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STIMULATION THROUGH TLR4 INCREASES FVIII INHIBITORFORMATION IN A
MOUSE MODEL OF HEMOPHILIA A

By:
Claire Katherine Holley

Supervisory Professor: Keri C. Smith, Ph.D.

Hemophilia A is a clotting disorder caused by fimeal factor VIII (FVIII) deficiency.
About 25% of patients treated with therapeutic nelsimant FVIII develop antibodies
(inhibitors) that render subsequent FVIII treatnsaneffective. The immune mechanisms of
inhibitor formation are not entirely understoodt bincumstantial evidence indicates a role for
increased inflammatory response, possibly via dtitian of Toll-like receptors (TLRs), at the

time of FVIII immunization. | hypothesized thatratilation through TLR4 in conjunction with

EVIII treatments would increase the formation oflFVhhibitors. To test this hypothesis, FVIII

K.O. mice were injected with recombinant human F\iith or without concomitant doses of
TLR4 agonist (lipopoysaccharide; LPS). The addivdhPS combined with FVIII significantly
increased the rate and the production of anti-FMIB antibodies and neutralizing FVIII
inhibitors. In the spleen, repeat@dvivo TLR4 stimulation with LPS increased the relative
percentage of macrophages and dendritic cells (0@=)the course of 4 injections. However,
repeatedn vivo FVIII stimulation significantly increased the dégsf TLR4 expressed on the
surface of all spleen antigen presenting cells ($)PCulture of splenocytes isolated from mice
revealed that the combined stimulation of LPS avitlifalso synergistically increased early
secretion of the inflammatory cytokines IL-6, TNfFand IL-10, which was not maintained
throughout the course of the repeated injectionsiléAytokine secretion was relatively
unchanged in response to FVIII re-stimulation itiue, LPS re-stimulation in culture induced
increased and prolonged inflammatory cytokine gamreRe-stimulation with both LPS and
FVIII induced cytokine secretion similar to LPSnstilation alone. Interestingly, long term
treatment of mice with LPS alone resulted in sptgtes that showed reduced response to FVIII
in culture. Together these results indicated theaiting a pro-inflammatory environment
through the combined stimulation of chronic, lowsdd.PS and FVIII changed not only the
populations but also the repertoire of APCs indpleen, triggering the increased production of
FVIII inhibitors. These results suggested an amftammatory regimen should be instituted for
all hemophilia A patients to reduce or delay therfation of FVIII inhibitors during

replacement therapy.
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INTRODUCTION

Hemophilia is a blood disorder characterized byitlability to properly clot due to the lack

of an essential clotting protein or reduced agtieit that protein. To understand this disorder, its
complications, and how to treat patients, it isamant to first understand the process of

coagulation.

1. Coagulation

Coagulation, from Latimoagulare‘to cause to curdf,’ is the process in which enzymatic
activation of a series of proteins initiates thevarsion of fibrinogen into fibrin to facilitate
healing of a damaged blood vessel. Coagulatiorhigtdly regulated part of hemostasis, from
the Greelhaima'blood' andstasis'standing stilt!),’ the complex process of wound healing in
which blood remains in its fluid state within thaseular system but takes on a semi-solid state at
the site of a breach in a blood vessel.

In the “classic” view of the coagulation cascathere are two major pathways that initiate

formation of fibrin. As reviewed in Roberts efqFig.1), the intrinsic (cell-contact) pathwasy

controlled by vitamin K-dependent protein cofactaramely factor XII (FXIlI), factor XI (FXI),
factor IX (FIX), and factor VIII (FVIII), produceth the liver with circulation in the blood.
Exposure to prekallikrein, high-molecular-weightikiogen, and collagen on the surface of
platelets activates FXII (FXlla) and initiates tletting cascade. Each successive factor in the
cascade is similarly activated by the previouslvated factor. It is important to note that FVIII
and factor V (FV) are activated by residual thrompesent in the blood and act as cofactors in
the activation of FIX and factor X (FX) respectielhe FVllla/FIXa complex catalyzes the
activation of FX in the presence of FVa and inggthe formation of the tenase (FVa/FXa)

complex. The extrinsic (trauma) pathwawy the other hand, is initiated by factors thatraot

normally circulating in the blood, namely tissuetta (TF, FIIl) which is located on the surface
of endothelial cells. Once TF is exposed to thedbloy tissue injury, factor VII (FVII) is
activated, binds to TF to form a complex that aatg FX, and leads to formation of the tenase
complex. The tenase complex is common to bothrttimsic and extrinsic clotting pathways.
This complex is stabilized by von Willebrand facfgiVF) on activated platelets and is
responsible for catalyzing the conversion of prathibin (Factor II, Fll) into thrombin, which
catalyzes the transition of fibrinogen (Factorl),iRto fibrin. Factor XIII (FXIII), which is also

activated by thrombin, is responsible for fibritogs-linking in the finished clot.
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Fig.1: Intrinsic and extrinsic pathways as defined in the classic clotting cascade
The extrinsic cascade is triggered by trauma aitidag TF while the intrinsic clotting cascade is
triggered by damaged cell surfaces and utilizedIFBbth cascades activate the tenase complex
that catalyzes the formation of thrombin. The cdeda controlled by negative regulators such as
Protein C. Adapted with permission frofmesthesiolodyl andMolecular Patholog$'.

However, this classic view of coagulation is realgimplified view of the complex interplay
and feedback that occurs during the coagulationgs® As reviewed by Roberts efaand Lee
et.al®™, the intrinsic and extrinsic pathways are intepetedent because a deficiency in one of the
essential clotting factors such as FVIII, FIX, &fIFis not completely compensated for by the
other intact pathway of the clotting cascade. Tioeee the current model of clotting more closely
resembles a cross-over positive-feedback loopZJighe process begins with FVlla binding to
TF, anchored to the activated phospholipid (PL) imeme of a TF-bearing endothelial cell,
which can then activate FX and FIX. FXa, remaimegr the TF-bearing endothelial cells,
activates FV and becomes part of the tenase compéadyzing the formation of small amounts
of thrombin. This initial production of thrombim combination with residual levels of thrombin
in the blood, will catalyze the conversion of filwgen to fibrin to form an initial clot, activate

platelets and essential intrinsic clotting fact@r¥lll, FV, FXI), and separate FVIII from VWF



to form FVllla. FVIlla will then act as an enzymefactor to increase formation of the tenase
complex five-fold, producing substantially moredimbin for final clot formation. Once a clot is
formed, FVllla and FVa are inactivated by FIXa autivated protein C, which leads to an

overall down-regulation of the clotting cascade eagloration of hemostasis (Fig.1).

X

prothrombin fibrinogen

Urin clot

thrombin

TF-bearing endo )
activates

activatep

!

@ prothrombin
platelet

Fig.2: Currently accepted modd of interdependent clotting pathways
Trauma triggers the extrinsic cascade, activatiegénase complex and creating a usable pool of
thrombin. Thrombin activates intrinsic clotting faxs and platelets, increasing tenase activating
and thrombin formation. The cascades activate et in order to form clot. Adapted with
permission fromAnesthesiolody.

2. Hemophilia

Hemophilia, from the Greekaima'blood' ancphilia 'love!”, is a general term that
encompasses three coagulation disorders (hemophiBaand C) caused by the lack of a
functional form of an essential clotting factor fgio. Patients with hemophilia A produce little or
no functional FVIIl. The prevalence of “classic’rhephilia is one in 5,000-10,000 male bifths
71 patients with hemophilia B produce little or mmétional FIX. Hemophilia B is rare in that its
prevalence is one in 25,000-40,000 male bfrthsPatients with hemophilia C produce little or
no functional FXI. It is the rarest and least sevierm of hemophilia with a prevalence of only
one in 100,000 individuals, usually individualsAshkenazi Jewish desc€ht

Hemophilia A is further classified by how the disedirst manifests: congenital, due to a

mutation in the FVIII gene on the X chromosomeaoquired, due to spontaneous production of



anti-FVIII antibodies. The majority of hemophiliagatients are congenital and have
complications that manifest at birth or in earlyldinood. Acquired hemophilia A, on the other
hand, affects only one in 1,000,000 persons, moshom are adults over the age of 50 with no
previous personal or family history of bleedingaiders or other underlying medical conditions.
In some patients, acquired hemophilia has beerciated with postpartum bleeding as well as
autoimmune, dermatologic, infectious, or oncolatjgeases; however the cause in these cases

remains unclear and therefore patient prognosigraatiment are variabt8.

3. Clinical Diagnosis of Hemophilia A

There are two routine clinical tests used to idgmiclotting disorder, the prothrombin time
(PT) and the partial thromboplastin time (PTT, alPThe PT test evaluates the extrinsic
(trauma) coagulation pathway by measuring the fanatity of FVII, FV, FX, prothrombin, and
fibrinogen (Fig.3A). Intrinsic coagulation cascauteteins, thromboplastin, and calcium {Qa
are added to citrated patient plasma. Clotting fsmaeasured; delayed clotting indicates a
problem with one of the extrinsic clotting factoBmilarly, the PTT (or aPTT) test evaluates the
intrinsic (cell contact) coagulation pathway by ma@ng the functionality of FVIII, FXII, FXI,
FIX, FX, prothrombin, and fibrinogen (Fig.3B). Extsic coagulation cascade proteins, PL,
kaolin, and C& are added to citrated patient plasma. Clotting isnmeasured; delayed clotting
indicates a deficiency in one of the intrinsic titw factor§” '*. Patients with a normal PT but a

prolonged aPTT are diagnosed with hemopfilia

(A) PROTHROMBIN TIME TEST (B) PARTIALTHROMBOPLASTIN TIME TEST
Add to sample Add to sample
Thromboplastin Phospholipid
ca’ kaolin
cat

Xl
( \il
Xl

Citrated Citrated
XV plasma plasma

G

Measures: VII Measures: XlI
XIV X
prothrombin IXIVIN
fibrinoaer XV
. o ] o ) . prothrombin
Fig.3: Clinical assaysfor identifying clotting disorders fibrinogen

(A) Prothrombin Time Test identifies problems wilie extrinsic clotting cascade and (B) Partial
Thromboplastin Time Test identifies problems whkb tntrinsic clotting cascade. Adapted with
permission from thcGill Virtual Physiology laf"



Hemophilia A severity is classified by the amouhfumctional FVIII present in the blood,
which is directly related to the time required &t formation during the aPTT assay. Severity is
divided into three classes: severe, moderate, dlad Iratients are “severe” if they have less than
1% of the normal functional levels of FVIII, “modee” if they have 1-5% of the normal
functional levels of FVIII, and “mild” if they haviess than 5-25% of the normal functional

levels of FVIII*Z4,

4. Factor VIl Gene Structure and Protein Formation

TheF8 gene, first sequenced in 1984 is approximately 186 k! long and located on the
X chromosome (Xq28). The gene, as reviewed in iLe® and Whité”, encodes a 300 kDa
glycoprotein that is synthesized in the liver antien released into the bloodstream, acts as a
pro-cofactor for FIX enhancing its activity by 2000 fold'®. In hepatocytes, the gene is
transcribed into pre-mRNA that undergoes cleavagesalicing until the mature mRNA contains
the essential 26 exons. The mRNA is translateddar832 amino acid (aa)-long polypeptide
chain which can be divided into 6 domains (Al, B2A3, C1, and C2) and 3 linker regions (al,

a2, and a3 acidic residues) based on function4)f3.

A 0] 5C 10C 150 200kby
rrrrercrrer e et
1 2-6 713 14 15-22 23-25 26
B LI [ I ]
/. 7 T PN \
C NH2[ Al \ 11 A3 C2 [ COOo+

Fig.4: FVIII gene and protein organization
(A) The 200 kbp FVIII gene is transcribed and tfaresl into (B) mMRNA containing 26 essential
exons which are cleaved together to form (C) akZ® FVIII protein. Adapted with permission
from Molecular Pathology! andBr J Haematdt*.

FVIIl is a cofactor for FIX; the activation of FI} performed by the A2+a2 protease
domain. The other protease domain (Al+al), in thegnce of FIXa, is responsible for
activating FX. The B domain undergoes multiple aamhplex post-translational glycosylations
but does not contain binding sites for any otheessal clotting proteins and is later cleaved out

of the final active FVIII protein complex. Similés the B domain, the a3 acidic domain is later



cleaved out of the final active FVIII protein corapl The C1 and C2 domains are responsible for
binding and stabilizing the FVIII protein. Both ibfese domains bind VWF, stabilizing the FVIlII
protein structure in the blood until it is neededdlotting. The C2 domain also binds PL and
lipoprotein-receptor related proteins (LRP) whithbdize the protein structure on the surface of

platelets to enable FVIII to properly activate FIKd FX (summarized in Table 1).

Domain Amino Acids | Exons Function Binding Sites
Al 1-336 1-6 FX protease | FXa, FIXa, activated protein C
al acidic residues 337-372 7-8 domain FX, FXa, thrombin
A2 373-710 9-13 | FIX protease| FIXa, LRP, HSPGs, activated
domain Protein C
A2 acidic residues 711-740 FXa, thrombin
B 741-1648 14
A3 acidic residues 1649-1689 15-19 EGF-like thrombin, VWF, FXa
A3 1690-2019 domain FIXa, LRP
Ci1 2020-2172 | 20-22 Binding VWF
C2 2173-2332 | 23-26 domains VWEF,PL, LRP, FXa

Table 1. Components and functions of the FVII1 protein domains

5. Factor VIl Post-Trandational Processing

The nascent polypeptide chain is translocated thacytosol into the ER lumen of
hepatocytes, chaperoned by binding immunoglobulitegin (BIP), and undergoes signal peptide
cleavage and N-glycosylation. BIP is released a&tlemosine tri-phosphate (ATP) hydrolysis to
allow the polypeptide chain to begin disulfide bdadmation during the initial stages of protein
folding in the presence of €aThis initial FVIII structure is exported to theol@i where it
undergoes complex N-glycosylation, S/T-glycosylatiand tyrosine sulfation. The protein is
cleaved into two chains: the heavy chain (200 kizasisting of the Al, al, A2, a2, and part of
the B domains; and the light chain (80 kDa) comwysof the a3, A3, C1, and C2 domains. These
two chains, coordinated and stabilized b)?*CﬁDrm the final FVIII structure that is secreteda
the blood.

Once in the blood, the inactive form of FVIII islbwl and stabilized by VWF so that the
half-life of the protein is approximately 8-12 he&it®. Thrombin activates FVIII by initiating
cleavage of the remaining portion of the B domand the a3 acidic domain. The al acidic
domain and the A2 domain are also cleaved, sepgrtite protease domains. The final, activated
structure is a 170 kDa heterotrimer, coordinate€Hy. If not bound by VWF, FVllla is quickly
degraded when activated protein C cleaves the Avadloand A2 domains, destroying the

functional protease domains and essential structur®/llla (reviewed in Table 2).



Protein Size M odifications Result L ocation
Whole 300 kDa Transcription/translation of gene Formation | Hepatocyte
protein Translocation into ER
N-glycosylation, disulfide bonds
Hetero- | H chain (200 kDa) | Complex N, S/T glycosylation, Secretion | Hepatocyte
dimer L chain (80 kDa) | Tyr sulfation in Golgi (FVI
Cleavage of B domain
Stabilization by VWF Blood
Hetero- | Al chain (50 kDa) | Cleavage by thrombin Activation Blood
trimer | A2 chain (43 kDa) | Removal of B, a3 acidic domains (FVliia)
A3,C1,C2 chain | Separation of Al, A2 domains
(73 kDa)
Degraded particles of FVIII | Cleavage of A2, al acidic domaing Inactivation Blood
by activated protein C, FIXa

Table 2: Cleavages and post-trandational modifications of FVIII protein

The topology of FVllla is crucial for its properrfation. The protease domains are oriented
facing out to allow access to the clotting factamsl thrombin. The binding domains are oriented
to face the PL surface of the platelets to whigytill bind to stabilize the protéy 2 2!
(Figs.5-6).

rospholog I

Fig.5: FVIII protein structure
(A) Spatial organization of FVIII protein domainsda(B) 3-D model representing the topology
of FVIII protein. Adapted with permission frortaemophili&Y andN Eng J MedCopyright
Massachusetts Medical Sociéty.
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Fig.6: FVIII protein interactions during coagulation
FVIII is activated by thrombin before binding to Bh the surface of platelets where it activates
FIX and FX. Once coagulation is complete, FVIIdmactivated and degraded by activated
protein C.

6. Factor VIII Mutations

FVIII gene mutations lead to incorrect protein geniption, translation, and post-translational
processing. The type and location of the mutatffects whether the protein will be produced
and if it will be functional. As described by Bow®nFVIIl gene mutations include missense and
nonsense point mutations, deletions, insertiond,canomosomal rearrangements/inversions.

Point mutations, which may or may not change tlfeméad amino acid, are the most
common mutations, affecting 90% of patients andlteg in variable hemophilia severity. Some
missense point mutations, where the transcribed@atid is unchanged or changed to an amino
acid with similar properties, have little to noest on the final protein structure leading to
production of relatively normal FVIII proteins andly moderate symptoms. Other missense
mutations can create alternative mRNA splice sitesvhere the encoded amino acid has
completely different properties from the originaker the final protein structure. These missense
mutations lead to the production of non-functiomamisfolded FVIII proteins and mild-severe
complications for the patient. Nonsense point nioat which lead to the formation of a
premature stop codon, can cause exon skippindfirgsin a truncated and non-functional
protein and severe patient complications.

Deletions, the removal of a piece of the FVIII gete second most common gene defect,
are found in 5-10% of patients. Deletions can ranggze from whole gene deletions to micro-
deletions and do not appear to cluster to any Bpecea of the gene. Deletions often also cause

a frameshift which leads to non-functional protaird severe patient symptoms. Similar to



deletions, insertions into the FVIII gene are alsoy detrimental to functional protein formation
by altering mMRNA splice sites and/or introducingnfreshifts.

Rearrangements (inversions) due to homologous reication also lead to severe
hemophilia and are usually the rarest of the Fgdéihe mutations. The only exception is the
intron 22 inversion which is found in 40-50% of ipats suffering from severe hemophilia A.

Bowerl” also discussed FVIII gene mutations that do netodiy effect the transcription,
translation, and post-translational processingnefRVIII protein but instead affect the secretion,
stability, and interaction of the FVIII protein Wibther clotting factors. Missense mutations in
certain arginine residues lead to increased inftdaeaccumulation, decreased levels of
circulating FVIII protein, and mild patient symptemMutations in the FVIII binding and
protease domains can prevent proper FVIII intesactiith VWF, C&, FIX, FX, or PL. Inability
to interact with VWF or Cleads to reduced FVIII stability and shorter hit-In the bloo&?.

At the same time, mutations that prevent propéf i@ading and coordination will prevent proper
FVIII interaction with FIX, FX, and PL, such thaVHl is no longer able to participate in the

activation of downstream clotting factors.

7. Pathology of Hemophilia A

Clinical complications depend on a combinationigkdse severity and environmental
factors. As reviewed by Hoy& and Coppol@®, common complications include intramuscular
bleeding, bleeding into the joints, hemarthrosetédoration of the joints due to bleeding),
swelling, numbness, pain, difficulty with wound hieg and inflammation/infection, and the
formation of FVIII inhibitors (discussed later) ttamuscular bleeding and hemarthrosis, often
caused by external trauma or surgery, are oftefirgténdication of a bleeding episode due to
the accumulation of blood in one of the ‘key’ j@ntisually a knee or elbow. Swelling, pain, and
numbness from pinched nerves is usually severeginitiat there is a reluctance to use the
affected joint leading to further joint damage, &dasion, muscle atrophy below the joint, and
eventually the need for joint replacement. Inflartioraand infections can also lead to and
exacerbate complicatiofs?! slowing down wound healing compared to peoplédfanted by
this disease. Inflammation can be triggered by apemproperly-treated injuries, surgery, or
already-present infections/immune conditions agated by a compromised immune system.
Infections can be introduced by contaminated bloadsfusions or therapeutic treatments. Viral
infections such as human immunodeficiency virubepatitis virus were a major problem in the
mid-1980’s. Due to the lack of knowledge about ¢hé@suses and proper screening technology,

the use of clotting factor concentrates isolatedhfcontaminated human serum made
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hemophiliacs more likely to contract these virusss1987, 78% of patients receiving FVIII
replacement therapy were infected. Treatment mae siecome much safer with the introduction
of recombinant and porcine clotting factors, hea&tied clotting concentrates, and better donor
screening techniques for those patients who dtésing treated with human FVHf.

Non-clinical factors include the age of the patidér@quency of replacement therapies, type
and availability of clotting factor concentrateadahe cost of treatmeffts?”. Hemophilia A is a
chronic, incurable disease with a cost of arour@ ®8-$150,000 a yé%ﬁl, depending on the
patient’s FVIII dose regimen and the presence lobitors. Costs can often be too much for a
patient to handle even with medical insurance. tachavailability of the clotting factor

concentrates is also a barrier to the diffusioprophylaxis, especially in developing countfigs

8. Current Treatments

The current treatment for hemophilia A is the im&naous application of FVIII, most often a
recombinant form of the protein that was first figsized and used in 1987 Recombinant
human FVIIl is derived through transfection of nmmman mammalian cell lines capable of
performing all of the complex posttranslational mfigetions required for proper protein
function, either Chinese hamster ovary or baby hemndney'?. Patients can also be treated
with porcine or human-derived FVIIl. The dosage &eduency of FVIII applications is
individualized for each patient based upon weigbg, frequency of bleeds, type of replacement
FVIII, and the physician’s choice of treatment regit?®l. Patients with congenital hemophilia
are usually diagnosed as infants and placed ooghplactic FVIII treatment regimen between
the ages of 1-2 years or after the first joint di€khis type of treatment is used to regularly
replenish serum levels of FVIII to minimize bleegliand attempt to convert the severe
hemophilia into a milder form with reduced clinicaimplications and increased quality offite
#1 prophylactic treatments are much preferred tdemand FVIII treatments and high dosage
FVIII applications in cases of emergency bleeddcivhave been associated with increased

instances of anti-FVIII antibody formatiBH.

9. Factor VIII Inhibitors

During FVIII replacement therapy, about 25-33% afignts with severe hemophilia develop
neutralizing antibodies or “inhibitors” against FNA*. Anti-FVIII antibodies are polyclonal IgG
antibodies, usually 19G1gG; and IgG subclasses, which target the functional and/or non
functional domains of the FVIII protein, blocking ipro-coagulant activity and preventing

activation of downstream clotting factors. Thesgbaalies act by: (1) sterically hindering
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epitopes required for FVIII interaction with othayagulation molecules, including VWF, FlIXa,
FX or PL; (2) destabilizing the FVIII protein sttt less effective at activating other clotting
factors; or (3) degrading FVIII either by directdmglysis or through formation of immune
complexe8:*! Therefore, the presence of FVIII inhibitors rersdEVIII replacement therapy
less effective. The level of inhibitors in a patisrtirculation is quantitated by the Nijmegen
modification of the Bethesda assay (Fi§™)Inhibitor levels are reported in Bethesda Units
(B.U.), in which one Bethesda unit is the amounnbfbitor required to reduce clotting by 50%.

For this assay, the cut-off for inhibitor detectisn-0.6 B.UJ* 235 %€

buffered
Patient normal d';i/élilém
plasma plasma
plasma
50/50 mi»

N\ '4

Incubate 2hrs @37°C

FVIII Assay

Fig.7: Nijmegen modified Bethesda assay for inhibitor detection
Patient plasma (being tested) is mixed 50/50 witffieloed normal plasma, incubated, and
undergoes FVIII assay. The results are comparéibse obtained from a 50/50 mixture of
known FVIllI-deficient plasma and buffered normagha. Adapted with permission from
Thromb Haemo§E ¢!

10. FVIII Inhibitor Risk Factors

The formation of anti-FVIIl antibodies is determthby a delicate balance between genetic
and environmental risk factd?s*(reviewed in Fig.8). Genetic risk factors inclutie type and
location of the FVIII gene mutation, family histooy inhibitor development, ethnicity, and the
immuno-genotype of certain inflammatory cytokin€ke type of FVIII gene mutation has the
greatest influence on a patient’s risk for deveigpnhibitors. Patients with large deletions,
nonsense mutations, and chromosomal inversionsthaugghest incidence of inhibitor
formation. This may be because the complete defi@ndogenous FVIII production prevents
establishment of central tolerance to F7t1F® *! Replacement FVIII is seen as “foreign”

protein by the immune system. Patients with sm&\étl gene mutations, such as missense
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mutations or small deletions, may produce the Fpfiititein even if it is non-functional, thereby
enabling central tolerance to the protein and lavgethe risk of inhibitor formation during
replacement therapy. Similarly, family history ohibitor development also predisposes a patient
to inhibitor formatioft* 2* ** Ethnicity/race is also a risk factor for inhibitdevelopment.
African-American patients are twice as likely tovelop inhibitors as Caucasian patiéfitsThe
immuno-genotype of certain inflammatory cytokineéimked to the increased development of
FVIII inhibitors. Patients with certain polymorphis in the promoter regions of the IL-10, TNF-
a, and MHC Il genes are more likely to develop iitioits*" *? whereas patients with
polymorphisms in the CTLA-4 gene are less likelgléwelop inhibitoré? *%,

Non-genetic risk factors for the formation of FVilhhibitors include the type, concentration,
and frequency of therapeutic FVIII infusions, alomigh immunological influences/disorders that
occur during treatment. Although no significankrig increased inhibitor formation has yet been
linked to the type of therapeutic FVIII product, ether it is human plasma-derived or
recombinant, whole length or B-domain deleted, awiitg products during treatment carries a
small risk of inhibitor formatiof”. There is come indication that viral infections gaomote
inhibitor development; increased inhibitor develgmnhas been found in patients with Hepatitis
A, Hepatitis B, and HI¥® *“4. The largest risk factors for developing inhibitare the type and
concentration of therapeutic treatments. Initiafivjll treatments at an early age and in a
prophylactic manner carries lower risks of inhibitievelopment, whereas large, on-demand
infusions during severe bleeds and major surgeryassociated with increased risk of inhibitor
formatior®®. Although there are many factors that can infleete risk of inhibitor formation,
there is no definite way to determine if and wheyagticular patient will begin producing FVIIl

inhibitors.
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Reduce Inhibitor risk Increase
1

F8 Missense Small Splice Inversions Nonsense Large

Genetic genotype mut ins/del site mut del

(non-modifiable)

factors Inh family Negative Positive Positive

history (relatives) (siblings)

Ethnicity Caucasian Non-caucasian

N

Immuno- N
genotyp MHClI -0
Non-genetic Role of

(modifiable) inflammation?
factors

Regular Treatment Intensive treatment
prophylaxis High-dose Surgery

Fig.8: Risk Factorsfor the development of FVII1 inhibitors
Both genetic and environmental factors have beenddo increase the risk of FVIII inhibitor
development in hemophilia patientdewed together, these risk factors indicate that
inflammation might also be driving the formationiohibitors. Adapted with permission from
Haemophili&”

11. Current Treatmentsafter FVIII Inhibitor Formation

FVIII replacement therapy must be adjusted duentbRV/ Il antibodies. Patients with
inhibitor titers of <5 B.U. can still receive reptament FVIII therapy, just at higher and more
frequent doses to replenish FVIII levels sufficiemmaintain hemosta$ié. Patients with
inhibitor titers of >5 B.U. must receive one of el bypass therapies which include the
application of prothrombin complex concentratesegmombinant human FVlla, both of which
work through the extrinsic clotting pathway to aate the tenase complex without requiring
FVIII. Patients with high inhibitor titers can alsmdergo immune tolerance induction (ITl), a
course of treatment designed to eradicate exi§tifiY) inhibitors and induce FVIII-specific
immune toleranc®!. The various ITI protocols utilize regular apptioas of large doses of
FVIII and immunosuppressive drugs over the coufseweeral years. High doses of FVIII down-
regulate the FVIIl adaptive immune response, smathy by inducing anergy and depleting the
anti-FVIII antibody secreting plasma céfts If ITI treatment is effective, which occurs in
approximately 80% of the cases, the patient caantasormal FVIII treatments’.
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12. Role of Inflammation in the Formation of FVIII Inhibitors

Research has indicated that there might be aaekdtip between inhibitor production and
inflammatiod*. The development of inhibitors is caused by higelyulated interactions
between different cells of the innate and adaptivaune systents’. Since recombinant human
FVIII is immunogenic, repeated therapeutic admriaigdn of FVIII can be identified as a foreign
protein by the immune system triggering a FVIll-sifie immune response. During this immune
response, the FVIII binds to receptors on the serfd APCs, mainly macrophages and DCs. The
elimination of macrophages and CD1/QD84 dendritic cells abrogated the onset of anti-FVIlI
immune respon§g * 641 APCs then migrate to the spleen where they calimewith T-cells.
Removal of the spleen has been shown to preveitiiohformation and eradicate any inhibitors
already preselit. APCs will internalize and degrade FVIII for prasation on MHC Il while
also secreting inflammatory cytokines (such as,|ll-612, and TNFa) and up-regulating co-
stimulatory molecules (such as CD40, CD80, and GDB&vious research has indicated that
polymorphisms in the TNE-and IL-10 genes increase a patient’s likelihoodewelop
inhibitord*> *31 APCs bind the T-cell receptor (TCR MHC Il and induce T-cell activation
through co-stimulatory molecules on T-cells. Laéic®4" T-cell stimulation due to loss of
CD40L, CD80, CD86 or CTLA-4 signaling impairs cédlucross-talk between APCs and CD4+
T-cells, preventing initial inhibitor formation amdmoving any inhibitors already present in the
blood, as seen from studies in patients infected WiDS with low CD4+ T-cell count®” %,
The activated helper T-cells will then bind the &lececeptor (BCR) to activate B-cells,
stimulating production of FVIlI-specific plasma ksethat produce large amounts of anti-FVIII
antibodie§™. B-cell depletion, utilizing anti-CD20 therapyggificantly decreases FVIII
inhibitor titers in a mouse mod#l. Similarly, re-stimulation using high doses of R\fhhibits
FVIll-specific memory B-cells, preventing furtheiffdrentiation of FVIII plasma cells and
decreasing the production of anti-FVIII antibodfids

The stimuli that initially trigger and drivilne FVIII immune response are not well defined.
Toll-like receptors (TLRs) might play a role inggering the FVIIl immune response because
immune cells that express TLR and cytokines setrafier TLR stimulation are key components
in the FVIIl immune respon88. Previous data from the Smith lab utilizing cytwkimultiplex
analysis and statistical algorithms to moidesilico the anti-FVIIl immune response (not
published) suggested that TLR4 might be up-regdlately during the FVIII response in mice.
To test this prediction, | studied the role of TL&#mulation on the formation of FVIII inhibitors

in a mouse model of hemophilia A.



15

TOLL-LIKE RECEPTORS (TLRS)

It has been suggested that inflammation triggexd=Nilll immune response, leading to the

production of FVIII inhibitors. Previous experimerit the Smith lab identified Toll-like receptor
2 (TLR2) and TLR4 as two potential receptors thdten stimulated in conjunction to FVIII, will
drive this inflammatory response. In order to ustherd how inflammation is affecting the
formation of inhibitors, it is important to undexatl how TLRs trigger the inflammatory response
and the effect this signaling has on the interadtietween the innate and adaptive immune

responses.

1. History of Toll-Like Receptors

TLRs are evolutionarily conserved homologs of tiodl protein, a developmental protein
first identified inDrosophilathat also conveyed anti-fungal protection in adligs”®. Due to
domain homology, TLRs are defined as members afgel superfamily of proteins that includes
the interleukin-1 receptor (IL-1R) and IL18 TLRs contain an extracellular binding domain
consisting of a 31 amino acid (aa) N-flanking regih9-25 leucine-rich-repeat (LRR) tandem
motifs that are directly involved in ligand bindirend a cysteine-rich terminal domain. Each
LRR is 24-29 aa long and contains an xLxxLxLxx rfigti TLRs also contain in intracellular
signaling domain that is homologous to the IL-1§nhsaling domain, called the Toll/Interleukin-1

receptor (TIR) domain. These two domains are ségdiay a transmembrane domain.

2. ThelLocation of Toll-Like Receptors

Ten humarTLRs have been identified. TLR1, 2, 4, 5, andélacated in the plasma
membrane and bind any bacterial, fungal, or otléingmenic proteins that come into contact with
the TLR-expressing cells. TLR3, 7, 8, and 9 arated in the endosome and bind any nucleic
acids, mainly viral, that is phagocytosed by thi€"¢e The location and function of TLR10 are
not yet known. TLRs are expressed in varying degasel combinations on both immune cells,
including monocytes, macrophages, DCs, T-cells,Bxedll€®?, and non-immune cells,
including fibroblasts, endothelial cells, adiposytepithelial cells, and glial céfi8. Mice and

other animals have been shown to possess a gneaider of TLRs (TLR11-13).

3. TheFunction and Agonists of Toll-Like Receptors
Toll-like receptors are type | integral membrangcgprotein receptors that act as part of an
early warning system for infection. They have bdebbed “adjuvant receptors” because they

bind ligands that are potent adjuvants and triggégorous innate immune response in the
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attempt to clear bacterial or viral infectiGfis®. This immune response will eventually lead to

the induction of the adaptive immune response hagtoduction of antibodies targeting those

pathogens?.

As pattern recognition receptors (PRR), each of¢helLRs are responsible for binding a

subset of pathogen-associated molecular patteXdiPR) associated with immunological

danger and stress. The majority of known TLR adenssderived mainly from bacteria and

viruses but can also include endogenous ligangg(@ed in Table 3); there are many more

potential TLR agonists that have yet to be idegtdifincluding those specific for TLR10.

Toll-Like Receptor Agonist Agonist Origin
TLR1 N-terminus triacylated lipopeptides Bacteria
Soluble factors Neisseriabacteria
TLR2 Glycolipids Bacteria
(forms heterodimer Lipopeptides/lipoproteins Bacteria

with TLR1 or TLR6)

Lipoteichoic acid
Peptidoglycan

Gram- bacteria
Gram- bacteria

Heat-shock protein (HSP)70 Host cells
Zymosan f-glucan) Fungi
Porins Neisseriabacteria
TLR3 double-stranded RNA Viruses
poly I:C (double stranded RNA analog) (synthetic)
TLR4 lipopolysaccharide (LPS) Gram- bacteria

(forms homodimer) HSPs Bacteria, host cells
Fibrinogen Host cells
Heparin sulfate fragments Host cells
Hyaluronic acid fragments Host cells
Nickel
Opioid drugs
TLR5 Flagellin Bacteria
TLR6 N-terminus diacylated lipopeptides Mycoplasma
Soluble tuberculosis factor
TLR7Y Imidazoquinoline (synthetic)
Loxoribine (a guanosine analogue) (synthetic)
Bropirimine (synthetic)
G/U-rich single-stranded RNA RNA viruses
TLR8 Small synthetic compounds
G/U-rich single-stranded RNA RNA viruses
TLR9 CpG DNA Bacteria, DNA viruses
CpG ODN (unmethylated CpG dinucleotide (synthetic)
TLR10 (unknown) ?

Table 3: Known human toll-like receptors and their agonists
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4. Toll-Like Receptor Pathways and Signaling

As reviewed by AkirB” * TLR signaling is triggered when the TLR LRR-haisee
binding domains recognize and bind specific micabBAMPs. After ligand binding, TLRs
undergo a conformational change, sometimes aftepter dimerization, that is required for
recruitment of downstream intracellular adaptotgirs including TIR-domain-containing
adaptor protein (TIRAP), myeloid differentiationinppary response gene 88 (MyD88), TIR-
domain-containing adapter-inducing interfefoGFRIF), TRIF-related adaptor protein (TRAM),
and IL-1 receptor-associated kinase (IRAK). Thed@ptor proteins, all of which contain TIR
domains, propagate the signal via cascading phogations. The signal eventually activates
transcription factors including nuclear factelight-chain-enhancer of activated B cells (NB},
interferon regulatory factor (IRF), and activatoogein (AP-1). These factors are responsible for
activating the transcription of inflammatory cyto&s and co-stimulatory molecules (summarized
in Fig.9).

The majority of TLRs, excluding TLR3, utilize a M@B-dependent pathwdy >, Plasma
membrane-bound TLRs activate KB-and trigger the transcription of inflammatory akines
while TLRs located in the endosome-bound TLRs atéiVRF7 and trigger the transcription of
type 1 interferons. The resulting immune respoasiependent upon the type of agonist, the TLR
that is stimulated, and the cell types activated bR stimulatiof®®. For example, TLR2
signaling preferentially induces a helper T-cefley? (T,2) respons&’, a humoral response
characterized by the secretion of IL-4, IL-5, IL}B6;10, and IL-13 along with the proliferation
and maturation of B-cells and the production oftaties. This response is normally triggered
by extracellular parasite infections and allergisponses, such as astfffarLR3 utilizes a
MyD88-independent pathway to trigger the transmipof type 1 interferons. Instead of MyD88,
this TLR utilizes TRIF and IRF3 to initiate an imnmeuresponse.

TLR4 is unique in that it can utilize either the DB8-dependent and MyD88-independent
pathways. It acts in cooperation with LPS-bindimgtein (LBP), which sequesters LPS from the
plasma and presents it to the CD14 rec&ftoand MD-2, which associates with TLR4 and
confers responsiveness to LPS TLR4 is capabletnfasing multiple transcription factors,
leading to the transcription of a variety of inflaratory cytokines and the up-regulation of co-
stimulatory moleculd¥® 3% 54 to elicit an immune response.

For example, TLR4 preferentially, and especiallyhia presence of high doses of LPS,
triggers a helper T-cell type 1(T) response, a cell-mediated response charactdrztoe
secretion of IFNy, TGF{, IL-2, and IL-10 along with the increased killiogpability of

macrophages and cytotoxic (CD)d -cells. Along with the activation of lymphocytaad
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macrophages, the up-regulation of co-stimulatorjeswes enhances T-cell activation,
expansion, and survival. 4T responses are normally triggered by intracellfictions like
leishmaniasis and inflammatory diseases.

However the pattern of TLR expression and the ditienf cytokines induced by TLR
stimulation can trigger alternative immune respsragapending on how and where the receptor
has been activat&d. TLR2 activation normally triggers a,Z response; however, it also
increases vascular permeability and neutrophifittdang to facilitate pathogen clearance during
inflammation; increases TF expression and fibriaglyo promote coagulation and wound
healing. Importantly, signaling through TLR2 caigger the activation and proliferation of
regulatory T-cells (TregS¥, which play a critical role in tolerance to seitigens and protection
against autoimmunify?. Along those same lines, TLR4 activation normaiiggers a T1
response; however, low doses of LPS usually foaridw level, chronic infections can instead
trigger a T,2 response’.

hpoproteing
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Fig.9: Interlinking pathways of thetoll-like receptor family

Toll-like receptors bind PAMPs and trigger intrdakdr signaling, via MyD88-dependent and
MyD88-independent pathways, to initiate the promurcof inflammatory cytokines and the up-
regulation of co-stimulatory molecules as parthef innate immune response during infection.
Figure used with permission frofhil Trans R Soc &,
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5. Toll-Like Receptorsand the Immune Response

TLR stimulation drives the transition from the it@ammune response to the adaptive
immune response by (1) regulating the activatioaliferation, and survival of APCs and T-cells;
(2) triggering the secretion of inflammatory cytods; and (3) triggering the maturation of B-
cells into plasma cells. During the innate immuegponse, macrophages and DCs are the
principle producers of inflammatory cytokines afféR stimulatiof?®. For example, LPS
binding to TLR4 triggers an intracellular cascdaul iactivates NkB transcription and secretion
of inflammatory cytokines such as IL-6, TNE-and IL-12 and the up-regulation of CD40, CD80,
CD86, and MHC ff®. These cytokines, especially TNFand IL-12, enhance the activation,
expansion, and survival of T-célf& The production of these cytokines is important.fo-
regulating the inflammatory response, but overpctida can lead to organ damage and septic
shocl®. Therefore, macrophages also secrete IL-10 whicibits continued TNFe-and IL-12
secretion. IL-10 is secreted by APCs and actsreegjative regulator to inhibit further
inflammatory cytokine secretion, including TNEL-1p, and IL-12. While IL-10 also reduces
APC differentiation, it does not affect T-cell déy@ment or activit{®. Activated T-cells move
to nearest draining lymph nodes and initiate thegpéde response by activating B-cells, turning
them into antibody-secreting plasma c&llsTherefore, TLR stimulation during the FVIII

immune response may contribute to the increasetlption of anti-FVIII antibodies (Fig.10).
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Fig.10: Model of enhanced development of FVIII inhibitors dueto inflammation

Inflammation activates APCs to secrete inflammatogitykines and better present FVIII antigens
to T-cells, activating them. Activated T-cells mdeethe spleen and activate B-cells, triggering
them to secrete anti-FVIII antibodies. Figure usgtth permission from Keri C. Smith, Ph.D.
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HYPOTHESIS

Hemophilia patients receiving replacement FVIlirt@y mount an immune response against
exogenous FVIII, due to lack of central tolerarane] produce neutralizing anti-FVIII antibodies
(inhibitors). Although the FVIII immune responsensll documented, the stimulus that initially
triggers and drivethis response is not well defined. Previous retehas indicated that this
FVIII immune response might be enhanced by inflationalt was suspected that toll-like
receptors (TLRs) might play a role in triggeringstresponse because immune cells that express
TLR and cytokines that are secreted after TLR dtran have been identified as key

components in the FVIIl immune respofi8eTherefore, | hypothesized that stimulation thioug

TLR4 in conjunction with FVIII treatment triggensflammation and drives the increased

production of anti-FVIII antibodies.

Specific Aims:
(1) The production of anti-FVIII antibodies and FMhhibitors

(2) Effects on antigen presenting cell (APC) popatss in the spleen

(3) Effects on inflammatory cytokine (IL-6, TN&-and IL-10) secretion
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SCIENTIFIC METHODS AND REAGENTS

1. Recombinant Human Factor VIII Preparation and Dialysis

Lyophilized rhFVIIl (Kogenate FS, Bayer Heathcarefnaceuticals, Tarrytown, NY) was
serially reconstituted, 6-8 vials at a time, byiidd of sterile water combined in a final volume
of 1.5 mL. The rhFVIIl was then dialyzed into satut (10mM Hepes and 150mM NacCl, pH 7.5)
using a membrane with 10,000 MWCO (ThermoFisheer8ific, Waltham, MA). The
concentration of the dialyzed rhFVIII was deterndiry Pierce MicroBCA Protein Assay Kit

(ThermoFisher Scientific).

2. Mice

FVIII deficient, exon 16 deleted, mice backcrossatb the C57BL/6 mouse strain were
kindly provided by David Lillicrap (Queens UnivessiOntario, Canada). This mouse model is
known for having a robustyI and T,2 inflammatory cytokine response and produces high
antibody titers in response to FVIII replacemertrapy®. A breeding colony was established
and maintained in the Center for Laboratory Aniialdicine and Care facility at the University
of Texas Health Science Center-Houston under amaliielfare Committee approved
protocol. Mice were housed in IVC (Individually M#ated Cages, Tecniplast, Buguggiate, VA,

Italy) under pathogen-free conditions and fed ltdood and water ad libitum.

3. Experimental Treatments

Reagents used in the mouse treatments were rhAWR2 agonist (synthetic Pam3CSK4
“PAM”, InvivoGen, San Diego, CA), and/or TLR4 agen(Lipopolysaccharides “LPS” from
E.coliO111:B4, Sigma, St. Louis, MO). At 6-8 weeks, miggre given treatment intravenously
based on Table 4. Mice received treatment onceyeexen days for up to four weeks. If mice
received a dual treatment of TLR agonist and rhE¥ike two compounds were dissolved

together in 10QL of PBS and given as a single intravenous dig&ail vein.

Treatment Group | Administered Treatment (1G4 total volume)
1 (control) 100 uL of phosphate-buffered saline (PBS)
2 pg/mouse (10 U) rhFVIIl in PBS
10 pg/mouse PAM in PBS
10 ug/mouse LPS in PBS
10 ug/mouse PAM + Zig/mouse rhFVIIl in PBS
10 pg/mouse LPS + gg/mouse rhFVIIl in PBS
Table 4: Mouse experimental treatments

o0~ wWIN




22

Mice were euthanized at indicated times and thedbbnd spleen were harvested. Blood
samples were also collected at weekly intervalinduhe treatment procesi tail snips. Blood
samples were collected in 10% sodium citrate/bdmidme (Becton-Dickinson, Franklin Lakes,
NJ), centrifuged at 1400 rpm for 20 minutes, andest at -80C. Fresh splenocytes were isolated
by mechanical dissociation, water lysis to remaatlslood cells, and filtration throughui/
screen. Splenocytes were counted on a hemocytonsstey 0.4% Trypan Blue (Amresco, Solon,
OH).

4. CultureMedia

Splenocytes were cultured in RPMI-1640 media cointgiL-glutamine, HEPES, sodium
pyruvate, and glucose (American Type Culture Ctibec Manassas, VA) to which 5M 2-
Mercaptoethanol (Sigma), 1.6 mM L-glutamine, 10a@nid 100ug/mL penicillin/steptomycin (all
from Gibco, Grand Island, NY) was also added. Beeal macrophages were cultured in DMEM
media containing glucose, L-glutamine, and sodiynuyate (Dulbecco’s Maodification on
Eagle’s Medium, Mediatech, Herndon, VA) to whict010 and 10Qug/mL
penicillin/streptomycin and 10 mM L-glutamine wdsaadded. Fetal bovine serum (FBS,

Atlanta Biologicals, Lawrenceville, GA) was heagativated at 5& for 30 minutes.

5. Cadll Cultures
Splenocytes were cultured in RPMI-1640 media WiPlFBS at a concentration of 1X10

cells/mL. Cultures were re-stimulated based on g &bICultures were incubated for 24 hours at
37°C with 5% CQ saturation. After incubation, culture supernatamére harvested and stored at
-80°C.

Treatment Group Administered Treatment (in 1mL cultures)
1 (control) media only
0.5ug rhFVIII
increasing concentrations of PAM (0-4§/mL)
increasing concentrations of LPS (0-4gImL)
increasing concentrations of PAM+Qu§ rhFVIII
increasing concentrations of LPS+QdrhFVIII
Table5: Splenocyte culturere-stimulation treatments

OO~ wWIN

6. Cytokine Enzyme-Linked Immunosor bent Assay (ELISA)

Cell culture supernatants were tested for IL-6, Jd\_-10, and IL-12p70 using
commercially available DuoSet ELISA detection KR&D, Minneapolis, MN). The plates were
developed with either 3,3',5,5-tetramethylbenz&ifTMB) solution, included in the DuoSet kit,
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or OPD solution containing 0.2 M PO, 0.1 M citric acid, OPDd-phenylenediamine,

Sigma) and 0.05% @, (Sigma). The substrate was allowed to react at r@onperature in the
dark for 20 minutes. The reaction was stopped byattdition of 2 N K50, and absorbance was
determined at 450 nm on a Bio-Rad 3550 Plate Rg&i@iRad, Hercules, CA). Unknowns were
determined from a standard curve using GraphPathBr{GraphPad Software, La Jolla, CA).

7. Anti-FVII1 1gG Enzyme-Linked |mmunosor bent Assay (ELISA)

Flat-bottom, medium-binding, Microlon 96-well ELIS#ates (Greiner Bio-One, Monroe,
NC) were coated with jg/mL of rhFVIII dissolved in 100 mM NaHCHpH 9.5 and incubated
at 37C for 1 hour. The plate was then blocked with 53nskiilk dissolved in 0.05% PBS/T (1X
PBS mixed with Tween-20 (Sigma) at°@7for 1 hour. The mouse plasma samples were then
serially diluted 1:2, starting af dilution, in 1% skim milk dissolved in 0.05% PBS#hd
incubated at 3 for 2 hours. The plate was then incubated with1800 dilution of goat anti-
mouse-horseradish peroxidase (HRP) (Sigma) andated at 37C for 1 hour. The HRP was
detected by addition of OPD substrate solution@8% HO, and allowed to react at room
temperature in the dark for 20 minutes. The reactias stopped by the addition of 2N3D,
and absorbance was determined at 490 nm on a RIB®E0 Plate Reader. Results were

expressed as the lowest dilution above the endptenobf 0.200 OD over the background.

8. Flow Cytometry

Antibodies used to mark cells for flow cytometryre@nti-mouse CD11b-PerCP Cy5.5
(clone M1/70), anti-mouse CD11c-PerCP Cy5.5 (cldAa&8), anti-mouse CD19-PerCP Cy5.5
(clone eBiolD3), anti-mouse TLR2/CD282-FITC (cl@@2, all from eBioscience), rat Iggxk-
FITC isotype control (eB149/10HS, all from eBiosuie), monoclonal anti-rat TLR4-PE (clone
267518, R&D Systems), and rat Ig&PE isotype control (clone eBR2a, eBioscience).

Splenocytes were re-suspended in 1mL of RPMI-16d0ia The cells were blocked with
anti-mouse CD16/32 Fc block (clone 93, eBioscieSes Diego, CA) for 30 minutes &Gt The
cells were then washed 1 mL of flow buffer (1% FB$BS) and centrifuged at 2000 rpm for 5
minutes. The splenocytes were then incubated fonid@tes at 4T with 0.5 ug/mL of the
appropriate antibodies based on Table 6. The welte washed, centrifuged, and re-suspended in
1 mL of 50% fixation buffer (4% paraformaldehydelBS, Sigma) and flow buffer and stored at
4°C. At the time of analysis, the cells were cengéd and re-suspended in 5d00f fresh flow
buffer. The cells were analyzed on a BD FACSCal{faecton-Dickinson) using CellQuest Pro

Software (Becton-Dickinson). 50,000 events per tubee collected.



24

Staining Group Flow Cytometry Staining Protocol
CD11b-PerCP Cy5.5, TLR2-FITC, TLR4-PE
CD11b-PerCP Cy5.5, TLR2-FITC isotype, TLR4-PE ipaty
CD11c-PerCP Cy5.5, TLR2-FITC, TLR4-PE
CD11c-PerCP Cy5.5, TLR2-FITC isotype, TLR4-PE ipaty
CD19-PerCP Cy5.5, TLR2-FITC, TLR4-PE

CD19-PerCP Cy5.5, TLR2-FITC isotype, TLR4-PE is@typ
Table 6: Flow cytometry antibody staining protocol

DA |IWIN|F

9. Bethesda Assays

FVIIl:Coagulant inhibitor levels were measured gsinmodified Bethesda metHH Mouse
plasma serially diluted in Owren’s veronal buff@e{mens, Marburg, Germany) was mixed with
an equal volume of normal human pooled plasma (@&eKing Bio-Medical, Overland Park,
KS). For the control mixture, normal human poolé&bma was mixed with an equal volume of
Owren’s veronal buffer. Both mixtures were inculdaa¢ 37C for 2 hours.

The remaining FVIII:C activity in the test and canitmixtures was determined using a one-
stage clotting assay (ACL 300 Beckman Coulter, hgtan, MA) with reagents from the
manufacturer with the exception of FVIlI-deficigsiasma (George-King Bio-Medical, Overland
Park, KS). The residual FVIII activity in the tesixture was determined as a percentage of the
activity present in the control mixture and theilitor activity of the test mixture. Activity was
then calculated using a linear regression of indikiter versus log of residual activity. One
Bethesda unit is defined as the amount of inhililat reduces the FVIII:C activity to 50% after

two hours of incubation at 3Z.

10. TLR4 Competition Assay

Peritoneal macrophages were isolated from naivél Beficient C57BL/6 micB". The
peritoneum was exposed and cold Dulbecco’s phosghétered saline (dPBS) without calcium
and magnesium was injected into the peritoneatgawviassaged, and then extracted. The fluid
was centrifuged at 1000 rpm for 10 minutes’& 4t 400 xg. The macrophages were counted
using 0.4% Trypan Blue and then cultured in DMEMdimeat 1-3x1076 cells/mL. To upregulate
TLR4 expression, the culture was stimulated with/inL of LPS for 24 hours at 3Z with 5%

CO, saturation. After incubation, the cells were hated, centrifuged at 2000 rpm for 5 minutes,
and re-suspended in fresh medium. The cells weretocked with anti-mouse CD16/32 Fc
block for 30 minutes at’€. Next, the cells were incubated with media oBlyg/mL rhFVIII, or

5 ng/mL BSA (Bovine Serum Albumin, Sigma) for 30 miastat 4C. The cells were then

washed with 1mL of flow buffer and centrifuged. T¢wdls were then incubated with 0.5 ug/mL
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anti-mouse TLR2/CD282-FITC, monoclonal anti-rat L& polyclonal rabbit anti-mouse TLR4
followed by goat anti-rabbit IgG-FITC (both from &&m, Cambridge, MA) for 30 minutes at
4°C. The cells were then washed, centrifuged, arslispended in 1 mL of 50% fixation buffer
and flow buffer and stored at@. At the time of analysis, the cells were cengéd and re-
suspended in 506L of fresh flow buffer. The cells were analyzedaoBD FACSCalibur using
CellQuest Pro Software. 50,000 events per tube eahected.

11. Endotoxin Assay

Common laboratory solutions (sterile water, mefiaay buffer, reagent diluent, PBS/T, PBS,
and FVIII dialysis buffer) were tested for tracedts of endotoxin using a commercially
available ToxinSensor Chromogenic LAL Endotoxin &s&it (GeneScript, Piscataway, NJ).
Absorbance was determined at 545 nm on a Mole@daices SPECTRAmMax250 Microplate
Reader (GMI, Ramsey, CA). Unknowns were determfnam a standard curve using GraphPad

Prism5.
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STIMULATION OF TLR4 INCREASES FVIII INHIBITOR PRODCTION

I hypothesized that stimulation of TLR4 in conjuootwith FVIII treatment would drive the

increased production of anti-FVIII antibodies. Esttthis hypothesis, | i.v. injected FVIII-
deficient mice once a week for four weeks with PB®IlIl, TLR4 agonist (LPS), or LPS+FVIII.

It was important to utilize several different medlsdo accurately assess the presence and
magnitude of anti-FVIII antibodies present in tleeusn samples because anti-FVIII antibodies
have been identified as being directed towards fustétional and non-functional domains of the
FVII protein®. Therefore, blood samples were collected evergrselays post-primary
injection and analyzed using (1) enzyme-linked impaorbant assay (ELISA) for the presence

of total (functional and non-functional) anti-FVIII IgG @nddies, and (2) Bethesda assay for the

presence of only functionally inhibitognti-FVIII 1gG antibodies (FVIII inhibitors). ELIS

results were reported as FVIII specific IgG antipead titer, the lowest dilution of the plasma in
which antibodies are detectable above the starmatdilinical threshold of 0.200 OD over the
background. Bethesda results were reported as &kthénits (B.U.) where one B.U. is the
amount of inhibitor that reduces the FVIII:C adiyvby 50% after two hours of 3Z incubation.

To first confirm the kinetics and magnitude of trgibody response to therapeutic treatment,
mice injected with only FVIII were tested for aR¥/lll antibodies over the course of the
injections. End titer levels of approximatel{\@ere detected at day 21 post-primary injection
(Fig.11). Antibody levels continued to increasd-&$ll injections continued, with a maximum
end titer level of ? at day 28 post-primary injection. Similarly, FVithibitor levels of
approximately 20 B.U. were also detectable by dap@st-primary injection (Fig.12). Inhibitor
levels also increased significantly as FVIII treants continued, with a maximum level of 330
B.U. at day 28 post-primary injectiopn<0.05). This is the normal course of anti-FVIII antibody
and FVIII inhibitor development in hemophilic mitieat have no central tolerance to F¥II It
should be noted that control mice injected with RBEPS never developed anti-FVIII IgG
antibodies as there was no FVIII present in thedbl&ince the production of total anti-FVIII IgG
antibodies and functional anti-FVIII antibodiesHibitors) have a direct correlatié, the
control mice were not tested for inhibitors.

To determine if TLR4 stimulation during FVIII treaént would increase the production of
anti-FVIIl antibodies, | next measured the kinetawsl magnitude of the antibody response in
mice injected with LPS+FVIIl over the course of éinEnd titer levels were approximatefy at
day 21 and 2 at day 28 post-primary injection, which was sigmiftly increasedp<0.001)
compared to mice that received FVIII alone (Fig.At)the same time, anti-FVIII IgG antibody

levels were also detectable earlieiring the course of treatment with end titer lewd
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approximately 2at day 14 post-primary injection. Similarly, inhidy levels were approximately
270 B.U. at day 21p<0.01) and 1075 B.U. at day 28 post-primary injectipr@.0135, which
was also significantly increased compared to ntie¢ teceived FVIII alone (Fig.12). These data
indicated that, as hypothesized, TLR4 stimulatigniicantly increased FVIII inhibitor

production.

= FVII(n=5) -¥ LPS+FVIII (n=6)

N
vy

[
a1
[]

FVIII Specific IgG titre (log 2)
H
q <

o

Day 7 Day 14 Da)'/ 21 Da)'/ 28

Days post-primary injection
Fig.11: Repeated in vivo LPSand FVIII stimulation increasesthe production of anti-FVI11
IgG antibodies. Antibody titers were measured from citrated plasisiag a modified ELISA.

Significance determine by 2-way ANOVA and unpaitgdst with Welch’s correction where
*p<0.05, ***p<0.001
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Fig.12: Repeated in vivo LPSand FVIII stimulation increasesthe production of FVIII
inhibitors. Inhibitors were measured from citrated plasma uaingodified Bethesda assay.
Significance determine by 2-way ANOVA and unpaitgdst with Welch’s correction where
*p<0.05, **p<0.01, ***p<0.001
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STIMULATION OF TLR4 INCREASES PERCENTAGE OF APCS PRESSING TLR4
BUT DECREASES TLR4 DENSITY ON APCs

| hypothesized that stimulation of TLR4 in conjupaotwith FVIII injections would increase

the formation of FVIII inhibitors due to increasexpression of TLR4 on the surface of antigen
presenting cells (APCs). In order to test this Higpsis, | i.v injected FVIII-deficient mice once a
week for four weeks with FVIII, TLR4 agonist (LP®), LPS+FVIIl. Splenocytes were harvested
every seven days post-primary injection and stafoeflow cytometry analysis as previously
described in Chapter IV. The cell plots were gateorder to observe live splenocyte populations
(Fig.13). The resultant flow plots (Fig.14) therdernwent quadrant analysis (Fig.15) to determine
if the different in vivo injections over time chajthe relative percentage of APCs in the spleen

and the expression of TLR4 on those splenic APCs

S5C-H
4?2] "fﬁii"il i’:-i};] 1 liil:;ﬂ

200
I

Fig.13: Splenocyte population analyzed in flow cytometry experiments.

Splenocytes were analyzed using Forward ScatteC) ESidentify relative cell size and Side
Scatter (SSC) to identify relative cell complexitihe depicted gate (R1) identifies the spleen cell
population, consisting of lymphocytes and granulesylater utilized in TLR4/APC analysis.
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Fig.14: Analysis of splenocyte populationsfor APC and TL R4 expression.

Splenocytes, from (A-C) FVIII and (D-F) LPS+FVIhjected mice 28 days post-primary
injection, incubated with fluorescently-labeledibatlies specific fofA,D) CD11b+

macrophages, (B,E) CD11c+ DCs, or (C,F) CD19+ B-cells together with antibodies specific for
TLRA4 or IgG;, isotype control. Antibodies detecteid flow cytometry and analyzed based on
fluorescence.
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_ fluorescence
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Fig.15: Quadrant analysis of gated splenocyte populations.

Quadrants drawn onto the flow cytometry plots repné cell populations that are positive for
CD11b macrophages and TLR4 antibodies. Statisditalysis of the quadrants indicated the
relative percentage and density of cells bindinly &#°C antibodies or both APC and TLR4
antibodies.

First, | wanted to determine if stimulation throubbR4 would significantly increase the
relative percentage of macrophages, DCs, and B-itethe spleen in comparisonitovivo FVIII
stimulation over the course of four injections. Resindicated that repeated LPS stimulation
with or without concurrent FVIII injections signifantly increased the relative percentage of
macrophage$&0.001) and DCs in the spleep<€0.00]) (Fig.16A-B). Repeated stimulation
through TLR4 did not, however, increase the peagmbf B-cells but instead significantly
decreasedp0.05) the percentage of B-cells detected in the spddtem only one injection. This
lower percentage of B-cells remained constant theecourse of the LPS injections.
Interestingly, while initially spleens from FVllhjected mice consisted of 55% B-cells, the
percentage of B-cells steadily decreased overdbese of the FVIII injections (Fig.16C).

While stimulation through TLR4 increased in thetiele percentage of macrophages and
DCs in the spleen, it did not explain the relattipdetween TLR4 stimulation and the formation
of FVIII antibodies. Therefore, | wanted to detemmif stimulation through TLR4 would
significantly increase the percentage of APCs esgding TLR4 and, since the level of TLR4
expression can change, | also wanted to deterrmstienulation through TLR4 would
significantly change the density, as measuredumyréiscence intensity, of TLR4 expressed on
APC surfaces in the spleen in comparisomtaivo FVIII stimulation over the course of four
injections. Results indicated that, comparethtaivo FVIII stimulation, repeated stimulation
through TLR4 increased the percentage of macroph@g®.05, DCs, and B-cells expressing
TLR4 in the spleen (Fig.17A-C). However, TLR4 stiation decreased the density of TLR4
expressed on the surface of all AP@s{.05) (Fig.17D-F). Concurrent stimulation with
LPS+FVIII had the same effect as LPS stimulationhenpercentage of APCs expressing TLR4
in the spleen and the density of TLR4 expresseth@APCs.
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Fig.16: Repeated stimulation through TL R4 increases per centage of macrophages and DCs

in the spleen compared to miceresponding to FVII11 alone. The percentage of total APCs was
calculated by addition of the percentage of gatdid rom quadrants with positive APC staining.
(A) CD11b+ macrophages, (B) CD11c+ DCs, or (C) CD19+ B-cells. Avg. PBS depicts the
average percentage of APCs isolated from untreagettol mice. Significance determined by
unpaired t-test with Welch'’s correction where *iB%).***p<0.001
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Fig.17: Repeated stimulation through TL R4 increases per centage of APCs expressing TLR4
but decreases density of TLR4. (A-C)The percentage of APCs expressing TLR4 wasutaied
from the change in APC+/TLR+ cells over total AP€eHs. (D-F)The mean fluorescence
intensity (MFI) of APCs expressing TLR4 was calte¢hfrom the difference of TLR4+ MFI
compared to isotype MHA,D) CD11b+ macrophages, (B,E) CD11c+ DCs, and (C,F) CD19+
B-cells. Avg. PBS depicts the average percentage or MAREs isolated from untreated control
mice. Significance determined by unpaired t-teshWwVelch’s correction where *p<0.05
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When viewed together (Fig.18), these results indat¢éhat, in comparison to in vivo FVIII
stimulation, early stimulation through TLR4 onlyexfted the relative percentage of B-cells in the
spleen. The relative percentages of macrophageb@s, as well as the expression of TLR4 on
the APCs in the spleen, were unchanged. Over thesemf the injections, the repeated
stimulation of TLR4 increased not only the relatparcentage of macrophages and DCs in the
spleen but also the percentage of all APCs exprg3diR4 in the spleen. This was an indication
that stimulation through TLR4 over time triggeréé aictivation and proliferation of
macrophages and DCs in the spleen and the up-tegutd TLR4. While repeated FVIII
stimulation did not change the relative percentg&PCs in the spleen, it instead resulted in
increased density of TLR4 expressed on specifiacfadions of each APC. This was an indication
that FVIII stimulation over time did not trigger &Pproliferation but instead triggered the

activation of a specific subset of APCs capablmofeased TLR4 presentation.
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Fig.18: In vivo LPS stimulation increases per centage of macrophages and DCsin the spleen
whilein vivo FVII1 stimulation increases density of TL R4 expression on APCs. Empty circles
represent cell populations (red=macrophages, gi2€s=blue=B-cells)filled circles represent
APCs expressing TLR4 where “patterned” circlesfdP€s that have normal TLR4 expression
and “solid” circles are APCs that have highly demk&4 expression.
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STIMULATION OF TLR4 INCREASES EARLY INFLAMMATORY
CYTOKINE SECRETION

It has been shown that LPS stimulates TLR4 triggeeinhanced TNE-and IL-6 secretion

during an inflammatory response; IL-10 is secrétedagulate the production of TNFand
prevent sepste %% | hypothesized that stimulation of TLR4 in conjtinn with FVIII injections
would increase the formation of FVIII inhibitors yjggering the secretion of TNé;-1L-6 and
IL-10. In order to test my hypothesis, |i.v. injed FVIII deficient mice once a week for four
weeks with FVIII, TLR4 agonist (LPS), or LPS+FVIBplenocytes were harvested every seven
days post-primary injection, cultured, and the ston of IL-6, IL-10, and TNF: was measured
by ELISA as previously described in Chapter IVnalyzed the change in inflammatory cytokine
secretion from mice injected with LPS with or with@oncurrent FVIII compared to the level of
cytokines secreted by mice injected with FVIII.

First, | wanted to determine the effectsrofivo TLR4 stimulation on the secretion of IL-6,
IL-10, and TNFe.. In comparison tan vivo FVIII injections, injections of LPS with or withou
concurrent FVIII injections significantly increasedrly IL-6 (p<0.00J), IL-10 (p<0.05-0.00),
and TNFe (p<0.05) secretion (Fig.19). All cytokine secretion desedi significantly f<0.01-
0.009 over the course of the remaining injections. Ike&retion remained low despite repeated
TLR4 stimulation while secretion of IL-10 and TNFncreased again by day 28. Interestingly,
repeated injections of FVIII increased the secretibIL-6, though not significantly, by day 28
indicating the beginning of a FVIll-specific respen(Fig.19A). However, there was no
indication of a FVIII-specific response in the sn of IL-10 or TNFea (Fig.19B-C).

Next, | analyzed the effect of FVIII re-stimulationculture on IL-6, IL-10, and TNE-
secretion in order to determine if FVIII could geste a continued inflammatory response after
repeatedn vivo agonist stimulation. When re-stimulated with FMilIculture, trends similar to
those previously seen in un-stimulated cultureg. @) were observeth vivo injections of LPS
again significantly increased early IL46<0.00J), IL-10 (p<0.01), and TNFe secretion (Fig.20).
The secretion of all three cytokings<(Q.01-0.00) synergistically increased aftier vivo
injections of LPS+FVIII. Again all cytokine secreti decreased significantlp<€0.01-0.00)
over the course of the remaining injections. Unlikestimulated cultures, FVIII re-stimulation
induced increased secretion of IL#<0.001) and TNFe by day 28 (Fig.20A,C). The secretion
of IL-6 and TNFe after LPS stimulation did not increase at thisetimdicating a FVIlI-specific
response in the secretion of IL-6 and ThF-

A comparison of cytokine secretion after in vitrdIF re-stimulation (Fig.20) relative to

cytokine secretion without any re-stimulation (E®). indicated that there was relatively no
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difference in IL-6 or IL-10 secretion between thffedent treatment groups during the early
inflammatory response after FVIII re-stimulationgROD-E). By 28 days post-primary injection,
IL-6 secretion increased 2-folg<0.01) from splenocytes of mice injected with FVIII, iodting
the presence of a long-term FVIII recall resporisg.20D). TNFe secretion presented the
opposite trend in that secretion increased 2-fptD(05 during the early (day 7) inflammatory
response splenocytes of mice injected with FVId as-stimulated with FVIII in culture
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Fig.19: In vivo TLR4 stimulation increases ear ly inflammatory cytokine secretion.
Splenaocytes were isolated every 7 days post-pritimgegtion and cultured for 24hrs. without
additional re-stimulationThe culture supernatants were collected and medsia ELISA for
(A)IL-6, (B) IL-10, and (C) TNF-a. Avg. PBS depicts the average cytokine detecta fr
untreated control mice. Significance determinedibyaired t-test with Welch’s correction where
*p<0.05, ***p<0.001
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Fig.20: In vivo TLR4 stimulation synergistically increases ear ly inflammatory cytokine
secretion in responseto FVIII re-stimulation in culture. Splenocytes isolated every 7 days
post-primary injection and re-stimulated in cultéwe 24hrs. with 0.5ug FVIII(A-C) Culture
supernatants collected and measwiadELISA for cytokine secretion. Avg. PBS depicts the
average cytokine detected from untreated controén{D-F) Ratio comparison of cytokine
secretion from splenocyte cultures re-stimulatetth @i5ug FVIII over cultures that were not re-
stimulated. Values >1 indicate increased cytokiewetion from re-stimulated culturgs,D)
IL-6, (B,E) IL-10, and (C,F) TNF-a. Significance determined by unpaired t-test witaloi’s
correction where *p<0.05, **p<0.01, ***p<0.001
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Since FVIII stimulation alone was not inducingadimable differences in cytokine secretion,
I then analyzed the effect of LPS re-stimulationlo®, IL-10, and TNFe secretion in order to
determine if cells were capable of responding @itamhal inflammatory stimulus in culture.

Previous studies have shown that stimulation thn@lgTLRs can to some degree modulate
both the re-stimulation and inhibition of FVIII-sgiic memory B-cells. While those studies were
focused specifically on the adaptive immune resppom$ias been postulated that this same effect
will also be observed on APCs during the inflammatesponsé®. When re-stimulated with
LPS in culture, the kinetics of the inflammatoryakine secretion changed compared to cultures
that were un-stimulated or re-stimulated with F\dlbne. Compared io vivo FVIII injections,
in vivoinjections of LPS+FVIII significantly increasep<0.01) IL-6 and TNFe. secretion in
response to LPS by day 14 post-primary injectiag.BAA,C). However, this increased cytokine
secretion was not maintained throughout the reneaiintithe injections, resulting in a significant
decreasep<0.01) in IL-6 and TNFe secretion by day 28. Levels of IL-6 increased ificamtly
(p<0.00)) in mice injected with LPS alone, compared to ningected with FVIII, and continued
to increase significantly in a linear manner over tourse of the injections so that, by day 28, the
IL-6 secretion was significantly increasqxk (.05 compared to all other treatment groups
(Fig.21A). Therefore, the decrease in IL-6 secrefiom mice injected with LPS+FVIII was
caused by the presence of FVIII as the secretidb-6fafterin vivo LPS stimulation was not yet
exhausted. The kinetics of IL-10 secretion alsogled after LPS re-stimulation in culture but in
a different manner than previously seen with ILF@ BF-a. IL-10 secretion was significantly
increasedf<0.05 in mice injected with LPS, compared to mice itgelcwith FVIII alone, and
this level of secretion was maintained over thersawf the injections. IL-10 was significantly
increased<0.007) in mice injected with LPS +FVIIl, compared to mimjected with FVIII,
and continued to decrease significany@.05) in a linear manner over the course of the
injections (Fig.21B). These results indicated thatike IL-6 and TNFe, IL-10 secretion could
not be extended as the result of re-stimulation.

A comparison of cytokine secretion after in vitrB& re-stimulation (Fig.21) relative to
cytokine secretion without any re-stimulation (Fi§) indicated that there was significantly
increased secretion of IL-6, IL-10, and TNFRfter re-stimulation in culture (Fig21D-F). After
LPS re-stimulation, IL-10 secretion was increasd|@ for all mouse treatment groups and
remained relatively consistent over time (Fig.21E¥6 secretion peaked for all mouse treatment
groups by 14 days post-primary injection. Splenesytom LPS+FVIII treated mice that were
re-stimulated in culture secreted 7-fold incred&e@ while splenocytes from FVIII treated mice

that were re-stimulated in culture secreted sigaiftly increased levels of IL-6 (34-folpk0.05)
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compared to splenocytes that were not re-stimuliatedlture. IL-6 secretion decreased in all
mouse treatment groups by 28 days post-primargtioje (Fig.21D). Similarly, TNFe secretion
also peaked for all mouse treatment groups by ¥4 past-primary injection. For this cytokine,
however, splenocytes from LPS+FVIII treated micat tlere re-stimulated in culture secreted
17-fold increased TNk-which was significantly increased<0.001) compared to splenocytes
from FVIII treated mice that were re-stimulatectudture that secreted 4-fold increased ToNF-
which remained relatively consistent over time (Fidr). Again TNFa secretion decreased in

LPS+FVIII treated mice by 28 days post-primary atien.
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Fig.21: In vivo TLR4 stimulation changes the kinetics of inflammatory cytokine secretion in
responsetoin vitro TLR4re-stimulation. Splenocytes isolated every 7 days post-primary
injection and re-stimulated in culture for 24hréthwi.0 ug LPS(A-C) Culture supernatants
collected and measuredh ELISA for cytokine secretion. Avg. PBS depicts éwerage cytokine
detected from untreated control mice. (D-F) Ratmparison of cytokine secretion from
splenocyte cultures re-stimulated with 1.0 ug Fdlter cultures that were not re-stimulated.
Values >1 indicate increased cytokine secretiomfre-stimulated cultureg¢A,D) IL-6, (B,E)
IL-10, and (D,F) TNF-a. Significance determined by unpaired t-test witbl®’s correction
where *p<0.05, **p<0.01, ***p<0.001
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Lastly, since LPS stimulation changed the kinatickhe inflammatory cytokine secretion, |
wanted to analyze the effect of LPS and FVIII rieagtation together on IL-6, IL-10, and TNk-
secretion in order to determine if the co-admiaistn of these agonists also affected the kinetics
of cytokine secretion aftén vivo re-stimulation. When re-stimulated with LPS andIFiA
culture, trends similar to those previously obsdivel PS re-stimulated cultures (Fig.21) were
observed (Fig.22). Agaim vivoinjections of LPS+FVIII significantly increasepg<0.01) IL-6
and TNFe secretion by day 14 and significantly decreapa®01) IL-6 and TNFe secretion
by day 28 (Fig.22A,C). IL-10 secretion was agagngicantly increasedp<0.00J) in mice
injected with LPS+FVIII, compared to mice injectdh FVIII, and continued to decrease
significantly £<0.05 in a linear manner over the course of the inpedi(Fig.22B).

Interestingly, it was observed that IL-6 secretgadriice injected with LPS, while still

significantly increasedpk0.05) in comparison to mice injected with FVIII, was lemger
increasing at day 28 as was observed in cultusgoreling to LPS alone (Fig.21A). Instead, IL-6
secretion was decreased compared to mice injeated ®S+FVIIl (Fig.22A). These results
suggested some level of stimulatory exhaustion kvhias only observed in mice injected with
LPS but were naive to FVIII.

A comparison of cytokine secretion after in vitrB&+FVIII re-stimulation (Fig.22) relative
to cytokine secretion after in vitro FVIII re-stitation (Fig.20) indicated that the additional LPS
in culture stimulated similar patterns of cytokseeretion seen after LPS re-stimulation alone;
however, levels of all three cytokines were incegbsignificantly (10-fold) after concurrent
LPS+FVIII re-stimulation even over the levels ofakines secreted after FVIII re-stimulation
alone (Fig.23A-C). A comparison of cytokine seamtafter in vitro LPS+FVIII re-stimulation
relative to cytokine secretion after in vitro LRSstimulation indicated that the additional FVIII
in culture had little/no effect on IL-6, IL-10, @iINF-o. secretion between the different treatment
groups throughout the inflammatory response (FIg-E3. These results indicated that the
majority of cytokine was produced in response t& lafone. Concurrent re-stimulation did have
an effect on IL-6 secretion which increased sigatfitly (4-fold,p<0.01) during the early
inflammatory response from splenocytes of FVIlatezl mice that were concurrently re-
stimulated in culture. Together, these resultscateid that concurrent LPS+FVIII re-stimulation

in culture does synergistic affect early inflammmgtoytokine secretion, specifically IL-6.
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Fig.22: Concurrent LPS+FVIII re-stimulation induced same changes in inflammatory
cytokinekinetics as LPSre-stimulation alone. Splenocytes were isolated from mice every 7
days post-primary injection and re-stimulated itiure for 24hrs. with 1.0ug LPS and 0.5ug
EVIIl. The culture supernatants were collected and measgia ELISA for (A) IL-6, (B) IL-10,
and (C) TNF-a. Avg. PBS depicts the average cytokine detectau funtreated control mice.
Significance determined by unpaired t-test with &k&d correction where *p<0.05, **p<0.01,

#*n<0.001
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Fig.23: Invitro FVII1+LPSre-stimulation synergistically increased late inflammatory

cytokine secretion. Ratio comparison of cytokine secretion from splgtecultures re-
stimulated with 0.5 ug FVIII + 1.0 ug LPS over culis that were re-stimulated with either (A-C)
0.5 ug FVIIIl or (D-F) 1.0 ug LPS. Values >1 indieancreased cytokine secretion from re-
stimulated culturegA,D) IL-6, (B,E) IL-10, and (C,F) TNF-a. Significance determined by
unpaired t-test with Welch’s correction where *B3%).**p<0.01, ***p<0.001
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In order to understand why FVIII stimulation in wure was decreasing cytokine secretion
after long-termin vivo agonist stimulation, | further analyzed the ILeg&etion from mice
injected with LPS with or without concurrent FViljections which were then re-stimulated in
culture with varying doses of LPS with or withowatihstant FVIII (Fig.24). In both of the
treatment groups, there was no difference in lle@&ation between cultures re-stimulated with
LPS or LPS+FVIII during the early (day 7) inflamroat response (Fig.24A). In both mouse
groups, IL-6 secretion significantly increasedesponse to LP$€0.01) in cultures containing
FVIIl compared to cultures that did not receivestéxtra re-stimulation at day 14 (Fig.24B). In
mice injected with LPS+FVIII, this same trend cones at day 28§&0.001). However, by day
28, splenocytes from mice injected with only LP# as-stimulated with FVIII in culture
secreted significantly decreasg0.001) levels of IL-6 (Fig.24C). It has not yet been
determined why mice stimulated only with LPS (n&iwvé&VIIIl) have a reduced IL-6 response
upon introduction to FVIII in culture during thetdainflammatory response while mice that
received concurremih vivo agonist injections continued to have an incredisédresponse to
FVIII in culture. There is some implication thatgmight be due to splenocyte exhaustion or
competition between LPS and FVIII to bind to TLR4.
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Fig. 24: Cells primed with multiple L PS doses secr eted decreased | L-6 when treated with
FVII1 in culture. Splenocytes were isolated every 7 days post-pyinmggction of LPS (green)
or LPS+FVIII (purple) and re-stimulated in cultdog 24hrs._with increasing amounts of LPS
without FVIII (—) or with 0.5ug FVIII (- - -).The culture supernatants were collected and
measuredia ELISA for IL-6 at(A) 7 days, (B) 14 days, and (C) 28 days post-primary
injection. Significance determined by 2-way ANOVA where *{81, ***p<0.001
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To determine if there was competition between BR& FVIII to bind TLR4, a competition
assay was performed as previously described int€hfp. Peritoneal macrophages were
stimulated with LPS for 24hrs. to up-regulate TL& then pre-treated with either FVIII or
BSA (as a control) to determine if FVIII was capabf preventing the binding of TLR2
(control), monoclonal TLR4, or polyclonal TLR4 dmdidies. My results indicated that pre-
treating peritoneal macrophages with FVIII had igmsicant effect on the percentage of
macrophages that bound TLR4 antibody. This indet#tet the presence of FVIII in culture is
not directly competing with LPS to bind TLR4 (Fi§)2 The different pre-treatments had no
affect on TLR2 expression, used as a negative @omdicating that the FVIII pre-treatment was

specific for TLR4.
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Fig.25: FVIII isnot directly bindingto TLRA4.

Peritoneal macrophages were incubated with LP&4brs, pretreated with BSA or FVIII, and
incubated with TLR2, monoclonal TLR4 or polycloifdlR4 antibodies. Antibodies were
detectedsia flow cytometry, gated, and statistical analysishef gates was performed.
Significance determined by unpaired t-test with ¥&d correction where **p<0.01

Overall, stimulation through TLR4 with or withoubrecurrent FVIII injections increased the
secretion of IL-6, IL-10, and TNE-during the early inflammatory response, but was no
maintained during repeat@uvivo stimulation, indicating that TLR4-induced cytokisecretion
is a tightly regulated, time specific process. Reépe LPS stimulation eventually over-stimulated
the inflammatory response so as to have an antstgoaffect on IL-6 secretion. Even though |
observed a FVIllI-specific response during the laflammatory response, FVIII was most likely

not competing with LPS to bind TLR4.
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ADDENDEUM: ENDOTOXIN ASSAY

To rule out the possibility that experimental swos were contaminated with endotoxin

(E.coli LPS) thereby introducing additional agonist andralg my results, | tested the PBS,
culture medium, water, and FVIII dialysis buffer toace levels of endotoxin as described in
Chapter IV. The results (Fig.26) indicated that RS used to dissolve agonists for mouse
injections, contained approximately 0.42 E.U./mdetoxin. The FDA has determined that non-
intrathecal drugs must have <5 E.U./kg endotoxiarater to be permissible for distribution.

Since 1 E.U. (endotoxin unit) is equivalent to 1@OLPS*Y, the PBS | used contained
approximately 42 pg/mL endotoxin, which was witthe designated FDA guidelines. | could not
discount the effect of trace levels of endotoxithe PBS; however, since all of the mice received
this extra endotoxin, the effect should be the saaness all injection groups. | concluded that the
relative changes, trends, and relationships detectantibody production, APC populations,
mean fluorescence, and cytokine production wereaddspecific for LPS stimulation and not a

by-product of contamination.
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Fig.26: Presence of trace levels of endotoxin detected in PBS and MilliQ water .
Solutions were tested for trace levels of endoteidran LAL chromogenic assay. Results
detected as absorbance. Unknowns were calculaieddrstandard curve.
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DISCUSSION

Hemophilia patients receiving replacement FVIlird@y mount an immune response against
the exogenous FVIII, due to lack of central tolegrand may produce neutralizing anti-FVIII
antibodies (inhibitors). During this immune respBVIII binds to inflammatory receptors (like
TLRs) on the surface of APE%E* 4647 \which migrate to the sple&h where they co-localize
with T-cells. APCs will internalize and degrade BMor presentation on MHC 1l while also
secreting inflammatory cytokines (such as IL-612 -and TNFe) and up-regulating co-
stimulatory molecules (like CD40, CD80, and CD8gpCs bind TCRsia MHC Il and induce T-
cell activatio* *® through co-stimulatory molecules, initiating eitlaeT,1 or T;2 response.
Activated helper T-cells will then stimulate B-cetb become FVIlI-specific plasma cells that
produce large amounts of anti-FVIII antibodi&®. Previous research has indicated that this
FVIII immune response might be triggered and driggnnflammation. It was suspected that
toll-like receptors (TLRs) might play a role inggering this response because immune cells that
express TLR and cytokines secreted after TLR satiarl have been suggested as key
components in the FVIIl immune respofi8eMy model, which stimulated inflammation through
TLR2 or TLR4 in a mouse model of hemophilia A, vdesigned to test this theory, identify the
major components and cells involved, and discuspdssible implications this would have on

future research and patient treatment.

1. TheEffectsof FVIII Stimulation Alone

Repeatedn vivoinjections of recombinant human FVIII over the smiof four weeks
increased anti-FVIII antibody and FVIII inhibitorgruction (Fig.11-12). Repeatedvivo FVIII
stimulation, while having no significant effect tive relative percentage of macrophages or DCs
in the spleen, decreased the relative percentaBecefls present in the spleen (Fig.16). The
overall decrease in splenic B-cells was most likklg to the fact that anti-CD19, the antibody
used to identify B-cells using flow cytometry, ispeessed on activated B-cells but not on plasma
cells®®. Since anti-FVIIl antibody production increaseteafepeated injection of FVIII, it can be
concluded that the decrease in B-cells in the spleses most likely the direct result of increased
FVIll-specific plasma cells. Interestingly, whilepeatedn vivo FVIII stimulation did not
significantly change the percentage of APCs exprigsELR4, it instead significantly increased
the density of TLR4 expressed on the surface chARCs £<0.05-0.0) (Fig.17). This up-
regulation of the innate immune system receptosavaeindication that FVIII stimulated an
inflammatory response in APCs. This observation fueber supported by the effect of FVIII

stimulation on inflammatory cytokine secretion. TNBecretion was increased 7 days after the
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first injection, after which it decreased and remedi undetectable for the remainder of the
injections. IL-10 did not appear to be significgrgbcreted in response to FVIII as it remained
low throughout the course of the FVIII injectioilis-6 secretion, while initially undetectable, was
slightly increased by the fourth injection of FVIRVIII re-stimulation in culture revealed
increased TNFe-and IL-6 £<0.05) secretion during the late (day 28) immune respons
indicating that APCs are capable of a FVIII recaiponse (Fig.19-20). These results indicated
that FVIII did trigger an immune response but tieisponse required multiple rounds of re-
stimulation and time to develop. It is importanhime that all my cultures were re-stimulated for
24hrs, which was determined as the optimal timeaé&rdor LPS stimulation. However, previous
research has indicated that 72hr FVIII re-stimoladiare usually required to produce more
significant results. My cytokine results will nedbe repeated utilizing this extended time

frame.

2. TheEffectsof LPS Stimulation Alone

LPS stimulation alone cannot trigger the formatéi VIl antibodies so no inhibitors were
detected. Howeveim vivo LPS stimulation significantly increased the relatpercentage of
macrophage$&0.001) and DCs 1§<0.001), but not B-cells, in the spleen. Interestingtyyivo
LPS injections increased the relative percentage@sd more slowly thaim vivo LPS+FVIII
injections (Fig.16)In vivo LPS injections also increased the relative pesgantf APCs
expressing TLR4 in the splegm<0.05 but had no affect on the density of TLR4 exprdsse
APCs (Fig.17). Therefore, stimulation of TLR4 chaddhe repertoire of APCs in the spleen
during the immune response. LPS stimulation sigaifily increasedp0.001-0.0% the
secretion of TNFe, IL-6, and IL-10 7 days post-primary injection lsgicretion decreased after
subsequent injections (Fig.19). Re-stimulationutiwre increased the secretion of IL-6 in a
linear manner over the course of the injectionsciwindicated that the APCs were not yet
exhausted (Fig.21). The levels of IL-10 and TiNfere also highp<0.05 and maintained at
that level throughout the repeated injections. &feee, LPS stimulation is normally limited to an
early inflammatory response but repeated stimulaitditively increased cytokine secretion in
the late inflammatory response (28 days post-pgnrgection). These results suggest that
chronic inflammation not only changes the APC papahs but also increases cytokine secretion

which can lead to tissue damage.
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3. TheEffectsof Concurrent LPS+FVIII Stimulation

Repeatedn vivoinjections of LPS and FVIII over the course offeveeks resulted not only
in significantly increased anti-FVIII antibody airthibitor titer (0<0.001), but inhibitors were
also detectable earlier during the course of tfexiions (Fig.11-12). Repeated LPS+FVIII
stimulation additively increased cytokine secretilming the early inflammatory response as
seen from the significantly increasquk(.001-0.09 secretion of IL-6, TNFe, and IL-10 7 days
post-primary injection (Fig.19). Concurrent re-stlation in culture significantly increased and
prolonged secretion of IL-§€0.05 and TNFe (p<0.01) in comparison tan vivo FVIII
stimulation alone such that the highest leveldesé cytokines were detected 14 days after the
initial injection (Fig.19,22-23). Concurrent stimatibn also significantly increased the overall
percentage of macrophag@s(.001) and DCs [§<0.001), but not B-cells, present in the spleen
in comparison tan vivo FVIII stimulation (Fig.16). There was also an isased percentage of
APCs that expressed surface TLR4Q.05). Interestingly, the relative percentage of DCthim
spleen and the percentage of DCs expressing TLRAlgincreased by the second injection (14
days post-primary injection), a trend not seen icenmjected with LPS. These results suggested
that FVIII might be preferentially acting on DCianging the APC repertoire, while also
expanding the APC populations overall.

Overall, these results indicated that repeatedIFtithulation increased the density of TLR4
on the APCs, stimulated a late immune recall resp@apable of increasing IL-6 and TMF-
secretion (28 days post-primary injection), and-eased the relative percentage of B-cells in the
spleen possibly due to an increase in plasma ceipeated LPS stimulation increased the
relative percentage of macrophages and DCs inglleers, increased the percentage of
macrophages and B-cells expressing TLR4 in theeapkend additively increased cytokine
secretion in the late immune response (28 dayspposary injection). Taken together, repeated
LPS+FVIII stimulationshouldhave increased the percentage of APC expressifg,TL
especially DCs, and increased cytokine secretimughout the inflammatory response which
would eventually lead to inhibitor production, eflwhich were observed.

Only the increased density of TLR4 on APCs dueMdIFstimulation was not seen in mice
injected with LPS+FVIII. The density of TLR4 expsesl on APC surfaces did not change
however (Fig.17) indicating that concurrent stintiola was not up-regulating TLR4, perhaps due
to competition between LPS and FVIII. LPS is smailhds to a specific receptor on the surface
of APCs, and is a potent adjuvant. Therefore ibphty preferentially binds TLR4. FVIII, on the
other hand, is large, complex, and there is evidéhnat it could be binding to one of several

receptors, including low-density lipoprotein reagpt mannose receptors, or asialoglycoprotein



50

receptor which binds glycoproteins lacking termisalicylic residud”, however FVIII binding
is not yet definitive. Therefore while my resultslicated that FVIII is not directly competing
with LPS to bind TLR4 (Fig.25), the slight decre@santibody binding polyclonal TLR4
observed after both FVIII and BSA pre-treatmentggsged that there might be some indirect
competition for TLR4 binding due to steric hindrarfoom the massive size of these proteins,
FVIII (170 kDa) and BSA (66.5 kDa) or interferenesgh CD14. Competition does not explain
the increased IL-6 secretion detected after corotire-stimulation in culture during the late
immune response (Fig.22-24) suggesting that a ésngPC repertoire due to concurrent

stimulation is the most probable explanation faréased inhibitor production.

4. TheEffectsof Long-Term IL-6 Secretion

Interestingly, after the fourtim vivo LPS injection, IL-6 secretion significantly decsed
after concurrent LPS+FVIII re-stimulation compatedL-6 secretion after only LPS re-
stimulation (Fig.24). This phenomenon was only obseé during the late (day 28) immune
response and only in cells naive to FVIII beforure. This was unexpected because mice
injected with both LPS+FVIII secreted significanihcreased levels of IL-6 when concurrently
re-stimulated compared to being re-stimulated witly LPS.

There are several possible explanations for thisedsed IL-6 secretion. First, as previously
discussed, FVIII could be competing with LPS todir.R4 (discussed above). If so, the
presence of FVIII in culture would hinder LPS bimgliand reduce IL-6 secretion. However, this
does not explain why concurrent LPS+FVIII re-stiatidn triggers increased IL-6 secretion.
Second, repeated LPS stimulation could be triggettie internalization or down-regulation of
TLRA4 during that late stage of the immune responkis decrease in available receptor would
prevent a further increase in cytokine secretiotihépresence of additional FVIII in culture.
Concurrenin vivo LPS+FVIII stimulation should still have moderageé¢ls of TLR4 expression
due to the presence of FVIII. However, TLR4 densitlicated that this was not the case, which
could again be due to LPS potency, or could inditiaat there is come level of compensation
from the increase percentages of APCs expressifgTLastly, repeated LPS stimulation
(without FVIII) may have changed the repertoirgred APCs in the spleen such that it is no
longer responding normally to FVIII. The chronic&Btimulation might have “educated” the
APCs, forcing them into a solely LPS-driven pathwgevelopment and proliferation, while
killing off other “unnecessary” APCs. Therefore, IR\fe-stimulation would not have the same
binding capabilities and stimulatory effects noryabserved, resulting in reduced IL-6

secretioft® %!
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5. LPS Stimulation Triggers Coagulation through Tissue Factor Production

During the course of these experiments, | obsetivatdmice injected with LPS or
LPS+FVIII were able to sufficiently clot after taihips. This was unexpected as mice injected
with LPS+FVIII were also producing very high levelsinhibitors which impede clotting.
Previous studies have shown that LPS up-reguldagl€ase from endothelial cells, which then
initiates clotting through the extrinsic coagulatipathway and completely bypasses the need for
FVIIl in the intrinsic coagulation pathway (FigtL§" !

While this dual LPS effect needs to be studiechientit might be a different method by
which concurrent agonist stimulation induces inioibproduction. As discussed in the
interdependent model of coagulation (Fig.2), Thvateés FVII, initiating the extrinsic clotting
cascade. This cascade activates FX, forming thesgéeoomplex, and triggering the formation of
thrombin. While involved in the formation of a piamy clot, thrombin also activates components
of the intrinsic pathway (like FVIII, FIX, FV) whitare also important for increased catalysis of
tenase complex formation and formation of a saicbedary clot. This alternative activation of
FVIII enables efficient clotting, observed in mi@xeiving concurrent LPS and FVIII injections.
The FVIll-enhanced clotting would also be respolesibr quickly using up, and then triggering
the degradation or, the replacement FVIII. The Fydrticles could then be more readily
phagocytosed and presented by APCs, driving theuimensystem to more readily produce anti-
FVIII antibodies. While mice receiving LPS injeat®alone were also able to clot via the
extrinsic pathway, they had no FVIII to increasis fhrocess. The lack of FVIII also means that
the protein would not be degraded and presentdtetammune system by APCs, which is why
no anti-FVIII antibodies are produced. This thenegds to be confirmed with future

experimentation.

6. Relevanceto Clinical Treatment

There is currently little to no reported incidermdegram-negative bacterial infections in
patients with Hemophilia A. So while this modeliofiammation does not directly apply to
patient treatment, we have supplied evidence tpabanflammatory environment leads to the
increased formation of FVIII inhibitors. Therefopgtients receiving treatment, especially those
patients that have not yet developed inhibitorepghbe monitored for infections and
inflammation especially in areas where bleedingpimmon like the joints. Patients should be
placed on a low-dose anti-inflammatory regimeniSAIDs, COX-2 inhibitors). If infection is
identified, patients should also be place on am@pjate antibiotic regimen. Patients receiving

on-demand therapy, who are already at risk for FviHibitor formation compared to patients
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receiving prophylactic treatment, receive treatniemistances of injury or surgery where
infection and inflammation are more likely to occliherefore, this anti-inflammatory regimen
should definitely be administered with all on-dehareatments.

Other treatment options could include: (1) blockimyagonizing innate immune system
receptors like TLR4, (2) preventing the productam/or secretion of inflammatory cytokines
like IL-6 or TNF-u/*® * a method already used to treat inflammatory diseéike rheumatoid
arthritis or (3) temporary drug suppressing of AR D4+ T-cell function (ie. cyclosporin).

Unfortunately, most of these options involve lasgpade suppression of the immune system
which would leave a patient immuno-compromised @peh to other disease. A more likely
method of treatment would be the up-regulationndfimflammatory components of the immune
system which would dampen but not completely elaterthe innate immune system. Some
treatment options further discussed in ChapterdiXlatinclude: (1) the up-regulation of anti-
inflammatory receptors like TLR2, (2) up-regulati@inanti-inflammatory cytokines like IL-10,

or (3) activation of immuno-suppressive cells likegs.
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STIMULATION THROUGH TLR2 DOESNOTINCREASE
FVII INHIBITOR PRODUCTION

As discussed in previous chapters, it has beenestgg) that inflammation specifically

through the stimulation of toll-like receptors (T&ERmight be playing a role in triggering the
FVIII immune response, leading to the productioigfll inhibitors. Previous data from the
Smith lab utilizing cytokine multiplex analysis aathtistical algorithms to model the anti-FVIlI
immune respons@ silico suggested TLR2 would also be up-regulated eanyngahe FVIII
immune response in mice and drive increased irgribsrmation. Therefore, | also studied the
role of TLR2 stimulation on the formation of FVIHhibitors in a mouse model of hemophilia A.

For these experiments, | i.v. injected FVIlI-dedict mice once a week for four weeks with
PBS, FVIII, TLR2 agonist (PAM), or PAM+FVIIl. Bloodamples were collected every seven
days post-primary injection and analyzed using BL#pd Bethesda assay (as described in
Chapter IV). To determine if TLR2 stimulation dwif VIl treatment would increase the
production of anti-FVIII antibodies as was obserweth TLR4 stimulation, | measured the
kinetics and magnitude of the antibody in micedtge with PAM+FVIII over the course of time.
Unexpectedly, end titer levels were approximatélgtday 21 post-primary injection, which was
significantly decreaseg€0.05 compared to mice that received FVIII alone (F1g.By day 28
post-primary injection, end titer levels increase@pproximately 2such that they were no
longer significantly different compared to micettheceived FVIII alone. Inhibitor levels were
approximately 104 B.U. at day 28 post-primary itiat (p<0.05), which is significantly
decreased compared to mice injected with FVIII al(fig.28). This data indicated that TLR2
stimulation did not significantly increase, buttied significantly decreased, FVIII inhibitor
production. Since there is a linear relationshigieen anti-FVI1ll IgG production and FVIII
inhibitor productioff?, it was surprising to observe that concurrent PAMHI 1gG antibody
secretion, while delayed, was not significantlyfefiént from 1gG titers produced by mice
injected with FVIII. This suggests that TLR2 stiratibn might be affecting B-cell populations
and the 1gG subclasses they produce such that rayer non-inhibitory IgG antibodies were

being secreted. The anti-inflammatory effect of PLikeeds to be studied further.
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Fig.27: Repeated in vivo TLR2 stimulation delayed production of anti-FVII1 1gG antibodies.
Antibody titers were measured from citrated plassiag a modified ELISA. Significance
determine by 2-way ANOVA and unpaired t-test witlelh’s correction where *p<0.05
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Fig.28: Repeated in vivo TLR2 stimulation decreases production of FVIII inhibitors.
Inhibitors were measured from citrated plasma uaingpdified Bethesda assay. Significance
determine by 2-way ANOVA and unpaired t-test witlelh’s correction where **p<0.01
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Unlike stimulation through TLR4, TLR2 stimulatiopears to have an anti-inflammatory
effect during the FVIIIl immune response, resultimglecreased inhibitor formation. This anti-
inflammatory effect could be the result of (1) sticm of cytokines that switch immune system
to an anti-inflammatory (tolerogenic) response,a@@jvation of different APC populations, or (3)
the up-regulation of anti-inflammatory receptors.

TLR2 and TLR4 share a MyD88-dependent RB-pathway that drives secretion of
inflammatory cytokines including IL-6 and TNE-However, TLR4 has multiple routes by which
to stimulate cytokine secretion and APC maturatiocan be concluded that the balance of
secreted cytokines is what determines the typeflaimnmatory response. As previously
discussed, TLR2 signaling preferentially inducémimoral, helper T-cell type 2 (2)
respons€®, with increased IL-8, IL-23/p19, and MIP-1alphamstiord’”. It was also observed
that stimulation of TLR2 increased IL-12p40 seadf?” " a subunit that it inhibitory on its
own, which might explain some of the anti-inflamorgteffects of TLR2.

Other studies have observed that there are distiftlasses of DCs which are responsible
for triggering the various immune responses duirifigmmation. Of the 3 different subclasses of
DCs (monocytes, conventional myeloid, and plasnmdyt), in humans only monocytes
express TLR2 and TLR4. This subset of APCs will ol respond to bacterial infections but
also, when stimulated by inflammation or TLR adiier, are activated into mature APCs
capable of migration, increased cytokine secrefimreased antigen presentation, and improved
T-cells interactiort§" ™! Due to its T;2-driven effects, stimulation through TLR2 not oalffects
the proliferation and maturation of B-cé&if§ but also triggers the activation and proliferataf
regulatory T-cells (TregSy. The activation of Tregs might also explain theated anti-
inflammatory effects of TLR2 stimulation.

During monocyte activation, mature DCs will up-risge migration/homing receptors such
as CCR7, MHC, and T-cell co-stimulatory moleculd380, CD86, and CTLA4" ® Activated
DCs have also been found to up-regulate PD-1 (progred cell death protein 1) and its two
ligands, PD-L1 and PD-L2. PD-L1 is found on resti?@s as well as other immune and non-
immune cells while PD-L2 is found exclusively onigated APCs. Binding of PD-L1 to PD-1
protein creates a suppressive environment incluidinigpition of T-cell activation via blocking
PI3K, suppression of cytokine secretion, inductbapoptosis of active APCs, and activation of
Tregs™. It is possible that the up-regulation of thisepior is responsible for the anti-
inflammatory effects observed after TLR2 stimulatigll of these possibilities are areas of
future research in order to understand the F\tinune response and the formation of inhibitors

in patients with hemophilia A.
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