatedly infected ferrets (40). In one study, 8 out of 13 vacci-
nated and infected ferrets developed gross lymphedema, whereas
none of the nonvaccinated ferrets developed this symptom. The
factors responsible for this increased pathology are not known,
but this increased pathology was postulated by Crandall et al. to be

FIG 2 (A) Life cycle of B. malayi in its natural host, humans. (B, left) Known survival of worms after infection in various hosts. � indicates that the host most
likely lives longer, but no published reports have specifically shown longer survival. (Right) Rough outline of the course of microfilaremia over time after
subcutaneous inoculation of 35 to 100 L3s into jirds (92), 150 to 200 L3s s.c. into ferrets (37), 50 L3s s.c. into Mastomys rodents (54), and 100 L3s into rhesus
monkeys (66).
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associated with increased reactivity to the lymphatic stages of this
parasite (40). Despite this association, passive immunization with
sheath-reactive IgG appears to be associated with smaller numbers
of immune lesions (38).

(viii) Lessons learned and clinical significance. This is a small-
mammal model of elephantiasis. Like humans with elephantiasis,
who are often amicrofilaremic, clinical lymphedema in ferrets de-
velops only after an effective immune response against microfi-
lariae develops. It is interesting to note that prior exposure or
vaccination in this model results in increased pathological se-
quelae postchallenge. These findings suggest that vaccine strate-
gies will need to be rigorously tested for safety before human trials
are conducted. Because ferrets can develop clinical lymphedema,
infection of ferrets with B. malayi may be an excellent model for
testing vaccine safety.

Brugia malayi in jirds. (i) Permissiveness. Jirds are permissive
to infection. Male jirds are more susceptible to infection, with up
to 70% of male jirds developing patent infections (41, 42).

(ii) Life cycle. L3s injected subcutaneously remain primarily in
the subcutaneous tissues or enter the viscera through the first
molt, which occurs at 7 to 10 days p.i. Afterwards, they begin to
localize to the testes, heart, and lungs and undergo the L4-to-adult
molt at 29 to 35 days p.i. (42). Adults are located most often in the
spermatic cord and lymphatic vessels, including those of the tes-
tes, heart, and lungs (41, 43). Patency occurs at 79 to 116 days p.i.
and can last for at least 26 weeks (41). Jirds have been inoculated
with infective larvae intraperitoneally (i.p.) for some vaccine stud-
ies. Larvae inoculated into the peritoneal cavity remain and de-
velop within this anatomic location, allowing for easy worm enu-
meration.

(iii) Disease. Disease is similar to that caused by B. pahangi in
the jird, with lymphatic vessel dilation and development of intra-
lymphatic thrombi at 150 days p.i. (43).

(iv) Vaccine studies. Many vaccine candidates have been stud-
ied in this model, yet no protocol has achieved better protection
than vaccination with irradiated larvae, which provides high levels
of protection against s.c. or i.p. L3 challenge (56 to 91%) and
complete protection against microfilaremia (44). Vaccination
with irradiated larvae elicits the production of antibodies that
bind to the surface of L3s and causes larvae to become encased in
eosinophil-rich granulomas (44). Optimal protection with this
approach was achieved with a single inoculation of 100 L3s irra-
diated with 15 kilorads (44).

Of the crude vaccine preparations, the soluble portion of MF
performs best, providing 75% protection against future microfi-
laremia and 48% protection against incoming larvae when jirds
are challenged by s.c. inoculation of L3s (45). Vaccination with
soluble MF antigens did not require any adjuvant and induced
substantially better protection than vaccination with dead MF and
CFA (46). Soluble adult antigen administered with CFA in this
model provides minor (25%) but significant protection against
future infection (47).

Of the many different specific antigens or purified fractions of
antigens tried in this model, those that provide 70% or greater
protection against future infection are a 120-kDa SDS-soluble
adult worm antigen (BmA2) (88%) (48), a 43-kDa antigen iso-
lated from W. bancrofti MF (CFA2-6) (84%) (49), glutathione
S-transferase purified from Setaria cervi (ScGST) (83%) (50), a
175-kDa collagenase purified from Setaria cervi (76%) (51), B.

malayi abundant larval transcript I (BmALTI) (76%), and
BmALTII (70%) (52).

A relatively recent trend in filaria vaccine research is to utilize
combinations of specific protective antigens to boost vaccine effi-
cacy. In this model, the combination of B. malayi transglutami-
nase (BmTGA) and B. malayi thioredoxin peroxidase (BmTPX)
achieves 74% protection, compared with protection of less than
50% with either single antigen (53). A challenge associated with
the development of combination vaccines is that some combina-
tion vaccines perform worse than either antigen alone (53). Thus,
each combination needs to be tested.

Transfer studies to determine mechanisms of protection have
been performed for CFA2-6 and BmA2. For both of these vaccines,
antibodies from vaccinated mice were sufficient to protect against
challenge infection in naive jirds (48, 49).

(v) Lessons learned and clinical significance. As jirds are per-
missive for B. malayi and develop only very low levels of protec-
tion after exposure to adult worm antigens, this appears to be a
good model for early screening of filariasis vaccine candidates.
Because this model uses a parasite that commonly infects humans,
it can be used to test vaccine efficacy of antigens recognized by
antibodies from protected (putatively immune) humans. The
drawbacks to this model are a lack of information on concomitant
immunity and a lack of clinical disease markers. However, while
jirds do not develop clinical lymphedema in this model, some
information may be able to be gleaned from histological changes
in the lymphatics.

Although there have been very promising candidates found
with this model, no vaccine protocol has yet induced sterilizing
immunity. In some cases, single antigens can be combined to im-
prove protection (53), and single antigens from each mammalian
stage of the parasitic life cycle have been used to elicit very high
levels of protection in this model. As this model has shown pro-
tection using antigens from worms other than B. malayi, it sug-
gests that there is the potential to one day produce a vaccine that
could induce broad protection against multiple species of filarial
worms.

Brugia malayi in Mastomys (multimammate rodents). Note
that M. coucha and M. natalensis have both been used. The life
cycle of B. malayi appears similar in both M. coucha and M.
natalensis. Since the literature commonly confuses these two very
similar rodent species, their information will be combined.

(i) Permissiveness. M. coucha and M. natalensis are permissive,
with 11 to 21% of worms surviving 153 to 442 days p.i. after initial
s.c. inoculation as L3-stage larvae. Up to 90% of M. natalensis
rodents infected by subcutaneous injection of L3 larvae into the
neck develop microfilaremia (54), with the vast majority main-
taining stable microfilaremia (54). Successful patent infections are
markedly reduced (to around 66%) when larvae are injected into
the groin (54). Approximately 20% of injected worms survive as
living adult worms in tissues throughout the body 6 months after
infection (54). Despite this, naive Mastomys rodents are resistant
to i.p. infection (55, 56). Studies with the GRA strain of M. na-
talensis suggest that males are more susceptible to infection than
females (57).

(ii) Life cycle. The majority of worms localize to the heart,
lungs, and lymphatics of the testes after subcutaneous inoculation
(54, 58). Inoculation into the groin as opposed to the neck yields a
higher percentage of worms in the testes and lymphatics. Patency
is dependent on the colocalization of at least one mating pair, and
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MF densities correlate with adult female burden (58). The length
of the prepatent period is variable but typically lasts between 97
and 142 days after subcutaneous infection and longer after natural
infection or inoculation into the groin (54, 57, 59). Patency per-
sistence is variable, lasting between 168 days and more than 350
days in M. natalensis (54, 57).

(iii) Natural immunity. As with other models, there are various
levels of susceptibility within the host population. Infected Mas-
tomys rodents display one of three courses of infection: chronic
microfilaremia, transient microfilaremia, and amicrofilaremia.
Amicrofilaremic Mastomys rodents have lower adult parasite bur-
dens than microfilaremic animals (60), yet it is unclear as to
whether this is immune mediated. Transient microfilaremia,
however, is not associated with lower adult parasite burdens and is
thus perhaps due to an MF-specific immune response (60). In all
infected Mastomys rodents, some adult worms can be found en-
capsulated as early as 190 days p.i., suggesting the development of
immune responses to adult worms. Despite some worms being
encapsulated and dying as early as 190 days p.i., infected Mastomys
rodents are unable to clear all adult worms within 435 days p.i.
(60).

Surprisingly, in this model, i.p. injection yields a very different
response. Mastomys rodents infected i.p. do not develop a chronic
infection, and dying larvae can be found encased by host cells as
early as 7 days p.i. (56).

(iv) Immunity after prior exposure. Infections have been
chemically abbreviated by using either albendazole or diethylcar-
bamazine (DEC) (61). Abbreviation of infection with DEC does
not elicit any significant protection against future infection (61).
Mastomys rodents that were cleared of infection by using albenda-
zole displayed resistance to subsequent infection. However, this
might not be due to the chemically abbreviated infection, as the
control group, which received only albendazole, was also resistant
to infection (61).

(v) Vaccine studies. Vaccine research has focused largely on the
use of fractions of adult worms separated primarily by size. It has
been shown that the 54- to 68-kDa fraction (fraction 6 [F6]) and
the 20- to 28-kDa fraction (F14) contain vaccine candidates that
may be effective at eliminating adult worms (62), although only F6
has been shown to be protective against challenge with infective
larvae (62). Other promising vaccine candidates from adult anti-
gens include BmA-2, which is a 120-kDa antigen, BmT5, which is
34 kDa, and a single epitope from thioredoxin peroxidase (48, 63,
64). A fractionation study that used Sephadex G200 for separation
yielded three main groups of antigens, named BmAFI to BmAFIII.
The BmAFI fraction induces production of interleukin-10 (IL-10)
in the host. Interestingly, sensitization with this fraction makes
Mastomys more permissive to the intraperitoneal route of Brugia
infection (55).

(vi) Lessons learned and clinical relevance. The clinical rele-
vance of this model in terms of disease and concomitant immu-
nity is largely unknown. However, the variable course of microfi-
laremia with this model is an area that could be investigated to
increase our understanding of the factors important for altering
microfilaria levels in humans. One drawback to this model is that
the broad tissue range of adult worms in this model makes it
somewhat challenging to obtain accurate adult worm counts after
vaccination trials.

This model is interesting in that Mastomys rodents are resistant
to i.p. infection and that this resistance can also be abrogated by a

vaccination protocol that induces IL-10 production. These find-
ings suggest the presence of an innate immune response element
in the peritoneal cavity that can eradicate worms given by this
route. Also, these results suggest that worm immunoregulatory
factors can in some situations prevent this response. It would be
useful to identify the specific antigen or antigens within the
BmAFI fraction responsible for inducing IL-10 production and a
permissive state for i.p. challenge infections.

Brugia malayi in rhesus monkeys. (i) Permissiveness. Rhesus
monkeys are permissive to infection (65, 66). However, suscepti-
bility to microfilaremia is highly variable (66, 67).

(ii) Life cycle. Patency generally commences 10 to 12 weeks
after subcutaneous injection of L3 larvae but may occur as late as
39 weeks p.i. (66, 67). As many as half of infected monkeys remain
microfilaremic at 1 year p.i. (65).

(iii) Disease. Infected animals commonly exhibit disruption of
lymphatic flow, dependent edema, and grossly enlarged lymph
nodes (66–68). Microscopically, there is evidence of hyperplasia
and eosinophilic lymphadenitis (67). Similar to humans, rhesus
monkeys that develop lymphedema tend to be amicrofilaremic
and exhibit strong immune responses to filarial antigens (68).

(iv) Natural immunity. The existence of one monkey that never
developed infection despite 20 repeated subcutaneous inocula-
tions of 20 L3s suggests that there are naturally resistant animals in
this model (65). While the correlates of protection have not been
elucidated, serum transfer studies suggest that antibodies are not
sufficient to induce protection (65).

Latency in this model is correlated with the presence of specific
antimicrofilaria IgG sheath antibodies, which have been shown to
promote cytoadherence to MF (69, 70). Surprisingly, in vitro stud-
ies suggest that sera from postmicrofilaremic monkeys alone are
sufficient to cause degradation of MF (70).

(v) Immunity in the setting of repeated parasite exposures.
Monkeys that receive more than two infections display higher
eosinophilia and lower microfilaremia levels than monkeys that
receive one or two infections (66).

(vi) Vaccine studies. Vaccination with irradiated larvae has
provided the best results in this model, reducing adult burdens by
75%. Furthermore, vaccination decreases both the percentage of
microfilaremic monkeys and the duration of microfilaremia (65).
Vaccination produces a protective immune response that lasts for
at least 12 months postvaccination (65). As in other models, the
dose of radiation given to the parasites is important in inducing a
protective immune response. The best results were obtained by
vaccination with larvae that had received 20 kilorads (65).

Vaccination with the ES products obtained from L3s may have
a protective effect in this model, but it is not clear if this is a real
effect (65). This is partially because adult worms were not quan-
tified in this experiment, and only one control animal was used to
determine microfilaremia.

(vii) Lessons learned and clinical relevance. Despite being an
expensive and difficult model, this model is perhaps the model
most relevant to human lymphatic filariasis. This is a permissive
monkey model in which lymphedema develops in response to a
human pathogen of lymphatic filariasis. Moreover, this model
shows a highly differential outcome for both infection status and
disease. As such, putatively immune monkeys could be tested for
antibody and cytokine responses in an effort to determine optimal
vaccine approaches. Furthermore, this would be an ideal model
for end-stage testing of vaccine candidates for safety and efficacy
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after they have shown promise in other models. The vaccine study
using irradiated larvae in this model is the only vaccine study to
show protection in a nonhuman primate model of filariasis.

Brugia pahangi

For B. pahangi, the vectors are mosquitoes (Aedes aegypti and
Armigeres obturbans) (71). The natural hosts are cats and dogs
(71). The experimental hosts are jirds and mice (Table 4).

Brugia pahangi in cats. (i) Permissiveness. Cats are permissive
to infection. Ninety-six percent of cats experimentally infected
with B. pahangi become microfilaremic (72). Male and female cats
are equally susceptible to infection, with an average of 8 to 25% of
injected larvae surviving to adulthood (73–75).

(ii) Life cycle. When L3s are injected into the footpad, approx-
imately one-half of infective larvae penetrate the lymphatics
within 3 h (74) and subsequently travel to the popliteal lymph
node, where they molt to stage 4 larvae at approximately 7 days p.i.
(Fig. 3) (74, 76). At 20 days p.i., larvae migrate down the afferent
lymphatic, where they undergo their final molt at 24 to 33 days p.i.
(73, 74, 76). Patency commences at 53 to 94 days p.i., increases
over the first year, and plateaus at 1 year p.i. in repeatedly infected
cats (72, 73). While MF levels in repeatedly infected cats are vari-
able, ranging from 50 to 40,000 MF/ml, almost all infected cats
develop microfilaremia (73). Transfusion of MF into naive cats
demonstrated that MF live for a median of 46 days (range, 2 to 136
days) (77).

Parasite survival undergoes two major declines. About one-
half of invading larvae are cleared within the first hours after in-
fection, and one-half of the remaining worms then die at 25 days
p.i., around the time of the final molt (74).

(iii) Disease. This model involves a pathological response sim-
ilar to that seen in humans. Infection in the foot results in an
enlarged popliteal lymph node and dilated, swollen, varicosed
lymphatic vessels (74, 78). Although lymph nodes and vessels be-
come fibrotic over time in infected cats, collateral channels form
in response to fibrosis, and only a minority of cats develop frank
lymphedema of infected limbs (72, 79).

(iv) Natural immunity. While most infected cats maintain their
microfilaremic status for years, there are some cats that never de-
velop microfilaremia (naturally resistant) and others that sponta-
neously become amicrofilaremic after a period of patency (tran-
siently microfilaremic) (74, 80, 81). Cats naturally resistant to
microfilaremia are somewhat rare (�5%), do not develop micro-
filaremia after repeated injections of L3s, and quickly clear MF
after i.v. injection (74, 77, 80).

It is not clear how often cats develop resistance after a period of
patency. Reports in the literature stated that 2.2 to 75% of infected
cats will spontaneously clear microfilaremia (74, 81). This end of
patency occurs between 15 and 45 weeks p.i. and is associated with
the development of specific antibodies against MF, adults, and L3s
(81). Transfer studies suggested that IgG antibodies, most notably
IgG1, are important in resistance to MF via antibody-dependent
cellular cytotoxicity (82).

(v) Immunity in the setting of repeated parasite exposures. A
number of studies have demonstrated development of concomi-
tant immunity in this model after multiple inoculations with in-
fective larvae. When cats are repeatedly infected with infectious L3
larvae every 10 days, there is no significant reduction in percent
yield of adult worms until the cats have been reinfected approxi-
mately 12 times, at which point yields start to drop dramatically. T

A
B

LE
4

V
ac

ci
n

e
an

d
re

pe
at

in
fe

ct
io

n
tr

ia
ls

u
si

n
g

B
ru

gi
a

pa
ha

ng
ia

H
os

t
Im

m
u

n
iz

at
io

n
ca

te
go

ry
Im

m
u

n
iz

at
io

n
A

dj
u

va
n

t
D

os
e

P
ro

te
ct

io
n

(%
)b

R
ef

er
en

ce
(s

);
n

ot
e(

s)
L3

/a
du

lt
M

F

C
at

s
(p

er
m

is
si

ve
)

L
iv

e
w

or
m

s
R

ep
ea

t
L

3
in

fe
ct

io
n

s
(C

I)
50

–2
00

L3
s

1–
67

�
0–

95
0–

10
0

73
,8

0;
%

re
co

ve
ry

si
m

ila
r

u
n

ti
l1

2
re

pe
at

ed
in

fe
ct

io
n

s
C

A
I

6�
In

si
g.

In
si

g.
78

;c
h

em
ic

al
ly

ab
br

ev
ia

te
d

in
fe

ct
io

n
Ir

ra
di

at
ed

la
rv

ae
Ir

ra
di

at
ed

L3
30

0
1�

72
85

Ji
rd

s
(p

er
m

is
si

ve
)

Li
ve

w
or

m
s

R
ep

ea
t

L3
in

fe
ct

io
n

s
(C

I)
V

ar
ie

d,
1–

20
�

0–
39

N
on

e
88

,9
8–

10
0,

27
1,

27
2

C
A

I
50

–1
00

1-
5�

0–
77

10
1,

10
2,

27
3;

ti
m

in
g

of
tr

ea
tm

en
t

al
te

re
d

pr
ot

ec
ti

on
si

gn
ifi

ca
n

tl
y

M
F

C
FA

5,
00

0
3�

In
si

g.
66

95
Ir

ra
di

at
ed

la
rv

ae
Ir

ra
di

at
ed

L
3s

50
3–

5�
39

–7
6

Y
es

10
6;

be
st

re
su

lt
s

w
it

h
90

ki
lo

ra
ds

of
ir

ra
di

at
io

n
�

5
va

cc
in

at
io

n
s

Fr
ac

ti
on

s
or

h
om

og
en

at
es

A
du

lt
so

lu
bl

e
an

ti
ge

n
C

FA
15

0
�

g
3�

In
si

g.
42

95
;n

o
be

tt
er

th
an

C
FA

al
on

e

M
ic

e
(n

on
pe

rm
is

si
ve

)
L

iv
e

w
or

m
s

R
ep

ea
t

L
3

in
fe

ct
io

n
s

25
L3

s
1�

Fa
st

er
cl

ea
ra

n
ce

11
0,

11
7–

11
9,

12
8

Ir
ra

di
at

ed
la

rv
ae

Ir
ra

di
at

ed
L3

s
50

–1
00

2-
3�

79
–1

00
12

9,
13

0
E

S
pr

od
u

ct
s

L3
E

S
pr

od
u

ct
25

w
or

m
s

1�
70

12
8;

th
is

ef
fe

ct
w

as
sp

ec
ifi

c
to

L3
E

S
pr

od
u

ct
s;

E
S

fr
om

ad
u

lt
s;

M
Fs

an
d

L4
s

w
er

e
n

ot
pr

ot
ec

ti
ve

A
bu

n
da

n
t

la
rv

al
tr

an
sc

ri
pt

B
m

A
lt

-2
IE

9
A

b
1�

58
12

8
O

th
er

C
u

ti
cl

es
(L

3-
to

-L
4

m
ol

t)
25

w
or

m
s

1�
97

12
8

B
m

T
C

T
P

IE
9

A
b

1�
In

si
g.

12
8;

IE
9

m
on

oc
lo

n
al

an
ti

bo
dy

w
as

u
se

d
to

in
cr

ea
se

ti
m

e
to

w
h

ic
h

th
e

m
ou

se
w

as
ex

po
se

d
to

an
ti

ge
n

a
A

ll
re

pe
at

in
fe

ct
io

n
st

u
di

es
ar

e
sh

ad
ed

.R
ep

ea
t

in
fe

ct
io

n
st

u
di

es
th

at
cl

ea
rl

y
te

st
ed

fo
r

th
e

pr
es

en
ce

of
co

n
co

m
it

an
t

im
m

u
n

it
y

by
gi

vi
n

g
a

ch
al

le
n

ge
in

fe
ct

io
n

in
th

e
se

tt
in

g
of

an
on

go
in

g
ac

ti
ve

in
fe

ct
io

n
ar

e
la

be
le

d
C

I,
an

d
re

pe
at

in
fe

ct
io

n
st

u
di

es
th

at
te

st
ed

fo
r

pr
ot

ec
ti

ve
im

m
u

n
it

y
af

te
r

ch
em

ic
al

ab
ro

ga
ti

on
of

th
e

pr
im

ar
y

in
fe

ct
io

n
ar

e
la

be
le

d
C

A
I;

al
lo

th
er

re
pe

at
in

fe
ct

io
n

st
u

di
es

ei
th

er
te

st
ed

fo
r

pr
ot

ec
ti

ve
im

m
u

n
it

y
af

te
r

n
at

u
ra

lc
le

ar
an

ce
of

a
pr

im
ar

y
in

fe
ct

io
n

(e
sp

ec
ia

lly
in

n
on

pe
rm

is
si

ve
m

od
el

s)
or

di
d

n
ot

ex
pl

ic
it

ly
st

at
e

th
e

st
at

u
s

of
th

e
fi

rs
t

in
fe

ct
io

n
at

th
e

ti
m

e
of

se
co

n
da

ry
ch

al
le

n
ge

.A
b,

an
ti

bo
dy

;B
m

T
C

T
P

,B
ru

gi
a

m
al

ay
it

ra
n

sl
at

io
n

al
ly

co
n

tr
ol

le
d

tu
m

or
pr

ot
ei

n
.

b
C

h
al

le
n

ge
w

as
do

n
e

by
in

oc
u

la
ti

on
w

it
h

L3
s

u
n

le
ss

ot
h

er
w

is
e

st
at

ed
.

Morris et al.

392 cmr.asm.org Clinical Microbiology Reviews

http://cmr.asm.org


After 20 repeat infections, burdens of adult worms do not increase
further (73). Despite development of resistance to additional in-
fections, the majority of cats (70 to 75%) remain microfilaremic
for years after repeated inoculations with L3 larvae (73, 83). When
cats do become amicrofilaremic, it can occur in three patterns:
clearance of adult worms followed by gradual decline in microfi-
laria levels, dramatic drop in microfilaremia followed by slow de-
cline in adult worm burden, and rapid clearance of MF with per-
sistence of gravid adult females (83). Interestingly, worm-specific
IgE is more commonly detected in cats that have cleared adult
worms than in those with persistent infection (84).

(vi) Immunity after prior exposure. Other than a brief men-
tion in a review article, there are no published studies of immunity
to B. pahangi in cats following chemically abbreviated infection. In
a review article in 1977, Denham and McGreevy mentioned that

cats that have been repeatedly infected and treated with anthel-
mintics after the onset of patency continue to develop the same
levels of microfilaremia, suggesting the absence of a protective
immune response (78).

(vii) Vaccine studies. Cats vaccinated on 10 occasions with 300
irradiated L3 larvae showed an 80% reduction in adult worm bur-
den after challenge, an increased time to patency, and a decreased
chance of becoming microfilaremic (50%) (85).

(viii) Lessons learned and clinical relevance. This may be one
of the better models in terms of relevance to humans. Infection
dynamics, rare natural immunity, and the lack of protection after
chemically abbreviated infection suggest that, immunologically,
this model closely mimics human filariasis. Furthermore, this
model exhibits disease symptoms of gross lymphedema.

The protection observed by a study that tested vaccination with

FIG 3 (A) Life cycle of Brugia pahangi within its natural host, the cat. (B, left) Survival of worms after infection in various hosts. Cleared indicates that the host
is specifically known to clear infection at that time. (Right) Rough outline of the course of microfilaremia over time after infection with 100 L3s s.c. in cats (72)
and 30 to 100 L3s s.c. in jirds (92) and mice (110).
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irradiated larvae in this model is promising for future vaccine
research (86). However, the vaccine protocol utilized in this study
has a number of limitations. First, the large number of vaccina-
tions given (10 vaccinations) is not practical. It is not clear if the
authors of this paper felt that this was necessary because of the
failed trial using B. malayi in cats (87) or if unpublished trials with
fewer vaccinations were not protective. Additionally, in this study,
irradiated larvae were given a dose of only 10 kilorads, which ster-
ilizes worms but does not prevent molting or pathology (86).
These could both be prevented by giving a higher dose of radiation
(86). In other models, the best results have been obtained when
L3s were irradiated with a dose high enough to prevent molting.

Brugia pahangi in jirds. (i) Permissiveness. Jirds are permis-
sive to infection. While male and female jirds display no difference
in susceptibility to infection from the L3 to the adult stage (88),
more than 80% of male jirds develop stable microfilaremia, com-
pared to less than one-half of female jirds (42, 89, 90).

(ii) Life cycle. The time course of infection is similar to that
found in cats, with the L3-to-L4 molt taking place at about 7 to 9
days and the final molt at 18 to 24 days. Prepatent periods range
from 57 to 118 days (43, 90, 91), and infections can last longer than
18 months (92).

Three methods of effectively infecting jirds with B. pahangi L3
larvae are used experimentally: i.p. injection, s.c. injection, and
ocular inoculation. Each method results in some differences in
localization of parasites. After s.c. injection, the majority of larvae
are found in the skin near the injection site within the first 4 days
and later found primarily in the lymphatics (90). About 25% of
larvae develop into mature adult worms, which reside in the lym-
phatics, heart, lungs, and pleural cavity (88, 90). Worms infecting
female jirds are more likely to infect the lymphatics than those
infecting male jirds (88). In males, the majority of worms are
found in the lymphatics that drain the testes, whereas in females,
most are found in the lymphatics that drain the lower extremities
(90).

i.p. injection of larvae allows for greater worm recoveries, with
up to 50% of injected larvae developing to the adult stage (88, 90).
i.p. injection enables easier collection and counting of worms, as
over 90% of surviving larvae remain and develop within the peri-
toneal cavity (88, 90, 93). Despite being a more effective route for
establishment of adult worm infections, worm localization and
pathological sequelae after i.p. injection are different than those of
natural infection, potentially limiting the utility of experiments
conducted with i.p. inoculation.

Ocular inoculation is performed by dropping L3s onto the cor-
nea of jirds. L3s penetrate the cornea, and within 5 min, some can
be found in the pleural cavity, where the majority of worms will
eventually localize (93). This induces a relatively low-level micro-
filaremia, which may be due to the necessity of MF to penetrate
capillaries before entering the circulation (93).

(iii) Disease. While infection of jirds with B. pahangi does not
cause gross lymphedema, subcutaneous inoculation does result in
substantial inflammatory changes in lymphatic vessels (90). These
changes begin at approximately 1 month p.i., become maximal by
4 months after infection (94), and are present in the setting of both
living and dead adult worms (90, 94). Grossly, vessels become
uniformly or irregularly dilated, which can give the vessel a beaded
appearance. Histological changes include enlargement of regional
lymph nodes; lymphatic vessel dilation; fibrosis of vessel walls;
endothelial hyperplasia; intraluminal white and yellow lymph

thrombi, which may occlude the vessels; and perilymphatic cellu-
lar infiltrates with neutrophils, macrophages, eosinophils, plasma
cells, and lymphocytes (90, 94, 95). However, inflammatory
changes are not limited to the lymphatic vessels. Granulomatous
lesions will form around dying worms both in the lymphatics and
in the peritoneum (96), and patent jirds also develop microfilaria-
associated granulomas. Approximately one-half of infected jirds
develop pulmonary congestion (90).

(iv) Natural immunity. All jirds appear to be susceptible to B.
pahangi. Even though some jirds develop only transient microfi-
laremia, the exact reason for this is unknown. Jirds that develop
only transient microfilaremia are not protected against future in-
fection with L3s (97).

(v) Immunity in the setting of repeated parasite exposures.
Despite some discrepancy in the literature regarding the develop-
ment of protective immune responses from repeat infections, it is
clear that if any concomitant immunity exists, it is relatively mi-
nor. The highest level of protection shown from repeat infections
was reported by Kowalski and Ash, who found a 37% decrease in
worm yields after 4 inoculations of 75 larvae (98). The work of
Denham et al. showed a similar decreased yield after 5 to 20 repeat
infections compared to a single infection (88). However, even af-
ter 20 repeat infections, jirds continued to accrue new parasites.
Furthermore, the work of Klei et al., which had control groups for
each set of infective larvae, suggests that there is either increased
susceptibility or no protection derived from repeated infections
even after 8 inoculations of 50 L3s (99, 100).

(vi) Immunity after prior exposure. Chemical abbreviation of
active infections results in partial protection against subsequent
infections, although this phenomenon is dependent on the timing
of anthelmintic administration (101, 102). Treatment with
flubendazole prior to inoculation with L3 larvae results in 40%
protection against L3 larvae administered over 100 days later
(103). Horii and colleagues conducted a fascinating study in
which they observed that administration of mebendazole during
the late prepatent period of infection (7 to 9 weeks p.i.) provided
77% protection against future infection with L3 larvae, whereas
mebendazole given after patency provided no protection (101,
104). In addition to protecting against development of adult
worms after L3 inoculation, chemical abbreviation during the
prepatent period also induced marked protection against intrave-
nous microfilaria challenge (101).

While not a study of direct prior exposure, evaluation of infec-
tion rates in progeny of infected mothers showed that in utero
exposure conferred neither protection nor increased susceptibility
and was associated with a decreased IgG response to B. pahangi
antigens (105).

(vii) Vaccine studies. The irradiated larval vaccine is effective in
this model (106). Larvae irradiated with 25, 45, and 90 kilorads
have been used to vaccinate jirds, with up to 75% protection being
obtained with 3 to 5 injections of L3s irradiated with 90 kilorads
(106). Similar results were obtained by Storey and Al-Mukhtar,
using irradiated L3s from L. sigmodontis followed by a heterolo-
gous challenge with B. pahangi (107). While the mechanism by
which the irradiated larval vaccine confers protection in this
model has not been elucidated, there is some evidence that there is
a differential pattern of antigen recognition after vaccination with
irradiated larvae compared to infection (108). Interestingly, vac-
cination with irradiated larvae elicits protection against an i.p.
challenge equivalent to that against s.c. challenge (106).
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Of note, intravenous inoculation with frozen MF and intra-
muscular (i.m.) and subcutaneous administration of adult soluble
antigen in CFA produced no significant reduction in adult worm
burdens after L3 challenge, although MF-vaccinated animals dis-
played a modest decrease in levels of circulating MF (95).

(viii) Lessons learned and clinical relevance. Subcutaneous in-
oculation of B. pahangi L3 larvae into jirds appears to be a good
rodent model for studying potential vaccines for lymphatic filar-
iasis. The worms localize to the lymphatic system, microscopic
pathological changes are consistent with those found in humans,
and protection is not obtained through infection alone.

As with other models, vaccination with irradiated larvae con-
fers substantial, but not sterilizing, protection against infection.
However, there is some evidence to suggest that there may be
different mechanisms of protection after vaccination with irradi-
ated larvae depending on the model used. For the Litomosoides
sigmodontis-BALB/c model of filariasis vaccination, it was sug-
gested that parasite clearance happens early and is the result of
rapid clearance of invading L3 larvae before entrance into small-
vessel lymphatics (109). However, the protection seen after i.p.
challenge in the jird model suggests that mechanisms other than
prevention of entry into small-vessel lymphatics are at play (106).

This model has also provided great insight into the protective
effect of chemically abbreviated infections. Protective responses
elicited by chemically abbreviated infections have been highly
variable, ranging from increasing susceptibility of the host to pro-
viding over 90% protection. While these inconsistencies may sim-
ply be due to differences in each model, the study by Horii et al.
implicates the timing of anthelmintic administration as another
possible source of these differences (101).

Brugia in mice. Note that B. pahangi and B. malayi infections in
mice exhibit similar life cycles and correlates of natural immunity.
In some of the studies using Brugia infections in mice, both B.
pahangi and B. malayi were studied interchangeably, and it was
difficult to determine exactly which model was used for each ex-
periment. For these reasons, we are combining the information on
these two very similar models.

(i) Permissiveness. Immunologically competent mice are non-
permissive hosts for B. pahangi and B. malayi, meaning that they
do not develop microfilaremia after L3 inoculation despite occa-
sionally harboring adult worms (110). C57BL/6 mice clear their
infections by 6 weeks p.i., whereas BALB/c mice can harbor worms
for up to 12 weeks p.i. The inability of B. malayi and B. pahangi to
cause patent infections in mice appears to be due to the host im-
mune response against the worms, as Brugia infections result in
microfilaremia in both nude mice, which are deficient in T cells,
and SCID mice, which lack both B and T cells (111, 112).

(ii) Life cycle. Mice can be infected with Brugia L3 larvae by i.p.,
i.m., i.v., and s.c. injections. s.c. inoculation is most similar to
natural infection, as it results in worms residing in the lymphatics
and heart (113). However, quantifying worms at the end of a vac-
cine experiment is difficult after s.c. inoculation, so some experi-
ments utilize i.p. inoculation of L3s (after which worms remain
primarily in the peritoneum), whereas others surgically implant
distribution chambers containing L3s (114). The L3-to-L4 molt
occurs at 7 to 10 days p.i., and the L4-to-adult molt occurs at
around 30 days p.i. Microfilaremia develops by 8 weeks p.i. in
immunodeficient mice (112).

(iii) Disease. s.c. inoculation of Brugia larvae into immuno-
competent mice results in lymphatic inflammation but not in

gross elephantiasis (110, 115). Changes include granulomatous
inflammation around degenerating worms or cast cuticles, lymp-
hangitis, mild lymphatic vessel dilation, and some lymphatic fi-
brosis. In immunocompetent mice, lymphangitis becomes maxi-
mal at 2 weeks p.i., after which the worms begin to be cleared by
the host (115). Granulomas in immunocompetent mice are com-
prised of epithelioid and giant cells, lymphocytes, eosinophils, and
fibroblasts (115) and can be seen around dying worms after i.p.
injection as well (110). Interestingly, nude and SCID mice, which are
unable to rapidly clear adult worms, develop frank lymphedema
when infected with Brugia worms s.c. (112, 116). Histological
changes include lymphatic dilation, lymphatic fibrosis, lymphangiec-
tasia, and perilymphatic inflammatory infiltrates comprised mostly
of neutrophils and monocytes but a lack of well-formed granulomas
(112, 115). Interestingly, nude mice will develop an elephantoid syn-
drome when infected with B. malayi but not when infected with B.
pahangi (116).

(iv) Natural immunity. While there is some strain variation in
the time frame of events that transpire in mice infected with Bru-
gia, infected mice develop an effective granulomatous immune
response that clears the infection. C57BL/6 mice are more resis-
tant to infection than BALB/c mice due partially to innate im-
mune factors, as SCID mice in the C57BL/6 background are still
more resistant to infection than SCID mice in the BALB/c back-
ground (110). In the intraperitoneal C57BL/6 model, parasite
burdens stay steady for approximately 7 days p.i. and then decline
rapidly at the same time as the L3-to-L4 molt. Worms that survive
to 14 days p.i. are cleared at a decreased rate, but all worms are
cleared by 4 to 6 weeks p.i. (110). Rather than exhibiting a rapid
decline in parasite burden at the 7-day time point, worms inocu-
lated by i.p. injection into BALB/c mice undergo a gradual decline
commencing at 14 days p.i., with only 5% of the worms surviving
by 4 to 6 weeks p.i. (110). Time course studies of Brugia worms
injected i.p. into BALB/c mice by Carlow and Philipp demon-
strated somewhat different survival kinetics, with a rapid decline
in worm numbers from the time of inoculation to day 12 followed
by a gradual decrease until elimination of all worms at 30 days p.i.
(117).

Many immunological mechanisms underlying protection in
this nonpermissive model have been elucidated through an ele-
gant series of studies conducted by the laboratory of T. V. Rajan
(118–125). Studies using depletion strategies and numerous
strains of knockout mice demonstrated that T cells (120), B cells
(121), IL-4 (124), IL-5 (119), gamma interferon (IFN-	) (124), B1
B cells (122), IgE (126), and IgM (125) all play a part in protection.
While both T cell and B cell responses likely contribute to immu-
nity, B cell deficiency enhances permissiveness far more than T cell
deficiency (127), suggesting that antibody responses are a major
factor responsible for inherent resistance. Clearance of adult
worms is related to the development of granulomas, which can
encircle the body of parasites. Granulomas appear at 2 weeks p.i.
in C57BL/6 mice and at 4 to 6 weeks p.i. in BALB/c strains (110)
and consist of macrophages, eosinophils, and multinucleated gi-
ant cells (110). Consistent with the finding that B cells may play a
major role in parasite elimination, there are data demonstrating
that IgM produced from B1 B cells initiates the development of
these granulomas, as mice that are unable to secrete IgM are defi-
cient in cytoadherence to L3s (125).

Eosinophils have an important role in protection, as their ab-
sence is associated with increased permissiveness (118), and they
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have been shown to penetrate into and under the cuticle of worms
that otherwise appear healthy (110, 123). T cell-deficient mice are
inept at recruiting immune cells to the infection site (125). How-
ever, the role of T cells in this immune response may be to simply
activate B cells, which, once primed, are sufficient to provide pro-
tection to T cell-deficient mice (121). Eosinophil recruitment ap-
pears to be dependent in some way on antibody production, as JH
mice, which have no mature B cells, show no increase in peritoneal
eosinophil numbers after intraperitoneal infection.

Of note, the effective immune response which occurs in this
model is dependent on infection with infective larvae, as implan-
tation of adults into the peritoneum of outbred mice results in a
patent infection that can last longer than 6 months (111).

(v) Immunity in the setting of repeated parasite exposures.
Repeated infections shorten the clearance time in immunocom-
petent mice (110, 117–119, 128). As this is a nonpermissive model,
repeat infections are not a direct measure of concomitant immu-
nity.

(vi) Immunity in the setting of prior exposure. Previous infec-
tion is protective regardless of the method of inoculation (117),
and as few as 2 worms can mediate this effect (117). The transfer of
CD4 and CD8 T cells from previously infected mice to naive mice
is sufficient to induce an accelerated immune response (128).

(vii) Vaccine studies. Since this is a nonpermissive model, the
percent protection obtained by each vaccine study is dependent
on the timing of the study endpoint, because no worms survive to
patency. While Tables 3 and 4 contain percent protection reported
by different studies using this model, it is important to note that
these percentages cannot be directly compared because they were
obtained at different time points.

Irradiated larvae (129, 130), L3 cuticles (128), BmALTII (128),
and L3 ES products (128) have all been shown to be effective
vaccines in the B. pahangi-mouse model, showing accelerated
clearance after challenge infections. Efficacy of the L3 ES vaccine is
mediated at least partially by antibodies, as the transfer of sera
from vaccinated to naive mice is sufficient to induce a protective
immune response (128). ES products from other stages of worm
development (MF, L4, or adult) were not effective vaccine candi-
dates (128).

Far more vaccine work has been done with B. malayi in mice.
In contrast to work done with other filaria models, almost every
reported vaccine trial using B. malayi in mice has demonstrated
efficacy. Irradiated larvae (46, 114, 129, 131), dead larvae (117),
the soluble fraction of larvae (117), live MF (117, 132), killed MF
(46), MF antigen (46, 133), and SDS extracts of adults (134) were
all protective against L3 infection, even though many of these
antigen preparations contained no adjuvant. Specific antigens
that have been tried in this model include abundant larval tran-
script (135, 136), thioredoxin peroxidase (135), transglutaminase
(137), Bm97 (138), HSP12.6�c (139), and paramyosin (138), all
of which have been shown to be at least partially protective.

Some work has been done to understand the protective im-
mune response from the irradiated larval vaccine in this model.
Transfer studies have shown that the transfer of T cells to naive
mice is more efficient at eliciting a protective immune response
than the transfer of sera (46, 131). Surprisingly, while most studies
of irradiated L3 treatment have shown protection rates greater
than 90% in this model, experiments evaluating L3 survival in
implanted diffusion chambers found reductions of only 34% in
the number of larvae that survived for 3 weeks. However, none of

the larvae in vaccinated mice had molted to the L4 stage, whereas
96% had molted in the nonvaccinated mice (114).

Protection from MF appears to be mediated via antibodies, as a
monoclonal antibody was found to promote faster clearance in
mice (132). A strong type 2 response has also been associated with
protection from microfilaremia (133).

(viii) Lessons learned and clinical relevance. Due to the high
degree of resistance in this model, the most relevant attainable
information lies in evaluating natural protective immunity in fi-
lariasis. Studies using this model suggest that effective immune
responses depend on contributions from both B and T cells and
culminate in a granulomatous reaction that kills the infective lar-
vae. Furthermore, studies using this model suggest that the adap-
tive immune response helps to prevent disease development as
nude mice develop lymphedema.

The major disadvantage to conducting vaccine studies with
this model is that protective results may not accurately predict
efficacy in humans. Because immunocompetent mice are natu-
rally resistant to infection, experiments can demonstrate only
whether clearance of parasites can be accelerated. The factors that
help a resistant animal eliminate an infection more rapidly, how-
ever, may not necessarily induce protection in a permissive host.
In contrast to vaccine studies in permissive models, almost every
vaccine trial reported for Brugia infection of mice has shown some
protection.

Dirofilaria immitis

For D. immitis, the vectors are Anopheles, Culex, and Aedes (re-
viewed in reference 140). The natural hosts are dogs, cats, wolves,
coyotes, foxes, and ferrets (reviewed in references 140 and 141).
The experimental hosts are mouse and Lewis rat (Table 5).

D. immitis in dogs. (i) Permissiveness. Dogs are permissive to
infection. When dogs are experimentally infected, one-half of in-
fective larvae survive to the adult stage. Essentially all dogs exper-
imentally inoculated subcutaneously with L3s will develop a
chronic infection (4, 141), and at least 80% of naturally infected
dogs develop microfilaremia (142).

(ii) Life cycle. The life cycle of D. immitis was reviewed by
McCall et al. in 2008 (4). In brief, infective larvae molt to the L4
stage at 3 to 12 days p.i. and to the adult stage at 50 to 70 days p.i.
During the early time course of the infection, the majority of lar-
vae remain within the subcutaneous tissue. By 21 days p.i., most
larvae have migrated to the abdomen, and by 41 days p.i., some
have started to invade the thorax (reviewed in reference 4). Adults
begin to penetrate the heart and lungs at 70 days p.i., where they
reside preferentially in the right ventricle and pulmonary arteries
(Fig. 4) (143, 144). Autopsy studies 136 days after subcutaneous
inoculation demonstrated that 25 to 50% of L3 larvae adminis-
tered by subcutaneous inoculation develop into adult worms
(145). Dogs develop chronic microfilaremia starting at 6 to 7
months p.i. (4, 141), with adult worms surviving 5 to 7 years (4).

i.v. transplantation of adult worms is another method of ex-
perimental infection that can be carried out to immediately estab-
lish adult worm infection (4).

(iii) Disease. Sequelae of infection in this model can be both
extensive and dire. The obstructive presence of adult worms com-
bined with the inflammatory milieu leads to substantial vascular
changes, endarteritis, arterial muscular hypertrophy, pulmonary
hypertension, pleural effusions, and sometimes death resulting
from respiratory distress or cachexia (4, 146, 147). Other possible
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complications include eosinophilic pneumonitis, anemia, caval
syndrome, and diverse kidney pathology (147). Pathological con-
ditions of the kidney are discussed by Paes-de-Almeida et al. and
may be the result of immune complex formation (148).

(iv) Natural immunity. Latent infections, in which adults sur-
vive without circulating MF, are rare but occur occasionally. This
phenomenon is potentially the result of an immune response in
which antibodies to MF ES products cause agglutination of MF
and their subsequent destruction by eosinophils, neutrophils, and
lymphocytes (4). Natural protective immunity to adult worms is
not known to occur, although extensive studies have been con-
ducted only on beagles.

(v) Immunity after prior exposure. Chemically abbreviated in-
fections provide moderate to excellent protection (47 to 98%) in
this model, depending on the protocol used (143, 149). The best
results of 98% protection were obtained with three abbreviated
infections of 400, 150, and 300 larvae 532, 420, and 329 days prior
to challenge infection, followed by ivermectin 2 months after each
priming infection (149). Interestingly, in one study, inoculation of
animals with Freund’s complete adjuvant, which skews the im-
mune system toward a type 1 phenotype instead of the type 2
phenotype (which typically occurs in response to helminths), in-
creased protective immunity obtained by chemical abbreviation
of infection from 50% to 72% (143).

(vi) Vaccine studies. Vaccination with irradiated D. immitis L3
larvae provides 45 to 88% protection. The best results are obtained
when the vaccine is separated from infection by at least 3 months
(145). The protective effect appears to be mediated within the first
41 days of challenge infection (145) and is associated with im-
mune responses to specific worm antigens (150, 151).

(vii) Disease after treatment or vaccination. Larvae irradiated
with 20 kilorads and subsequently inoculated do not survive be-
yond 66 days p.i., are not found in the heart or lungs after infec-
tion, and do not induce patent infections (145).

Treatment of chronically infected dogs with anthelmintics can
result in severe complications. Death of adult worms and subse-
quent worm degeneration provide a milieu where worm detritus
can get trapped in small blood vessels and lead to impaired blood
flow and thromboembolism in the host (reviewed in reference
152).

(viii) Lessons learned and clinical relevance. Despite the fact
that dogs are extremely susceptible in this model, both chemically
abbreviated infections and irradiated larval vaccines are protective
against future infection. As the pathological consequences of in-
fection are caused mainly by the presence and number of adult
worms, sterilizing protection is not necessary to gain a benefit
from vaccination. An immune response that helps to minimize
the number of adult worms that invade the pulmonary arteries
and heart can be beneficial to the host. The increased protective
effect seen when there is a prolonged period between vaccina-
tion and challenge is interesting and has not been noted in
other models. Indeed, when using Litomosoides in mice, pro-
tection begins to decline 6 months after vaccination with irra-
diated L3 larvae (153).

While it is possible that work has been done in the private
sector toward producing a Dirofilaria vaccine, it is surprising that
more work has not been done in this model in the public setting.
The finding of a vaccine that can induce substantial immunity in
this model not only would aid in human filarial research but also
could be immensely beneficial for the protection of dogs from this
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dreadful disease. Furthermore, the advent of a vaccine against
Dirofilaria in dogs would presumably also decrease the transmis-
sion of this disease to humans.

D. immitis in ferrets. (i) Permissiveness. Ferrets are permis-
sive, with transient microfilaremia. Both male and female ferrets
inoculated with L3s develop chronic infection with adult worms.
Although the worms develop to sexual maturity and produce MF
by 7 months p.i., the duration of microfilaremia is short (141). Pet
ferrets are often naturally infected with D. immitis (141).

(ii) Life cycle. When larvae are inoculated subcutaneously,
most either remain in the subcutaneous tissue or migrate into the
muscles for the first 90 days p.i. (154). Both molts occur in these
locations, with the L3-to-L4 molt starting at day 3 and the L4-to-

adult molt starting at day 56. Adult worms begin to invade the
right heart chambers at 70 days p.i. (141), and the majority of
adult worms end up in the cranial and caudal vena cava (4). When
it occurs, microfilaremia usually starts at 7 months p.i. Although
D. immitis worms have been known to survive for at least 262 days
p.i. in ferrets (155), the full life span has not been studied with this
model (4).

(iii) Disease. D. immitis causes the same clinical features in
ferrets as in dogs, although severe complications develop much
sooner in ferrets after infection (4). Sequelae include anemia, an-
orexia, dyspnea, right-sided heart enlargement, heart murmur,
cyanosis, pleural effusion, caval syndrome, heart failure, and sud-
den death, usually from pulmonary embolism (156; reviewed in

FIG 4 (A) Life cycle of D. immitis in its natural host, dogs. (B, left) Survival of D. immitis after infection in various hosts. Cleared indicates that there is
evidence that infection has been cleared by that time point; � indicates that the host most likely lives longer, but no published reports have specifically
shown longer survival. (Right) Rough outline of the possible course of microfilaremia over time after infection in dogs based on stable microfilaremia and
long survival and in mice based on lack of patency. The ferret curve was based on s.c. inoculation with 14 L3s (158) and on statements that microfilaremia
is transient and at low levels (4).
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references 4 and 141). Infection is fatal when ferrets are infected
with more than a few worms (155).

(iv) Natural immunity. Virtually all ferrets experimentally in-
fected with L3 larvae develop chronic infections with adult worms,
with average recoveries of 50 to 60% of infected larvae, suggesting
no substantial natural immunity to primary infection (reviewed in
reference 141). It is not known whether the transient nature of the
microfilaremia is due to protective immune responses from the
host against MF or due to other factors.

(v) Immunity after prior exposure. Challenge infection after
chemical abbreviation of infection has been examined in only one
study, which found that treatment of two infections during the
prepatent period with ivermectin provided exceptional (92%)
protection against future challenge infection (155).

(vi) Disease after treatment or vaccination. Ivermectin has
been shown to clear parasites from ferrets when given within 30
days p.i. (157). Under these circumstances, all worms end up dy-
ing before patency would commence. While the chemically abbre-
viated infection proved to be very effective at preventing future
infection, many of the animals in this study died from unknown
causes prior to the challenge worms reaching the heart and lungs
(155). The timing of death may suggest that something other than
the vaccination/infection protocol was responsible for the ferrets’
deaths, but this is not clear, as a high inoculum can kill ferrets as
quickly as 16 days p.i. (158). Since chemotherapeutic treatment of
filarial infections in humans does not seem to predispose to in-
creased pathology during subsequent natural infections, it is not
clear whether this finding is relevant for studies evaluating the
safety of human filarial vaccines.

(vii) Lessons learned and clinical relevance. While this model
does not mirror the pathology of any major human filarial infec-
tion, it could be an important model in its own right. If a serious
attempt at a vaccine against D. immitis was made for animal com-
panions, it would be best if the vaccine were effective in dogs, cats,
and ferrets, as they are all susceptible to infection. Due to cost and
size of housing, this model could be used as a first step for screen-
ing of D. immitis vaccine candidates for safety and efficacy.

D. immitis in mice. (i) Permissiveness. Mice are nonpermis-
sive to infection.

(ii) Life cycle. As all vaccine trials have been performed by using
distribution chambers in the mouse model, we will focus on this
method of inoculation. Worms are placed inside Lucite rings with
either a 3- or 5-�m-pore-size membrane and then implanted into
a subcutaneous pocket lateral to the spine. More than 80% of
larvae survive and continue to grow in chambers for at least 2
weeks (159). Other methods of study include intravenous inocu-
lation of mice with MF and transplantation of adult worms into
the peritoneal cavity (160, 161).

(iii) Disease. Implantation of D. immitis worms in chambers
does not cause significant disease in mice. Tissue encapsulation of
chambers throughout these experiments is minor or nonexistent
(159).

(iv) Immunity in the setting of repeated parasite exposures.
Repeated inoculations of 30 to 300 larvae up to 5 times prior to
implantation of D. immitis L3s in chambers results in 25 to 39%
decreased survival of implanted larvae (159). In this study, pro-
tection against D. immitis was correlated with increased antibody
titers to the soluble fraction of L3 (159).

(v) Immunity after prior exposure. Mice administered live L3s
by subcutaneous injection exhibit modest protection (�25%)

when subsequently challenged with L3 larvae in an implantation
chamber (159).

(vi) Vaccine studies. Subcutaneous injection of irradiated lar-
vae confers moderate (45%) protection when L3s are attenuated
but not killed by radiation (159). The highest levels of protection
in this model have been obtained by vaccination with the soluble
fraction of intestines obtained from adult worms, using CFA as an
adjuvant (162). Antigens from the intestinal tract of Dirofilaria
were considered “hidden” by the authors of this study because
dogs infected with Dirofilaria produced little to no antibody re-
sponse to these antigens. Mice vaccinated with the soluble fraction
of D. immitis intestine, however, produced antibodies that could
bind to the intestinal tract of the parasite. The mechanism of pro-
tection was postulated to be due to activation of complement
within the digestive tract of the worm or blockade of absorption
and/or digestive enzyme function within the intestine of the worm
(162).

(vii) Lessons learned and clinical relevance. This model does
not show any relevance to human disease and is resistant to infec-
tion. Despite the high level of resistance in this model, worm clear-
ance from implanted chambers is not markedly accelerated after
repeated infections or vaccination with irradiated larvae. It is un-
clear whether the low level of protection garnered by vaccination
with irradiated larvae in this model is from a lack of contact of
challenge larvae with host tissues or from relatively weak host
immune responses.

It is interesting that the highest level of protection in this model
has been achieved with intestinal antigens, which may be some-
what hidden from the immune response during natural infection.
Helminths are astounding in their ability to survive in susceptible
hosts for years despite the presence of many parasite-specific an-
tibodies. The presence of potentially protective antigens to which
the host does not naturally respond is intriguing for future re-
search.

Litomosoides sigmodontis

The vector of Litomosoides sigmodontis is the mite (Ornithonyssus
bacoti). The natural host is the cotton rat. The experimental hosts
are jirds, mice, albino rats, and Mastomys (Table 6).

L. sigmodontis in albino rats. (i) Permissiveness. Albino rats
are permissive to infection, with transient microfilaremia.

(ii) Life cycle. Infective larvae migrate through the lymphatics
to the pleural cavity and preferentially infect the right pleural cav-
ity (163). Patency commences at 57 to 77 days p.i. (164). MF
counts peak 4 weeks after patency develops, remain at high levels
for another 4 to 6 weeks, and then drop until the rats enter a latent
state, with no microfilaremia despite the presence of adult worms
(Fig. 5) (163, 164).

(iii) Disease. Infection results in pathological changes in the
lungs, splenomegaly, and decreased function of the liver and
spleen (165, 166).

(iv) Natural immunity. Latency has been shown in this model
to be dependent on cell-mediated immune factors that hamper
MF from penetrating the pleural capillaries (167). Additionally,
IgE production is temporally associated with clearance of micro-
filaremia and has been shown to cause adhesion of macrophages
and neutrophils to MF (168). However, the latent state achieved in
this model is not solely antibody dependent, as the transfer of
serum from a latent rat to a newly infected rat does not impart
protection in this model. In latently infected rats, the transfer of
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adult worms from the pleural cavity to the peritoneal cavity cir-
cumvents protection from microfilaremia, suggesting that the lo-
cation of adult worms is important in this latent state (163).

(v) Vaccine studies. (a) Protection against microfilaremia. Vac-
cines containing MF antigen are effective at preventing microfila-
remia in this model. Vaccination with MF, irradiated MF, soni-
cated MF, and adult worm homogenate containing MF and
intrathoracic (i.t.) implantation of adults harboring MF have all
been shown to impart protection against developing microfilare-
mia in this model (167, 169). In contrast, soluble adult worm
extract and the presence of adult male or female worms without
MF do not substantially alter microfilaremia. Vaccination with ES
products from MF produced IgG antibodies in albino rats that
were able to clear circulating MF in M. natalensis (170).

(b) Protection against infective larvae. Partial protection against
infection with infectious L3s in this model has been achieved with
sonicated L3s in CFA, adult worm homogenate with CFA, soni-
cated MF in CFA, and irradiated L3s (171, 172). Protection
achieved with adult worm homogenate may be due to the presence
of MF in adult worm homogenate, as adult male homogenate fails
to impart significant protection (172).

Vaccination with irradiated larvae provides striking (91%)
protection against future infection with infective-stage larvae and
is associated with IgG production that promotes cytoadherence to
both MF and L3s (171). Larvae require 40 kilorads or more of
irradiation to induce a protective immune response.

(vi) Lessons learned and clinical relevance. Although infected
rats show some pathological changes after infection, this model is

FIG 5 (A) Life cycle of Litomosoides sigmodontis in its natural host, the cotton rat. (B, left) Survival of worms after infection in various hosts. � indicates that the host
most likely lives longer, but no published reports have specifically shown longer survival; Cleared indicates that there is evidence that infection has been cleared by that
time point. (Right) Rough outline of the course of microfilaremia over time after natural infection in albino rats (163), intradermal injection of 100 L3s into cotton rats
(176), intradermal injection of 100 L3s into jirds (176), injection of 60 L3s into Mastomys rodents (192), and natural infection of mice (219).
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not a model of human disease. It does, however, appear to be a
reasonable model in which to study filarial latency. This model
exhibits a latent infection mediated by a mechanism that is distinct
from those of other models. A study by Bagai and Subrahmanyam
in 1968 showed that transplantation of adult worms from the
pleural cavity to the abdominal cavity of the same animals resulted
in redevelopment of microfilaremia in animals that had previ-
ously been amicrofilaremic, suggesting that protection against mi-
crofilaremia may be due to local (in tissue) immune responses, as
opposed to anti-MF IgM or IgG antibodies (163). The subsequent
finding of Mehta et al. that IgE is critical for antibody cytotoxicity
to MFs during natural infection suggests that cells which are acti-
vated by binding antigen-specific IgE on their surfaces (such as
basophils, mast cells, and eosinophils) may be critical effector cells
in this process (168).

In terms of vaccine development, as with other models, the
finding that MF-containing vaccines protect against microfilare-
mia suggests that this stage may be amenable to vaccine-mediated
protection for the purpose of preventing spread of infection and
that various immune mechanisms can be utilized to this end.

L. sigmodontis in cotton rats. (i) Permissiveness. Cotton rats
are permissive to infection. Inoculations as low as 5 L3s are suffi-
cient to establish patent infection (173). When exposed to numer-
ous L3 larvae, cotton rats can harbor up to 1,000 L. sigmodontis
adults (174, 175). Experimental infections suggest that approxi-
mately 21% of inoculated larvae survive to adulthood (176).

(ii) Life cycle. Bertram’s paper from 1966 provides a very ex-
tensive review on the life cycle and effects of repeated infections of
L. sigmodontis in cotton rats. After introduction by the bite of a
mite, L3s travel preferentially to the pleural and pericardial cavi-
ties of the cotton rat (175). When parasite burdens reach approx-
imately 400 worms, the peritoneal cavity of the cotton rat will also
become parasitized (175). However, adults can sometimes be
found in the peritoneum of rats containing fewer than 400 worms
(174). Larvae molt to the L4 stage at 8 to 10 days p.i. and to the
adult stage at 24 days p.i. Microfilaremia develops on day 51 p.i.
(177) and increases steadily until 10 weeks p.i. At this time, there is
a dichotomy regarding the course of microfilaremia. MF levels
start to decline at week 10 p.i. in half of cotton rats and then
disappear 3 months later (173). This truncated course of microfi-
laremia is not associated with death or a change in fertility of adult
worms (173). In the other half of cotton rats, MF levels continue to
increase until between weeks 20 and 24 p.i. and then undergo a
slow decline (176).

(iii) Disease. Infected cotton rats can display hepatospleno-
megaly, lymphadenopathy, pleural hypertrophy, pleural papillary
nodules, pleural edema, lymphatic dilatation, alveolar thickening,
histological changes in the bronchioles consistent with asthmatic
changes, and scattered myocarditis (178). The severity of patho-
logical change is often proportional to worm burden. Entrapment
of MF in the capillaries of the lung can result in reactive tissue
eosinophilia and lymphocytosis (178). Death sometimes occurs at
24 to 32 weeks p.i. in cotton rats, after a period of wasting (176).

(iv) Natural immunity. Adult worms start to become encapsu-
lated and die at around 1 year p.i. Concurrently, MF levels grad-
ually decrease until the host becomes amicrofilaremic (175). The
truncated microfilaremia that is exhibited by some cotton rats is
associated with an inability of microfilaria to enter the circulation
from the pleural cavity (173).

The life cycle of the parasite plays an important role in induc-

ing an immunologic milieu necessary for adult survival. When
adult worms are surgically implanted into the thorax or peritoneal
cavity of a naive cotton rat, most worms are quickly encapsulated
and die within 10 days posttransplantation (174, 179). This effect
is not seen in splenectomized cotton rats with a nonfunctioning
reticular endothelial system, infected cotton rats, or cotton rats
that have been vaccinated with irradiated larvae or D. immitis
antigen (174, 180).

(v) Immunity in the setting of repeated parasite exposures. In
this model, there is very little acquired resistance that develops
from natural infection. L3 larvae administered subcutaneously
into cotton rats with active infections exhibit some growth stunt-
ing compared to worms administered to uninfected cotton rats
but little or no decrease in percent yield (175, 181, 182). While
these studies suggest the presence of only minimal concomitant
immunity, the number of animals challenged to date with more
than one repeat challenge is too small (n 
 3) (182) to conclude
that concomitant immunity does not occur in the setting of nu-
merous infectious challenges.

In contrast to repeat L3 infections, repeated i.v. injections of
MF into uninfected cotton rats result in accelerated clearance after
each injection (183). In cotton rats first vaccinated subcutane-
ously with MF, clearance of i.v. injected MF from the peripheral
blood is almost instantaneous, showing 98% clearance within 5
min (183). In this study, MF localized to the lungs, were bound by
host cells, and became immobilized. This protective effect against
microfilaremia by subcutaneous MF administration was also ob-
served when the secondary challenge was by vector-borne trans-
mission of L3s (183).

(vi) Immunity after prior exposure. One experiment suggests
that challenge with L3s after cotton rats have cleared a primary
infection results in a moderate stunting of adult worm length but
does not decrease worm numbers (181).

(vii) Vaccine studies. Few studies have utilized this model for
vaccine research. Crude homogenate antigen of adult worms, fro-
zen L3s, and D. immitis adult antigen have been shown to be
ineffective (181, 182).

(viii) Lessons learned and clinical relevance. The strengths of
this model are that it is very permissive to infection and that path-
ological changes within the lungs may be similar to those of trop-
ical pulmonary eosinophilia (TPE). Interestingly, repeated injec-
tions of MF induce a protective immune response that may not
develop during a normal infection. Discouragingly, however, this
caused dying MF to congregate in the lungs after repeat MF injec-
tions. The effect of MF congregation in the lungs on TPE-like
pathological changes was not monitored, but it is likely that an MF
vaccine could cause more severe symptoms if MF are preferen-
tially trapped within the lungs.

L. sigmodontis in jirds. (i) Permissiveness. Jirds are permissive
to infection. Jirds show no gender-specific differences in suscep-
tibility (176). The percentage of larvae that survive to adulthood is
highly variable, with a mean of approximately 31% after intrader-
mal injection of 100 L3-stage larvae obtained from dissected mites
(176). Despite being an unnatural host for L. sigmodontis, jirds
display higher percent yields than cotton rats (176).

(ii) Life cycle. Most L3s migrate to the pleural cavity by 4 to 5
days p.i. (184, 185). There are no significant differences in parasite
survival within the first 4 months p.i. in the jird compared to the
cotton rat (reviewed in reference 176), although occasional nod-
ules around worms can start to be seen as early as 4 to 8 weeks p.i.
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in jirds (176). Worm encapsulation and death substantially affect
worm yields by 44 weeks p.i. in this model (176). Microfilaremia
commences at 8 weeks p.i., peaks by 24 weeks p.i., and declines
rapidly thereafter (176). Peak microfilaremia in jirds is incredibly
high, with median concentrations of 700,000 MF/ml at 20 weeks
p.i. (176). These levels are much higher than those exhibited by
cotton rats, which have peak median microfilaria levels of just over
200,000 MF/ml at 20 weeks p.i. (176). From weeks 32 to 52 p.i., the
decline in microfilaremia in jirds brings levels back down to those
in cotton rats (176). While L. sigmodontis preferentially localizes
to the pleural cavities of jirds, adult worms can also be found in the
peritoneal cavity and pericardial sac.

(iii) Disease. Infected jirds display pathological changes similar
to, but more severe than, those displayed by infected cotton rats
(176). Pathological sequelae include papillary nodules, mesothe-
lial hyperplasia, alveolar hypertrophy, prominent splenomegaly
(178), and tissue adhesions, which can lead to fibrosis of the pleu-
ral and pericardial cavities (our unpublished data). High infec-
tious doses can cause mortality at 3 to 4 days p.i. (our unpublished
data). Infection with 100 L3 larvae has been reported to cause
cachexia and death at 24 to 32 weeks p.i. in approximately one-
third of infected jirds (176), although in our laboratory, infection
of jirds by subcutaneous inoculation of 80 L3 larvae does not result
in appreciable morbidity or mortality (our unpublished data).

(iv) Natural immunity. Despite allowing more L3s to survive to
adults, jirds encapsulate worms much sooner than do cotton rats
(176). Encapsulation can occur as early as 4 weeks p.i. and be-
comes pronounced by 12 weeks p.i. (176).

(v) Immunity in the setting of repeated parasite exposures.
Repeated infections result in stunting of larval growth and de-
creased ability of larvae to migrate to the pleural cavity (186, 187).
This results in 33 to 48% reduced survival in challenge infections
(186). Transfer of both plasma and lymphocytes into naive jirds
inhibits larval growth, although neither plasma nor lymphocytes
alone are sufficient for this effect (187).

(vi) Vaccine studies. Vaccination of jirds 3 times with irradi-
ated larvae results in protection as high as 98% against L3 chal-
lenge (107). Storey and Al-Mukhtar found that this resulted in
complete protection from microfilaremia in 11 out of 13 jirds and
only transient microfilaremia in the other 2 jirds (107).

(vii) Disease after treatment or vaccination. No disease after
treatment or vaccination has been observed. Irradiated larvae do
not develop into adult worms in this model (107).

(viii) Lessons learned and clinical relevance. This model, sim-
ilar to the L. sigmodontis-cotton rat model, is not a model of hu-
man disease other than possibly TPE. However, perhaps the most
relevant information obtained from this model is that it clearly
demonstrates very substantial levels of protection after vaccina-
tion in an otherwise permissive model. Furthermore, this model is
interesting because jirds are in some ways more resistant but in
other ways more susceptible to infection than cotton rats. Jirds
initially develop higher parasite burdens and higher levels of mi-
crofilaremia, yet jirds begin to clear infections much sooner than
do cotton rats. Therefore, while jirds develop more pathological
sequelae from L. sigmodontis infection, this may be due to higher
parasite burdens or enhanced immunological responses against
the parasites.

L. sigmodontis in Mastomys. (i) Permissiveness. Mastomys ro-
dents are permissive to infection. All M. natalensis rodents in-

fected with 40 L3s develop microfilaremia, and 53 to 71% of inoc-
ulated larvae can be recovered at 120 to 319 days p.i. (54).

(ii) Life cycle. Adult worms live within the pleural cavities of
Mastomys rodents (54). After s.c. inoculation with L3 larvae, mi-
crofilaremia can be detected at 56 days p.i., peaks between 100 and
130 days p.i. (54), and typically clears by 360 to 390 days p.i. (188).

(iii) Disease. Infection results in leukopenia and anemia due to
intravascular hemolysis and dyshemopoiesis, with reduced stabil-
ity and increased osmofragility of red blood cells (189). The exact
mechanisms underlying these hematological phenomena are un-
known.

(iv) Natural immunity. Adult worms transplanted into the
pleural or peritoneal cavities of naive Mastomys rodents are en-
capsulated and killed at 10 to 17 days p.i. or 17 to 24 days p.i.,
respectively (190, 191). Current infection or splenectomy abro-
gates this protective immune response (190, 191). Mechanisms
underlying MF clearance at 360 days after s.c. injection of L3 lar-
vae are not known.

(v) Immunity in the setting of repeated parasite exposures.
Mastomys rodents that are challenged by s.c. inoculation of L3
larvae and then allowed to reach a postpatent state without anthel-
mintic therapy are strongly protected against future microfilare-
mia when challenged with repeated s.c. inoculations of L3 larvae,
i.p. implantation of L4 or adult worms, or intravenous adminis-
tration of MF. Despite this strong protection against microfilare-
mia, postpatent Mastomys rodents are not protected against L3
larvae administered by s.c. inoculation or adults implanted into
the peritoneum (188).

(vi) Immunity after prior exposure. Mastomys rodents that
have been infected and subsequently treated with furazolidone
and DEC or amoscanate at 85 to 130 days p.i. showed very minor
protection against infective larvae (33%) and microfilaremia (40
to 60%) (188).

(vii) Vaccine studies. s.c. injection of MF obtained from the
uterus of adult female worms boosted with i.p. and i.v. injections
of MF obtained from peripheral blood of infected animals causes
M. natalensis to produce an anti-MF antibody that leads to agglu-
tination and death of MF (192). This vaccine protocol is not effec-
tive at reducing adult parasite burdens after challenge infection,
yet MF levels remain lower in Mastomys rodents vaccinated in this
manner. Interestingly, agglutinating antibodies produced by vac-
cinated mice disappear 32 days after infection with L3-stage larvae
(192). This disappearance of agglutinating antibodies after infec-
tion with L3 larvae may be the reason why Nogami et al. found that
repeated subcutaneous injections of MF induced protection
against microfilaremia when Mastomys rodents were challenged
by i.v. inoculation of MF but not when challenged by s.c. inocu-
lation of L3-stage worms (193).

(viii) Lessons learned and clinical relevance. This is not a
model for human disease. The benefits of this model include a
permissive host and observable effects of immunomodulation on
parasite survival. The studies that have been carried out in this
model highlight the importance of the immunomodulation that
occurs during helminth infections. While naive animals are capa-
ble of killing adult worms, this process is hampered once the host
has been exposed to infective larvae.

Similarly, infection appears to decrease levels of MF-depleting
antibodies induced by prior vaccination. This depletion of anti-
bodies may be the result of cross-reactivity of anti-MF antibodies
and antigen present in other stages of the life cycle. Juvenile adult
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L. sigmodontis females produce Juv-p120, an antigen that may
interact with antibodies directed against the sheath of MF (194),
and it is possible that this antigen depletes antibodies that could
protect against the MF stage.

L. sigmodontis in mice. (i) Permissiveness. BALB/c, BALB/k,
and BALB/b mice are transiently permissive, with BALB/c mice
sustaining the longest period of microfilaremia (195). Female
BALB/c mice are more susceptible to infection than male BALB/c
mice, as measured by both adult worm burden and microfilare-
mia, but in other strains of mice, males are more susceptible (195,
196). Between 30 and 100% of infected BALB/c mice become mi-
crofilaremic, depending on the inoculation protocol (184, 197). In
the CBA, C3H, and DBA strains, worms develop to the adult stage,
but male spiculae are malformed, preventing microfilaremia
(195). All B10 mice are resistant to infection, including ones with
H-2d MHC (195), and 129/SvJ mice are semiresistant (198).

(ii) Life cycle. Three methods of infection are commonly used
in the literature: exposure to infected mites, subcutaneous inocu-
lation of L3 larvae obtained from mite dissection, and subcutane-
ous inoculation of L3 larvae obtained from the pleural cavity of
recently infected jirds (184, 198, 199).

In BALB/c mice, L3s enter small-vessel lymphatics shortly after
inoculation (200) and then localize preferentially to the pleural
cavity by 4 days p.i. A few adult worms can occasionally be found
in the peritoneal cavity. Two molts occur within the pleural cavity
at 8 to 12 days and 25 to 30 days p.i., and patency commences at 50
days p.i. (184). Adult worm numbers start to decline much earlier
than in the natural host. This decline begins at around 70 days p.i.
(197), and most worms are cleared by 16 weeks p.i. (201). How-
ever, worms can survive as long as 20 weeks p.i. (our unpublished
data).

The dynamics of larval survival vary depending on the number
of larvae that are inoculated and the source of inoculated larvae
(184, 202). In general, 25 to 57% of inoculated larvae survive mi-
gration to the pleural/peritoneal cavities (184, 200, 202). When 25
worms were inoculated, the number of surviving adult worms
remained steady until about 70 days p.i. (202). However, when
200 worms were inoculated, worm death was accelerated, possibly
because of competition for space and resources or due to in-
creased host immune responses (202).

(iii) Natural immunity. While C57BL/6 mice are considered
resistant and BALB/c mice are considered susceptible to infection,
the differences in parasite burdens do not become striking until
after worms reach the adult stage (203). Even at 30 days p.i., there
is little difference in the parasite burdens of these two strains of
mice, yet worms recovered from C57BL/6 mice at this time point
exhibit delayed development and retarded growth (203).

While the mechanisms underlying natural immunity in resis-
tant mice are not completely understood, the magnitude of cellu-
lar immune responses likely plays an important role. Compared to
BALB/c mice, C57BL/6 mice exhibit increased numbers of T cells,
B cells, macrophages, and eosinophils localizing to the pleural
cavity (203). C57BL/6 mice develop more of a mixed type 1/type 2
immune response than BALB/c mice, which develop a more
polarized type 2 response (203, 204). While this may lead to the
conclusion that type 1 responses confer resistance, studies with
IL-4-deficient C57BL/6 mice demonstrated that the protective
immune response in C57BL/6 mice is dependent on type 2 immu-
nity (204, 205). Of note, it is unclear how necessary antibody re-
sponses are for protection in resistant mice. IgG � chain mutant

(�MT) C57BL/6 mice exhibit the same resistance to infection as
wild-type C57BL/6 strains (204). Previously thought to be com-
pletely deficient in antibody production, �MT mice, which lack
the ability to express surface IgM, have recently been shown to
have the ability to produce IgE (206). Eosinophils may play a role
in protection, as infection of mice deficient in either eosinophil
peroxidase or major basic protein significantly increases the num-
ber of L3 larvae that survive to the adult stage in the partially
resistant 129/SvJ mouse strain (198).

Susceptibility of BALB/c mice appears to be partially due to
MHC, as BALB/b mice are more resistant to infection than
BALB/c mice (197). However, the role of MHC may be relatively
minor, as highly resistant B10.D2 mice display the same MHC as
BALB/c (H-2d) (197). Thus, other factors must also determine
susceptibility of mice to L. sigmodontis. BALB/c mice show less
IgM production, more type 2 skewing, and differential antigen
recognition compared to B10.D2 mice (207). More importantly, T
regulatory cells appear early in the course of an infection in
BALB/c mice, downregulate immune responses, and significantly
impair the ability of the immune system to clear worm infections
(208, 209). Consistent with the notion that regulatory factors play
a role in allowing L. sigmodontis infection, overexpression of IL-10
by macrophages has been shown to abrogate protection in the
FVB background (205), allowing for patency to develop in an
otherwise resistant host (195, 205). This overproduction of IL-10
was associated with a decline in the number of IL-5-producing
CD4� cells and the development of alternatively activated macro-
phages (205).

Despite the susceptible nature of the BALB/c strain, these mice
do, in fact, display protective immune responses and eventually
clear the infection. These protective responses depend on IL-5,
CD4 T cells, and IFN-	 (201, 210, 211) and involve NK cells (212).
While basophils have been shown to augment type 2 immune
responses in this model, they are not important in the control of
worm infections within the first 8 weeks p.i. (213). IL-4 is not
important in defense against the larval and adult stages but is
important, along with IL-5, for keeping MF levels under control
(201). Experiments with �MT and JH�/� mice suggest that B cells
are not important for the immune response and may actually be
required for proper worm development (214; our unpublished
data). Despite this, BALB.XID mice, which are B1 cell deficient,
have been shown to harbor more worms than BALB/c mice 28
days after natural infection (199).

After intravenous injection of MF, C3h/HE and DBA/1 mice
clear infection within the first 3 days p.i. SJL, 129/Sv, and
C57BL/6 mice, however, clear infection in an intermediate
time frame, and BALB/c mice do not clear infection for over 30
days. Early clearance of infection appears to be mediated by
innate immune responses, and intermediate/late clearance ap-
pears to be associated with MHC. Astoundingly, though, intra-
peritoneal implantation of even one adult female worm pre-
vents clearance of MF in all strains of mice tested for at least 20
days (215).

(iv) Immunity in the setting of repeated parasite exposures.
Current infection with Litomosoides sigmodontis provides modest
(31%) protection against superinfection with further L3 larvae,
suggesting a moderate degree of concomitant immunity in this
model (our unpublished data).

(v) Vaccine studies. Vaccine research using this model has been
focused primarily on understanding the mechanisms involved in
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protection after vaccination with irradiated L3s. This vaccine pro-
vides high levels of protection and causes a reduction in worm
burden within the first few days after challenge infection (109).
Protective immune responses are stage specific, providing immu-
nity to infective larvae that lasts for at least 5 months p.i. (153).
Furthermore, protective immunity conferred by vaccination with
irradiated larvae does not wane in response to repeated challenges
(216).

Protection with the irradiated L3 vaccine is dependent on IL-5
and B cells (214, 217, 218). The current hypothesis on protective
mechanisms in this model is that antibodies aid in cytoadherence
to incoming larvae, which prevents worm migration into the lym-
phatics, and enable eosinophil degranulation to kill off infective
larvae.

The only other protective vaccine that has been demonstrated
in this model is repeated injections of MF adsorbed to alum. This
is an intriguing vaccine, as it not only reduces microfilaremia but
also accelerates the killing of adults (219). Vaccination with the
Wolbachia surface protein (WSP) is not protective against future
infection, regardless of whether alum or CFA is used as an adju-
vant (220).

(vi) Lessons learned and clinical relevance. This model, while
not a model of filarial disease, has been useful for characterizing
both protective and nonprotective immune responses to filariasis.
There are likely several different immunologic pathways respon-
sible for protection or susceptibility. Innate factors, cytokine
skewing, and MHC profile can all be associated with a protective
immune response albeit at different time points p.i. Type 2 im-
mune responses, especially the cytokines IL-4 and IL-5, appear
important for both natural and vaccine-mediated immunity. Ad-
ditionally, like L. sigmodontis infection in Mastomys, this model
highlights the importance of immune modulation, as a blockade
of regulatory pathways leads to increased worm clearance. Indeed,
it has been postulated that the susceptibility of BALB/c mice,
which develop a strongly polarized type 2 response and thus
would be expected to be highly resistant to infection, may be due
to their predilection for developing strong immunoregulatory re-
sponses (5, 208).

Additionally, this model makes it clear that it is difficult to
generalize information about filarial infections from a single
model. While other models have shown a predilection for males to
become microfilaremic, L. sigmodontis appears to be more suc-
cessful at infecting female BALB/c mice.

Loa loa

For Loa loa, the vector is the fly (Chrysops species). The natural
host is humans. Experimental hosts are Mandrillus species.

L. loa in Mandrillus species: Mandrillus sphinx (mandrill)
and Mandrillus leucophaeus (drill). (i) Permissiveness. Like hu-
mans, Mandrillus species infected with Loa loa can be amicrofila-
remic, transiently microfilaremic, or stably microfilaremic (221,
222). Infection can be achieved either through s.c. injection of L3
larvae or by surgical implantation of adult worms between fascial
layers overlying the erector spinae muscles (223, 224).

(ii) Life cycle. Like infection of humans, in Mandrillus, adult
L. loa worms reside in the s.c. tissues, and MF circulate in the
blood (Fig. 6) (221). As all vaccine work has used microfilare-
mia as a measure of protection, we will focus on this portion of
the life cycle. In a typical infection, the prepatent period lasts
approximately 150 days. By 200 days p.i., microfilaremia peaks

and then decreases to a steady-state level (225). The drop in
microfilaremia has been referred to as a state of “suppressed
infection” (223). During this suppressed infection, MF congre-
gate in the capillaries of the lung and become trapped in the
spleen (223). Despite the decrease, circulating MF have been
detected at low levels for as long as 1,643 days p.i., which is the
longest time that any Mandrillus infection has been monitored
to date (225).

(iii) Disease. While infected animals are not visibly symptom-
atic (225), microfilaremic animals develop granulomatous nod-
ules in the spleen, consisting of macrophages, multinucleated gi-
ant cells, eosinophils, and degraded MF (226).

(iv) Natural immunity. Natural immunity in this model is
exhibited by the host’s ability to control microfilaremia. Two
sets of data suggest that the “suppressed state” that develops in
Mandrillus is due to active immunologic clearance of MF. First,
implantation of adult worms into drills harboring suppressed
infection does not result in a major spike in microfilaremia
(223). Second, animals that receive repeated inoculations of
L3s at 6-month intervals after the initial infection exhibit very
minor increases in microfilaremia (223). Transfer studies and
splenectomies suggest that this control of microfilaremia is due
primarily to MF clearance in the spleen and not reduced worm
fecundity (223). Suppression of MF numbers is associated with
the production of antisheath IgM antibodies during the prepat-
ent period (225).

(v) Disease after treatment. In infected animals treated with
DEC, MF are rapidly destroyed by the liver rather than the spleen.
Overall splenic pathology is not exacerbated by DEC treatment
(226).

(vi) Vaccine studies. Vaccine studies in this model have been
limited to vaccination with irradiated L3 larvae. Three different
trials have been performed, in which mandrills were vaccinated
with 50 to 150 L3s irradiated with 40 to 45 kilorads (221, 222, 227).
These studies showed a delay in peak microfilaremia in the vacci-
nated mandrills but no significant decrease in microfilaremia.

(vii) Lessons learned and clinical relevance. While the life cycle
and histological findings suggest that this model is very consistent
with human loiasis, the high variability of patency status in in-
fected animals and the inability to perform adult worm counts
limit the utility of this model for studies of vaccine efficacy. The
finding that vaccination with irradiated L3s does not substantially
decrease microfilaremia suggests that this approach may not work
for human loiasis, as this model is very similar to infection of
humans.

Of note, cerebritis has not been reported in this model.
Given the clinical importance of posttreatment cerebritis in L.
loa-infected patients with high-level microfilaremia, it would
be helpful to test future vaccines in a L. loa model that develops
posttreatment cerebritis. While published presently only in ab-
stract form, ivermectin treatment of splenectomized Loa-in-
fected baboons was recently reported to cause inflammatory
lesions in brain blood vessels (228).

Onchocerca ochengi

For Onchocerca ochengi, the vector is the black fly (Simulium dam-
nosum) (229). The natural host is cattle. The experimental host is
cattle (Table 7).

O. ochengi in cattle. (i) Permissiveness. Cattle are permissive
to infection. There is a prevalence of 66 to 71% in areas where the
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disease is endemic (229). Approximately 90% of cattle experimen-
tally infected with at least 350 L3s develop nodules, and 75% of
experimentally infected animals develop patent infections within
600 days p.i. (230).

(ii) Life cycle. L3s enter the skin through wounds left by the bite of
a black fly (2) and molt to the fourth stage at 2 days p.i. (Fig. 7). After
reaching the adult stage, adult female worms each live within their
own intradermal nodules, primarily on the ventral aspect and hind
legs of the cow (2, 230), and males migrate from nodule to nodule
(231). Nodules begin to appear at 180 days p.i., and microfilaridermia
onset occurs between 279 and 532 days p.i. (230).

(iii) Disease. Infected cattle do not exhibit dermatitis, ocular
lesions, or other pathological sequelae which occur in human on-
chocerciasis (230). The lack of disease in cattle may be due to
immunological differences between humans and cattle, the lower
degree of microfilaridermia in cattle (approximately 10-fold less
than the maximal levels observed in humans), or the shorter life

span of cattle (230). While occasional suppurative inflammatory
reactions can develop in Onchocerca nodules in cows, these are
considered economically insignificant (231).

(iv) Natural immunity. Individual cows express differences in
susceptibility to infection (229, 232). In one study, 15% of cows in
areas of endemicity were found to be uninfected. These cattle were
shown to be more resistant to both infection and pathological conse-
quences of infection (232, 233). However, this protection is not com-
plete, as these putatively immune cattle still became infected when
moved to an area where the disease is highly endemic (232).

(v) Immunity in the setting of repeated parasite exposures.
Although we do not know whether there is any decreased yield of
adult worms during superinfection in this model, currently in-
fected cattle are still susceptible to further infection (233). As older
cattle have more nodules than younger cattle, it appears as though
substantial protective immunity in cattle does not develop against
either infective larvae or adult worms (229). However, there is

FIG 6 (A) Life cycle of L. loa in its natural host, humans. (B, left) Survival of L. loa after infection in Mandrillus species. (Right) Rough outline of probable course
of microfilaremia in Mandrillus after infection (225, 258).
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some evidence that partial immunity develops against MF, as
older cattle have lower microfilarial densities despite harboring
more adult worms (229).

(vi) Immunity after prior exposure. Chemically abbreviated
infections have not been shown to induce a protective immune
response in this model (232–234). In fact, prophylactic ivermectin
and curative melarsoprol administrations have both been shown
to render cattle more susceptible to future infection (232, 234).

(vii) Vaccine studies. Heterologous infection with O. volvulus
larvae, which do not survive in cattle, produces a protective effect
against infection with O. ochengi (231). The level of protection
induced from heterologous infection is around 85%, similar to
what is seen after inoculation with irradiated larvae (231, 232).
Vaccination with irradiated larvae induces high levels of protec-
tion against infection when animals live in an area where the dis-
ease is highly endemic (232).

Vaccination with 8 different antigens, using both CFA and
alum as adjuvants, was shown to have no protective effect against
adult worm burdens. However, this vaccination protocol did de-
crease the number of microfilaridermic animals compared to the
control group (235).

(viii) Disease after treatment. Treatment with DEC does not
elicit an observable Mazzotti-like reaction (230).

(ix) Lessons learned and clinical relevance. This model has
both major benefits and drawbacks. The expense and size of this
model make any experiment a very large undertaking. The other
major drawback to this model is that it is not a disease model.
However, the presence of a normal population in an area where
the disease is endemic and the use of natural infection make this
model relevant to human infection in terms of infection dynam-
ics. Therefore, this model can be used to determine the effective-
ness of vaccine candidates in a real-world application. After vac-
cination, animals are challenged by allowing them to live in an
area where the disease is endemic. The use of this model has dem-
onstrated that vaccination with irradiated larvae induces a protec-
tive effect that is long-lived and protective against multiple natural
exposures.

The protective effect of O. volvulus inoculation is very interest-
ing, as it suggests that heterologous filarial infection with a similar
worm that does not thrive within the given host may function
similarly to a vaccine. For example, if humans that are first in-
fected with O. ochengi become protected against O. volvulus, as has
been postulated (231), onchocerciasis could be controlled by in-
oculating people with O. ochengi or potentially by keeping many
O. ochengi-infected cattle in areas where O. volvulus is endemic.

Onchocerca volvulus

For Onchocerca volvulus, the vector is the black fly (Simuliidae).
The natural host is human. Experimental hosts are chimpanzees
and mice (Tables 8 and 9).

O. volvulus in chimpanzees. (i) Permissiveness. Chimpanzees
are permissive to infection. While inoculation of 200 L3s is suffi-
cient to produce consistent infections in this model (236), there
are individual differences in susceptibility. Although most chim-
panzees develop stable patent infections, some develop only tran-
sient microfilaridermia, and others never develop microfilarider-
mia (237).

(ii) Life cycle. Intradermal and subcutaneous inoculations are
each sufficient to induce an infection in chimpanzees (238, 239).
In contrast to infection in humans, O. volvulus adult worms con-
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gregate into worm bundles in sites deeper than subcutaneous tis-
sues (238). In one study, for example, adult worms were most
commonly found near the capsule of the hip joint (238). The
prepatent period is typically 12 to 23 months and is not affected by
inoculum size (Fig. 8) (236, 238). In patent infections, which can
last 6 to 9 years, MF migrate throughout the subcutaneous tissues
of the host and can be found in higher densities near worm bun-
dles (238).

(iii) Disease. Nodules containing adult male and female worms
can be found in the skin and deeper tissues, but no eye lesions in
experimentally infected chimpanzees have been reported, possibly
due to low infection intensity (238–240).

(iv) Natural immunity. Infected chimpanzees develop immune
responses that aid in defense against MF, as it has been shown that
plasma from 3- to 4-year-infected chimpanzees contains heat-

labile factors, presumably antibodies, that aid in the adherence of
neutrophils and eosinophils to MF and in MF killing (237). Even
though some chimpanzees never develop patent infections, all in-
fected chimpanzees produce this factor that aids in cytoadherence
of neutrophils and eosinophils (237). Neutrophils and eosinophils
are equally efficient at killing MF in this model (237).

(v) Immunity in the setting of repeated parasite exposures.
Two inoculations with MF result in increased MF killing in vitro
by neutrophils and eosinophils (237).

(vi) Vaccine studies. Despite showing considerable protection
in rodents, vaccination with irradiated larvae was not protective in
this model when chimpanzees were administered subcutaneous
doses of 1,000 irradiated L3s at 0, 1, and 7 months (241). Interest-
ingly, a typical booster response was not seen after administration
of the second and third doses of the vaccine (241). While one of

FIG 7 (A) Life cycle of O. ochengi in its natural host, cattle. (B, left) Hypothesized survival of adult O. ochengi in cattle based on nodule acquisition in naturally
infected cattle (229). (Right) Possible course of microfilaridermia in cattle after a single infection. As microfilaridermia has not been monitored after a single
infection, this is based on the probable survival of adults and studies of microfilaridermia during ongoing transmission (229).
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the vaccinated chimpanzees produced a differential antibody re-
sponse compared to those of the other chimpanzees and did not
develop a patent infection, it is difficult to determine whether this
was the result of the vaccine or differences in the host immune
response (241, 242). The failure of irradiated larvae to protect
against infection may have been the result of downregulation of
host immune responses, as strong cellular responses against On-
chocerca volvulus antigen were induced by the vaccination yet were
downregulated after challenge (242).

(vii) Lessons learned and clinical relevance. The lack of pro-
tection from vaccination with irradiated larvae in this model is
somewhat disheartening, as this model should physiologically
most closely mimic human infection. However, there are a few
possible explanations for this failed vaccine attempt. The mecha-
nism of protection via vaccination with irradiated larvae is still not
completely understood, and the vaccination protocol needs to be
adjusted for each model to provide maximum results. The proto-
col can be altered by dosage of irradiation, number of L3s inocu-
lated, number of vaccinations, and timing of vaccinations.

O. volvulus and O. lienalis in mice. (i) Permissiveness. Mice
are not permissive to infection; inoculation with infective larvae
does not result in systemic infection. Most vaccine studies are
carried out using L3s in diffusion chambers implanted into mice
or by assessing microfilaridermia after subcutaneous injection of
MF (243, 244).

(ii) Life cycle. MF injected subcutaneously into the neck of mice
accumulate in the mouse pinnae and are often quantified in the
ears before being cleared by the host (244). Ten percent of MF
injected into CBA/HT6T6 mice can be recovered at 35 days p.i.,
after which time MF levels decline (244, 245). While most MF are
cleared by 50 days p.i., some can be recovered for as long as 112
days p.i. (244).

For experiments using larvae, diffusion chambers containing
L3s are surgically implanted subcutaneously into the host. The
larvae can survive for several weeks in the chambers and molt to
the L4 stage. Several vaccine studies have used diffusion chambers
to assess vaccine efficacy by monitoring L3 survival and develop-
ment.

(iii) Disease. No clinically apparent disease occurs after either
injection of MF or implantation of L3s by diffusion chambers.

(iv) Natural immunity. Mice are able to harbor MF from On-
chocerca; however, most MF are cleared by 50 days p.i. T cells,
eosinophils, and IL-5 are important for MF clearance (244, 246).
Depletion of T cells by thymectomy and repeated injections of
antithymocyte serum extend the duration of peak microfilarider-
mia by about a month (244). Passive immunization with sera
along with the adoptive transfer of splenocytes from infected mice
accelerates clearance of MF (244).

(v) Immunity after prior exposure. Primary exposure of mice
to O. lienalis MF, L3s, or adult worms results in more rapid clear-
ance of MF after secondary challenge infection (244, 247). Simi-
larly, exposure of mice to MF, freeze-killed eggs, and transplanted
adult worms from multiple heterologous parasite species (On-
chocerca cervicalis, Onchocerca gutturosa, O. volvulus, A. viteae, and
Trichinella spiralis but not Schistosoma mansoni) induces a protec-
tive immune response against MF challenge (248). Protection
against MF does not correlate with protection against larval stages,
as prior MF injections have no effect on larval recovery or devel-
opment after L3 challenge (247).

(vi) Vaccine studies. (a) Protection against MF. VaccinationT
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with dead MF or crude homogenates of MF imparts protection
against challenge with MF (244). This effect is enhanced by using
Bordetella pertussis and endotoxin as adjuvants (244).

(b) Protection against L3s. Mice immunized with even a single
dose of irradiated Onchocerca L3 larvae show a reduction in L3
survival and molting in implanted diffusion chambers (249). Mice
also show cross protection against Onchocerca species regardless of
which species is used for vaccination (247, 249). The irradiated
larval vaccine is efficacious in multiple mouse strains, such as
BALB/c, C57BL/6, CBA/J, and 129/SvJ (247, 250, 251), and pro-
vides protection ranging from 35 to 85%, depending on the dose
of radiation given to the L3s and the number of immunizations
(249). This protection is dependent on cytoadherence of immune
cells to larvae, IL-5, IL-4, B cells, IgE, and eosinophils but not B1
cells or eosinophil peroxidase (250–252). It is likely that IL-4-
driven type 2 immune responses are important for recruiting eo-
sinophils, which are ultimately responsible for worm killing (252).

Immunization with nonirradiated live or freeze-killed larvae
can induce a protective immune response similar to that obtained
with irradiated larvae. However, immunization with freeze-killed
larvae requires multiple doses (249).

(c) Specific antigens. Successful vaccine candidates against the
larval stage in this model include O. volvulus abundant larval tran-
script 1 (Ov-alt-1), O. volvulus fructose 1,6-bisphosphate aldolase
(Ov-fba-1), Ov7, Ov64, and OvB8 (34, 253, 254). Vaccination
with O. volvulus tropomyosin reduces MF counts after challenge
infection (29). Despite showing protection against A. viteae in
jirds, mice vaccinated with recombinant OvB20, an L3-specific
antigen that is excreted as well as present in the cuticle and hypo-
dermis, are not protected against O. lienalis MF challenge (28).

(d) DNA vaccines. Of the three DNA vaccines tried in the On-
chocerca-mouse model, only the use of L3 chitinase has been effective,
and this required five immunizations to reach significant protection
of 53% (255). Immunizations using plasmids expressing O. volvulus

FIG 8 (A) Life cycle of O. volvulus in its natural host, humans. (B, left) Hypothesized survival of adult O. volvulus in chimpanzees based on microfilaridermia.
(Right) Rough outline of the course of microfilaridermia in chimpanzees after infection with 165 L3s based on data reported previously (238).
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tropomyosin (Ov-TMY-1) or OvB20 elicit high antibody titers but
are unsuccessful at protecting mice against challenge with O. volvulus
L3 larvae, despite the fact that both antigens elicit a protective im-
mune response when the mice are immunized with the respective
recombinant protein (256).

(vii) Lessons learned and clinical relevance. This model is a
nonpermissive model that utilizes L3s implanted in diffusion
chambers or injection of MF to mimic infection. Because of this,
and a lack of a disease state, this model is not ideal for vaccine
work. Vaccination can induce a more rapid clearance of worms.
However, even with effective vaccine candidates, the method of
vaccination is essential to eliciting a protective immune response.
Some vaccine candidates require a protein vaccine, whereas chiti-
nase can be effective when administered as a DNA vaccine. The
main factors important for protective immunity are IL-4, IL-5, B
cells, T cells, and eosinophils.

CONCLUSIONS

The intent of this article is to provide, in a single reference, a
comprehensive review of vaccine, repeat infection, and natural
protection studies conducted using animal models of filariasis.
The amount of information extracted from animal studies, the
large number of animal models used, and the substantial differ-
ences between the various models make it challenging to develop
broad conclusions regarding protective immunity and vaccine
prospects in filariasis. Nonetheless, keeping these limitations in
mind, we believe that there are a number of important lessons that
can be drawn from this work.

A Fully Protective Vaccine Strategy Has Not Yet Been
Found in a Permissive Model

No vaccine approach has yet demonstrated complete sterilizing
immunity in a permissive model of filariasis. Given the complexity
of filaria infections and their well-known ability to modulate host
immune responses, this is not entirely surprising. Nonetheless, it
does suggest that a successful vaccine strategy may require a com-
bination of approaches, such as the use of multiple antigens, an-
tigens from multiple stages, and/or antigens that induce neutral-
izing responses to specific helminth immunomodulators.

There Is a Paucity of Filaria Vaccine Approaches That Have
Been Tested in Animal Models

Despite the enormous burden of disease caused by filaria infec-
tions worldwide, the total number of published vaccine studies of
animal models of filariasis is quite low. Indeed, from the 1940s to
May 2012, only 99 primary research articles were published on
filaria vaccines in English-language journals. The approaches
taken are even less numerous, as a total of 27 filaria-mammal
models have been used, with many simply repeating the same
vaccination approaches (especially the irradiated larval vaccine).

We May Not Ever Have Well-Defined Protective Correlates
of Immunity That Can Be Used as Predictive Surrogate
Markers for Protective Efficacy in the Field of Filaria
Vaccine Development

Although we may not ever have well-defined protective correlates
of immunity that can be used as predictive surrogate markers for
protective efficacy in the field of filaria vaccine development, it
does not mean that some correlates of immunity are not known
for some animal models. For instance, in both the Brugia-mouse

and the L. sigmodontis-mouse models, T cells, IL-4, IL-5, and
IFN-	 play significant roles in worm clearance (119, 120, 124, 201,
210, 211). However, there is a disparity in the overall pathway of
clearance for these two models, in that B cells play a major role in
clearing Brugia during primary infection but no role in clearing
Litomosoides during primary infection (121, 214). Similarly, dur-
ing vaccination, some antigens have proven more efficacious
when given with a type 1-skewing adjuvant, whereas others have
been more efficacious with a type 2-skewing adjuvant (31, 34).
These examples suggest that there exist multiple immunological
pathways that can lead to worm clearance and that the optimal
immunological mechanisms may vary for different vaccine ap-
proaches.

Thus, the ideal immune response against any particular filarial
antigen likely depends on the host being immunized, the exact
filarial infection being prevented, and the worm antigen and life
stages being targeted. Consequently, there are likely no specific
immunologic parameters that can currently be used to predict
vaccine efficacy for all vaccine approaches. Instead, we will likely
have to continue to rely on data from experimental challenge
studies to determine the best vaccine protocol for every new vac-
cine approach.

Nonpermissive Models May Overestimate the Protection
Obtained by a Particular Vaccine Approach

As shown in Table 10, permissive models are less likely to demon-
strate protective immunity than nonpermissive ones. Of the three
nonpermissive models that clearly investigated the presence of
immunity against a secondary challenge after clearance of the ini-
tial infection, two exhibited strong protective immunity and one
exhibited modest protective immunity. In contrast, less than half
of the tested stably permissive models demonstrated protection
upon secondary challenge. Similarly, whereas all tested nonper-
missive models exhibited substantial protection after vaccination
with irradiated larvae, 3 of the stably permissive models exhibited
no protection.

Certain Models May Be Optimal for Conducting Vaccine
Research

While investigations with the Brugia-mouse model provide im-
portant information on why this nonpermissive model is resistant
to infection, almost every vaccine approach tried in this model
elicits faster clearance. Therefore, even though quite a bit of vac-
cine research has been done using this model, it may be prudent to
validate promising approaches in more permissive models. Par-
ticular small-mammal models that appear well suited for vaccine
studies include L. sigmodontis in BALB/c mice, L. sigmodontis in
jirds, Brugia malayi and Brugia pahangi in jirds, and Brugia malayi
in ferrets.

The L. sigmodontis-mouse model is the only permissive murine
model of filariasis. This model is well suited for early screening of
vaccine candidates, as it is economical and provides easy worm
enumeration. Furthermore, the availability of reagents in the
mouse allows for immunological studies that would not be feasi-
ble in other models. The L. sigmodontis-jird model also lends itself
to vaccine research, as it allows for easy worm enumeration and is
more permissive than the BALB/c model.

Brugia infections of jirds also appear to be very promising mod-
els for vaccine research. The life cycle and pathological sequelae
have been well studied, infections are long lasting, and a large
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proportion of jirds become stably microfilaremic. L3 larvae can be
inoculated into the peritoneum to enable easy worm enumeration
or can be administered subcutaneously to more closely mimic
lymphatic filariasis in humans. Despite the lack of gross
lymphedema in this model, jirds infected by the s.c. route develop
lymphatic dilations, fibrosis, and other pathological changes that
could be used to gauge vaccine safety (90, 94). While there appears
to be little difference between the B. pahangi-jird and B. malayi-
jird models, the B. pahangi model has been investigated a bit more
thoroughly to date, with investigations on both concomitant im-
munity and protection after repeated infection.

For some of the promising vaccine candidates, it would be pru-
dent to have a small-animal model that can be used to study the
effects of vaccination on clinical symptoms of lymphatic disease
prior to moving on to expensive monkey or cat studies. For this,
the Brugia malayi-ferret model would be ideal. This is a permissive
model that causes visible leg edema in the host. Unlike Brugia
infections of mice, which can cause frank lymphedema when in-
oculated into severely immunocompromised animals such as
nude and SCID mice, the Brugia malayi-ferret model manifests
clinical lymphedema in a fully immunocompetent host.

In terms of larger mammals, inoculation of cats with Brugia
pahangi also results in a permissive infection with clinically evi-
dent lymphedema. These animals not only exhibit symptoms sim-
ilar to those of humans with lymphatic filariasis but also appear to
immunologically mimic humans. This is evident by the large vari-
ability in natural protection and the lack of protection after chem-
ically abbreviated infection. Another excellent large-mammal dis-
ease model of lymphatic filariasis is Brugia malayi in rhesus
monkeys. As with humans, there is a range of susceptibility to the
infection, and infected monkeys that develop lymphedema exhibit
strong immune responses and amicrofilaremia. As both of these
models exhibit leg edema, experiments using them would provide
an understanding of how a vaccine may affect not only worm
numbers but also the development of pathological sequelae. Two
other large-mammal filaria models that exhibit lymphedema are
B. malayi in dogs and Wuchereria bancrofti in silvered leaf mon-
keys (both not covered in this review because no vaccine studies
have been conducted with them). Major downsides to large-mam-
mal models include the expense, space, and resources required for
the care of these animals.

The Benefits of Studying a Dirofilaria Vaccine Have Largely
Been Overlooked

D. immitis causes severe disease in cats, dogs, and ferrets. Conse-
quently, this parasite is a common concern of pet owners and
often requires routine administration of anthelmintics. In addi-
tion to being a concern in veterinary medicine, there have been
reports of dirofilariasis caused by D. immitis or D. repens in hu-
mans throughout the Americas, the Mediterranean, Europe, and
Japan (4). Dirofilaria can be transferred to humans from dogs
anywhere where the disease is endemic. Although Dirofilaria is
increasingly being diagnosed in humans, at the moment, the only
method of prevention in humans is prophylactic treatment of an-
imals. Additionally, there are reports of drug resistance in some D.
immitis strains (257). For these reasons, the development of a
vaccine that protects dogs against Dirofilaria would thus benefit
humans as well as dogs. Additionally, it would provide an oppor-
tunity to demonstrate proof of concept for any exceptional filarial
vaccine candidates.
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Vaccines That Induce Antibodies against the MF Sheath
May Be Beneficial if They Do Not Exacerbate Disease

In many of the models studied, the host develops only transient
microfilaremia despite harboring adult worms. This is the nature
of latent infections and in most cases is associated with antibodies
directed against the sheath of the MF. The only exception to this is
L. sigmodontis in albino rats, where latency is associated with cel-
lular responses that prevent MF egress from the pleural cavity.
Because latency is almost always antibody mediated, it is intrigu-
ing to think that a transmission-blocking vaccine could be made
against the MF sheath to prevent microfilaremia. This approach
has been protective against microfilaremia in at least 10 animal
models of filariasis. While many of these models are either non-
permissive or only transiently permissive to infection, two stably
permissive models (L. sigmodontis-cotton rat and O. lienalis-cat-
tle) have demonstrated that a MF vaccine can induce protection
that would not otherwise develop. However, there are safety issues
that would need to be considered for this vaccine approach, as it is
possible that any immune response directed at the MF may induce
pathological sequelae. Cotton rats that clear MF of L. sigmodontis
and ferrets latently infected with B. malayi both develop lung le-
sions which are similar to those observed in human tropical pul-
monary eosinophilia (39, 178). Similarly, infected amicrofilare-
mic rhesus monkeys are more likely to develop lymphedema than
microfilaremic monkeys. Probably the strongest data that should
urge caution with the MF vaccine are that ferrets vaccinated
against Brugia MF are more likely to develop lymphedema than
naive ferrets after challenge infection (40). Nonetheless, it may be
reasonable to consider developing a MF vaccine, since this stage
appears particularly susceptible to antibody-mediated clearance.

The Mechanisms Underlying Concomitant Immunity Remain
Poorly Understood

Concomitant immunity is a state wherein the host is unable to kill
off adult worms but is protected against new challenge infections.
This state has been shown in many of the models that have been
studied at highly various degrees and time frames. Jirds infected
with A. viteae develop this immune state very quickly after infec-
tion and are highly protected against future infection, yet infected
hamsters develop this state only when infected many times with
small doses of L3s (10, 18, 23). Cats infected with Brugia pahangi
develop this state only after 12 infections, and it is not complete
until at least 20 infections (73). Jirds infected with B. pahangi and
cattle infected with O. ochengi do not appear to develop concom-
itant immunity (99, 100). An understanding of the mechanisms
underpinning concomitant immunity would undoubtedly aid in
understanding immune mechanisms that prevent infection and
perhaps give more direction to vaccine research.

A Number of Experimental Vaccines Have Shown Promise

The most thoroughly evaluated vaccination strategy for filariasis is
vaccination with irradiated larvae. This method has been shown to
be protective in 16 models of filariasis and not effective in 3 mod-
els. While this approach is not feasible for human vaccines, it both
shows that vaccines against filariasis are possible and provides a
framework for future vaccine research. The only major concern
with irradiated larval vaccination to date is that 2 out of the 3
nonhuman primate models studied garnered no protection from
vaccination. However, this does not mean that there is no irradi-
ated larval vaccine strategy that would work in these models but

simply that the specific vaccine strategy tested was not effective.
For most of the animal models that have used irradiated larval
vaccination, there has been an optimization process applied to
obtain protection. Optimization, however, varies from model to
model. The amount of radiation that each L3 receives, the number
of inoculated L3s, the number of inoculations, and the time from
vaccination to challenge are all important for eliciting a protective
effect.

Because of the difficulty in optimizing this vaccine protocol, it is
not surprising that many of the trials that have been carried out
using nonhuman primates have not shown protection. These ex-
periments are expensive and have therefore not used the variety of
conditions that the rodent models have used. The only nonhuman
primate vaccine study that worked to optimize this approach did
show protection in the B. malayi-rhesus monkey model.

There are many other vaccines that have been shown to be
highly protective in susceptible models of filariasis. OvB20,
BmALTII, glutathione S-transferase, superoxide dismutase, trans-
glutaminase, thioredoxin peroxidase, collagenase, and CFA2-6 are
all very promising for future research.

Moving Forward

There are many vaccine approaches that have been shown to pro-
vide at least 75% protection in permissive animal models of filar-
iasis. While searching for better vaccine candidates may prove
fruitful, it is possible that we already have the tools necessary to
develop a very effective vaccine approach. Indeed, we may be able
to develop a sterilizing vaccine by optimizing the combination of
antigens, dosing schedule, vaccine concentration, adjuvant, and
route of immunization. Even if a sterilizing vaccine is out of reach,
vaccine protocols that decrease worm numbers, decrease patho-
logical symptoms, or block transmission may still be useful against
human and animal disease. Although investigations into the de-
velopment of a filaria vaccine have been ongoing for over half a
century, it is clear that relatively little basic research has been done
in this direction relative to the terrible disease burden caused by
filarial infections in people and animals. Animal studies to date
have shown that some degree of protective immunity against most
filarial infections can be obtained. Given the many weaknesses
likely present within the complex life cycles of these parasites, we
believe that continued work in this direction should enable the
development of clinically effective vaccines.

APPENDIX

DEFINITIONS
adjuvant Substance added to a vaccine to make the vaccine more im-

munogenic.
chemically abbreviated infection An infection that was cleared by

treatment with anthelmintic therapy.
concomitant immunity Immunity against superinfecting L3 larvae in

the presence of an active filarial infection.
latency and latent infection Persistence of adult filarial worms after

clearance of microfilariae.
L3 Third-stage larva.
MHC Major histocompatibility complex.
nonpermissive An infection wherein the host does not develop a patent

infection (i.e., no microfilaremia or microfilaridermia) following in-
fection with infective larvae.

patency An ongoing infection of adult filarial worms with microfilare-
mia or microfilaridermia.

permissive An infection wherein the host develops a patent infection
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(with development of microfilaremia or microfilaridermia) following
infection with infective larvae.

skewing adjuvant An adjuvant that typically results in a specific type of
immune response.

stably permissive A permissive host in which microfilaremia or micro-
filaridermia persists for more than 1 year.

transiently permissive A permissive host in which microfilaremia or
microfilaridermia lasts for less than 1 year.
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