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The advent of tumor necrosis factor alpha (G@NEargeting drugs (anti-TNF) first opened the
perspective of successful cytokine-targeting stpaia rheumatoid arthritis (RA), and subsequently
in other diseases like Crohn’s disease, psoriagisspondyloarthritis. TN& can be targeted with
monoclonal antibodies (mAbs) or their fragments flikimab, adalimumab, golimumab,
certolizumab) or with fusion products carrying a FHoNsoluble receptor (etanercepinti-TNF
dramatically changed RA treatment over the lasadegcgiving unprecedented results in terms of
disease control and structural damage preventipn2@14 analysts forecast the entire class of ant-
TNF to generate a $25 billion market. Neverthelessrent anti-TNF treatments showed several
drawbacks as far as safety, efficacy and coste@meerned. Only 25 to 50% of anti-TNF-treated
patients achieved remission in controlled clini¢adls, and even lower remission rates are
described in everyday practice. An approximatehilar proportion reaches a functional status
comparable to that of general population. Primargerondary therapeutic failures on anti-btNF
drugs are not infrequent, and there is increasundeace that the induction of anti-drug antibodies
could be a major contributing factor to insuffidieasponse to this class of therapeutics, at least
the case of anti-TNF mAbs. Despite the good ridktgegrofile in selected patients, the overall risk
of infection on anti-TNF treatment is increasedreldi and indirect treatment costs result in heavy
economical burden for the community. These drawbaifkcurrent anti-TNF treatments confirm
that there is room for alternative ways to tarpet key proinflammatory cytokine.

Amongst these, active immunization against @NMith TNFa kinoid (TNF-K) is a promising one.
The chemically inactivated human TKhTNFa) is coupled to a carrier protein (the keyhole
limpet hemocyanine, KLH). This compound is capatiebreaking B-cell tolerance to hTNF
thereby inducing the production of polyclonal, malizing anti-hTNFe antibodies (Abs), avoiding
the risk of anti-drug antibody induction. ImportgntTNF-K does not sensitize T cells to native
hTNFo, and in the absence of specific T-cell help, tigure of B-cells tolerance is transitory. Our

group developed the proof of concept of TNF-K agadhility in RA using the model of human
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TNFao (hTNFa) transgenic mouse (TTg). TTg mouse develops a hdddpendent spontaneous
arthritis and is therefore the pertinent modelttmlyg the efficacy of a TNé&targeting strategy.

In the present work we show the feasibility of tAgproach in a perspective of its applicability in
RA. We demonstrate that the treatment of arthnitice with TNF-K dramatically ameliorates the
disease, that the production of anti-hToNAbs is time-limited and renewable by a boost dose
TNF-K. Conversely, native hTNF does not induce anti-hTNF Abs. Immunosuppressant
treatments currently used in association to anti=TiNclinical practice do not seem to impair TNF-
K efficacy at inducing anti-TNF Ab response. Wenprievidence that polyclonal and monoclonal
anti-TNFo Abs share some key features in their mechanisactdn. Both treatments induce the
same modifications in regulatory T-cell populatioN®reover, serum level of both polyclonal and
monoclonal anti-TNE Abs is a major factor determining whether thettresnt results in protection
from joint inflammation and destruction. These tesgontributed to the development of active

anti-TNF immunization in human disease; TNF-K ralyeantered phase Il clinical trials in RA.
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CHAPTER 1

TNFa Targeting in Rheumatoid arthritis

Rheumatoid Arthritis (RA) is the epitome of immumediated inflammatory diseases in whose
pathogenesis tumor necrosis factor alpha (@\fas been shown to play a role. The use of BiNF-
agents in RA treatment dates back t01993, so thadt mf our knowledge on this class of

therapeutics relies on data derived from clinicgdezience in RA.

1.1 TNFa AND TNFa RECEPTORS

TNFa and its receptors belong to the TNF-TNF-receptpedgamily, which currently includes >40
members with structural and functional analogiesthBhe ligands and the receptors composing the
superfamily are trimeric transmembrane proteing @ana mainly (but not exclusively) expressed on
immune system cells. The TNF-TNF-receptor supetfatmas major role in inflammation, host
defence against tumor and infections, organogenegigptosis. Besides, they are involved in
deleterious phenomena like septic shock and autamitgn(1). TNFx is a cytokine synthesized as a
membrane-bound protein, which subsequently triresret the cell surface and that can be cleaved
by the metalloproteases ThHeonverting enzyme (TACE) to release the solublenfoBoth the
transmembrane (MTNf a homotrimer of 26-kDa monomers) and the solditen (STNF, a
homotrimer of 17-kDa monomers) of TNfre biologically active. TNdis produced by many cell
types in response to inflammation, infection, atiteo environmental stresses. These cells include
immune system cells (like monocytes and macrophadendritic cells, B cells, T cells) ,
mesenchimal cells (like fibroblasts adipocytes,eobtasts, mast cells) and epithelial cells(like

keratinocytes, and mammary and gut epitheliag€ll).
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TNFa signals via two distinct receptors: TNFR1 (TNF Baor type 1) (also called p55, or
CD120a, or TNFRSF1A) and TNFR2 (TNF Receptor typgpZ50r CD120b, or TNFRSF1B).
Alike the cytokine, both TNF-receptors can be cézhand released from the cell surface in soluble
forms into the extracellular milieu where they astnon-signaling ‘decoy’ or ‘sink’ TNF-receptors.
Like most superfamily receptors, TNFRs interacthwitore than one ligand of the corresponding
superfamily, like lymphotoxim (LTa)(2). Moreover, complexity is added to the systgnthe fact
that mTNF can function both as a ligand and ascapter. Reverse signaling through mTNF has
been described in monocytes resulting in celluletivation via p38 MAPkinase (p38MAPK)

pathway (3).

TNFa signaling regulates a number of critical cell fimes including cell proliferation, survival,

differentiation on one side, and apoptosis on thero(4).

1.1.1 Tumor necrosis factor receptor 1

TNFR1 is a ubiquitous receptor expressed on alalbsticleated cells. It is preferentially bound by
soluble TNFe but can be activated by both soluble or membranew cytokine (5). Both TNFR1
and TNFR2 have been shown to possess a pre-ligaddwy assembly domain that allows
trimerization of the receptor, which is thereforkeady trimerized before TNF-binding (6).
Binding of TNFo to TNFR1 triggers intracellular signaling. Two maiignalization pathways were

described in detail: the inflammatory pathway amel pro-apoptotic pathway.

Binding of the TN trimer to the extracellular domain of TNFR1 staifte pro-inflammatory
pathway by releasing from the receptor the inhigitorotein silencer of death domains (SODD),
which inhibits signaling, from the intracellularmain of TNFR1 in absence of ThNHigation. The

release of SODD permits the binding to TNFR1 of RN&Ssociated death domain (TRADD)(7)
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(which acts as an adaptor protein and recruits tiaddi adaptor proteins, most importantly
receptor-interacting protein-1 (RIP-1), and TNFRexsated factor 2 (TRAF2) (8). These adaptor
proteins are then involved in activating the twoy KENF proinflammatory TNE downstream-

signaling pathways:

1) The Nuclear factokB (NF«B) pathway, via RIP-1 that recruits mitogen-actcht
protein kinase kinase kinase 3 (MAP3K3; also knasnMEK kinase 3 [MEKK-3]) and
transforming growth factop-activated kinase (TAK1). These kinases activageitinibitor

of NF«B kinase (IKK) that phosphorylatescBa and kBp proteins. «Ba is then
ubiquitinated and degradated (9), and thereforeassls NReB subunits that translocates
into the nucleus and evoke gene transcription. HNRctivates the so-called “classical”
pathway of NF«B activation, whose target genes include cytokirdsemokines, anti-
apoptotic proteins, ligands and receptors involvedngiogenesis and in cell adhesion and

migration (10).

2) The mitogen-activated protein kinase (MAPK) pedl, via apoptosis-signaling kinase-1
(ASK-1) another MAP3K. MAPK pathway results in aetiion of the c-Jun N-terminal
kinases (JNKs) and p38 MAPK which, in turn activétte transcription factor activator

protein 1

When the NFReB pathway fails to be activated, TRADD and RIPloasste with Fas-associated
death domain (FADD) and caspase-8 and -10, thei@ioying a complex that assembles in the
cytoplasm and initiates apoptosis. Thus, the pmgmoptotic pathway seems to be alternative to
the pro-inflammatory pathway, and the activation aofe or the other would depend on the
metabolic state of the cell. The pro-apoptotic patyh would be active only in cells with defective

NF-kB signals that would be eliminated through TNF-ioceldi apoptosis (11).
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1.1.2 Tumor necrosis factor receptor 2

TNFR2 can bind both soluble and membrane-boundal NEvertheless soluble TFsShows a 30-
fold faster dissociation rate from TNFR2 than frdiNFR1 (5). Thus, it is assumed that only
membrane bound TNFcan fully activate TNFR2. The expression of TNFR2nducible and
restricted to hematopoietic and endothelial c#lls found mainly on monocytes and macrophages

but also on T-cells, B cells and NK cells (1).

TNFR2 signaling pathways are not as well charargeras TNFR1 and data form literature are not
as compelling at demonstrating the functional pridge of TNFR2. This can be due to the fact that
many experiments were done using soluble dRd that only few experiments were performed in
TNFR1-deficient cells, a necessary condition ineortb confirm TNFR1-independent effects of

TNFR2.

TNFR2 has been shown to activate non-canonicam@atiof NF«B activation (12) via TNFR-
associated factor 1 (TRAF1) and 2 TRAF2, and catluihibitor of apoptosis-1 (c-IAP1) and 2 (c-

IAP2 (13). In addition, TNFR2 activates p38MAPK aidK pathways (14).

Despite the fact that TNFR2 lacks a death domainteyact with (like FADD for TNFR1), several
reports describe the role of TNFR2 in apoptosisasfous cells types, such as T-cells and myeloid

cells (15, 16).

1.1.3 TNFR1-TNFR2 ‘cross talk’

Even if each receptor possesses specific modaldfeactivation and signaling, the ultimate

biological effects of TNF depend even on TNFR1-TI&FKfRoss talk. TACE-mediated enzymatic
cleavage and shedding of the extracellular portib@MNFRs in the form of STNFR2 and TNFR1

influences the concentration of soluble receptasthus TNF-dependent biological effects. Due to
its high-binding affinity to TNE, the soluble form of TNFR2 in particular has beeported act as

a ‘TNFo scavenger’ that inhibits interaction with signglilNFRs. Moreover, the observation that
25



TNFo rapidly binds and dissociates from TNFR2 has gixiea to a ligand-passing hypothesis,
where sTNF that binds to TNFR2 is quickly released passed to TNFR1, thereby augmenting

TNFR1-mediated signals (17).

1.2 TNFa TARGETING IN RA: HISTORY
The rationale for the use of an anti-T&Btrategy in RA derives from some critical expenmse
that suggested TNFas a possible therapeutic target in this diseslsieh we can summarize in an
historical perspective as follows:
1) The demonstration of a cytokine, gamma interfe(t-Ny) as an inducer of major
histocompatibility complex (MHC) class Il moleculesverexpression noted in rheumatoid
synovial membrane and its role in murine arthntiedels (18, 19) that first opened the
stream of research on cytokines in RA pathogenesis
2) Immunohistology demonstrating the high expressibTNFo and TNFRs in rheumatoid
synovial membrane (20, 21).
3) The blockade of TNér in RA synovial cell cultures resulting in a reddaxpression of
other inflammatory cytokines (like interleukirg;11L-1) which lead to the concept of a
TNFa-dependent cytokine cascade (22, 23).
4) The observation that TN transgenic mice spontaneously developed a desguct
arthritis (24).
5) The efficacy of TNE blockade with anti- TN& monoclonal antibodies in collagen-
induced arthritis in mice and rats (25).
All this knowledge constituted concept base forleating anti- TN therapy in patients with
severe RA and insufficient response to existingake modifying drugs.
In 1993, the report of the successful treatmenéwfpatients with long-standing refractory RA with
the anti-TNFx chimeric monoclonal antibody cA2 (now called ixiithab) (26) prompted the real
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explosion of clinical studies on molecules targgtirNFa, first in RA, and subsequently in other
immune-mediated inflammatory diseases like Crohpsjyriasis, psoriatic arthritis and juvenile

idiopathic arthritis.

1.3 NOMENCLATURE

Many different kinds of molecules have been dewvedbpargeting different cytokines or their
receptors, the name of this agents summarizesatioeenof the molecule and its action:

-mab means that the molecule is a monoclonal amhyibo a fragment of monoclonal antibody
-Ximab means that the monoclonal antibody (or thgrhent) is chimeric

-zumab means that the monoclonal antibody (orrdgniient) is humanized

-umab means that the monoclonal antibody (or thgnfient) is fully human

-cept means that the molecule is a soluble receptor

- ra means that the molecule is a receptor antagoni

1.4 MOLECULES

Currently, 5 TN antagonists are available for RA treatment. lirfiab (Remicad®) is a
chimeric human-murine anti- TNFmonoclonal antibody. Adalimumab (Hum®a is a human
anti- TNFa monoclonal antibody. Etanercept (Enbgglis a fusion protein between TNFeceptor
p75 (TNFR2) and the constant region (Fc) of a huhg&il immunoglobulin. Certolizumab pegol
(Cimzia®) is the fusion product of 2 TNFbinding region of an anti- TNFFmonoclonal antibody
and a long chain of pegylate, which stabilizes ¢benplex increasing its half-life. Golimumab
(Simponi®) is the fully human evolution of infliximab.

Table 1 summarizes the main characteristics ofiteeagents.

Briefly, infliximab is a chimeric human-murine immaglobulin comprising a murine Ag-binding

region, which binds sTNF and mTNF, it is given avenously q4-8 weeks, at a dose of 3-10mg/kg.
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The use in association with methotrexate (MTX) isnaatory in RA, in order to reduce
sensitization of immune system versus the murimepament of the immunoglobulin. Nevertheless,
studies that focused on the induction of anti-xmfiab antibodies (Abs) did not consistently
confirm a lower or less frequent production of airtig antibodies (ADA) when concomitant MTX
is given (see after). Moreover, MTX might reduce ADroduction by other mechanism than
aspecific immunosuppression (27). Anti-infliximabti@odies have been implicated in primary but
especially in secondary failure of infliximab trewnt. Adalimumab is a fully human anti-TMF
immunoglobulin that is given subcutaneously g2wdarif necessary) at a dose of 40 mg. Due to
its human origin it can be given in monotherapyhweitt background MTX. Nevertheless, the
production of anti-adalimumab Abs impairing effigatas been described as well. Etanercept is a
fully human fusion protein comprising two TNFR2 mdellular domains fused to a single human
IgG1 Fc region containing the CH2, domain, the GiéBnain and hinge region, but not the Chl
domain. It binds both TNdFand LT in their soluble and membrane-bound fodmduction of anti-
etanercept Abs has also been described in literabut these ADA do not seem to reduce the
efficacy of the drug.

Golimumab is a fully human IgG1 monoclonal antibpdgd is the human evolution of infliximab.
It is given subcutaneously monthly, at a dose om0 Across the phase 2 and 3 trials of
golimumab in RA, psoriatic arthritis and ankylosiggondylitis, anti-golimumab antibodies were
found in 4% of patients. MTX concomitant treatmesais associated with lower prevalence of ADA
(2% of patients) vs. golimumab monotherapy (7%)(28Fertolizumab pegol (Cimz&) is the
fusion product of a recombinant humanized Fab fexgnoonjugated to polyethyleng glycol (PEG),
which stabilizes the complex decreasing proteolysesiucing drug clearance thereby increasing its
half-life. PEGylation might even reduce immunogéwgicof certolizumab. Monotherapy with
certolizumab was associated with anti-certolizurAlb in 8, 1% of cases in the FAST4ward study
(29). Certolizumab is given subcutaneously at @a@d200 mg every 2 weeks (Table 1).

Table 1. Anti-TNF agents currently licensed for RAtreatment
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Infliximab Adalimumab Etanercept Golimumab Certolizumab
Structure Monoclonal Monoclonal P75TNFR/Fc Monoclonal PEGylated Fab

antibody antibody fusion protein antibody fragment

Chimeric Fully human Fully human Fully human Humanized
Ligand TNFa TNFa TNFa, LTa3 TNFa TNFa
Molecular weight 150 kDa 150 kDa 150 kDa 150 kDa 95 kDa
Half-life 8-10 10-14 3 1243 14

Dosing route and Iv, every 6 to 8 Subcutaneously  Subcutaneously  Subcutaneously, Subcutaneously,

weeks after every 2 weeks  weekly at a dose monthly at a every two
frequency loading at weeks  (up to weekly) of 50 mg. dose of 50mg. weeks at a dose
0, 2 and 6. Dose at a dose of 40 of 200mg, after

3mg/kg up to mg. loading of
7.5 mg/kg 400mg at weeks

0,2and 4

1.4.1 Differences in mechanism of action of anti-TRNagents

Even if TNF-agents seem to have similar efficaciRi in terms of clinical control and protection
from structural damage (see after), clinical ddtaws some differences exist in terms of adverse
events and treatment survival rates. Moreover, @eth to monoclonal Abs, etanercept is
ineffective in Crohn’s disease, and less effeciivearcoidosis, in granulomatosis with polyangiitis
and uveitis. Moreover, the risk of latent tubersidoinfection (LTBI) reactivation is lower with
etanercept (see after).

Differences in molecular structure and ligand-bmgdiproperties between anti-TNF agents have
been described that might be implicated in theseical differences. With the exception of
certolizumab, all licensed anti-TNF agents are tgGgG constructs. The main functions of IgGs
are determined by their interaction with four ces®f ‘partners’: i) the target antigen, ii) the Fc

gamma receptors for IgG (FRs) iii) complement and iv) the neonatal Fc recekcRn) (30).
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Interaction with these partners might imply diffeces in mechanism of actions possibly resulting
in differences in therapeutic effectiveness andtyaf

i) Antigen interaction. Monoclonal Abs (mAbs) are bivalent and their spaty is directed to the
monomeric subunit of the TNFhomotrimer. Thus, a single homotrimer could berabto up to
three mAbs, and each mAb can bind two homotriméosveng the formation of large immune
complexes. Conversely, certolizumab is monovalem atanercept is functionally monovalent,
since it has been shown to bind a single trimen®NFo or STNF in a 1:1 ratio (31). Binding of
anti-TNF agents to mTNfcan activate reverse signaling resulting, dependim the cell type, in
processes like apoptosis, cell activation or madwieof cytokine secretion profile. Each of thedfiv
agents can bind mTNf: but their ability to activate reverse signalinffeds. MAbs can cross-link
MTNFo, and infliximab has been shown to induce suppoessf T-cell proliferation, of cytokine
production and to induce apoptosis. Etanercept,chvis not able to cross link mTNF
homotrimers, does not share all of these featurgsimfliximab (32).

Etanercept is the only anti-TNF agent that binds.LT has not been demosntrated thatat T
blockade could translate into higher clinical edfig. Nevertheless, it was shown hat etanercept, but
not anti-TNF mAbs, can reduce memory B-cells ingdegral blood and follicular germinal centers
in RA patients, an action possibly linked to inkidm of LT-dependent lymphoid organogenesis
(33).

ii-iv) Fcinteraction with Fc receptors and complement. All anti-TNFs, except certolizumab, posses
an Fc region of IgG1l. Accordingly, infliximab anddaimumab and etanercept, but not
certolizumab can mediate antibody-dependent-cetlfated cytotoxicity (ADCC) and
complement—dependent cytotoxicity (CD@G)itro (34).

The presence of Fc mediates interaction with Feptes, which might be responsible for
differences in pharmacokinetics and action of défe anti-TNFs. The FCRn is expressed mainly on
endothelial cells, and is known to transfers Ig@frthe mother to the fetus across the placenta.

FcRnprotects 1gG from degradation, explaining the |dvadf-life of this class of antibody in the
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serum (35). Interaction with FcRn is a major detaent of plasma half-life of anti—-TNF agents. It
has been hypothesized that lower affinity for FaRretanercept might explain its shorter half-life
compared to mAbs (2). FRs, expressed on a variety of immune cells, haitecalr roles in
regulating the effects of Abs and immune complearscell function. The high-affinity IgGFc
receptor | (FgRI) binds monomeric IgG while lower-affinity #R Il and Ill require multimeric
immune complexes. Fsubtypes can mediate both stimulatory and inhipisognals (36). Binding

of Fcy can enhance phagocytosis, induce ADCC, CDC andlategcytokine and Ab production
(34).

Moreover, the interaction with Fc might be impleatin the scavenging of immune complexes
between TNF and the drug. In human T©NEansgenic mice, etanercept-TiNFEomplexes
circulated for longer time and were less stabla thase formed with mAbs (2) with possibly lower
clearance of TNé& or release of TNé-to other sites. Larger immune complexes formedibglent
mAbs might be more immunogenic and be involved B¥®Anduction for anti-TNF mAbs (37).

Other differences have been identified betweenBNE agents. For instance, in mice collagen-
induced arthritis (CIA) certolizumab penetrategdrednd shows longer persistence in inflamed paw
vs. infliximab and adalimumab (38). Anti-TNF mAbsand not etanercept, have been shown to
induce a novel population of regulatory T-cellsgds) in responding RA patients (39, 40) (see

after).

1.5 CLINICAL EFFICACY (CLINICAL TRIALS)

Given the feared consequences of a critical cytKitockade numerous clinical trials were
undertook before approval and commercializatiomarti- TNF agents. These trials were aimed at
evaluating clinical efficacy and safety of anti-TNFor didactic purposes these two aspects will be
treated separately. Closed and ongoing clinicalstron anti-TNF agents can be accessed at the

following addresseshttp://clinicaltrials.govior http://www.who.intor http://www.actr.org.au/

31



The efficacy of the three commercialized anti-TNferts has been evaluated in numerous clinical
trials, the pivotal being: the ATTRACT (41-45) aAGPIRE (46, 47) trials for infliximab, the
TEMPO (48-50), the ERA (51) and the COMET (523ltfor etanercept, and the ARMADA (53,
54), the study by Keystoret al. in 2004 (55) and the PREMIER (56-58) trial for aaamab.

Even if each single study shows differences ingitesstudied population, inclusion criteria, and
endpoints as compared to the others, there are mary common features, since the logic
underlying the efficacy evaluation for all threeigs was the same. Therefore, the main purposes of
the aforementioned studies can be roughly sumnthiizehe following points. First: to compare
the clinical response to anti-TNF with the goldnstard traditional treatment for RA (MTX).
Efficacy vs. MTX was evaluated for anti-TNF in maherapy, were possible, or for anti-TNF in
association to MTX itself. Second: to evaluaterdgmdiographic and functional outcome of anti-TNF
treatment over the follow-up time period. Third: @galuate all, or some, of these parameters in
early RA (with varying definitions of early RA). Ela of the cited studies meets part of these

requirements

1.5.1 Infliximab

The ATTRACT study (Ati-TNF Therapy in_RAwith Concomitant Terapy) (41, 42), tested the
efficacy of the association of different dose regm® of infliximab in association with MTX versus
MTX, in RA patients refractory to MTX alone. Comhbiton of infliximab and MTX was well
tolerated and resulted in a significantly greated austained reduction of symptoms and signs of
RA (clinical response, 51.8 percent vs. 17.0 pdjcand a significantly higher improvement of
quality of life vs. MTX. Radiographic scores of ppidamage increased in the MTX group, but not
in the groups receiving infliximab and MTX (mearaadlge in radiographic score, 7.0 vs. 0.6). A sub
analysis on the patients with early RA of the ATT&RAtrial (43) showed that infliximab treatment
resulted in higher inhibition of structural damawegression in those patients with early disease.

Another sub analysis by Breedvedtl al. (44) showed that baseline radiological damage was
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associated with poorer physical function and legsrovement in physical function after treatment,
underlying the importance of early intervention.

Finally, a third sub analysis (45) showed that ettem patients with no ACR clinical response
showed a reduced radiological progression as cadpty patients on MTX, suggesting that
clinical activity and structural damage are paltidissociated.

The ASPIRE study (46, 47) @dve-controlled_8udy of Ratients Receiving ltiximab for the
treatment of Reumatoid arthritis of &ly onset) involved patients with early RA andwskd that,
combination therapy with MTX and infliximab provislegreater clinical, radiographic, and

functional benefits than treatment with MTX alone.

1.5.2 Etanercept

The TEMPO (Tial of Etanercept and kthotrexate wit Radiographiaient Qutcome) (48) is a
three-year double-blind, multicenter study. It camga the association etanercept+MTX with
either etanercept or MTX monotherapy, showing thpesority of the association vs. both
monotherapy regimens as long as reduction of diseadivity, improvement of functional
disability, and retardation of radiographic progiea are concerned at 1, 2 (49) and 3 years (50).
A longitudinal analysis showed that patients reicgj\combination therapy were more than twice
more likely to be in disease remission than theseiving either monotherapy.

The ERA study (51) compared the clinical and radipbic outcomes, in early aggressive RA, of
etanercept or MTX monotherapy for 2 years, and glubthiat etanercept monotherapy was superior
to MTX in reducing disease activity, arresting @dgical progression and decreasing disability. A
sub analysis of the ERA study showed that evenimical nonresponders radiological progression
was reduced compared to MTX group (59).

The COMET study (52) was the first study with arti-d&iNF, which had clinical remission as
primary endpoint. It compared remission and radipfic non-progression in patients with early

RA treated with MTX monotherapy or with MTX plusaeercept. After 1 year 50% (95% CI 44-
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56%) of patients taking combined treatment achieslgdcal remission compared with 28% (23-
33%) taking MTX alone. Moreover, 80% (75-85%) v (53-65%), respectively, achieved
radiographic non-progression. Given the high pasgmof good disease control and hampering of
radiological damage even in the MTX group, the gtushderlines the importance of early

intervention in RA.

1.5.3 Adalimumab

The ARMADA trial (Anti-TNF Research Study Program of theohbclonal_Aitibody DPE7 in
patients with Rheumatoidr#aritis) (53)and its 4-year extension (54) showleel superiority of the
association adalimumab+MTX versus MTX alone on aigeactivity and physical function. At 4
years 78%, 57% and 31% of patients had reached 2CC50 and 70response, respectively. Forty-
three percent of patients where in remission adegrdo EULAR (European league against
rheumatism) response criteria (DAS28<2.6); 22%adfemts had no functional impairment (health
assessment questionnaire, HAQ=0); up to 81% oeptwticould reduce the dose of corticosteroid
without reduction of efficacy. Another trial by Kstpne et al. (55) evaluated the 52-week
radiographic, clinical, and functional outcomestbé association adalimumab+MTX vs. MTX
monotherapy. At week 52, the association showedersuty in all the endpoints.
Adalimumab+MTX association proved a better clinicedsponse and lesser radiographic
progression even in early RA. In the PREMIER st8§) after 2 years of treatment, 49% of
patients receiving combination therapy exhibited328-defined disease remission (DAS28 <2.6),
and 49% exhibited a major clinical response (ACR&8ponse for at least 6 months), rates
approximately twice those found among patientsivaag either monotherapy. A sub analysis of
the PREMIER study (57) showed that after 2 yedms,quality of life for patients with early RA

treated with adalimumab plus MTX improved to retlud values of healthy general US population.
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A Cochrane review meta-analyzed 6 clinical stuasvéh Adalimumab (60) concluded for efficacy
and safety of adalimumab in combination with MTX time treatment of RA and reduction of

radiographic progression at 52 weeks.

1.6 THERAPEUTIC STRATEGY WITH ANTI-TNF

Based on the results of RCTs, their pos-hoc anslyseetanalyses, open label trials, expert
committees’ opinion and cumulated clinical expetesnmany questions raise regarding clinical
strategy for the use of anti-TNF

Several studies, like the Best trial (61-64) and Bwefoot trial (65) addressed the question of
efficacy and utility of precocious use of anti-TNigents compared to association of traditional
DMARDs, in the context of different clinical strgies.

It is widely demonstrated that anti-TNFs producaduaprecedented clinical efficacy in the history
of RA treatment. This effect is evident as an a&ctientrol of disease activity, as confirmed by the
percentage of patients achieving the differentsdasof ACR response and DAS/DAS28-defined
remission. An inhibition and sometimes completg sbb structural damage evolution is evident,
especially in case of association with MTX. The ilofion of structural damage has been
demonstrated even in patients who did not achiesatiafying clinical effect, suggesting an effect
of anti-TNF independent from control of inflammaticAmelioration of health function and patient-
based quality of life is evident as well. All thesHects translate in positive cost-benefits, cost
effectiveness, cost-utility analyses, which confianti-TNF treatment as a valuable strategy.
Nevertheless, not only the efficacy, but even &t and possible side effects of these treatments
raise many concerns regarding their utilizatioratsfyy: we will address the main questions

discussed in literature
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1.6.1 When to start?

The proper timing of anti-TNF introduction is atmal point, posing on one side the problem of
undertreatment of a condition possibly evolving aodvstructural damage and ultimately disability,
and on the other, problems related to overtreatmedtigh costs.

Even if the progression of structural damage isdmand goes on along the course of the disease,
an active control of disease activity in the eguases results in a better long term clinical aintr
and in sloping of the linear trend of structuratn@dae (66), but how early is early?

In most countries anti-TNF treatment can be stadédr insufficient response to MTX (or
equivalent DMARD) at the highest dose and/or failaf other classic DMARDs associations.

For this reason, a tight clinical control possilhth DAS-driven adaptation of the treatment as
suggested by studies like the TICORA (67) is waadnin order to rapidly determine the degree of
clinical response to classic DMARDs.

The BesT study (61) is a complex study, which yadlshumerous sub analyses (62-64), and was
the first study of therapeutic strategy with anNH drugs. It compared 4 strategies of treatment, in
early RA, a subsequent therapy (groupl); a stegambination therapy (group 2); an initial
combination therapy with tapered high-dose prea@asCOBRA association) (group 3); initial
combination therapy with MTX+infliximab (group 4hitial combination therapy including either
prednisone or infliximab resulted in earlier fuc@l improvement and less radiographic damage
after 1 year than did sequential monotherapy g-specombination therapy. Initial treatment with
infliximab resulted in the highest quality of lifejghest productivity, but even highest medical
costs. DAS-driven treatment adjustments were effedb suppress disease activity and damage
progression in all groups.

A post-hoc analysis at 3 years (68) showed théalrireatment with infliximab+MTX resulted in
lesser radiographic progression, better improvenwnguality of life and more infliximab
discontinuation as compared to later introductianrdgliximab, so that the higher medical costs of

1-year analysis might be questioned.
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In fact, the open problem is whether to start imiaiedy anti-TNF treatment in case of diagnosis of
RA.

The COMET study (52) showed 50% of clinical remossi and 80% radiologic non-progressions at
1 year with etanercept +MTX received at diagnogifRA. Nevertheless, in MTX-only treated
patients the respective values were elevated abk (8% and 59%), suggesting an advantage
coming not only from drug choice, but from an aggree clinical strategy. According to the results
of the BesT study, in patients with recent onseturhatoid arthritis receiving a COBRA
combination (classic DMARDs association+ taperededof corticosteroids), systematic DAS-
driven therapy results in significant clinical inepement and possible suppression of joint damage
progression (69). Accordingly, the Swefoot (65altrsuggests that 3 months of MTX treatment
followed, in case of non response, by 3 months rgflet therapy with classic DMARDs
(MTX+sulphasalazine+hydroxychloroquine) resultamoverall 59% of patients achieving a good
EULAR response at 6 months, confirming that aggvesand tightly controlled treatment with
classic DMARDs leads to good results and identifiasients who might benefit of anti-TNF

treatment with an overall delay of 6 months, wiselems to be a reasonable standard.

1.6.2 When (and how) to switch?

Despite the unquestionable therapeutic advancesdinted by anti-TNFs, more than 50% of
patients in clinical trials fail to achieve at leam ACR50 response, data from national registries
show that in everyday life even more patients tail respond as compared to RCTs (70).
Conversely, data derived from clinical practicespecialized centers suggest a higher than RCTs
percentage of good responders (71). Neverthelessigla number of patients loose efficacy
(secondary failure or acquired therapeutic rescgpor experience adverse events during treatment

(72).

37



According to national and international consendatements, the response to anti-TNF treatment
must be quantitatively evaluated for each patiahtyeek 12 of treatment an evaluation is made in
order to assess its efficacy. A reduction of DASR8 or a DAS28 scog2.6 is considered as a
good response. A reduction of DAS28 between 0.61aBdr a final DAS score between 2.6 and
3.2 is considered a moderate response, while lawenbsent reduction is considered as a
therapeutic failure.

Amongst nonresponders to anti-TNF treatment onedegtmguish between primary and secondary
failures. A never-responder is considered a prinfailyre, while loss of a previous response is a
secondary failure. A number of studies have shdwah patients who fail on one anti-TNF may still
respond well to either of the other two, (73), @ven those failing on two, may still respond to a
third. A survey of US rheumatologist showed tha¥9df them had switched the patients from one
anti-TNF to another (74).

The rationale of switching these agents might eegiddifferences in bioavailability, stability die
TNF-inhibitor complex or the occurrence of drug-melizing antibodies (75). The latter
phenomenon seems to be strongly implicated in skEognfailure to anti-TNF monoclonal
antibodies (well established for infliximab and Eaamab) (76).

Even if some heterogeneity exists, mainly due edbality of data on therapeutic switch, mostly
derived from open label observational studies, spaiets can be drawn:

First: the number of switches reduces the effioqg®rcentages of responders) of a new anti-TNF
(77, 78) and the drug survival time.

Second: switching to another anti-TNF seems to beerefficacious if the reason for withdrawing
the first anti-TNF was secondary failure or intalece. In this sense are the results of the ReAct
study (79), where patients were allowed to switchdalimumab after failure of the two other anti-
TNF: if the cause of switching was a secondaryfailbr intolerance, there was a better response to
switch compared to primary failure. Other smaB&ndies suggest the same trend. Conversely,

another study on switch from infliximab to etangrgavhile showing that etanercept is effective in
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patients who fail to respond to infliximab, suggeathigher response in primary nonresponders,
even if the difference is not significant (80).

Third: there is an increased risk of adverse eventier a second or third anti-TNF which is about
twofold if the reason for switching was intolerar(@d). Even if it has been demonstrated that the
risk of infection is higher in the first year okatment with a progressive reduction over time (82,
83), the switch to another anti-TNF is associatétl & second increase in relative risk of infectio
(79, 84).

All these elements suggest that, especially inctse of primary failure or of intolerance, a class
effect might be suspected, posing the rationalarftvoducing other biologic agents with another

mode of action.

1.6.3 When to stop?

There are no official statements or guidelines ndigg programmed withdrawal of anti-TNF
agents, but some suggestions might be gatheredlitemature. In longstanding RA responding to
anti-TNF, their withdrawal causes a clinical relag85). In early RA, the BesT study showed that
67 overl20 patients treated with infliximab plus X1Tat a dose of 25 mg/week) from the start,
kept a low disease activity in spite of infliximalithdrawal and MTX reduction to 10mg/week. In a
small study by Quinret al., a higher physical function and HAQ improvemehtl@ months of
infliximab plus MTX was maintained 1 year afterliximab withdrawal compared to MTX-only
treated patients(86).

It is possible that the timing of anti-TNF introdion along the course of the disease might be
important, as suggested even by the different péaiges of therapeutic successes between early
and long standing arthritis; further dedicated ®sichre anyway warranted on the subject before

any clear suggestion for clinical practice can staldished.
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1.7 SAFETY
The evaluation of the safety of anti-TNF (and of ather drug) in RA is difficult for different
reasons:
1) Single RCTs, whose sample size is chosen on thes lbhsexpected efficacy, lack the
statistical power to detect sparse, infrequent es#vevents (AES),
2) The time of observation might be insufficient taet® AEs developing on a longer time
period than that of the study
3) Conversely, adverse events occurring early in these of the follow up might induce to
overestimate the overall risk
4) RA population has itself an increased risk of Aiks Infection and malignancy
5) The contribution of other drugs like classic DMARDmd corticosteroids further
complicates data interpretation
For this reason, most of the information we haveaati-TNF safety in RA derives from post-
marketing surveillance (with the invaluable conitibn of national registries) and from
metanalyses and pooled analyses of RCTs. Theseagb@s are surely useful, for instance post
marketing surveillance allowed to detect the inseelarisk of tuberculosis reactivation, but have
even some limitations. In the case of observatiapproaches, widespread use of a drug after
approval for a significant amount of time is reguirto generate data that can be used for analysis.
In addition, many biases may limit to safety assesgs based on observational data (selection
bias, lacking data concerning comorbidities or conitant treatments, differences in study
populations). On the other hand, metanalyses amiegoanalyses, while keeping the limits of
length of observation of original studies, are tediby heterogeneity of the studies themselves and
possible under or overestimate of the events. Hiereae will report the data of the literature
regarding the possible AEs and the indication efgtrategy according to the recommendations of
the AFFSAP as reported on the website of the Cldtunkatismes et Inflammation (CRI)

(www.CRI-net.com).
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1.7.1 ANTI-TNF ALPHA AND MALIGNANCIES

TNFa is a critic cytokine in immunity against tumorsietefore TNF blockade has raised the
concern of an increased risk of malignancies iata@ patients.

1.7.1.1 Malignancies and RA.

Patients with RA appear to be at higher risk ofpyyamma and lung cancer and potentially decreased
risk for colorectal and breast cancer compared thighgeneral population (87).

In addition, evidence has accumulated that RA diseactivity is associated with the risk of
lymphoma (88-90). A wide systematic review of detsicon RA and lymphoma (91) from 1964 to
May 2007 confirmed an approximate 2-fold increaséymphoma incidence in patients with RA,
with apparently no significant increased risk lidke treatment with classic DMARDS.

In the latter review, an increased lymphoma incogewith tumor necrosis factor-alpha inhibitors
was suggested; however, follow-up in the studiesiciered was too short to definitively determine
increased risk. Moreover, confounding by diseaser#y (patients with the most severe disease are
treated with the strongest medications) in mostliseimakes the association between lymphoma
risk and medications and/or disease severity dilffilo assess.

This point needs to be taken into account whenmgitieg to discriminate the potential effect of
anti-TNF treatment on the risk of malignancies.

A metanalysis of RCTs conducted from inception tec@€nber 2005 with infliximab and
adalimumab found a pooled OR for neoplasm of 3234l 1.2-9.1) and a number-need-to-harm
(NNTH) for the studied population of 154 (95% CI-800) over one year for one additional
malignancy over a time period of 6-12 months (92)portantly,the risk correlated with the dose of
anti-TNF. No accumulation of malignancies with longer studyadion was seen; this could be
explained by an acceleration of pre-existing sulicdl malignancies rather than induction, as
suggested by the data of several national registifebiotherapiesTo note,a follow-up report
reduced the OR to 2.02 not reaching significan&@q LI 0.95-4.29) when additional trial data

were added (93).
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The same authors conducted a metanalyisis on egpteRCTs from inception to December 2006,
(94), that suggested an increased risk of maligné&rcthe molecule that did not reach significance
(OR 1.84, 95%Cl 0.79-4.28).

No particular time periods in etanercept treatm{@®6 months; 6—-12 months and more than 12
months), nor different dose regimens (less thanmisweek and 50 mg/week or greater) was
associated with an increased incidence of cancer.

A large observational longitudinal study on 13008 Ratients over49,000 patient-years of
observation in the years 1998-208l3owed increased OR for development of melanoma.8R
(95% CI 0.9-5.4) and non-melanomaOR1.5 (95% CI118}-skin cancer in anti-TNF treated RA
patients compared to controls.

A population-based study on three cohorts of RAepéd (one prevalent, admitted to hospital
1990-2003 (n = 53 067 pts), one incident, diagnd€g2b—-2003 (n = 3703 pts), and one treated
with TNF antagonists 1999-2003 (n = 4160 pts)) sktban increased risk for lung cancer, non-
melanotic skin cancer and lymphoma and a redus&dar colorectal and breast cancer for all RA
patients whether anti-TNF treated or not (95, 96).

As long as data from European national registmiescancerned, they are somewhat consistent with
the aforementioned results. Referring mainly todhta of the three registries of Germany, Sweden
and UK that have agreed over a shared reportingersysafter an early report of an 11.5-fold
increase in the occurrence of lymphoma among fatigeated with TN& inhibitors (97) which
disappeared when the data were included in a lagggstry (95, 96) there have been no further
reports of an increased risk of lymphoma. Curreathgilable data do not suggest that anti-&NF
treatment confers an additional risk for lymphomésreover, no difference in the overall risk of
solid cancers between patients treated with antrel &gents and other patients with RA was found

(98).
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Patients with a history of malignancy dating mdrant 5 yrs treated with biologics did not show
any difference in the risk of recurrence or of aelanalignancy as compared to those treated with
conventional DMARDs (99).

1.7.1.2 Guidelinesfor practice

In summary, literature suggests that the effedtiolbgic treatments on malignancy would be a sort
of unmasking or facilitating effect more than alreauction of novel tumors, in the context of a
disease like RA which confers itself an increassd of malignancy, especially in uncontrolled,
active disease. For this reasons efforts are naa@dirhinate any underlying hidden malignant or
pre-malignant condition, before starting treatmamnd the follow up must systematically rule out
any suspicion of novel malignancy. In case of aehéwmor the treatment will be withdrawn and a
possible reintroduction after recovery might becdssed in each single case.

The ANSM (Agence nationale de sécurité du médicaneéndes produits de santé, formerly
AFFSAPS) guidelines proscribe anti-TNF agents isecaf underlying or previous malignancy
dating less than 5 years. After this time interglcomplete remission, an introduction can be
discussed except in the case of lymphoma, whertetttency would be towards the choice of other

biologics (e.g. rituximab).

1.7.2 INFECTIONS

As previously said, RA patients are at increasskl of infection; therefore general population i$ no
the proper control group.

Single studies data with anti-TNFs in RA do notadg show an increased incidence of infection.
Nevertheless, metanalyses confirm that anti-TN&ttnent is associated with increased risk of mild
and severe infection (92).

Post marketing surveillance first detected an iased risk of tuberculosis that lead to the adoption

of screening procedures before starting the tre@tme
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Dixon et al (83) reported that in the clinical dree setting the risk of serious infection with iant
TNF agents peaks in the first 3 months, with a egbent progressive reduction of the risk. A
recent metanalysis and pooled analysis of RCTs stloan increase in serious adverse events
(SAES) (mainly infections) rate when anti-TNF weedken at a higher dose than that normally
prescribed (100), and confirmed that the risk oESAdecreases over time (p=0.0351).These data
suggest that the most valuable strategy beforérgjaanti-TNF is a thorough screening for latent
infection and possible exposure to sources of gomta In France the CRI (Club Rhumatisme et
Inflammation) suggests that patients on anti-TN#Fatiment should be strictly monitored for the
emergence of rare and atypical infections just ¢iteer categories of immunodeficient patients like
AIDS or cancer patients on chemotherapy. Accordm@RI guidelines anti-TNF treated patients
should systematically undergo vaccination againfiuénza and pneumococcal infection. The
indication of other vaccinations should be discdsse single patients. Vaccination with viable
attenuated viruses should be avoided while onrtreat or, in case of frequent travelers to endemic
infection zones, performed before starting anti-Tifatment.

1.7.2.1 Tuberculosis

Despite its high worldwide prevalence, tuberculofi®) incidence remains low in western
countries, even if marked differences exist betweeuntries (incidence rates ranging from 140
case for 100000 person-year in Romania, 18 in $paim Sweden and USA). TB infection cannot
in fact be detected in RCTs and a metanalysisId®@I'S and their extension could not detect any
increased risk of TB infection on etanercept. Aaréased risk of activation of latent tuberculosis
for infliximab was first demonstrated by post-mdnkg reports(101), leading to activation of
national surveillance registries and promulgatiordifferent countries of screening guidelines for
latent tuberculosis infection (LTBI): in France thaeidelines of the AFFSAP (now ANSM ) are
available on the website of the CRI (http://wwwueet.com/). An intradermal reaction with PPD
(purified protein derivative) (tuberculin skin te$ST) (0.1 ml, or 0.5 unities, lecture betweén 4

and 72 hours, positivity cut off at 5 millimeters)d a chest x-Ray is mandatory for all patients.
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According to these guidelines systematic screeriargLTBI must involve a detailed clinical
examination and medical history gathering informatabout previous TB infection (treatments
given before 1970 are considered ineffective forcamacterium eradication), birth or extended
living in areas of high TB prevalence, close TB temt BCG vaccination. In case of imaging
evoking radiological sequelae of TBC or in casebb$tering reaction to TST the research of
Mycobacterium tuberculosis in sputum and bronchial aspiration is mandatdry.TBI is retained,
prophylactic anti-TBC treatment should be startedeast 3 weeks before anti-TNF. In case of
active TBC a 4-drugs treatment must be carrieduatit the disease is completely eradicated before
starting anti-TNF treatment. In individual casesi-&iNF could be started before complete
eradication after collegial discussion of the béfresk balance of this attitude. Once the anti-TNF
treatment has been started, careful follow-up fgns or symptoms of TBC (respiratory or other
organ-related or constitutional) is mandatory.
Anti-TNF treatment must be stopped in case of cidTBC infection and complete eradicating
treatment started. Anti-TNF treatment will not leentroduced until 2 months after the end of the
cure. Again, in selected cases the benefit/riskriaad of precocious anti-TNF reintroduction can be
discussed for selected cases.

Differencesin TB risk with different molecules
To date the data of different national registregen with their intrinsic limits (incomplete repsyt
lack of data like concurrent medication and undedymedical conditions), seem to agree in
indicating a higher frequency of reactivation ofBITfor monoclonal antibodies vs. etanercept. The
most recent data of the French RATIO register shawtal standardized incidence ratio (SIR) of
TB on anti-TNF of 12.2 [95% CI 9.7-15.5]. The SIRasvhigher infliximab (SIR 18.6 [95% CI
13.4-25.8]) and adalimumab (SIR 29.3 [95% CI 2@3} than for etanercept (SIR 1.8 [95% CI
0.7-4.3]) (102).
A mathematical modeling of data on TB incidencesésareported to FDA between 2003 and 2008)

indicates that the clustering of events at the rlb@gg of treatment corresponds to reactivation of
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latent infection, while events randomly occurringrg the treatments, correspond to progression of
new infections. Modeling revealed an apparent nredmnthly rate of reactivation of LTBI by
infliximab treatment of 20.8%, which was 12.1 tinthat with etanercept treatment (P<0.001). In
contrast, the risk of progression of néw tuberculosis infection to active TB appeared to be
similar for both drugs (103). In animal models, mdonal antibodies but not soluble receptor,
decrease survival in chronic infection, while batbrease bacterial burden and mortality in acute
M.Tuberculosis infections (104). It should be stressed that nedéStBC reactivation took place in
patients that had not undergone prophylactic aBtTreatment when they should have had to. For
this reason the screening protocol for LTBI hasaomrole, and even if lower incidence of TBC
reactivation was found for etanercept maximal ¢ff@re warranted to rule out LTBI for all anti-
TNF treatments. We recently showed that in popaatiat high incidence of tuberculosis, in which
the negative predictive value of diagnostic testeduced, maximal screening sensitivity is allowed
by parallel lecture of TST and interfergnrelease assays (IGRAs). Even if IGRAs are more
probably valid than TST, relying only on one immlggpcal test, might miss patients at high risk
of LTBI reactivation (105).

1.7.2.2 Chronic Viral Infections

Patients must be warned of the possibly increaatsl af viral infections, and when possible the
vaccination schedule must be updated before gjatteatment. Any chronic viral infection and
particularly HIV, HBV and HCV normally contrainditeatreatment. Exceptions can be a slowly
replicating HCV infection with tight control of amotransferases and of viraemia at 1, 3, 6 months
and at 1 year. To date, 15 cases of patients tfeath anti-TNF treatment in the context of chronic
HBV infection have been published, nine of them hadtally favorable outcome, amongst these 4
had antiviral lamivudine 100mg/day. This latter eggeh is advised after collegial discussion with a
hepatologist.

In the case of HIV infection limited experience gagts a relative safety of the treatment but the

approach remains extremely cautious.
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Anti-TNF treatment might be associated with inceshask of activation of varicella zoster (VZV)
(106) but data are somewhat heterogeneous. Incbaseic infection by herpes simplex and VZV a
cautious approach is therefore recommended, whileanticular risk of reactivation of EBV seems
to be elicited by anti-TNF treatment (107). No $ngpecific viral infection has been described at a

particularly increased rate under anti-TNF treatimen

1.7.3 OTHERS

1.7.3.1 Infusion- and injection-related

Infliximab infusion has been associated with hypesdtivity reactions, mostly urticaria, dyspnea,
and/or hypotension, 2 hours of infusion. Some caseserum sickness-like reactions have been
observed in patients especially after initial tipgrand when the treatment was reinstituted after a
withdrawal. Serum sickness reactions were assaciatiéh marked increase in antibodies to
infliximab, loss of detectable serum concentratiohmfliximab, and possible loss of drug efficacy.
Even if in post marketing experience, anaphylaxid angioneurotic oedema have been rarely
reported, the most common adverse reaction withiradaab and etanercept is injection site
reactions (erythema and/or itching, pain or swgllimarely hemorrhage). Most injection site
reactions are described as mild, lasting 3 to 5sdaynd generally do not necessitate drug

discontinuation.

1.7.3.2 Antinuclear antibodies (ANA) induction

During the course of anti-TNF treatments the dgwelent of ANA has been described (108), more
frequently under infliximab treatment. This is @aduent phenomenon, regarding between 30 and
70% of patients in controlled studies, possibly tuéack of apoptotic signals due to TNF-TNFRI
system blockade. Along the course of the treatnpatients become positive and there is a
progressive increase in titers of autoantibodiest dhly ANA are induced, but even specific

autoantibodies like anti-dsDNA, anti-nucleosome aoth of IgM and IgG classes. Nevertheless,
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despite the high frequency of this phenomenonirttlection of a lupus-like syndrome is very rare,
normally subsiding with anti-TNF withdrawal, andnsetimes spontaneously resolving. After
treatment withdrawal a progressive decrease irbaediges titers is the rule. According to CRI
recommendations patients with ANA positivity or lvibverlap syndromes RA-other connective
tissue disease do not formally contraindicate &Nt~ treatment, but a tighter monitoring is
warranted. ANA titer monitoring has no place inigats’ follow-up. Conversely, surveillance of
clinical manifestations of lupus or lupus-like dise is warranted especially concerning fever,

fatigue, or sign of cutaneous or hematological imement, serositis or thrombosis.

1.7.3.3 Demyelinating diseases

In spite of efficacy of anti-TNF strategy in animalodels of demyelinating disease (DD), its
application in multiple sclerosis clinical trialssulted in an aggravation of the disease. Thistlaad
reports of cases of DD occurring during anti-TN&atment lead to the formal contraindication of
this class of therapeutics in case of multipleredis and other DDs. Thereafter, DDs of the central
and peripheral nervous system (demyelinating neaihigs) have been described as a complication
of anti-TNF treatment. A prudent approach is advisecase of familial history of DD, the benefit-
risk ratio must be pondered, an informed consenstnme obtained and a careful neurological

follow up must be carried out.

1.7.3.4 Cardiac insufficiency

TNF alpha is implicated in the pathogenesis of ie&rdnsufficiency (Cl), with increased levels
associated with reduced life expectancy. Neversiseline use of infliximab in CI'RCTs resulted in
an increased mortality. The prevalence and incidefcC| seems to be increased in RA population.
The effect of anti-TNF treatment on Cl in RA hag heen studied in RCTs but registry data don’t
suggest an increased occurrence or aggravationl o ®A under anti-TNF treatment (109).

NYHA class lll and IV cardiac insufficiency (Cl) ia formal contraindication for infliximab and
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adalimumab therapy and a warning for etanerceptdevliCl does not contraindicate treatment but

warrants for attentive follow-up and immediate wlitdwval in case of aggravation.

1.7.4 USE OF ANTI-TNF IN PARA-PHYSIOLOGICAL CONDITI ONS

1.7.4.1 Pregnancy

All anti-TNFs agents are categorized B as far asgmancy is concerned. Even if animal
experimental models and post-marketing surveillash@wenot suggest an increased risk of harm to
the fetus, anti-TNF agents are currently contraiaidid during pregnancy. Any ongoing treatment
with these agents should stop before conceptioRrdnce according to the guidelines of the CRAT

(Centre de Reinseignements sur les Agents Thémaesgetp://lecrat.org a delay of 5 half lives of

each drugs is advised before conception (2 mormgh®tanercept and infliximab, 3 months for
adalimumab). Shorter delays (3 weeks for etaner@eptonths for infliximab and adalimumab) are

suggested by the CRI based on benefit-risk anatyslgerature data.

1.7.4.2 Nursing mothers

Even if it is not known whether anti-TNF agents aecreted in human milk or absorbed

systemically after ingestion, anti-TNF treatmertidd be restarted only after nursing.
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1.7.4.3 Elderly

Older age and lower functional status were showretaegative predictors of response to anti-TNF
in the Danish register (110). Nevertheless, noi@ddr contraindications to anti-TNF treatment
exist in elderly subject with RA. Even if a highate of AEs is described in RCTs for patients aged
>65 years (92), no dosage correction is warrarae@tanercept or adalimumab, while no particular
suggestion exists for infliximab. The use of thigss of therapeutics must, as a matter of course,
take into account the comorbidities frequently aigged in these patients, which may constitute

themselves a real contraindication.
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CHAPTER 2

Anti-drug antibodies on anti-TNF treatment in Rheumatoid
Arthritis

2.1 ANTI-DRUG ANTIBODIES AGAINST ANTI-TNF AGENTS IN RA

At the beginning of the anti-TNF era, common notwas that anti-drugs antibodies (ADAS)
induction was a rare event, and that the assoniaidVTX treatment further reduced this event.
For example, for only 8% of patient in the ATTRAGIUdy ADA development was reported (111).
Anti-TNF agents were given to patients and the rapims underlying their efficacy or their lack
(or loss) of efficacy were not understood.

Several years later our comprehension has incre&séde meantime, ADA detection techniques
have improved in sensitivity and specificity, arafar ADA have been detected in up to 40% of
infliximab- treated and in 30% of adalimumab treélapatients in some studies. Moreover, their
presence is associated to lack or loss of therapefitcacy and adverse event occurrence on anti-
TNF monoclonal Abs treatment# recent metanalysis (112) confirmed that ADAs agti
infliximab or adalimumab result in a reduced resgmmate of 68% (RR of clinical response to
treatment in ADA+ patients 0.32; Cl: 0.22 to 0.48kreening for human antidrug antibodies in
clinical trials is now a regulatory requirement lHurope. The occurrence of ADA has been
described in RA, Crohn’s disease, ankylosing sphimglyand psoriatic arthritis. All monoclonal
Abs whether chimeric or human have been showndoda ADAs, but most of our knowledge in
the field derives from studies on infliximab andaithumab in RA.

2.2 ANTI- INFLIXIMAB AND ANTI-ADALIMUMAB ANTIBODIES IN RA

More than a decade of clinical experience has shasvthat therapeutic failures with these two

molecules are not infrequent. Patients can eitage lan absent or insufficient response from the
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beginning of treatment (primary therapeutic faijuoe they can respond initially and experience
loss of therapeutic effect later (secondary fajlure
The induction of ADA that increase anti-TNF cleararthereby reducing the drug half-life is
recognized a major mechanism underlying the inaffycof anti-TNe monoclonal antibodies.
ADAs are involved in primary failures and are prblyaa major cause of secondary failure.
The evidence supporting a major role of anti-infiab and anti-adalimumab antibodies in
therapeutic failure of these molecules in RA caslmmarized as follows:

1) Most of the studies show a higher prevalence of ADw non-responders, compared to

responders, in whom ADAs are rarely detected.
2) There is an inverse correlation between througly tbvels and ADAs titers
3) There is a positive correlation between througlgdewels and clinical response

4) Dose escalation has limited efficacy in case aifiigent clinical response to these drugs

2.2.1 Clinical response, drug trough levels and AD#\

2.2.1.1 Infliximab (1FX)

Wolbink et al. (113) prospectively followed up fbryear 51 RA patients treated with 3mg/kg/8w
IFX, measuring preinfusional serum through leveldFX (by an enzyme-linked immunoassay,
ELISA technique) and assessing anti-IFX antibodigth a radioimmunoassay (Abs reacting
versus 1*-labeled pepsin-treated IFXADA were detected in 22 out of 51 patients; only36f
them (8/22) were classified as EULAR responderspared to 69% of ADA-negative patients;
moreover, ADA-positive patients had lower DAS imygment than ADA-negativesngan+SD
decrease in the DAS28 1491.2 versus 0.2 1.8;P <0.02).

Non-responders had higher ADA titers than respa@aedian 42 AU/ml, interquartile range 8-
310 AU/mI vs. median 9 AU/ml, interquartile rangel@ AU/mI, P <0.025). Three patients, all

ADA-positive, had infusion-related reactions.
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ADA were detected only in blood samples with undetikle serum trough levels of infliximab, and
the development of ADA coincided with a decreassarum trough levels of infliximab prior to
ADA detection. The mean MTX dose was similar betvgatients with and without ADA: but,
notably, only 3 patients didn’t take concomitantdication and 2 developed ADA.

Another study by Bentzen et al (27) measured thid& levels and anti-IFX antibodies (with a
dedicated radioimmunoassay (RIA) assessing Abgingagersus the wholé¥-labeledinfliximab
molecule) in 106 RA patients treated with IFX atddkg/q8w dose after the first 2 infusions (at 1.5
months), and at 3 and 6 months after the firstsiafit. The rate of ADA-positive patients rose from
13% at 1.5 months, to 30% and 40% at 3 and 6 mprgbpectively. Low through IFX levels at 1.5
months predicted ADA development at 3 and 6 moatid subsequent therapeutic failure (at 6,
<12 and >12 months according to the median thréexgl of IFX). Detection of ADA at 3 months
was associated with later IFX dose increases aswbdiinuation of the therapy. High pretreatment
levels of CRP were associated with low through lewé IFX at 1.5 months. Being in the highest
DAS28 quartile predicted the development of anX-intibodies at 3 months. The percentage of
ADA-positive patients was 40% (20/50) in patierdgkimng concomitant MTX, and 50% (13/26) in
those who were not taking it.

This study confirmed that a high percentage ofgmés$i regardless concomitant MTX treatment,
develop anti-IFX antibodies, these antibodies aexipted by low preinfusional levels of IFX,
which in turn, are predicted by high pre-treatm@ateactive protein (CRP) values. An active
disease as confirmed by a high DAS28 score is@ksdictive of anti-IFX antibodies development.
The same group (114) subsequently compared therpehce of their fluid-phase RIA to that of
solid-phase cross-binding tests (whether ELISA aidsphase RIAs) used in other studies to
determine through IFX levels and detect anti-IFXilaodies. In the paper it is stated that the fluid-
phase RIA would be superior to both ELISA and spldse RIA in terms of sensitivity and

specificity.

53



The higher sensitivity would be related to the ¢elgs to detect ADA even in the presence of

detectable levels of IFX, and the capability ofidiphase RIA to detect Abs that are functionally

monovalent.

The higher specificity would rely on the fact tHatid phase RIA is unaffected by rheumatoid

factors (RF) (that might link infliximab Fc and beerefore dosed as anti-drug Ab), on the fact that
the technique does not induce artifacts like ndtepes (that might occur when proteins are fixed

on plastic surfaces), and that it does not detaetdvidity Abs that might be clinically irrelevant

2.2.1. 2 Adalimumab

The Dutch group of Wolbink first reported the casa patient with moderate EULAR response to
adalimumab, who underwent a secondary therapeatloré after drug withdrawal for knee
prosthesis implant. The subsequent lack of respevese associated to the detection of ADA
(formerly undetected in this patient) and with uwedtble adalimumab through levels (115).
Subsequently, the same group prospectively evalutite incidence of ADA induction and its
association with serum drug concentrations andcdirresponse in 121 adalimumab-treated RA
patients in a 28-weeks follow-up (116).

During 28 weeks of treatment ADA were detectedifili21 patients (17%). These patients showed
less improvement in DAS28 disease activity compamed\DA-negative patients (p = 0.001).
Moreover, 34% of EULAR non-responders had ADA wilyd% of good responders (p = 0.032).
ADA-positive patients had lower serum adalimumalmocemtrations at 28 weeks than ADA-
negatives (median 1.2 mg/l, vs 11.0 mg/l, p<0.0@9pod responders had higher serum drug
concentrations than both moderate (p = 0.021) andresponders (p = 0.001).

In this study 52% of ADA-positive vs. 84% of ADA-gative patients had concomitant MTX

(p=0.003).
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This study first confirmed that, like for the chineemolecule IFX, even adalimumab treatment can
elicit ADA production; these antibodies are moregfrently found in clinical non-responders and

their presence is associated to low drug conceortist

2.2.1.3 Comparison in immunogenicity: infliximab vs. adalimumab

Radstakeet al. (76) evaluated the EULAR response at 6 monthsi@ncelation to trough drug
levels and presence of ADA in 35 and 34 patientdeuriFX 3mg/kg/0g8w and adalimumab
40mg/q2w treatment, respectively. The techniquaose drugs through levels and ADA was fluid-
phase RIA.

Through levels of anti-TNF drugs and ADA where d&td with a fluid-phase radioimmunoassay
using **-labelled TNF, IFX and adalimumab.

For IFX-treated patients there was the possibibtincrease the dose to 5mg after 14 weeks in case
of insufficient response, or to reduce the dosimtgrval. In 8 patients the dosing interval was
reduced to 6 weeks, in one patient the IFX doseim@sased to 5mg/kg/q8w. Twenty-one of the
adalimumab-treated patients took part to the DE€illy and dose changing was not allowed. Of
the remaining 14, 5 increased adalimumab dose tng@w, 2 of them turned from moderate
response at 3 months to good response at 6months.

At 6 months, 15 (43%), 6 (17%) and 14 (40%) of itiféximab-treated patients and 16 (47%), 8
(24%) and 10 (29%) of adalimumab-treated patient§lléd the EULAR criteria for good,
moderate and non-responders, respectively.

Clinical response correlated with IFX trough levats3 and 6 months in the IFX group (R=0.54,
p=0.03), and adalimumab group (R=0.64, p=0.01).

To note, in the good, moderate and in non-resparndeiX at 6 months, the percentage of patients
with detectable anti-IFX antibodies was 7, 50 af8% respectively. In the moderate responders
group the Abs were at moderate concentration, whileon-responders the levels were low in 7%

of cases, moderate in 36%, high in 57%. None op#tent with detectable through IFX levels had
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detectable anti-IFX antibodies, while converselll, lut 3 patients with anti-IFX antibodies,
regardless of the antibody levels, there were rtectigble trough levels of IFX, and in all these
cases the drop in IFX levels corresponded to & raignti-IFX antibodies. No difference in mean
MTX dosage in good moderate or non- respondersawiaent.

For the adalimumab group all non-responders haeadatimumab antibodies, and all but one had
undetectable drug levels. In contrast to IFX, nohgood and moderate responders had detectable
anti-drug antibodies.

Interestingly, there was a 10% higher responseinapatients treated with adalimumab compared
to their counterparts treated with infliximab, ronng the percentage of patients who formed
antibodies to the drug.

All moderate responders to adalimumab and 50% Xoh&d detectable through drug levels and no
detectable ADA. In these patients it is hard tocewve the presence of anti-drug antibodies below
the detection threshold, given the high sensitivityhe radioimmunoassay; in these patients other

mechanisms of non response are therefore probaiplycated.

2.2.2 Drug trough levels and clinical response

Wolbink et al. (117) prospectively followed for 14 weeks 105 eats treated with 3mg/kg/8w
IFX, and demonstrated that, at 14 weeks, EULAR ardprs had higher serum through levels of
IFX compared to non-responders (IFX measured withE&ISA test measuring free IFX using
recombinant human TNF). Even if high interindivadivariability existed, the medigmterquartile
range)concentration of IFX fell fron22.3 (15.3-29.4) mg/| after 2 weeks, to 14.6 (723—+2g/l
after 4 weeks, to 2.8 (0.6—6.8) mg/| after 8 weeks.

Those with lower levels of IFX had even lower DAS&&rovement. By categorizing IFX trough
levels in tertiles, it was shown that in the lowestile there were less EULAR responders and

lower DAS28 improvement. Pretreatment CRP levasawegatively correlated with through IFX
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levels at week 14after the start of treatment (8paa rank correlation rs =20.43, p,0.001). Three
patients had infusion reactions, and they all hadktectable through levels of IFX.

St Clair et al (118) in a post-hoc analysis of MTETRACT study which comprised 4 dose regimens
(83mg/kg each 8 or 4 weeks, 10 mg each 4 or 8 weskeyved lower median through levels of IFX
in the lowest dose regimen group (3mg/kg/8w), amdenpatients with undetectable through levels
of IFX from week 22 to week 54. Even if there was detectable difference in the number of
patients achieving ACR20 response, this group lead patients achieving ACR50 and ACR70
response (and a trend towards increased rate @npatachieving ACR20, 50 and 70 with
increasing dosage in the different groups). The ACResponse was inversely correlated with
trough levels of IFX at regression analysis. If gaients were divided in quartiles of IFX trough
levels at week 54 the lowest quartile had the tsginember of patients not achieving an ACR20
response, with higher rates of ACR50 and 70 respsnaiith higher levels of IFX, even if this
relation had some exceptions (i.e. some patieftied@ag an ACR70 response despite undetectable
IFX through levels). Other regression analyses gubtlat reduction in CRP levels and less Sharp
progression were correlated with higher trough lew# IFX. A pharmacokinetic modeling was
used to predict the trough levels of IFX in the 3kgéBw group whether the dose was increased of
100 mg or the dosing interval reduced to 6 weelesiuRing the dosing interval increased median

trough levels of IFX from 0.03 ug/ml to 2.146 ughnsl 0.416 ug/ml with increasing dosing.

2.2.3 Dose escalation

2.2.3.1 Partial efficacy of I1FX dose escalation.

In an observational study by Sidiropoukdsal. on 68 insufficient responders to classic DMARDs,
IFX was introduced and treatment dose was subs#yaat)usted according to EULAR criteria of
response (119). There were 20 drop-outs alongdbese of the study. In 50 patients an IFX dose
escalation was necessary along a time period ¢FA2nfusions due to insufficient response, 12 of

them were drop-outs. A significant reduction in m&aAS score (from 5.27 to 4.54, p<0.002) was
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evident for the remaining 38 patients who undervaedbse escalation but only 10 of them (26%)
improved their EULAR response category. These datggest that dose escalation in insufficient
responders to IFX might have a limited value.

Van Vollenhovenet al. more formally addressed the question of clinicedponse after dose
escalation of IFX (120). They carried out a casetwd study were the index cases were the
patients whose IFX dose had been increased, andothteols were either patients who had not
undergone a dose escalation or patients treatédetahercept.

As a comparator they used the DAS28 score attawviezh decision to switch was taken for the
cases, and the worse DAS28 attained at any timet poi the controls. In their analysis they
showed that even if the escalation induced stedilyi significant reduction in DAS28 score, the
improvement never exceeded the best improvemem\azh before dose escalation. Even patients
in the 2 control groups at a certain time point mhignprove from their worse DAS28 score to re-
attain the best previously attained DAS28 scoree Huthors concluded that since similar
improvements occurred in cases and controls, thpreassion of a “recaptured” clinical response
following IFX dose escalation might probably dueatphenomenon of regression to the mean, i.e.,
since the IFX dose was increased at the highestZBASore attained until then by the patient, the
DAS28 score was more likely to lower with time, epgndently of the treatment.

In a clinical trial of 12 months duration (121),4LRA patients partial responders to 3mg/kg/q8w
IFX where randomized to either keep the same dose undergo a dose escalation to 5mg/kg/q8w.
At 12 months, the DAS28, its components and CRRI$edid not differ between the two arms,
while in the higher dose arm more non-serious advevent were observed (28.7% vs 47.8%,

p=0.023)
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2.3 ANTI-TNF LEVELS, ADAs AND TREATMENT OUTCOME

The phenomenon of ADA induction appears to be ibhedrin a rather complex network that links
together TNk levels in the inflamed tissues, trough anti-TNEgltevels and the sensitization of
host immune system vs. the monoclonal molecule.

The first evidence that started to shed light oeséhinterconnected phenomena came from the
results of pilot studies with IFX in RA, which shed a trend towards an increased clinical
response with increasing IFX dose from 3 to 10 mgrkthe different treatment arms. A post-hoc
analysis showed that clinical response to IFX wesoaiated to higher trough levels of infliximab
and that trough levels falling under the detectiomt were associated to drug inefficacy and
adverse event occurrence.

A metanalysis of randomized trials showed thategoési with higher disease activity had less
clinical improvement, and other studies that higb-fpeatment CRP levels predicted lack or anti-
TNF efficacy. Both the parameters can be a sureogegasure of pre-treatment TiNFevels in the
inflamed tissues (“TNé& load”). A higher TNf load would consume more anti-TNF drug. Thus,
patients with higher TNd production would have lower trough levels of afiiF agents. In these
patients higher anti-TNF doses are necessary. Blente between basal ThRproduction and
anti-TNF trough levels would determine whether Hust immune system will be sensitized or
tolerized vs. the monoclonal antibody. Low leveld blFa result in higher anti-TNF trough levels.
A high foreign antigen (i.e. the anti-TNF drug) centration would result in tolerance and no ADA
production. Conversely, higher levels of TiNFesult in low anti-TNF trough levels. The presence
of foreign antigen at low concentration can elaitimmune response with ADA production.

The presence of ADAs (just like that of low troughti-TNF levels) is associated with reduced
efficacy and adverse events. ADAs inhibit the iat&ion between the monoclonal antibody and the
target cytokine and accelerate the drug cleararmté, phenomena contributing to reduce the drug
efficacy (122). Monitoring of trough anti-TNF lewehnd ADASs in clinical practice might constitute

a major step towards personalized medicine thatldvoesult in safer and more cost-effective
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treatment. For example, in case of primary failufr@nti-TNF trough levels are high it would be
useless to increase the dose of the drug, thestragtgy would be to change the therapeutic target.
Based on the concept of the link between anti-TidEgh levels, ADA induction and primary or
secondary failure, Bendtzen (37) proposed a traatralgorithm for patients on anti-TNF mAbs
(Figurel).

Other TNF blockers, like etanercept, do not seefvetconcerned by ADAs: even if anti-etanercept
antibodies have been described in one paper (1B8y, have never been linked to treatment
outcome so far. Anti-etanercept Abs may be nonfaBzing and directed at the hinge region where
recptor sequence joins Fc sequence to form a ‘repe(124). Nevertheless, even for etanercept
treatment low serum levels are associated with ¢tdakinical response (125). Figure 2 summarizes
all the potentially immunogenic sites on currentBed anti-TNF agents. Our group developed an
alternative TNF-blocking strategy based on acting-&8NF immunization, where polyclonal anti-
TNF antibodies would be produced by the host, thengotentially avoiding the risk of ADA

induction (see after).
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Figure 1. Proposed follow-up and treatment algoritim for patients on anti-TNF monoclonal

antibodies
START OF ANTI-TNF BIOTHERAPY
Early clinical outcome ( 3 months)
Assays for: Primary nonresponders Responders
Anti-TNF activity High Low High Low
! ! ! !
Change to Intensify Reduce intensity Continue
non anti- 2 3
TNF therapy ( ) ( )
(1)
Late clinical outcome ( 6 months)
Assays for: Secondary nonresponders Responders
Anti-TNF activity High Low High Low
ADA Pos Neg Pos Neg
) ! ! | ! !
Change to Intensify Change Reduce Continue Pause
non anti- to other intensity (remission)
TNF therapy anti- (6) (7)
(4) TNF
inhibitor
(5)

(2): Irrational to intensify therapy. Irrational to/tanother anti-TNF inhibitor. Early shift to
effective therapy

(2): Evidence-based therapy

(3): Improved cost-efficiency

(4): Irrational to intensify therapy. Irrational toytanother anti-TNF inhibitor. Shift to effective
therapy

(5): Irrational to intensify therapy. Shift to effeati therapy

(6): Improved cost-efficiency

(7): Continued drug use irrational and possibly daoggrIimproved cost-efficiency.

(Modified from Bendtzen, ref. 94)
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Figure 2. Potential immunogenic sites on an-TNF-a antibody constructs
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CHAPTER 3

Active anti-TNFa immunization in RA: the kinoid of human TNFa
(TNF-K)

3.1 IS THERE A NEED FOR OTHER ANTI-TNF TREATMENTS?

Rheumatoid arthritis (RA) is the most common infltaatory rheumatic disease with a prevalence
ranging from 0.3 to 1.5 % in the different popwat (126). It is characterized by an invasive
synovial proliferation that leads to joint damagghwpain and loss of function, with precocious
disability (127). RA patients have associated cdmuaities leading to a mortality estimated at
almost 2-fold that of general population (128). RAtherefore a huge public health problem
resulting in high direct and indirect costs for tmanmunity (129).

In the last decade, tumor necrosis factor alphaHg)Nargeting agents have changed the treatment
of RA, providing unheard of results in terms ofedise clinical control and prevention of structural
damage and consequent disability. TNéan be targeted with monoclonal antibodies (mAdrs)
their fragments (infliximab, adalimumab, golimumatertolizumab) or with fusion products
carrying a TNl soluble receptor (etanercept). Anti-TéNBrugs first opened the perspective of a
successful cytokine-targeting strategy in RA. Salethe four anti-TNk agents on the market in
2008 (adalimumab, infliximab, etanercept and cemiohab pegol) reached $16 billions. By 2014
analysts forecast the entire class of ant-TNF dtaggenerate a $25 billion market, with growth
driven by new entrants and continuing demand fore thncumbents (source:
EvaluatePharma®)(130). In 2008, TNF-alpha inhilsitaccounted for 80 percent of rheumatoid
arthritis drug sales in the United States, Frafermany, Italy, Spain, the United Kingdom and
Japan (source: Decision Resources ®) (131) withmaaket that, for all biological therapies for

RA, was estimated in 7 billion dollars in 2007 ygsme: Datamonitor® Research Store) (132).
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Current TNFe-targeting strategies have nevertheless shown aedeawbacks as far as safety,
efficacy and costs are concerned. Despite the gabaty/ efficacy profile in selected patients, the
overall risk of infection and neoplasm seem to @dased RA patients treated with anti-BtNF
mAbs compared to classic DMARDs (92). Primary aedosdary failures are not infrequent,
moreover less than 50% of responder patients miceli trials attained disease remission (133). The
treatment withanti-TNF blocking agenthas high costs for the community (134). While savhe
these limitations, like the increased risk of irfec and neoplasm are presumably related to the
blockade of TNk itself, others, like the high production costsd dhe risk of anti-drug antibody
(ADA) production with possible loss of efficacy amile—effects, are proper to current anti-bNF
agents, especially to monoclonal antibodies (122 they might be possibly overcome by
alternativeanti-TNF blocking agentstrategies.

An alternative way to target TNiFs active immunization, where a TMEerivative can be used as
the immunogen to develop an anti-TiN&ctive immunotherapy consisting in a vaccine (13be
immunogen must be capable of disrupting B-cell, bat T-cell, tolerance to TN¥E thereby
eliciting the production of high titers neutraliginantibodies (136). This strategy allows the
production of polyclonal autologous anti-TiE&ntibodies potentially bypassing the risk of afi an
xeno- or allogenic antibody response. Refining @AAdetection techniques allowed in fact to
detect ADA in up to 40 and 30 % of infiximab (IFXhd adalimumab-treated patients, respectively
(137). The presence ADA is associated with low dgfodrug levels, infusion-related reactions (for
IFX) and therapeutic failure (76). Active immunimeat offers then the possibility to overcome this
limitation.

The direct costs foanti-TNF blocking agenistogether with the costs of drug administration,
monitoring, and side-effect management, result eeavy economical burden for the community
(138), whilst active immunization strategy mightgrttially be a less expensive alternative. Finally,

the long persistence of detectable anti-GNEntibody titers induced by active anti-TWF
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immunization might warrant a less cumbersome adsmmation scenario for the patient, with

possibly higher treatment acceptance.

3.2 CHEMISTRY OF THE KINOID OF HUMAN TNF a

Our group established the preclinical proof-of-agtcof active anti-TN& immunization with a
compound called human TNFinoid (TNF-K) in a TNF-dependent animal model, the human
TNFa (hTNFo) transgenic mice (TTG mice) (136, 139, 140). Tead to subsequently test TNF-K
in a phase I/ll clinical trial in Crohn’s diseasedain a phase lla clinical trial in previously anti
TNFa treated RA patients on secondary therapeuticr&ilu

TNF-K belongs to a family of cytokine derivativeapable to act as anti-cytokine vaccines called
“kinoids” (141). Their name and their preparati@calls those of the toxoids, detoxicated but still
immunogenic products, derived from bacterial toxoysformalin treatment at 37°C for several
days. At the beginning of the eighties, a detoxicaprocedure using glutaraldehyde instead of
formaldehyde was described for the preparationudly fatoxic polymerized antigens with high
immunogenicity (142). This technology with eithelutgraldehyde or formaldehyde was then
applied to cytokines in order to convert them idirivatives devoid of biological activity but
capable, when administered to animals, of indu@ng-cytokines antibodies. These derivatives
were called kinoids (143).

TNF-K is a heterocomplex of inactivated hTiNEnd a carrier, the keyhole limpet hemocyanin
(KLH). KLH is a heterogeneous copper-containingpnegory protein isolated from the mollusc
Megathura crenulata, belonging to a group of non-heme proteins calleshocyanins. It consists of
two subunits isoforms with a molecular weight of08910° and 360 x 1 D, originating,
respectively, two different oligomeric aggregat€sH1 and KLH2. The molecular weight of the
oligomers ranges from 4,500,000 t013,000,000. uést large size and its numerous epitopes

KLH is capable of inducing a substantial immunepogse; its abundance of lysine residues for
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haptens coupling, with a high hapten/carrier proteitio, increases the likelihood of generating
hapten-specific antibodies (144).

For preparing the heterocomplex, glutaraldehydeised to couple hTNEFto the KLH carrier
protein. KLH, and then glutaraldehyde, are added atosolution hTNE treated with
dimethylsulfoxide, in a mixture of one moleculekifH and 40 molecules of hTNFE After 45-min
incubation at 4°C, the preparation is dialyzed @asfathe working buffer and then treated with
formaldehyde for 6 days at 37°C. Concentration darchtion of aldehyde treatments have been
adapted for hTNé& in order to obtain a strong and persistent inatitim of its biological activity.
The unreacted aldehyde is quenched by additiorlyofrgg (0.1 M), leading to complex stabiliza-
tion. The excess aldehyde is eliminated by dialggjainst Dulbecco’s phosphate buffer solution
(PBS) (136). KLH has been used in human mainlyifemune antitumor therapy. Intravesical
treatment of superficial bladder carcinoma with KigH subunit product Immucothel® resulted in
mean recurrence rate of 31% over a 26 months pétigs). The mechanisms relies in the fact that
the KLH disaccharide epitope Ggl(3)Gal Nac cross-reacts with an homologous epitope
bladder tumor cell surface. A vaccine consistingaofmurine anti-idiotipic Ab (mimic a human
melanoma antigen) conjugated with KLH was tested small group of patients with malignant
melanoma (146). Recently, a sialyl-TN (STn)-KLH gme failed to demonstrate an increase in
survival rate in a phase Il study in breast car{¢di7). KLH is used even as a generalized vaccine
component. KLH-based vaccines have been developegapillomavirus, tick-born encephalitis
and mycobacterium bovis infections, and even for drugs of abuse like aoeailo the best of our
knowledge, despite good results in animal modeferaf them was subsequently tested in human

(144).

3.3 PHARMACODYNAMICS OF TNF-K
It is assumed that TNFK is a heterocomplex in whidtH provides T epitopes and bears at its

surface a high density of hTNFpreserved B-epitopes. The aim of carrier proté&n® promote
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carrier-specific T-cell help to a B-cell polyclonedsponse (144). Given that a high number of
hTNFo. molecules are covalently bound to KLH, kinoid inmogomplexes will present a high
density of hTNI antigens in their native conformation to the asd¥p-producing B cells to cross-
link specific B-cell receptors (141).

Transgenic hTNé& mouse (TTG), expressing hThlas a self antigen, is the only relevant model to
study TNF-K induced anti-hTNFantibody production (136). In all immunized micedifferent
study protocols, immunization with TNF-K inducecdesgic anti-hTNF. antibodies as detected by
ELISA (136, 139, 140). In a protocol where miceeiged three injections of TNF-K at days 0, 7
and 28, these antibodies, tested at day 122 alN€rK first injection, appeared to belong mainly to
lgG1 (52%) and IgG2a (48%), with negligible amouotdgG3, IgM and IgE(136). Purified 1gG
from hyperimmune sera exhibited a high affinity FofNFo. with Kd ranging from 5x10° to 10*°

M and were able to block its interaction with thighh affinity TNFRI (Kd of 0.6 nm)(148),
resulting in undetectable circulating hT&F immunized mice.

Anti-hTNFo antibodies have neutralizing anti-TiFeffect as confirmed botim vitro by L929
cytotoxicity assay, showing cytotoxicity inhibitidsy hyperimmune sera at dilutions up t0*10
andin vivo, where purified 1gG from sera of immunized mice @eted TNFE-galactosamine lethal
shock in recipient mice(136).

TNFK is mixed at a 1:1 ratio with the phosphateingalbuffer (PBS) and administered
intramuscularly with the adjuvant ISA51® (Seppiaaice). The latter is similar to Freund’s
incomplete adjuvant and is composed of a mix ofar@hoil and a surfactant of the mono-oleate
family; it is currently used in immunotherapy oincar and infectious diseases (149). ISA51 is used
in a 1:1 ratio with the mix TNFK-PBS to obtain atefin-oil emulsion (141).

Different administration schedules have been destenice, involving 2 (at days 0 and 7), three (at
days 0, 7 and 28) or four injections with dose megjs varying from 5 to 3(g of TNF-K (136,

139, 140).
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Whatever the exact administration schedule, all umiration protocols were able to induce anti-
hTNFa antibodies in TTG mice. In a three injections sobg30 +30+7ug at days 0, 7 and 28),
anti hTNFx antibodies were detectable at first bleeding as1sas five weeks after TNF-K first
injection (139), they peaked at 6-8 weeks aftest finjection (136), with a more than 50% decline
within 16 weeks.

In a protocol with three injections of TNF-K&y at days 0,7,28 the anti-hTMRAb peak was at
week 13 after TNF-K first injection, and a TNF-Kd=d given at week 17 induced a significant

increase in neutralizing anti-hTNRntibodies as soon as 3 weeks after the boos}.(140

3.4 EFFECTIVENESS OF TNF-K IN ANIMAL MODEL

TNF-K immunization resulted in amelioration of TTi@ice spontaneous arthritis, thereby posing
the rationale for its use in RA.

When given before arthritis development, TNF-K neallly reduced the clinical severity of arthritis
and resulted in less histological joint inflammatiand destruction compared to control mice (136,
139).

In an experimental 3-injection protocol (day 0,nt&8) a highly significant difference in clinical
and histological score was already evident whemals were sacrificed 6 weeks after the first
injection, compared to controls. TNFK-immunizedraals showed mild histological inflammation
and no histological destruction. The co-adminigirabf MTX did not modify the results (139).
When, with the same experimental protocol, the nlad®n was prolonged up to 17 weeks, arthritis
onset happened to be delayed of about 9 weeks ecethpa controls, and still low clinical and
histological scores were found in immunized mice.

The therapeutic efficacy, its duration and the efigf a TNF-K boost were better evaluated in a
subsequent experiment more resembling to a humseask scenario, since TTG mice were

immunized after spontaneous arthritis onset (14€).a 12-week follow-up after TNF-K
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immunization, arthritis was dramatically amelioditand clinical scores did not differ from those
of mice treated with weekly infliximab at a doseloing/Kg over the same time period. These
findings were corroborated by histology, showingvlinflammation and no sign of cartilage
destruction in immunized animals.

The observation was prolonged to 30 weeks after -KNfitst injection in order to study the
duration of clinical effect and the kinetics of TMFinduced anti-hTNE antibodies. After the
initial amelioration, arthritis clinical score immunized mice started to increase from week 12 afte
first injection, to the end of the experiment. Thiend was reversed by a TNF-K boost given at
week 17, before clinical degradation ensued. Thes@ong in clinical control of arthritis coincided
with a decrease in anti-hTNFAb titers, while the TNF-K boost triggered a siggant increase in
Ab titers 3 weeks after its administration. Mildtalogical scores of joint inflammation, destruntio
and cartilage degradation at the end of the exmgimconfirmed the long-term prevention of

structural damage of TNF-K immunization.

3.5 SAFETY AND TOLERABILITY OF TNF-K

Some major safety issues are raised by the novellBiffa approach of active immunotherapy,
namely:

1) The delivered TNé& must be devoid of toxicity but still immunogenidis is the case of TNF-K
heterocomplex, where aldehyde treatment resultsairhTNFe derivative satisfying these
requirements. In all experiments conducted with FJ®yFno short-term toxicity linked to its
administration and ascribable to hTiNBctivity-related toxicity was detected. This whae ftase
even in the limited experience in human.

2) Anti-TNFa vaccination must result in rupture of B-cell budtnof T-cell tolerance (i.e.

vaccination must not induce memory T-cells capableecognizing the native cytokine). In fact,
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the persistence of a T-cell population sensitizgairest a self-cytokine would result in a localized
cellular response in its site of production.

This issue was addressed in an animal study wh&ravéeks old TTG mice received 3 injections
of TNFK (days 0,7,28 £ a boost at day 90) and wetlewed up for 120 days after the first
injection. Our group showed that the splenocytemflf NFK-immunized TTG mice did not trigger
any cell-mediated immune response to self-hdN&S tested by T-cell proliferation and IL-2 and
IFN-gamma production in culture supernatants, wieatehe administration regimen of TNF-K
(136). The only detectable cellular response weecthd against KLH. Conversely in Balb/C mice,
TNF-K immunization induced anti-hTN#cellular response, when hTMKEa heterologous antigen
for this strand) was administered.

In TNF-KO0O1 study in Crohn’s disease patients, station of peripheral blood mononuclear cells
(PBMC) of immunized patients with TNHailed to induce T-cell proliferation (150).

3) The rupture of B-cell tolerance must be revéesi@®ur group demonstrated that when TTG mice
were immunized with TNF-K before spontaneous arthrappearance, anti-hTNFantibodies
peaked 6-8 weeks after TNFK first injection and laad50% antibody titers decline within 12-16
weeks. This kinetics is ascribable to short lifeBa€ell memory in the absence of a specific T-cell
help. A long-term study, where immunized TTG micerevmonitored up to 30 weeks after TNF-K
first injection, confirmed the results (140).

A similar kinetics, albeit with the limitation ofugdy design and sample size, seems to be confirmed
in human, based on the results of TNF-KO01 studythle 13 immunized patients anti-T&F
antibody titers were markedly reduced, and sometine longer detectable, within 12-15 weeks
after first injection (150).

4) A raise in the levels of TNFinduced by other stimuli (infections, tumors) mast elicit the
production of anti-TNF Abs after TNF-K immunizatiomhis was demonstrated in a study where
monthly administration of hTNEto TTG mice failed to induce any raise of anti-fHoNantibodies

(140).
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5) Ideally the “physiological” activity of hTNkin normal tissues should be conserved (see points

2,3 and 4).

3.6 CLINICAL TRIALS IN CROHN DISEASE AND RA
TNF-K was first administered in human in a phadkdpen-label dose escalation study on 13
patients with moderate to active Crohn’'s diseasehe t TNF-KO01 study

(http://clinicaltrials.gov/ct2/show/NCT00808262The administration schedule consisted of three

injections of TNFK at day 0, 7 and 28 at doses @f B30 and 36Qg. Four patients received a

fourth boost dose at 6 months. In all immunizedepas anti- TN antibodies were detected, with a
peak in titers between the fourth and the fifth kvagter first TNF-K injection, and a 50% reduction

within 12 weeks. The boost at 6 month resulted imew peak in antibody titers 3-4 weeks later
(150).

As far as RA is concerned, a dose-finding phasdiriical trial has been carried out in RA patients

on secondary failure of anti-TNF treatmetp://www.controlled-trials.com/mrct/trial/7726 TMFK003), in

a multicentric, randomized double-blind trial vdaqgebo on background MTX treatment. The
primary goal was to demonstrate that active immation with TNF-K was able to induce
polyclonal anti-TNe antibodies in RA patients previously treated wathti-TNFo monoclonal
antibodies that had undergone secondary theraptaitice (i.e. loss of clinical response). The
development of antibodies against the TNF antagdABA), at screening or on a sample taken
since discontinuation of treatment, was an inclusioteria, amended along the trial course and no
longer necessary for patient inclusion. The stutyolved 40 patients with active RA. The trial
protocol comprised 6 treatment arms, aiming to watal the safety and efficacy of three TNF-K
dose regimens (90, 180 and 360 pg) administerddaiiuscularly) according to one of two
administration schedules, comprising two or thré#=IK administration for each dose regimen at
day O and 28 or at days 0, 7 and 28, respectivEhe primary outcome was anti-TNF Abs

detection, secondary outcomes were the neutralaatigity of anti-TNF Abs, and DAS-28 based
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clinical response. Global tolerance was good, ambntutaneous reactions at injection site were
the most frequently reported adverse event. Noggradverse events were reported at 52 weeks of
follow-up after immunization. Anti-TNF Abs were @eted in 50%, 75% and 91% of all patients
that had received injections of 90, 180 and 360rggpectively. One hundred per cent of patients
that had received three injections of 180 or 36Qopagluced anti-TNF Abs vs. 67% of those that
had received two injections. Only three-injectiayfs360 pg resulted in both 100% of patients
producing Abs and in high Ab titers. Among the Rdtients that produced anti-TNFAbs a
moderate or good EULAR response was found in 489818 in those with no detectable Abs. In
the former group C-reactive protein (CRP) showetbatlecrease vs. a 5% increase in the latter.
The results were considered positive in terms @&rémce and promising in terms of efficacy; the
dose of 360 pug and the three dose regimen werni@edtas effective (151). A phase lll clinical trial

with TNF-K in RA is currently being planned.

3.7 TNF-K FOR RHEUMATOID ARTHRITIS: PROS AND CONS

The originality of the therapeutic strategy with F4K is high, meaning the possibility for a specific
type of development in clinical situation. Thisigetimmunotherapy aims at reversibly vaccinate
against TNk. It belongs to anti-TNF agents’ family. Contragtiwith the already marketed anti-
TNF agents, one can suppose that using TNF-K cbaled advantages in term of simplicity and
frequency of injections. The effect would be likgjyite long after each injection (several weeks).
Moreover, TNF-K treatment should not be concernga loeduction of effect due to ADAs: these
antibodies are found in up to 40% of infliximabared and in 30% of adalimumab-treated patients.
They reduce drugs therapeutic efficacy and areoresble for therapeutic failure and adverse
reactions.

Another possible advantage is a lower economic dyurfdr the community, since the costs of

production of the kinoid would be presumably lowkan those of marketed anti-TNF agents:
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reduction of costs are currently requested in Nwrthcountries, and appears as a necessary
condition to treat TNF-driven diseases with tarddteatments in Southern countries. The access
for the patients to expensive biological therapsestrongly limited, in many countries, by health
authorities or other third party payers, and the@h of treatment will be more and more influenced
by cost-effectiveness analyses. In this scenarless expensive alternative providing “value” and
“value for money” in RA treatment would certainlg velcome.

If the safety and efficacy data suggested by them@nmodels are confirmed by ongoing human
clinical studies, it is conceivable that TNF-K wilve a considerable impact on RA treatment
strategies.

The reversibility of anti-TNE vaccination with TNF-K is a key condition of a Gaable
benefit/risk ratio. All preclinical studies showball curve of anti-TNF Ab levels and preliminary
results in humans confirmed this point. Clinicaals should confirm these safety considerations
when looking for adverse events. The lack of inaucbf immunological memory is also a major
point, supported by results of both preclinical ahdical studies.

In summary, an important preclinical body of eviderfnot inferior to that which first lead to test a
monoclonal anti-TNE antibody in 10 RA patients in 1992) supports thasfbility of anti-TNfe
active immunization in TNé&—dependent human diseases. The efficacy in kltkdhsgenic mice
spontaneous arthritis, the relevant model for &NRhibition, strongly supports its potential
application in RA. The reversibility of anti-TNFantibody levels increase, and the absence of
memory T-cells induction, are both arguments irofanf a good safety profile. The results of an
open-label study in Crohn’s disease were first st@st with animal data regarding the kinetics of
antibodies induction and decrease, and suggestewd tolerance. The results of a dose-finding
double-blind, phase I/ll study in RA provided maafety and efficacy information that opened

way to the phase Il of clinical development.
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CHAPTER 4

Regulatory T-cells in RA

Regulatory T cells (Tregs) are critically importactllular mediators of peripheral immune
tolerance. Current rheumatoid arthritis (RA) treants are general (i.e. non antigen-specific)
immune suppressant impacting on both pathogenigbgsiological immune response. Treatment
withdrawal usually results in relapse imposing kimg, possibly lifelong treatment, with potential
adverse events for patients and high economicas dos society. The ultimate goal of therapy for
patients RA and other autoimmune diseases wouldestoring immune tolerance and allowing
cessation of immunosuppressant therapy. Hence,sTeegld be an ideal target for therapies to
induce durable remission. Even if the real role amtttion of Tregs in RA is still unclear, it has
nevertheless been actively explored in the lasadiecand there is increasing evidence that Tregs
are involved in disease progression and in thetapeemission. We will focus on the role of Treg
populations in RA and on how current RA treatmemigact Tregs. The potential of Treg-targeted

treatment for RA treatment in the future will nat discussed.

4.1 REGULATORY T-CELLS PHENOTYPE AND FUNCTION

Tregs constitute 5—-7% of CD4+ T cells in human}I&eg cells are defined based on phenotypic
markers and functional assays that confirm theguliaory properties. Tregs are endowed with an
autoreactive T-cell receptor (TCR) repertoire, aadognition of the antigen through the TCR is
required to suppress immune responses. Tregs sgpprenune responses through a variety of
contact-dependent and contact-independent mechaifisB, 154).

A major issue in literature is which are the phgpat and functional markers to identify

characterize Tregs.
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The transcription factor forkhead box P3 (FOXP3),critical for Treg generation, peripheral
maintenance and function (155, 156). Neverthelgsse main problems limit the use of FOXP3
expression alone to study Teeig humans: first, under the influence of transforgngrowth factor

B (TGF$), CD4+ T-cells can transiently upregulate the espron of FOXP3 upon activation (157,
158)(see after). Moreovem an inflammatory environmentegulatory cells expressing FOXP3
may lose regulatory capacities and differentiate effector cells. Second, studies in mice have
shown that DNA methylation status at the FOXP3loates probably a better marker of a stable
Treg rather that the mere protein expression of F®X159, 160). Thirdand more importantly,
Tregs cannot be selected for functional studies on tmesbof FOXP3 expression, since FOXP3 is
an intracellular protein. Thus, in current practittee study of Tregs in patients with autoimmune
diseases relies on use of cell surface markerdewotify and isolate Tregfor functional studies.
Since no known cell surface markers are expressddsvely on Treg, the best approach is to use
a constellation of cell surface marker

Tregs were originally identified as characterizgchigh expression of CD25, the alpha chain of IL-
2 receptor. CD25 is not specific of Tregs: it cam déxpressed by activated memory T-cells,
especially in autoimmune diseases. For this reabenCD4+CD25%" population can also include
effector T-cells (161). This contamination has, in some casesled investigators to believe that
deficits in Treg function existed where they did not and can bparsible for the heterogeneity of
results between different studies.

Another feature of Tregis the absence of production of IL-2. Even if itrev FoxP3 cells can
produce high amounts of IL-2, this seems not be#se in vivo.

A low expression of the IL-7 receptor CD127 on ®edgas been proposed as a feature to
differentiate Tregs from activated Teff cells, amdyroup could show that low levels of CD127
expression in combination with CD4 and CD25 expogssded to identify more than 95% of
FOXP3+ T-cells endowed with high immunosuppresseévity (152). CTLA-4 (cytotoxic T-

lymphocyte-associated protein-4) (see after), éasarmolecule expressed on both Teff and Treg,
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binds to CD80/CD86 on antigen presenting cells (8)2@s ligation inhibits Teff proliferation and
activates Tregs. Tregs even express molecules diatprio the TNF- receptor family, like GITR
(glucocorticoid-induced tumor necrosis factor reoep and CD 27. Agonist anti-GITR Abs inhibit
the suppressor effect of Treg cells. The exact oblthese and other markers, like Neuropilin-1,

which is constitutively expressed on Tregs, rem#orse determined.

4.2 THE TREG/TH17 BALANCE

A main feature of Tregs is that they are linkedpto-inflammatory Th17 cells via an alternative
pathway of CD4+ T-cell differentiation, under thetian of the pleyotropic cytokine TGF-
Depending on the cytokine environment TG able to act to opposite effects.

This dualistic effect of TGB-has been dissected in mouse models providingemyaed solution for
linking the potentially pathogenic Th17 pathwayhwé potent counter-regulatory pathway that can
control it (162-165). In humans the scenario istiply more complicated but substantially
analogous.

Th17 cells and other effector T-cells, like Thl a2, differentiate from antigen-naive CD4+T-
cell precursors, under the action of cytokines poedl by innate immune cells that have recognized
specific infectious agents. Depending on the pathpg distinct cytokine profile is induced leading

to the differentiation of the T cell type best sdito control the specific pathogen
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Figure 3. Patterns of differentiation of naive Tcell:
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Figure 3. Differential patterns of differentiation of naivecellsfollowing Ag contact, dependin
on the infectious agent involved and on the cooedmg cytokine milieu. The governit
transcription factors and main surface moleculegaitterizing the development steps are dep
as well. Each cell type is best ted to contrast different pathogens, and eachasacherized by

distinct cytokine profile.
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In the case of Thl7, IL-6 produced by dendriticlcdland perhaps other cells in the local
environment) acts in concert with active T@Re direct Th17 differentiation. Conversely, in the
absence of IL-6, TGB-promotes the differentiation of Tregs.

Tregs are defined by their master transcriptiontolacFOXP3, which is both necessary and
sufficient to program Tregs development and masxtes. In mice, Th17 cells are defined by their
own master transcription factor, a T-cell isoforintloe retinoic acid-related orphan recepftor
RORyt (166). The corresponding transcription factothiman is called ROR-C. Briefly, in vitro
naive T-cells stimulated with TGF-alone upregulate both FOXP3 and R@Mut they do not to
express an appreciable level of IL-17 and progvedsiextinguish ROR expression, as they
differentiated into Tregs(167, 168). Conversely|ye@h17 in vitro differentiation induced by TGF-
B and IL-6 is accompanied by transient co-expres®6rRORyt and FOXP3, with FOXP3
extinguished as Th17 development progresses. Inahgjrother pro-inflammatory cytokines like
IL-21 are necessary to suppress ROR-C expresdieB Is subsequently necessary to allow Th17
complete differentiation (169).

It seems therefore that FOXP3 and RO&nhgage sort of antagonistic competition, whodewue
determines whether a cell would differentiate a&eg or a Th17 cell. Figure 4 better details the

reciprocal patterns of Th17 and Tregs differertiati

78



Figure 4. Alternative pathways of Treg and Th17 diferentiation
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Figure4: In vitro model dissecting the alternative pathwaf/3reg and Th17 differentiation. Undg
the influence of high levels of TGE- FOXP3 inhibits the transcriptional activity of RQ

transcription factors (ROkRor RORt both described in mice) by direct binding via FEBXexon 2
that posses a LQALL motif (similar to the LxxLL nifovf other ROR co-activators and represso
At lower doses, TGIB- cooperates with signals initiated by IL-6 (as wasl by IL-21 and IL-23

[s).

which like IL-6 are all STAT3-activating cytokine$) overcome Foxp3-mediated repressior] of

ROR genes. Th17-promoting cytokines may act thrdsi§AT3-dependent pathways to reverse
Foxp3-mediated repression of ROR genes. The dowlatgn of FOXP3 by STAT3 activation
takes place even in mice deficient for ROR tramsion factors and seems therefore to
independent of ROdror RORt.
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4.3 REGULATORY T-CELLS IN RA

Data from literature concerning count and functdregs in RA are quite conflicting. One study
reported higher number of CD4+CD%5 Tregs in the peripheral blood of RA patients (170)
another recent study reported lower percentagesrbheral blood Tregs in RA vs. controls (171),
while other studies did not find this difference72i174). Tregs showing normal suppressive
function in vitro have been identified in synovifalid of RA patients (170, 173, 175). As far as
suppressive activity is concerned, the studiesangradictory as well. Several papers reported no
difference in suppressive capacity of Tregs in A healthy subjects (170, 171, 173), while one
group repeatedly and consistently documented actiedesuppressive activity of Tregs in RA (39,
172, 174) (see after). Tregs in RA display redu€ElA-4 expression. Increasing CTLA-4
expression with phorbol ester treatment in vitro oestore suppressive activity on Thl cells (174).
These divergent results could reflect differencethe populations of patients, in the methods used
to purify Tregs or in the way to perform the sugsien assays. Moreover, activated Teff cells in
the inflammatory milieu that characterizes RA, n@come resistant to suppression, which could
further perturb the results. Another key point isether the defects in Tregs function reported in
RA patients are directly involved in the pathopby@gical process or are only consequences of the

disease chronic inflammation.

4.4 CURRENT RA THERAPIES AND REGULATORY T-CELLS

Even if they were not originally designed as Traggeted treatments, research has shown that the
majority of currently used biological treatmentsr fRA might involve some level of Treg
modulation.

4.4.1 Anti-TNF agents

Anti-TNF-a treatments constitute the first class ttdatments developed to target a specific

pathogenic molecule in RA. The simplest rationadenying the efficacy of this class of
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therapeutics is that blockade of the early andliigho-inflammatory cytokine blocks downstream
TNF-dependent pathways dampening the immune resptimsreby controlling articular and
systemic inflammation. However, evidence existd trai-TNF drugs may exert at least part of
their therapeutic effect via Tregs.

It has been shown that high concentrations of TNfan block the immunosuppressive functions of
Tregs in vitro (176). The group of Ehrensteintfidemonstrated that treatment of RA  patients
with infliximab resulted in increased peripheralinb of CD25"" FOXP3+ cells, cells that were
absent in non responders or in responders to MTX¢lwsuggests that the presence of these cells
was associated to, and maybe partially involvesuiccessful TNFx blockade. Further work of the
same group showed that these cells correspondaduoed Tregs (iTregs) expressing low levels of
L-selectin (CD62L) and that these cells display&¥FPB and IL-10 dependent suppressive activity
cytokine production by effector T-cells (39). Thusiccessful infliximab treatment reversed the
previously discussed defect in suppression of égokroduction that characterizes RA patients by
inducing a new Treg population (iTregs). Conversiig pre-existing natural Tregs, characterized
by high expression of CD62L remained defective heirt suppressive activity despite TN
blockade (39).

Adaptive or inducible Tregs (iTreg) have been dtadly described to arise in the periphery from
naive CD4+ CD25- cells after exposure to low daxfesntigen (177). In vitro studies showed that
naive T -cells could be directly converted to FOXRpressing Treg cells by incubating them
with TGF{$ (178). Since, in the absence of an inflammatoryirenment, TGH is a major
cytokine for differentiation of naive Tcells inta€ls, it is conceivable that TN&Fblockade results

in control of inflammation and notably of downstmea&ytokine production (amongst which, IL-6)
allowing the action of TGEB-to induce naive Tcells differentiation into Tregsd preventing
differentiation into Th17 that would take placethe presence of TGF-and pro-inflammatory

cytokines.
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In the work of Ehrenstein and coworkers, the additf infliximab to purified CD4+CD25- T cells
from active RA patients (but not from healthy cofgj cells resulted both in a substantial increase
in the percentage of CD4+FOXP3+ cells and in aiggmt increase in TGEB- production from
these cells. The differentiation was T@Hlependent and was completely prevented by BGF-
blockade.

Moreover, iTregs suppressive activity was highlpeledent on TGB-and IL-10, dependent on cell
contact, and almost abolished by blockade of b&@FkJf and IL-10 in coculture studies

This reminds the compensatory mechanisms deeeélbg Treg of CTLA-4-knockout mice (179)
whose suppressive activity depends as well on B&@FK{ and IL-10 (180). This is probably
consistent with the observations that CTLA-4 acclathon on the surface of Tregs in patients with
active RA is defective (174).

In fact, the question of whether anti-TNF treatrseatt on Tregs by virtue of specific TNF-
blockade, or rather because of non specific cordfainflammation is still unanswered, and is
directly linked to the question of whether TNFras a direct action on Tregs

It is known that TNFR2 is expressed on a proportdriregs in both mouse and humans (176,
181). Nevertheless data from literature are quotdlcting about the effect of TNk-on Tregs.

One group showed that stimulation of the TNFR2Toegs from healthy subjects reduced their
suppressive function, mirroring the defects of Bréigpm active RA patients (176). The authors
noted that both TNFR2-stimulated Tregs from healtioytrols and unmanipulated Tregs from
patients with active RA, showed a reduction in kaeel of FOXP3 expression. In longitudinal
studies these defects and corresponding reductioF@XP3 expression were reversed by
infliximab treatment. Infliximab treatment concardly decreased expression of TNF-receptor-2
and GITR on Tregs (176). Conversely, another grdigd, 182) showed that TNdk-nteraction
with TNFR2 promotes Tregs function and expansiothe® studies failed to note any effect of

TNFa on Tregs (172).
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Our group studied the evolution of Tregs phenoiype context of uncontrolled constitutive TNF-
overexpression, in the model of human-TiEansgenic mice. We could document that chronic
exposition of Tregs to TNE-resulted in progressively increasing expressioif MFR2. TNFR2
expression was further, but transiently, increased untreated mice by infliximab or TNF-K
treatment. After prolonged treatment, no differenc@ NFR2 expression was detectable in treated
vs. untreated mice (183). A recent paper confirnmeduced suppressive function of Treg
populations in RA providing a clear-cut mechanigxplanation for TNE action on Tregs (184).
The authors showed that Tiknteraction with TNFR1 acts via the KB pathway to increase the
expression of the protein phosphatase 1 (PP). iRRlyn, dephosphorilates Ser 418 on FOXP3,
thereby reducing its DNA-binding activity, whichstdts in reduced suppressive function of Tregs.
Adalimumab treatment restored Treg suppressivetifumin RA patients; this was associated with
reduced PP1 expression and increased phospharilatieOXP3.

4.4.1.1 TNF blockade and Tregs/Th17 balance
The distinct T-helper cell subset, Th17, describeth in mouse and human, is characterized by the
production of the pro-inflammatory cytokine interken-17 (IL-17) and is governed by the specific
transcription factor ROR (ROR-in mice and ROR-C in humans). Th1l7 are recognaegivotal
cells in the pathogenesis of RA and of several iautune diseases (185). IL-17 deficiency
reduces mice experimental arthritis severity (186)je IL-17 overexpression aggravates it (187).
In RA patients, Th17 cells have been shown to beadéd in the periphery (188) and to contribute,
in synergy with TNFe. and other proinflammatory cytokines, to synoviaémokine and cytokine
production and to joint destruction (189). IL-1§ quite unique among the proinflammatory
cytokines. In fact, in the peripheral blood of hleglindividuals, a substantial proportion of memory
Tregs (characterized by the phenotype FOXP3+CD45R@press the Thl7 transcription factor
ROR-C and can secrete IL-17 (190). Inflammation iwapair the stability of FOXP3-expressing
Tregs and exacerbate the tendency to secrete IHdrce, in an appropriate inflammatory milieu,

this highly proinflammatory cytokine can be prodaidey those FOXP3-expressing Tregs that are
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supposed to control and reduce immunity and inflatnon. The other unique feature of IL-17 is its
high resistance to Treg cell-mediated suppresgoohably due to its central role in immune
response against infections, especiallyMgcobacterium tuberculosis (191) andCandida Sop.
(192).

Natural Tregs from healthy subjects are capablsuppressing IFN-production by Thl cells but
not IL-17 production by Th17 (193). Natural Tregenh RA patients with active disease lack
suppressive activity on both Thl and Th17, eveer aficcessful infliximab treatment (39).
Conversely, infliximab treatment induced the emeogeof a novel population of induced Treg
cells (iTregs) lacking the homing molecules CD62id aCCR7 and capable of inhibiting Thl
cytokines production (mainly IFN} in a mechanism depending on both IL-10 and TGi#&-kdore
recently, the same group showed the emergence,Ainp&ients responding to adalimumab
treatment, of a population of iTregs CD62L- (prdlyathe same population as that induced by
infliximab) capable to effectively suppress IL-Iibguction (40). This suppression does not require
cell contact, is independent from T@FRand IL-10 and seems to rely on inhibition of llsécretion

by monocytes (40). Interestingly, this populatadnTregs was absent in patients with active RA,
in non-responders to adalimumab and, more intexggtieven in patients responding to etanercept.
These results suggest that monoclonal anti-tiN&ntibodies and etanercept might act through
different cellular mechanisms despite the fact ldring the same molecular target. Importantly,
given the role of IL-17 in host defense againstedtibn, blockade of IL-17 pathways by
monoclonal anti-TNFe: Ab might justify the higher risk of Tuberculosiactivation on monoclonal

Ab treatment vs. etanercept (102).

4.4.2 Anti-IL-6 therapy
The only currently marketed IL-6 targeting treatmisrtocillizumab, a humanized anti-interleukin-

6 receptor monoclonal antibody. IL-6 exerts plapic effects on numerous cells of the immune
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system; it acts in concert with active T@GRe direct Th17 differentiation, and directly aties
the suppressive function of Tregs (194), therefmmetrolling the balance between regulation and
inflammation. In mice, TGKE- induces the expression of FOXP3. In the absenceprof
inflammatory cytokines FOXP3 inhibits R@Ractivation favoring Tregs differentiation (195).
Conversely, in the presence of IL-6, FOXP3-mediaagdpression of ROR is abrogated, with
predominant induction of Th17 cells (167). Th17H3d@ifferentiation in humans is probably more
complex than in mice, for example IL-6 and T@GR&re insufficient for Th17 induction (196-198).
Hence, one possibility is that the efficacy of ILt&geting might rely on suppression of Thl7
induction, favoring the emergence of adaptive Tregs

In a recent paper Samsehal. (171) showed that tocillizumab treatment indueedignificant
decrease in disease activity associated with afsignt decrease in the percentage of Th17 cells
(from a median of 0.9% to 0.45%; P = 0.009) andharease in the percentage of Treg cells (from
a median of 3.05% to 3.94%; P = 0.0039). Our gretyglied the modification of Treg/Th17
balance on IL-6 blockade both in collagen-inducetrais and in RA patients. We could document
that in mice MR16-1 treatment (an anti-mouse ILf&Bnoclonal Ab) changes the balance in favor
of Tregs, and that these Tregs show an increaspe®sion of CD39, an ectonucleotidase that
hydrolyzes ATP, with documented suppressive agtioit Th17 cells (199). Similarly, patients
responding to tocillizumab treatment at 12 weekd hmher CD39+ Tregs counts vs. controls
(200). CD39+ Tregs were first described as a sutiseatural Tregs capable of suppressing Th17
cells (199). The mechanism of suppression by CDR@¢g cells appears to require cell contact, and
can be duplicated by adenosine, which is producech fATP by the ectonucleotidases. Lower
frequency and suppressive activity of CD39+Tregs heen documented in the peripheral blood of

patients with frequently relapsing multiple sclesq201).
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4.4.3 CTLA-4-1g

CTLA-4 is a membrane-bound protein whose expressi@onstitutive on Tregs (202). CTLA-4 is
conversely inducible on conventional T-cells thatagulate CTLA-4 following activation. On both
cell types, CTLA-4 competes with its homologue CO@8binding of their shared ligands CD80
and CD86 (B7-1 and B7-2) on antigen presentingsd®PCs). The main difference between the
two cell types is that, on Treg CTLA-4 ligation ¢isato augmentation of function, while on
conventional T cells ligation inhibits function @0 CTLA-4 can transduce reverse signals via
CD80/CD86 to down-modulate the APC to become tglenac (204).

Abatacept, a soluble fusion protein between CTLAd an IgG1 immunologlobulin (CTLA-4-1g) is

a treatment for RA, developed with the initial oai@le that binding of CTLA-4 to the co-
stimulatory molecules CD80/86 would hamper conwerdl T-cells activation by preventing
second signaling from APCs. But abatacept mighhelneectly convert CD4+ CD25- cells to Tregs
in a TGF dependent manner. Alternatively, it could indirgddvor Tregs prevalence by inducing
the production of indoleamine-2, 3 deaminase (I)reverse B7 signaling on dendritic cells
(DCs), thereby inducing tolerogenic DCs, that imtwould activate Tregs (205).

In mouse collagen-induced arthritis (CIA) modetatment with CTLA-4-Ig was associated with an
increased proportion of FOXP3+ Tregs. This findimdpich could be replicated by the transfer of
DCs pre-treated with CTLA-4-1g, demonstrated th@amiance of tolerogenic DCs in this process.
It is to note that it was possible to generatertmenic DCs despite the fact that DCs had been
harvested from the inflammatory environment of\actCIA, suggesting that this CTLA-4-based
approach has the potential to overcome the praxmhatory environment (206). The authors could
not determine whether the increase in Tregs wastaueduction of a new Treg population or
expansion of an existing one. Subsequent studiggested that both scenarios are possible and

may act synergistically (205, 207).
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4.5 CONCLUSIONS

Regulatory T-cells are major actors in immune ragoh, and alterations in their frequency and
function have been documented in RA and other imamdiseases. Successful treatment of RA with
multiple-target currently used biologics has bessoaiated with restored immune regulation,
corresponding to increased frequency and/or funaifaegulatory cells.

The main still partially unanswered questions are:

1) How specific pathogenic processes in RA do affeeg$ function, i.e. whether altered
Tregs functions exist that are specific to RA aadtfs) auto-antigen(s), or rather if the
described defects result from chronic inflammagod immune activation.

2) To better define whether (and how) the pro-inflartona cytokines and other molecules
with known pathophysiological role in RA have aediraction on Tregs.

3) Whether the restored suppressive capacity obseovedreatment is really part of the
mechanism of disease control or is rather an as®phenomenon consequent to disease
control.

Giving an answer to these questions is criticabider to define whether a directly Treg-based

therapeutic approach in RA could be a valuable one.

87



OBJECTIVES

88



OBJECTIVES

Our group first developed the proof of concept ctive anti-TNF immunization, in the model of
transgenic mouse for human TAKTTG). TTG mouse develops a spontaneous, progesssi
chronic arthritis from the age of 8-10 weeks thapehds on uncontrolled production of hTNF.
Immunization with the kinoid of TNF (TNF-K) (an lebcomplex formed by inactivated hTNF
molecules conjugated to a carrier protein, the késylympet hemocyanin KLH) allowed tolerance
rupture and induced the production, by the immuohizest, of polyclonal anti-hTNF Abs, endowed
with neutralizing biological activity. Importantlythe rupture of tolerance was restricted to
quiescent autoreactive B-cells, while no TNF-res¢d T-cell response was elicited by TNF-K

immunization.

Our work continued this stream of research anengited to deepen the comprehension of the
mechanisms of action of TNF-K, and to answer tevaht questions in order to substantiate active
immunization as potential treatment tool in humesease, notably, rheumatoid arthritis.

The key objectives we dealt with in our researdway were:

1) To demonstrate that TNF-K does not only exgiteventive effect, but is also curative on active
established disease (i.e. it exerts therapeutiecefih mice with clinically developed arthritis).

Another major point was the manageability of theatment: the therapeutic effect needed to be
reversible and re-inducible if necessary. MoreowTrgdogenous production of TNF should not

induce anti-TNF Ab response by the hdaRTICLE 1)

2) To determine whether the efficiency of TNF-K iatlucing anti-hnTNF Abs is impaired by
immunomodulators commonly used as background teatrim RA patients on biologics, like
MTX or corticosteroids(ARTICLE 2)
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3) To study the consequences of TNF-K treatmentherpopulations of regulatory T-cells and to
compare them to those induced by treatment with adonal anti-TNF Abs infliximab.

(ARTICLE 3)

4) To determine whether the efficacy of TNF-K treaht depends on the titers of anti-TNF Abs
induced in individual mice. We also studied whetther association of a short course of fast-acting
infliximab treatment to TNF-K before the raise afmunization-induced Ab polyclonal response,

would result in more favorable structural evolutiGhRTICLE 4)
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Article 1

Active immunization to tumor necrosis factor-alphais effective in treating chronic established

inflammatory disease: a long-term study in a transgnic model of arthritis.

Delavallée L, Semerano L, Assier E, Vogel G, Vuagri G, Laborie M, Zagury D, Bessis N,
Boissier MC.

Arthritis Research and Therapy. 2009;11(6):R195

In previous work our group had demonstrated thsilbdéy of active anti-TNF immunization in the
model of human TNFalpha (hTNf transgenic mouse (TTG). TTG mice constitutivekpress
hTNFa and develop spontaneous chronic progressive tstigoverned by the secretion of this
major proinflammatory cytokine. Immunization of TTiGice with the kinoid of hTN& (TNF-K)
causes rupture of tolerance vs. hTNFan autoantigen for TTG mice) and the productidn o
neutralizing polyclonal anti-hTNF Abs. Immunization of TTG mice before the age dhatis
development (i.e. 8 weeks) significantly delays$utis onset (of about 9 weeks) and reduces its
severity. The transfer of immune sera form TNF-Krionized mice to naive C57BL/6 recipient
mice protected them from TN#galactosamine induced shock. Importantly, no cedliated
immune response was detectable to self hdN#hilst a positive T-cell response was detected to

KLH, the carrier protein (a xenoantigen for TTG &)(d.36).

In the present paper we used the TTG mouse modigdbwith crucial points to better define the

efficacy and safety profile of TNF-K for the saké motential development in human disease,

notably rheumatoid arthritis. The objectives of mark were:

92



1) To demonstrate therapeutic effectiveness of TNF+KTa@G mice with full blown
arthritis

2) To compare TNF-K effectiveness to that of a stathdarti-TNF treatment (infliximab)
with recognized therapeutic effect in the model.

3) To demonstrate that the clinical effect of TNF-K time-limited and renewable on
demand following a recall dose (boost) of TNF-K.

4) To demonstrate that challenging of immunized arsmwith native hTNE cytokine

does not elicit any anti-TNF response (i.e. absef@memory response to TNF).

To answer these questions we immunized TTG midbeatage of 15 weeks, after arthritis onset
(three injections at weeks 15 16 and 19, respdgjivaVe used phosphate-buffer (PBS)
(administered on the same schedule) as negatiteotdPositive control mice were injected weekly
infliximab during 12 weeks (from week 15 to week.27

At twelve weeks after the primo injection (at thgeaof 27 weeks) PBS mice had developed
clinically severe arthritis, with important inflanation and articular destruction at histology.
Conversely, TNF-K-treated mice showed dramaticalgnificant amelioration of arthritis at both
clinical and histological analysis. These data monfthat TNF-K exerts therapeutic effect on
clinically full blown arthritis, a necessary reqtesto conceive its use in human disease.

In order to compare the long-term of TNF-K vs. ixifhab, clinical observation was prolonged up
to 45 weeks of age for infliximab-treated and augroof TNF-K-treated mice (total clinical
observation duration: 30 weeks after primo injat)o No significant difference was detectable in
terms of clinical scores. Conversely, three intsi of TNF-K at the beginning of the experiment
resulted in less histological inflammation and desgion vs. a 12-week infliximab treatment,
suggesting a more durable effect of TNF-K vs. xiftiab. These results show that in TTG model
the efficacy of three injections of TNF-K from webkio 5 is at least equal to that of a reference

anti-TNF treatment.
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During the 30-week follow-up of TNF-K-treated miegth serial blood draws, we observed that
anti-hTNF Ab titers followed a bell-shaped curvehwa peak at week 13 after primo injection and a
subsequent decline. In parallel, we observed aemang of clinical scores of arthritis, detectable
from around week 23 after primo injections. Takegether, these data show that anti-TNF immune
response is time-limited and that the decreasentnrT&NF Ab titers is followed by clinical
worsening of arthritis.

To study whether anti-TNF Ab response is renewablgroup of TNF-K treated mice received a
boost dose of TNF-K at week 23 after primo inject{srhen Ab titers were significantly lower vs.
the peak). The boost dose elicited a novel raissnik TNF Ab titers. The raise in anti-TNF Abs
was followed by amelioration of arthritis clinicatores at time-trend analysis in TNF-K boost-
receiving mice. These results confirm that the tlinmeted immune response and clinical effect of
TNF-K immunization can both be renewed by a latesbaose of TNF-K.

A major safety concern for anti-cytokine immunipatiis the fear of potential sensitization of the
host against the native cytokine (i.e. the inductmf B-memory anti-cytokine response). To
demonstrate the absence of B-memory anti-TNF respdn TNF-K immunized mice, we
challenged the mice with different doses of hTNFNR was administered at week 23 after
immunization, when anti-TNF Abs had significantlgadeased vs. the peak. Doses of 10 to 100 ng
of hTNF were not able to elicit any detectable -dMNF Ab response in treated mice. Conversely,
challenging of mice with KLH (the carrier proteim the TNF-K heterocomplex), elicited a raise in
anti-KLH Abs in all treated mice.

These data confirm that TNF-K immunized mice arall@ to mount any anti-hTNF response
following contact with the native cytokine, whilstpnversely, a prompt Ab response takes place
after challenge with antigens of the carrier protdihese results are consistent with previous ones
that had shown that T-cell sensitization in TNFf{munized mice is restricted to KLH antigens

and does not involve hTNF.
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Abstract

Introduction Passive blockade of tumor necrosis factor-alpha
[ThF-o) has demonstrated high therapeutic sfficiency in chronic
inflammatory diseases, such as rheumatoid arthrfis, although
S0ME COoncerns reman such as occumence of resistance and
high cost. These kmitations prompted investgations of an
gltemative strategy to target TNFo. This study sought to
demonstrate a longlasting thermpeutic effect on established
erthritis of an active immunotherapy to human (h) THFo and to
evaluate the long-term consequences of an endogenous anti-
THF-o response.

Methods hTMNFo transgenic mice, which spontansowsly
develop arthntides from 8 weeks of age, ware mmunized with a
heteroccomplex (TNF kinodd, or THFK) composed of hTNF-o and
keyhole impst hemocyanin after dizease onest. We evaluated
arthritides by clinical and histological assesament, and fiters of

Results Arhntides were dramatically improved compared to
control mice at week 27. TNF-K-treated mice exhibited high
levels of neutralizing anti-hTHFw antibodies. Between weeks 27
and 46, all mmunized mice exhibited symptoms of clinical
deterioration and a parallel decrease in antrhTNF-o neutralizing
antbodies. A maintenance dose of TNFK reversed the clinical
daterioration and increased the anti-hTHF-o antibody titer. At 45
weeks, TNFK long-term efficacy was confimed by low clinical
and mid histological scores for the THFK-treated mice.
Injections of unmodified hTNFo did not induce & recall
response to hTNFe m THFK mmunized mice.

Conclusions Anti-TMFo immunotherapy with THNFK has a
sustained but reversible therapsutic efficacy in an established
digaase model, supporting the potential suitabiity of this
approach in treating human diseasa,

neutralizing  ant-hTMFa  antibody by  enzymedinkad
immunoscrbent assay and L8929 assay.
Introduction

Rheumatoid arthritis (RA) 2 a chronic autoimmune dizease
with an estimaled prevalence of about 0.5% in the adult pop-
ulation. This disease, characterized by synovial membrane
hyparplasia and immune cell infitration, affocts multiple
peripharal joints and leads to destruction of bone and carti-
lage, inducing pain and disability. Aithough its procise eficlogy

is still unknown, the pro-inflammatory cytokines, such as tumar
necrosis factor-alpha (TNF-a), interieukin (IL)-18, IL-17, and
more recently IL-23, have been shown to be critical mediators
in the inflammatory process [1]. it has glso been demonstrated
that TMF-a mediates a wide variety of effector functions in RA,
including the release of pro-inflammatory cytokines and chem-
okines, loukocyte accumulation, angiogenesis, and the

ANCWA: analysie of vanance; Cl: confidence mterval; ELISA: enzyme-linked mmunosorbent aseay; hTNF-a: human twmor necrosis factor-alpha; I
mterieukin; IM: infremuscular; IP: intraperoneal; KLH: keyhole impat hemocyanin; mAb: monoclonal antibody; OD: optical density; PBS: phosphate-
buffered ealine; RA: rheumatoid arthrifis; TWF-a: tumor necrosis factor-alpha; THNF-K: tumor necrosis factor kinoed; TTg: human tumor necrosis factor-
alpha transgenic.
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activation of endothelial celis, chondrocyles, and ostecclasis
[2.3]. Based on the pivotal rofe of TNF-u in the pathoganasis
of RA [4] two classes of biologic drugs to block this cytokine
Pegwer Desan develuped. o suluble THF-w recepbon (elancapt)
and TMF-binding monoclonal antibodias imAbs) such as inflic-
imab, adslimumab, golimamab, or cefokzumab [3,8]. Although
they show a rapid and substantial therapeutic benefit in most
patiants, with a good safety profile, primary unresponsivenass
and seccndary eacape phenomena are not uncommen [7].
Monethelass, the tremendous success of TNF-o blockade by
mAbs has sparked inlerest in developing atternative sirdogios
for antagonizing TNF-o, such as gens therapy by electrotrans-
fer [B], short interfering RMNA [9], or active ant-TNF-o immuno-
tharapy [10-13].

Active immunotherapy is based on the established prirciples
of vaccination. The aim of such a strateqy is to use immuniza-
fion with 2 protein compound to generate high titers of nautral-
izing antibodies to a given antigen. which can be either a salf-
protein or an environmental non-infectioss agent. Therapautic
immunization has producad promising results in several fields,
and in the case of active immunotherpy against cylokines
{AIC), the choice of he target cytokine iz informed by the long-
term experience with mAbs, receptos, or aniagonits in
inflammiaiory and autoimmuna diseases [2]. Over the last dec-
ade, zeveral active anii-TNF-o immunotherapies using mTNF-
o desivates as the immunogen have been developed and
tested in murine exparmantal models of RA [10,11,131

More recantly, with the aim of addressing diseases mediated
by human THF-o (hThFo), we developed an anti-nTNF-ou
compound called TNF knoid [TNFK), which is composed of
biologicaly inactive but immunogenic hTNF-o conjugated to a
carmer, kayhole limpet hemocyanin (KLH). We have lested
THF-K in hTMFo transganic (TTg) mice, which overexprass
hTMF-o and develop an erosive palyarttritis that shares many
features with RA [14,13] This model is the only relevant modeal
since ant-THF antibodies generated by TNFK target hTMFa.
Previously, we have shown that a prophylactic anti-hTNFo
Immunization protectad TTig mica OK from daveloping artnris
[12,16]. To determine the potency of this compound against
established arhritis, we mmunized TTg mice after the onset of
arthritiz. We studied the animals for 2 losg time period {2 eval
uate the duration of the polential disease-modulating activity of
THFKE. We showed thet THF-K immunization is efficacious
againsl eslablished arthrifis and induces a tramsient THF
blockade with reversible affects on arthritis in TTg mica.

Materials and methods

Animals

Six- to nine-week-oid male hemizygous TTg mice (1006-T)
ware purchased from Taconic Farms {Germantown, NY, USA)
[14]. These mica are simiar o Tgl187 mice and develop a
spontansous arthritis at from B to 10 weeks of age [15]. All
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pracedures were approved by the Animal Care and Use Com-
mittes of the University of Paris 13.

Rueaygents

We obtained hTNFo kincid (TNFK), a protein complax of
hTMFo and KLH, =5 previously described [16]. Dulbecco's
phosphate-buffered saline (PBS) was purchased from Eurcbio
{Les Ulis, France). ISA-51 adjuvant was obiained from Seppic
{Mar@, Manoe).

Thelapeutic and lcng-term effect of TNF-K active
immunization

All troatments were starled after the onset of arthritis, whan
TTg mice reachod an average clinica score of 3 out of 12. The
exparimental protocol was as follows (Additional file 1), The
contol group consizted of eight mize trealed with PBS emul-
sified in ISA-31 adjusant (PBS groud) at 15, 18, and 15 weeks
of age. This group was followed for 12 weeks and then autha-
nized for ethical recsons. A group of 23 TTg mice received
three primary intramuscular {IM) injections of TNFK {4 ng)
emulzified in 1I3A-51 [TNF-K group) at 15, 16, anc 19 woeks
of age. They were then randomly subdivided into two sub-
groups of eight and one =ubgroup of seven TTg mice. The first
eight mica were suthanized at 27 weaks of age to compare the
TNF-K immunized group with controle. Af 32 weeks of age, the
subgroup of seven mice received a maintananca dese of TMF-
K enulsified in ESA-51 adjuvant, whereas the second sub-
group of eight mice received, as a control, an injecion of PES
emulzified in ISA-31 at the same time; both were followed until
45 weeks of age. In parallel, another group of eight mice was
given waakly intraperitoneal (IP) injections of infiimab (1 ma/
ka) from week 15 to week 27. Al this time, infikimab was
discontinued.

Antibody assay

From blood samples collected at cifferent time points during
the exparimant and at sacrifice, serz were obfained and tested
for anti-¥LH and anf-THF- antibody fiters and for anti-TNFa
antitody neuiralizing capacity. Specific anti-hTMFx and anti-
KLH amibody iers were deiermited using direct angyme-
linked immunasorbent assay (ELISA) [12]. Precoated ELISA
plates with 100 ng per well "TMFx or KLH were incubated
with serial diluticns of sera from immunized and control mica.
Specific lgGs were defected by using horseradsh perod-
dase-conjugated rabbit anti-mouse igG {Zymed Laboratories
Inc., now part of Invitrogen Corporation, Carlsbad, CA, USA).
The optical density (OD) was measured at 480 nm for each
wall.

The neutralizing capacity was assazsed by using the L2925
cytoloxicity assay, reflecting neuralizing antibcdies [12].
Briely, mouse fibraplast L9268 cel fine (CCL 1} (American
Type Culture Collaction, Manassas VA, USA) was cultured in

Dulbecco's modified Eagle's medum containing 10% fatal
calf sorum. The cells were zeoded in flat-bottomod QE-wall
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plates and grown to 95% confluence. After 21 hours of incu-
bation at 37°C. serial dilution of serum with a 100% toxic
hTNF-o dose was added on L9293 callz with 1 ug/mL of actin-
omycin O After 20 hours of incubation at 37°C, the medium
was removed and replaced with MTS/PMS during 4 hours at
37°C. The OD at 490 nm was measured for each weil. The
neutralization titer was expressed as the reciprocal of the
sarum dilution hat newtraiizes 50% of hTNFo: activity.

Evaluation of B-memory response after TNF-K
immunization

Thirty-six TTg mice received three IM injections of THFK emul-
sified in I3A-31 adjuvant at 7, 8, and 11 weeks of age. They
were then randomily subdivided in two subgroups of ten and
twio subgroups of eight TTg mica. Mautralizing anti-hTMF
antibody fiters ware monitored every month. When a decreasa
of 50% of the neuiralizing capacity of these anfibodies was
abserved, mice were infraperitoneally njected with native
hTMF-o (10 ng), native hTNF-a (100 ng), KLH (10 ugl, or PBS
{equivalent volume) 24 weaks after the primary injection. Four
weeks laler, these mice received IM injections of the samea
compound with the same doses. The mice were further fiol-
lowed for 10 wesks. The native hTNF-o doses were chasan
based an previous results we obtained in 2 TNFe-dependent
lethal shock experiment, in which we showed that 1 g of
native hTHF-a injections in TTg mice sensibilized with D-galac-
tosamine was encugh to kill the mica [12].

Clinical and histological assassments

Blinded weekly monitoring of body waight and arthritis scores
in all four limbs was started from the reception of the animals
(8 weeks of age). Clinical severity of arthritis for each paw {fin-
pers, tarsus, and ankle) was guantified by attnbuting a.score
ranging from O to 3: 0, normal; 1, slight redness and swelling;
2, pronounced edematous swelling of the antire foot; 3, joint
ceformity and rigidity [12]. The scores of each paw wera
summed, resulting in an arhritis score ranging from O to 12
The mean arthritis score on each clinical obsarvation day was
calculated for each freatment group.

For histological assessment of arthritis, 2l animals were sacri-
ficed afier 18-week or 36-week follow-up. Left forelimbs and
right hind paws were collected, fixed with formol, decalcified,
dahydrated, and included in parafiin blocks. Shdes of 5 umin
thickness were made using 2 microtoma. Al kkast four serial
sactions were realized for each paw in order 1o obtain a reliz-
bie spatial evaluafion of arficular hints. Slides were then
stainad with hematoxylin and eosin or with safranin-O befora
microscopic obsenation (optical microscope). Synovitis and
bone erasions ware defined on slides stained with hematooylin
and easin. Lesions wera evaluated quantitatively on each slida
using a 3-point scale ranging from O to 3, where 0 = normal
articulation; 1 = slight inflammation and thickening of the syn-
ovium; 2 = mild thickening of the synovium and mikd inflamma-
tion with imvasion of the subsynovial area by inflammatory cells;
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3 = gevere inflammation and massive invasion of adjacent tis-
sues by pannus [17]. Other sections were scored for loss of
safranin-Ct staining as a measure of carilage protecglycan
depletion using a scale from O to 3, whara {=no depletion; 1
= daplefion of staining and thinning down of the latoral super-
ficial layer; 2 = deplefion of staining and thinning down of the
central superficial layer; 3 = severe and mostly complete
depletion of staining in the superficial layer [1B].

Statistical analysis

Data distribution was preliminanly checked by the Kol-
miogorov-Smirmnoy est. Serial measuraments of clinical scores,
body waight, antibody titers. and antibody neufralizing capac-
ity were analyzed considering the area under the curve for
each subject as a summary measwe; these measures were
then analyzed as raw data [18]. According to daia distribution
and number of groups, a parametric (analysis of vanance
[ANOWVA], t fest) or mon-parametric {(Kruskal-Wallis, Mann-
Whitney) test was then performed. Post hec comparisons
were performad with the appropriate test according to data
distribution (Student-Mewman-Keuls for parametric data and
Dunn test for non-parametric data). Clinical score time trend
was analyzed by Spearman rho, and 95% confidence intervals
(Cls} were given. Histological scores were compared with
AMNOVA or Kruskzl-Wallis and their appropriate post hoc anal-
ysis according 1o data distribution. Differences in antibody titer
at gifferant time points wera analyzed with repeated maasuraz
ANOWVA due to normal distribution of data. Incidences of arthri-
lis were compared using Fisher exact test with Yates comac-
tion. All statistics were performed with MedCalc statistical
software varzion 10.4.B (MedCalc Software bvba, Mariakerke,
Belgium).

Results

Effect of TNF-K immunization in TTg mice on established
arthritis

We investigated the potency of anti-hTNFot immunizaficn
against established arthritis, To address this question, TTg
mice, which develop spontanecus arthritis at around 8 to 10
weeks of age, were monitored for any signs of clinical arthrifis
from 9 weeks of aga. When the mice exhibited an average clin-
ical score of 3 (scoring range from O to 12, see Materials and
methods), treaiments were started for all of the mice. The con-
trol group (eight mice) was injected with PE3 amulsified with
ISA-51 adjuvant (PBS group) at 15, 18, and 19 weeks of age
and developed severe arthritis over a 12-week poriod. At 27
weeks of age, these mice were suthanized for ethical reasons
(Figure {a). Compared with the control group, THNFK immu-
nized mice, receiving injections following the same fimo
schedule, showed a dramatic improvement of the disoasa after
immunization (P < 0.03 versus conirol group) (Figure 1a),
gemonstrating good efficacy of the TNF-K treatment against
astablished arthritie. TNF-K immunized mice exhibited lowar
peak clinical scores and fewer inflamed paws than control ani-
mals {data not shown). The inflidmab-treated group showed,
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Figure 1
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Clnical evaluation of human tumor necrosis fector-alpha transgenio
[TTg) mice immunized with tumor necrosis factor kinoid {ThF-K) or
phesphate-buffered saline (PBS) or treated with inflkimab {IFXL. TTg
mice were mmunized with THF-K or PBS emuisfisd in 1ISA-51 adjuvant
or wera [FX-treated. All mice were montored for clinical signa of anthri-
ti= and for weight for 18 or 36 weeks. (3) TTg mica receivaed three pa-
rmary njections at 15, 16 and 18 weeks of age (open arrows) of TMF-K
[n= 15, pen and closad dismonds} or PES {n = B, equares). At 32
weeks of age [shaded arrow), TTg mice received a maintenomnze doae
[mad) of TNF-K (n= 7, open diamonds) or an mjection of PBS emulsified
in 15A-51 adjiuvant (n= 8, closed diamands). Esght TTg mice {circles)
received weekly intrepertoneal njections of IFX (bold arows) from
week 15 for a period of 12 weeks {until 27 weeks of age). (b) The
waight gain of o groups & representad. Resulte are expressed as
mean + etandard error of the mean. *P < 0.05 versus PBS.

as sxpected, a significant improvement of the disaase (Figure
1a), with lower scores than the PES group (P < 0.05 at week
27). Basad on a comparison of clinical scores, the TNF-K
immunized and infliximab-treated mice showed comparable
efficacy, with no statistically significant differences, alihough
the infliimab has a more rapid efficacy than THF-K immuniza-
tion. We did not cbserve significant differencas in body weight
in any studied group (Fgure 1b).

We next investigated the histological efficacy of TMNFK vac-
cine. At 27 weaks of age, eight TMFK immunized mice and all
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control animals were euthanized. VWe obsenved that the clinical
assessment was comoborated by histological avaluation
{Table 1). All confrol mica exhibited significant histological
signs of arthritis, whereas all TNF-K immunized mice showed
lower inflammation scores compared with the control group
{Tabia 1 and Figure 22, b). In regard to joint destruction, ThF
K immunized TTg mice did not exhibid any signs of cantilags
damage whila the control group showed exensive cartilage
dastruction (P < 0.05) (Table 1). We did not evaluate the his-
tological efficacy of inflidmaly on TTg mice at 27 weeks of age.
For histological arthritis, we obsaned specific diffusion and
pala profecglycan cotoration by safranin-O, refleacting cantilags
degradation for control PEBS mice in comparizon with TNFK-
troated animals (Fgure 2c, d),

Reversibility of TNF-o blockade

Az TNFK freaiment is able to improve established arthritis
basad on 12-week follow-up, we investigated the duration of
its disease-modulating activity over a longer pericd. To explora
this, we extended by 18 weeks the study of the TNFK immu-
nized TTg mice for a total study duration of 30 weaks after the
first immunization. We observed that, at around 23 weeks of
age, arthritiz clinical scores started to increase slightly with
tima (Figure 1a). A time-trend analysis of the clinical scores of
both groups having received the primary course of three injec-
tions of TNF-K from 21 1o 32 weeks of age shows a positive
comelation of dinical scoras with the age of mice (p=0.194,
95% Cl 0.043 to 0.337, P < 0.05), demonstrating the transi-
tary effect of anti-hTMNF-o immunization (Figure 3a}. Further-
more, we obsarved that, over this pericd, the number of
inflamed paws of TNF-K immunized mice increased compared
with that of TNF-K immunized animals sacrificed at 27 woeks
of age (P < 0.05, data not shown), Histological comparisons
wara then made between groups of TNF-K immunized mice
sacrificed at week 27 and those at week 45. This showed a
mild progression of the disease over this 18-week period, with
higher inflammation and destruction scores for all of the ani-
malz in the weak 45 groups (Table 1)

Effect of a maintenance dose

We next investigaled whether this flare in arthrilis' dissase
could be ameficrated by the administration of a maintenance
dose (late boost) of TNF-K. Therefors, seven TTg mice that
had received a primary course of three injections of TNFK
weara administered a maintenance dose of TNF-K at 32 wesks
of age. As a control, the remaining eight TTg mice that had
received the primary course were injected with PBS emulsifisd
in 1SA-B1 aduvant The arthritie clinical score curves
decreased for mice that received the maintenance dose and
increasad for the controde (Figure 1a). The differential in chini-
cal scores between the two groups did not reach statistical
significance, and this was due to the small sample size related
to effect size. (With an alpha ermor of 0.05 and a beta error of
0.2, a sample siza of 22 mice would have been necessary for
the detected difference to be statistically significant.) Never-
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Figure 2
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Exampias of histological eveluation of tumar recrosis factor-gipha transgenic (TTg) mice immunized with tumor necresis factor kinoid ([TNF-K) or
phoaphate-buffered safine (PBS). Histological sections (magniication = 40) of fre knees of TNFK: or PBS-resiad mice were preparad {see Mate-
rials and nethods) and colored with hematowylin and eosin {8, b) to obeerve syncviel mflammation or with safranin-O (¢, d) to observe cartdage deg-
radation. For the histologicsl sections of TTg mice immunized with THF-K, inflammation {a} and destruction {c} were scored at O; for the control
group, Infammarion ) and desTruction () wese scored a1 2. Elack armowe show thickneee snd Infiammazory Infitration of synovial memorane in (o)
and @ nomal appaarance i (@), White mmows show depletion of proteoglycan {a marker for cartilags destruction) in {d) and @ nemmnal ful-red staining
n (o).

theless, clinical score time-trand analysis with Spearman rho
showed a reduction of the scores for maintenance-dosed mice
{p=-0.249, 95% Cl -0448 1o -0.026, P < 0.05) and a dete-
rioration for controls (p = 0.4035, 95% C1 0.214 to 0.567, P<
(0.045), supporting the eficacy of a mairtenance dose of ThF
K in treating the late flara of arhritis (Fgure 3b, c).

Histologcal inflammation and destrucfion were assessed at
45 weoeks of age (Table 1). All of the immunized animals axhib-
ited mild signs of histological inflammafion and destruction of
ankle and knee jointz. As with the clinical scoras, the differ-
erces Delwesn mmounisad animalks el received Lhe nainle-

nance dose and fose that did not were not statistically
sigrmcant (1 abie 1),

We also compared the clinical efficacy of TNF-K active immu-
nizaticn with inflidrmab intermittent Faatment on arihritis of TTg
mice over this 18-week extension pericd. Mo statistically sig-
nificani drterence was detected betweean the two treatments
(Figure 1a). Howewer, a3 would be expected, the clinical
scores of the inflismab growp deteriorated over time since
treaiment was withdrawn at 27 weoks of age (Figure 34).
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Table 1

Histological evaluation of arthritis in human tumor necrosis factor (TMF)-alpha transgenic mice immunized with THF kinoid

Group Humber of mice Inflammation score  Incidence Destruction score  Incidence
THF-K [3 injecticra, sacrifica at week 27) B 0.1 £01° 278" 0.0+ 0.08 1/8°
THF-K (3 injections without maintenance dose, sacrifice B 0B £ 020 B8 02+ 040 am

5t week 45)

THF-K (3 injections with maintenance dose, sacrifice at T 05+ 019 T 03+ 040 BT
weak 45)

Intermittant infiimab {sacrifice at weak 45) B 14 £01 B 0ax02 7B
Phoaphate-buffered safine {sacrifice at weak 27) B 18 +0.1 B/a 08 £0:2 78

The incidence of inflammation/destruction as evaluated by histol
0.25. Results are given &3 mean + standard error of the mean. 5P

iz the number of mica with & score of infammation/destruction of at leas
0,05 versus phosphate-buffered saline (FBS); 8P < 0.01 versus PBS; tF <

006 versus PBE; 2P < 0,06 versus inflimab. THNF-H, tumor necrosis factor kinod.

We further examinad the histology of inflimab intermittarit-
treated TTg mice sacrificed at 45 weeks of age. Al of the mice
from this group, treated with infiiimab during 12 weeks, had
developed sovers inflammation and exhibited mild cartilage
destruction of the jointzs 18 weeks after the infliimab with-
wrawal (Table 1 and Addilivodl e 1), By cumnpanizson, THNFK
immunized animals, receiving or nof receiing the maintanance

dosa, showed lesser inflammation and cariilage destruction
comparad with the infiximab group (P < 0.05} {Table 1).

Anti-TNFz antibodies after TNF-K immunization

To evaluate the duraticn of the immune response after immu-
nicaliven wilhh THNFE in TTy mice, we assessad e lilees @nd
the neutralizing capacity of anti-hTNF-a antibodies in sera of
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Clinical score time trend. The severty of disease svolution over time was analyzed using Spearman rank comelstion. We comelated clinical scares
with the age of the mice, sxpressed in weeks, and dvided the study into two penods of fime. {a) Correlation between week 21 and week 32 for i
of the immiunzed mice {n= 15). We observed an aggrovation of disease in all mice immunized with tumor necresis factor kinoid (TNF-K] a couple of
waaks after the laat immunization. (b) Comelation betwean week 33 and week 45 for immunized mice not receiving the maintenance dose (md). We
wibmserved a aggrawalivn wl the seveaily of Hee dissmese, () Guoebation Dedwesa week 33 ad week 40 o mmeaiizesd nics recesbog D oeginle-
nance dose. Afterthe maintenance dose at 32 weeks of age, we observed an amelioretion of the scores. {d) CoTelstion between waek 38 and week
AR far infiximab-treated mice. The injections were stopped at week 27, and we obaerved an aggravation of the disease over time thereafter. Cl, con-
fidence interval.
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Evazhration of anti-hisman nor necrosis factor-sipha lasti-hTNF-a) ant-
body production in THF-o transgenic {TTg) mice immurized with THF
ldnaoid (TWF-K). TTg miéce were immunized ot 15, 18, and 18 weeks of
age [open arrows) with THF-K. {a) Enzyme-finked immuncsorbent
assay of ant-hTHF-o antibodies. (b) The neuirlizing capaciy of the
anti-hTNF-a antibody was evaluated on LOM0 celis and 8 axpressed as
the mean of the reciprocal of the serum dilution that neLtralizes 50% of
hTNF-a actwity (NCS0}. Closed histogrums rapresent mice that did not
receive the TNF-K mamtenance dosa (THF-K wihout md) at 32 weeks
of age [shaded arow]. Ooen hstograms represent mica that did
receive it (THF-K with md. Results are expressed 58 mean £ standard
error of the mean. *P < 005

THF-K immunized TTgmice and of the PBS group. High levels
of anti-hTNF-u anfibodies were datected only in TNFE immu-
nized mice (Figure 4a). Thesa antibodies wera neutralizing as
avaluated by L9208 cyiotoxic assay (Figure 4b). Mice recemning
the maintenance dose at week 32 exhibited 2 significant
increase in nautralizing anti-hTHF-o antibody titers as early as
3 weeks after the maintenance dose. Conversaly, mice treated
with PES at week 32 showed a slow decrease in their neutral-
izing anti-hTNF-o antioody fiters (Figure 4). At sacrifice, the
neufralizing anti-hTHF-c antibody titers had decreased for
both groups (Fgura 41,
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B-memory response against TNF-« after TNF-K
immunization

Wea wished to evaluate the response of the immune system to
nativa ithat is, unmodified) hTMNF-x after immunization with the
THNFE. Wa immunized TTg mice with TMNFH: once we
observed a clear diminution of the neutralizing anti-hTNF-
antibody fiter (Additional file 2), we injected native hTMF-ouinto
the TMF-K immunized mice with aview to establishing whathar
this natve hTNF-o injection induced an anti-hTNF- responsa
(Figure Bb, d). Control groups eceived injections of nalive
KLH or PBS (Fgura Se-h). We cbserved that injections of
native FTMFo {10 or 100 ng) had no effect on titers of eithar
neutralizing anti-hnTNF-a anfibody (Figure Sb, d) or anti-K_H
antibody (Figure 5a, c). On the cther hand, injecticns of K_H
induced a dramatic increass in anti-KLH antibody titer {Figure
Se), indicating a recall responsa to KLH. Mareover, injectior of
KLH had no impact on the production of anti-hTMF-o neutral-
izing antibody (Figura 5f). PBS inctions had no impact on the
production of either anti-KLH or neutralizing anti-hTMF-o anti-
bodies (Figure 3 g, h). Four weeks after injections by the IP
rowte, each group of mice receivad IM injections of the same
compound af the same dose. Anfi-KLH antibody titers furthar
increased while neutrafizing anti-hTMFo antibody  titers
remalned s1able over Ume (Cata not SRoWw).

Discussion

In the present study, we show it a fong-term follow-up that
THNFK mmumization dramatically improves the disease staus
of clinically established arthritis. When the active immunizaton
was adminisiered after the onset of active disease, its banafi-
cial effect, mediated by the production of a high titer of newtral-
izing anti-hTNF-o antibodies, was evident both in clinical
eymptome and in the histolegical indicators for arthritie. Acdi-
tionally, in these experimenis, we evaiuated the effect of TNF-
o blockade over a long-term peried and showed the long-zst-
ing efficacy and the reversible efect of TMFK immunization.
Moreower, we present evidence that no B-cell memary
response  to native hTNFo was induced by THNFK
immanization,

Active mmunization has previously shown its efficacy in sav-
eral experimantal models of human autocimmune diseases, as
well as other pathologies, using cytokines cross-iinked to
virusdike particles of the bacteiophage QP [13,2021] or
complexed with KLH (kinoids) [16,22,23]. Tha numerous cin-
ical trias that have been performad or thal are under way sup-
port beth the feasibility and the safety of the use of active
immunization against self-proteinz in humans [24-27].

Major cuestions with our active. anti-cytokine immunothearapy
targeting ThF-o, a pleiotropic cylokine, are the depth and the
duration of the TNF-o inhibition [2]. In contrast with the pravi-
ous studies, the presant one has been performed with a3 long-
term clmical follow-up (over a 36-week period). Impartantly,
our prezent data show a decreasa in anti-hTNF-a neutralizng
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Figure §
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B-memay response after tumar necrosie factor knoid [TH=-K) immunization. Thirty-six human tumor necross factor-alpha (hTMFo) transgznic mice
weere immunzed wih TN Hat 7 (day I, B (day 7), and 1 (day 20) weeks of age. Dieeding waa done every month frem 12 weska of age (day 00)
unfil gacTice When we obsened a decine of the anti-hTHF-a neutralizing antibody t2e- {closed eymbols), we injected intraperioneally {armow)
native hTWF- [10ng, n= 10, diamonds) {a, b), natie hTHF-« [100ng, n =8, squares){c, d). keyhole Bmpet hamocyanin (KLH; (10 pg, n= 10, cir-
cles) {g, ), or phosphate-baffered =aline {equivaent volums, n =10 trangles) (g, k). We studied the anti-K_LH antibody titer (open symbds) and
nautralizng anti-hTNF-a antiody fiter (ciosed symboés) fo- 10 wesds [T0 days). Each sngle plot represents the antibedy titer o° one mouse. The
bodd line represents the mean antibody titer at exch time pont, *P< 000 vesus day 148; *P<0.0001 versus day 1 71; #P< 0.05 versus day
178; ¥ P 0.05 veraus day 149, NCEO, mean of the reciprocal of fve serum ddution that newtralzes 50% of hTMNF-o aclivity.
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antibodies after a peak B weeks after immunization. At the
same time, comparizons of histological scores of THNF-K-
treated animals at week 27 and week 45 showed a slight pro-
gression over tima of arthritides. These data support the
hypotheses of both residual hnTMF-o activity and the reversibil-
ity of the blockade of hTNF-o in vaccinated animals. Further-
more, a maintenance dose given 17 weeks after treatment
initiation both increased the anti-hTMFo neutralizing antibod-
ies and ameliorated the course of disease, demonstrating that
the immune system remains responsive fo  THNFK
immunization.

In the present study, we have also demonstrated the B-mem-
ory responsa to hTMF-a after TNF-K vaccination. When we
stimulated the immune system of TMF-K immunized transgenic
mice, we demonsirated that IP injection of KLH dramatically
induced the production of new anti-KLH antibodies. This B-
cell memaory response to KLH was not accompanied by any
increase of anti-hTMFo neutralizing antibody titers. Further-
more, injections of native autoantigen hTMF-o after active
immunization with TMF-K against hTMF-x did not induce the
production of new neutralizing anti-hTNFo autoantibodies,
demonstrating no B-cell memaory response to native hTHF-o.
These data suggest that in physiopathological situations in
which native hTMF-o production would be stimulated {for
example, infections), it would not be thwarted by an immuniza-
tion with TMF-K performed a long time before. Taken together,
these data are consistent with the transient production and
offect of neutralizing ant-hTNF-o antibodies after TMFK
immunization.

Finally, we demonstrated that TNF-K and infliimab have com-
parabla efficacy measured by clinical parameters in our model.
Maoreover, once infiimab weekly injections were discontinued
{at 27 weeks of age), infliimab-treated mice exhibited a wors-
aning of arthritides over tima following the withdrawal of inflix-
imab. Histopathological scores of these animals weara
significantly higher than those of THFK immunized mice, with
or without late maintenance dose.

Conclusions

Owur data show that active immunatherapy with TNFK induced
a long-lasting improvement in an RA model. The occurrence of
a disease flare in previously immunized mice, the bell-shaped
neuiralizing anti-hTNFo antibody curve, the increase of anti-
hTMF-a neutralizing antibodies after a maintanance dose, and
the absence of evidence of in wivo B-cell memory response o
native hTMF-a are all elements supporting a favorable banefit-
risk ratio for such a strategy and a transient response against
hTMF-o after TMNF-K immunization. Further studies should be
performad to evaluate the risk of infections or tumors under
THFK treatment in dedicated models since their occurrences
are a matter of debate in patients treated with passive immu-
notherapies against TMF- [28,29].
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reprasented by a larger black line, with verical black
amows at each time where treatment was given. IP
injections, intraperitoneal injecticns.

Sea hitp/fwww.biomedcentral.com/contant’
supplementary/ar2887-51.pdf

Additional file 2

Evolution of neutralizing anti-hTHF-o antibody titers
during time, in TTg mice immunized with TNF-K. 36
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Additional file 1

A-Control group (PBS/1SA-51)

w9 wi5 wi6 wis w27 waz2 y/4 w45

TPBS TPBS TPBS T n=8)

B-TNF-K group (TNF-K/ISA-51)

w9 w15 w16 w19 / w27 w32 w45
ITNFK T TNFK TTNFK
Sub-group | —T (n=8)

- ]
Sub-group Il T s T(n=3}
Sub-group Il —T

e I e (n=7)

C-infliximab group (weekly IP injections, from w15 to w27)

w9 / wis w16 wig /w2t w32 y/a w45
I ’

' (=8

Supplemental 1- TNFK immunization protocol scheme

Long-term follow-up of the expenment is represented by horizontal arrow with time expressed in week (from week 9,
w9, to week 45, w45). Slashs represent discontinuation of time. A- Control group treated with PBS/ISA-51; B- TNF-K
group; C- Intermittent infliximab group. The follow-up for each group (PBS, TNF-K and infliximab) is represented by a
larger black lign, with vertical black arrows at each time where treatment was given_ IF injections, intraperitoneal
injections.
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Additional file 2
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Days after immunization

Supplemental 2- Evolution of neutralizing anti-hTNF-a antibody titers during time, in
TTg mice immunized with TNFK

36 TTg mice were immunized with TNFK at days 0, 7 and 28. Bleeding was done every
month from day 38 post primo-injection to sacrifice. Results are expressed as mean + SEM
of all the sera of all the 36 immunized mice.
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Modulation of anti-tumor necrosis factor alpha (TNFa) antibody secretion in mice

immunized with TNF-a kinoid

Assier E*, Semerano L* Duvallet E, Delavallée LerBier E, Laborie M, Grouard-Vogel G,
Larcier P, Bessis N, Boissier MC.

*Equal contribution

Clinical Vaccine Immunology. 2012 May;19(5):699-703

In RA patients, anti-TNF treatments are usually edstered in association to classic DMARDSs,
mainly MTX. This maximizes clinical response rawich was shown to be higher vs. anti-TNF
monotherapy for all marketed anti-TNF drugs (209)[X and corticosteroids (CS) have been
reported to potentially affect vaccination effioign even ifdata in rheumatologic conditions are
heterogeneous (209). TNF-K is an anti-TNF treatmeend, as such, it might potentially benefit
from MTX and CS background treatment, with resgjtincreased clinical response rate. On the
other side, TNF-K exploits vaccination principledatherefore its efficiency at inducing therapeutic
levels of anti-TNF polyclonal Abs might be impairdny concomitant immunosuppressant
administration.

To determine whether MTX and CS affects TNF-K inelilid\b production, we tested anti-TNF Ab
response (in terms of Ab titers and TNF-neutrafizoapacity) in Balb/c mice treated with either
MTX (1mg/kg three times per week for nine weeks)yrathylprednisolone (0.2mg/kg, same time
schedule) started before or at the moment of TNRHKunization.

We compared the individual AUC of Ab production fdt individual mice in different treatment
groups and we found that MTX or CS treatment dit nesult in significantly different anti-TNF
Ab production. There was a high heterogeneity inpAdduction, and methylprednisolone treatment

started at the moment of TNF-K immunization reshlie numerically lower AUCs vs. PBS
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(control group). Even if this difference was ndaitstically significant, we cannot rule out an effe
of methylprednisolone on active anti-TNF immuniaati even if the effect size is small. CS
treatment might therefore potentially impair anNH vaccination efficacy, but the effect size does
not allow to conclude on this point at our samjee.s

High heterogeneity was found even in neutralizing-&NF capacity of sera as tested by the L929
cytotoxicity assay. In this case, MTX administratistarted before TNF-K) resulted in numerically
lower anti-TNF neutralization capacity vs. PBS. Mgathis difference was not statistically
significant and the effect size smaBased on the detected difference, the minimal sarsjze
required for this difference to be significant im @xperiment involving only two groups would be
26 mice per group.

In summary, MTX and CS treatment does not seemntpair anti-TNF Ab production or
neutralizing capacity at our sample size. A moafct of both treatments, undetectable at our
sample size, cannot be ruled out and needs to mi@roed in clinical series to evaluate its real

importance for practice.
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Modulation of Anti-Tumor Necrosis Factor Alpha (TNF-a) Antibody
Secretion in Mice Immunized with TNF-a Kinoid

Eric Assier,” Luca Semerano,™" Emifie Duvallet,” Laure Delavallée® Emilie Barnier,” Marion Laborie,” Géraldine Grouard-Vogel*
Patrick Larcier,” Matacha Bessis,* and Marie-Christophe Boissiar®™®
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Tumaor necrosis factor alpha {TNF-a} blockade is an effective treatment for patients with TNF-a-dependent chronic inflamma-
tory diseases, such as rhenmatoid arthritis, Crohn's disease, and psoriasis. TNF-a kinoid, a heterocomplex of human TNF-o and
keyhole limpet hemocyanin (KLH) (TNF-K], is an active immunotherapy targeting TNF-o. Since the TNF-K approach is an ac-
tive immunization, and patients receiving this therapy also receive immunosuppressant treatment, we evaluated the effect of
some immunosu ppressive drugs on the generation of anti-TNF-a antibodies produced during TNF-K treatment. BALB/c mice
were injected intramuscolarly with TNF-K in I5A 51 adjuvant. Mice were also injected intraperitoncally with one of the follow-
ing: phosphate-buffered saline, cyclophosphamide, methylprednisolone, or methotrexate. Anti-TNF-oe and anti-KLH antibody
levels were assessed by enzyme-linked immunosorbent assay and the anti-TNF-o neutralizing capacity of sera by L929 bioassay.
Chur resolis showed that corrent treatments used in rheumatoid arthritis, such as methylprednisolone and methotrexate, do not
significantly alter anti-TNF-o antibody produoction after TNF-K immunization. In contrast, the sdministration of cyclophospha-

mide (200 mg'kg) afier immunization significantly reduced anti-TNF-a antibody titers and their nentralizing capacity.

umor necrosis factor (TNE) is a woll-established therapeutic

tarpet in several chronic inflimmatory diseases, including
rhenmatodd arthritis (RA), psoriasis, and Crohn's disease (1, 141
For treatment of BA, two classes of TNF-n-blocking agents have
been developed so far a soluble THF-a receptor {etanercept) and
THNF-binding monoclonal antibodies [ MAbs) or MAb fragments,
such as infliximab, adalimumab, golimumakb, and certoliumah.
These biologic drugs show rapid and substantial therapeutic effi-
cacy in most patients and in experimental madets (12}, TNF-n is
not the only compound involved in the pathophysiolosy of RA,
and better disease control is often achieved when TNF-o antago-
nist therapy is associsted with an immunoseppressant like meth-
otrexate { MTX) (15, 16} Becent data have shown that anti-
THF-a treatment may counteract A progression not only via the
neutralization of seluble TNF-o but also by the modualation of T
cell homeostasis. Indeed, infliximab treatment induces the re-
emergence of a discrete regulatory T cell subtype in BA patients
and inhibits Thl and Th17 accomulation in the joints (3, 4,
23, 4],

Current THF-a-targeting strategies have several drawbacks.
First, anti-THNF-m agents raised some concern becanse of the role
of THF-o in controfling infections and tamors. Second, primary
and secondary failures are not infrequent: in clinical trials, less
than 5% of responder patients attained disease remission (27).
The risk of antidrog antibody (ADA) production, with possible
loss of efhacy and side effects, is inherent in the ose of ourrent
anti-THNF-o agents, especizlly monoclonal antibodies (2). Third,
treatments with biologics have high costs for the community,
which prechudes their usage in some countries (12 ). Thus, there is
a need to develop new drugs to newtralize THF-a.

A promising alternative strategy consists of active immumno-
therapy against TNF-a, ie., anti-TNF-x vaccination. This tech-
nique leads to the production of newtralizing polyclonal antibod-
ies by the patient and avoids the possible loss of efficacy by
production of antidmyg antibodies. Cver the last decade, several

1556-6811M2512.00  Cliniced and Vacdne Immunclogy  p. 629703

active anti-TNF-o immunotherapies using TNF-o derivates as
immumagens have been developed and tested in experimental
models of BA {3, 7, 8 26). Immunogens must be capable of dis-
rupting B cell but not T cell tolerance of sélf ortokines, thereby
eliciting the production of nentralizing antibodies at high titers.
Recently, we developed a heterocomplex vaccine, called human
THF- kinoid (TNF-K), consisting of biologically inactive bu
immunogenic human THF-o (hTNF-u} conjugated to a carrier
protein, keyhole limpet hemocyanin (KLH ) (20, Since antibodies
generated by TNE-K immunization target onby hTH F-a, we tested
THNF-K in hTWNF-q-transgenic {TTg) mice. which overexpress
hTNF-w and develop a spontaneows arthritis at & to 8 weeks of age
(19). In the TTg mouse model, we showed first that an early anti-
hTNF-¢ immuniration protected TTg mice from developing ar-
thritis {#). We were subsequently able to show that THNF-K is effi-
cacious against established arthritis, inducing a transient hTNF-o
blodkade with reversible effects on anthritis (10). These results
contributed to the nitiation of two clinical trials in Crohn's dis-
ease (EudraCT number 2010-019996-32) and RA (EndraCT
number 200%-012041-35)

The objective of the present study was to further investigate the
immume effect of TNF-K in the context of coadministration of
immunosgppressant drugs. We first aimed at studying the effect
on the response to the kinoid of coadministration with various
immumaosuppressant ggents, such as MTX and corticostersids,
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TABLE | Experimental design

Dose of THF-K {pg) or immunosappressant (mgikg)®

T ek
sy for @
part  Group Immuonosappressant Doy —6 Day —4 Dayd Doyl Dayd Dap7? wesks Day28 Day3s Day38 Duvdl Day4d | Doy 49
I Al BT - - 4 - I i | 4 i
A2 BT 1 1 4 1 1 'Y i e 'Y
Bl BF = = L] =r 2 4 02 4 4
B2 P 0.z 0z L] 0.z 4 0l ] 4
[ PBRS ) I L] i ! 4 ! 4 4
i} ni E'BS 4 4 4 ¢ ! ! {
D2 cYc L] 4 4 200 — = 200 -
k] BP 4 4 4 5 5 5 5
D4 BTX L] 4 { 15 15 L5 15 =

* Imemsiation witth THP-K was by the intramusnsiar route, and sdmimisiration of im

was by the imiraperitoneal route. BALEV: mice were sacrificed at day 70

Shading indicates TINF-E immuznization; ather cofamens show doees of immmunnsuppressast. —, po adminisration: |, PES mjectios.

which are currently nsed in clinical practice during the treatment
of BA and other TNF-dependent diseases. Then, we investigated
the im pact of a high dose of an immunosuppressant agent on the
response to TMF-K immunization,

MATERIALS AND METHODS

Miice. Seventy-three femade BALR c mice (6 weeks old) were purchased
from Janvier Laboratory { Le Genest-5t-lsle, Francel. dn vive experiments
complied with the recommendations for animal experimentation ssoed
by the Enstitutes of Laboratory Animal Hesources committee and by the
local Ethics Committes on Animal Care and Experimentation. Mice were:
randomly distribmted into nine groups of # mice each (except for group
D1, which had & mice) and identified sccording to the study design de-
scribed in Table 1. The first five groops of mice (Al, AZ, Bl, B2, and C}
were inchaded in- gart | of the stady, while the last four growps (D 1w D4)
were inchadied i part 11

Immunogens and sdministration. Homan THF-n kinoid (THEF-K:
A myg, scale af vaccine production: hatch G wae provided by NaoVacs
(Paris, France). TWNF-K was emulsified with Montanide 154 51 VG
(363627; Seppic ). THF-K emulsions were aseplically prepared onder a
laminar flow hood and kepl af 2 to B°C for 2t least | b and po more than 4
h before imjection. Animals were injecied mtramuscadarly with 4 pg of
TMF-K at days @, 7, 28, an«d 49 for part [ of the stody amd days 0, 7, and 28
for pant I1.

Bleeding. Blood was collected by retro-orbital sinms puncinre ail days
—6, 31, 40, and &0 and by heart punciure at day 70 for anti-hTNF-o and
anti-KLH antibody (Ab] titration, as well a5 anti-hTHF-o Ab nentraliza-
Lion assessmendt. The bioosd was directly transforred to ged separator obes
{ Microrveste, Sarstedt, Framoe). The tubes were kept ak room termperatire
for at beast 20 min and then cemrifuped at 1,808 < g for 10 min (a8 4"C}
Sera were stored at —B0°C until nse.

Imrnumnos, t admintstration. Animals were injectod intra-
peritormeally (IF) with the immunomodulators oycdophosphamide (CYC),
methylprednisedone {MP3, and methotrexate (MTX

Stuudy part L To investigate the potential impediment to the induction
of antibodies after immunization by mmunomodalator coadministra-
tien, memunomadulators were adminisiered at a chronee dose {MP, 0.2
mgkg MTX, | mgkg) three times per week for § weeks {except one time:
missed forall growps) before and duaring the THF-K immunization from
day —6ar day 4 today 67

Stusdy part IL. To investigate the possibility of mflaencing the produc-
tion of antibodses after immunization, several immunomoduakatorns were
administered in short covrses 3 kigh doses 7 days after the last booster
dose of TNF-E. Twao (CYC) or foar (MP and MTX) mjections of immm-
nomodulators or phosphate-buffered saline (PFES) were given, OV {200

700 cwiasmaorg

mg'kph was injected at days 35 and 44. MP (5 mg/kg), MTX §21.5 mplkg),
and FBS were injecled @t days 35, 38, 41, and 44.

Serum analyses. Serum samples were analyzed for anti-hTNF-o- and
anti-KLH-antibody titers by enzyme-linked immunosorbent assay
[ELISA} and for nentrakizing capacity by am L9279 binassy.

Speafic anb-ELH or anti-h THF-u Ab blers in sera were delermined
by a direct ELISA. Precoated ELISA plautes with 1| pg'ml of KLH or
hTHNF-a were incubated with serial dititions of sera from imrmunized and
control mice. Specific 190 was detected by msing perondase-conjopated
rabbit anti-mowse gl (Zymed, Carksbad, CA). Endpoint titers were ex-
pressed as the mean dibation factors giving half-maxmmal sbsorbance. The
ability of sera to nentralize hTNF-a activity was assessed by u=ing the 1920
cyloboxicty assay (13). hTNF-u pretreated with serial dilutions of lesfed
sera was incubated for |8 h with L4920 cells in the presence of actinomy<cin
Dl pg'ml)l and the number of surviving cells was determined by a
3-{4, 5-dimethylthiazol-2-yl}-5-( 3-carbooymethoxyphenyl 3-2-(4-salfo-
phenyli-2H-tetrazoliom  (inner  salt}-phenazine methosalfate (MTS
PMS ) colorimetnic assay. The nentralizing titer was expressed as the re-
ciprocal of the: serum dilation thal nentrakizes 50% of RTNF-o activity.

Statistical analyses. Drata distribution was preliminanly checked by
the Kolmogonov-Smirmey test. Since data did not always show a norrmal
distribution, prefiminary logarithmic transformation allowed the nse of
parametric tests for ol data. Serial measurements of antibody titers and
anfibvodies” nenstraliring capacity were analyzed considering the area un-
der the curve {AUC) for each subjed as o summary measure; these meea-
smres were them amalyzed a5 raw diata (22} by one-way analysis of variance
[AMNOVA) with pos foc comparisons by the Sodent-Newman-Keuls test.
The same methods were applied 1o anabyze manmmom and minimm
antibvody titers im each groap. Differences in antibody titers and newtral-
izing capacity at differemt tEme points were analyrec with repeatied-meea-
sures bwo-factor ANOY &, The data were amalyzed for their vanation over
time (within-group varation, factor 1), for their vaoiation across groups
(between-groap variation, factor 2), and for the imteraction of the two
factors. Post Feor comprarisans were performed with the Stodent-Nen-
manmn-Keuls ¢ test. All statistical analyses were performed with MedCalc
statistical software, version 10.4.8 (MedCak Software byba, Marakerke,
Belgrum ). The significance threshold was set 21 0.05.

RESWLTS
Absence of influence of concomitant low doses of imumu
pressant on anti-h TNF-o and anti-KLH Ab levels. The first part
of the study aimed st determining whether the effects of TNF-K
immunizations were modified by concomitant and repeated im-
munosuppressive treatments in BALRY ¢ mice.

As shown in Fig. 1A, high levels of anti-hTNF-m Abs were
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FIG 1 Effect of chronic tmmunosappressant treal ment on ant-h'THF-a {A ) and ant-KLH (B) Abtitars In seraof TNF- K-immuzntzed mice, showtng a significant
production: peak at day 60 and a significant decrease at day 70 for 2l gronps [within-growp varzison, P < 0001}, except for and-K1H anithodies in groap A2
BALR/e mice recatved four TSNE-K Irmmunizztions (days 0, 7, 28, and 40). Chronic njsctions of bvw doses of immionssuppressants sartsd aither & days befors
(AZand B2 ) or 4 days after (A1 and B1) the first mjsction of THEF-E. Anb-KLH and ami-hTHNF-o Abs tn sera were qoantified by ELISA. Resnlts are expressed a5
the dilntion factor giving hai-maximal absorbance (madtans and mterqnartile ranges aTe reporied).

detected in all groups, with a significant production peak at duy 60
(P =2 0.0 for within-group variation) and a significant decrease
at day 70 for all groups (P < 0.001 for within-group variation).
Levels of anti-hTNF-a Abs were not significantly affected by the
different treatments versus the control PBS group (between-
group variation and the two factors’ interaction wene not signifi-
cant}. A decreaze in anti-hTNF-nm [gs titers was noted between
MP-treated groups at day 60, when MP treatment started prior to
THF-K immunization (day —& versus day 2], that did not reach
statistical significance.

As a control, levels of anti-KLH Abs were studied (Fig, 1BL
High levels of anti-KLH Abs were detecied in sera of immunized
mice with a producti on peak at day 60 for all groaps { P <2 0.001 for
within-group variation}, except for groap A2 (MTX). A signifi-
cant decrease in anti-KLH Abs was observed at day 70 for all
groups (P < 0,001 for within-group variation ), except for group
A2, without any difference in anti-KLH titers for MTX and MP
wversus PILS, whatever the dose or the time schedule applied {inter-
group variation was not significant .

Analysis of the neutraliring capacity of anti-h TNF - Abs in the
sera of BALB/c mice undergoing repeated administrations of im-
munosuppressive treatments shuowed hight titers of K TNF-o-nen-
tralizing antihodies for all growps, with a production peak at day
60 (P« (.00 for within-group variation) and a decrease at day 70
(P = 0,001 for within-group variation) for all groups (Fig. 2). Mo
significant dose or time schedule effects of concomitant adminis-
tration of gither MP or MTX on neutralization capacity were ob-
servied, MTX-treated groups had lower NC,, values. {ie., the re-
ciprocal of the serum dilution thal neutralizes 50% of hTNF-a
activity] than the PBS group, but these differences were not statis-
tically significant. To estimate the effect size of the difference, we
calculated the 5% confidence interval (CI) for the difference in
the means of the two groups displaying the highest difference in
NCsp valoes (groups Al and C; both displayed a normal distribm-
tion of values). The 5% Clinchuded 0 (—7 488 to 91,954}, and the
minimal sample size required for this difference to be significant
in an experiment involving only these two groups would be 26
mice per Eronp.

Influence of high doses of immunosuppressant on anti-
hTNF-w and anti-KLH Ab levels. In the second part of this sidy,
we aimed at determining whether a high dose of immunosuppres-
sants significantly impacted the production of antibodies after
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THNF-K immunizations in BALB/c mice. As shown in Fig. 34, high
levels of anti-hTHF-oc Abs were detected in sera of immunized
mice with a peak at day 60 for the MP, MTX, and PBS groups (F =
0.001 for within-group variation), and then & decrease in anti-
hTNF-o Ab was observed at day 70 (P < 0,001 for within-group
variation). Conwversely, mice receiving a high dose of CYC had &
production peak at day 40 for anti-hTNF-a Abs (P 0.01). They
had oeverall lower Ab production throwghout the experiment (P =<
0,01 for AUC comparison} and an early decrease at days 60 and 70
compared toall other groups (P < 0,001 for within- and between-
group variation ). For MP and MTX treatments, a slight increase in
Ab Jevels versus those in the PBS growp that did not reach statis-
tical significance was observed at doys 60 and 70, We caloulated the
25% CI for the difference in the means of the two groups display-
ing the highest difference in Ab levels (MP and PBS groups: both
displayed a normal distribution of values]. The 35% Clincluded
{—4,966 to 43,724 ).

As a conteol, levels of anti-KLH Abs were stodied (Fig. 3B).
High levels of anti-KLH Abs were detected in sera of immuonired
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FIG 2 Effect of chromic immumsosuppressant reatment an hTHEF-o-peatral-
1zing capaciiles in sera of THE-E Immunized mice, evaluszted by an 1828 blo-
aseay. A significant production peak atday 60 and a significant decreass at day
7 were found for all groups (within-groap varation, P < 0K Chronic
Injectbons of low doses of iImmunosuppressants sarting <ither & days before
(A2 and B2) or 4 days after (Al 2nd 51 the first tnjectton of THNF-K did ol
Indoce significant Tedustion of neninlizing capacity. Nentralizing ters of
individual mice are expressed @5 the reciprocal of the serum difutson that
nemiralizes 50% of KTMF-a activity (medtans and Interquaritle ranges ane
Teporbed).
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FIG 3 gffect of short-term tmmunesuppressant trextment on anti-BTHF-a [A) and ant-KLH (B] Ab titers i szrz of THF-E-tmmunized mice, showing an
ovierall lower anti-hTHF-a Ab production in the CYC group {F - 0.01] and a signtficant redaction in ab bevels at days 60 and 70 compared to all other groups
(P == 0001) . Mice recelved three THE-K tmmunteations {days 0, 7, and 28) before high-dese Immun csappressant sdministration. Mice recetved 2 {CYE) or 4
(MP, MTX, and 5} doses belween day 35 and day 44. Anti-K LH and anti-hTHF-a Abs In sera were quantified bry ELISA. Resulis are expressed 25 the dilbsdion
Bctor giving half-maximal absorbance (medians and interguartibe ranges are reporied).

mice, with a peak at day 40 for all groups (P <2 0.001 for within-
group variation). Then, a significant decrease in anti-K1H Abs
was observed from day 40 to day 60 and from day 60 to day 70 for
all groups (P = 0.001 for within-group variation). Administration
of a high dose of immunosuppressant between days 35 and 44 had
no effect on anti-KLH Ab fevels compared to the PBS control
group.

The neutralization capacity of anti-hTNF- Abs was investi-
pated with an L57% bioassay. As shown in Fig. 4, hTNF-a-neutral-
ixing Ab was first detected at day 40, with a production peak at day
60 (except for the CY'C group). Then, a decrease was observed at
day 70 for all groups (P < 0,001 for within-group varistion). A
high heterogeneity in responses was observed for all groups.
Mice receiving a high dose of CYC exhibited a significant
strang decreasa at day &0 and 70 of neutralizing capacity com-
pared to all other groups (F << 0.05and F < 0.001 at day 60 and
at day 7 for within- and between-group variation, respec-
tively). Administration of MF' (5 mg/kg) or MTX (2.5 mg/kg)
after TNF-K immunization did not affect the neutralizing ca-
pacity of anti-hTNF-a Abs.
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FIG 4 Bffect of shon- teym Immunosoppressant treatment on hTHF-o-nen-
Iraktzing capacities In seca of THF-K-mmmmized mice, evalaated by an L9
boasary. An overall lowar rate of production of an-hTHF-e-nentratizing sb
was found o the CYC group (P« 005}, with 2 sgnificant decresse at day &0
and day 70, resafting in lower neotralirng capacity than i al! other gronps
(P = 0,001k Nentralizing tters are expressed as the reciproca! of the serum
difrtion that neutraltzes 50% of AT F-o 2ctivity (medtans and interquantile
ranges are reported).
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DISCUSSION

Inthe present study, we showed that anti-THNF antibodies induced
by THME-K immunization were not significantly infloenced by a
concomitant fow-dose immunosuppressive treatment, swch as
methwvlprednisolone or methotrexate. Our study, performed in
mice, is relevant to the current scenario of anti-TNF admimnistra-
tion in humans; in most cases, corticosteroids and immuno-
modulatory agents are associated to enhance the dinical efficacy
of the treatment. A potential side effect of immunosuppressive
dmgs a reduction in the response to vaccnations (17, 18, 29). Tt
was of high interest to explore the influence of this class of treat-
ments on the anti-TNF antibody response to TNF-E. We observed
a slight modification of anti-THF Ab levels in BALB/c mice treated
with concomitant MTX or MP and TNE-K that was not statisti-
cally significant, despite the fact that the doses of MTX we used in
mice were 10-fold higher than those wsed in RA patients (0.3 mg/
kgfweck). Similarly, despite the high doses of MTX we used, the
difference in TNF-neutralizing capacity between MTX- and PRS-
treatind groups had a modest effect size.

The timing of the start of immunosuppressive treatment did
not imflzence the production of neutralizing anti-hTHF-o0 Abs.
Takem together, these resules showed that the use of low doses of
MP or MTX during TNF-K immunization does mot alter titers of
anti-hTHF-a Abs or their nentralizing capacity. This is consistent
with a previous study performed with hTNF-a transgenic mice
developing arthritis, in which no alteration in the production and
neutralizing capacity was observed after TNF-K immunization in
the presence of MTX (%), In this context, we could speculate that
TNF-K should preserve its efficacy even in patients on concomi-
tant disease-modifying antirhenmatic drugs {DMARDs), sach as
MTX at the doses used in RA; or patients on steraids.

Another point addressed in our study was the reversibility of
the anti-THNF-o Ab response to THF-E. Previous studies consis-
tently demonstrated a bell curve response of Abs to anticytokine
vaccimes with an = 12- to 1&-week cyde of response (9, 25, 28, 30),
slightly longer than the duration of action of infliximab in hu-
mans.

Cin the other hand, we show here that partial acute immuno-
suppression with high doses of CYC efficiently blocked at least in
part the immunological response indwced by TNF-K immuniza-
tion in mice. Indeed, CYC significantly reduced both the levels of
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anti-RTNF-o Abs and their KTNF-q-neutralizing capacity. This
CYC inhibitory effect on Ab titers was mot observed with the two
other immunosappressive agents (MP and MTX). Indeed, an in-
crease, though not statistically significant. in production of anti-
hTNF-o Abs was observed with both MP and MTX treatments,
once again with a modest effect size. Furthermore, the neutraliz-
ing capacity was not affected by MP or MTX reatment. Moreover,
this discrepancy in regalating anti-hTNF-o Ab production in the
presence of CYC and MP or MTX treatments may be due to
the implications of different modulatory mobecular pathways of
the immune response. MP is a glucocorticoid that exerts its anti-
inflammatory effect by acting on selective genes, whereas MTX
exerts its effect by two different pathways depending on the dose.
High doses of MTX exert a ciostatic effect by blocking purine and
thymidine synthesis, whereas low doses of MTX in humans (5 to
30 mgfweek) inhibit inflammation via inhibition of S-aminoims-
darole-4-carboamide ribonucleatide (AICAR) transformylase,
leading to the accumuiation of extracelhular adenasine, which in-
hibits neutrophil activity. CYC is an alkylating agent that cross-
links N A and causes cytotoxicity in various cell types. Im contrast
to its well-known immunosuppressive effect at high doses (8} low
doses of CYC are associated with immune response enhancement

wia specific targeting of regulatory T cells (21).

(Oner experimental resulis with CYC showed a pharmacological

effect on Ab response. Even if high-dose CYC treatment, in order
to reverse the cffect of TNF-K immunization, is not applicable in a
humamn clinical setting due to safety concerns, CYC served as a
madel of a drug with potent immmnosu ppressant activity. Further
studies more specifically targeting memory B cells are needed to
define a useful immunomedulator in LA patients treated with an
active immunization strategy. Of note, recent data from antibng-
moral therapies in organ transplantation recipients have shown
that proteasome inhibition by bortezomib depletes plasma cells,
the source of Ab production (11). Additional studies to determine
whether this drug mipht modulate Ab production after anti-

THF-mx immunization could be warranted,
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Article 3

Interplay between TNF and regulatory T cells in a NF-driven murine model of arthritis

Biton J, Semerano L, Delavallée L, Lemeiter D, Liidod1, Grouard-Vogel G, Boissier MC, Bessis
N.

The Journal of Immunology. 2011 Apr 1;186(7):389%9

In this article we used the model of TTG mousettml the effect of deregulated TNF production
on Treg and Teff count, percentage and phenotypes\Wsequently analyzed the modification in
Treg populations after TNF-blockade with eithetiximab or TNF-K.

The animal model allowed us to study the effecidF overexpression on Tregs from early age on
in a dynamic, longitudinal fashion, and to bettisisdct the effect of TNF blockade.

In the presence of constitutive TNF production, before arthritis clinical development, we
documented reduced Treg percentage is in TTG necehe wild type counterpart. With arthritis
onset and later on a progressive increase in Teegeptages ensues and at the age of 24 weeks
Treg proportions were no longer different from Wicen Moreover Tregs progressively increased
the expression of TNFR2.

These results suggest that TNF overexpression meghice Treg populations, while later on, with
TNF-dependent disease development there is an sijpamn this population with increased
expression of TNFR2 as to counteract inflammation.

TNF blockade with either infliximab or TNF-K incread Treg percentages vs. untreated mice. In
the meantime we observed a modification of Tregphge with increased expression of TNFR2
and of CTLA-4.

On TNF blockade we even observed a significanem®ee in the percentage of cells lacking CD62L
(the homing receptor for lymph nodes) or expresgiag very low levels. Moreover, suppression of

Teff proliferation was higher in anti-TNF treatedcevs. untreated.
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All these results, consistent with what shown in RAtients confirm that TNF-blockade is
associated with the emergence of a population @§F with increased suppressive activity.

Like in RA patients, we showed that the expressib@TLA-4 and TNFR2 (activation markers for
Tregs) increases with TNF blockade, whilst thesks axpress lower CD62L. The lack of the
homing receptor for lymph nodes might define a pafpen of Tregs with different homing capacity
more suited to enter inflamed tissues and exeit tbgulatory activity.

It is interesting to note that exactly the same nincations of Treg populations take place with
either passive monoclonal anti-TNF administratiomflikimab) or with active anti-TNF
immunization. Polyclonal and monoclonal anti-TNFsAmight therefore act via the same upstream

cellular pathways.
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Interplay between TNF and Regulatory T Cells in
a TNF-Driven Murine Model of Arthritis

Jérome Biton,* Luca Semerano, " Laure Delavallée,® Delphine Lemeiter,®
Marion Laborie,” Géraldine (}muard;»\-’ugi:lf Marie-Christophe B!J-i.‘i.‘iil:n*j
and Natacha Bessis®

UM CD25 ' Foxpd regulaiory T cells (Tre g) are involved in several auioimmune diseases, including rheumaioid arthriiis. TNF-ou
blockers induce therapeutic bemefits in rhe umatold arthritls via a variety of mechanksms, We aimed to character kze the mpact on
Treg of TNF-a overexpression in vivo amd of TNF-o inhibiting treatments, We wsed human TNF-o transgenic mice as a model of
striclly TNF-o—dependent arthritis, Our study showed that iniial Treg frequemcy was lower in TNF-we transgenic mice than in
wild-type mice. However, the course olarthritis was marked by elevation of Treg frequency and a dramatic increase in expression
of TNFRI. Antagonizing TNP-w with either the ant-human TNF-w Ab (infliximab) or active immunctherapy (TNF-Kinoid )
increased the Treg eguency and upregelated CTLA, leading to enhancement of suppressor activity. Moreover, both anti-
TNF-r strategies promoted de differentiztion of a CDG2L ™ Treg population. In conclugion, in an in vivo model of TNF-a—driven
arthritis, Treg frequency increased with inflammation but failed o control (he inflammatory process. Both passive and setive
TNF-a—inhibsiting sirategies resiored the suppressor activity of Treg and indoced the differemitation of a CDG2L™ Treg pop-

wlation. The Journal of Immunology, 2011, 186: D00-000.

heumuoid srthritis is a chromic autoimmune disesse in-
R volving T lymphocyies and whose hallmurk 18 hyper-

plastic symovitis responsiblie for cartilage and one de-
struction. Factors involved early in the disease process include
proinflarmnmatory cytokines such as TNF-o, -1, and chemaoki nes.
Amaong all of the cytokines involved in the disease process, TNF-
a has & particularly important rele in the cascade of pathogenic
event s in rheumatoid arthrites (RA ). TNF-o &cts within a complex
metwork of cells and medistors of inflammation. as shown by the
ahility of IL-13 or IL-17 10 induce TNF-o. The hypothesis that
TWF- drives much of the pathophysiology in the rheumasoid
joint is suppontad by studies of TNF-a oversspression or TNF-o
netralizaton in animal models of RA (0, 2). The expeérimental
wesults 0 animal models reflect fndings fom dodies of TNFo
m‘Luguni:‘.m '.ll'l Pi‘!litl]L‘i W’Ld'l R_A_ wrhmfl.‘i 'FH'E'I'.[I.I.IH mﬂls.uimu_'.
uwsed in RA were developed primarily based on serendipitous
observations, TN F-a antegonists (mainly maAbs such as infliximab
and soluble receptors such as etanercept) wene the first ratiomally
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designed drugs wnd the fimt US, Food and Drug Admingst ration-
approved recombinant protens (“biologics™d for the restment of
RA. Although TNF- antaygonists provide substantial therapeutic
benefits in maest ];I'aalie'nls, l:nm.ury Ln'l.n:ei]}ltlsiwnaiﬁ ard m‘lmdm"'\.'
escape phe.num::n.n Are Nl LN o ., i.ndia'al'i:ng_ n nessd for al-
ternative treatments (3) We recently developed o novel concem
consisting of sctive mmmunitherapy 10 cyviokines 1 51 In this
anticviokine immunotherapy stralegy. the immunogen (TNF-
kinoigdd [TME-K]) induces the production of Abs that block the
effects of the wrreted cylokine, This stemery protected human
TMF-a transgenic (TTgh mice sganst chinical and histological
arthaiis in shor- and long-term experiments involving preventive
(4, 5por curative (6) immunotherapy.

TMNF- antagonists may act through mechanisms involving
regulatory T wells (Tregh. which exhibit the CD4"'CD25 Foxp3™®
phenotype. Treg are essential for mainteining immune homeo-
Stiesis préewenting autoimmunity, and Hmiting chronic inflam-
matory disesses. Treg sct by preventing both the activation and
the effector functivn of T cells that have escaped other mecha-
nisms of tolerance (7, 8). Their central plice in the mainie-
nance of peripheral (olerange s underlined by the fact that Treg
deficiency reculls in sponlaneous sitgimmunity i both mice and
humans (9. 10). Futhéermore, Treg play & mvotal role wn pee-
veniing autoimmune disesses such s type | diabetes (11} and in
limiting chronie inflammatory diseases such as asthma and in-
fammatary bowel disease (122 13)

In patients with RA. Treg functions, including suppression of
promfAammatory cyiokine secretion by activated T cells and
mmdecyes are diminishe d compared with healthy mdividuals (14,
15} The regulatory role for Treg in experimental maxdels of RA
his been demonstrated in @ few studies (16, 17) The link between
TMF-u antagonists infiximab and adalimumaty) and Treg is that
THF-ce antigonists novmalize immuone homeostasis by restoring
the capacity of Treg to inhibit cytokine production and by con-
veying & suppressive phenotype o conventionel T cells (14, 18}
Hewvever, diveet tnletichons betwesn TNF-o iid Tieg hive been
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documented chiefly in in viro swudies, which have produced
conflicting results. In a first study, TNF-o had no dimct efféct on
Treg (14}, but subsequent work. shuwed that TNF-a inhibited the
suppressive capacity of Treg via a TNFR2-kependent mechianism
leading o dowsregulation of Foeapd expisson (191 More ré-
cently, TNF-o inlemction with TNFR2 was shown o promse
Treg expungion and function (20, 21).

Our aim inthis work wis to study T cell differsntintion w the Treg
phenoty pe i an in vive maodel of TRNF-o-di ven disease, namely the
WTMF-uTg moddel. This model i relevint for nvesh gating the
conssquences Of TNF-o overexpre soion on st hritides and the effect
of TNF-a blockade, We show that Treg differentintion muy con-
stitute o crtical mode of action of TNF-o blocking treatmen s
such as infliximab and TNF-K immunotherapy.,

Maierials and Methods
Mice

Male tmnsgenic mace { 1006-T) aged 6% wh were purchaszed from Tacomic
Farms {Germantown, MY)., These mice were produced using the micro-
injection constnect previonsly vsed to generte the TgEY7 strain (3). They
ware hemizy gous for the hTNF- transgene and maintained om a CITBELA
hackground. All pups were genotypad by PCR, which estahlished the
presence of tse hTNF-m tamegene i all the animak. CI7ELA mice aged
T-31 wk were purchazad from Janvier {Le Genest-Saint- le, France) and
used m contmok. All procedures were approved by the Animal Care [lse
Committee of Sorbonne Paris Cite- Université Paris 13 (Bobigny., France).
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REGULATORY T CELLS IN A TNF-u-DEPENDENT DISEASE

Clinic al and histological assessments

1006-T tansgenic mice develop spontancon s arthrits, similar wo e Ty 197
mice first described by Keffer et al. {13, Clinical arthritis begins to develop
in 1006-T mice at ~8—10 wk of age (22), A blinded procedure was used 1w
maonitor body weight and arthritis in all four lmbs. Clinical severity of
anhritis ineach Limb wos coored from O {normaly (o 3 {sever infammation
with deformities) {23} Forincidence dedermination, arthntis was defined
as 3 scone == The mean arthritis score on each clinical observation day
was calculmed in cach treatment gromp, In each moese, we eoonfed the
meaximeal anthritis scone 4 the highest soore reachod during the observation
penod. For histolo gical analysis, the hind paws were disseciod amd pro-
coised &5 described elewhere (24 | Numerous sections were cut from each
paw, and at lemt four sections per paw were examined. Slides were hien
stained with HEE before micioecapic observation {optical micmscopy). A
blinded procedun was used to evaleste the lesions im each joint as de-
seribed elsewhere 46), wsing 4 «-point scale fm'sym'\.‘iﬁs A3 where 0 &
normal and 3 indicales severe synovial proliferation or inflam matory cell
infilration ) amd & d-point joint-destriction scale (cantilage, imepularitics,
ad bone emsions). For prevalence doterminations, histological in-
flammation or destruetion wee defined a5 an inflammation or destroction
soone =05,

Treatments

Wi obtained hTNF-u kinoid from Neovacs (Paris, France). Briefly NTNF-u
{Bochringer, Austia) (1 mgiml) in 0.5 EDTAN ] M phosphate buffer (pH
7.6 was treated with 15 DMWSD for 3 min. Keyhole Himpet hemocyanin,
parchased fom Indmce] (Frederick, MDY, we added, followed by gl
tarakdshy de. After 45 min nowbation at 4°C, the preparation wae dialyzed
agamst the working buffer and then trested with formualdehyde. Afier

FIGURE 1. Ewolutionof arfuritis in untreated mice and offect of hTNFa blockade on established d sease. TTg mice received three primary injections of
THF-Kat 13, 16, and 19 wk of age {n =20, gray squares) or infliximah weekly from week 15 tocuthanasia {x = 16, black wiangles). Comtml mice: received
no trestment {4 = M, open trinnglas). Bacsuse half the mice wem saerificed st 24 wh of age ond the oter half st 31 wk af age. 4 shows the change in
clinical soores only wntil 24 wh of age:. Duata are expressed as mesns * SEM for each group. @ < 20001 for TRNF-K versus unireated TTg, 2 << 0.0001 far
infiximab versus wnircacd TTg. Examples ape shown of histological evaluation of Z4-wi-old TTg mice immunized with TNF-K (8], tcated with
inflinimeah {C), and wnirested (D). Histological sections forigina magnification X400 of the knee were prepared fsee Meerialy and Mefudy) and stained
with HEE. Date represent one experiment. epresentative of three similar experiments.
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gquenching with glycine (01 M) amd subeaguent dialysis arainst Dulbec-
wo"s PBS, the preparation was stoned at 4°C (41,

Tmmunization involved im. injections of TNF-K emulsified in TSASTE
{Seppic, Paris, France). Thee injections were given (4 pg THRF-E] at 15,
16, and 19 wk of age. In paralle]l, other mice were given weekly ip.
mjections of imfixmab (10 mokg; Schenng-PMowgh, Levalloiz Permed,
France) from week 1540 week 24 or 31, when they were mienficed.

[LCERN L WA
10 (11
o ™

e Destrucaom
Incilence 24 wk

Ab ussiys

Sern obtained From blood samples collected at different time points during
the experiment were tested for anti-hTNF-u Ab titers and for asti-hTNFo
Abe-nentrnlizing capacity. Specific anti-hTNF-o tiers were determined
using a direct ELISA (4). The mewrtmlizing capacity of sera was assmsed
using the L9299 cytenicty sssay reflecting neatmlizing Abs (40

Dhesmaction

24 wh
0

D02 = 0.0

003 + 0.

Real-time quantitatve REPCR

Total RNA was extracted from symovial tissue wsing the TRI-Eeagent kit
(Eunmedex, Mundolsheim, France), Then, 3 pg RNA was primed with
olige{dT) and revese wanscribed into a 20 @l voheme using SuperScript I
EMase H- moverse tmnsaipiase (Invitrogen, Carlsbad, €A Quantitative
PCR madtions were performed wsing PCR LightCycler FasiStant DINA
Master SYBR Green T {Roche Moleaslar Biochemicals, Indisnapoliz, TN).

Fomp? expression was measuned by real-time PFCR. The Foxp3 primers
weme 5 -CAGOCTGOCTOTE ACAAGA AT (forwand) and 5' GGGGETT-
CAAGGAAGAAGAG-3" (reverse). Each resc Son mix contained 3 pl cDMNA
G pM each primeer, and LightCyeler FastStan DNA Master SYBR Green
I mix (Roche Molecular Binchomicals) to a Gnal volums of 15 pl. For
Fomp3 amplification, initial § -min holds st 95°C were followed by 43 cy-
clesof 10 s at 95°C, 5500 63'C and B s at 73'C, Amplification was ana-
lyzed u=ing LightCyeler software (RealQuant, vemmion 1.0: Roche, India-
napoliz, INJ.

T -Inlnsi:a] Paramesters

T Inflamrmd on
IR AR I L]
S0 (5102
0 ‘.yu]d'l

Incidlence 34 whk

+

03 = o2

Eni{lamamadaon
24wk
Tz
(ORI

ri

Cell and tissue preparation

e

Lenkocytss fromthe spleen were prepand using a homogenizer, and RBCs
werme Iyzed in hemolysis buffer (WHLCL, KHCO:, and EDTA). Afferent and
popliteal lymphes modes were disectad owt of the hind limbs, and lew-
koryes were preparaed wsing & homogenizer. Blood was collected by hean
puncture . Finally, the knees were disseoted and opened and synovial tssue
wis remEwed from both kness and ponlkesd for fumher processing and
analysis.

3l wd

o= A

Chmcal Score

0l =04

Flow cytome try

M owk

For FACS, surface cells wene staned with FITC-labeled meti-CD325 | daone
3CT), PE-labeled anti-TRFR (clone TR7S-59) or PE- labeled ani—CTLA-4
{elone TICRO-AFTO-11) or PE-lsbeled anti- CDE2L folone MEL-14) and
PexCP-Cy5 S-Iabelad mnd-CO4 {clone RM4-5) (all from BD Bicscionces,
San Jose, CAL Cells were stained at 4°C in PBS comtaining 2% heat-
inactivated FCS and 001 M sofium aride, incuhsed for 20 min with
2AGLI mAb o block the Foy meaepiors (BD Bicsciences), md inouhaed
for 30 mdn with appropriate dilutionz of various mAbs coupled 1o FITC,
PE, ar Per"P-Cy 55, The allophycocyanin-lsheled anti-Fooopd (elone FTK-
Ihs) staiming set feBicscience, San Diego, CA ) was wsed for intmcellular
mining according to the manidfsduer: roommendations.

For intracellular sytokine staining, sells were stimolaed for 5 h with
PMIA and icnomy cin | Sigma- Aldrich, Saint Lomiz, MO). Brefeldin A (BD
Pharmingen, San Diego, CA) was addod for the last 4 . Forsarfaoe siaining.,
oells were incobaed with Per(CP-Cy5 S=labwled anti-CDd (clone RMA-5)
fior 30 min at "°C in the dark and then washed The cells were then per-
meabilized wming Fization/Pameabilization solution and stained with
dlophyoncyaninlabelod anti—IFN-y (XMGLI) and PEabeled anti—IL-
1TA (TCLI-1EHI () (all from BD Bicsciences) for 30 min at 4°C in the
dark.

Flow cytomery was porformed on a four-color FACSCalibur (BD
Biosciences, Mountnin View, CA). Dead cells wene exclwded based om
forwand and side seatier characteristics. Reported statistical data ane based
on 8 least 100 evenrs gatod on the population of interest, Results wens
analyzed wwing CellQuest Pro software (BD Biosciences). WEASEL wver-
sion 23 (Wiolter and Eliza Hall Institute of Medical Reseamh, Parkville,
Awmsrraling was weed for graphical representations.
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Lympehereyte purifioation

DACD25 and CDA'TDRS" T eells from the spleen wene purified wsing
a Treg isolation kit acconding to ahe: manufacurer’s protoonl {Milenyi
Biokc, Bergisch-Gladhach, Germany). In brief, CD4'CD25" T eells were
iso lated wsing a two-step procadure. First, CDA* T eells wene isolated by

(n= 20
TNF-K
N

(m= 16)

L

»

L
‘The mice are §e sape s in Fig. | Time 24 arhn 85 onsed, meea n maod mam shnas soome (A, cdmical scones =1 24 and 51 wk of 2ge and milammstion and d edncion soores e eqpressec] 2 mesns £ SEM: 1) p <0005 (2) p < 00 versos
inflnamah 24wk TTg (3 p= 000K verss amreated 24 wh TTg. (€ ) p < (0 versw mnareated 31 whk 'TTg. The incilen ces of anbriga, inflammation, and desnsction am expresss] = percemas: (5)p < 005, (G p = 00001 versas ungeaed 24

whk TTg

Untreated
Infliximats

Table I Clinical and histol ogical parameters of ardiritis in TWF-E~ or in fiximab-oeated TTe mdice
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FIGURE 2. Peroentages of Teffand Treg in ihe lym ph nodes during the couse of arthritis in N\TNF o ransgenic mioe. TTg mice wene killed at the age of
Tia=6) 12{r==0), 1T (m= KL, or 24 wk {# =8 All mice had been monitared for clindesl signz of anthritis. Conrmls were 7-wlk-old (& = 6) snd 24-wk-old
{i=6) CSTBLAG wild- type mice (WT). Lymph mode lmkoovie: were etnined with A uorachmme-conjuzated anti- U4, anti-CD25, and snti -Fowp 3. Teff and
Treg wene manitored in by mph modes wdn g fow eytometry, A, A< shown om this epresentative dot plot, Teff cells were defined o5 CDM™Foap3 ™ T eells and
Treg as CD4CD2S Foxpd* T cells, B, Teff percemages amaon @ lymph node leukocytes are given & mears + SEM for each group, ©, Treg percentages

amsong lymph node leukocytes are given 52 memns = SEM for each groop.

megative seloction wsing a mivtue of bioin-conjopated Abe, anti-hiotin
muicmbeads, an LD column, and OuadraMACS {all from Miltery Biotec .
Then, CDM™ T sells were diractly |sheled with 2 PE-snnjogaed anti-CD2S
Ab and snti-PE micmobeads. The oell suspension was bbaded onto an MS
<olumn, which was placed in the magnetic ficld of a MACS separaior
{OctoMACS, Milenyi Biotec), The fow—through cells were collected and
msed a5 COMYCIDIF T cells, whereas the retsined cells were eluted froms the
columm and used as CD4COS Treg. To increase purily, two conscastive
columen runs were performad . Flow cytometry analysis showed that purity
of the COMYCD25 snd CD4CD25Y cell-enrichad fmotinne waz W-05%
W{damra rol shaowm).

Measure ment of CD4* €D25™ effector T cell IFN-y secietion

Spleen CoMCDes T (25w Iﬁl") effector T eells f Teff) were celmmed n
RPMI 1640 with 10% FCS, 100 Ulml pemicillin, 100 pgiml streptomycin,
50 pM 2-ME, | M HEPES, and 5 jig/ml of soluble anti-CD2 {clone 2C11)
{BD Bicscences) in U-botivm 96-well plaes. AP (25 = Im treated
with mitomyein were added to the oaliore mediom. The oells wemr then
incubated a1 37°C in 4 5% OO0, simosphere. After 4 dcolvure;, [FN-y levels
i culture supemats s were measired ising commereially available ELISA
Kits {Quantikine; R&D Systems, Abingdon, UK. | acording to the manu-
factuner's imstnectione. The sencitivity of the cykine assays was T pgfml.

Assesament of Treg suppressive effect on CD4"CD25 Feff

Splem CD4*CD25 ™ Teff were prelabeled with 5 M CESE (Invitrogen)
far 10 min, Then, CFSE-labeled TefF (2.5 % 16%) were cocultured in RPMI
1640 with | 0% FCS. 100 Tml penicillin, 100 g/l straptomyein, 50 M
2-ME, | M HEPES, and 5 pgim] soluble anti-CD3 (clone 2C11) (BD

Biosciences) in U-bottom 9%6-well plates with Treg (2.5 = 0 or 1.25 %
1) tor produce TeFiTreg mtios of 1:1 and 2:1, respectively. Controls were
performed wsing non-CFSE-Inhelzd Teff instead of Treg (CIM'CD25
25 ¥ 10%or 1.25 = 10%). APCa (2.5 % 10%) treaed with mitomycin were
added to the culiure mediom, The cells were then incubated af 37°C in
1 5% O0; atmeosphore. After 4 d cultwre, the cells were stained with
allophycocyanin-labeled ami-CD4 (done RM4-5, BD Bicsciences), and
Tett proliferation was then determined for each TeffiTrer mtio wing Bow
cytomeatry to measune the CFSE dilwtbon. The valus wene companed with
the control, inwhich Teff cells were ciltured without Treg. The percentage
of suppreszion wie caleunlsed a2 follows: % suppression = [{Teff pralif-

Table . Froguency of Teff and Treg in the spleen during the course of
anthritiz in KTNF-z transgenic mice

% Tel T Treg
7 wk wild-type 0,40 + 030 104 + D0
TwkTlg N.E] = 072 .36 * 016
12wk TTg 19.19 = 093 173 = (.08
1TwkTTg I7.80 = 059 L3 = 017
24 wk TTg 1£.55 = n.52 Y 1.90 = 0,157
24 wh wild-type 15.07 = 1405 1.83 = Q.15

Siplenocyes frum TTE muice were saimed with fluorodrome-conjugated ani-
O, mnd -CD25, =nd anti-Foap 3. The mice e de some oim Fig 2. Tell and Treg
m the spleen were menitored wsing fow cytometry. Percentages of Tell =l Treg
anwng splenocyle s ane piven = mean vehies +'= SERL

010 p o< (LEKS versas 28 whk wikl-type, (21 p < (05 vern 7wk TTe.
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eration withowt Treg-Teff proliferation with Treg ¥Teff pmliferation with-
ot Treg] = 106, Data wene analy zed wsing CellQue st Pro sofiwane (BD Bio-
sciences). IFN-v levels were measured in the supematants after 4 d culture
whing commerncially available ELISA kis (Quaniikine: R&D Sysems)
accordng i the manufacmrer's insractions. The sensitivity of the cytokine
aesgys was 2 pgiml.

St ixtical analysis

According o data distribwtion, 8 param aric st | ANOVA, Stedent 1es1) or
a non paramatnic test | Kmiskal-Wallis, Mann—Whitney 7 with appropriate
post hoc comparisons was used to compare data poross the different
proups. Clinical scores curves were companed with ANOVA. Categorical
data were compared by a lg! test, All statistical analyses were performed
using StotView version 5.0 software (Abacus Concepts, Berkeley, CAJ.

L

Resulis
Active and pessive anti-hTNF-a immumotherapy tmprove s
e stabiished arthritis

As expectad, climcal arthritis mountreésted TTy mice wis detecied
at 8 wk of age and arthrts seventy increased over tune (Fig,
14}). Fifieen-wesk-old TTg mice were given either classical h'TNF-
o—neutralizing mAb (infliximab) or active immundatherapy (THRE-
Kb At boseline, all mice had chinical scomes =3, In mice immu-
nized with TNE-K, anti-hTWF- Ab was detecied 5 wk afier the
first injection (Supplemental Fig. 14) These anti-hTHF-o Abs
inhibited hTMNF-« bicsctivity in vitro (Supplemental Fig. 18).
Infi ximab4rented mice and TNF-K—mmunized mice experienced
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FIGURE 3. Treg phenotype in lymph nodes dunng anhrits in TTg mice. TTy mice wene sacrificed o the age of T{n =6), 12{n=06). 17{n=H) or 4wk
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laheled with fuorochmme-conjugated anti-CD 25, amti-C04 | anti- Foop3, and snti—CTLA-4 o1 anti-CD621 or anti-THFR2. Ex pression of CTLA -, CDG2L
and THNFRZ was studisd by gaied CD4'CD25 Foxp3” T cells using Aow cytometry. A, Percentage of Treg expressing CTLA -, {F) CTL A~ MFI on CTLA-
4 Treg, {C) percentage of Treg expressing CIDWG2L., (D1 CD62L MFL on CING2L™ Treg, {E) percentage of Treg expressing TNFR2, and {F) TNFR2 MHF on

THNFRZ" Treg. Data ane expressed as means = SEM for each group,
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Table IT. Treg phenotype in spleen during arthntis in TTg mice

REGULATORY T CELLS IN A TNF-a-DEPENDENT DISEASE

THFR2 CTLA4 Chazl
k] MF1 k] MF] & MF1
TwkTTg 032 * 5357 3106 = 1.33 9L = [ w™ 5146 £ 3.74% £0.95 = 160 ES07 = IB6G
12wk TTg 68,00 = 1867 3033 = 044 95.00 = 995 54,80 = 2767 84.05 + 243 66,36 + &11
17 wk TTg 7012 = 2302 2946 = 107 a4.91 + 151 5196 + 9.0 T79.10 + 276" G051 + 97
M wk TTg £2.35 = 194 3435 = 192 9847 = 046 T4OT = 603 BLE6 = 191" TR61 = 935

The mxe are the samne 25 in Fig. 2. Spleen cells were heled with fmmochrome-cmuoed and-CD2S, ang-CD4E, anii-Foap3, and anti- TNFRZ or ang~-CTLA -4 or ant
CDAZL. Then, TNFRZ, CTLA-S, and CD6ZL. expresion was smdied by mied CDECD25"Foapd ™ cells wing How cytome &y, Percentage of Treg exqpresming THFRZ, TNFR2
MFT on TNFRI™ Treg, percenmge of Treg expressing CTLA -4, CTLA-S MFl on CTLA-4™ Treg, percemage of Trep expresdng CDE21 snd CDA2L MFL on COG2L" Treg ane

piven = mems £ SEM.
(1)< 005 verss 7wk TTe, {20 p = (05 versus 28 wk TTg.

dramatic improvements in the disease compured with untreated
mice (Fig. 1A) Although infliximab exerted s therapeutic «fect
more rapidly than did TNF-K. both treatments were effective. As
expecied. disense severity increased in untreated mice between 24
and 31 wk of age (Table I). Histological evaluation also indicated
decreased joint inflammation and destroction in TNF-K— (Fig. 18}
and infliximab-treated (Fig. 1C) gmoups compared with untreated
mice (Fig, 1Y) (Table ).

hTNF-or overexprestion modifies Treg frequency

We investigated whether in untrested TTe mice. in vive systemic
hTHF-r oversxprssion influenced the numbers und percentages
of Treg (defined as CD4'CD25' Foap3* cells) and Teff (defined as
CD4' Foxpd ™ cells) (Fig. 24) in secondary lymphaid organs from
unitreated TTe mice during the course of anhritis. The total leu-
kocvie count increased progressively fom week 7w wesk 24 in
the lymph nodes (24.3 > 10° £ 5.2 ¢ 107 versus 381 = 107 £ 3.8
* 1P, p = 0.05). In lymph node, Teff counts did not change sig-
nificantly over time (dute oot shown } but their pereentage decreased
from week 7 o week 24 (Fig. 2B). However, o similar decrease was
found in the wild-type mice (Fig. 28). indicating that the ¢ ause was
il WTNF-oe ovemexpression. Compared 1o wild4vpe mice at the
same age, Twhk-old TTg mice had a lower percentage of Treg
(Fig. 2C}. Subsequently, Treg count (7 wk wild-type, 7.9 % 107 =
1.7 % 105 7T wk TTg, 6.1 % 10° = 1.2 % 10°(1) 24 wk wild-type,
B9 100 = L4x 10%1): 24 wk TTg, 13.5 x 10* = L0 10% (1)
p =< 0,05 versus 24 wk TTg) and percentage (Fig 2C) increased in
the: lymph nodes of TTe mice but nat in those of wild-type mice. In
the spleen, Treg and Tell populations in TTg mice showed similar
changes 1o thise seeninthe lvmph nodes (Table T). Given that the
percentage and the number of Tregs in the lvmph nodes increased
progressively during the course of anhnitis, we assessed Treg in the
synovium by measuring the Ievel of Foxpd mRNA expression.
An increase, although ponsigni ficant, in Foxpd mRNA expression
hetween weeks 7 und 24 was detected (Supplemental Fig. 2). Taken
ogether, our results in TT g mice show that h TN Foo overexpression
leading to arthritis s sccompanied by an initial Treg deficiency
followed by an increase in Treg proportions.

Treg phenotype, but not suppre ssive activity, (s modified during
arnthritis in h\TNF-a transgenic mice

Becanse hTNF-o overexpression in untreated TTg mice led e an
initial Treg deficiency followed by anincresse in the Ivmph nodes
and spleen, we characterized the Treg phenotvpe throughout -
thritis development by evaluating the exprssions of CTLA-4,
CDa62L. and TNFR2. As shown in Fig. 34 and 38, CTL A4 ex-
pression and mean fueescence intensity (MFT) increased in Treg
from the lymph nodes betwesn wesk 7 und week 24, but it was
also the case in wild-type mice, In contrast, percentage of Treg-

expressing CD62L decreased shghtly over tme (Fig. 3C); how-
ever, the siume was true in wild-type mice. A8 shown in Fig. 3E
and 3F, lymph node Treg exhibited gradoal and marked increases
in TNFR2 expression (65.8 and BR.6% al weeks 7 and 24, re-
spectivelv: p =0 0,05} and in MFI during the course of arthritis.
Similar results were observed in the splesn. except for TNFR2
MFIL, which was similar in all groups (Table T}

T better charscterize Treg activity durng arthritis development
m TTg mmce, we evaluated the ahility of Treg to suppress Teff
profiferation and FMN-y production. 'We found no s goificant G-
ference in Treg suppressive activity seross age groups at each of
the TeflfTreg ratios studied either for proliferation (Fg. 4) or for
IFN-vy secretion (duta not shown).

hTNF-a blockade increases the Treg/Teflf ratio in 24dwk-old
ITg mice

We investigated whether the mechanism of sotion of passive and
active anti-hTNF-o immunothemapy involved Treg in the hTNF-
a—dependent arthritis model.
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FIGURE 4. Treg suppressive activity during anhritis in TTg mice. TTg
mice wene sacrificed at the age of T =461, 12{r=3), 17 (n=4), or 24 wk
{m=5). COCD25" (Treg) and CD4HCD2E ™ ( Teff) wene izolated from: the
spleens of all mice, CDA*CD2Z5 CFSE-abeled T cells were ooculivred
with (D4°CD25" Treg at mtios of 1:1 and 21 for 96 h, with § pzml
soluble ami-CD3 and mitomycin-reated APCs. Teff prolifermtion was
determined by Aow cypmetry measmement of CFSE dihntion and was
companed with Teff proliferationin the absence of Treg. The percentage of
suppresaon was caleulmed ns describad in Marerials and Mefiady. Reals
am expressed as mean = SEM for cach group.
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At24 and 31 wkolage, the ol leukocyie count in Ivmph nodes
was morkedly decreased in TNF-K- or infliximab-treated mice
Ginfliximab 31 wk 163 > 10° = 25 % 10°{1): TNF-K 31 wk,
17.2 % 10° 2.5 % 10°(1); untreated 31 wk, 67.2 % 10° = 8.9 %
10°; 4 Iip < 005 versus untreated 31 wk). This decrease in total
cell number leads 1w a dininished lyvmph node Tef coumt
(infliximab 31 wk, 5.3 = 10° 0.5 = W0%(1): TNF-K 31 wk,5.4 x
10° + 0.5 3 10°(1): urtreated 31 wh 125 3 10° = 1.2 10% (Dp
< 0.05 versus untreated 31 wk) and Treg count infliiimab 31 wh,
533 10* £ 0.8 2 10°(1); TNFK 31 wk, 5.3 x 10* + 05 x 10°
{1} untreated 31 wk, 16.5 % 10* £ 1.6 % 10*%; (1)p < 0.05 versus
untreated 31 wk) in these wested mce at 31 wk, However, the
percentages of lvmph node Teff and Treg wene higher in the THNF-
K- and infliximab-treated mice than in the untréated mice (Fig.
34, 5B). and these differences were more pronounced ar 31 wk
than at 24 wk. We determined whether the increases in both Tef
and Treg percentages in lymph mudes seen in the TNF-K- or
mfliximab-treated mice moddified the TregTef ratio. The most
imteresting finding was that both of the anti-hTNF-w treatmens
increased the Treo/Tell ratio at 24 wk compamd with antreated
TTg mie (Fig. 5C). However. a decressed Trep/Tell ratio was
observed w 31 wk in anti-TNF-a-trested mice, but pereentages of
Treg ncresse in those mice (Fig 5B) and percentages of Tefl
dramatically increase in anti-TNF-m-treated mice m 31 wk (Fig.
34} Collectively, these datu sugpest that the decreased Treg/Tef
rtice i4 due 10 the more pronounced Tefl percéntage increase and
nol to o decreased Treg frequency. Ovemll, results in the splesn
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were similar (o those i the lvinph nodes for both Treg and Teff
populations (Table IV,

hTNF-r blockade modifies Treg phenotype and enfiances Treg
Suppresive activiny
Because the improvement in arthritis produced by h'TNF-a
hlockade was accompanied by an increade in Treg percentages, we
investippted whether h'TNF-o blockade also modified the Treg
phenotype. As shown in Fig. 64, TNFR2 expression (percentage
and MFIpat 24 whk was higher in mice treated with infliximab or
THF-K comparad with untrested mice. CTLA-4 expression (per-
centige and MFI} on Treg from the Tymph nodes and splesn was
ulsy higher in 24- and 31-wk-old mice after both anti-hTNF-ce
treatments compared with untreated mice (Fig. 68, Table Vi In-
terestingly, the percentige of CD62LT cells within the Treg
populstion was significantly increased in 31-wk-old mice treated
with infliximab or TNF-K (Fig. 6€). Moreover, CD62L"™ Treg
frequency among CDE2LY Treg increased in infli imab and TNF-
K-treated mice at 31 wk in the lymph node (Fig. 60}, Taken
together, our mesulty show that WTNF-a blockisde by passive
(infliximab) or active (TNF-K} immunotherapy induced CTLA-4
uprégulation on Tregs and. most imporiantly, expansion of
CD62L" Treg.

Because the improvement in estublished arthritis by h'TNF-n
blockade was sccompanied by modifications in the Treg pheno-
type and an increase in the Treg/Tef mtio in 24-wh-old mice, we

[l

SR - e

Wrtreabid Iefkaimab Wr
P T T TR T T

TRP-E

Ushused Whairas THFRR Wi
Miveabs. minks 10 mice 31 ik

FIGURES, Effect of hTNF-u blodkade on Teff and Threg peroentages in lymph nodes. Three growps of mice were used; TTy mice immumized with THE
Ko b5, 16, and 19wk of age {n =207, TTg mice treated with infiximab (#= 16); and untrestod mice (n =20), Half the mice in each group were sacrificed
at 24 wk of age and the ofer half a1 3] wkofage. TTg mice are the same as in Table L Wild-type mice (WT) used as controls were sacrificed at 24 {n =)
and 31 {5 = 6) wk of age. Lymph node leukocytes were stnined with Avorochrome-conjugated anti-CD4, anti-(T25, and anti-Foxp 3. As in Fg. 24, CI4*
Foup3™ and CD4'CD2 5 Foxp3* cells were monitored in lymph nodes using Aow cytometry. A, Histograms sre shown for one representative mouse in sach
group and the rmbers are the percentages of Teff among lymph node leukocytes reponted as mean = SEM for each group. B, Dot plots are shown for ome
mepresemative mouse in cach group and the numbers are the porcentages of Treg among lymph node leukocy tes reponted & mean = SEM for each group. C,
% Tregi% Teff ratios ane given as means = SEM for each group: (1) p << 0.05 verses WT 24 whk, untreated 24 wk, and TNE K 24 wk; (2) p << (1L.05 versus
WT 31 wk and untreated 31 wk; (3) p < 003 versus untreated 31 wk; (4) p < 0.05 versus infliximab 24 wk and WT 24 wk; (5) p < (05 versus infiximab
24 wk, unireated 24 wk, and WT 24 wk (6) p < (005 versus infliximab 31 wk, TNEK 31 wk, and WT 31 wig (7) p < 005 versus TNF-K 31 wk and

mfliximab 31 wh
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8 REGULATORY T CELLS IN A TNF-a—DEPENDENT DISEASE

Table IV, Effect of hTNFo blockade on splenic Teff and Treg frequencies

L) % Teff & Treg % Treg/% Tell Ratio
4 wk Wild-type 15.07 = Lo 1.83 = 05t 0,122 = 0.006
Untreated 15.99 = 0.55 141 = 04 0.091 = Q.00
Infliximab 198 £ 1270 241 0.3 0124 = 0.012
THNF-K 1864 = 1.26 2.0 + 0101 Q111 = 0.008

3] wk Wild-type 1417 = 1,15 156 = 09 0110 + Q.07
Unireated 1643 = 068 200 = 006 0.129 = 0.0
Infiix imah 1692 + 1.07 168§ + .20 0,118 = 0000

TNFK 1780 = 0,95 180 = 010" 0107 = 0005

Splenic monomclesr cells from the noice wied in Fig: | were smined with fluorochnome-conjugated ans-C08, anti-{CD25.
and anti-Foxpl. Splenic Tell (CO4 Foxp cells) and Treg (CO4CO25 " Finpd ™ celb § were mom teved wsing flow odmmery.
Percentapes of Tell and Treg among splentcyies and the % Treg™% Tell rati ane given &5 means = SEM.

(1 p < 5 versos mibixinab 24 wk TTg, (2) p < 005 versas 28 wi TTg, (3 p < (L5 vessus nminesied 31 wk THg.

characterized the bological suppressive activity of Treg on Telf
after hTNF-o blockade. We found that Treg from 24-wh-old mice
wreated with nfiimab or TNF-K induced greater suppression of

Tef prodiferation than did Treg from untremted mice (Fig. 78, 7CL
whereas no difference was seen for suppression of IFN-y secretion
(data not shown).
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FIGURE 6. Effect of hTNF-a blockade on Treg phenoty pe in lymph podes. Lymph node leukocytes from the mice used in Table T were labeled with
fluoroch rome-conjugated anti-CD25, and-CDd, mti-Foep3, and anti-THFRZ or anti-CTLA-4 or anti-CDG2L. Then, TNFRZ, CTLA-, and CIDGIL ex-
pression was studied by patad CDACD25 Foupd* cells vsing Aow cytometry. A, Dot plots are shown for ane representative mowse in each group snd the
mmbers are the percentages of Treg expressing TNFR2 and the MF of TNFR2 on TNFRIZ* Treg, both given as means = SEM for each group. B, Dot plots
ame shown for one epresentative mose in cach growp and the sumbers are the percemtages of Treg expressing CTLA -4 and MFI of CTLA-4 on CTLA-G™
Treg. both given as means = SEM for each group. A histogram from a representative mouse in each group is shown: the shaded histo gram epresenis the
untreated 31-wk-ald group, the gray line the TNF-E—reated 3 1-wk-okd group, and the black dotted line the infliximab-reated 31 -wk-old group. ©, Dot
plots mre shown fior one represenmtive mouse in each group and the mombers indicae the percentage of Treg expressing CDG2 L and the MFE of CDG2L on
CD¥2L" Treg. both given as means = SEM for each gmap. A histogram from o representative mowse in each group is shown: the shaded histogram
represents the mnireated 31-wk-old gmoup, the gy line the TNF-K-weated 31-wk-old group, and the black dotted line the infiiximab-reated 3 [-wk-old
group. {11 p <= 005 versus untreated 24 wk, (2) p < 005 versus infliximab 24wk, (3) p < (L05 versus untreated 31 wk, D, Frequency of Treg CDM*CD25*
Foopd* CD62L 5 among COACH2 5 Foxp?* CDGIL* cells. Data am expressed as mean + SEM for each group.
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Tahle V. Effact of hTHNF-« blockade on splenic Treg phenotype

TNFR2 CTLA CIxL
Cinoup = RAFT & BAFL ke RAFT
24 wk Unimested 7484 =290 3042 117 8208 = 1.93 56 =148 TAER = 122 7095 = 379
Infiiximah 8125 = 1217 3358 = 0.96™ 9705 = 046" WeS2 =444 B84 = 235 10466 = 2757
TNE-K 6697 = 2900 2047 = § oV B9 = 2RI 730 + 71508 7401 + 273 5549 + 659
il wk Unmeated RBO7E8 > LB 350611 9165 £ 0.74 E090 * 2.03 TL40 = 004 6430 * 175
I fiximab B6.05 = 112 4235 1767 9530 = 0.9™ 97T T A6TT 6564 =623 550 BED
TNFK  $291 £ 075 4031+ 158 9404 = 036" §836 = 237% 7370+ 112 TRad + 353

THNFRZ. CTLA-4, and CDE21. egpressioen by geed 08 CO2S Faxpd Fom the spleon was fuelied asimg Sow cyinmesry. The smice are the sante =6 in

Fig- | Peroenizge of Treg exmessing THNFR2, TNFR2 MF] among THNFR2® Treg, percemage of Treg expressng CTLA -4, CTLA-4 MF] among CTLA-4
Treg, percenmgs of Treg expressing CDA2 L, snd CDG. MFT ameong COG2L" Treg are miven 25 means = SEM.
1) e D05 verim infBximeh 24wk TTe (25 p o< 0005 verss umirested 24 wk TTe, (3) p o« (L5 versax umiresssd 31 wi TTg.

WTNF-o Blockade infliences Thi cedls but not ThiT cells

RA g characlerized not only by a Treg deficiency bul also by an
imbalanes hetwaen proinflemmatory Thi and ThI7 calls (25) To
deterrmine whether h'TN Fone Blockads seted via a rechanism in-
volving Thl or Thi7 cells, we montored the proportions of these
cells in the lymph nodss and splesn. No modification was ob-
served o Th7 (Fie 8D} bt we found o decresse in the per-
centage of Thl cells gmong CD4* cells from Ivmph nodes o
31 wk of ape in TNF-K-reped (nonsignificant } and infliximab-
trested mice compared with untrested mice (Fig. 8C). To further

investigale the inwolvement of Thi cells in the effects of TNF-a
antagom st therapy in TTg mice, we alio pssessed INFoy pro-
duction. Caltured Tefl cells Fom TNF-K- or infliximuab-ireated
24-wh-old mice produced less IFM-y than did those from un-
treated mice (Fig. RE).

Discussion

A link sxists hetwesn TNF-o and Treg, but s natiame rémains
contmoversial and has besn chiefy Sludied in vito. In the curment
study. we wsed WTNF-o transgenic mice to charsclense the Treg/

A Teff (CO4° D25 Teelf (CO4° COREY) + Treg |CO4* CD25Y)
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FIGURE 7. Effedt of hTNF-u hlockade on Treg suppressive activity,. TT g mice imommized with TRF-E at 15 16, or 19 wk of age (r = &), TTe mice
wreated with infiximab (n = 5), and untreated mice (n'= 5) were nsed. CO4CD2S" {Treg) and CD4*CD25 {Teff) were isclated from the spleen of all miee
ai week 24, CD4CD25 " CFSE-labeled T celk wene coculiured with CTM*CD25" Treg at miios of 1:1and 2:1 for 96 h, with 5 pg/ml solehle anti-C03 and
mitomycin-ieaied APCs. A, Representative dot plot showing Teff proliferation among CD4'CFSE" cells was determined by measuring CFSE dilution
wsimg flow eytometry and was compared with Teff prolifemtion in the presence of Treg. The percentage of suppression was caleulaied as described in
Materials and Mathods, B, Resalts are expressed as mean + SEM for each group. C, Proliferation profiles of CDA'CFSE” Toff cultured in the presence of
Treg at 1:1 mtio {(hlack line) or in the shsence of Treg (gray line) am shown for ane mpeseniative mouse im each grou.
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10 REGULATORY T CELLS IN A TNF-a-DEFENDENT DISEASE
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FIGURE . Effact of hTNF-& blacksdes on Thl and Thi7 eall. TTg mics immumized with TNEE at U5, 16 or 19wk of age i = M), TTr mise treated
with infliximeath {n = | &), and unireated mice {n = M) were used. Half the mice in each group were sacrificed at 2 wk of age and the other half 8t 31 wk of
age. Mice am the samee 52 in Tahble: I. Lymph node eukocyptes weme labeled with Seorochrome-conjogated anti-CD38, anti—TT- 17, and anti-FFN-+ Abs. Thl
amd Thi7, diefined as (DA TFNy (A) and CD4 TL- 17 | B) cells, respectively, were momitored in the I}'mph nodes using Aow cytometry. Fencentages of Thi
{€) ar ThiT () cclls among CEM™ oclls in Lymph nodes are shown, Results are given as means = SEM for cach gmoup. E, IFN-y secoction by Teff from

splean . Besults are given o= means = SEM for each growp.

TNF-a link in vivie TT g mice constitute & relevant model of se-
vere RA und, moreover, o suitable system for studying the effecls
of humman THF-o nnl.l.ngl'.ni_-'il_-% L|"|.<..[u|.|J.ﬂJ__\r williimab ood new fgenls
such as active imnunotherapy 0 hTNFa« (4, 6) that are being
tested in clinical trials (NCTOOS0E262 and NCTOLO40715). A
mujor finding from our study 19 that in vivo in animals exhibiting
i ]:l'u'mﬂurruﬂuurr‘y simle charscterized l'n.l hTHNF- m't:rc:mp:r&‘.ﬂiun.,
Treg frequency is imtally decreased compared with wilddype
mice. Then, chronie inflammation development i sooompanisd
by an increased fraquency and a phenotype modification of Treg.
In 'TTE o, hTHNF-o blockade b}' the conventiomal TNF-o an-
tagonist nfiximab or by unt-hTNF-a inmmuonization improved
the chinical munifestations of arthrtis snd indueed modificati on in
the amount and sctivation phenotype of Treg and more impar-
tantly, enhanced (heir biokogical Suppressi ve activity on Tefll pro-
T feerutiom.

Overexpression of hTNF-a in TTg mice creates a proinflam-
matory snvimmment that kads mainly w0 severs joint inflanma-
tion and destruction, 'We found that in TTg mice, although Trag
prercentiages wete t.'ll']_‘i'll!ﬂtrﬁl:-' lower than in wﬂ.al-lypc e, ﬂ'I:"\.' in-
creased slightly over time, In keeping with this finding, admini-
stration of TNF-m 0 voung adult NOD mice increased the number
of CIM'CD25" Treg in the spleen and thymus (36}, In the RA
synoviam, mosl Sudies showed incrased Treg counts. However,
Treg counts in peripheril blood varied meross s wdies |14, 27-30).
These discrepancies cin probably be ascribed 1o differences 1 RA
putient selection and in the definition of Tregs, which hinder
comparisons of resulls scross studies, Iniemstingly, in patients
with RA. a smaller percentage of Treg in peripheral Blood was

found compared with heslthy controls only in 2 patient subgroup
willl early sclive RA (31).

Presvions studies produced conflicting results raganding the effect
of TNF-a on Treg phenotype and function in vitro and in vivo.
In RA, TNF-ix had oo divesct effect on Treg moone study (14, but
in another sudy TNF-o inhibited the Trep suppresive sffect
Vil uTH‘FRE-d.cp-cmbli mechunism Iﬁading o ilcm'mtp, ulatian of
Fuoxp3 expression ( 19), Futhermom, in mice, TNF-o. interect on
with TMFRZ promaoted Treg expansion and enhenced Trepg func-
ton (). Besides ihat. Treg are able to shed TNFR2 resuliing in
THNF-o inbilstion (32). More rux:ril}'_ TNFR2* Tmr‘ froam human
periphersl blood were found © exhibil & stronger suppre ssive
effect than TNFR2™ Trep, sugpesting thut CD25 and TNFR2 co-
expression might identify a Treg populaton charscterzed by
greater potency compared with the CD4"CD25™" Tryg pop-
ulation (21), In our stody, arthrits development was accompuaniad
by progressive and madeed TNFR2 upregulation on Treg, We can
hypothesize that this increased sxpression lewds 1o TNFR2 shed-
ding by Tmeg (32) leading to TNF-n neutralization, bat insuffi-
aently o mhibit inflammation. Nevertheless, Treg suppre ssive
activity showed no change during the course of arthritis in TTg
mice. Taken lopether, these day indicse that WTNFoo over-
expression does not diminish the suppresave effect of Treg,

This study confirms our previous work showing that irmmumni-
ation agrinst THF-n is e ffective in ireating established chronic
mitamneatory disease i TTg mice (4, 6). and hTNF-a blockade
with inflixinate or anti-TNF-o immunotherupy increased the fre-
queney of Treg, In agrement with this finding. & study in RA
patients showed that the percentage of CD4'CD25" T cells in
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penphera] Hoad was higher in responders 1o anti-TMF-xe therupy
than in patients with sctive RA (14). Moreower. the proportion of
D4 Foxp3' cells among PEMC was increased in patients treated
with inflixtmab ( 18). Regulation of the Treg/Teff balunce s crucial
o the control of immumity. and in our study hTNF-o blockade
increased the Treg/Teff ratio in 24-wk-0ld mice. Furthermore,
hTNF- blockade had hvtle effect on Thi7 cells. whereas another
study showed expansion of pathogenic Thl7 cells in the lvmph
mles and inhibited scoumulation of these cells in the symovium
(33). We found smaller proportions of Thl cells amoeng CD4°
Teells, sugpesting thid Treg might not hive baen the only T cell
subpopulation invelved in the efect of TNF-u blockade. Tmpor-
tartly, in sddition to Foxp3 Teeg, other types of Treg can be in-
duced from muive CD4" T cells in the periphery, such as TGF-
f— and IL-10-producing Tel ells and TGF-B—produting Th3
cells, These various Treg types pivvhably cooperate 1o régulate the
IMUTIINE Fespomse.

Tt is now well established tha two distinet popalations of Treg
coexist, that s, miral Treg (CD44YYCDA2LMHCDI03 ™) gen-
erated early in life in the thymus, and induced Treg (CD44%%
D62L"CD 103" developing from CD4"CD25 ™ Foxpd ™ cells in
a TGFP-dependent manner (34) CDO2L" Treg do nol express
chemaokine receptors or homing molecules o nflammaory sies
and probably play a major role in inhibiting the sclivation and
proliferation of nuive T cells in secondary Lymphoid organs. On
the other hand, CD62ZL™ Trep can express different Hgands for
inflammatory selecting (E- and P-selectind and chemaohi ne recep-
tors (CCR2, CCR4. and CXCR3) (35, which allows them
migrate o sit=s of inflammation. We found an increased frequency
of CDE2L™ and of CDE2L™ Tregs in infliximab- and TNF-K-
trested TT g e, Consistent with thas resull, infhoamab thesapy in
patients with RA gives mse o a Treg popalation that dees nol
express U620 (18). Thase cells exhibited a stronger suppres sive
effect than did CO62L" Treg. However, this study showed that
CD62L" Treg remuined defective in RA patients afier TNF-o
antagonist therapy (18], Itis therefore difficult 10 conclode that, in
healthy patients, CD62L T Treg are more or less suppressive than
their CI62L" counterparts. Taken together, these findings indicate
that the differential regulmtory capacities of the CDB2L" and
(D62 subsets reflect differences in homing properties, rather
than differences in suppressive capacily per s

Anvther finding from our study @5 that hTNF-o blockads up-
regulated CTLA-4 expression by Treg in the lvmph nodes. CTLA-
4 participates in the suppressive activity of Treg since its blockadse
abaoyzated the suppressor functaon of Treg in mice (36) and in RA
CTLA-£ deficiencies are associabed with aboormal Treg function
(371 Inportantly, Treg phenotype modifications are aocompinisd
by meresse ablity of Treg to suppie s Tell proliferaton n
mice treatesd with nfliximab or TNF-K

Owerull. the resulis of our study support 2 link between TNFo
and Treg. They suggest that TNF- may induce an iniviall defect in
Treg. promating the development of the inflammastory process that
leads w0 arthritis. When chronic inflammation is estublished, Treg
fil o ootrol the harmiul infemmatory response. Effects of
HTNF-e blockade include an increase in the Treg population,
stronger CTLAA expresgion. enhanced suppressive capacity, and
differentiation of @ CD62L™ Treg population tha is likely more
able w0 migrate to the infamed jonts and o exert regulatory
elfects, Funhermors, our results show that TRNF-K therapeutic
wctiom is secompanicd by Treg modiBeations, similar 0 inflix-
imah, Importantly, our resalts inoan in vivo model of & strictly
W NF-p—depandent inflammatory context establishad that TNF-o
con have diferent effects on Treep depending on the durtion of
exposum and disense siate.
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Article 4

Protection from articular damage by passive or actie anti-TNFa immunotherapy in human-
TNFa transgenic mice depends on anti-TNé antibody levels
Luca Semerano, Jérbme Biton, Laure Delavallée li€miuvallet, Eric Assier, Natacha Bessis,

Emilie Bernier, Olivier Dhellin, Géraldine Grouaxbgel and Marie-Christophe Boissier

Clinical and Experimental Immunology. 2013 Apr;17P%4-62.

It has been consistently shown in literature thatigh serum levels of anti-TNF monoclonal Abs
are a major determinant of treatment efficacy, sthibctors associated with reduced anti-TNF
concentration (e.g. anti-drug antibodies, ADA) associated with less (or absent) clinical response.
In the present work we wanted to establish whethethe same way, the titers of polyclonal anti-
TNF Abs induced by TNF-K immunization are predistof treatment efficacy.

In all the previous experiments on TTG mice withFK we could show that after the primo
injection a time lap of 4-5 weeks passed until elyical effect on arthritis could be detected. ghi
latency of action depends on the time necessasgnsitized B-cells to produce sufficient levels of
anti-TNF Abs. For this reason, we wondered whether co-administation of a short course of
infliximab to TNF-K immunized mice would result garlier TNF-blockade and higher long-term

protection from articular damage.

To answer these questions we treated TTG miceami¢hof the following:
1) TNF-K (1 injections at week 0, 1 and 5),
2) Infliximab (1 weekly injection from week O to weéb, the end of the experiment
3) Co-administration of TNF-K (1 injections at week D and 5), and a short course of

infliximab (1 weekly injection from week 0 to weék
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The two control groups received:
1) PBS on the same schedule as TNF-K administrafibis was the negative control.
2) A short course of infliximab (1 weekly injectidnrom week O to week 5). This was the

control group for the co-administration arm

We could show that the co-administration strategialy resulted in significantly more rapid
clinical effect vs. solely TNF-K immunization. Nateeless, we found that the co-administration
arm had higher histological inflammation and degtan vs. TNF-K and infliximab monotherapy.
Interestingly, the co-administration group had gigantly lower titers of anti-TNF polyclonal Abs
vs. TNF-K group.

In fact, in all TNF-K treated mice (both TNF-K artde co-administration group) a good and
significant inverse correlation existed between-&hF Ab titers and histological scores (i.e. mice
with high anti-TNF Abs titers had low or absent@rar inflammation and destruction). Likewise,
there was an inverse correlation between troudiximiab serum levels and histological scores in
infliximab-treated mice.

We therefore hypothesized that the reason for tbesevoutcome in the co-administration group
could be lower efficiency of TNF-K immunization atducing anti-TNF Abs. When all TNF-K
treated mice were analyzed, not on the basis aféaément group, but based on anti-TNF Ab titers
we could show that mice with high anti-TNFAD titénad significantly less inflammation and
destruction vs. those with low titers.

Thus, we speculated that the reason for the wdfs@eacy of TNF-K immunization in the co-
administration group could be that infliximab woudohd to molecules of hTNFon TNF-K. This
binding would both prevent B-cells sensitization DMF-K and accelerate clearance of immune
complexes between infliximab and TNF-K.

We could indirectly support these hypotheses bgtshHowing that infliximab efficiently binds to

TNF-K in vitro and by showing that the co-administration group tadetectable serum levels of
130



infliximab vs. its own control group that had reas infliximab on the same schedule (i.e. rapid
elimination of immune complexes between infliximatd TNF-K in the co-administration group).

In summary, we showed that, just as shown in liteeafor anti-TNF monoclonal Abs, the titers of
polyclonal anti-TNF Abs induced by TNF-K are deteramts of treatment efficacy. Factors
reducing anti-TNF Abs titers, like infliximab co-adhistration, reduce TNF-K efficacy and result

in higher articular inflammation and destruction.
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Introduction

Summary

Active anti-turnour necrosis factor (TNF)-of immunization with the kinoid
of TNF-ox (TNF-K) induces polyclonal anti-TNFax antibodies and amelio-
rates arthritis in human TNF-ot (hTNF-x) transgenic mice {TTg). We com-
pared the efficacy of TNF-K to that of infliximab (IFX) and of TNF-K and
IFX co-administration, and ewaluated whether the titres of anti-hTNF-ot
antibodies induced by immunization were a determinant of TNF-K efficacy.
Forty-eight TTg mice received one of the following treatments: TNF-K
immunization (TNF-K group)s weekly IFX throughout the study duration
(IFXwi0—15); TNF-K plus weekly IFX for 4 weeles (TNE-K + [FX); and weelkly
IFX for 4 weeks (IFXwi(—4); PBS. Animals were killed at week 16. Anti-
hTNF-o antibody titres and clinical and histological scores were compared.
All TNE-K immunized mice (TWF-K and TNF-K+IFX) produced anti-
hTNF-o antibodies. Titres were higher in TNF-K versus TNF-K 4+ 1FX
(P<0001) and correlated inversely with histological inflammation
(R=—0-78; P=0-0001) and destruction {R=-0-67; P=0-001). TNF-K +1FX
had higher histological inflammation and destruction wversus TNF-K
(P<005). A receiver operating characteristic (ROC) analysis of anti-
hTNF-o antibody titres identified the criterion cut-off value to discriminate
most effectively between the TNF-K and TNF-K + [FX groups. Mice with
high versus low titres had less histological inflaimmation and destruction
(P < 0:05), In a model of TNF-a-dependent arthritis, protection from articu-
lar damage by TNF-K correlates with the titres of induced anti-h TNF-of anti-
bodies. The co-administration of TNF-K and a short course of infliximab
does not result in less articular damage versus solely TNF-K, due probably to
lower anti-hTINFt antibody production. These results are relevant for
future development of active anti-TNF-& immunization in human disease,

Keywords: experimental arthritis, infliximab, rheomatoid arthritis, TNF-0
transgenic mouse, tumour necrosis factor-alpha

status comparable to that of the general population [5.6].
Primary or secondary therapeuatic failures on anti-TNF-(

The advent of tamour necrosis factor {TNF)-(X-targeting
drugs (anti-TWF-) have changed the perspectives of rheu-
matoid arthritis { RA) treatment dramatically over the last
decade, giving unprecedentad results in terms of disease
control and structural damage prevention [1]. Nevertheless,
only 25-50% of amb-TNF-0-treated patients achieved
remission in controlled clinical trials [2,3], and even lower
remission rates are described in everyday practice [4]. An
approximately similar proportion reaches a functional

drugs are not infrequent [7], and there s increasing evi-
dence that the induction of anti-drog antibodies could be a
major contributory factor to insufficient response to this
class of therapeutics, at least in the case of anti-TNF-u
monoclonal antibodies [8-11]. These drawbacks of current
anti-TWF-[ treatments confirm that there is room for alter-
native ways to target this key preinflammatory cytokine.
Among these, active immunization against TMF-0r with
TNF-tt kinoid {TNF-K) is promising [12,13]. The chemi-

54 © 2012 Britishs Saciety for immunctogy, Clinical and Experimental immunoiogy, 172z 54-62



cally inactivated human TNF-&x (hTNF-a) is coupled to a
carrier protein (the keyhole limpet haemocyanine, KLH).
This compound is capable of breaking B cell tolerance to
hTNF-et, thereby inducing the production of polyclonal,
neutralizing anti-hTMF-@X antibodies and avoiding the risk
of anti-drug antibody induction [12]. Importantly, TNEF-K
does not sensitize T cells to native hTNF-tZ. In the absence
of specific T cell help, the rupture of B cells tolerance is
transitory, and within 12-20 weeks there is a greater than
5006 decline in anti-hTWE-0 antibody titres [14-16]. Our
pronp developed the proof of concept of TMFE-K applicabil-
ity in RA using the hTNF-¢t model transgenic mouse (TTg)
[17.18]. TTg mice develop an hTNF-0-dependent spomta-
neous arthritis and are therefore the pertinent model to
study a TNF-U-targeting strategy. We ware able to demon-
strate the dramatic efficacy of TNF-K in TTg arthritis, with
immunired mice showing mild clinical arthritis scores and
prevention of histological joint inflammation and destruc-
tion compared to control mice [14-16].

Based on the proof of concept established im this model
and other preclinical and clinical studies, TNF-K entered
climical development for RA and a Phase Ma clinical
trial is now terminated (Clinical trials.org identifier:
NCTO1040715) In all the experiments TWF-K showed a
slower onset of dinical effect com pared with a monodonal
anti-TNF-0 antibody [infliimab (1EX)]. This latency
results from. the time necessary for antibody production by
sensitized B cells. Conversely, two or three TNF-K immuni-
zations over 4 weeks resufted in a lomger-lasting clinical
effect versus IFX given weekly for the same pericd [15,16].

The aims of the present study in TTg mice were: (i) to
compare the efficacy of TNF-K to that of lomg-term TFX
treatment and of the co-administration of TNF-K and IFX;
and (i} to determine whether the levels of ant-hTNF-a
antibodies induced by TNF-K are correlated with articalar
damage and may therefore represent a progmostic factor for
immunized mice.

Materials and methods

Mice

Forty-eight male hTMNF-x hemirygous TTg, 48 weeks old,
were purchased from Taconic Farms (Germantown, NY,
USA). They were divided into four groups of 10 mice and
one gronp of eight mice, and identified according to the
study protocol described below. These mice develop a spon-
taneous arthritis between 8 and 10 weeks of age [17,18].
They were weizhed and monitored for evidence of arthritis
in the four paws throughout the duration of the experi-
ment, and killed at week 16 after arthritis onset. All proce-
dures were approved by the Animal Care and Use
Committee of the University of Paris 13 (ethical approval
1Dk Ce5/2010/036).
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Fig. 1. Study protocol and arthritis scores. All treatments wete started
at weck 0 (black arrow ). The tumour necrosis factor--kinoid
{THF-K) group (orange diamonds) received three immunizations
with TME-K at weeks 0, | and 4 of the experiment. The
phosphate-buffered saline (PBS) control group (pink squares) received
three injections of PBS at weeks 0, 1 and 4. The inflicimab

{IFX w15 groap (purple triangles) received weekdy injections of TFX
from weeks. f to 15. Thie association group TME-K + TFX {green
dircles) received three immunizations with TWEF-K at weoks 0, 1 and 4
and weekly injections of IFX from weeks @ o 4. The 1FXwi— groop
{bhae squares! received weekly injections of IFX from weeks 0 te 4.
The clinical score curves repart the mean = standard error of the
mean of the climical scores for each growp at each observation.

Reagents

We obtained hTNF-@ kinoid (TNF-K), a protein complex
of hTNF-0 and KLH, from Meovacs SA (Paris, France),
as described previously [14,15]. Dulbecco’s phosphate-
buffered saline (PBS) was purchased from Furobio (Les
Ulis, France), ISA-5] adjuvant from Seppic (Paris. France)
and IFX (Remicade®) from Schering-Plough (Levallois-
Perret, France).

Study protocol

The study protocol is presented in Fig. 1. Week 0 is defined
as the week when treatments were started. The treatment
groups were: {i) immunizabon with TNF-K (TNF-K
group), 10 mice; (ii) PBS as negative control (PBS group),
10 mice; {iii) weekly IFX throughout the experiment dura-
tion, from weaks 0 to 15 (IFXw0-15 group), 10 mice: (iv)
immunization with TNF-X plus weekly [FX from weels 0 to
4 (TNF-K +IFX group), 10 mice; and {v) weekly IFX from
weeks 0 to 4 (IFXw0—4 group), eight mice.

THNF-K administration

Animals were injected intramuscularly with 10 lg TNF-K
in a I:1 emulsion with 1SA-51 (100 jUl} at weeks 0, 1 and 4 of
the study.
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PBS administration

Animals ware injected intramuscularly with 100 @l of PBES
in:a 1:1 emulsion with 1SA-51 (100 pl) at weeks 0, 1 and 4 of
the stady.

1FX administration

Animals were injected with 1FX intraperitomeally, 10 mg/kg
weekly, from weeks 0 to 15 or from weeks 0 to 4, according
tow the treatment schedule.

Blood samples

Blood samples were collected before the first treatment
injection {week 0), then at weeks 5, 14 and at killing {week
16) for anti-hTNF-@ and anti-KLH antibody titrations, TFX
titrations and hTNF-0 neutralizing capacity. Blood collec-
tion for each treatment gromp was performed just before
treatment administration.

Clinical arthritis assessment

Weekly clinical assessment of arthritis was started from the
receipt of the animals. Evahzations were carried out by an
assessor unaware of assignment to treatment groups. Clini-
cal severity of arthritis for each paw (fingers, tarsus and
ankle) was quantified on 4 score ranging from 0 {normal) to
3 (severe inflammation with deformation) [16]. The score
of each paw was summed, resulting in an overall arthritis
score ranging from O to 12. The presented dinical score
curves (Fig. 1) are based on mean arthritis score = standard
error of the mean (s.e.m.) at each clinical observation for
each treatment group.

Histological arthritis assessment

All animals were killed at week 16. Right forelimbs and left
hind limbs were collected, fixed, decalcified, dehwdrated
and set in paraffin blocks. Shides of 5um thickness were
obtained. At least four serial sections were realized for each
paw in order to obtain a reliable spatial evaluatiom of
articular sanuples. Slides were stained with either haemna-
toxylin and eosin or safranin-O before microscopic
observation (optical microscope). Synowitis  (articular
inflammation) and bone erosions (articular destruction)
were defined on hasmatoxylin and eosin-stained slides.
Lesions were evaluated quantitatively on each slide using a
three-point scale ranging from 0 to 3, where 0= normal
articulation; 1=slight inflammation and thickening of the
synovium; 2=mild thickening of the synovium and mild
inflammation with invasion of the sabsynovial area by
inflimmatory cells; and 3 =severe inflammation and
meassive invasion of adjacent tissues by pannus [19]. Other
sections were scored for loss of safranin-O staining as a
meastre of cartilage proteoglycan depletion, using a scale

from 0 to 3 where 0 =no depletion; 1= depletion of stain-
img and thinning down of the lateral superficial layers
2 =depletion of staining and thinning down of the central
superficial layer; and 3 = severe and mostly complete deple-
tion of staining in the superficial layer [19].

Antibody assays

Sera were obtained and tested for individuwal anti-TNF-x
amtibody titres and IFX trough levels from blood samples
collected at different time-points during the experiment
(weeks 0, 5 and 14) and at killing (week 16). Pooled sera
from each group were tested for anti-KLH antibody titres
and hTWF-0¢ neutralizing capacity. Specific mouse anti-
hTNF-x and anti-KIH antibody titres were determined
using a direct enzyme-linked immunosorbent assay
(ELISA). Precoated ELISA plates with 100 ng per well of
hTNE-t or KLH were incubated with serial dilutions of
sera collected from all groups. Specific immunoglobulin
(Ig)G was detected by wsing horseradish peroxidase-
conjugated (HRP) rabbit amti-mouse 1gG (Zymed Labora-
tories Inc., now part of Invitrogen Corporation, Carlsbad,
CA, USA ). To each well, substrate solution was added (Fast
OPD; Sigma, St Louis, MO, USA), then the reaction was
stopped with H;50,. The optical density (OD} was read at
490 nm. TFX titration was similar to mouse anti-hTNF-x
titration except that we used HRP-conjugated mouse anti-
human IgGl (Zymed) instead of HRP-conjugated rabbit
anti-mowse 1pG. It is worth noting that HRP rabbit anti-
mouse 1gG does not cross-react with IFX

The neutralizing capacity of anti-hTNF-ot antibodies was
assessed by 1929 cytotoxicity assay, as described elsewhere
[14]. Briefl; mouse fibroblast L929 cell fine (CCL1}
{American Type Culture Collection, Manassas, VA, USA})
was cultured in Dulbecco’s modified Eagle™s medium con-
taining 10% fetal callf serum. The cells were seeded in flal-
bottomed 96-well plates at 2-10° cells per well. After 18 h of
imcubation at 37°C, serial dilution of serum with 2-5 ng/ml
hTNF-tt dose was added on L1929 cells with 1 pg/ml of
actinomycin . After 18k of incubation at 37°C, [3-(4,
S-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-{4-
salphophenyl)-2H-tetrazolium,  inner  salt]/phenazine
methosul phate (MTS/PMS) was added for 4 h at 37°C. The
OD at 490 nm was tead for each well. The neutralization
titre ‘was expressed as the mean of the reciprocal of the
serum dilution that neutralizes 50% of hTNF-0t activity
(NC50).

Antigenicity test

Binding of IFX to TMF-K was measured by direct antigenic-
ity assay. Briefly, eight serial dilutions of TNF-K or hTNF as
control were coated onto plates in PBS buffer at a starting
dilution of 1000 ng/well. After plate saturation, targeted

hTNE-t epitopes were detected wsing biotinylated IFX
and revealed by streptavidin-HRP (Southern Biotech, Bir-
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mingham, AL, USA). After 6 min of o-phenylenediamine
(OFPD) incubation, absorbance was read at 490 nm.

Statistical analysis

Data distribution was preliminary checked by the
Kolmogorov—Smirnov test. According to data distribution,
values are expressed as mean and standard deviation or
median and interquartile range. Serial measurements of
clinical scores were analysed considering the area under the
curve (AUC] for each mouse as a summary measure; these
measures were then analysed as raw data [20]. According to
data distribution and number of gromps, a parametric
|amalysis of variance {Amowval, i-test] or non-parametric
{ Kruskal-wallis, Mann—Whitney} test was then performed.
Post-hoc comparisons were performed with the appropriate
test according to data distribution (Student-Mewman—
Keuls for parametric data, corrected Mann—Whitney test for
non-parametric data). For individual anti-hTNF-@0 titres
and IFX levels, we calculated both the AUC and the geomet-
ric mean. Both measures were highly correlated (R =091}
however, given the reduced number of blood samples, for
subsequent analysis we chose to rely only on the geometric
mean, which was therefore used as snmmary measure, in a
t-test for comparison of anti-hTHNF- titres for the TNF-K
versus TNE-K+1FX groups and for IFX levels for the
IFXwi-15 versus IFXwi—4 and for TNF-K+1FX versus
IFXwil—4 groups, respectively. Pooled anti-KLH ttres and
anti-TNF-o neutralizing activity values were analysed by
Kruskal-Wallis test with appropriate posi-hoc analysis, His-
tological scores are given as the arithmetic mean of all
articular site scores for each mouse, and were compared
with the Kruskal-Wallis test, with post-her comparison with
the corrected Mann-Whitney test. The criterion value to
discriminate between TNF-K-immunized groups on the
basis of the geometric mean of anti-hTNF-@ antibody titres
was caloulated with receiver operating characteristic (ROC)
curve analysis. Pearson’s correlation was used to correlate
histological scores and the geometric mean of anti-hTNF-O
antibody titres for each TNF-K-treated mouse, and to cor-
relate the histological scores and the geometric mean of
serum levels of IFX for each IFX-treated mouse. All statisti-
cal analyses were performed with MedCalc software version
104 (MedCalc Software bvba, Mariakerke, Belgium).

Results

Effect of TNF-K, IFX and their co-administration
on arthritis

When the mice exhibited an average clinical score of 3
(scoring range from 0 to 12; see Materials and methodsy,
treatment was started for all mice (week 0). We waited antil
each mouse exhibited sign of arthritis in at least one paw
and the mean dinical score for each cage was at least 3

Active versus passive anti-TNF-o

[scoring range from O to 12; see Materials and methods),
them we started treatment for all mice (week 0). As
expected, the PBS control group developed severe arthritis
rapidly over a 15-week period. Conversely, all treatment
groups showed evident amelioration of arthritis versus the
PBS group (Fig.1). We observed a rapid dinical effect
mainly in the IFX-treated groups, while in a subsequent
phase we also observed a clinical amelioration in the TNF-K
group, and an aggravation in the group that received IFX
only during the first 4 weeks (IFXw(—4).

We therefore conducted the dlinical score curve analysis
along three time-periods: throughout the whole duration of
the experiment, for the initial part of the experiment (from
weeks 0 to 7) and for the final part of the experiment (from
week 10 to killing). For the overall experiment duration, the
analysis was aimed to determine whether one treatment
produced lower clindcal scores throughout the study dura-
tion. There was overall significant variability (F< 0001},
with all active treatments showing lower scores compared to
PBS groups {P< 0-05 for all posi-hoc comparisons). Despite
the gualitative impression of a difference between active
treatment groups, with IFXwi— appearing less effective
(Fig. 1}, no significant difference could be detected in terms
of AUC for a particular treatment, due probably to lack of
statistical power. For the initial part of the experiment, the
analysis of the curves from weeks 0 to 7 confirmed the rapid
clinical efficacy of IFX versus TNF-K. The dinical scores of
the PBS and TNF-K group were higher compared to those
of all IFX-treated groups (IFXw(-4, IFXwi15, TNE-
K+ IFX) (P« 0-05), This confirmed that TNF-K treatment
has a slower onset of action compared to IFX, and that the
co-administration of IFX with TNF-K can overcome this
latency. For the final part of the experiment, at week 10 of
the experiment all IFX- and TNF-K-treated groups had
similar climical scores (P =0-8). At killing, the group that
received [FX during the first 4 weeks (IFXw0—) displayed
significantly higher clinical scores versws the IFXwi0-15,
TNF-K +1FX and the TNF-K groups (P < (-05), while no
difference was detectable between IFXwi-15 and both the
THNF-K-treated groups. This confirms the longer-lasting
clinical effect of TWNF-K immunization given three times
from weeks 0 to £ compared to [FX given during the first 4
weeks. The best clinical control of arthritis could be assured
only by long-term: treatment with IFX ( group IFXw0-15) or
by TNF-K immunization (TNF-K and TNF-K+IFX

groups).

Effects of TNF-K, IFX and their co-administration on
histological inflammation and destruction

Histological scores of the different reatment groups at
week 16 are presented in Fig. 2, ordered from the lowest to
the highest. All reatment groups had significantly lower
scores of histological inflammation versus PBS (P < 0-05).
The TNF-K group was the group with the lowest scores and
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Fig. 2. (a,b). Box-and-whisker plot with all data (arithmetic mean of all articalar site scores for each mouse) plotted for each treatment groap of
histobogical inflammation (a) and destruction {b) scores [ haermatoxylin-eosin (HE) staining |, compared for each group. All groups had lower scores
than the phosphate-buffered saling (PBS) control group. The mour necrosis @etor-a-kinoid {TNF-RE) gronp had significantly lower scores versus
the PAS, infliximab (TFX wll— and THWE-K + IFX groups for both inflammation and destroction scores. ¥ P 005 versus PBS; **P < (M5 versus [PBS
and IFXwi—1; *~* P = -03 versus PBS, IFXw0—4 and TNF-E + 1FX, Represeniative cxamples (c—j) of histological section for each reatment group
stained, respectively, with safranin O (c—f} for cartilage—proteoglycan depletion and with haematoxylin and eosin (g—i) for articolar inflammation
and destruction. The THNF-K and the IFXwi-15 groups show good protection from cartilage and protesglycan depletion (c.d) and from histological
inflammation {g.h). The PBS group displays marked cartilage depletion (1) and synowial inflammation and destruction (j). In some mice in' the

TNF-K+ IFX group, mederate cartilage depletion (e} and synovial inflammeation and destraction (i) were detected,

the only one that displayed significantly lower scores versus
the TNF-K + IFX and IFXw(—4 groups (P =003 for both
comparisons) (Fig. 2a). Similarly, all treatment groups had
significantly lower scores of histological destruction versus
PBS (P < (-05), with TNF-K displaying significantly lower
scores versus both the TNF-K + [FX and [FXwi— groups
(P <05} (Fig. 2b). Histological destruction scores with
safranin-O staining showed a similar distribution (not
shown). Representative examiples of histological sections are
shown in Fig. 2cj.

Anti-hTMF-o antibody titres induced by

TNF-K immunization

Because the co-administration of IFX and TNEK (TNE
K +IFX) did not result in lower clinical and histological

scores compared to either treatment alone, we investigated
whether this might be due to lower efficiency of TNF-K
imnmunization at inducing anti-hTHF-o¢ antibodies in this
group. Despite the fact that anti-hTNF-0 antibodies were
detected in all mice, mice in the TNF-K + IFX group had
lower anti-hTNF-@ antibody titres versus those in the
TNF-K. group {P=0405) (Fig. 3a.b). Conversely, the two
groups did not differ in terms of anti-KLH antibody titres
(P=0-7) (analysis conducted on pooled sera for each
group, data not shown). To confirm 2 link between anti-
hTNF-t antibodies and histological damage, we sulbse-
quently investigated whether the anti-hTNF-ix antibody
titres were correlated with histological scores. For this
purpose, the geometric mean of anti-hTNF-4x antibody
titres at three different blood samplings was calculated for
each mouse. We then tested the correlation between the
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Fig. ). Anti-human tumour necrosis factor
[WTNF-0] antibody titres in tamoar necrosis
factor-g-kinoid (TNE-K] (a1 and THF-K +
infliximab (IFX) {b) groups as detected by
enzyme-linked immunosortent assay (ELISA)
The graph shows antibody titres in the three
different blood samples for each monse. The
THNE-E group had higher titres than TRE-K +
IFX (P =041 ). A receiver operating
characteristic {ROC) carve analysis on the
peometric mean of anti-hTNE-2 antibody titres
for each mouse identified the value of £211 as
thee cut-off valoe to discaminate between the
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(b

twn groups {dotted line). Nime mice in the
THNF-K groap and four mice in the TNE-K +
IFX groups had higher anti-hTNE- titres than
the cut-off.

geometric mean of anti-hTNF-00 antibody titres and the
histological scores for each mouse, finding an inverse corre-
lation with all histological scores (Fig. 4). This correlation
was pond and significant for both inflammation [correla-
tion coefficient (R)=—0-7& P=00001] (Fig.4a) and
destruction scores (R =—0-67; P= 0-001} with haematoxylin
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and eosin (Fig. 4b) and moderate and significant for
safranin O destruction scores (R=-(31; P=0-01, not
shown}.

Because anti-hTNF-t antibody titres were correlated
inversely with histological scores of inflammation and
destraction, and as the TNF-K + [FX group had lower anti-
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Fig: 4= (a.b} Tamour necrosis factor-0-kinoid | TNF-K)-treated mice |[TNF-K and THF-K + infliximab (1FX) groops|: correlation (with scatier
diagram and regression line) between the geometric mean of TNE-K-induced anti-hTRF-0x antibody titres and histological inflammation scozes (a},
aned histollogical destruction scores (b) for each individual mowse. {c.d ) IFX-omly treated mice (ITFXwil-15 and [FXwil—8 groups): correlation between
the geometric mean of 1EX trough serumn levels and histological inflasnmation scores (o) and histological destraction scores (d] for each imdividual
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Fig. 5. Box-and-whisker plot with all data farithmetic mean of all articular site scores for each mouse] plotted of histological inflammation (a) and
destmuction (b) scores | haematoxylin-ensin (HE) staining | ateporized on the basis of anti-human tumour necrosis factor (HTHE-@) antibody
production: higher {13 or lower (0) than the cut-off value of ant-hTHE-( antibedy geometric mean that best allows to discriminate between TNF-K
and THRF-K + infliximab {1FX) groups (4211) (see Fig. 4). Mice with higher anti-hTNF-0 antibody titres had both lower inflammation and

destruction scores, *P < 0-05,

hTNF-¢ antibody titres versus TNF-K, we aimed to deter-
mine whether this factor might have accounted for the
higher histological scores of the TNF-K + [FX group. We
performed a ROC curve analysis on the geometric mean of
anti-hTNF-t¢ antibody titres in order to identify the crite-
rion cut-off value to discriminate most clearly between the
THNF-K and TNF-K + IFX groups in terms of antibody pro-
duction. Nine mice in the TNF-K group and four of the
mice im the TNF-K + IFX group had higher antibody titres
tham the cut-off (4211 dil™") (Fig. 3). We then compared the
histological scores for mice hawing higher or lower antibody
titres than the cut-off, and we showed that mice with higher
antibody titres had significantly lower inflammation and
destruction scores (with both haematoxylin and eosin and
safranin O staining) (P < 0-05 for all differences: Fig. 5).

The hTNF-o neutraliring capacity was evaluated by 1929
cytotoxic assay at weeks 5, 14 and 16 on pooled sera from
each group. The pooled sera from the TNF-K group dis-
played higher hTNF-0t neutraliring capacity versus those
from the TNF-K + IFX group (P < 0-05) (not shown). Con-
versely, the TNF-K and IFXw0-15 groups displayed similar
neutralizing capacity.

IFX serum levels and histological scores

As expected, the geometric means of 1FX serum levels were
higher for all mice in the [FXw{-15 group versus all those in
the IFXw0—4 group (P < 0-001). The geometric mean of the
serum levels of IFX showed imverse correlation with histo-
logical inflammation (R =—0-36; P'< 0-05} and destruction
scores with haematoxylin and eosin (R=—0:57; F< 0-03)
(Fig. 4cd), and with saftanin O staining (R =—0-56;
P« 0:05) (not shown ).

Lower efficiency of TNF-K immunization in the
TWF-K + IFX group

We hypothesized that the lower production of ant-hTNF-©t
antibody in the group that received TNF-K and IFX
co-administration might be due to binding of IFX to the
molecules of TNF-0t exposed by the TNF-K. with conse-
quent hindered interaction between TNF-K and B cell
receptors andfor formation of immune complexes between
TMF-K and 1FX, with subseguent higher clearance of both.
To evaluate this hypothesis, we assessed whether TFX would
bind to TMF-K in a direct antigenicity test As shown in
Fig. &, IFX binds to THF-K, which confirms that the mol-
ecules of hTNF-& exposed by the TNF-K keep expressing
the conformational epitope recogmized by IFX, even after
chemical inactivation and coupling to KLH. We also
observed that the serum levels of IFX in the TNF-K + [FX

paim

200 AN 600 800 1000
ng/mi (BCA}

Fig 6. Binding of inflocimab to tomouer necrosis factor-0-kimoid
(TNF-K) (direct antigenicity).
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group at the three blood samplings were always below the
detection threshold, while the IFXwi—4 group, which had
receivad 1FX on the same schedule, had detectable levels of
IFX at day 35 (F'< 0-001 for geometric mean comparison
between the two groups).

Discussion

In this study we show that the histological efficacy of
TNF-K correlated with the titres of anti-hTNF-U antibodies
induced by active anti-hTNF-@@ immumization. The
co-administration of a short course of IFX with TNF-K
overcame the latency in TWNF-K clinical effect, but did not
result in lower histological damage versus either strategy
alone. Both TNF-K and long-term IFX treatments resulted
in comparable clinical control of arthritis and prevention of
histological inflammation and damage. IFX had a more
rapid clinical effect tham TNF-K, but this did not result in
less histological damage at the end of the study (week 16).
In addition, the TNF-K group was the only one to show sig-
nificantly lower histological scores compared to the group
that receiwed IFX ower 4 weeks and versus the group that
received both TINF-K and IFX. In all TNF-K immunized
mice (both TNF-K and TNF-K+ IFX groups), histological
destruction and inflammation scores showed a significantly
good inverse correlation with the titres of ant-hTHF anti-
bodies, amd mice with higher serum levels of anti-BTNF-0U
induced by TNF-K immunization had significantly lower
histological scores, This provides evidence for a dose—
response effect of anti-hTNF antibodies induced by TNF-K,
which explains the efficacy of active immunization. A
similar correlation between [FX serum levels and histollogi-
cal scores was found in IFX -treated mice. It is noticeable
that, in TTg mice, we have demonstrated previously the
importance of anti-hTNF-u antibody generated after
TNF-K immunization, as the transfer of sera from TNF-K
immunized mice to naive mice induced strong protection
from TNF-t-galactosamine-induced shock [14]. The anti-
TNF-o inhibition capacity of sera (with Ki ranging from
5% 10 M to 10" M [14]) was not higher than those of
IFX (K. from 107 to 100" M [21]) or adalimumab (K.
between 5-8 and &7 107" M [22]}, which is reassuring con-
cerning potential excessive THNF-@ inhibition on TNF-K
treatment.

Co-administration of active (TNF-K) and passive (IFX)
anti-h TNE-II immunization overcomes the delay in thera-
peutic activity of TNF-K, but the group that received the
co-administration did not fare better than the groups
receiving either treatment alone with regard to global clini-
cal scores of arthritis. Moreover, this group had higher his-
tological scores versus either treatment alone (with
differences that reached significance versus TNF-K grouph.
This worse histological effect may be due to the fact that in
the TMF-K + IFX group, and specifically in six of 10 mice,
lower levels of and-hTHNF-¢ antibody were detected com-

Active wersus passive ant-TMF-oe

pared to the group that received only TNF-K. When histo-
logical scores were compared after categorization based not
on the group of treatment, but on the titres of anti-hTNF-(x
antibody, the mice with low titres had significantly higher
histological inflammation and destruction versus all other
TNE-K-treated mice (from both TNF-K and THF-K + IFX
groups ).

Thus, the TNF-K +1FX-treated mice were protected at
the beginning of the experiment by IFX administration over
the first 4 weeks while, later on, when the effect of IFX sub-
sided, they had lower protection from anti-hTNF-x anti-
body induced by TNF-K immunization compared to the
TNE-K group. Conversely, anti-KLH antibody titres did not
differ between the two groups, suggesting that the lower
efficacy of immunization is not dependent on the lack of T
cell help. As TNF-K and TFX were administered together, we
can speculate that [FX might have bound some maolacules
of hTNT-0t onto THF-K. This binding conld prevent anti-
TNF-G-specific B cell activation or accelerate dearance of
immune complexes between IFX and TNF-K, or both. To
partially sapport this hypothesis, we demonstrated that [FX
binds efficiently to TNF-K an vitre, and that the process of
chemical imactivation and coupling of hTNF-¢ to KLH does
not alter the epitope recognized by IFX on the hTNF-(x
molecale. Moreover, the mice in the TMF-K + IFX group
had undetectable serum levels of IFX, while in the IFXw{—4
group (which had received IFX on the same schedule) the
drig was detectable. This supports a possible higher elimi-
nation of IFX in the former group, due possibly to the for-
mation of immune complexes between IFX and TNF-K.
The main limit of the study is that the co-administration
strategy was tested with only one anti-TNF-tt agent (IFX).
It would be of interest to test the climical and histological
effect of the co-administration of TNF-K with other anti-
TNF-(t treatments, such as adalimumab, etanercept or cer-
tulizumab pegol. Clinically, it would be important to
determine whether or not the lack of efficacy of the
co-administration is IFX-restricted.

The results of this study bring two important elements
for the future dewelopment of active anti- TNF-it inhibition
in RA. First, the histological efficacy of active immuniza-
tion, comparable to that of a long-term treatment with a
standard anti-TNF-0t drug, depends upen the amount of
induced anti-hTMNF-0t antibodies, Secondly, the association
of a passive (IFX} and active anti-TNF-o treatment allows a
maore rapid dizeaze control compared to TNE-K, but does
not result in less articular damage. The identification of
prognostic factors of therapentic success and the effect of
the co-admimistration of passive and active anti-TNF-ix
immunization are major issues of interest for the further
potential clinical development of TNF-K in human disease.

These resufts were obtained in the TTG mouse, which
develops a spontaneouns erosive polyarthritis dependent
mainly on deregulated constinutive production of hTNF-iw.
As anti-TNWF antibodies generated by TNF-K target hTNF-(x
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and mot murine TNE-(, this model iz the only relevant one
to test the efficacy of an anti-h TNF-(f treatment.
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1 DISCUSSION

This work was centered on the steps of developmieattive anti-humanTNEimmunization with
the TNFa kinoid (TNF-K) necessary, after the proof of copiceo justify kinoid applicability in
clinical practice for RA treatment.

The detailed steps of the process can be summaagzéallows. First, we demonstrated that TNF-K
immunization is as effective as monoclonal anti-tN¥bs in animals who have already developed
clinical arthritis, a scenario that best resemliteghat of patients, who are treated when their
disease is fully developed.

Second, we could demonstrate that anti-&dMb response is transitory and follows a bell-sliape
curve. In the same way, clinical amelioration dhatis is followed by a worsening of the disease,
corresponding to a decline in serum anti-BENAbs. An additional administration of TNF-K
induces another boost of antibody production andeduction in clinical scores of arthritis.
Conversely, challenging of the animals with thaugatytokine could not induce any anti-TdRb
response.

Third, we demonstrated that immunosuppressive nrets currently used in association with
biologics in RA treatment do not impair the polytdd anti-TNF. response induced by TNF-K
immunization. Fourth, we could show that cellulaeaimanisms associated to (and probably
underlying) successful anti-TNF blockade in a sgtf high TNk production, are the same for
both passively administered monoclonal anti-tNKbs and kinoid-induced, actively synthesized,
polyclonal anti-TNfe antibodies. Fifth, we could demonstrate that tifieacy of TNF-K treatment
depends on the titers of anti-TAFRAbs induced by immunization, providing a clear elossponse
effect for active immunization. Sixth, we could damstrate that the association of infliximab to
TNF-K reduces the efficacy of both treatments, #rad this reduced efficacy is, again, associated

with lower anti-TNF Abs production.
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1.1 Active anti-cytokine immunization: the principl e

The principle of anti-cytokine vaccination is tosgg molecules capable of triggering a humoral
immune response versus a cytokine with a recogrpagitbgenic role in a given disease. The most
used vaccines use either the self-protein coupeal ¢arrier (type | A vaccination), or a modified
form of the protein, engineered to include neoagmt (type | B)(210). Essential safety
requirements for anti-cytokine vaccination are rineersibility of the humoral response and the fact
that vaccination must not induce T-cell respongeatitd against the cytokine. The latter would
result in localization of cell-mediated immunity ihe site of cytokine production with potential
deleterious effect. In a phase | clinical trialasfti{3-amyloid protein vaccination for Alzheimer’s
disease, vaccinated patients died for acute entigpltue to intracerebral localization of T-cell
mediated response (211). Type IB vaccination witidifred recombinant murineTNFmolecules
containing foreign immunodominant T-helper epitopess capable to protect mice from TiNF
induced cachexia and ameliorated CIA (212). Needeis, the only safety details provided in the
paper was the reversibility of anti-TMRAb response (that lasted 22 weeks) in immunizezemio

the best of our knowledge, this approach was ncdymd further. Type IA vaccination exploits the
conjugation of the target cytokine with a carrieotpin. A major point is the choice of the carrier
that needs to link a high number of cytokine molesuor of peptides) displayed in a repetitive
manner so to efficiently cross-link B cell recegtand elicit a strong and long-lasting autoantibody
response.

Cytos biothech developed two anti murine -T\¥accines, constituted of multiple copies of the
entire TNFe. molecule or of the 20-aminoacid N-terminal peptidevalently linked to virus-like
particles of the bacteriophage3Q Both vaccines protected mice from CIA, but theptidic
vaccine allowed selective recognition of only stéulbNFo and did not increase susceptibility to

listeria spp. infection or the risk omycobacterium tuberculosis reactivation (213). A press release
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in 2007 reported the results of a phase I/lla stwith an anti human TN& vaccine (CYTO007-
TNFQDb) for the treatment of psoriasis (214). Neveldss, to the best of our knowledge, the study
was not subsequently published in a peer-reviewezhsfic journal, and the development of anti-
TNF vaccination strategy no longer appears in thelme of the company.

In type IA vaccination the ideal carrier proteiroald promote carrier-specific T-cell help to a B-
cell polyclonal response against the hapten (2A5hajor advantage of TNF-K consists in the
choice of the carrier: the keyhole limpet hemocgar(KLH). KLH belongs to a group of non-heme
proteins called hemocyanins. It aggregates to foligpmers whose molecular weight ranges from
4,500,000 t013,000,000. KLH binds a high numberhafman TN (hTNFo) molecules and
presents a high density of hTiPpreserved B-epitopes in their native conformatmthe antibody-
producing B cells to cross-link specific B-cell eptors. Moreover, due to its large size and its
numerous epitopes, KLH is capable of inducing astariiial immune response against the carrier.
Our group could demonstrate (136) that immunizawdnTTG mice with TNF-K resulted in
polyclonal neutralizing anti-TNF Ab production (i.B-cell response against self hTéll that
delayed and ameliorated arthritis. Conversely, azellF-mediated immune response was detectable
to self-hTNF, whilst a positive T-cell response was detecteditd! only. These results were

fundamental in order to pursuit the developmentF-K strategy.

1.2 TNF-K proof of concept and development: the (pe  rtinent) animal models.

The choice of the animal model depends on the sfitiequestion one attempts to answer. TNF-K
is the kinoid ofhuman TNFa, thus the main purpose was to demonstrate thatKM&n break
tolerance towards self-TNFand treat a TN&dependent disease. The relevant the required model
is model in which human TNHs both an autoantigen and the molecule that gevitre expression

of clinical disease. For this reason the pertimeatlel is TTG mouse which constitutively express
hTNFo as a self-antigen and develops a TNF dependentapeous chronic progressive arthritis.

A hTNFo transgenic mouse, the Tgl197, was first develope®dilias and coworkers (24). We
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used another strain of hTMFtransgenic mice developed and commercialized bygoiiia
(Germantown USA), called TTG. TTG mice are hemyagdor the hTNE transgene on a
C57BL/6 background. In these mice the developméatrtbritis is less rapid compared to Tg197.
The arthritis developed by TTG mice is chronic, ggessive, proliferative and erosive, thereby
reproducing the main feature of human disease.

Nevertheless, the disease is dependent only orwEXE downstream pro-inflammatory cytokines
pathways and does not allow to reproduce and gtiglyole of adaptive immunity in RA (even if
this does not exclude that Thilblockade might work via upstream involvement dfutar actors
like regulatory Tcells, see after).

The mouse genetic background is important in thagleh when TTG mice are obtained on a
DBA/1 background, that confers higher susceptibitc arthritis, the disease is more rapid and
severe.

Another limit of TTG model is that the mice keeppeessing murine TNk which limits the
usefulness of the model to study the effect of Tdekade on the risk of infection or tumor.

Mouse collagen induced arthritis is the most usedehof autoimmune inflammatory arthritis. In
this model, inflammation depends on murine promftaatory cytokines, for this reason its
usefulness in the development of TNF-K was limit®dr group used CIA in the proof of concept
of TNF-K to demonstrate that TNF-K induced anti-Td\N&bs do not cross react with murine T&NF
and that TNF-K is ineffective to treat CIA.

In the second article presented in the thesis, esused on the evaluation of the effect of
immunosuppressant treatment on anti-aNkb production. In this case we were not interesied
disease control or in the rupture of toleranceavgiven autoantigen, but only on the magnitude of
humoral immune response. For this reasons we amédBalb/c mouse, a strain characterized by

strong Ab production, typically used for the protioic of polyclonal and monoclonal Abs.
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1.3 Active anti- TNFa immunotherapy: from bench to bedside

Figure 5 summarizes the steps of the developmeaiiecdni-cytokine vaccination strate(

Figure 5. Steps of development of the ar-cytokine vaccination project in our laboratory

Anti-cytokine Vaccination project

Proof of concept of anticytokine vaccination

TNFK effective in preventing
acute and chronic inflammation

TNFK effective in established arthritis

TNFK: sustained and reversible efficacy

TNFK: no effect of immunosuppressant drugs

Other cytokines TNFK: mechanism (Tregs

anti-TNF Ab titers)

IL-23p19K PHASE | and PHASE lla

Clinicaltrials

IL-1K

IL-6K

Benefit/risk
(starting) PHASE IIb

VEGFK (ongoing) {ongoing)

{ongoing)

The main project (main arrow) is that of the kinaxfl humai TNFa (TNF-K). The main
development steps (black dots) are depicted. Iloweboxes the subject addressed in this tF
work are highlighted. In grey bos ongoing projects are depicted. 1K= kinoid of interleukir-1.
IL-6K: kinoid of interleukin6. VEGF-K: kinoid of vascularendothelial growth factor. -23p19K:
kinoid of the p19 peptide of interleul-23.

The first experience of this thesis work, aimedtast whether TN-K immunization, that ha
proved efficacy in preventing arthritis developmanhuman TNF transgenic mouse, could be 1
as a therapeutic tool in human disease, in othedswahether TN-K would keep its efficacy whe
given once arthritis had developed. Another stigxplored question related to the safety of -K

treatment was whether &lls sensitized vs. TNFby TNF-K immunization would survive &
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memory B-cells capable of novel anti-T&Fesponse without need for T-cell help in case of
subsequent antigen meeting.

We could actually demonstrate, in a long-lastingpeziment, that fully developed arthritis is
effectively ameliorated by TNF-K treatment and tliais efficacy is comparable to that of an
already marketed anti-TNFtreatment (infliximab). At week 17 after immunimat anti-TNF Ab
titers had significantly declined vs. week 12. Aclingly, time-trend analysis of arthritis clinical
scores from week 17 on showed an aggravation ofligease in immunized animals. Conversely,
animals receiving a maintenance dose of TNF-K sloare increase in anti-TNFADb titers that
was followed by a decrease in clinical scores. iff@ications of these results are valuable asgar a
both safety and efficacy are concerned. Reversibiif TNFo blockade is a major safety
requirement for clinical use, while the possibilityrenew the clinical effect of the treatment afo

its long-term use in a chronic disease. As faradstg is concerned another major issue is that of
immunological memory. Kinoid immunization strategyoids T cells sensitization that would
result in accumulation of cell-mediated immune oese in the site of antigen production, which
would be deleterious. T cells are only sensitizedgitopes of the carrier protein the KLH; no TNF
epitope is recognized by T-cells. As shown in figTécells only provide help to tolerized TNF-
specific B-cells that are themselves sensitizedTF by antigen contact and T cell help.
Nevertheless, the question of possible persistehgeremory B cells potentially capable of anti-
TNF response was still open. We could actually destrate that TNF-K treated mice, challenged
with increasing concentrations of TiKfrom 10 to 100 ng) are incapable of mounting anyi-

TNF Ab response.
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Figure 6. Type IA anti-cytokine vaccination

Production of anti-self-
protein antibodies

Typel A

T-dependent antigens derived from the carrier piaee processed and presented to T-helper gells
(Th) by antigen presenting cells. Dimerization oft@| receptors on B-cell membrane by the
hapten (self protein) promotes, together with tap lprovided by activated Th cells, the activatjon
of hapten-specific quiescent B cells. This resinitshe production of polyclonal Ab against sqlf-
cytokine. T-cell response is restricted to theieaprotein, while B-cell response is directed ag

both hapten- and carrier-derived antigens.

Another requirement for potential applicability idinical practice was that the effect of

immunization would not be unpaired by immunosupgikes treatment. Immunosuppressive
treatments used in RA have been reported to patgnteduce vaccination efficacy. Most of the

data in literature concern influenza vaccinatiord gmeumococcal vaccination. Pneumococcal
vaccine is a polysaccharide, whereas the influsazaine is a protein antigen. MTX monotherapy
is not associated with decreased response to nftugaccination while, conversely, it seems to
impair responsiveness to pneumococcal vaccinag@6)( Data concerning corticosteroids use in
rheumatologic conditions and vaccination efficacg hAeterogeneous-our studies of influenza

vaccination in adult patients, mainly with systeripus erythematosus, showed impaired immune
responses vs. healthy controls. Conversely, fidgerotstudies concerning both lupus and RA

patients did not find any difference. Neverthelessall sample sizes limited the power of these
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studies to detect small differences. Moreover,icosteroids were often given in combination with
other immunosuppressive agents, limiting the intgggion of isolated corticosteroid effects on
immune response (209).

The influence of corticosteroids on polysacchapdeumococcal vaccine responses has not been
evaluated in patients with chronic rheumatic dissasNevertheless, in chronic obstructive
pulmonary disease or asthma, corticosteroid thedigynot compromise the immune response
(217).

In our work, we tested whether Ab response ditfaremice receiving MTX or corticosteroids vs.
controls.

We checked both anti-hTN&-and anti-KLH Ab production at different time pasntrom TNF-K
immunization. We subsequently compared the AUEgamder the curve) of Ab titers at different
time points for each individual mouse in differéng@iatment groups. Even if remarkable differences
in Ab production were evident for each individuabuse, whatever the treatment group, we could
not detect any significant difference in TNF-K i@ Abs in either corticosteroid or MTX- treated
mice. Methylprednisolone treatment started befokd=-K immunization was associated with the
highest variation of Ab titers. Even if at the gpolevel this did not result in significantly lower
anti-TNF Ab titers, an effect at individual leveight be undetected due to low power, and does not
rule out the possibility that, in individual patteron corticosteroids, TNF-K immunization might be

less efficient (i.e. result in lower titers of inckd Abs).

1.4 Articular damage and TNF a blockade

Bone erosions in RA depend chiefly on synovialanfimation, and uncontrolled synovitis almost
inevitably results in articular erosions. DMARD dtment and even control of synovial
inflammation with corticosteroids limits erosionveédopment. Anti-cytokine treatment, and notably
anti-TNF agents, control erosion more efficientignt classic DMARDSs. The reason for better anti-

erosive effect of anti-TNF treatment might be deul®Dn one side, the reason might be due to
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deeper control of synovial inflammation by anti-TdNEeatment vs. classic DMARDs. Saleem
al. (218) showed that patients in clinical remissionMnX still displayed some sign of synovial
inflammation at power doppler ultrasonography. e ther side, TN& (and downstream
cytokines in TNI& pathways, like IL-6) exert direct effects on oslasts differentiation and
activation, and selective TNF blockade may theeefexert additional anti-erosive effect vs. that
caused by aspecific control of synovial inflammatan classic DMARDs. This would support the
notion that the inflammatory and the erosive preessmight be at least partially disconnected. In
fact, a sub analysis of the ATTRACT study confirmiedier erosions development vs. MTX even
infliximab-treated patients that did not achievénickl response (45). Additionally, upstream
regulatory mechanism evidenced on anti-tiNfFeatment might even be involved in anti-erosive
effect of anti-TNE agents. TNE-blockade with infliximab was shown to increase éxpression

of CTLA-4 on Tregs. Binding of CTLA4 to the cellrface receptors CD80 and CD86 on osteoclast
precursors arrests further differentiation of theslis into osteoclasts, even in the presenceef th
stimulatory factors M-CSF (macrophage colony-stetinly factor) and RANKL (receptor activator
of nuclear factok-B ligand) (219).

The major role of TNE in driving joint erosion is confirmed in TTG mod@ which uncontrolled
human TN production results in chronic synovitis, with s pannus formation and,
ultimately, erosive joint damage. In this contewe could study the effect of selective T&NF
blockade on joint histological damage. Data froteréiture consistently showed, for all anti-TaNF
agents, that attainable serum levels of the drugsnajor determinants of clinical response to
treatment in RA and other TNF-driven diseases likephn's and ankylosing spondylitis. No
studies had a sufficiently long follow-up to evakighe implications of trough anti-TNHevels on
histological damage in RA.

In TTG model we were able to study the relationgbgbween serum anti-TNFAb levels and

histological inflammation and damage. We found ,that TNF-K-treated mice, the titers of
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polyclonal anti-TNI& Abs were inversely correlated with histologicabiss of joint inflammation
and destruction. The same correlation was fountl waugh levels of infliximab, in infliximab-
treated mice (220).

The correlation was tight and highly significantipporting a large effect-size, which pleads in
favor of an evident biological phenomenon undedytimese results. This establishes a clear-cut link
between the titers of anti-TNiAbs and their final biological effect (preventiai articular
inflammation and damage). Importantly, this linksa@nfirmed for both TNF-K and infliximab.
Moreover, we could demonstrate that the co-admatish of infliximab and TNF-K hindered the
efficacy of vaccination and reduced serum levelbaih infliximab and polyclonal anti-TNF Abs,
which resulted in lower protection from histolodicdamage vs. either treatment alone. Thus,
passive and active anti-TFtreatments seem to depend on the same factor I¢tred of
monoclonal or polyclonal Ab levels) for their efiicy. Given the central role of articular Té&lien
cytokine pathways and cells involved in articulawmséve process, it seems presumable that higher
articular levels of anti-TNF drugs may more effrdlg counteract the effect of the “load” of tissula

TNFa thereby limiting downstream and upstream (see)afteents that depend on TNF

1.5 Upstream cellular mechanisms in TNF-K immunizat  ion. Effect on Treg
populations

In our work (183) we studied the modifications indd by kinoid treatment in Treg populations
with particular attention to percentage, numbeis pimenotype of these cells. Previous work form
other groups had demonstrated that in RA patiergg Tight be reduced vs. healthy control (171)
or show reduced suppressive activity (39). Effioasi TNFe-targeting with infliximab in RA
patients was reported to be associated with rebtdreg suppressive function and phenotype
modification. In particular the restored suppressbapacity was due to the emergence of a

population of Treg characterized by absent or lepression of CD62L. CD62L (L-selectin) is a

151



homing receptor” for lymphocytes that allows theamenter secondary lymphoid tissues via high
endothelial venules permittingreg to localize into the T cell area of the lympdde Ligands for
CD62L are CD34 on endothelial cells and Gly-CAMDeessed in lymph nodes high endothelium
venules. Tregs with low or absent CD62L expressiave therefore different homing properties.
Since their emergence is associated with succeastfulitis treatment, it is tempting to say that
these cells probably acquire a homing phenotypebtéer allows them to enter the joint and exert
their suppressive activity.

In our work, we used the model of TTG mouse to sthe effect of excessive TNFproduction on
Treg and Teff count, percentage and phenotypehdmptesence of constitutive Thiproduction,

but before arthritis clinical development, we doemted reduced Treg percentage vs. the wild type
(WT) counterpart. With arthritis onset, and later, @ progressive increase in Treg percentage
ensues and, at the age of 24 weeks, TTG and Wmget differed in Tregs percentage. Treg
phenotype even changed over time, with progressiaatl significantly increased expression of
CTLA-4, and reduced CD62L; these modifications wshared with the WT counterpart, while
unique to TTG mice Treg was a progressive incr@atiee percentage of Tregs expressing TNFR2
and in TNFR2 MFI. TNk signaling via TNFR2 has been reported to indudé o inhibition of
Treg suppressive capacity (via reduction of FoxR@ression) (176) and a promotion of Treg
expansion and function (181, 182). Thus, thiseased expression could be interpreted both as a
sign of reduced suppressive capacity in a contéxXfNF-o over expression, or conversely as a
counterregulatory mechanism attempting to contsaessive inflammation. Nevertheless, TTG
Tregs did not show reduced suppression ofylpMduction by TH1 cells vs. the WT counterpart.
TNFo blockade with either monoclonal Ab (IFX) or TNFiKcreased Tregs percentages in both
lymph nodes and spleen. Concomitantly, CTLA-4 eggian increased in Tregs and there was an
expansion of Tregs subsets CD62L- and CO¥2testifying a change in homing properties of
Tregs induced by TNF blockade. Suppression of pedfiferation was higher in anti-TNRreated

mice vs. untreated TTG. In summary, and consistenith results in RA, TNE-blockade in TTG
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mice resulted in increased percentages of Tregsetiiregs expressed more CTLA-4, no or less
CD62L and had higher suppressive activity vs. @até@ mice. Importantly, these modifications
were shared by both infliximab and TNF-K treatmeniggesting that the action of monoclonal and
polyclonal anti-TNF Abs on Tregs is the same. Thesxlifications are not merely induced by
TNFa blockade itself, since etanercept treatment dagsseem to lead to any modifications in

Tregs percentages phenotype or functional prodiy.(

1.5.1 TNFa, TNFa blockade and Tregs

Controversies are arisen in literature concernimg potential effects of TNFon Tregs. TNE
seems to activate Tregs in culture when the judgroeterion is Treg proliferation. Conversely,
when Teff cytokine production is measured in TregfTco-culture the net effect of TNFis
increased proinflammatory cytokines production,alhinas been interpreted as a result of reduced
suppressive activity. Nevertheless, in the lattsecthe effect of Treg activation might be masked
by parallel TNF-induced activation of Teffs, with consequent lowensitivity of Teffs to Treg-
mediated suppression. The hypotheses to explibateftect of TNk on Treg and teff co-cultures
span from more rapid action of ThMFon Teffs vs. Tregs or a dose-response effect of Tzt
would activate Teff at lower concentrations andgbreonly at higher concentrations. A third
possible explanation would be that yet indentifssduble or cellular factors might mediate TNF
effect on Tregs and that the contribution of thi&known variable would not be controllable in the
different experiments and be responsible of thaéradictory results (221).

Conversely, consistent results from our group ahers confirm that Treg-dependent suppressive
activity increases on TNiblockade in both RA patients and TTG mice. Thisvayg is due to the
induction of a CD62L- inducible Treg population &f) that emerges when, in a context of high
TNFa production, the cytokine is blocked by anti-TaNRbs.

It is therefore conceivable that TMFactivates only natural Tregs, as a counterreguylato

mechanism for inflammation. Conversely, TNiRight inhibit the induction of iTregs (222).
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Thus, RA would be characterized by an intrinsiciaiieiof nTregs, which are not sufficiently
activated by TNE (in fact they cannot inhibit Thl nor Thl7 cell¥NFa blockade with either
monoclonal or polyclonal anti-TNF Abs would allotetinduction of iTregs that are endowed with
suppressive activity on Thl and Thl7 cells, and #rerefore capable of controlling the
inflammatory process. A recent paper confirmed |t of Treg suppressive activity in RA and
first provided a mechanistic explanation to linkstidefect to TNE overexpression. The authors
could show that TNé& induced dephosphorilation of the master Treg tnapon factor FOXP3.
Dephosphorilated FOXP3 has lower DNA-binding atjvilnfliximab treatment restored Treg
suppressive function and was associated with isee&OXP3 phosphorilation vs. pretreatment

(184).

2 PERSPECTIVES

Hereafter we will discuss potentially relevant gi@sfor future development of TNF-K strategy

2.1 Clinical efficacy and place of TNF-K in therape utic strategy

Based on the results of the phase lla study, aeplitasrial better powered to evaluate tolerancg an
efficacy in RA patients is planned to start befthre end of 2013. The dose of 360 pg and the three
dose regimen (given on a background MTX treatmeme retained as the most immunogenic
resulting in 100% of patients producing anti-TdN&bs and in persistently high titers on a 52- week
follow-up period. No serious adverse events wepented. The research agenda is now centered on
the demonstration of clinical efficacy. The desigrll presumably be that of a double-blind
placebo-controlled trial with background MTX treant in insufficient responders to MTX.

If the trial were to provide favorable efficacy-eaf profile a legitimate question would be that of
the place of TNF-K in the therapeutic rheumatolajrategy.

TNF-K would promise to be an alternative anti-TN#peoach and its place would presumably be
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reserved, at least at the beginning to patientmd@aon classing DMARDs treatment. Presumably,
responders to anti-TNF agents undergoing secorfdduye due to ADA production could be the
ideal candidates to TNF-K treatment (see after).

TNF-K was tested on background MTX treatment ineortb adhere to current good clinical
practice that would consider placebo comparisorthiced in a clinical trial. Nevertheless, further
studies are warranted in order to establish whethlédte other anti-TNF treatments, MTX co-
administration would result in higher clinical efficy vs. monotherapy. Moreover, despite our
favorable results in animal models, additional detahuman are needed concerning potential
attenuation of TNF-K immunization by concomitant XITand possibly corticosteroid) treatment.
Conversely, since TNF-K strategy should be poténtadevoid of the problem of ADA induction,
MTX would have no role in reducing immunogenicifypolyclonal anti-TNF Abs.

Association of biological therapies was quite deog in clinical practice. Anti-TNF treatment in
association with anakinra (223), abatacept (224}itaximab (225) did not result in increased
efficacy, while it increased the burden of seriadserse events, mainly infections. In TTG model
we found that the association of infliximab to TKEF4n order to obtain rapid TNF blockade,
reduces the capability of TNF-K to induce an efiexipolyclonal anti-TNF response. Infliximab
binding to TNF-molecules on TNF-K impaired the viaation process. Even if this phenomenon
was not analyzed for other ant-TNF drugs, it isdharconceive the association of TNF-K to other
anti-TNF treatments in clinical practice. Moreoveuy results should warn that careful wash-up of
other anti-TNF treatments is mandatory before TNKnunization in order to avoid molecular
interactions between anti-TNF drugs and TNF-K moles.

Oral kinase inhibitors, like tofacitinib, are beitgsted in association with anti-TNF treatments in
phase Il studies. Favorable results of this assimei might plead for potential association with
other anti-TNF treatments. Even if tofacitinib doest seem to reduce the efficiency of anti-
pneumococcal and anti-influenza vaccines (226xrietence of oral kinase inhibitors on the

process of active anti-TNF immunization cannotuded out.
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2.2 Safety concerns

The limited clinical experience (one phase 1 stidZrohn’s disease and two phase Il studies in
RA and Crohn’s respectively) with TNF-K pleads avér of overall good tolerance. Major points
supporting the safety of kinoid strategy are thk-d&ieape curve of Ab response observed in both
animal models and in human and our results confignihe absence of T-cell or memory B-cell
response against TMFAdditional studies confirming the latter pointshuman are warranted.
Conversely, an aspect that could not be exploredT i model was that of susceptibility to
infections on TNF-K treatment. TNFblockade results in higher reactivation of lateriterculosis
and overall increased burden of infections (227)GTmouse disease depends on uncontrolled
hTNFa production and is therefore a good model to sthdyefficacy of the strategy. Nevertheless,
the production of murine TNFalpha in response to-ipflammatory stimuli is not affected by
kinoid treatment, which renders the TTG model @vaint for the study of the immune response
against infections. For this purpose, our groweblged a kinoid of murine TNFthat is currently
studied in a model of TB infection. This will alloto better dissect the effect of TNF-K on

immunity against infections, and to compare ititattof other -TNF drugs.

2.3 TNF-K administration

Compared to currently used anti-T&Flrugs, a less cumbersome administration scenario i
conceivable for TNF-K, due to longer lasting aniHa protection. Compliance to treatment is
conditioned by the administration route and theigpd$’ preference comes into play as a
determinant of compliance to treatment. Even istamdard, routinely used measure of satisfaction
exists in the rheumatology literature, predictofdreatment adherence are available from several
studies suggesting that patients prefer subcutanewer iv administration of the TNFnhibitors

and prefer to receive treatment at home (228, 229).
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All pharmaceutical companies are developing sulhadas delivery systems for biological drugs.
TNF-K would be administered subcutaneously. Cautwill presumably impose hospital
administration, even if phase | and 1l studiesmtd describe any serious reaction following TNF-K
administration. No data are available in literataoacerning patient preference on frequency of
treatment administration; it is therefore harddcetee whether TNF-K that would be administered
less frequently than currently marketed drugs, @dnd better accepted by patients or not.

Costs

The access for the patients to expensive biologimahpies is limited, in many countries, by health
authorities or other third party payers, and theiah of treatment is more and more influenced by
cost-effectiveness analyses. An advantage of TN&w&r currently marketed anti-TNF would be
presumably lower production costs, with considexdbier economic burden for the community.
Lower costing therapeutic alternatives would sutatywelcome in northern countries and might

event potentially make anti-cytokine treatment efédole in southern world countries (230).

2.4 No induction of anti-drug antibodies

Adherence to treatment is a function of prolongéfitacy and lack of adverse events during
treatment course as well. Literature suggests ttiatrate of therapy retention is the highest for
etanercept followed by adalimumab and then byxmfiab (231) Immunogenicity plays a major
role in determining the vanishing or therapeutidéicaty of monoclonal Abs. In this case
considerable advantage might be provided by TNIreldtinent that would not be limited by ADA

production.

2.5 Are all anti-TNF a created equal? Anti-TNF o Abs vs. etanercept.

In clinical practice, monoclonal anti-TNF Abs artdreercept are considered almost interchangeable
with regard to clinical and radiologic effectivesedhis is true if the evaluation criterion consist
merely in the percentage of patients achievingiadinresponse or no radiological progression.
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Nevertheless, some substantial differences have l@@®gnized from the beginning. For example,
etanercept is totally ineffective in inflammatorgviel diseases, and is less effective in uveitis,
vasculitides and sarcoidosis compared to monocl8bal (2). Moreover, etanercept is associated
with lower risk of tuberculosis reactivation vs. meclonal Abs (102).

When it comes to effectiveness, some differenceghnaxist as well. A recent paper compared the
rates of clinical response to etanercept or adathaiuin 407 RA patients. The percentages of
patients reaching low, minimal disease activity aadhission did not differ between treatments.
Nevertheless, if ADA treated-patients were catexgatibased on anti-adalimumab Abs (ADA)
production, ADA-negative patients had significankiigher percentages of clinical response vs.
etanercept (232). Mc Goveenal. (40) demonstrated that successful adalimumalbmesd in RA

is associated with the induction of Tregs capalblsuppressing Th17 cells in an IL-6-dependent
manner. Interestingly, in patients responding émetcept no Treg induction, nor Th17 suppression,
could be documented. Thus, the induction of regwatells and the blockade of IL-17 pathways
might be responsible for the higher suppressiamaifunity to infection, notably to tuberculosis. In
the meantime, the same mechanism might underliéfexat clinical effect of monoclonal Abs.
Nevertheless, immunogenicity resulting in ADASs is iatrinsic major limitation of monoclonal
Abs. It is interesting to note that TNF-K inducée tsame Tregs modifications that did monoclonal
anti-TNF treatment (183), with the potential adeaya that ADAs should not be a concern. Active
anti-TNF immunization could then potentially progidhe advantages of monoclonal anti-TNF

treatments without incurring their major limitation
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Anti-cytokine vaccmation 15 an mnovabive strategy of targeted, actve immunotherapy with patenbal appli-
cation in autoimrmne diseases The prnaple is tod esign maleculés capable of tigzering a humaoral immune
respans ¢ versus a cytokine with a recognized pathogenic rale in a grven disease. The most used vaccnabion
approach is based on sdl-protein coupled to a carier. This strategy proved parbicular efficacy m models of
THF-w-dependent diseases, and promising results come from reeent clinical trials in rheuwmatoid anhdds
and Crohn"s disease, The benefit risk ratio and long term safety of anti-gytoldn e vaconatio n need (o be deter

mined to further develop this therapeutic strategy.
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A large body of evidence confirms that anti-oytokime vacdnation can
now be considered as a serious alemative immunotherapy. The main
targe s are those cytokines involved in the chronic inflammatory pro-
cess. Ty pe 1 vaorination consists of using th e protein of interes t to engi-
neer A vaccine | 1] The main approach that has been developed consism
in linking the self-profein to a foreign carrier protein in order o provid e
adequate help to adivate auto-reactive B-cells. Vaccination with such a
hetero-complex, made of a ologically inadive cytoline and a carrier
prowin, indwces a carrier-specific Th-cell proliferation that helps the
selff-cytokine-specific B cells to produce autn-antihodies. The carrier
can be synrhetic vins like particles {(VLPs), keyhole limpet hasmocya-
nin (KLH), or owalbamin (OVA) |2-4])

1. Vaccination againmst TNF-o wsi ng TNE-ox kinoid

The most consistent approach, to date, has been developed in
rheumatmid arthritis, a chronic disease with overexpression of TNF-
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o in the joines. TMF-ot blodeers such as anti-THF-a monoeclonal anti-
bodies or TNF-cx soluble recepror proved efficacy in about 73% of pa-
tients (responders). Nevertheless, only 25 to 50% of ant-TNFao
treated patients achieved remission in controlled clinical trials [5)6],
amd even lower remission rates are desaribed in everyday practice
|7]. The vaccinaton against human TNF-w (hTNF-e) was developed
using TNF-x kinoid (TNF-K), a heterocomplex of KLH and the entire
molecule of NTMF-o; it induced production of high titers of neutralising
anti-human TN F-ov antbodies [B]. In hTNF- oansgenic mice, which
develop severe arthritis from 8 o 10weeks of age, vaccination with
THF-K protected fmm clinical and histological arthritis im both shore
amd long-wrm experiments [9,10], even when the vaccination was per-
formed afeer the onset of ardricis [11], Indeed, TN F-Kvaccinate d mice
firstshowed a clinical and histological improvement and then, several
wieehks after TNF-K primo-inpection, a clinical worsening paralleled by
a deoease of anti-hTNF-ix antibodies titer (bell curve ). Both clinical
worsening and anti-hTNF- antibodies titer decline were reversed by
a maintenance dose of TNF-K Additonally no B-cell memory response
o hTNF-oo was ind uced by TNE-K immunizaton. Indeed, injection of na-
fwe N TNF-o after immuenization with TMEKdid not induce the produc-
ton of neutalizing anti-TWNF-o auro-antibodies [ 11]. More recently, we
demonsmrated tat TNF-K im munization in this model resulred akso in
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expansion, acivation and differen fation of T regul atory cells [12 |, Based
an these data, confirming the reversibiliny and repeatabiling of TMF-K
vacdnation, a phase [la clinical trial led by Néovacs (Paris, France) was
performed in RA patients experie ndng'l‘l'\l?—-m—antagmistsemndw fail-
ure (hetp: fwww neovacs ). The trial is completed at present and the
main goals were achieved: TNF-K had good safety profile im the 40 in-
voled padents and induced ang-TN Fe auto-antibodies in the patents
that received the highest dose. These data are promising. A phase /T
trial is ongping in RA Ancther dinical trial in Crohn's disease, a chronic
disease wirhi overes pression of anti-TNF-o, is also ongoing.

2. Vaccination with peptides of cytokines

The same concept of using a crrier to present the targeted ant-
gens to the immune system was used with peptides of cytmkines,
The principle is to cowple peptides of oytokines, chosen within oritical
domains of the entire cytokine, An ano-inflammma ooy effect has been
observed in experimental models of arthritis with peprides of [L-153
{potent inflarmmatory oytokine), TNF-x, or [1-23 (IL-17 inducing
and pro-inflam matory cytolkine) [13-17].

3. Vaccination with kinoids of VEGF and Interferon-a

The rechnology of kinoid was extended to other cytokines. VEGF is
a key cytokine involved in angiogenesis [ 18,19]. Recent data in arthri-
tis show the anti-inflammatorny effea of an active immunization with
VECF linoid in collagen-induced arthritis in mice [20]. In systemic
eryvivemarosus lupus (SLE), an [nterferon-o s ignamee is the hallmark
of the disease. Based on preliminary experimental resulls, a clinical
trial recendy showed that in SLE patients, vaccination with [FN-oo
kinoid resulted in anti-Interferon-o antibodies [21,22],

4. Conclusion

Since cytokines play 2 major role in homeostasis, some corcerns have
oo be pointed out, representing impor2nt points. for further develop-
ment of this stracegy, The first i the mid and long-term safery of such
an appraadh; in an initial amalysis, the question of the persistence of
the anti-cytokine antibodies has © be ascertained. A bell-carve over a
reeasonable period of time (few weels or months ) comparable to that
of passive immurotherapy should represent a guarantes. In other
cases, the harmlesspess of te antd-cytoline antibodies should e dem-
anstrated. Another major point is the T-cell response m the targer oyTo-
kine, In order w prevent the deleterious effect of a cel-mediated
immune response in the site of persistent over-expression of 2 given cy-
rokine it seems infam mandatony o seled methods tar do not enhance
the cytolkcine-specific T-cell respomnse.

Take-home messages

+ Actve immunotherapy i feasible in models of chronic inflammatory
auto-imnmune diseas es,

= Vaccination against TNF-¢ is effective in experimental models of
arthritis

+ In 2 phase fla trial in rheumatoid arthritis patients non-res pondeais to
anti-TMF-cx monoclonal andbod ies, vaoination against TNF-ce results
in production of ant-TNF-o antibodies.

+ The concept of vaccination against cytokines is developed in mamy
diseases with many @argered cytokines: VEGF, Inerferon-ce, IL-17,
IL-23, and IL-1. : '
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Introduction: Anti-TNF-odrugs have dramatically changed treatment of rheu-
matoid arthritis (RA) In terms of both clinital control and articular damage
prevention Despite this they wold some important drawbacks, such as fre-
guent therapeutic fallures and high costs. Anti-THF-x adive immunization,
with a therapeutic vacdne against TMF-m, is a promising alternative anti-
THF-x targeting strategy, potentialy devoid of treatment limitations of
sorrre O current anli-THF blocking agents,

Areas covered: This review covers the preclinical proof-of-contept of anti-
TMF-x vaccination with tha kinosid of human TMF-o (TMEK) and analyzes tha
body of evdence forming the rationale for the asplicat on of this stategy
in RA and other THF-x-dapendent diseases. We descibe the theoretica bases
of anti-THF-a active immunization and of exparimental data supporting the
applicability of TNFK to suman disease in terms of both safety and eff cacy.
Expert opinfon: Based on precinical efficagy and safety data supporting its
feasisility in a Phase | - Il trial In Crohn's disease, ant-THF vaccisation
with TNFE has ertered the phase of clinical development and promses to
be avaluable anti-TNF- targeting strategy in human disease. The focws is
made i the first dicdcal trial v R (Please 1) on tle efficacy in adtive RA
patients having developed antibodies agalrst anti-THNF mabs.

Keywords: anti-cymolane vaocisation, anri- THNF-a, kineid, rheumaroid srchriris, THFE
E.'gvﬂ'] ﬂ'_lm:!_ Biol Ther (2001 FI{4)505-550

1. Intraduction

Bheumaroid arthans {RAI is the most comman inflammarory rheumanc disease
with a prevdence ringing from 0.3 o 1.5% in different populations 1), Iris char
acrerired byan invasive synovial srolifemton thar leads to joine darage with pain
and 5 of huncion, with precocious disabiliy (2. BA pacents have associared
co-morhidices leading o 2 mormlioe eximared ar almeost reatold car of general
populaig B BA b, theefore, a buge public beabll pooldeme esoduiog e high
direc: and indirect costs for the communiny |,

2. Overvisw of the market

THF-o-tamering apenes brought a revolution in the -reamient of BA, providing
unherd of ssuls in terms of dicase clinical conrral and preventon of BA soruc-
rural damags and conscquent disbilicy. THEP-2 can be taggerad wich mAbs or char
fragmens (inflixinab (IFX), acalimumab, golimumab, cevolizurab) or with
fusion products carving a TNF-i soluble recepror (eraercep), Anti-TINF-¢ dmgs
first apened the peripectve of a successful oyrokine-rargenng sraregy in BAL Sales of
the four ant-THF-x agens on the marker in 2008 (adalimumab, [FX, eranercepr
and cermlimmab pegol) mached 316 billions. By 2004, analyss foremst the entire
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Kinoid of human THMF-x

Box 1. Drug summary.

Dirug rams Einoid ot human ThF-a

Phase Phase 0 dinical trial, preregstration

Indication Rheumatoid arthrits

Phamacaology Active immunization (vaconaton)
againgt the pro-inflammatory
cytoking THF-x

Route of intramuscular

sdmin stration

Preotal trids THFKDO1 (http:icimicaitrists. gov!
ctishowNIC TOOBOR2 62}
TWFKOO3 (http:/dana.controfied-triaks,
comdmnctAral 7267 1/TNFKD03)}

The direct costs for anti-TINF blocking agens, rogether
with the coss of drug adminisraton, moniwring and side
effect management result in a hewvy sconomical burden for
the communiry (1], while the actve immunizarion sraregy
might porentally be a les expensive alternarive, Fnally, the
longer persisience of deteaable and-THNF-i antibody titers
induced by aaive ano-THNF-0 immunizanon draws 2 les
aumbemome adminscearion scenario for the pavent, with
possibly higher rreament acceprance,

3. Chemistry and preparation of
the TNF-kinoid

dass of antk TNF drugs o generare a 525 hillion market, with
growth driven by new entmns and condnuing demand for
the incumbents (souwrce; EvaluarePhamma™) . In 2004,
TMF-of inhibitrs accounred for B0 of BA drug sales in
the US, France, Gemany, lraly, Smin, the UK and Japan
{source Pharmacor™) 14 within a marker thar, for all hio-
logical therapies for RA, wa simared ar $7 bilion in
2007 {source: Dammonitar™ Besearch Stare) 171,

Current TNF-@t  mrgering sraregies  have  nevertheless
shown: several drawbacks as far as safery, cficacy and coss
are concerned, Despite the good saferyfeffimoy profile in
selecred panents, the overall risk of infeaion and possibly
nenplasm s increased in BA pariens treared with anri-
THF-or mAbs compared w classic DMARDs 5. Primany
and secondary failums are noc infrequent; moraver, < 500
af msponder parients in clinical rrials armined discas emis-
sion ). The treamment with anti-TNF blocking agents has
high eoss for the community [0, While some of these draw-
backs such as the increased nsk of mfecdon and neoplasm are
presumably reated w the blodade of THF-x imdf, athers,
such as the high producdon ooss, and the risk of anti-
drug andbody (ADA] producrion with possible loss of efficacy
and side offecs, ar proper o current anci-TMF-0 agenis,
apecially mAbs 117, and might be possibly overcome by
alvernarive ant-TMF sraregies,

An alvernadve way o tamger THF - is acove immunizatgon,
wher a THF- derivarive can be used a5 the immunogen 1o
develop an ancl-TMNF-a agive immunocherapy congsing in
avacdne [17). The immunogen musrt be capable of disruping
B el bur not T cell, rolerance o TNF-01; thereby elicitng
the producnon of high tiers neurmlizing antibodics 13
This sraregy allows the producrion of palyclnal auwlogous
anti-THF-@ anohodies porendally bypassing the risk of an
anti xeno- or allogenic andhody response. Refining of ADA
derecdon technigues allowed in Bacr dewecring ADA in up o
£0and 3% of IFX and adalimumab teared padens, respec-
vely (111, The presence of ADA is associared with low mough
drug levels, infusion-relared reactons (for IFX) and therapeu-
nc filure (14). Actve immunizarion offers then the possibiling
of avercoming, this limianon.

The preclinical proof-ofanepr of acove ano-THNF-0¢ immu-
nizaton with a compound called kinoid of human TNF-u
(THFE]) has been established in a TNF-a-dependent animal
model, the human THNF-m (hTMNF-0) transgenic mice
(TG mics) a7 (Box 1), This has led o subsequent wa-
ing of TMFK in a Phase | dinical wial in Crohn's disease,
A Phase Il dinical mial in previously ano-THNF- ceared
RA parients having devdoped ADA is curendy ongoing,

THMFK belongs w a Bimily of cymokine derivarives capable
af acting as and-cytokine vaccing called 'kinoids' 15, Their
name and preparation recalls those of the rowaids, dewsdcaed
bur sill immunogenic products, derived from bacrenal wsxins
by formalin reeamiene ar 37°C for several days, A the
beginning of che 19805 a detoxicarion procedur nsing
glurraddehyde insead of formaldehyde was descrbed for
the preparaton of fully arexic polymerized antgens wirh
high immunogenidary (1%, This wedhinology with eicher gluar-
aldehyde or formaldehyde was then applied o oyrokines in
arder to canven them into denvarves devoid of biolegical
activity bur capable, when administered in animals, of induc-
ing anti-cymokine antibodies, Thee denvadves were called
kanoids fm), THFK is a hermowmmples of imcovared hTNF-o
and a carner, the keyhole limper hemocopanin (ELH).

KILH is 1 hererogencous cpper-tonmining mspiramry pro-
ein olared from the mollusk Megathura cremudaa belonging
o a group of non-heme proweins alled hemocyaning, Ir con-
asrs of wo subunits isoforms wirh 2 moleadlar mas of 390 =
10° and 360 » 10° D, odginaring, respectively, rwo different
oligomenc aggregares, KLH1 and KLH2, The molecubir mass
of the aligomers mnges from 4,500,000 w 13,000,000, Due
1o irs large size and its numerows epimpes KLH is capable of
inducing a substantial inmune response; its abundance of
Iysine residues for haprens coupling, with a high hapren:
carrier protein ravio, increass the likeihood of generatng
hapren-speafic antibodies 2]

For prepanng the hererocomplex, glumradelyde is wed o
oouple hTMF-a o the KLH arder prowin, KLH, and then
glumradehyde, are added w a soluton of KTNEF-@ reard
with dimethylsulfosde, in a mixture of T molecule of KIH
and 40 molecules of KTNF-o. After 45 min incubation ar
4°C, the prepamrion is didlyzed againa the working buffer
and then meared with fomaldehyde for 6 days ar 57°C
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Concenratonand duraton of aldetyde weirmenn have been
adapred for hTHF-t¢ in order to obmin a smong and persis
tent imacrivarion of its bidogical acivire. The nnreacred
zldehyde Is quenched by addidon of glvelne (0.1 b, leading
o complex stabilizadon, The exces aldehyde is eliminared
by diakesiz agaimer Dulbecco's phosphare buffer soludon
(PBS) (131,

4. Pharmacodynamics

It is asumed that THFK is a heerocomplex in which ELH
provides T epitopes and bears ar it surface a high densiy of
hTHE x preserved B epitopes. The aim of camrier proteins is
o promote carrier-specific T-cell help to @ B-cell palydonal
response [21], Given that a high number of FTNE-@ moleqles
are covalentdy bound 1o KIH, kinoid immanocompleses will
present a high densry of hTNF-o0 anngens in their narive
conformaton © the antibody-prodacang B cells w crosslink
specific B-cell receprars [is),

TTG mouss, cxprossing, ETMNE-¢ as a wdF ancgen, is the
only rdevant model o smdy THF-induced ano-hTMF-ox
zndbody producton 131, In all immunizer mice n different
study prorocols, immanizatden witk TNFE indued spedfic
ant-h TNF- antibodies ‘a5 derectec by ELISA naisas). Ina
protocol wher mice received three injecions of TNER ar
days 0, 7 and 28, rthese andbodies resec ar dar 122 after
THFK i paio, aporarcd w bdony ominly w
g1 (52%) and IgG2a (48%), with negligible :moums of
leG3, leM oand IgE a1, Purified lpG fram hyperimouns
serm exhibired a high affiniy for hTNF-o with £ vdus
tanging from 3 % 107 to 105" M and were ahe ro block
its inreraction with the aigh offiniy TNFRI (&) of
{6 nM) 221, resuldng in underecrable circularing WTMF-x
In immunized mice,

Anu-hTWEF- antibodies have a nenrralizing anti-THF-o0
effert a: confimed hach fn it hy 1979 symamnviany acay,
showing cyrorcxicity inhibidan by hyperimmune sera ar dilu-
tions up w 10, and i pive, where purified IpG Fom sen of
immunzed mice prevented THNF-o-galacosamine  lerhal
shock in redpienr mice [13).

5. Pharmacokinetics

THFK is mived ara 1:1 mrio with the PBS and acminisered
intramiseulart wich the adjuvant 18451% (Seppic, Frarce),
The lacer is similar 1o Freuad's incomplee adjurant and is
composed of 3 mix of mineml oil and a surfacane of the
mono-clae Bomily; i s ourrently used 10 immanothesapy
of cancer and infectious diseases 137, I5A51 i5 used noa
1:1 racin with the mix THEK PBS co obain a water in ol
emulson {15].

[Different adminisrarion schedules have beer teseed in
mice, iwolving rwo (at days 0 and 7, three jar daws 0,
7 amd 28) or four injeions with dose regimens varying
trom 5w 30 g ab INFK 15,1617,

Semermno, Asier, Delavallée & Baissier

Wharever the exact adminismarion schedule, al immuniza-
tion protocab were shle 1o nduce and-hTHF-o anobodies in
TTC mice. Ina thres injecion scheme (30 + 30 + 7 pga: days
0, 7 and 28), and hTINFr andbodies were dewcrable ar fiese
hleeding as soon as 5 weeks afver THNFE first injecton [is
they peaked ar & - B weels after fra injection 3], with
a = 5% decling wathin 16 weeks,

Ina prococol with thee injecoons of THFE 4 pg ar doys 0,
7 and 28, a TNFEK boost given 12 weeks after the TNFE
fimt injecrion induced 3 sgnificaar incrase in neumdizing
ann-hTMNF-0 antibodies as soon as 3 weeks afier the booa [17).

THFE was firs adminiseered in humans in a Phase [ - 11
open label dose ssaalarion sudy on 13 panenrcs with modemee
to agive Crohn's disease the TNFEXD soidy  (heepedf
clinicaloriak govic2ishow™NOCTOOR08 262 ), The admirisra-
tion schedule consisted of three injectom of THFE ar days
0, 7 and 28 ar deoses of o0, 180 and 360 pg. Four padens
received a foarth boost dose ar b monthe, In al immuonized
padents, ano-THNE- anribodies were detecred, with a peak
in drers between the fourh and the fith wedk affa Arsc
TMFE ingcion, and a 509 reducdon within 12 weels,
The baast ar 5 monn esubed inanew pak in anohody ties
3 - & weeks larer j24,

As far as BA is concerned, a dose-finding Phase 11 dinical
trial i curendy ongoing n BA papene previowsly ocaced
with ant-TMF agens having developed ADA. The prmary
goml ol diis wiad s w deoessrar dan acdive oononkaon
with TMFE isable w induce polyconal and-THF-ot anthod-
ies in BA parients peviousy treaed with ani-THNF-0 mA b
who tnderwent a secondary therspeuric Rilue (e, loss of
clinical response) and have devdoped ADA Among the inclu-
sion criteria of these padens havirg an amive A is the posi-
rivity af antibodies againsta TINF antagonist ar screening or
on a sample aken gnce discontimacion of IFX and/or adall-
muntab (hipsf e conralled-rialscom! meerfraal 77 267 1/
TMEKNIR)

6. Effects in animal modek

THFE immunizaton has proven irs efficoy in e spormne-
ous arhrits of TTG mice hereby posing the rationale for s
use in BAL

When given before arthrine development, THFK madeedly
reduced the cliniel severity of arhrids and esulred i les
histolegical joint inflammacion and destmcdon compared o
concrel mice [13,36],

In 2n experimental three injecrion protocol idays 0, 7 and
28), ahighly agnifiant difference in dincal and histolagical
score was already evident when animak wese sacrificed 6 wesls
after the Bext inpcdon, compared w conoals THFK
immuaized nimals showed mild histolegical iaflammarion
and o hiswlogical deouaion. The ceadminisemron of
methorresare did nec change the resules 5.

When, with rthe same experimental prowonl, the
obseration was prclonged up o 17 weeks, anhons onser
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happened w be delived by 9 weeks compared to comroks and
sill low dinical and hismological scors were found in
immunized mice,

The thempeurtic efficacy, its duration and the effect of a
THFK boost were beter evaluated in a subsequent experi-
ment mare resembling o a human disease scenario, as TTG
mice were immunized after spontnesas arthrids onser [17].
In 12 weels follow-up after TMFK immunizarion, arthnris
was dramarcally ameliorared, and dinical seores did noc
differ fraom those of mice wered wich weekly IFX ar a dose
of 1 mgkg over the same rime penod, These findings were
oorroborated by hiswlogy, showing low inflammanon and
no sgn of camilage desrrumion in immunized animals,

The observarion was prolonged o 30 weeks afier TNFK
first injection in order w smdy the duradon of dinical offect
and the kinerics of TNFK-induced ana-hTNF - andbaodies.
After the imirial amdioration, amhndris clinical score in
immunized mice smred w inoease From week 12 after Fise
injection to the end of the experiment. This trend was
reversed by a TNFK boost given ar week 12, before clinical
degradarion ensued. The worsening in clinical conmol of
arthnris coincided wirh a decrease in and-hTHF-o0 anohady
rivers, while the THFEK boost rriggered a significant increase
in antbody drers 3 weeks after its administeion. Mild
hisrological soores of joint inflammarion, destrcoon and
artlage degradarion ar the end of the sxperiment confir-
med the long-em prevendon of srucmieal damage of
THFE immunization.

7. Safety and tolerability

Some major sfery tsuss are raised by che novel ano-TMNF-o0
approach of acove immunorherapy, namely;

i) The delivered TNF-x must be devoid of mxicine
buur srill be immuncgenic, and this is the case of
the THMFK hewmcomple, where aldehyde mear-
ment results ina hKTHE-i derivadve sadsfring these
requirements. In all experiments condocred wach
THFE, no shor-rerm wxidry linked w s adminis-
wation and ascribable w hTHNF-u acivie-rdated
wmcity was derecred  aoear), This was the case
even in the limited sxperience in humans,

it} The anri-TMNF-or vaccimarion must resulr in rupure
af B-cell bur not oF T-cell rolerance (ie., vaccinaton
must not induce memory, T cdls capable of reong-
nizing the native cymokine), In fact, the persisence
af a T-wll populadon semsited against a- self-
oytokine would resalt in a localized cellular response
in its sive of producrion.

it} This issue was addressed in an animal study where
G — B wocks old TTG mice received three injections
of TNFK (days 0, 7, 28 = a boos at day 90) and
were followed up for 120 days. afeer the Fise
injection. Our group showed thar the splenocyres

from THNFK-immunized TTG mice did not
trigper any cell-mediared immune response 1o sef
hTHF-m, as tesed by T-cell proliferarion and
IL-2 and [FN-y pmducion in culture supernatants,
wharever the administration regimen of TNFE [13).
The only daccable cdlular msponse was againse
KLH. Conversdy in Balb/iC mice, a TNFK-induced
anti-h THF-0 cdlular response was derecred when
hTHF-ix (a hewrologous antgen for this soain)
was adminiserad.

iv) In TWFKO01 smdy in Crohn's discase parients,
stimubition of PEMCs of immunized patents wich
TMF-aa failed vo induce proliferarion,

v} The rupmre of B-cell mlerance must be reversible.
Cur group demaonswared thar when TTG mice
wem immunized with THFK before sponmneous
arthriis  appearance,  ani-hTMF-r  anobodies
peaked 6 - 8 weeks afver THFK Firs injecrion and
had a = 50% andbody tres decline within
12 - 16 weehs This kincocs i ascribable w shore
life of B-cell memory in the absence of a specific
T-cell help 113y A long-rerm smdy where immu-
nized TTG mice were monitored up to 3 weeks
after THFK first injecdon immunizadon confirmed
the mme results 377

vi) A similar kinetics, albeir with the limitarion of study
design and sample size, sems w be confirmad in
humans, based on the resuls of TNFKO0T study.
In the 13 immunized parienrs ano-TMF <X anobaody
riters were markedly reduced, and somenmes no
longer derecmble, within 12 - 15 weeks afer
first injecdon.

vii) A raise in the levels of TWNF-x induced by other
stimuli (infecions, mmos) mos oot eliar the
production of antd-TNF andbodies after THEK
immunizanon. This was demonsrared in a smdy
where monthly adm nisradon of KTMNF o TTG
mice faded w0 induce any rase of anci-hTHF-x
antibadies j17).

viill  Ideally, the “physiological’ acdvity of hTNF-@x in
normal tisues should he conserved (=e poine i,
il and iv].

8 Condusions

An impartant predinical body of evidence (not inferior to
thar which fiest led w resta monoclonal and-THF< angbady
in 10 BA patienes in 1992) suppors the feasihiliny of anci-
TMF-tt acove immunization in TNF--dependent human
diseases. The efficey in TTG mice sponmneous amhnris,
the relevant modd for THE-t inhibiton, swongly sugpess
its: porential appliadon in BA. The reversibilicy of anri-
TMF-ix anohody levels increase and the absence of memony
T-cells inducrion are borh argumens in Favor of a good safery
pmfile. The first resuls of an open-label smdy in Crohn's
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dismise are consistent with animal data regarding the kinerics
of antohodies induction and decreasz, and a good mlemnce
is sugpested. A dosefinding randomized trial, ongoing ar
the present rime in BA, will preamably provide mare pele-
vant safery and efficacy informarion deremining wherher or
not THEE will access the Phase [ of clinical development,

9. Expert opinion

We are presently ar an early phase of clinical develspment,
as Phae I studies are ongoing in BA and Phase [ - I in
Crohns is not ended, yer, The experropinion is consequentdy
basd on proof-of-conceprs experments in predincl and
pharmacodynamics stadies in mice char allow Formulating
some bypotheses.

The acive immunocherapy with THNFE aims w revers bly
vacrinate against THE-or. Unlike the already mardeered ano-
THF-o agens, one @n suppose thar wang THNEK could
have advantages in verms of amplicior and frequency of injec-
tions, The effect would probably be quite dumble aker cach
injection (several weeks or monrhs), Momower, THFK trear-
ment i oot concerned by a posmible reducdon of effea due
to ADW. These ancbodies, found in up o $0% of IFX-
treated and in 0% of adalimumab-<reated pagents. reduce
the thempeuric efficacy of the drugs and are responable of
therapautic failuress and advese resctions. 5o, the ADA-
positive mnent might be aspecific dinical sowarion in which
THMFE adminisreation could be warranted.

Anocher advanmpe iz 2 lowsr eccnomic burden for the
community as the coxs of productden of the kinoid would
be presumably lower than thos of current anti-THF-o
agents, Cost reductors are cumentdy requested in developed
countres and appear as a necessary condition for treating
THMFE @ dependent dseases with trgeeed wements in
developing countries. The access for the padens o cxpensive

Sememno, Assier, Delavallee & Boissier

biolegical therapiei is swongly limired in many muniries by
hedrh authorries or other third pary payers, anc the choice
of traament will be more and more influenced by cost-
effectiveness analyses. In chis scemario, a less etpendve alerna-
tive providing “vale' and ‘value for money” in BA treamment
would cerrainly be welcomed.

If the safery and efficacy dam suggested by animal models
are confirmed by ongoing humar dinical stoudies, i s con-
ceivable thar TNFK wall have a considerable impacr on RA
trestment seraregics. Mot only THFE promises w be a direct
compentor of pasive and-THF4 immunotherapics, hur
also Fumure scenarios might be conceived, induding combina-
rion or sequental treamment with both passive and acie
ThF--mrpeting srategics.

The reversibilicy of ano-TMNF-u vaccination with TNFE
anc bck of inducdon of immunological memory versus
the native orrokire are the key oondidons for a favorable
heretitiride rarin, All preclinical smdies show a bell curve of
anc-TNF42 anobhodies levels and preeliminary resuls in
humans confimn this point. The adminisradon of THNF-o
to TMFK-vacdnard animals fik o induce an ano-THNF-o¢
response and, in addition, the persisrence of residual
levels of active THF-o is pmbaby suffident o proweo che
hog agamst inkecion and mmas, MNevertheless, all dhese
safery oonsderarions, based on animal models dara, will
have to be confirmed in ongoing and furue clnical mials
in humnans,
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RESUME

Les traitements utilisés pour le blocage de la lgg pro inflammatoire TN& (anticorps
monoclonaux ou récepteurs solubles) ont révolutdanprise en charge de maladies telles que la
polyarthrite rhumatoide (PR), mais montrent destdisnen termes d’efficacite, effets secondaires et
colts. L'immunisation active par le kinoide du Td\ttumain (TNF-K) est une stratégie alternative
de ciblage du TNé&, qui exploite le principe de la vaccination ponduire I'héte a produire des
anticorps (Ac) polyclonaux anti-TNE Nous montrons la faisabilité de cette approcaesdun
modele d’arthrite qui reproduit les caractéristgjessentielles de la PR et qui dépende de la
production déréglée de TNFE la souris transgénique pour le TdNFumain (hTNRk). Nous
montrons que le traitement des souris arthritiquaesTNF-K améliore nettement la maladie, que la
production d’Ac anti-hTNE est limitée dans le temps et renouvelable pardose de rappel de
TNF-K. Au contraire, le hTN& natif n’induit pas d’Ac anti-TNE. Les traitements
immunosuppresseurs ne semblent pas limiter I'effiéadu TNF-K. Nous apportons des preuves en
faveur d’'une homogénéité de fonctionnement engdepolyclonaux et monoclonaux anti-T&F

En fait, les deux traitements induisent les mémeslifications des populations cellulaires de
cellules T régulatrices. En outre, les taux s@&sqd’Ac monoclonaux et polyclonaux anti-TiNF
sont le principal facteur qui détermine si le gaient protege ou pas de l'inflammation et de la
destruction articulaire. Ces résultats ont congilau faire avancer le développement de cette
stratégie jusqu’a la phase Il d’expérimentationiglie dans la PR.

L'IMMUNISATION ACTIVE ANTI-TNF DANS LA POLYARTHRITE
RHUMATOIDE : DU MODELE ANIMAL A LA MALADIE HUMAINE

ACTIVE ANTI-TNF ALPHA IMMUNIZATION IN A MURINE MODE L OF
RHEUMATOID ARTHRITIS. RELEVANCE TO HUMAN DISEASE

SUMMARY

Current anti-TNk treatments (monoclonal antibodies or soluble rexsp radically changed the
treatment of rheumatoid arthritis (RA) and otherFoNelated diseases, but even show several
drawbacks as far as safety, efficacy and costscameerned. Active immunization with human
TNFa kinoid (TNF-K) is an alternative anti-TNFstrategy that exploits vaccination principle in
order to induce the production of polyclonal aniHo. Abs by recipients. We show the feasibility
of this approach in a disease model that mimicsrtam features of human RA and that depends on
deregulated TNé& production: the human TNHransgenic mouse. We show that the treatment of
arthritic mice with TNF-K dramatically amelioratése disease, that the production of anti-h&NF
Abs is time-limited and renewable by a boost ddséNF--K. Conversely, native hTNFdoes not
induce anti-hTNE Abs. Immunosuppressant treatments do not seempaii TNF-K efficacy. We
bring evidence that polyclonal and monoclonal dMNiFa Abs share some key features in their
mechanism of action. Both treatments induce the esanwodifications in regulatory T-cell
populations. Moreover, serum level of both polyeloand monoclonal anti-TNFAbs is a major
factor determining whether the treatment resultgiiotection from articular inflammation and
destruction. These results contributed to the dgweknt of active anti-TNF immunization in
human disease; TNF-K recently entered phase licelitrials in RA.
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