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Abstract

Toll-like receptor 3 (TLR3), a pathogen recogniti@eeptor of the innate immune response,
recognizes and is activated by double-stranded RISRNA), which is indicative of viral
exposure. A sensor design exercise was conductedy surface plasmon resonance detection,
through the examination of several immobilizatigpeoaches for TLR3 as a biorecognition
element (BRE) onto a modified gold surface. Toneix& the TLR3-dsRNA interaction a
synthetic analogue mimic, poly(l:C), was used. iffteraction binding characteristics were
determined and compared to literature data to kstathe optimal immobilization method for
the TLR3 BRE. A preliminary evaluation of the eficy of the selected TLR3 surface as a
broad-spectrum viral biosensor was also performfadine-coupling was found to be the most
reliable method for manufacturing repeatable anssistent TLR3 BRE sensor surfaces,
although this immobilization schema is not tailoteglace the receptor in a spatially-specific
orientation. The equilibrium dissociation constés) measured for this immobilized TLR3-
poly(l:C) interaction was 117 + 3.30 pM. This ayaion included a cross-reactivity study using
a selection of purifiedt.coli andsynthetic double- and single-stranded nucleic acidse results
of this design exercise and ligand binding study iwiorm future work towards the
development of a broad-spectrum viral sensor device

Key Words: toll-like receptor, biorecognition elent, pathogen-associated molecular pattern,
surface plasmon resonance, sensor design

1. Introduction

The innate and adaptive immune response of higiter @ertebrate species provide an
integrated protection and defence system agaiaasion by foreign pathogens. The innate
immune response acts as an “early warning systgmédngnising and using a signalling
mechanism to announce the presence of pathogetiigeas based on the innate immune
systems response to conserved pathogen strucflinesbroadcast, via established signalling
pathways, is coordinated through the use of sextaases of pattern recognition receptors
(PRRs), which are expressed on, within, or areesedrby many cell typés The activation of

the innate immune response does not translatéangsterm protection of the host against repeat
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exposures to the same or similar pathogens. Tagti@d immune response is more specific,
employing highly specialised processes that at@tad by the innate immune system thus
increasing a host’s ability to respond to futuréhpgen challenges.

The present work focuses on one suite of the PR&sate vital components of the innate
immune response, toll-like receptors (TLRs). TlZRes type | transmembrane glycoproteins that
are expressed by a variety of immune and non-imneetie. There are suites of ten and twelve
TLRs that have been identified in humans and nmespectively, with TLR1 — TLR9 present in
both specie$®. TLRs are activated by a collection of evolutidlyaconserved pathogen-
associated molecular patterns (PAMPs), which aiguenand recurring for each generic
microbial classification, Gram-negative or Gramipes bacteria, viruses and fungi, regardless
of species, strain or pathogenicityTLRs 1, 2, 4, 5 and 6 are expressed extraceiudad
primarily recognise microbial surface componenthsas proteins, lipids and lipoprotemhs
Several of the extracellular TLRs have the abtityind to an assortment of PAMPs of varying
pathogenic origin as long as they contain the siratmoiety that is required for recognitién
TLRs 3, 7, 8 and 9 are found in intracellular comypants such as endosomes, lysosomes and
endoplasmic reticulum and their ligands are nuaeids®. There are significant structural
similarities between each of these TLRs includinpeseshoe-shaped extracellular domain
(ECD) consisting of 18 — 25 leucine-rich repeatRRIs) that are directly involved in ligand
recognition. A similar cytoplasmic signalling domareferred to as the Toll IL-1 receptor (TIR)
domain also occurs, which, upon PAMP recognitiecruits adaptor proteins for the
proliferation of a signalling cascadé

Of interest to the present work is toll-like reaap (TLR3) which specifically recognises,
and is activated by, double-stranded RNA (dsRNBpuble-stranded RNA is indicative of the
presence of viruses or virus-infected cells. Detdifanded RNA is not a PAMP signature
solely attributed to the genome structure of dsRiNAses but rather can be found in all
members of the viral pathogen suite. In DNA vigJsisRNA is a by-product of symmetric
transcription and in single-stranded RNA viruses # replication intermediate

In this study, the TLR3-dsRNA interaction is exaadrusing the synthetic analogue mimic,
poly(l:C). Utilising surface plasmon resonanceRjR sensor design exercise has been
conducted through the examination of several nowglobilization approaches for the

placement of TLR3 as a biorecognition element amdified gold sensor surface. Previous
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work using SPR to examine the TLR3-dsRNA interacgaploited the nucleic acid as the
immobilized receptot®. The interaction binding characteristics wereettatned and compared
to existing data from the literature, including oot vivo andin vitro studies, to establish the
optimal immobilization method for the TLR3 biorecutgpn element. In addition, a preliminary
evaluation of the efficacy of the selected TLR3ace as a broad-spectrum viral biosensor was
performed. This evaluation included a cross-reagtstudy using a selection of purifiétcoli

andsynthetic double- and single-stranded nucleic acids

2. Materialsand Methods

All SPR analyses were performed on a BlAcore 308@ument. Carrier-free, recombinant
human TLR3, with a C-terminal 10-Histidine tag vipaschased for use in these experiments.
The predicted molecular mass (MM) for this bioratitign element is 116 kDH. All solutions
used are aqueous. The experimental reagent, bgméon element, ligand and sensor chip

acquisition information are described in the sup@atary information.
2.1 TLR3 Immobilization Method #1: Ni(Il) Chelation + Amine-coupling

This immobilization method employed the BlAcoreitotriacetic acid (NTA) sensor chip.
The procedure was run at°®busing a running buffer of HEPES-buffered saliH8$-EP,
pH = 7.4), consisting of 10 mM 2-[4-(2-hydroxyetjpiperazin-1-yl]ethanesulfonic acid
(HEPES), 150 mM sodium chloride (NaCl), 50 pM etimgdiaminetetraacetic acid (EDTA) and
0.05 % Surfactant Polysorbate 20 (P20), with a flate of 5 pL/min. All buffer solutions are
degassed prior to use. The analysis and referdraeels of the chip were preconditioned using
a two-step application cycle: 1 min, 350 mM EDTAg& min, HBS-EP. The analysis channel
was then activated using 0.5 mM nickel (Il) chleri@NiClk) for 1 min. The unmodified
carboxymethyl groups on both the analysis and eefee channels were activated using 0.l-M
hydroxysuccinimide (NHS)/0.5 M 1-ethyl-3-(3-dimetaminopropyl)carbodiimide (EDC) for 9
min total. TLR3 recombinant protein, with a 10-titi;me tag, at a concentration of 40 nM in
HBS-EP, was applied only to the activated analglsannel by manual injection until a mass of
approximately 530 resonance units (RU) was depsitdis corresponds to an immobilized
protein concentration of 530 pg/mmi. Both channels were then rinsed with 350 mM EQBA

min); HBS-EP (4 min); and, finally, 1 M ethanolarai(iL4 min). Ethanolamine is used to
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deactivate the unreacted NHS-esters on the seadacs. The final surface density of the

immobilized TLR3 protein was approximately 500 Rt660 pg/mm.
2.2 TLR3 Immobilization Method #2: Thiol-coupling using Maleimide

A BlAcore CM5 chip (carboxymethylated dextran matis used for this immobilization
method. The same HBS-EP buffer (pH = 7.4) was asdtie running buffer and the SPR
system was run at 26 with a flow rate of 5 pL/min. The analysis aefierence channels of the
chip were preconditioned using a three-cycle HBStfing buffer rinse of 4 min each. Itis a
three-stage process to activate the surface @ri6LR3 immobilization: 0.1 M NHS/0.5 M
EDC (7 min); 1M ethylenediamine in 0.1M sodium kbergpH = 8.5, 7 min); and 50 mM 4-
maleimidobutyric acid sulfdN-succinimidyl ester sodium salt (sulfo-GMBS) in BL.5odium
borate (pH = 8.5, 5 min). Two different maleimitiol-coupling experiments were carried out,
on separate chips, by using immobilization buffeith different pHs for the TLR3 application

step across the analysis channel:

Trial #1:. TLR3 was applied at a concentration of 40 nM,0miM acetate buffer (pH = 5.5).
Manual injection was used for this application LatifLR3 mass of approximately 185 RU or

185 pg/mm was obtained.

Trial #2: TLR3 was applied at a concentration of 40 nM, DanM HEPES buffer (pH = 7.4).
As for trial #1, manual injection was employed apgroximately 100 RU or 100 pg/mmas
collected at the surface.

In both cases, excess maleimide groups on botartalysis and reference channels were
capped using a 50 mM cysteine and 1M NaCl solutidh 1M sodium acetate (pH = 4.0, 10
min). The final surface density of the immobiliZEDR3 protein was approximately 140 RU

and 55 RU, respectively for each trial.
2.3 TLR3 Immoabilization Method #3: Amine-Coupling

This immobilization method also uses a BlAcore Cdltip; the running buffer was HBS-P
(pH = 7.4, 10 mM HEPES, 150 mM NaCl and 0.05% Suafiat P20). The SPR system was run
at 25C with a flow rate of 5 uL/min. The analysis aeference channels of the chip were

preconditioned using a three-cycle HBS-P runnineouinse of 4 min each. To activate the
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surfaces of both channels 0.1 M NHS/0.5 M EDC gliad for 7 min. TLR3 protein at a
concentration of 40 nM, in a 10 mM acetate buffdd € 5.5) is applied only to the analysis
channel by manual injection until a mass of betws@h— 700 RU was deposited. 1 M
ethanolamine is used to deactivate the unreactes-dtiers on the analysis and reference
channel surfaces. This immobilization method vt to produce a stable surface and
therefore was progressively refined; various protegimobilization levels were trialed. At the

end of each immobilization trial the final surfatensity was recorded.
2.4 TLR3 Ligand Binding Experiments

The running buffer for all ligand binding experintgeacross the immobilized TLR3 sensor
surface is 10 mM acetate buffer (pH = 5.5) with 28@ NaCl and 0.05% Surfactant P20. The
SPR instrument operated at’@5with a flow rate of 40 pL/min. Prior to commengibinding
experiments the analysis and reference channeffuaheed with two acetate buffer injections (2
min each). In all binding experiments, shifts ulkorefractive index were accounted for by
running blank sample injections in addition to saenples, which would then be used for

correction during the data analysis stage.

Poly(l:C)-binding Experiments: A low molecular mass variant, average 200 kDa; 2000

base paird®of the synthetic TLR3 ligand, polyinosinic-polyayyiic acid (poly(l:C) was used

for these experiments. To assess binding constagtdibration series ranging from 0.25 nM to
3.0 nM was injected over both the analysis andeafee channels using the BlIAcore kinject
injection profile (3 min, 12QiL) followed by a 4 min dissociation period. Theaohel surfaces
were regenerated down to their baseline TLR3 imfizaition levels, removing any remaining
poly(l:C) ligand, by applying a single 30 secondsspwf 10 mM borate buffer (pH = 8.5, 150
mM NacCl) followed by 3 — 4 injections (2 min) ofetate buffer to flush the remaining borate

regeneration buffer from the surfaces.

Sensor Cross-reactivity Study: Endotoxin-free DNA fronE. coli K12 was purchased from
Invivogen. Gel electrophoresis was used to detezrthie number of base pairs and,
subsequently approximate molecular mass of thigermacid sample (820 base pairs, ~

500 kDa). The calibration series used for thigdxda DNA cross-reactivity trial ranged from

10 nM to 300 nM. The kinject injection profile wapplied across both the analysis and
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reference channels (5 min, 2[@0) followed by a 6 min dissociation period. Thgeaeration
injection sequence was identical to that for thig({<&) ligand. Other nucleic acids that were
studied include: poly(U), a single-stranded RNAypaér; ORN 02, an AU-rich oligonucleotide;

and single-stranded, sheaedcoli K12 DNA, were purchased from Invivogen.

2.5 Data Analyses

Data sets were analysed using BlAcore 4.1 evainaoftware to calculate the equilibrium
dissociation constants X The maximum response unit, or binding respgRseax) is also
evaluated in order to determine the protein-lighimtling efficiency based on the amount of
immobilized TLR3 protein.

3. Resultsand Discussion

As previously stated, TLR3 immobilization was oniglly evaluated using a synthetic
analogue of dsRNA, polyinosinic-polycytidylic adjoly(1:C)) *°. To understand the
immobilization approaches chosen and pre-immoltibneconsiderations, such as the choice of
buffer solutions, etc., it is first important toldberate on the overall structure of the TLR3
protein, its behaviour in solution and within aaligl binding environment. The elucidation of
the crystal structures of, first, the TLR3 monortfeand then the TLR3 homodimer bound to
poly(I:C) * indicates that TLR3 exists as a monomer in safusiod that dimerization only
occurs upon ligand binding. The dimerization iraed is localized and small thus, a significant
attractive force would be required to bring the BuRonomers close enough and in the correct
orientation for propeim situ binding to occur.

Optical detection methods have examined the TS action with its dSRNA PAMP.
Surface plasmon resonance (SPR) concluded thatAl$fiids to a defined site or sites on the
TLR3 ectodomain. Leonam. al. also demonstrated that the TLR3 ligand bindingifi
increases as the buffer acidity is modified awayfmeutral and as the number of base pairs
present in the ligand is increased. This findmgansistent with TLR3 being located primarily
internal to the cellular membrane in the acidiciemment of the endosomal vesicf8s Several
conserved histidine residues within the N- and i@ieal of the TLR3 ectodomain have been
demonstrated to interact electrostatically withphesphate groups of the dsRNA backbone

once they have become protonated in an acidicemvient'’. Finally, it was established that
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TLR3 ligand-induced homodimerization is highly ceagtive, confirming the conclusion of Liu
et.al., and that multiple TLR3 dimers can form along ateeded length of dsRNA ligand

strand, as long as each dimer has the requisi4iase pair space required to form a stable
TLR3-ligand-TLR3 complex. Notably, dSRNA was imnided on the surface in an end-to-end
oriented fashion in these studies. TLR3 was ttessg@d over the dsSRNA-modified surface in
order to ensure that the receptor’s orientation mashindered by the surface immobilization
process. This surface assembly model, while wisllted for the bioanalytics described above,
does not address the suitability of immobilized BL&&s a potential sensor biorecognition
element. Hence, the immobilization approachetettiavithin this body of work, where TLR3
becomes the biorecognition element.

3.1 TLR3 as a Biorecognition Element

Based on the literature, TLR3 exists as a mondMmtoreover, its orientation on the surface
is key to ensure access to the ligand binding,sitbgh are located in isolated regions on the
lateral side of the convex surface of both the @ id- terminal sites. The ligand binding
regions of TLR3 only comprise 4.4% of the totaloelmain surface aréd The majority of the
TLR3-ligand interactions are electrostatic or hygno bonds between the positively-charged
residues of TLR3 and the negatively-charged supasjphate dsRNA backbone. TLR3 does not
distinguish between the base sequences of dsRN#earder in which they present, unlike
TLRs 7 and 8 which identify specific amino acils

The ability of TLR3-ligand complex to homodimerizdl likely be significantly limited by
the monomer complexes’ inability to access an gmutely oriented TLR3 protein (either due
to surface-bound orientation or spatial restricclonHomodimerization is a requirement for the
unique specificity of TLR3 for the dsRNA molecdfe'®. It is the dsRNAu-helix backbone
structure, based on the molecular placement ofitheves within the ribose phosphate backbone
and the unique length of the resulting rotationicltallows for the specificity of binding to
TLR3invivo *°. While thep-helical structure of double-stranded DNA wouldisturally
preclude compatibility with the two binding sitesdathe TIR signalling domain of the TLR3
structure, it would not prevent electrostatic bowgddf its sugar-phosphate backbone to a single
binding site on the biorecognition element. Hydnodponding of the DNA backbone to TLR3
would be less likely as DNA lacks the 2’-hydroxybgps of dSRNA. When examining potential
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TLR3 sensor cross-reactivity, the same consideratiost be given to a non-conformational,
complex 3-D structure of a single-stranded nuckeid ligand.

The following diagram outlines the four immobiliima approaches that were trialed based on
the hypothetical orientation of TLR3 on the surfacel access to the ligand binding sites.

Figure 1: Immobilization schema trialed, from top to bottammol-coupling using a maleimide
reagent, the TLR3 immobilization step is examinetno different buffer pHs (A, B); amine-
coupling(C); and nickel(ll) chelation + amine-coupling (D).

3.2 TLR3 Immoabilization Method #1: Ni(Il) Chelation + Amine-coupling

The first method assessed was through the immabin of TLR3 by nickel (Il) chelation of
the histidine tag (10-His) that is located on thtefninal. A polyhistidine tag is an amino acid
sequence that is added to the terminus end oftaiprof interest in order to aid in a variety of
applications including protein purification, flu@@ent tagging and binding assays. Surface
immobilization via His-tag is advantageous in tihatould allow for the specific orientation of
the TLR3 biorecognition element in a standardisedimer. It should be noted that there are also
histidine residues within the TLR3 N- and C- teralihinding domains that are essential binding
residues, including a histidine cluster formatibtis(L08, His39 and His60) that Ni(ll) is
suspected to interact with in a non-specific marfiner

The results for the Ni(ll) chelation immobilizati@pplication schema as well as the resulting
SPR spectra can be found as Figure 1 in the camelipg Data in Brief articl&”. TLR3 was
immobilized in a mobile phase consisting of HBS{BHR = 7.4). The final surface density of the
sensor after immobilization was measured at 50@Rapproximately 500 pg/nfof the TLR3
biorecognition element. Whilst immobilization oecsuthe poly(l:C) ligand binding was not
successful. The SPR spectra for the poly(l:C)iappbns onto the TLR3 sensor surface coupled
by Ni(ll) chelation are within Figure 4 of Ref [20From these results, it is apparent that there is
no interaction indicated during the poly(l:C) apglion phase of the SPR run sequence. The
acetate binding buffer (pH = 5.5) produced the saffext on the TLR3 sensor as the samples
containing the poly(I:C) ligand.
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While Ni(ll) chelation is the most popular and uliigpus metal chelation method for the
immobilization of his-tagged moieties, it does hawvene significant drawbackS Other amino
acid residues, such as the clusters of cysteitteedE- and N-terminals and the pervasive lysine
residues threaded throughout the TLR3 protéimay participate in binding to Ni(ll), although
with significantly lower affinity. Thus, it is unelr whether the lower affinity of nickel(ll)
binding is balanced by the prevalence of theseggoRrolonged exposure to the required
poly(l:C) binding buffer pH of 5.5 may also havedreprogressive negative impact on the

sensor surface, inducing the observed deleteriffest €luring the dissociation phase.

3.3 TLR3 Immobilization Method #2: Thiol-coupling using Maleimide

Thiol-coupling was the second method trialed to whitize the TLR3 protein in a specific
orientation, in an attempt to ensure ligand acte#ise binding sites. This coupling method
exploits cysteine residues within the protein &schiment sites to the sensor dextran surface.
Within the TLR3 biorecognition element, cysteinsideies are scarce and are isolated to areas
away from the ligand binding sites, either at teepends of the C- and N-terminal or on the
medial, glycosylated side of the protein, makinigltooupling an attractive potential option for
immobilization™®,

There are two common methods for thiol-couplingafid immobilization by thiol-disulphide
exchange or maleimide coupling. The former metlsatbt suitable for experiments where the
buffer pH will be in cyclic variance (ex. bindinddp= 5.5 to the regeneration pH = 8.5) as the
coupling bond is unstable in these conditionsthis alternative approach, maleimide reagents
are used to attach the thiol groups of the cysteiaielues to the dextran matrix resulting in a
thioether bond that is much more stable underigoes to be applied during this study. BlAcore
have published a protocol for the use of sulfo-GMBShe coupling reagefft Within this
protocol detail was provided regarding pH for theh&ecture pre-immobilization stages and the
capping stage. No detail was provided for the pHhe protein immobilization buffer.

During immobilization the intent is to pre-concexté the TLR3 protein to the surface in
order to maximize the immobilization potential. gl values above 3.5 the carboxymethylated
dextran on the BlAcore sensor chip is negativelgrghd, this allows for an electrostatic
attraction to occur between positively-chargedgirst. The requirement for electrostatic pre-
concentration at the surface is that the pH ofthlation containing the substrate to be

immobilized be between 3.5 and the isoelectric poirthe substrate. BlAcore specifically
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recommends that, for protein immobilization thefeupH be at least one unit lower than the
isoelectric point of the proteift. The isoelectric point for TLR3 is 6.73, meanthg ideal
buffer for immobilization has a pH no higher thaid®*,

It was determined that maleimide groups specifiaaact with sulfhydryl groups when the
pH of the reaction mixture is between 6.5 and @.®tm the thioether borfd. Thus, the
combined pre-concentration and thioether bond faonateps were compared in separate

experiments at pH values favourable to the former £ 5.5) and the latter (pH = 7.4).

Trial #1: The immobilization schema and the sensorgrarthithiol-coupling of TLR3 in
acetate buffer pH = 5.5, in addition to the resgltspectra for the poly(I:C) applications on this
sensor surface, are in the correlated Data in Briifle?® as Figures 2 and 5, respectively.
TLR3 was applied over the prepared surface tod kev185 RU. Due to the promotion of
electrostatic attraction between the protein aedcdrboxymethylated dextran sensor surface
through the use of a low pH immobilization buffdre TLR3 protein was visibly pre-
concentrating to the surface (see Figure 2 in R6l). However, formation of stable thioether
bonds was limited, as only 140 RU TLR3 remainedhensurface following capping.

A very high concentration of poly(I:C), 2000 nM, sveequired to differentiate the ligand
binding signal from that produced by a blank aeetajection (Figure 5, Ref. [20]). This reflects
the small quantity of TLR3 bound to the surface drepotential for TLR3 to be bound in a
non-ideal orientation with the cysteine sites fgdioward the gold surface. Rapid dissociation of

the poorly bound poly(l:C) prevents the determmaf a meaningful binding constant.

Trial #2: The immobilization schema and the sensorgrarthithiol-coupling of TLR3 in
acetate buffer pH = 7.4, in addition to the resgltspectra for the poly(I:C) applications on this
sensor surface, are in the correlated Data in Briifle?® as Figures 3 and 6, respectively.
Visible preconcentration during the TLR3 immobitiba step is not evident during this trial (see
Figure 3, Ref. [20]). The maximum surface densftf LR3 achievable at this pH was 100 RU,
following cysteine capping the surface density degleted to 50 RU. This was an early
indication of the importance of the pre-concentranf the protein to the sensor surface for the
efficacy of TLR3 immobilization.

The results from the poly(l:C) applications orficstthiol-coupled surface also indicate that
the pre-concentration factor was significantly reetliand it appears that no TLR3 was
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immobilized as there is no difference between tgeat achieved by the blank sample and those
containing poly(I:C) ligand (Figure 6, Ref. [20]Based on the brief results of the poly(l:C)
binding studies, it is clear that pre-concentratorthe surface is an important factor in drawing
the PAMP closer to the surface for the immobiligaatstage. However, pre-concentration of the
PAMP does not directly correlate to increased imifigattion levels. Thiol-coupling is not ideal
due to the mismatch in pH requirement for the fdromaof the thioether bond and it is not

evident that further adjustment of the buffer pHl wptimize the results.

3.4 TLR3 Immoabilization Method #3: Amine-Coupling

Amine-coupling at the-lysine residues or the terminal Mgroups in the protein structure is
problematic within the TLR3 ectodomain. Basedimmelucidated structure of TLR3' there
are several of these chemical groups at the N-Catetminals however, most are scattered
indiscriminately, to the present purpose, throudhioe protein’s structure. Only one residue,
K619, at the C-terminal has been identified asde@molved in ligand binding; several lysine
residues and terminal NHjroups surround the C- and N-terminal bindingssite the glycan-
free lateral side of the TLR3 ectodomain. This @ases the probability that TLR3 will
immobilize with the binding interface facing awagrh the ligand in the mobile phase and
toward the surface, thus blocking a potential lgyarteraction. However, it does increase the
likelihood that the TLR will immobilize to the sade in a repeatable manner even though there
will be a smaller number of correctly-oriented TLR®lecules dispersed across the surface. If
TLR3 binding sites are available, and a nucleid agth an optimal negatively-charged sugar-
phosphate backbone is accessible, receptor-ligaachction is possible, which is enough for
sensor design purposes.

Figure 2 depicts the amine-coupling immobilizatsmmema as well as the resulting SPR
spectra. The final surface density of the senfier anmobilization was measured at 500 RU or

approximately 500 pg/mfof the TLR3 biorecognition element.

Figure2: Amine-coupling immobilization schema alignedhte resulting SPR spectra for the
step-wise application. TLR3 was immobilized in alnte phase consisting of acetate buffer (pH
=5.5). The numbered labeling of the schema appicateps correspond to the numbered
labeling on the SPR spectra results.
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3.5 Poaly(l:C)-binding Experiments on the Amine-coupled TLR3 Surface

Despite having immobilized approximately 500 RUraR3 on the surface of the CM5 chip,
the maximum poly(I:C) binding level achieved wa$0-~12 RU. Assuming a 1:1,
straightforward binding model between TLR3 and (dB) and using Equation (1) below, this
equates to a binding efficiency of approximate24a.

Equation (1)

. . (Analyte MM
Analyte Binding Capautyé

—_— ili 0,
TLR3 MM x Immobilized TLR3 Level (RU)) X 100%

Using the amine-coupled TLR3 sensor profile an ldgquum dissociation constant (i value
was estimated by applying a simple, single-stepggbrarir binding isotherm for a receptor-ligand
equilibrium to model the interaction. Figure 3 sisahe poly(l:C) sensorgrams and calibration
curve fit on an immobilized TLR3 BlAcore CM5 chigll ligand injections were performed in

triplicate for statistical relevance.

Figure 3: Poly(I:C) sensorgrams and calibration curve fiitam immobilized TLR3 BlAcore
CMS5 chip. Poly(l:C) concentrations in acetate bufpH 5.5, 150mM NaCl). Ligand injections
were performed in triplicate for statistical releca.

The Kp for this interaction (pH = 5.5) was estimated Bf # 3.30pM. The K value for this
TLR3 sensor model is showing a higher binding #ffithan the established norm obtained in
previous studies, where dsRNA was immobilized soghrface. Leonards. al. verified a Ky
apparent for pH = 5.5 ranging from 4.640.11 nM to 72.& 1.7 nM for dsRNA ranging in size
from 540 to 39 base pairs respectively using ainding model. As previously stated, this
study immobilized dsRNA to the surface, rather ttleprotein, enabling the researchers to
prove that binding between TLR3 and dsRNA is pesiyi cooperative®. Fukudagt. al., using
a quartz crystal microbalance method that explatedRNA-coated (48 base pairs) sensor tip to
evaluate the TLR3 interaction (pH = 5.0), found@df 19+ 0.9 nM %,

Attempts were made to fit the data obtained in shusly using both a single-step binding
model and a cooperative-binding model as suggéstele work done by Leonard, al.; only

the 1:1 model was successful. The dispersed natuhe TLR3 across our surface likely
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limited any potential cooperative dimerization aultaprotein binding to the same ligand length
(i.e. poly(l:C) chains longer than 50 base paifi)is TLR3 self-assembled mono-layer also
proved to be the simplest to manufacture and itccbe repeated in a consistent manner.
Comparing replicate TLR3 amine-coupled sensor sagamanufactured and tested using the
same experimental parameters outlined above amdiating for only slight variations due to
human error (different batches of buffer soluticets,), the estimatedvalues based on

replicate poly(l:C) calibration injections were 22 0.637 pM and 50.2 1.29 pM.

3.6 Sensor Cross-reactivity Sudy

The last stage of these experiments was to comaakminary challenges of this amine-
coupled TLR3 sensor surface against non-PAMP ligasach as DNA and single-stranded
nucleic acids. The first non-PAMP challenge wadotoxin-free DNA fromE. coli K12.
Although TLR3 does not discriminate by base pae, double-stranddgthelical backbone of
DNA is much different from that of the-helical structure of dSRNAIn vivo, the TLR3-DNA
interaction would not induce the pro-inflammatoryslling cascade that invokes the
upregulation of the immune response because theldifain at the end of the TLR3 C-
terminals would not reach their required orientatilnie rotational length of the DNA structure.
Invitro, while this reaction is not ideal, it is still gasle through electrostatic bonding of the
DNA sugar-phosphate backbone to a single binditegosi the TLR biorecognition element.
TLR3 and dsRNA more traditionally interact by hygem-bonding but this is unlikely as DNA
lacks the 2’-hydroxyl groups of dsRNA.

The TLR3 amine-coupling immobilization protocol gued binding of approximately 700
RU onto the surface of the CM5 chip and a maximumdihg level of the non-viral nucleic acid
PAMP of ~ 17 RU was achieved during the calibratideraction trial. Assuming a simple, 1:1
binding model for TLR3 and the.coli DNA and using Equation (1), this achieved a binding
efficiency of approximately 0.56%. Figure 4 shatws DNA sensorgrams and calibration curve
fit on an immobilized TLR3 BIAcore CM5 chip.

Figure 4: DNA sensorgrams and calibration curve fit onrambobilized TLR3 BIAcore CM5
chip. DNA concentrations in acetate buffer (pH,3.50mM NacCl). Ligand injections were
performed in triplicate for statistical relevance.
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The equilibrium dissociation constant for this TLRBIA interaction was estimated at 1360
184 pM. This binding affinity is approximately tdmes weaker than that measured for the
TLR3-poly(I:C) interaction. While the importancédimerization for TLR3 specificityn vivo
is not in question, the fact that this evaluatedildarium constant is distinctly different from tha
for the traditional PAMP is a starting point forderstanding how a detection library can be built
for TLR3 as a sensor surface. As TLR3 genericadtyuts for the dsRNA phosphate backbone
to bind with, in its monomeric form, that opensijit to a host of other potential nucleic acid
PAMP binding opportunities without broad-spectruiffiedentiation or preference.

Finally, several single-stranded nucleic acid megwere also used to interrogate the TLR3
surface to test for potential cross-reactivity.eTinst two evaluated were single-stranded RNA
structures: poly(U), a single-stranded RNA polynagrgd ORN 02, an AU-rich oligonucleotide.

Figure5: SPR spectra for th&: poly(U) andB: ORN 02 applications of known
concentrations: 10 nM and 100 nM, respectively anéoTLR3 sensor surface using the
established amine-coupling method.

Figure 5A shows the preliminary application restitr poly(U) and Figure 5B for ORN 02.
The ORN 02 sample was complexed with LyoVa cationic lipid-based transfection reagent
26 which likely contributed significantly to the napecific binding observed. Poly(U) was
synthetic and not complexed with any other trartgfacagent. Both non-PAMP samples
showed clear non-specific binding and little diffietiation between the variation in injected
concentrations. Further examination of a widegeaof single stranded nucleic acid sample
types and concentrations is required before aiti#grconclusion can be reached.

The last single-stranded nucleic acid that wasngxad was single-stranded, sheafedoli
K12 DNA. This ligand was also complexed with LyaV® which contributed to non-specific
binding. The results shown in Figure 6 for the Nglapplication are very interesting. The
consequence of the non-specific binding effect eead the spectra impossible to model,
however the initial profile is characteristic otangmuir binding isotherm. It appears that
ssDNA may bind to TLR3 binding sites, as was ackedged by Skoldet. al., in 2012 aftein
vivo study?’. Further examination without cross-contaminatiatiha cationic transfection agent

is required to establish an equilibrium dissocaonstant.
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Figure6: SPR spectra for ssDNA applications of known conegiains: blank acetate buffer
(pH =5.5), 10 nM and 100 nM, respectively onto Thé&k3 sensor surface using the established
amine-coupling method.

4. Conclusions

This study represents the first sensor design seenvhereby, TLR3 is sequestered as a
biorecognition element by several novel immobiizatapproaches onto a gold-modified
dextran surface matrix. Surface plasmon resonaasghe used to examine the surface
throughout the immobilization and ligand challepiases. The TLR3-modified surface was
tested with its dsSRNA synthetic analogue, poly(Ji@)addition to several non-PAMP single-
and double-stranded nucleic acids. Amine-couphvigle not ideal for placing the TLR3 in a
spatially-specific orientation, was found to be thest reliable with respect to repeatable surface
manufacturing from one sensor to the next andubsexjuent resulting equilibrium dissociation
constants were within satisfactory range. Theneasured for the immobilized TLR3-poly(l:C)
interaction was 11# 3.30pM. This binding affinity is higher than that meesd in previous
studies®?% where the TLR3-dsRNA interaction was examinedgishe dsRNA as the
immobilized receptor. It appears that althoughtimeling efficiency was low, at 1.4%, the
poly(l:C) that was bound to the immobilized TLR3sataghtly bound to the binding regions on
the ectodomain that were exposed to the mobilegphas

This evaluation included a brief cross-reactivitydy using a selection of purifidgéicoli and
synthetic double- and single-stranded nucleic acMsst notably, DNA produced a measurable
Kp using the 1:1 Langmuir binding isotherm of 136084 pM. This difference is an important
factor in terms of sensor design as it establihesequirement for a thorough cross-reactivity
study on the interaction of immobilized TLR3 witther non-PAMP ligands to establish a
detection response library. This binding affingya full order of magnitude weaker than that
measured for the TLR3-poly(l:C) interaction. Skxgtranded DNA also displayed results that
seem to imply the impedance of immobilized TLR3@aligh further study is required before a

definitive conclusion can be drawn.
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» Sensor design exercise for the immobilization oRBlas a biorecognition element

* TLR3-dsRNA interaction measured using poly(l:C) design exercise

* Amine-coupling was most reliable and repeatabléhowtky = 117 + 3.30 pM

» Cross-reactivity study using purifiégficoli andsynthetic nucleic acids also performed



