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Suppression of Acute Ixodes scapularis—Induced Borrelia burgdorferi Infection
using Tumor Necrosis Factor-a, Interleukin-2, and Interferon-y
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Down-regulation of mammalian cytokine production has been demonstrated during tick feeding.
To examine the hypothesis that reconstitution of cytokines during tick feeding could facilitate
immune containment of Borrelia burgdorferi, the following experiments were done. C3H/HeJ mice
were given cytokines for 10 days after Ixodes scapularis attachment. At day 21, ear biopsies were
analyzed for B. burgdorferi. Polymerase chain reaction analysis indicated a protection rate of 95%
in mice receiving tumor necrosis factor (TNF)-a. Mice that received interleukin (IL)-2 or interferon
(IFN)-y had infection rates of 30%—-45% compared with 83% for untreated controls. No correlation
was noted between neutralizing antibody, reactivity by Western blot, and subsequent protection.
Culture of B. burgdorferi in cytokine-conditioned media indicated that TNF-a, IFN-y, and IL-2
were not cytotoxic for B. burgdorferi. These data suggest that cytokine-induced protection from B.
burgdorferi infection was immune-mediated and that cellular immunity may be associated with

protection from I. scapularis—induced infection.

Lyme disease, originally described as a clinical entity in
1977, is now the most common human vectorbome disease in
the United States [1]. Ninety percent of human cases occur in
the northeastern coastal states, the Midwest, and parts of north-
ern California [2, 3]. These areas represent regions of the coun-
try associated with the distribution of Ixodes scapularis and
Ixodes pacificus, the principal vectors for the causative agent,
Borrelia burgdorferi [2, 3]. Although antimicrobial therapy is
effective in most cases of early infection, manifestations of
chronic disease (arthritis and peripheral neuropathy) develop
in ~10% of human patients who remain untreated [1]. The
recent rise in incidence and morbidity of this zoonosis has
created an immediate need for an effective prevention strategy
and vaccine.

In rodent models, protective immune responses to B. burg-
dorferi have been associated with neutralizing antibody re-
sponses directed toward the outer surface proteins (Osps) A, B,
C, E, and F [4-11]. Thus, recent vaccine strategies to prevent
infection in humans have been directed toward the production
and use of recombinant Osps [8]. This strategy, however, may
be fraught with technical difficulties that could limit its use-
fulness in outbred species. The primary problem is heterogene-
ity and genetic diversity among B. burgdorferi isolates from
the United States, Europe, and Japan [12-16]. B. burgdorferi
can be subdivided into at least 6 subgroups according to their
distinct Osp genotypes [17]. Second, experimental results indi-
cate that there may be no cross-protection induced by individual
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genotypes of OspA [18] and that antigenic modulation of spiro-
chetal populations may occur in the presence of serum neu-
tralizing antibody [19]. Third, the pathogenesis of Lyme disease
is only partly characterized in humans, and it is possible that
the humoral immune response to one or more Osps, which
occur late in infection and are associated with clinical disease,
may initiate or potentiate subsequent immunopathology [20-
22]. Finally, the immune response varies widely with both
the route and site of inoculation of B. burgdorferi [23-25].
Therefore, alternative approaches aimed at preventing or lim-
iting B. burgdorferi infection may be warranted.

A more universal aspect of this disease entity involves the
events associated with the feeding of I scapularis and the
resulting modulation of the host immune response, which
greatly influence both the infectivity and dissemination of the
spirochete [26, 27)]. Systemic dissemination of the tick-inocu-
lated spirochete is delayed in the host for 7—10 days [28].
Nevertheless, early host immune effector mechanisms are inef-
fective in clearing this organism, due in part to the down-
regulation of spirochete Osps such as OspA during nymphal
attachment and feeding [29] or perhaps due to the effects tick
saliva may have on the generation of an initial host immune
response [26].

Tick saliva impairs a range of proinflammatory responses,
including macrophage activation [27], secretion of the macro-
phage-associated cytokines interleukin (IL)-1 and tumor necro-
sis factor (TNF)-a [30], inhibition of neutrophil function [31],
suppression of T helper—associated cytokines IL-2 and inter-
feron (IFN)-y [32], and profound down-regulation of comple-
ment activity [33]. In vitro, down-regulating effects on mono-
nuclear cells were induced with <1 uL of saliva; in vivo, these
effects were systemic, lasting throughout the period of tick
infestation and 3—4 days after engorgement [27]. The relative
potency of this effect becomes apparent when one considers
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that ~500 uL of saliva is excreted into the host by adult Ixodes
ticks over a 96-h feeding [34]. The cumulative effect of this
process would be the down-regulation of an initial inflamma-
tory response to spirochete inoculation, specifically in terms
of IFN-vy regulation of antigen presentation, NK cell and cyto-
toxic T cell responses, and immunoglobulin production. More-
over, both IFN-y and TNF-a have been shown to up-regulate
macrophage antimicrobial activity via the induction of intracel-
lular nitric oxide synthesis [35], a crucial factor in the intracel-
lular killing of several macrophagetropic pathogens [36]. Con-
sidering that the macrophage is a cellular target of B.
burgdorferi infection [37], down-regulation of any of these
proinflammatory factors would play a critical role in the initial
dissemination of spirochete infection.

In evolutionary terms, these events may stabilize an antago-
nistic tick-host interaction such that the tick can prevent the
full expression of host immunity at the feeding site, ensure its
survival during a prolonged period of feeding, and inadver-
tently facilitate the transmission of a pathogen such as B. burg-
dorferi [38]. Moreover, this phenomenon may be common to
other arthropodborne diseases. Immunomodulation of host re-
sponses has been demonstrated with the insect vectors Lutzo-
myia longipalpis and Simulium vittatum {39, 40], potentiating
the transmission of human protozoal and filarial diseases, re-
spectively.

The observation that cellular responses are depressed during
the earliest phases of B. burgdorferi infection [41] and Thl
responses are affected to a greater extent than Th2 responses led
us to the hypothesis that administration of Th] or macrophage-
derived cytokines might reverse tick-induced immunosuppres-
sion and facilitate an effective immune response to control
initial infection and dissemination of /. scapularis—transmitted
B. burgdorferi. This therapeutic approach would not only facili-
tate the study of specific effector cell populations needed to
contain early arthropodborne infection but could have signifi-
cant implications for the prevention of other Ixodes-borne dis-
eases, namely, Babesia microti infection and human ehr-
lichiosis [42, 43]. We examined our hypothesis using tick
spirochete transmission in a sensitive mouse model of B. burg-
dorferi infection.

Materials and Methods

Mice. Five to 7 virus antibody—free C3H/HeJ mice (6—7
weeks old; Jackson Laboratory, Bar Harbor, ME) were placed in
individual cages with food and water available ad libitum. At the
end of the studies, the mice were euthanatized by methoxyflurane
anesthesia followed by cervical dislocation.

Infection and propagation of ticks with B. burgdorferi.
Nymphal I scapularis, infected with B. burgdorferi, were obtained
from a laboratory colony maintained by feeding laboratory-reared
larvae on mice 2—6 weeks after infection by nymphal ticks. This
strain originated from a population of ~100 field-collected nymphs
obtained by drag-cloth sampling at the Fordham University Calder
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Ecology Center in Armonk, Westchester County, New York. This
strain of B. burgdorferi was maintained in the laboratory through
continuous passage between rats and ticks for >1 year before this
study. B. burgdorferi infection rates for individual nymphal cohorts
were 40%-70%, as determined by antigen-capture ELISA, poly-
merase chain reaction (PCR), or both [44, 45]. A minimum sample
of 20 nymphs from each cohort was subjected to either PCR or
antigen-capture ELISA. A separate colony of 1. scapularis was
maintained without B. burgdorferi infection, and nymphs from this
colony were used as negative experimental controls.

Treatment protocol and study design. C3H/HeJ] mice (5-7/
group) were randomized into separate treatment groups. TNF-a
(50 ug/m?®, every other day), IFN-y (10* U/kg once daily), or IL-2
(10° U/kg twice daily), alone or in combination, were administered
intraperitoneally at the time of I scapularis placement (7 ticks/
mouse) and continued for 10 days. Each mouse was housed in an
individual cage, and nymphal ticks were allowed to feed to reple-
tion, collected, and pooled for analysis to determine infection rate
and relative infectious challenge of individual mice. Twenty-one
days after exposure to I. scapularis, mice were anesthetized with
methoxyflurane, and an ear biopsy was obtained by sterile surgical
technique [46]. Biopsies were cultured in BSK II medium (Sigma,
St. Louis) and analyzed weekly by darkfield microscopy or fluo-
rescent antibody assay (or both) for 21 days. All negative cultures
were reanalyzed by B. burgdorferi—specific PCR. All mice were
euthanatized at day 50 following exposure to infected I. scapularis,
and specific target organs (heart, femorotibial joint, spleen, blad-
der, and ear) were obtained for analysis by culture and PCR as
described earlier.

Two separate studies tested IFN-y and IL-2 (total of 12 animals/
group), and a single study examined TNF-« alone and in combina-
tion with IL-2 and IFN-y (5 animals/group). Any disparity in
numbers within these groups was due to either the death of an
animal before the treatment regimen was concluded (4 animals)
or a lack of infectious challenge, as determined by PCR of replete
ticks (1 animal). Percent protection was calculated by dividing
the number of animals that were culture- or PCR-positive for B.
burgdorferi by the total number of animals per group and sub-
tracting this number from 100%. In terms of chronic infection (day
50), animals were considered infected if any target organ was
positive for spirochetes by culture or PCR. Negative control ticks
were laboratory-reared nymphal /. scapularis maintained without
B. burgdorferi infection.

B. burgdorferi—specific PCR. PCR of individual and pooled
L scapularis and material from in vitro culture of specific target
organs was done using a nested amplification procedure and primer
pairs described by Johnson et al. [45] with slight modification.
Briefly, tissue cultures (one in vitro passage) were centrifuged to
pellet B. burgdorferi, and the resulting pellet was digested with
proteinase K. Ten microliters of this digest was placed into the
PCR reaction mixture containing 200 uM each dNTP (Promega,
Madison, WI), 0.5 uM of each primer pair, 2.5 mM MgCl,, and
2.0 U of Tth polymerase (Pharmacia Biotechnology Alameda, CA)
in 60 mM TRIS-HCI and 15 mM (NH,),SO, (pH 8.5). For the
second reaction of the nested PCR, 10 uL of the first reaction was
placed into 90 uL of the PCR mix containing the internal primer
pair. Templates were initially denatured for 2 min at 94°C, and
subsequently 40 cycles were performed at 94°C for 1 min, with
annealing at 55°C for 1 min, followed by extension at 72°C for 2
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min. After 40 cycles, a final extension at 72°C for 5 min was done.
PCR products were analyzed on 1% LE agarose gels stained with
ethidium bromide and by Southern blotting technique, hybridizing
PCR products were hybridized with a *?P-labeled probe {45] span-
ning internal nucleotides of the flagellin product.

SDS-PAGE and Western immunoblotting.  B. burgdorferi was
isolated from target organs (spleen and bladder) by in vitro culture
in BSK II medium, passaged a single time in vitro before being
lysed, and fractionated by 12% SDS-PAGE. Resultant protein pro-
files were elucidated by silver staining of individual lanes (Bio-
Rad Laboratories, Hercules, CA).

For immunoblotting, 10 ug of B. burgdorferi lysate (Westches-
ter [WC] isolate, derived from in vitro culture of target organs
from infected BALB/c and C3H/HeJ mice infested with ticks ob-
tained during sampling at the Fordham University Calder Ecology
Center) was fractionated with a 12% slab gel (Bio-Rad Labora-
tories) in the presence of SDS. Fractionated proteins were trans-
ferred to a nitrocellulose membrane (BA-S NC; Schleicher &
Schuell, Keene, NH) that was then blocked for 60 min with 5%
nonfat dried milk in 10 mM TRIS-buffered saline (TBS blotto, pH
8.0). The membrane was cut into strips and incubated with a 1:500
dilution of mouse serum in blotto overnight at 4°C. The strips
were then washed five times in TBS with 0.1% Tween 20 and
reacted for 2 h with goat anti-mouse IgG and IgM alkaline phos-
phatase (Kirkegaard & Perry Laboratories, Gaithersburg, MD) at
a 1:2000 dilution in blotto. After being washed, the strips were
incubated with BCIP/NBT substrate (Life Technologies GIBCO
BRL, Gaithersburg, MD) for 20 min. Subsequent color develop-
ment was stopped by extensive washing of strips with distilled
water.

B. burgdorferi fluorescent antibody assay.  B. burgdorferi were
grown to log phase in modified BSK medium. Spirochetes (10°)
were washed twice in PBS—0.1% azide, labeled with 25 uL of
fluorescein isothiocyanate—conjugated rabbit anti-B. burgdorferi
(Biodesign International, Kennebunk, ME) diluted 1:100 in PBS-
azide and incubated for 30 min at 4°C. The spirochetes were then
washed three times in PBS-azide and analyzed for fluorescence
by UV microscopy.

Serum neutralization of B. burgdorferi. Serum neutralizing an-
tibody titers were determined by a colorimetric borreliacidal assay
[47]. Hyperimmune canine anti-B. burgdorferi serum (neutraliza-
tion titer of 1/300) was used as positive control for this assay.

Growth of B. burgdorferi in cytokine-conditioned media. B.
burgdorferi (WC or low-passage B31 isolate, fewer than five in
vitro passages) were pelleted by centrifugation at 9000 rpm for 20
min. Spirochetes were then resuspended at a concentration of 5§ X
10%mL in BSK II medium and placed in sealed vials (Cryovial;
Life Science Products, Denver). After 72 h, spirochetes were
washed once with PBS and resuspended in 1 mL of medium for
counting by darkfield microscopy using a Petroff-Hausser counting
chamber. Only motile spirochetes were counted, and percent
growth was calculated by dividing the experimental value by the
average control growth value and multiplied by 100. All cytokine
combinations and negative controls (media plus spirochetes) were
run in triplicate.

Statistical analysis. Significant differences in the mean num-
ber of animals protected from B. burgdorferi infection by cytokine
treatment and differences between groups in mean number of spi-
rochetes grown in cytokine-conditioned media were determined
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Table 1. Cytokine inhibition of tick-induced B. burgdorferi infec-
tion in mice as determined by ear biopsy at day 21 after exposure to
infected ticks.

No. of mice
positive for
B. burgdorferi/

total by

Treatment Ticks* Culture PCR % protection’
IFN 2.7 2/12 4/12 66.7
IFN + IL-2 38 4/11 5/11 54.6
IL-2 3.9 2/10 3/10 70

TNF + IFN + IL-2* 3.0 0/17 1/17 95

No treatment 3.0 3/12 10/12 —
Negative controls 2.0 0/12 0/12 —

NOTE. IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; PCR,
polymerase chain reaction. Percent protection was calculated by dividing no.
of animals culture- or PCR-positive for B. burgdorferi in the ear by total no.
of animals/group and subtracting this no. from 100%.

* Average number of I scapularis fed to repletion/mouse.

' Statistically significant vs. untreated controls (analysis of variance,
P < .05).

! Represents mice treated with TNF, TNF + IL-2, TNF + IFN, and TNF
+ IL-2 + IFN.

by single-factor analysis of variance test. P < .05 was considered
a significant difference between groups.

Results

Treatment of acute infection with recombinant cytokines (day
21). Table 1 is a composite of two individual studies that
examined the inhibitory effect of recombinant cytokines on B.
burgdorferi infection, as determined by in vitro culture and
PCR analysis of ear punch biopsies harvested 21 days after
exposure to infected I scapularis. Exposure to 7 infected I.
scapularis resulted in an average of 2.7-3.0 ticks/mouse that
fed to repletion. No significant difference was noted in the
number of infected ticks that fed to repletion on cytokine-
treated versus untreated control mice. On the basis of culture
and PCR analysis, a significant level of protection from infec-
tion was noted in all treatment groups compared with untreated
control mice. Only 1 of 17 animals treated with TNF-qa, alone
or in combination with IL-2 or IFN-vy, was found to be positive
by either culture or PCR amplification of B. burgdorferi from
ear tissue compared with 10 of 12 mice in the untreated control
group. Mice receiving IFN-vy, IL-2, or the combination were
protected from infection at rates of 55%—70% (table 1). Culture
of ear punch biopsies alone was not sufficient to detect B.
burgdorferi in infected animals. PCR amplification of B. burg-
dorferi demonstrated greater levels of infection in all groups
compared with culture alone. This increased sensitivity was
most apparent in the untreated control group, where an addi-
tional 7 of 12 animals were found to harbor B. burgdorferi in
biopsy tissue when analyzed by PCR.
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Table 2. Cytokine inhibition of chronic B. burgdorferi infection as
determined by analysis of target organs at day 50 after exposure to
infected ticks.

Treatment Ear Bl JT H SPL % protection
IFN 112 112 012 212 412 50
IFN + IL-2 /10 1/10  1/10  5/10 2/10 50
IL-2 4/10 4/10 1/10  5/10 4/10 50
TNF + IFN + IL-2*  4/16 7/16 6/16 11/16 4/16 19
No treatment 4/12  6/12 3/12 512 4/12 25

NOTE. BI, bladder; JT, femorotibial joint; H, heart; SPL, spleen; IFN,
interferon; IL, interleukin; TNF, tumor necrosis factor. Mice were considered
negative for B. burgdorferi if culture- and polymerase chain reaction (PCR)—
negative in all target organs. Percent protection was calculated by dividing
no. of animals culture- or PCR-positive for B. burgdorferi in any organ by
total no. of animals/group and subtracting this no. from 100%.

* Represents mice treated with TNF, TNF + IL-2, TNF + IFN, and TNF
+ IL-2 4+ IFN.

Analysis of chronic infection of target organs (day 50). To
enhance the stringency of this bioassay system, mice were
euthanatized at day 50 after exposure to infected ticks, and
specific target organs (heart, bladder, spleen, ear, and femoro-
tibial joint) were analyzed by culture and PCR. As shown in
table 2, the percent protection at day 21 was reduced to 50%
in all treatment groups given prophylactic IFN-vy or IL-2. TNF-
« alone or in combined cytokine treatment delayed the onset
of infection through 21 days, but by day 50 after tick infesta-
tion, B. burgdorferi had disseminated and localized to selected
target organs, namely the bladder, joint, and heart. Those ani-
mals treated with IFN-y, IL-2, or IFN-y plus IL-2, although
showing markedly less infection of target organs than controls,
were not statistically different from untreated control animals
by day 50 after tick placement. As shown in table 2, the most
pronounced infection was localized to the bladder and heart of
L scapularis—infected C3H/Hel mice.

PCR amplification of B. burgdorferi from 1. scapularis. To
determine that individual mice were indeed challenged with
infected I scapularis, DNA was extracted from pools of replete
ticks recovered from individual mice, and nested primer pairs
were used to sequentially amplify a 390-bp product of the
central region of the flagellin gene of B. burgdorferi. This
assay was specific for B. burgdorferi, as no PCR product was
generated with cultured Borrelia hermsii (figure 1, lane 2).
Only 1 animal (figure 1, lane 10) had to be removed from this
study because of a lack of evidence of infectious challenge
with I scapularis.

Antigenic profile of tissue isolates recovered from C3H/HeJ
mice. To determine whether the tick inoculum had been anti-
genically modified with prophylactic cytokine treatment, B.
burgdorferi lysates were prepared, fractionated by 12% SDS-
PAGE, and silver stained for protein analysis. Spirochete iso-
lates recovered from the bladder of cytokine-treated or un-
treated mice were antigenically identical to the in vitro—pas-
saged reference strain of the WC isolate (figure 2). As shown,
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Figure 1. Polymerase chain reaction amplification of B. burgdorferi
from I. scapularis. Lane 1, buffer control; lane 2, Borrelia hermsii;
lane 3, B. burgdorferi (Westchester isolate, <5 in vitro passages);
lane 4, uninfected replete ticks; lanes 5—9, pools of replete ticks recov-
ered from individual mice; lane 10, pool of 3 replete ticks recovered
from mouse 34; lane 11, 4 replete ticks recovered from mouse 39.

there is a distinct molecular weight shift in OspC that is an
identifying characteristic of this isolate compared with low-
passage B31. This has been confirmed by immunoblot analysis
(data not shown). This SDS-PAGE analysis is representative
of isolates obtained from other target organs (spleen, joint, ear,
and heart), and no definitive antigenic modulation appeared to
occur with any of the prophylactic treatment regimens (data
not shown).

Antibody response to B. burgdorferi in mice treated with
IFN-v, IL-2, and TNF-a. Serum reactivity to the WC isolate
by C3H/HeJ mice 21 days after exposure to infected /. scapu-
laris is shown in figure 3. Regardless of prophylactic treatment
or infection status, mice produced antibody to OspC, flagellin,
and the 22-kDa protein of B. burgdorferi. This immunoblot is
representative of all mice examined, and serum from only 1
mouse, treated with IFN-y alone, reacted with OspA. This

Figure 2. Antigenic profile of Westchester (WC) isolate of B. burg-
dorferi organisms isolated from bladder of infected C3H/Hej mice
and cultured for 1 passage in vitro before being lysed, fractionated
by 12% SDS-PAGE, and stained with silver. Lane 1, nontreated
mouse; lane 2, mouse treated with IL-2; lane 3, WC isolate from
BALB/c mouse spleen; lane 4, low-passage B31 strain (<10 passages
in vitro); lane 5, high-passage B31 strain (>>20 passages in vitro).

202 IMdy 0z uo ysenb Aq 91.89/01/281/L/€. L/eIP1IE/PIl/WO0D dno-olWeped.//:sdRY WOl papeojumoq



JID 1996;173 (January) Inhibition of B. burgdorferi Infection 191

PCRstatus\_.
P
R i SRR U RN G R R R

kDa
106

79kd

Flagella
OspB
OspA

OspC
22kd

MM A

! antibody
untreated| yy,.2 | [L-2/1FN | IFN | TNF e E i
TNF + IL-2 T TNF+IL-2+IFN

TNF + IFN

Figure 3. Antibody responses to B. burgdorferi in mice 21 days after I. scapularis challenge and treatment with IFN-v, IL-2, and TNF-a.
Beginning with lane 2 (lane 1 contains molecular weight markers), every 2 lanes represent individual mouse, with initial lane representing day
0 and second lane day 21 after tick placement. Last 6 lanes contain reference antibodies. Polymerase chain reaction (PCR) status represents

infection status at day 21 after tick placement. Neg = challenge with uninfected /. scapularis.

mouse was PCR-positive for B. burgdorferi. Serum reactivity,
as demonstrated by Western blot, was not demonstrably differ-
ent by day 50 after tick exposure (data not shown). Moreover,
none of the mice, regardless of infection status or treatment
regimen, produced significant neutralizing antibody titers (data
not shown), as measured by the in vitro borreliacidal assay.

Growth of B. burgdorferi in cytokine-conditioned media.
To determine whether cytokines, used alone or in combination,
would be directly cytotoxic to B. burgdorferi, spirochetes (WC
isolate or B31) were cultured for 72 h in cytokine-conditioned
media and counted under darkfield microscopy. As seen in
figure 4, TNF-a, IL-2, or IFN-vy, alone at concentrations 10-
to 100-fold higher than that delivered in vivo, were not directly
toxic to B. burgdorferi in vitro. In fact, 100 or 200 U/mL IFN-
v, 500 U/mL IL-2, combinations of IFN-y plus IL-2, or 25—
100 ng/mL TNF-a used alone significantly enhanced the prolif-
eration of spirochetes in vitro compared with those cultured in
medium alone (figure 4). Only the triple combination of TNF-
a plus IL-2 plus IFN-vy resulted in decreased growth relative
to controls. This was not, however, a statistically significant
decrease in growth over 72 h.

Discussion

The studies reported here indicate that Th1—derived or mac-
rophage-associated cytokines, used during the earliest period

of I scapularis inoculation of spirochetes, significantly inhib-
ited B. burgdorferi infection. Using a C3H/HeJ mouse model of
natural infection [48], TNF-« alone or in combination treatment
inhibited B. burgdorferi infection for 21 days after tick place-
ment in 95% of challenged mice. Fifty-five to 70% of mice
administered Thl-derived cytokines, IFN-y or IL-2, resisted
acute infection over this same time period compared with un-
treated controls, in which the vector-induced infection rate was
83.3%. By day 50 after tick infestation (chronic infection),
infection of IFN-y~ and IL-2—treated mice was reduced by
50% compared with untreated animals, in which the infection
rate of specific target organs was 75%. Although protection
against chronic infection was maintained in 50% of the animals
challenged with 1. scapularis, this protection was not statisti-
cally significant compared with that of untreated controls. Fur-
thermore, mice given TNF-a alone or in combination could
not maintain control of B. burgdorferi after the initial 21-day
period, and resultant chronic infection of target organs occurred
at a rate similar to that in untreated control mice.

To our knowledge, this is the first report of the suppression
of natural, vector-induced B. burgdorferi infection in vivo using
prophylactic cytokine therapy. Although inhibition of 1. scapu-
laris infectivity was not maintained at a significant level
throughout the entire 50-day period, significant inhibition of
acute infection was maintained for at least 21 days. The failure
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Figure 4. Growth of B. burgdorferi in cytokine-conditioned media. Bars indicate average of 3 cultures; SE bars represent SD from mean.
u IFN (IFN-vy) and u IL-2 are in U/mL. * Statistical significance (P < .05, analysis of variance) relative to control growth in unconditioned

media.

to control chronic infection in >50% of animals challenged
with 1. scapularis was most likely the result of several factors.
These would include a lack of optimization of specific treat-
ment regimens and enhanced stringency involved in our experi-
mental approach, which involved a highly sensitive C3H/HeJ
mouse model combined with a specific PCR detection method
to amplify B. burgdorferi in target organs. Since there can be no
control over the absolute level of infectious inoculum utilizing a
natural vector for challenge studies, the results obtained from
these experiments should be contrasted against those of the vast
majority of the studies examining prophylactic immunization
regimens, which were only 14-21 days long, did not use the
natural vector, and did not analyze a panel of specific target
organs by both culture and PCR [5, 7-10, 49].

Our in vitro studies, which demonstrated significantly en-
hanced growth of B. burgdorferi in cytokine-conditioned me-
dia, indicated that inhibition of spirochete infection in vivo
was most likely an immune-mediated event and not the result
of direct killing of spirochetes by recombinant cytokines. In
fact, recombinant cytokines enhanced the growth of spirochetes
in vitro, a phenomenon that correlated with several cytokine
combinations that inhibited infectivity in vivo. This phenome-
non of cytokine enhancement of microbial growth is not unique
to B. burgdorferi. Specific receptors for host-derived cytokines
have been described for protozoa [50], as IL-2 has been shown

to enhance the in vitro growth and in vivo pathogenicity of
Leishmania amazonensis [51]. Likewise, IFN-y has been
shown to play a role in enhancing both the growth and pathoge-
nicity of Trypanosoma brucei in vivo [52]. Whether there are
specific receptors on B. burgdorferi for Thl or macrophage-
derived cytokines or a specific role for cytokine growth en-
hancement to facilitate dissemination of this organism in vivo
remains to be elucidated.

The likelihood of cellular immune-mediated containment is
significant in this mouse model, as previous studies have dem-
onstrated an inability of C3H/HeJ mice to respond adequately
to B. burgdorferi infection [48]. Several perturbations in cyto-
kine responsiveness to infection have been noted in C3H/HelJ
mice, which are exquisitely sensitive to infection and disease
compared with BALB/c mice, which become infected with B.
burgdorferi but do not develop clinical symptoms. Ramachan-
dra et al. [30] demonstrated an inability of C3H/HeJ] macro-
phages to produce TNF-a when stimulated by B. burgdorferi
in vitro. Moreover, relative to responses of BALB/c mice, Il-
2 and IL-4 levels in C3H/HeJ mice did not increase with infec-
tion, although both strains of mice developed similar humoral
responses to B. burgdorferi during chronic infection [32]. This
correlated with earlier work by Souza et al. [41], which de-
scribed impairment in lymphocyte proliferation and a decline
in both IL-2 and IL-4 production in disease-susceptible strains
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of mice versus resistant BALB/c mice. Ma et al. [5S3] demon-
strated the in vitro macrophage stimulatory properties of both
OspA and OspB and the relevance of TNF-« in mediating both
the production of IFN-y from NK cells and ultimately the
production of nitric oxide by stimulated macrophages, a critical
component of antimicrobial activity in vivo.

Taken together, these data suggest that cell-mediated immune
responsiveness may be impaired in the earliest phases of spiro-
chete infection and dissemination in susceptible animals, and thus
may be a significant factor in control of early B. burgdorferi
infection. As noted in previous studies, specific immune unrespon-
siveness waned over several weeks, and cytokine production re-
turned to normal with increasing chronicity of infection [32]. In
fact, experimental data suggest that Thl cytokine expression in
chronic infection may be associated with arthritis in susceptible
C3H/HeJ mice, while high levels of IL-4 production was noted
in regional lymph nodes of disease-resistant BALB/c mice 4-5
weeks after needle inoculation of spirochetes [54]. Thus, early
control over Th1/Th2 cytokine regulation would be paramount in
regulating not only early infection but subsequent immunopathol-
ogy in the susceptible host.

Immune impairment during acute infection may be further
compounded in the earliest phases of vector inoculation of
spirochetes by the immune regulatory properties associated
with 1. scapularis feeding and saliva deposition within the host
[55]. Tick saliva has been shown both in vitro and in vivo to
have profound down-regulatory effects on TNF-a and IL-1
production by macrophages, IL-2 and IFN-+y release by T cells,
and induction of a general state of immune nonresponsiveness
by blocking specific modulators of the initial inflammatory
response during tick attachment and feeding [55].

In terms of the data presented here, early reconstitution of
both Thl and macrophage-derived cytokines enabled disease-
susceptible mice to circumvent both tick- and spirochete-in-
duced immunosuppression and to mount an early and effective
immune response sufficient to contain [xodes-induced spiro-
chete infection. Antigenic modulation by cytokine treatment
and humoral immunity, in terms of nonspecific reactivity mea-
sured by immunoblot and a lack of neutralizing antibody activ-
ity, did not appear to be a significant factor in the protection
of cytokine-treated C3H/HeJ mice. Because TNF-a, IL-2, and
IFN-y would be expected to up-regulate macrophage cytotoxic-
ity, enhance class I and II antigen presentation, and reinforce
NK and T cell cytotoxicity, it should follow that a state of
cellular unresponsiveness would be reversed and cellular im-
munity would then become established in cytokine-treated
mice. Although the direct role of cellular immunity has never
been established for containment of early B. burgdorferi infec-
tion in vivo, experimental evidence suggests that cellular pro-
tective mechanisms are grossly and directly down-regulated
in these animals and therefore should play a positive role in
containment of infection,

In conclusion, the studies presented here indicate that deliv-
ery of appropriate cytokines during the earliest phases of tick
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infestation and spirochete inoculation inhibit the establishment
of acute B. burgdorferi infection in a highly susceptible mouse
strain. These data suggest that this is accomplished without the
benefit of a specific humoral immune response and that cyto-
kines that enhance initial containment of spirochetes do so
without directly killing B. burgdorferi. In light of the fact that
the efficacy of a vaccine program using spirochete Osps is
presently unknown in humans, it may be prudent to consider
alternative vaccine strategies. To that end we are currently
using this therapeutic model to establish the role of specific
cellular compartments in the containment of Ixodes-induced B.
burgdorferi in mice. Establishment of the role of specific, early
cellular immunity should have ramifications not only for suc-
cessful vaccine development in I scapularis—induced infec-
tions but, given the ubiquitous nature of host immune suppres-
sion induced by hematophagous vectors [38—40, 55], should
have broad application in the prevention and treatment of other
arthropodborne diseases.
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