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Absxact

Tn goontaneous inflm m atory arthritisof K /BxN T cell receptor transggenic m ice, the effector
phase ofthe dissase isprovoked by binding of in m unogbbulins (g9 t phtsirfaces. hftmm a-
tory cytokines are known to be involed in hum an nflan m atory arthritis, n particulr theu-
m aod arthrits, although, overall, the pathogenetic m echanisn softhe hum an affliction r=m an
unclkar. To expbre the analgy betw een the K /BxN m odel and hum an patients, w e aseessed
the ke and whtve in portance of nfmm atory cytokines in K /BxN it inflan m ation by
trendernring arthritogenic ssrum nto a panel ofgenetically deficient recpients. Iiterleukn (IL)-1
proved dbsolitely necesary. Tum or necrosis factor N F)- was alo r=quirrd, although
seem ngly s critically than IL-1, because a proportion of TN F- —deficient m ice develbped
wbustdissase. There w asno evidence foran in portant wk or IL.-6 . Bone desruction and re-
congruction w ere alo exam ned. W e found that allm ice w ih soong hflam m atdon exhibied
the bone erosion and recongruction phenom ena typical of K /BxN  arthritis, w ith no evidence
of any particulr requirrm ent or TN F for bone dedomiction. The varigbilty In the require-
mentorTN F- , ram hissent of that observed 1 treated theum atoid arthribis patients, did not
gopear genetically program m ed but rehird higead to sibte environm ental changes.

Keywors: tansgenic e cytokie e knockout e nflam m atory e TN F

Introduction

Tnflan m atory arthritides, In particubr theum atoid arthritis,
have been the ausof mtense nvedtgation, but theiretiol-
ogy and pathogenesis rem ain controversial. There is no
congengison w hat initatestheum atod arthrits R A )*; ie.,
w hether it is prim arily an autoimm une Eponse, an In-
flem m aory regponse t© som e persistng m icrobial Invasion,
ora com bination of the tw 0. There isalo dipute overthe
Tukocyte populbtions that are mvolved n the initation of

The present addressof H . i s Serono Pharm aceutical R esearch Ingttute,
14 Chem in desAulx, 1228, PEn-ksO uates, G eneva, Sw izerkbnd.
Address conrepondence to D Ene M athisand C hrisophe Benois, bs-
1in D #Hbetes C enter, O ne dbshn Place, Bogon, M A 02215. Phone: 617-
264-2745; Fax:617-264-2744 ; E-m ail: dodm @ pdlin harvard edu
*Aoeviatmsusd I thispeperr CTA , colbgen-induced arthritds; G PI,
glicose-6-phogohate isom erase; LT, ym photoxin; R A, theum atoid ar-

Pt mfbmmaton. The paradign curnently dom inating
the field portrays antigen-gecific T cells n the phtas -
citing the nflan m atory cascade by triggering m acrophages
and gmoviocytes (1, 2), but this scenario has been ques-
tioned for a bck of ditect experim ental dem onsration of
certan of is key ponts, and because of som e disordant
obsrvations, sich as the paucty of T cell-derived cyto-
knesin nflam ed pints B). Ih contiast, a ok orinflmm a-
tory cytokines ke TN F-  and IL-1 iswellegabliched @),
m o dem ondratively by the in pressive effect of thergpeu-
tic protocols that blbck TN F-TN F-R  hteractions (1).
There has alo been debate on the =htive i portance of
the I.-1 and TN F- pathways @). It has alo been noted
that, even in the beg of trial outtom es, arthritis isnot Tl
eversed and wughly one third of R A patents are refrac-
tory to TN F-TN FR -blbdking drgs.
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The K /BxN TCR tansgenic m ouse isa recently devel-
oped m odelof inflam m atory arthritis 6-9) . ALK /BxN an-
in als spontaneocudly show an autommune disase wih
m ost @though notall) of the clinical, hidolbgical, and in -
munobgical features of RA In hum ans. The disorder is
critically dependent on both T and B cells. A though the
patholgic m anifedations are pint-gecific, the process is
itated, and then perpetuated, by dual T /B cell autoreac-
ity to a ubiguitusdly expresed antigen, glicose-6-phos-
phate isom erae GPI). Tmnder of antd-G PI Igs fiom ar-
thritic K /BxN m ice nto healthy anin als provokes arthritis
w ithin days, even when the recipints are devoid of ym -
phocytes. G PI-anti-G PI Inm une com pkxes (Icg) are the
Ink between the gygem ic T and B Iym phocyte autorsac-
ity and the ensiing pit-gecific nflamm adon and de-
sruction; the pint gecificity isperhaps a reflection of the
presence of G PIon the artoulr cavity sarface (10). hida-
tion of the inflam m atory effector phase requires both the
com plm entnetw ork and Fc receptors (11). The rkvance
ofthe K/BxN modelto human R A is sipported by a re-
cent report that ssrum from aln ot two thidsof R A pa-
tents contained antd-G PI Abs, absent fiom ssrum of nor-
mal hdividuals or of patents wih Lyme arthritds or
Sgren’s gndrom e (12), although m ore recent data show
Esobvibusa conehtion (mnpublished data) . T he cbserva-
tion 0ofG PIand G PT-antd-G PI com pExeson cartibge sur-
faoesofhum an pntsisalo of nterest (10).

O ur early sudieson K/BxN m ie reveakd augm ented
Ical gnthesis of nflam m atory cytokines, such as IL-6 and
TN F- , h arthritic pints 6).H ow ever, the fuinctional r=l-
evance of this cbservation w asnot teged, other then a re-
port that failed to dem ondrate a required ok Or TN F-
(13). The ok of nflEmm atory cytokines is an in portant
elem ent to consider n attem pting t© rehte the m echaniddi-
cally defined m ouse m odelto hum an R A patients. For ex-
an pk, does Ig-induced arthritis conegpond to the TN F -
dependent form of the hum an dissase or mther to the
varentsresigantto TN F /TN FR bbcdckade?

Her, we goply the K/BxN swum tander sygem o a
panelofm ice deficient n one orm ore nflam m atory cyto-
kines or thelr receptors. A critcal ok for IL-1 is edzb-
lished, along w ith a sxong, but not ebsolute, requirem ent
PrINF . hiteredingly, we find that the requirem ent for
TNF varesmarkedl fiom individual to ndividual, as it
doesn hum ans.

M aterials and M ethods

M i®. The knockoutm ice used for sum tanger w ere ob-
taned fiom the &ckson Labomatory, brought to ouranin al fcility
at the H arvard M edical Schoolanin als facility at 4-5 wk of age,
and used 1-3 wk Bter (i e exasptions, the m ice w ere bred n
ourcobny). Thesem ice include the OIow ng: -6 / (14)on

aB6 backgmund; I.-1¥1 / onbothB6 (15)and B6 129)F2
(16) backgounds; TNF / (17) on a B6 129)F2 back-
gound; Lta / on the B6 129)F2 backgmound (18);

TNFR1 / (@9)and TNFR2 / (0) on aB6 backgmound;
and TNFR1/2 / (Ql)ona @6 129)F2 background.

RNA Analsis. RNA was prepared from ankle tssue by a
m odification of the LiC Yurea technique (©2), desined t© avoid
contam ination ofthe PtR N A w ith bone m anow —derived m a-
terizal by leaving the bone ntact. A fler dissection of ankles (ec-
tioned at the bng bones of the bwer kg and In the m etatarsl
area), the tdsuue was fieed of skin and superficial tendons. The
Phtwasinmered n 1 m1RNA solibilization solition 6 M
urea, 2% SD S). Artdculr cavidesw ere opened w ith a s;ajpeland
w ere exposd to the m edim t© relkase the celnlr contents. A £
ter 10-m In naubation, the fragm ent w as rem oved, and an equal
volim e of concentrated LI 1oliton 6M LICL 6 M urea, and
10 mM sodium acetate, pH 5) was added to precpiate the
RNA.DNA was gnthesized fiom thess RNAsby M ulV re-
vere tanscrptaee GIBCO BRL).

Cycbphilin wasused asan endogenous control using a probe
concentration of 200 and 400 nM  for each prim er in each reac-
tion . T he probe and prim ers sequencesused are as olbw s: probe,
5 VIC CTTGGGCCGCGTCTCCTT TAMRA 3 ; orwad
prner, 5 CAGACGCCACTGTCGCTTT 3 ; and mvere
prner, 5 TGTCTTTGGAACTTTGTCTGCAA 3 . For the
quantification of TN F  and 16, the TagM an predevebped asay
regents were used PE, Applied Biog/tem g. For IL1 |, the
probe and prin er concentrations per reaction w ere the sam e as
those used forcycphilin. The probe and prin ers ssquencesused
ae as blbws: probe, 5 FAM TGCAGCTGGAGAGTGTG-
GATCCCA TAMRA 3 ; oward priner, 5 TGAAAGACG-
GCACACCCA 3 ;and everepriner, 5 AAACCGCTTTTC -
CATCTTCTTCT 3 .To determ ine rehiive expresson valies,

Cr Cr cytokine C; cycbphilin) wasused to derive an ex-
presson ndex @ ©7T), which w asthen divided by the ssm e Index
obtained w ih a reference smpk of totalplen RN A .

Semm T mnser Prowmland A thritis Scoring. K /BxN  sermum
pook w ere prepared from arthritic m ice 60 d old. Arthritiswas
duced by ntrgperitoneal inpction 0of150-200 lserum atdays
0 and 2. A clnical index was evaluated over tine (1 point or
each affected paw ; 05 points fora paw w ith only m id sv elling/
mdnesoronl a few digits affected) . Anke thicdknesswasm ea-
sured by a caliper 6), w ith ankle thickening being defined asthe
difference 1 anke thickness fiom the day 0 m easure.

H obgy. H ind limbsw ere collected and the knee and ankle
Phtsw ere ssparated m d-tbia. Specin ensw ere disected to re-
move sk and outer musck, and subssquently fixed I 4%
paraform aldehyde foram minum of 12 h and dem mewalized for

2wk In 14% EDTA, ©lbowed by paraffin embedding f odel
C iadel 1000; Shandon). Foreach pecinen, twenty 4- m ssgit-
tal serial sections were cut, and every fifth section was gained
w ith hem atoxylin and eosin Gigm a-A drich) forevaliation of n-
flem m atfon, bone erosion, and cartibge dedruction. An adpoent
section w as sained w ih toliidine blie Sigm a-A Hrich) for gpe-
cific evaluation of proteoglycan . H igopatholgical scoring w as
perform ed asdescribed previously 6, 23).

R esults and D iscussion

K netisof Infemmatay C ytkine Produdim. Tiandger of
K/BxN smum hto nom al recipints hduces mpid and
gmnchronousdevebpm ent of arthritis, the first sgnsof pint
hfEmmaton gopesring w ithin 24 h n fuly suseptble
grains ©). T o begh explring the induction of various in-
fm m aory cytokines n thism odel and their tem poral re-
Btonships, we m easured the expression of thermRN As
by quentiative real-tme PCR . C57BY6 mixe were n-

78 hflanm atory Cytokinesin K /BxN A rthritis

GTOZ ‘ST Yyote\ uo Bio ssaidni wal woli) papeojumoq



Published July 1, 2002

Fcoted w ith a shglke dose of K /BxN serum , RN A w aspre-
pared at different tin es thereaffer rom anke tsie fpooled
from two hdividuals), and real-tine PCR w as perform ed
to quantiate gplced TNF- , I-1 , and IL-6 mRNA
tenscripts. A representative experin ent isshown n Fig. 1.
The first signs of nduction w ere detectebk a few hours
afterssrum  njection, w ith am odes-butdetectabk rise fiom
thebaseline PrallmRNAsat6 h. TN F m essge Increased
m ore sibgantidlly from 24 h onw ards. IL-1 tenscripts ©1-
Iw ed oughly the sam e pattem, but w ih a sharper nduc-
tion at 48 h and for more extensive duction, reaching
13,000-Hd atm axin um . IL-6 show ed adely, w th am ax-
num by 72 h ©lowed by a decline at 144 h that wasre-
produchbly obsrwed I sveral experin ents. These reails
are consisentw ith an early gppesrance of nflam m atory cy-
tokne ttanscrpts ffom  cell recmiim ent, or fiom tme In-
duction of gene expression, or both), and a sscondary, far
m ore extensive, nduction. The nduction of IL.-1 gopears
sonificantly m ore extensive than thatof TN F- .
NoRcokfxrI.-6. The nducton ofarthritisby K /BxN
semum trenderdoesnot require any contrbution fiom T or
B cells ). Thus, one can r=xdily evaliate the ok of -
fm m aory cytoknes purrly on the effector phase of the
disease, unencum bered by thelr nflienceson the i m uno-
bgical hduction phase. Such com plications may have
cbuded results fiom colbgen-nduced arthritis CTA) and
antigen-nduced arthritism odels, w here the known pkio-
tropic effects of auch cytokneson the sructure or regpon-
siveness of the Inm une g/gem com plicate daa hterprea-
tion. The K/BxN sermum tender sysem s goplicebk o a
num ber of m ouse grains (), albw g one t© hvedigate
the effects of diverse natural and engheered m utations.
This srategy w as goplied here, focusing on the contriou-
tions of IL.-1, IL.-6, and m em bers of the TN F fam iy, by
tenderring K/BxN semm nto hom ozygous knockout
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m ice king partoulr cytokies or cytokine receptors.
M ie of m arhed genetic com position, bred 1 the sane
cobny, w ere used as controls. In m ot cases, w e preferred
not o rly on nctked cytokine nhibiors, such asanticy-
tokne antdbodies or olibke reosptor m okculks because
negative resultsw ih such reagents can be difficult to nter-
pret @ifficient dose or gability of the com pound? com -
pEEnesof the blockade?). This isparticularly an issie m a
context asagoressive asthat of K /BxN  arthritis.

W e firt nvedigated the mporance of IL-6, a
pEbtophic cytokine expresed by a varety of cell types
during inflan m atory proceses @4). IL-6 hascom pkx pro-
and antiinflam m aory nfluences, w ith both bcal and s7s-
tem ic effects. For exam pk, i prom otes in m une reponses
and plhsn a cell and m acrophage differentiation @5), but
alo induces acute phase protens, IL-1 receptor antagonist
©6), and m e@lbprotenase nhbiors 7). sk isvar-
abk m different mflemm atory models £8). There have
been conflicting reportsof the requirem ent for IL-6 I an-
In al m odels of arthritis: som e nvesdgators describe re-
duced dissase In IL-6-deficient m ice or after antdbody
bbdkade of s reoeptor 9, 30), w hersas others report no
auch effect B1).

IL-6—deficient m ice on the C57BY/6 background (14)
were tenderned w ith ssrum fiom arthritic K /BxN m e,
and arthritis developm ent w asm oniorad as described pre-
viusly 6).The represntative experim ent n Fig.2 A dem -
ondrated a very sim ibr arthrits course I IL-6—deficient
and contolm ie. The Mital onset of gym ptom s w as the
san e, alldigal ptsw ere affected, and w ith a com parsbke
degree of mffmmaton fMmeasired as ankke thickness.
These obsrvations were confim ed by results fiom three
hdividual experin ents tebulbied 11 Fig. 2 B . H idobgical
exam hation of the ankke pntsrevealked the in age of gyno-
vitis and Pt hfilvation typical of K /BxN m e (gmoval
thicdkening and mfiltation, pressnce of neutrophils n the
artioulr cavity, pannus fom ation, and cartibge desauiction;
Fi. 2 C ; unpublished da@) . Furthemm ore, cartibge dam age
and proteoglycan bssw asevidenton toluidine blie-ganed
anke sections from serum -npcted m ice at com pasbke Ev-
el for IL-6—deficient and controlm e inpublished data).

Thes data are In agream entw ith those of van den Berg
and colkeagues, who found litte ok for IL,-6 . pnt -
femmaton i CIA or zymosn-nduced arthritds G1).
They contrastw ith other reports show ng an effect of IL.-6
bbdkade n the CTA model 9, 30). The explnation for
these disrepanciesm ay e I the positive in pact of IL.-6
on the mmunobgical nitation phase of the CTA m odel:
ks ntense Inmune regponses w ere m ade o the colla-
gen-II antigen I the absence of IL-6 fimcton @9, 30).
T ogether, then, the data are consisgentw ih the notion that
IL-6 doesnotply am aprok I the nflan m atory effec-
torphase of arthritis.

AnEsmtiBlRcefr-1. A lthough attem pts at blodk-
g the IL-1 pathway In R A padents In therspeutic trials
have notm etw ih asm uch succesasthose hterfering w ith
the activity of TN F , there exigsa sibgsantialbody of evi-
dence i plicating this mfbmm aory cytokine . ssveral
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Figure 2. N o requirem ent or IL.-6 1 arthritis induced by K /BxN g
mm tenger. IL6-deficientand controlm ice (n atched orgender/age and
genetic background) were injpcted wih 150 1serum from arthritic
K/BxN aninalkson days 0 and 2. Arthrits w as evaluated by m easuring
clinical index and ankke thickening M aterils and M ethods). @) Data
fiom a represntative experin ent, w ith each curve Epresenting an indi-
vidual mouse. B) Tabultion of the reauls for 10 knockout m ice and
age/genderm atrhed controlg;M axA T, m axin um hcrease T ankle thidk-
ness n m illim eters. M axC I, maxin um clnical index, sum of sores on
each Iimb (©reach linb: 0, no disase; 05, m id swellng of paw or of
justa few digits; 1, clear Pt nflan m ation I ankle orw rigs) ; m axin um

sor  4.Thehitobgical sore sim ssores from knee, ankke, and tarsal
Ppints L, m ninum smovialhyperplsia; 2, Iin ied nflm m aory nfita-
tion; 3, m assive Ifilvation; 4, m assive filration w ith cartilge and bone
degmicton); m axinum sore  12.

classic m urne arthritism odels, w hether autoin m une In na-
ture or mduced by bcalm icrobial particles 32-36); sin i-
Brly, high kvels of IL-1 transcripts have been detected In
RA gmovim @,37).

W e teged the suseptibility to ssrum -tandened arthritis
ofthe IL-1R knockout grain (@5), in which neither IL.-1
nor IL-1 -m ediated sgnalks are posbk. Afler K /BxN -
mm tandger, essentially no clinical sinsofdissases w ere ob-
erwed I the IL-1R —deficient m ice, except for a Iim ied
av elling of the digitsand a glight flutter n the ankle-thick-
nescurve Fiyg. 3).To guard against possble nfliencesof
genetic background varigbility, we repeated the mnital
experim entsperformed n 86  129)F2 mice h IL-IR —
deficient m ice thorughly backcrosed onto the B6
background ©ur gendard filly susseptible background;
reference 11). M ached w id-type controls reponded as
usual. H ifobgically, no signs of pint nflemm ation w ere
goparent n the ourm e analyzed . N aturally, cartibge de-
sruction and bone erosion w ere absent.

These ckar-aut resuls ndicate that, n this ssrum -trans-
ferm odelm ediated by arthritogenic Igs, IL-1 physa cen-
el ok, crdtcally required for dissase progresson. W e
have not been abke to rEproduce this effect by treatm ent
w ih blbcking anti-IL.-1R mADb npublithed data), lkely
because of the know n difficuly to achieve com plkte block-
ade of IL-1 action w ith biom okcul hhibiors (or review
e reference 4) The central in portance of IL-1 In the K/
BxN m odel is ram isent of s requirem ent n CTA and
otherm urne arthribsm odels 32, 33, 35). Tk isalo consis-
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Figure 3. Esential ok of IL-1 LR -deficient and control m ice
fn atrhed rgender/age and genetic background) w ere ipcted w ith 150

leemum from arthritic K /BxN anin alson days 0 and 2. Arthritisw as
evaliated by m easiring clnical index and ankke thickening as n Fig. 2.
@A) Daa fiom a representative experin ent n B6 recipints, w ih each
aurve rEpresnting an hdividualm ouse. B) Tabulton of the resuls for
eiphtknockoutm ice and age/genderm atched controlson either the san-
dard B6  129)F2 backgmund oron an ibred B 6 background. Scoring
as described for Fig. 2; the gar denotes a transient nflamm ation In the
digitsofonem ouse.

tentw ih the finding that mtrearticulbrexpression of IL-1
abne, issufficient to induce fill-blow n arthritds (38).

TN F Fanily hflienes. M embers of the TNF fam ily
have received a great deal of attention 1n the context of
flnm atory arthritis. This has 1nged from the nidal
demongration of TNF- expresson In avthritic sm-
ovim , o edablishing the efficacy of TN F- -/TNFR -
bbcking agents in anin alm odels, to the siccesesof aich
resgents n thergpeutic ntervention n human RA (1, 4,
39-42). Aberant expression of TN F- isalo sufficientto
nduce arthrits n trensgenic anin als é3). These reails
evoked m odels of arthritogenesis in which TN F- plhysa
central and ndigpensbke wk for mview se 1). W e
teged the efficacy of K /BxN smum tender n anin als
canrying knockout mutations of the genes encoding
TN F- or is cbse homobgue, ymphotoxin LT )-
(17-21). TNF- and LT- medite their pkitropic ef-
fects by binding to one of tw o know n r=ceptors, TN FR 1
©o55) and TN FR 2 75).

W e alo hvesdigated the effect of knockoutm utationsof
the genes encoding either orboth of these m olecuks. The
dam, ammarized m Tabk I, albw ssveral conclusions.
Firt, and mostsimply, LT -  seem ed notto be required for
the devebpment of K/BxN serum -randerned arthritds.
LT - —deficientm ice regponded nom ally on all counts, in
the kinetics and intensity of inflanm ation and i the go-
pearance ofhigolbgical ksions proliferative symovitds, infil-
tration ofthe pint cavity by neutrophils, and fom ative ofa
desuctive pannus).

Second, the absence of TN F-  had am arked in pacton
arthritogenesis.M any TN F- —deficientm ice develbbped no
disease w hatsoever upon tenger of K /BxN  serum |, either
clnically orhigobgically (I'abk I).H ow ever, a num berof
such anin alsdid devebp it nflanm aton, overall n 9/
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Tabk I. AxhnbshcdeeinM ieD efidentin TN F and TN FR Fam ilies

Strain Arthrits D aysofonst MaxCI

TNFR1 / 8/8 4,2,2,1,1,2,2 3,4,4,4,4,4,4,3

86) / 8/8 4,2,2,3,2,3,5,2 4,3,4,3,4,35,25,25

TNFR2 / 8/8 4,2,2,1,1,1,2,2 3,4,4,4,4,4,4,3

&6) / 8/8 1,4,1,1,1,1,1,2 4,4,4,4,4,4,4,35

TNFR 1/2 / 6/6 2,2,1,4,2,2 4,4,4,15,35,3

B6x129F2) / 6/6 3,7,2,2,2,2 25,054,4,4,4

Lt / 8/8 2,2,2,2,2,1,4,2 4,4,4,4,4,2,4,3

B6x129F2) / 8/8 2,2,5,3,2,2,2,2 2,2,3,3,4,4,4,4

TNF / 9/9 2,2,2,3,5,4,2,3,3 25,4,4,4,2,4,4,25,35

(B6X129F2) / 4/14 _1_1_1_181191_1_1_ 01010,0,15,1,0,0,0
2151_1_1_11 4,15,05,05,05

23 exam ned over the course of this sudy. This finding is
Tustyated for representative cohorts n Fig. 4. The presence
ofreponder TNF / m icewasnotredricted to one or
tw 0 experim ental groups, butw ascbserved in anum berof
Thdependent experim ents. In contras;, a certain degree of
clugering w as observed, som e experin ental groups show -
g a hiph ncidence of arthritis developm ent (e below ).
W hen disase did devebp, the tine of onst was quir
varigbk, usially delbyed by sveral days rehtive to w id-
type contiols, and the degree of mflamm aton alw ays r=-
m ained bebw them axinum attainabl.H isolbgical analy-
gis alo reveaked sonificant signs of nflEnm adon I those
m ice w ith clinically detectablk arthritis.

Thid, pint mflmm ation develbped nom ally in both
the TNFR 1- and TN FR 2-deficient m ice, as well as In
TN FR 1/TN FR 2 doubk-deficient anin als (Tabk I; the
genotypes of the m ice w ere reconfirm ed at the end of the
experin ent) . C Inical and higobgical param eters w ere es-
sentially indiginguishable fiom nom al controls. This ob-
srvation was quie unexpected, as TN FR 1 and TN FR 2
are the only know n receptorsorTN F- |, w ith no reported
Ihdication of anotherpossbk receptor n pie of the broad
attention that TN F- hasreceived @4).A sboth the cyto-
kine and cytokine reoeptorm utatonsw ere on a susceptble
B6  129) F2 background, one w ould have expected that
they have the sam e phenotype 1 both deficient srains.

These conflicting resultsprom pted usto quedtion the ef-
fect of the TN F- mutaton: w as the poor reponsiveness
In TN F- —deficientm ice ttuly due t© the dbsence of the
cytokine, or ndgead t© som e Idependent factor @ linked
gene effect, quie phusbk given the genom ic Iocalization
ofthe TNF Dbcus an Ihdependent m utation; protective
genes ssgregating by chance, ete.)? Ifthe fom erw ere true,
1t should be possbe to compkment the deficiency by
TN F- rmphboament, eg., by triggering TN FR 1 w ith an
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agonidicmAb. To tes: thisprediction, w e injected cohorts
of TNF -deficient mie wih K/BxN smm, skcted
those m ice that ram aned free of arthritdsafter 7 d, and ad-
m higerad the agonisic anti-TN FR 1 Ab 55R -593 @5).As
shown In Fig. 5, the Ab had am arked effect, provoking ar-
thritis n allthe TN F- —deficientm ice that had previously
received K /BxN smum . N o arthrits w as observed when
55R -593 was mpcted without ssum pretrestm ent (un-
published data) . Several controlm Absw ere ussd In paalel
to mle out trivial explnations or this observatbion : an -
type-m atrhed conttolAb, antd-TN FR 1 m Absw ih blck-
g or antegonids: activiy 6G5R -170, 55R -286). N one of
these reagents mduced arthritis Fiy. 5 B), at eas- not be-
yond the m nority of TN F- -deficient m ice one m ght
expect to eventually progress pontaneously to arthritis on
the basis of the reaults presented n Fig. 4. Thus, esults
from thes experin ents confim ed that TN F-  is lndeed
the elm ent m imng in TN F- —deficient m ice that is re-
quired orwbug develbbpm ent of arthritis.

~

:-J‘I .."/Ou

9080070 _s

Days after serum lr-vm'\-

Ankle thickening (mm)
Ankle thickening (mmj)

Days after serum transtes

Figure 4. Vardbilty ofarthritisin TN F -deficientm ioe. TN F -defi-
cient (eft) and controlm ice (dght; m atched for gender/age and genetic
background) w ere npeted w ith 150 lssyum from arthritic K /BxN ani-
m alson days 0 and 2 . A rthritisw asevaliated by m easiring ank e thicken-
Ing asin Fig. 2. The data are pookd fiom six different experin ents. AT
m e orighated from the Bckson Laboratory .
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Further experiments were perfomed t© addres the
cause of the varibk effect of the TN F- deficiency. &k
ooul be explined by genetic, epigenetic, or environm en-
tal variation controlling the activity of TN F- —Ihdepen-
dentpathw ays; sochadtic threshod effects could also be In-
volved, arthritogenesis requiring a certain degree of cal
nflm m aory nsilk, only ssdom reached in the absenoe of
TN F- .Asthe knockoutm utation w ascarried on am ixed
(129xB 6) F2 background, w e reasoned thatm odifieraleks
at other bci, abk to complkment the TN F deficiency,
m ght ssgregate 1andom Iy I the F2 knockout m ice. To
test this hypothedis, ssveral croges were st up betw een
com bihations of resigant or susoeptible TN F- —deficient
m ice. Should alkks at independent bci be sgregating,
there should be heritzbke trangn isson of these taisto the
progeny. Asshown I Fig. 6 A, thiswasnot the cae. A
cross betw een tw o resigant m ice yielbed a dom ant pro-
portion of regponder m ioe; the transn ission of a recessive
susoeptibility aleke 1 this fam iy w ould be very unltkely to
yvied such apattern ®  0.001). Thus, the varibility does
not gem fiom M endelian genetic elem ents. Epigenetic
variation could perhapsaccount for these reaults. H ow ever,
w e observed a clear conebtion betw een the origin and life
higory of the m ice and their regoonses to K /BxN  serum
Fiyg. 6 B). Thos m ie brad at the tckson Laboratory and
shipped to Bogon 7-15 d before challenge show ed m ainly
a resigant phenotype, w hereas those bred I Bogon and
teged there w ere m ainly susoeptible ® 0.003). Tn both
cases, the barrier facilities have SPF datus, free of mapr
mouse pathogens, but m nor bacterial flora varies. Thus,

A anti-TNFR1 agonist B Nonagonist mAbs

15 15

£ Ab » & S5R-263 g Ab O: Iredevant mAb
E n e E 1 ®: 55R1TC

= i L4 2 1 o -
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Diawys after mAD transier

Figure 5. Triggering the TN F rmeoeptor compkments TNF  defi-
cincy. TN F -deficientm ice were npcted w ih 150 leemm fiom ar
thritic K /BxN anin alson days0 and 2. Anin alsnot presnting any signs
of disease by day 7 w ere Injected atdays 7, 11, and 15 w ith ant-TN FR 1
mAb 55R -293, w hich has significant agonist activity @) orw ih control
mAbs B). These controls included antd-TN FR 1 reagentsdevoi of ago-
nist activity oran inekevantmAb. C) Ant-TN FR mAbsw ere Inpcted
w ithoutK /BxN serum .A rthritisw asevaluated by m easuring ankle thick-
ening asabove. The data are pookd fiom four different experin ents. AL
m ice orghated from the Bckson Labormatory .

the ssgregation of regponses ism ore consisgentw ih an en-
vironm ental explnation than w ith an epigenetic one.

T ogether, these experim entspont to a diginct nvolve-
mentofTN F- in Ab-induced arthribs, but one that isnot
doolitely esentil This conclison differs fiom that
reached by Kyburz etal. (13), who found no effect of anti-
TN F- thergpy h arthritisdevelopm ent in sraight K /BxN
transggenic m ice. W e have alo made sim ibr cbsewvations,
hipcting ssveral different antd-TN F-  resgents hito young
K/BxN mie (npublihed dam). H owever, we hterpret
these negative resulsw ih caution because of the very ag-
gressive nature of the dissase that develops In the transgenic
m ie and uncertainties conceming the efficiency of Alb-m edi-
ated bbckade. O n the other hand, the present resuls do
concurw ih reportsofmbustdevelbpm entofC A in TN F-

—deficient m ice @6). Although i is conceivabke that the
cytokine netw ork adaptssom ew hat in TN F- —deficientan-
In als, other com pensaiory cytokhesbeing m ore active than
usual, the resutsdo show that TN F-  isnot the ndipens-
abke cytokine for the developm ent of Ab-inducad arthritis.

The significant m ouse-to-m ouse varidbility w e cbserved
w ih TN F- —deficientanin alsis, In a ssnse, rem niscentof
the varibility In the regoonse of R A patientsto TN F- /
TN FR bbckade (). The rmaulsof Fig. 6 m ake i perhaps
m ore plusbk that environm ental effects are at phy, the
degree of TN F- Involvem ent being dependent on the
general nflan m atory date of the mdividual. Tt swould be
w orthw hilk trying t© phpointw hat these mfluencesm ght
be, I both m ice and hum ans, and the present sygem does
provide ahandke.

There are sveral potential hterpretations for the grong
arthritis that develps in TN FR 1/2-deficient m ice. The
m o sraightforw ard isthat other receptors can com pensate
andmediae TN F-  sgnals. A though the exigdence of such
a reoeptorhasnotbeen reported to date, the breadth of the
TN FR fam ily m akes it quie possbk that other reosptors
w il be found t© bind TN F- . W hether these are Indeed
the prin ary receptors m edisting arthritis, or w hether they
only com e nto play w hen the prim ary TN FR 1/2 receptors
are dosent, will need © be expbred. Alematively, one
m ht propose that TN F- —Ihdependent arthritis pathw ays
are partcularly active w hen TN FR 1/2 are m issing, pethaps
by comm andesring dow nsream  signal transduction adap-

A B
1 ] . ' _J Ongin
b ) Jax _[Boston
| . |Resistant 1 a
. ...| .. l _| |Susceptible 3 ]

Figure 6. Environm ental, not genetic, lnfliences on TN F-indepen-
dent arthritis. @) TNF -deficient m ioe fiom the &ckson Labomtory
w ere teged by trender of K /BxN  serum |, and anin als of different pheno-
typesw ere croged v hie sym bols, resigantm ice; black gym bols, susoep-
bl m e, where residance and susceptibility are defined as the presence
of ckar arthritis grade 1)) 1 the first 10 d affter ssrum  rander. Their
progeny w as sin ibrly tesed when 4-5 wk od. B) A com pibtion of re-
aults of chalkenge of TN F deficient m ice w ith K/BxN serum , either
from m ice purchased fiom the Bckson Labomatory orbred 1 ourBogon
wbny; 2,P 0.003.
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tors. For exampk, the dosnce of TNFR 1 m ght fiee
TRADD, FADD, or TR AF mokcuks ormor efficient
Iteraction w ih other receptors.

BmeD edmidim and Famatim. There is some debate
adoout the ok of nflan m atory cytokines n prom oting o-
calbone erosion in the coure of arthritic disases. O gxo-
chsts are esential o the process, and esentially no focal
dedmmiction of the bone occurs in thefrabsence. R esitance
to bone erosion w aspreviously dem ongrated I m ice defi-
cient n the TN F fam ily m em ber receptor activator of N F-
KB ligend RANKL) that had received K /BxN serm , as
T the CTA m odel after bbckade of R AN KL by ogeopro-
tegerin treatm ent @3, 47). This finding is congigent w ith
the fact that R AN K /R AN KL axis is required for the gen-
eration ofogeochssand alo physa ok i thelractivation
(for review e reference 48). Th contiast, it isalo possbe
that other inflmm atory cytokinesply a wk. IL-1  can
activate ogeockss, and prom otesbone resorption 1 vio
49, 50). TN F prom otes ogseocks differentiation 1 the
presnce of RAN KL 61, 52), and there are Indicationsthat
TN F/TN FR bbckade can retard bone dedmiction -n R A
patients, even w hen the effect on the nflanm atory com -
ponent is Iim i=d (53). Thus, w e asked w hether bone de-
sruction could be sen 1n the absence of thee cytokies.
As described previoudly, obvibus hgances of focal bone
desruction were seen In nomal m e njpcted wih K/
BxN sermum ; sin ibr in ageswere alo obsrwed 1 LT -
deficientm ice Fg.7,A and B).ForTN F- , we focused
T particulron those m ice that show ed sgnificant pint n-
flam m aton . Tn these mgences, ckarevidence of focalbone
desuction w asalo observed Fig. 7 C). A lhough in pos-
sbke to tuly quantitate, given the varigbility of mflamm a-
tion In the TN F-deficient anin als, the extent of the erosive
¥sions 1 the absence of TN F-  was brgely on par w ith
the extentof nflam m atdon..

W e could notdaw any conclision on the wk of IL-1 n
bone dedruction, as the upgrean nflEnm aory phase did
not devebp I is dosence. H ow ever, our resuls are not
consigent w ith the view that TN F- physan oblgate ok
T prom oting bone desomiction : gmovits and pint nflam -
m ation could &1l ead to extensive desruction n isabsence.

Synthesis: Itexrsadtin of IL-1 and TN F Pattways. There
hasbeen quie som e debate asto the rhtive olsand in -
portance of IL-1 and TN F- i arthritogenesis. n anin al
models where the fincton of thes cytokines has been
teged, their In portance varies som ew hat w ih the disease-
eliciting agent, although IL.-1 m ay ply a dom hant ok In
the cartiflege and bone desauction that uldm ately ensies
(foreview se reference 4). For Ab-m edited arthritis that
the K /BxN dissase m ay typify, our resultspoint to am ore
crucil function or IL-1. Thes wlks, and the dlightly dif-
ferent kineticsof nduction of cytokine transcription 1n the
Ppintdurng arthritis nidation, are consigent w ith am odel
T which the pointofaction of TN F- w ould be upsaeam
ofthatofIL,-1 ).TN F- —independentpathw ays, pethaps
rling on other m embers of the TN F fam ily, may alo
trigger IL-1 dependently. This view is consigent w ih
the in portance of TN F- 1 prom oting IL-1 production
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B- Lta-KO
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Figure 7. Bonedesruction  conttoland KO m ice.Bone erosion w as
aseged I hem aoxyln and eosh—-damned ankke sections rom TN F -
and LT -deficientm ice and conttolm ice after tansfer of K /BxN  serum .
@) Conttolm ouse, Il mflam m ation and areas of ocalbone desruction
erow 9. B) Arthrtic LT -deficientm ouse w ith inflam m attion and focal
bone eroson. C) TN F -deficient m ouse w ith clinical m anifedations,
show ing Mfmmation and fcal bone ersion. O) TNF -deficient
mouse wih no clnically detectzble sym ptom s, show Ing m nin al n-
flemm ation matchedwihA).

by gmoviocytes fiom R A patdents 64), or w ih the fact
that IL.-1 blockade prevents the arthritis nduced by trans-
gene-encoded TN F- m issxpression 34). kshould alo be
ponnted out that the experin entsshown In Fig. 1 only de-
tect ttanscriptionally mduced TN F-  production. H ow -
ever, i is Ikely that even earlier release of TN F- occurs
n the firds m nutes or hours of the dissase, rekased from
hiacelibr gores of gmoviocytes orm ast cells upon trig-
gering by C 5aorFc R III. These m okculscongditute tw o
egential Inks betw een the antd-G PI Abs and the inflan -
m atory m anifegations of K /BxN  arthritis (1), and both
pathw aysare know n to precpiate 1apid TN F- rekas.
The rkvance of the Ab-m edited arthritis m odel that
K/BxN m ioe pregent to hum an arthritic dissaseshad been
questioned, In part, because it doesnot fit well w ih the
paadiom I which autoreactive T cells w thin the pint
provoke bcal TN F- wkas, a model boldered by the
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siccesesof anti-TN F-  thergpy. The present results show
that arthritis induced by Ab com pExes i the pitalko end
up w ih the production of TN F- and IL-1, and ishighly
dependenton these cytokmes.
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