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We preaent the lirst direet evidence thit sdverse efects, parl Teulirly severe desteictive artheltls, con develop
in vicchuted hamsters slier challenge with forrdia biergducferi sensa Late Isolutes. Humsters were vaceinated
with u whide-cell preparation of Formatin:nactivated /. hurgedoeferi sensu steietn isolate Co1-11 In atjuvanl, A
severe destructive arthritls was readily cvaked In vaceinnted hamsters challenged with the humalogous .
Burgidweferi sensw stelctn dsulute C-1-11 hefore high levels of pratective horrelincidul untibudy developesd, Onee
Wigh bevels of Cob=1 1 borrelacidal untibudy developed, hamsters were protected from hunwilngnes -:h_nllt'nm
and developanent ol artheitis, Vaccinated humsters, bowever, still developed severe destrective arthritis when
challenged with other Isolates of the three genomic groups wf U, burpdorfeel sensu late (X, burpdocferi sensu
strictn Isolate 297, Horrelin garinii isolnte LY4, und Noreelia afzelii Iselate BV1) desplte high levels of C-I-.Il
specific buerelincldal antibudy, Viccines that contabned whabe spiruchetes In adjuvanl Induced destructive
arthritis, but this efect wus nat dependent on the isolate of 11, burgdocfert sensu late or the type of sdjuvant,
These studies demunsteate thit cuullon Is necossary when employing whale spiruchetes In adjuvant fur
vaccinatinn tn prevent Lyme borrelingls, Additlonal studies nre needed ta ideatify the untigen(s) responsible fur
the inductinn and activatlon wf artheitls amil to define the Immune mechanisms Invalved,

Lyme borreliosis is caused by the spiruchete Bonyliv uirg
donfert sensu lato (3, 5, 19) and is trunsmitied p(imunlx 1o
Iimsan hasis by Loodes ticks (6, 49, 50}, Ity most chureterstic
clinical fenture is an expanding skin lesion, erylbema migrans,
yet patients with the illacss miy present with arthritie, cordise,
or nearelegical symploms without n skin feslon (46, 47, 53).
The signs ind symptoms of the diseise chinge frequently ams
are often intermittent. 11 the infection is left untreated, chronic
arthritis: may develop in weeks or manths. Today, Lyme
borreliosis hus become the mast frequently reporied tick-
wsociated illness in the United States (R) sinee it was firg
consistently reported in the 19705 (48, 51, 52), £

The high level of interest in Lyme borreliosis has facilitated
a worldwide clfort 1o develop un effsclive viccine ugsinst 4.
bredocfert sensu luto, The feasibility of vaccination has been
demansirited in dogs (9, 26), gerbils (33). humsiers (17, I8,
), und mvice (12, 13, 43, 44, 54, 55), Viuble (21, 23, 3, 32, 36,
39, 40) ad nonviable (9, 17, 18, 20, 22, 26) Lyme horreliosis
spirochetes amd several of their outer surfice proteins, inchid-
ing OspA (12, 13, 3, 35, 27, 0, 41, 44, 54, 55), Ospld (14, 24,
15, 55). OspC (A3}, and the 39-kDu protein (41), huv.c hgcn
shown 1o induce protective antibodies cupable of killing -
lates ol f, ergelorfert sensu Bata in vitro or preventing infeet i
in unimuds. Other spirachemnl components muy also be ine
volved, Recemily, a whole-cell viccine for dogs has hecome
availabe commercially (9, 18, 26), and ficld trials involving
hurins with: OspA, us a0 viccine ure being conhicted, Al
Usvineh viecination stihics are progressing, there are impor.
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tand coneerns whaut 1he heterogenicity (4, 15, 24, 31, 56-59)
end immunogenicity (1) $4) of nanvinble whole spiruchelex
wid subunit components. In addition, the possibitity of idverse
cffeets developing from vaceination with or without adjuvants
musl be considered,

In this study, we present the first direet evidence that ua
adverse effect, uspeclally severe desteuctive arthritis, can de-
velop afler vacelnition against the Lyme borreliosis spirochete,
We deseribe the development of severe destructive urthritis in
nature im [ h rs vaccinated with o whole-
cell preparition of Formulincinactivited #, beoyeoderd sensu
bty adjuvint after chatlenge with iolates of 1he three
gemmic groups of 8, hundodfen sensu b, .

MATERIALS AND METHODS

Hamsters, Sixe 100 Saweck-old inbred LSISs WSLH ham-
slers were obtiited from our breeding colony Jocuted at the
Wisconsin State Laboratory of Hygiene. Humsters weighing 60
0§20 g were housed three per coge st ambient tempersiure
ol 21°C, Food und water were aviiluble sd libitun,

Orpanksms, Low-passage (< 10) virulent isolates of the three
genomic groups (28, 29) of B, buwgdorfer sensu lao (.
brupdodfen sensu striet isolates C-1-1 1 und 297, Bomclia gurinii
isolate LV4, und Borrelin afzelii isolate BV1) and Bomefia
heomsii were cultured once in maditked Barbour-Stoenner
Kelly (BSK) medivm (7) a1 32°C 10 u concentration of § x 1107
spirachetes por ml, Five-hundred-miceoliter samples were then
dispeased into L.S-mi serew-cip tubes (Surstedt, Newton,
N.C.) containing S0 pl of BSK supplemented w::uh ms
plycerol (Sigmu, St Louls, Ma.), scaled, und stored in liguid
niteogen. When needed, # frozen suspension of spirachetes
wils ﬁuuwwl. und an uliguot wis used to fnoeutate fresh BSK.
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The celtore wiis ineubated ut 32°C for 72 h and dilered with
fresh BSK ta yickl § x 117 spirocheles per ml. Spitucheles
were eaumernted by durk-fick) microscopy und with a Petrof.
Hauser ing chumber. Isolates were obtuined from S M,
Callister, R. C. Johason, und G, Stunck,

Prepurntion of vuccines, B. Iogdorferi sensy sircto fsolates
C-1-01 nnd 297 were grown in 4 liters of DSK 1o § x 10
spiroch er ml. Spirect were hurvested by centrifugu-
thon (MO X g 4°C, 30 min) ufter three washes with
phosphate-bulered saline (PBS, pH 7.4). The pellet wus
suspemdedd in 1% Formsalin und incubated al 32°C for M) min,
The Formalin-inactivited spirochetes were then washed three
times by centrifugation amd suspended in #8S, Five-handred-
microliter xamples comtaining § x §0” spirochetes were dise
pensed dnto 1L5aml serew-cip tubes (Surstedt) sl stored it
= WFC. Subsequently, Trozen samples of Formalinimctivated
1, Igstonfers Co1- 11 and 297 were thawed 3nd suspended in 10
ml ol aluminum hydroxide gel (HPA-3; Rehels, lie., Berkeley
Heights, N.L), afuminum hydroxide (Imject sdem; Pleree,
Ruckford, 1), Freund's incomplete ndjuvant {Sigaw), or PBS,

Vacclnution of hamsters. Hamslers were mildly ancsthetived
with ether comtained in i nuse-nnd-mouth cup and vaccinmted
lnlmmnwulmlr in cuch hind log with u single dose contidning
0.2 ml of 10* Formalin-inasetivated organisms of B, boqudocfers
sensy stricto fsolite C-1-10 or 297 in various udfuvants, The
protein concemtrition wis S0 w 10 g per inoculum (Mio-Rad
Labssratories, Hereules, Calif.), Controls consisted O osnvac:
cinated hamsters and | s inoculated with 0.2 mi of the
adjuvints wkone or Formalin-inactivated 5. urfens sensy
siricto solate Co1-11 or 297 in PBS, Similur or higher concen.
trations of spirochetes have been used (o voceinate hamsters
(20, 22).

Ilamster serm, Scri were obtained from humsters vicelnited
with Formulin-inuctivated f, hunlodferi sensu striclo isofate
C-I-11 or 297 with and withoul adjuvint a1 virrious intervils
after vaccintion, Concumitumly, sera were oltzined from
noainfected normal hamsters. Hamslers were unesthetized
with cther and bled by intrucirdiac puncture, The blood wis
wlhiwed 10 clot, und serum was sepuruted by centrifugation ut
500 % g, povled, divided into l.mi aliquots, dispensed into
I.5-ml serew-cup 1ubes (Surstedt), and frozen at =20°C until
used.

Borreliacidal assay. A previously described procedure (M1}
was akwdified und used to determine borreliucidal uctivity, Sera
from viccinated und i | h 5 were heat inue.
tivated wn S6°C for 3 min, diluted 1310 with fresh BSK, und
filier sterifized throvgh o 0.22-um-pore-size Rlter apparntus
(Acrudise; Gelman Sciences, Ana Arhor, Mich,). Frozen sus.
pensions of B, burgdocfer’ sensu stricto isolutes Ce1+11 and 297,
B. gacinii isolite LV4, f. afechii isotate BV, and B. hernesi in
OSK were thawed, Inoculated into fresh BSK, und incubiied
32°C for 72 h, Splrochetes were enumerated by durk-field
microscopy wnd with o Petroll-Hauser counting ehimiser, s
the suspetisions were adjusted 1o contain 10 spirocheles per
ml with BSK. Onc-hundred-microliter sampics of the spira.
chetal suspensions were sdded (0 round-bottomed wells of &
well microtiter plate (GIBCO Laboratorics, Grand Ishind,
N.Y.). Subsequently, 100wl of sera or twofold dilutions of scra
from viccinuted and noavisecinated hamsters nnd 20 wul ool
steribe puinea pig complement (hemalytic titer, 200 CHSO wnis
perml; Sigma) were added 1 ench well of the microtiter plate,
The plite was shaken gently nnd incubuted it 32°C fur 16 b, All
ussays were performed in duplicate,

Flow cytemetry data ncquisition and analysls, After incubia.
tion of assay samples, 100 jul was remaved und diluted 115 with
DS (pl1 7.4), and 5 wl of ueridine orange (5.4 nM; Sigima)
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wiis auded (27). Controls included sumnles cunluininp eyl
serum with vishle or heat-kitled (56°C for 30 mia) spirochetes
in BSK und complement, 'The saniples were then analyzed with
it FACScun flow cytometer (Beeton Dickinson 1mmum om-
ctry Systems, Mountuin View, Culif.) with FACSean LYSIS I
software for datu noquisition. Initially, viable nad eut-killed
spirochetes were detected und difierentiated from BSK. serum,
and complement particles by using forward scutter, side seal.
ter, and acridine ornge Muorescence, Live giting wis pers
formed orly on profiles of spinwhetes during tatn acguisition
1o exciude all BSK, serum, and complement purticies, Data
were acguired for | min. Assay sumples were then umalyzed by
histogrun profiles of ucriding oringe Duorescence with FAC
San LYSIS 1 soliware, Gates were established for viahle pul
heat-kitted spichetes hused on their incueporation ol ieriline
orsge. Three patimeiens were eviliated! events per minnte
{numher of fubeled spirochetes), pereent sl in Nuorescenee
(number af dead spirochetes), amd mem chinnel Nuoreseency
(inteasity of Nuorescently libeled spinachetes). Borreliscidal
netivity was determined by o decreinse in events per minuie il
increuses in pereent shift in Nuorescence wid mean channel
fuoreseence compired with values abtained with nommat e
wm. Spirachetes were sorted based on the Now cylomnet ric
parnmeters. Sorted spirachetes were incubuted in fresh BSK
medivm and monitored for growth fae § weeks, N growth of
spirehetes wis deteeted (27), The borrelisvidal titer ws the
highest dilution of immane serum that Lilled spirochetes
compared with nermal serum.

Infectivn of humsters, Vaccinaled hamsters were mikHy
anesthetized with ether und ehallenged subcutancously in cach
Iindd pave with 0.2 el of BSK contiining 10" viable Rnixms
of B, bugelonfen sensa siricta isolate C-1-11 ¢ 297, B, ganinii
Bolate LV4, B, afeelii isolate BV, or 8. hermsii, Conteols
included noavaceinated humsters and hamsters vaccinated
with various sdjuvants dlone or Formalin-inactivated pirn-
chietes in PBS and challenged with 1P viahle spirocheies or
USK. We have infected hamsters with 10 10 10¥ 1. brrglorfeos
urganisats amf recovered spirocheles from bladders, spleens,
kidneys, und hearts culured in DSK medium, Recovery rites
virricd (260%,) for chullenge inoculn of beeween 107 ang 1(F
spirochetes, When hamsters ure chullenged with 1 spiro-
chetes, the mensurement of arthritis by piethysmogruph is lexs
varduble ind spiruchetes ire recomered from all tissuos,

Assessment of arthritls, Swetling of the hind paws of ham-
sters chatlenged with isolates of 7, bugdofen' seasy lnto and 4,
Dierinsic wus wsed 1o eviliate the inlummatory response, The
hind piaws were measured every ather day for 21 days with u
plethyxmograph (Buxca Ekectronics, Sharon, Conn.). Measure-
ments were abtained by mildly nnesthetizing humsters with
ether, carelully dipping i hind paw into o column of mercury
up to the unkle, wnd measuring the umount of mercury
shispluced (in millititers). The mein prethysmogeaph vitue for
three hamsiers (six hisd paws) per groun was wsed as an index
of severity of swelling from uriliritis, Mereury cisplucement
wis standardized with a wolume ealibrutor.

Recuvery of splenchetes from tissucs, Twenty-one duys ufter
chullenge, hamsters were killed by CO, inhalution, The uriny
blidder, spieen. left Kidacy, and hearl were rensved aseplis
cally, homagenized (hrough a S-ml syringe, find inscubited inio
Sl of BSK supplemented with rifampin (100 ppiml; Sigma)
el phaspliomyein (16 pg/ml; Sigma), Cultures were .
bated at 32°C und examined weckly for 2 weeks by durk-iehl
microseopy for motike spirachetes. 1T spirachetes were not
detected, 015 ml of the culture was inoculaled into d mi of BSK

PP d with antibiotics and incd weekly for an-
uther 3 weeks, If na spleachetes were detected, the culture wes
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FIG. 1. Dewelopenent of borechacica? antibody titers in damsiers
aficr viecination with Formabin-inactivated B, bravdarfon seasn sricto
tolate Catal | im PHS {xtippled bars) or sluminum hipsevaide get daalial
Purs).

considered ncgative, For recovery of I hermsii, blomd was
inoculated imto 5 ml of BSK supplemented with amtibiotics.

P'repuration of tissues for histology, The hind legs of il
viccinated and nonvaccinited homsters were smpetited 2|
thays afler chullenge ol the midfemur, fixed in 109 ncutral
buffered Formalin, placed in decaleifying solution (Lerner
Luboratorics, Pittsburgh, Pa.) for 18 b, and stored in 107
Formalin prior 10 processing. The knees amd hind paws wore
bisected longitudinully, embedded in parain, cut into fepm
sections, placed on glass slides, and stuined with hematoxylin
and casin, Hind legs were rindomly selected from cach group
ol hamsters for histopathological examination,
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Statistics, The plethysmograph values oblained from hum.
ster hind paw measurements were tested by unalysis of vati-
unee. The Fisher teast-significant-difference test (45) was used
10 examine puirs of means when a significunt F ratio indicuted
relishle mean differences. The alpha lovel was set at (105
before the eaperimsents were staried,

RESULTS

Development of burrelincidal antibudy in vaccinmted him-
sters, Two groups of |5 humsters cach were vaccinuted with o
singhe duse of & whole-cell prepuration of Formalin-lnsctivited
1. buerylorferi sensu stricta isolate C-1-11 in PBS or on alumi.
rim hydeoxide pel, Borreliscidal untibody titers were deter-
mined ut 1, 3, S, 7, and Y weeks after vaccination by flow
cylametry. One week afier vaccination, low levels of boeredi-
avidal antibady were detected in pooled sera from three
humsters vaccinated with the preparations of Formalin-inacti-
virled spirachetes (Fig. 1). However, hamsters vaccinated with
Formalin-inactivited spirochetes in udjuvant had a 2. 1a |6
Iold increase in borrelingidal antibedy titer 3 weeks or later
after viccinution.

Development of severe destructive arthritis In vaecinnted
humsters, Five groups of three humsters each were vaecinuted
with Formalin-inuctivated 8, burgdorferd sensu stricio isolate
C-1-11 in aluminum hydroxide gel. At 1, 3, 5, 7, and 9 weeks
ulter vaccination, hamsters were chullenged subcutancously in
the hind puws with 1" viable organisms of B, burgdorfen sensu
stricta ksolate C-1-11, Hamsters challenged § weeks or less
ufter vaceinution developed severe swelling of the hind paws
(Fig. 2 and 3C). Swelling was detccted 5 duys after chullenge
und increased rapidly, with peuk swelling occurring on duys 14
10 16 uflter challenge hefore graduitly decreasing. Spirochetes
were ulso recovered from the urinury bladder, spleen, kidney,
and heurt of these hamsters ufter cultivation in BSK for 10 days

PLETHYSMOGRAPH VALUES
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DAYS AFTER CHALLENGE

FIG, 2, Duevelopment of hisd pow swelling in hanissers challenged with 21 huglorfin sersn stricwy isolate Colel 1 and vicinated with

Fornuasin-macivated B, heliefers sensu strickn isolite o111 i alaminum hydroide gl for | {~8-), Y (-A-), § (-
weeks, Comtrol inchabed nonvicciaated hamsiers chalicaged with BSK (O ) or 8 banglurfivi sonsy stricio isdate Co1-11 (--®-

3 7 (<0} und 9 (-A-)
<)

hamsters vinvinated with alumisum hydeonide gel and chollenged with i, hanplorfer senva stricio solute Co1-11 (=B -0). Nonchallenged

vinvinared himesters shomeed mo adverse chmicl manilestanions,
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FIG, 3. Appearunce (heft) amd histopithol (right) of hind paws. (A) Nomviccinated hamster chalkenged with BSK, (H) Nonvacsinatedd
hansder chnllcnged with # Inglorfent sensis steici isofate Cla 11 () Hamster vaccinnted with Formalin-issctivascd 1. Basrgabunfies sewam Mekwe
isolato Col-11 in wlominum Pydroxide pel and chullenged with the same isolite. Results weee deteensingl 21 vays ;._ncr rh;nl!cngc. Az pasing s
urca of infiltration of inflamanntory oclls inko the synovium. Dostractive arthiritis wus ilso ofserved in ygmhlcr\ v.u-_unlcd wit |! . Ianelenferd semsn
strikia isolate 297 in sdjuvant wnd Shalimged with M bgwkrfer semsu stricto ilate 207, In addition, destructive airthritis was evoked when
hamsters vaccinated with 5. hunlarfert seae stricts lsodste C-1-11 of 297 in adljuvint were challeaged with W, garinii iolate LV und & ofools
isulate BVL. The presence of Mgh-titer isolasespucific hornetincidl antibuly provented the incdoction of arihritls when viccinated limsiers were
chatleaged with the homaotogous isalate, Hhosewer, sribritis still devedoped in vaocinated hamsiers chalienged with noatiomologous mobies of i#
bugdurferi sensu lato,
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TADLE 1. Recovery of 8. burglovferi from tissues”
No. of ssimels posisive for spreacheics bn:

Crinp and time ol
bl °

;mx:i‘:nl::) um""'l Spheen Ridacy s
Viaccinabus

| 3 2 3 3

il 3 2 2 2

5 2 ] 2 A

7 o " o n

v 0 n a0 n
Contruols

Nonvaccinatod 3 b ) 3 :

Adjuvust slone 3 2 K] 2

=1, were i } with Fi lig-i S B Mamakeferd idaty
CL b i o hydreide gl wnd chalh ged 1,3, 8, 7. ond 9 weeks adicr

cination with M. bnsfodfen mokste C-1-11, Cuninils incheded momvavinital
o . m':' W rﬁ"* d with sdjuvant slone. Thire were thiee

hamsiers In cach prowp.

(Tuble 1), By contrast, himsters challenged 7 and 9 weeks afler
vaccinution fuiled 10 develop swelking of the hind paws (Fig. 2),
and their tissues did not grow spirochetes when cultured in
BSK (Table 1). Slight ml‘llng of the hind paws was detecied
when nonviccinated hamsters and hamsiers inocelated with
wljuvant zlonc were challenged with B bugdodferi sensu
stricto isolate C-1-11 (Fig. 2 und 3B). The swelling, however,
wus significantly less (P < 0.01) und of shorter duration thun
the swelling in humsters chalienged 1, 3, und § wecks after
vaccination with Formalin-inuctivated spirochetes in adjuvant.
The tissues of these hamsters also grew spirochetes when
cultured in BSK for 10 days (Tuble 1), In addition, noavicci-
nited hamsters and hamsters vaccinated with BSK failed 10
develop any swelling of the hind pows (Fig. 2 und 3A).
Viccinated humsters that were not infected showed no adverse
chinical manifestations. Likewise, vaccinuted end nonvacei-

VACCINATION INDUCED DESTRUCTIVE LYME ARTHRITIS 2029

nated hamsters chullenged with noaviable spirochetes falled to
develop arthritis. In other experiments, arthritis was evoked in
vuccinated b halienged intrad My und intraperito:
neally. The onsct of arthritis was delayed by approximutely 20
diys amd the swelling of the hind paws was less severe after
chullenge by these routes.

Changes in movement and behavior of hamsters. H
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TABLE 2. Reciwery of B hagelorferi from tissues of hamsters
waccinated with different preporations”

No. of sslmals pusitive for

that had been vaccinated 5 weeks or less previously with
Formulin-inactivated B. burgdorferi seasu stricto isolate C-1-11
in wluminum hydroxide gel were chullenged subcutancously in
1he hind paws with 107 viable organisms of 8. bugdorferi sensu
stricto isolate C-1-11, These hamsters displayed unu_sual be-
havior patterns and hud difficulty moving about their cages.

INERCT, IMMus.
nonviccinated hansters chullenged with B augedorferi sensu
stricto isolute C-1-11 developed slight swelling, the severity of
swelling was significuntly less (P < (.0)) than that measured in

splochesss in: vaccinated humsters and wos of shorter duration (Fig. 4),

Gewap anil peepn — Nonvaccinuted hamsters inoculated with BSK failed 10 develop

oo Spken  Kideey Meart  uny swelling of the hind piws, When these experiments were

repeated with Formalin-inactivated or other preparations of

Nomauinated b} 2 3 ] whole B bugdorferi sensu lito isolotes in various adjuvints,
Vacelnmed ' similar results were obtained,

Aluminuen hydroxide gel 3 ) 3 3 Induction of severe destructive arthritls in vaccinated ham-

?W':‘rﬂ-"n ydroside ; § -2‘ ; sters challenged with viher Islates of the three penomlc

feunds incomplcic sdjuvanc : groups. Five groups of three humsters cach were vaccinated

* Mamavis were v J with the indicatcd b Wl ol with formalin-inactivated B. burgdoefeni sensu striclo isolate

They became unusunlly vicious about 10 days after challeng
und refused 10 cat and drink despite placement of food and
witer directly on the floors of the cages. Simply touching the
cinges caused (he humsters to squeal. Humster movement wils
reatly restricted because they could not maove their legs.
tlamlcn mancuvercd about (he cages extremely slowly on
their sbdomens, dragging their hind logs, These responses
graduully wancd 20 after challenge und corrclated with
1he onsct and deereise in the swelling of the hind paws. These
clinicul findings may be the result of severe pain ruther thun
inflammation of the central nervous system. No unusual
chinges were observed in noavaccinated hamsters or humsters
inoculated with sdjuvant ulone und then challenged with B
burgdoeferi sensu stricto isolate C-1-11 or with BSK,
Histopathulogy of hind paws, Twenty-one days afier ch.ub
fenge with B. sensu stricto isolate C-1-11, an crosive
and destructive arthritis was delected in the hind paws of
hamsters vaccinated § weeks earlicr with Formalin-inactivated
B, bundorferi sensu stricio isolate C-1-11 in adjuvant (Fig, 3C).
The synevia of the tiblotarsal and intertarsal jo(ou displuyed
chronic hypertrophy and hyperplusia characterized by bridging
of vili mixed with fibrin (pannuslike), crosion of the articulir
cartilage, und focal destruction of underlying bone (Fig 3C). A

o
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) with Formalinei

J R, Burploferi sensin sieivia isolate C-1-01 in

FIG, 4, Dewek ol hind paw swelling in b s
aluminum an“l:wgﬂ {-8-), sluminem hydmllkk (I-?-). and l;rc_n:

nd's imcumiple e wid (=) oficr chatienge with M. bugshferd sense
god with A hmkd

s Mricia ssolube Cololl (- - A <o <) or DSK

sricts isolate C-1-11, Comrols included
{+-®-:)

= -

. feri scoat sirichs bolate C-1-11 and then challerged §
wivks hater whih ihe sme badte, Noavirsinalod amstens wens wesod i cintoh
wed wory i cholloaged. There were ibecw hamsiers In cach group.

cellulir infiltrate of neutrophils, macrophages, mast cells,
b'mrhxylu. und plasma cells was also present in 1he subsy-
novial and periarticulur tissucs. Chronic urthritis wis pro-
nounced and characterized by fibromyxoid chunges with resid-
uul granulation tissue und occasionul curtikaginous metaplasin.
In contrast, the hind puws of noavaccinuted hamsters chal-
lenged with 8, bu i sensu stricto isolate C-1-11 Sisplayed
an ucute synovitis (Fig. 3B). A cellular Inflummatory inBiltrate
wiis present, but the joint spaces were free of pannus tissue
formation and the devel n of crosive und destructive
arthritis, (Fig. 3B). Similar histepathological findings were ulso
seen in the hind paws of humsters infected with 8, hugdorfert
sensu striclo isolate C-1-11 after vaccination with Formulin.
inuctivated B. burgdorferd sensu stricto isolale C-1-11 in PBS or
with udjuvant alone (duts not shawn), Nonvaccinuted hamsters
inoculated with BSK also falled o develop any signilicunt
histologicul changes (Fig. 3A).

Effects of various ndJuvants on develnpment of scvere
destructive nrihritis. Three groups of theee hamsters cach
were challenged subcutancously in the hind puws with 10"
viuble organisms of B, bumgdorfen scasu stricio solite C1-11 5
wueeks after ination with Formalin-inactivated 8. b
Jeri sensu stricto isofate C-I-11 in alumioum hydroxide pel,
sleminum hydroxide {(Imject nlem), or Freund's incompleie
udjuvant, All viccinated hamsters developed severe swelling of
the hind paws § days after Infection (Fig. 4), The swelling
peaked on days 14 10 16 afiee challenge und gradually Je-
ereased, Spirocheles were also recovered from their tissues
after cultivation in BSK for 1) days (Table 2), Alhough

C-1-11 0r 297 in aluminum hydroxide gel und chulienged 7 und
3 woceks luter, respectively, with 10" viable organisms of /1.
Deirgelovfeni sensu Stricto isolate C-1-11 or 297, B, garinii isolate
L.V, B, wfechi solste BV, or B hermsti, Homsters vacsinatod
with 8. hwegdodferi sensu stricto isolute C-1-11 or 297 in
ucjuvunt hud borrelucidal untibady titers of 1:320 and 121,280,
respectively, at the time of challenge (Tuble 3). No swelling of
the hind paws was detected in vaccinated hamsters chullenged
with the homologous isolate, nor were spirochetes solited
from the tisswes of these unimals. When inaited hamsters
were challenged with the nonhomaelogous isolate of B, bing-
dorferi sensu stricto, 8, parinil, or B. afeelii, severe swelling of
the hind paws developed nnd spirochetes were isolated from
the tissues of these hamsters even though high levels of
solute-specifie borrelincidal antibody were present (Table 3),
Humsters vaccinated with Formalin-innctivated B. bgdorfer
sensu striclo isolate C-1-11 or 297 in adjuvant failed to develop
uny swelling of the hind paws when challenged with 8. 4 i
nlthough spirechetes were isofated from the blood.

DISCUSSION

This is the Rrst documentation that severe destructive ir-
thritis can develop after vaccinition against infection with
bungdorferd seasy Tato, Arthritis was readily evoked i vicei-
nated hamsters chatlenged witls isolates of B tigderfes sensa
Lo before high Tevels of protective boreeliatidal antibady had
developed. Once high levels of isolute (vaecine)-specific bore
reliacidal amtibody developed, humsters were protected from
homologous challenge and development of artheitis. However,
vaccinited hamistens still developed sovere destructive arthritis
when chalicnged with other isolutes of 1he three genamic
growps of B badogid sensu bito, Our results demonstrinte

TABLE X Dasduction of severe destrnctive anhieitis in vacanated hamsters

Nor vimeine Isrbate Col I b vinvine Bl M7 vacume
Challongs mabale Posereonkdal Now e Porerghiaonlal Nu cia Tt Niv,
i oty i Do sty with “l";""_‘;:':_" antitsdy wil ’:: L
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thit vuecinution induces protection against homologous chul-

YACCINATIONINDUCED DESTRUCTIVE LYME ARTHRITIS =M

other vaccinated animals? Vaccination of dogs (9, 26) and
1

fenge, but v fon also primes b 1s for devely of

arthritis, If vacel J hamsters ure chillenged with isolates of

(17, 18, 20) has been done pvcvioudy with whole
splrochetes in udjuvant, One expl is thal vacei |

B hgdonfed sensy lato thut are resistant to the inee

Imsuls ure ly chullenge ! with the homologous infee-

induced specific antibody, they will develop severe destructive
artheitis, This i un important finding and suggests thut vic-
vines must be composed of severil iselstes of B bungdovfen
sensu Lito 1o induce a comprehensive borrelivcidn) antibody

f oy develop of urthritis,

Adjuvants are frequently used in 0 pugment im-
e snxes wilhout major side ¢lfects {(2), We showed That
vacclntion with Formalin-inactivited spirochetes in the ub-
sence of adjuvant induced only a weik borrelincial antibody
esy Borrehincidal antibody sccurately reflects the level of
profective antibody (40). When Formalindnactivated spiroe
cheles were incorporated in adjuvant, high levels of boreelic
wcidal untibady developed 7 weeks or mwre ufter vaccinution,
Vaccinuted humsters were p 3 from homologous chal
fenge. Surprisiogly, hamsters vaccinmed with spirochetes in
adjuvant developed severe destructive arthritis when chal-
lenged with the homologous isolate before high levels of
baereliacidal antibody were detected, Furthermore, viccinated
hamsiers developed severe destructive arthritis when chal
lenged with other isolates of the three genomic groups of B,
bungrlocferi sensy lato, even when high levels of ispliesspecific
Borecliacidal antibeody were present. Our resulls abso showed
that development of setleitis was caused by the spirochetes and
ol by the adjuvants. These Hadings suggest that vaccines
prepared from whole spirochetes should be tested for their
ability 10 induce arthritis or other clindenl manifestations of
Lyme horretiosis by chullenging vaceinuted nnimals with mul-
tiphe tsolutes of A, hurgdorferd sensu Tato before und after the
estublishment of high levels of protective borreliseidal amti-
Iy,

Our results sugpest thut alernative approaches, besides
whuole spitochetes, need to be considered for the development
of Lyme borechiosis vaccines. One approach would be 1o use
selecied proteing ur other antigens of 8. boangdoferi sensy lato
that are known 1o induce protective borrchacidal untibudy.
Severad A, bunglorfin sensu bt proteins, including OspA (1
13, 43, 44, 54, 55), OspB3 (14, M, 15, 55), OspC (33), und the
MEKDa proteln (40) have been shiwn 1o induce Killing anti-
by, Although OspA ix currently the leading vaccine cindi-
date, B has considerable immunologic (4, 15, 38) and ssolecn-
far (24, 3 39) heterogencity. This may reguiee several OspA
proveing for development of o compreheasive viiecine, We
huve shown that isolites of I Beegrdonferd sensy Bt can be
sepirritedd into o hepst live distingt seroprotective groups (28,
291, s suggests thit combinations of 1, baxdesfen scasi fata
protective profeins aviy be required 1 provide o comprehens
sive vieeing For b and other imimals, Fhe ability of these
prteing alome or in combination 10 induce or elicit idverse
clinicl manifestations is wnknown and must be evaluated
before their inclusion in n viccine, Likewise, the immuanoges
nicily of these puribicd proteins must be determined. An
adjuvant may be required for the fnduction of an adeguite
Provective antibody response and miry enhanee the petentin
Toor idverse cllects, Anmther npproach for vaccination woukl by
o use whole spleochetes i eliminate or renve the i
pos) responsabde for the induction of artheitis o other
possible avtoreacrive puthologic responses (1, 16, 25, 42),
Althongh this nppeosch is not popabar, it showld be evaluated
hecause of the immunogenic and molecular heterogencity of
vavine protein cambichtes i the number of antigens thal can
indisce borrclineidal sctivity.

Wiy has severe destructive arthiritis not been docomented in

tous . burgedonferi sense luto isolate during periods when
levels of borreliucidul antibody ure high, Generally, severul
weeks clupse between vaccination and challenge, ullowing
sullicicnt time for development of specifle bosreliacidal anti-
by, In this study, the protective amtibedy respoase 10 vacci-
nition with 8. buegderfert sensu striclo isolate C-1-11 devel.
oped slowly. It took 7 weeks for the development of sullicient ly
high levels of horreliscidul antibody 1o prevent infection und
the development of arthritis, By contrust. hamsters vaccinated
wilh fi, fogdorfent sensu stiricte isolite 297 developed high
levels of borrelingidil umihm.l? us carly as | oweek ufter
vacinition aimd were pr from | logous challenge
and development of arthritis, Another explanation is that
investigatons failed 1o chullenge inuted unimuls with iso-
lates of B, bwrgeforfert sensu lato helonging 1o distinet seropro-
teetive groups. Lowrich ot al. (28, 29) identified five seropro-
tective groups among North American and Europein isolites
of B, hungeferi sensu stricto, B, gerinid, and B. afzeli by using
the borretiacidol assiy, We showed thut hamsters vaccinated
with Formatin-inactivited 8. bungdorfen scnsu stricto isolutes
Colel1 and 297 developed severe destructive arthrilis when
chillenged with distinet seroprotective group isolates in the
presence of ub of homologous boreelincidal untibody, A
third explanation may be that the route of challenge infhuenced
the development of urthritis. We have also evoked arthritis in
vaceinated b hatlenged intradermally and intraperito-
neally. However, the onset of srthritis was delayed by approx-
imptely 20 duys und the swelling of the hind paws was less
severe in these animals, The lute development of urthritis may
not have been observed by other investigators, A fourth
cxplunation is thut the hamsier Is unique. Hlumsters may
process whole spirochetes in adjuvam dilferemly than other
animals. 1t is impodlant 10 note that secious adverse reactions
in dogs 10 a commerciully available whole-cell vaceine contiin.
In’ an adjuvant have mot been reported o date (9, 26).
Likewise, uther animals have not developed artheitis despite
vaccination with whole spirochetes in adpvant (17, 18, 20).
Even if other animal models du not develop arthritis alier
vaccination, the hamster’s propeasity for development of ar.
thritis may tead to o betier understinding of the immune
mechunisans responsible for the induction and development of
arthriths, :

Our resules also suggest thut humorally medisted responses
are mt responsible for the developasent of severe destroctive
arthritis i hunsters. Arthritis was evoked in the presence il
absence of borrelioeidal sntibody ad of antibody wsed for the
serotliingnosis of Lyme disease, Pissive transfer of serum from
hamsters vaecinted with Formidin-imactivited I Swudonfi
sensu stricho isolate Col0 1 did not indiee arthritis when naive
syngenie recipient himsters were chatlenged with the homol.
ngous isodinte or other isolates of 1 dofent seasu lito, even
i?l‘cl ity administeation of seram for 7 diys (data it shown),
Likewise, Fikeig et ol {11) showed that active immnization
with OspA did nor enlsince arthritls bur hasteacd its resolus
tion, ‘These results and those obtained by histopat hology
sugpest that cell-mediated responses ure invelved, Additional
studies are needed 10 delermine whether severe destructive
irthritis cun he possively transferred with cells or abrogated in
vaccinated hamsters by treatment with specilic T-lymphogyte
reigents.

In summiary, severe destroctive anhiits developed in vaeeis
nated h Although Insted hamsters failed 10 de-

FLi LIM ET AL

velop urthritis when challenged with the homologous ksolate
during periods when the levels of isolate-specific borreliacidal
antibody were high, they developed severe destructive arthritis
when challenged before borreliacidal antibody developed or
when challenged with different isolates of 8. blugdorfert sensu
lato, The induction and development of arthritis wus not
dependent on the isolate of B, burgdorfen sensu lato or the 1ype
of adjuvant used. Additional studies arc needed to define the
untigen(s) responsible for the induction of sribritis and the
mechanism(s) involved. These investigations are needed 1o
understand the immune mechanisms responsible for arthritis and
:‘xw:et;c q:vclopmcnl of a safe vaccine for prevention of Lyme
osis,
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