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Purpose: TILRR (Toll-like interleukin-1 receptor regulator), a variant of FREM1 (Fras-
related extracellular matrix 1), is a modulator of many genes in NF-xB (nuclear factor kappa-
light-chain-enhancer of activated B cells) signaling and inflammatory responses. It enhanced
the expression of multiple genes in the NF-kB signaling pathway and promoted the produc-
tion of multiple pro-inflammatory cytokines/chemokines. TILRR is an extracellular matrix
protein and expressed in cells and tissues, and has never been considered to exist in the
blood. The study aimed to identify circulating TILRR protein in human plasma as
a biomarker of systemic inflammation.

Methods and Results: We developed a multiplex bead array method (Bio-Plex) using 4
monoclonal antibodies targeting different protein domains of FREM1/TILRR to investigate
whether TILRR can be detected in blood plasma. The results of the multiplex bead array
method were validated by Western blot analysis of affinity-purified TILRR from patient
plasma samples. We subsequently analyzed 640 plasma samples from women enrolled in the
Pumwani Sex Worker cohort (PSWC) (Nairobi, Kenya). Our study showed that TILRR
exists in all patient plasma samples, but its quantities vary greatly among the patients,
ranging from 2.38 ng/mL to 5196.79 ng/mL. The plasma TILRR below 2.38 ng/mL can
only be detected by affinity purification and Western blot analysis.

Conclusion: Our in-house developed multiplex bead array method can successfully quantify
TILRR protein in plasma samples. Because TILRR is an important modulator of many
inflammation-responsive genes, it may be an inflammation biomarker in blood and play
a role in modulating systemic inflammation.

Keywords: TILRR, soluble biomarker, human plasma, mouse anti-FREM1 mAbs, multiplex
bead array method, Western blot analysis

Introduction

TILRR (Toll-like interleukin-1 receptor regulator), a splice variant of the Fras-
related extracellular matrix 1 (FREM1) gene, is involved in the development of
pathological abnormalities via aberrant inflammatory reaction.' It has been identi-
fied as a co-receptor of interleukin-1 receptor type 1 (IL-1R1) and is an important
regulator of the NF-kB (nuclear factor kappa-light-chain-enhancer of activated
B cells) signal transduction pathway and inflammatory responses.”* TILRR inter-
acts with the IL-1R1-TIR (toll/IL-1 receptor) complex and enhances the signal
transduction by increasing the expression of the IL-1R1 receptor and ligand-binding
activities.>>° The association of TILRR with IL-1R1 not only involves expressing
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receptor complex but also induces the engagement of
MYDS88 (myeloid differentiation primary response 88)
adapter molecule on the cytoplasmic TIR domain leading
to the activation of NF-kB signaling pathway and the
expression of pro-inflammatory genes.>>® TILRR is
expressed in human cervicovaginal epithelial cells, periph-
eral blood mononuclear cells (PBMCs), including mono-
cytes, and a broad range of human and mouse lymphocytic
and mesenchymal cell lines.*® Recently, we demon-
strated that TILRR modulates the expression of many
NF-kB inflammation-responsive genes,” promotes the pro-
duction of pro-inflammatory cytokines/chemokines,
including IL (interleukin)-6, IL-8, IP (interferon gamma-
induced protein)-10, and RANTES (regulated on activa-
tion, normal T-cell expressed and secreted),” and induces
migration of immune cells (THP-1 and MOLT-4 cells).®
FREMI1, in contrast, has been identified as an essential
component for embryonic development and involves
immune cell migration.®’ FREMI gene (encoding 2179
amino acids) has ~15 splice variants,'®'" including TILRR
(encoding 715 amino acids).® As a shorter isoform of
FREMI, the transcriptional start site of TILRR is present
in an intronic segment between exons 24 to 25 of the
FREMI gene.>'? Since TILRR is expressed in human
epithelial and blood mononuclear cells and involved in
inflammatory responses, we hypothesized that TILRR
exists as a soluble protein in the human blood plasma
and functions as a biomarker of systemic inflammation.
To detect TILRR protein in the blood, we developed
a multiplex bead array method, and the existence of
TILRR protein in the plasma of the women enrolled in
the Pumwani sex worker cohort (PSWC) was confirmed
by Western blot analysis of affinity-purified TILRR.
Because of its importance in modulating many inflamma-
tory responsive genes in the NF-«kB signal transduction
pathway, TILRR could be a biomarker for systemic
inflammation.

Materials and Methods

Study Participants

Women enrolled in the PSWC, Nairobi, Kenya between
1985 and 2008 were the participants of this study. The
PSWC is an open prospective cohort established to study
the immunobiology and epidemiology of sexually trans-
mitted infections (STIs). The patients enrolled in the cohort
have been followed biannually since the cohort establish-
ment in 1985."* This research cohort also provided services

related to STIs and HIV-1 (human immunodeficiency virus
type 1) prevention and care, such as consultation, provision
of free condoms, and treatment of other infections. All
enrolled women were screened for anti-HIV p24 using
enzyme immunoassays (EIA). Women who were HIV-1
negative for antibodies on EIA were further confirmed by
immunoblot testing. All participants were routinely
screened for HIV-1 infection by PCR (polymerase chain
reaction) assay.'* The study analyzed 640 available
archived HIV-1 negative plasma samples from 316 female
sex workers (FSWs) who were HIV negative at the cohort
enrollment. If available, HIV-1 negative plasma samples
from different visits of the same woman were also included.
Out of 316 FSWs, 179 women had only plasma samples
from one visit, whereas 137 subjects had plasma samples
from more than one visit. The reason for including plasma
samples from multiple visits was to investigate the potential
variations within the same subjects over time.

Multiplex Bead Array Method for
Quantification of TILRR Protein in Blood

Plasma

Method Design

The full-length FREM1 (2179 amino acid) contains multiple
functional domains: a putative N-terminal signal sequence, 12
chondroitin sulfate proteoglycan (CSPG) tandem repeats,
a Calx-f domain, and a unique type C lectin-like (LecC)
domain towards the C-terminal region.15 It has two Arg-Gly-
Asp (RGD) motifs and two glycosaminoglycan (GAG) attach-
ment sites. FREM1 splice variant, TILRR, is a shortened form
of FREMI1 (715 amino acid) and contains protein sequence
from CSPG domains 10 to the LecC domain (Figure S1A and
B).”!'® With 699 of 715 amino acid sequences of TILRR
identical to FREMI1 except for the 16 amino acids at its
N-terminal, it is very difficult to differentiate TILRR from
FREMI except that TILRR is a smaller protein.

We previously developed a panel of mouse monoclonal
antibodies (mAbs) to FREM1.'® Of them, some are specific
to major epitopes located on CSPG-9, CSPG-10, CSPG-11/
12, and Calx-f domains (Table 1). Since TILRR, a shorter
variant of full-length FREM1 protein does not have CSPG9,
we used a combination of these monoclonal antibodies to
differentiate TILRR from FREMI1 with a multiplex bead
array method. We used mAbs specific to CSPG-9, CSPG-
11/12, and Calx- domains to capture full-length FREM1
protein and TILRR from the plasma, and use the mAb to
CSPG-10, which exist in both full-length FREM1 protein
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Table | List of Mouse Anti-FREMI mAbs Selected for TILRR and  with these mAbs, we can differentiate whether the detected
Full-Length FREMI Isoform Measurement in Human Plasma Samples protein is the full-length FREMI protein or TILRR. Three

Anti- Target Epitope Domain | Class | Type mAbs (F237G1, F237G3, and F218G4) recognizing different
FREMI Sequence FREM1 domains were used as capture antibodies (Table 1).
mAbs

The mAb F237G1 was used to differentiate full-length
F237Gl | HTGAMDSQNQDSFTF CSPG9 IgGl/x | Major'® FREMI1 from TILRR protein because F237G1 targeting
F237G3 | LSPDLLQLTDPDTPA | CSPGlland | IgGlfc | Major' | epitopes on CSPGY that only existed in full-length FREMI.

CSPGI12 . .
£237G12 | KPEELLYVITSPPRY CSPGI0 16G Ik | Major'® The mAb F237G12 was used as a detection antibody. The
F218G4 | YEVCENVGLLPLEN Calx-p lgGI/. | Major'® TILRR protein detection method using four anti-FREM1

Abbreviations: FREMI, Fras-related extracellular matrix |, TILRR, toll-like inter- bS ma multlplex suspension array syStem 18 Shown m

leukin | receptor regulator; mAb, monoclonal antibody; CSPG, chondroitin sulfate Figure 1.
proteoglycan; IgG, immunoglobulin G; major, represents the IgG major class that
targets the major epitopes on TILRR/FREMI domains.

Coupling of Anti-FREMI mAbs to Magnetic Beads
In-house developed mouse monoclonal anti-FREM1 IgG
and in TILRR, to detect the captured proteins. With antibodies F237G1, F237G3, and F218G4 were coupled to

a combination of different fluorescent beads conjugated magnetic beads using an amine-coupling kit (Bio-Rad,

Capture mAbs:
F237G1: mAb to CSPG9

F237G3: mAb to CSPG11 and CSPG12
F218G4: mAb to Calx-f

\/ V
Detection mAb: TILRR (FREM1
F237G12: mAb to CSPG10 Isofrom 2)
F237G3 mAb
F237G12 mAb F218G4 mAb
F237G1 mAb /
p 3 4 5 6,7,8 9 10 1,12 FREM1 isoform 1

I Signal peptide | RGD Motif . CSPG domain . Calx-g domain

. C-type lectin domain * Predicted GAG attachment site

Figure | TILRR protein detection methods using four mouse anti-FREMI monoclonal antibodies with multiplex bead array system. F237G3, F218G4, and F237G| mAbs
were used as capture antibodies that coupled with magnetic beads (purple-colored), and F237G12 mAb was used as a detection antibody, which labeled with biotin (red-
colored). Both capture and detection antibodies targeted major epitopes on TILRR/FREMI proteins were formed a sandwich complex that was detected in the Luminex
detection system (Bio-Rad, Mississauga, Canada) following the addition of Streptavidin-PE.

Abbreviations: TILLR, toll-like interleukin | receptor regulator; FREMI, Fras-related extracellular matrix |; mAb, monoclonal antibody; RGD, arginine-glycine-aspartic
acid; CSPG, chondroitin sulfate proteoglycan; and GAG, glycosaminoglycan; Streptavidin-PE, streptavidin-phycoerythrin. Legends of the figure are mentioned in the bottom
and upper left side.

Note: Adapted from Kashem MA, Li H, Toledo NP, et al. Toll-like Interleukin | Receptor Regulator Is an Important Modulator of Inflammation Responsive Genes. Front
Immunol. 2019;10(272):1-16.”
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Mississauga, Canada) according to the manufacturer’s
instructions. Briefly, 100 pL of 1.25x10° monodisperse
COOH beads with different fluorescent spectrum (34, 36,
and 64) were used to couple F218G4, F237G3, and
F237G1 mAbs targeting major epitopes on Calx-f,
CSPG11-12, and CSPG9 domains in a single coupling
reaction, respectively. Stock beads were vortexed for 30
sec, and 100 puL of bead was transferred to a coupling
reaction tube (supplied). After 1X wash with PBS (phos-
phate-buffered saline) pH 7.4, beads were resuspended in
80 pL bead activation buffer and vortexed for 30 sec. Ten
microliters of Sulfo-NHS (N-hydroxysulfosuccinimide,
50 mg/mL) and EDAC (1-Ethyl-3-[3-dimethylaminopro-
pyl] carbodiimide, 50 mg/mL) was added to the beads
containing activation buffer and incubated for 20 min at
room temperature (RT) on a rotor. The beads were washed
1X with PBS pH 7.4 and added each diluted antibody (20
ug, 40 pg, or 60 ug) separately. Beads-antibody mixture
was incubated for 2 h at RT on a rotor. After incubation,
non-specific binding sites were blocked by using 250 puL
blocking buffer for 30 min at RT on a rotor. Using
a magnetic separator, supernatants were discarded, and
a 500 pL storage buffer was added and vortexed for 20
sec. The storage buffer was carefully removed and 150 pL
storage buffer was again added as a final bead volume.
Four separate coupling reactions were performed for each
antibody with each concentration. All four separate reac-
tions were combined in a single tube and the concentration
of coupled beads was estimated using a hemocytometer as
previously described.!”'® Coupled beads were stored at 4°
C for downstream application.

Detection Antibody Labeling

Anti-FREM1 IgG F237G12 mAb targeting major epitopes
on the CSPG10 domain of TILRR was used as a detection
antibody. This antibody was biotinylated by using an apex
Canada)
according to the manufacturer’s instructions. Briefly, the

antibody labeling kit (Invitrogen, Toronto,
resin inside the labeling tip was settled down at the bottom
and hydrated with 100 pL wash buffer using a gel-loading
tip. Wash buffer was gently pushed through the tip into
a microcentrifuge tube with a syringe (supplied). After
washing, 10 pL of diluted F237G12 mAb (20 pg max-
imum) was slowly pushed through the resin and then
added 10 pL Biotin-XX reactive dye mixed with dimethyl
sulfoxide (DMSO) and labeling buffer. The reaction mix-
ture was incubated overnight at 4°C. The resin bed was
carefully washed 2X with 50 uL wash buffer. Next, 10 uL

of neutralization buffer was taken in a clean microcentri-
fuge tube, and 40 pL of elution buffer was slowly pushed
through the resin into the collection tube containing neu-
tralization buffer. The eluted antibody (~50 pL) was mixed
gently and stored at 4° C for a maximum of 2 weeks. For
longer storage, the buffer in the labeled antibody was
exchanged with exchange buffer (PBS pH 7.2 containing
1 mM EDTA [ethylenediaminetetraacetic acid] and 154
mM NaCl) using Amicon™ Ultra-2 Centrifugal filter
with 10K NMWL (nominal molecular weight limit)
(Millipore, Oakville, Canada).

Optimization of Coupled Beads, Detection Antibody,
and Recombinant FREMI spD Protein

We optimized the assay condition for the required amount
of coupled anti-FREM1 mAb beads using in-house devel-
oped recombinant FREM 1-specific domain (rtFREM1 spD)
protein (Figure S1C). Anti-FREM1 mAbs coupled bead
stock (~5x10° beads/mL) were diluted together (3-plex;
equal concentration) with custom assay buffer (PBS pH
7.2 containing 2 mM EDTA, 150 mM NaCl, and 1%
IGEPAL  CA-630
Sigma-Aldrich, Oakville, Canada]) into multiple working
concentrations, 1:100, 1:200, 1:400, 1:800, 1:1000,
1:2000, 1:4000 and 1:10,000 dilutions. The rTFREM1 spD
protein in duplicates was used as a sample for bead opti-

[Octylphenoxypolyethoxyethanol;

mization assay. The assay was conducted according to the
Bio-Rad recommended protocol. Data were checked for
some cut-off parameters required to maintain the optimal
assay condition, including the number of bead count (=100
for each bead region), % CV (coefficient of variation)
(£15%), and bead recovery range (70-130%). The results
showed that 1:100 bead dilutions (20 pg concentration)
were satisfied the cut-off parameters. Next, detection anti-
body concentration (1-2 pg/mL) was optimized using an
optimal bead dilution of 1:100. The detection antibody
concentration of 1 upg/mlL was satisfied the cut-off
parameters.

Additionally, rfFREM1 spD protein was optimized
using an optimal concentration of captured and detection
antibodies. We generated a standard curve by using
rFREM1 spD protein for each captured antibody
(Figure 2). A fivefold dilution of tFREMI spD protein
(lab ID# F5) was prepared ranges from standard 1 (S1;
conc., 10,000 ng/mL) to S7 (conc., 0.64 ng/mL). Each
point of diluted rFREM1 spD protein in duplicates was
added to the assay plate containing capture beads followed
by the addition of detection antibody and streptavidin-PE
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Figure 2 Standard curves generated by multiplex bead array using recombinant FREMI (rFREMI) protein and anti-FREM| mAbs. rFREMI spD protein was diluted 5-fold
with concentration ranges from 10,000 ng/mL (SI, standard I) to 0.64 ng/mL (S7, standard 7). Standard curves were generated with three anti-FREM| mAbs, such as F237G3
(A), F218G4 (B), and F237G1 (C) that coupled with three different fluorescent spectrum beads. As a detection antibody, custom biotinylated anti-FREMI (F237G12) mAb
was used. MFI value for each antibody was graphed against the corresponding observed concentration of each point of rFREMI spD protein (S| to S7) where bead recovery
ranges were maintained 70—130. Each line represents one replicate. A total of three independent experiments (n=3) were conducted for each antibody (all three antibodies
were tested together as a 3-plex). The X-axis indicates the protein concentration (ng/mL) and Y-axis represents the MFI.

Abbreviations: FREMI, Fras-related extracellular matrix |; MFl, mean fluorescent intensity; R, replicate; mAb, monoclonal antibody.

(Streptavidin-Phycoerythrin; ~ Bio-Rad, = Mississauga,
Canada). The optimal dilution of rFREMI1 spD protein
(based on the upper limit of quantification [ULOQ] and
lower limit of quantification [LLOQ]) was utilized for all
downstream assays to measure TILRR protein from

human plasma samples.

Preparation of Plasma Samples for the Assay

Archived human plasma samples collected from HIV-1
negative women of PSWC between 1985 and 2008 were
used to measure the TILRR protein. Samples were pulled
from the —80° C freezer and kept on ice to thaw. The
thawed plasma was centrifuged at 10,000xg for 10 min
at 4° C to pellet the leftover blood cells along with other
solid particles. Supernatants were collected and diluted
with custom plasma diluents (PBS pH 7.2 containing 2
mM EDTA, 150 mM NacCl, 1% IGEPAL CA-630, and 20
mM Tris pH 8.0) in a ratio of 1:10. A total of 120 puL

samples (12 pL of plasma + 108 pL of sample diluents)
were prepared to use in duplicates from each individual.
Diluted samples were kept on ice and vortexed for 15 sec
before being added to the assay plate.

Measurement of TILRR Protein from Human Plasma
Samples

A modified in-house developed cytokine/chemokine mea-
surement protocol was used to measure TILRR in plasma
samples.” The assay was conducted using an in-house
developed custom 3-plex anti-FREM1 mAbs panel.
Briefly, anti-FREM1 mAbs coupled magnetic beads
(50 pL, diluted in PBS pH 7.2 containing 2 mM EDTA,
150 mM NaCl, and 1% IGEPAL CA-630) at 1:100 dilu-
tions were added to the 96-well assay plate. Following 2X
washes, 50 uL of diluted plasma (1:10) was added to the
wells in duplicates and incubated for 1h at RT on a plate
shaker (850450 rpm). After 3X washes, a 30 pL custom
biotinylated secondary detection antibody (1 pg/mL) was
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added and incubated again for 30 min at RT on a plate
shaker. Fifty microliters of streptavidin-PE conjugate (1X)
were added following 3X washes, and further incubated
for 10 min at RT on a shaker. Finally, 125 pL PBS (pH
7.2) was dispensed into each well, and run the plate in
Bio-Plex™ 200 System (Luminex xMAP technology)
(Bio-Rad, Mississauga, Canada). For the standard curve,
rFREM1 spD protein was diluted into fivefold dilution (S1
to S7), and 50 pL of each dilution was added in duplicates.
For blank (background control), 50 uL of dilution buffer
(PBS pH 7.2 containing 2 mM EDTA, 150 mM NacCl, and
1% IGEPAL CA-630) was added in duplicates. Bio-Plex
software version 6.1 was used to acquire data, which were
optimized to calculate the ULOQ (ng/mL) and LLOQ (ng/
mL) using logistic-5PL regression analysis with fitness
probability > 0.95.

Affinity Purification and Western Blot
Analysis Methods for the Validation of

TILRR Protein

Cross-Linking of Anti-FREMI IgG mAb with Protein
G Agarose Beads

The cross-linking procedure was performed with modified
protocol as described by New England BioLabs Inc.'’
After uniform mixing of protein G agarose beads (by
inverting the vial several times), 500 uL was taken into
a clean 5 mL affinity purification column (ThermoFisher
Scientific, Toronto, Canada). The buffers were removed
from the beads by gravitational force (end volume
obtained 50% bead slurry) and washed twice with 5 mL
of 0.1 M sodium phosphate buffer (binding buffer, pH
8.0). Beads were resuspended in 400 pL of binding buffer,
and 150 pL of diluted anti-FREM1 F237G12 IgG mAb
(100 pg concentrations in binding buffer) was added,
mixed gently, and incubated for 30 min at 4° C on
a rotor. Following incubation, the buffers were removed
and washed 3X with 5 mL of binding buffer. Then, 5 mL
of 0.2 M triethanolamine (cross-linking buffer, pH 8.2)
was added to the column containing protein
G immobilized anti-FREM1 IgG mAb and allowed to
drain through the membrane. Washing of protein
G immobilized mAb column was repeated for one more
time with cross-linking buffer and added 5 mL of 25 mM
DMP (dimethyl pimelimidate dihydrochloride) cross-
linking reagent (6.5 mg/mL in cross-linking buffer, pre-
pared immediately prior to use). The reaction was mixed
gently and incubated at RT for 45 min on the rotor. After

incubation, excess buffers were removed, and the beads
were washed 1X with 5 mL of 0.1 M ethanolamine (block-
ing buffer, pH 8.2). The beads were again resuspended in
a 5 mL blocking buffer and incubated for 1 h at RT on the
rotor. Following a 2X wash with 5 mL PBS pH 7.2, 5 mL
elution buffer (0.1 M glycine-HCI, pH 2.5) was added to
elute the unlinked anti-FREM1 F237G12 IgG mAbs.
Finally, 1 mL of PBS pH 7.2 containing 0.1% Tween 20
and 0.02% sodium azide was added to the cross-linked
IgG mAD, and stored at 4° C. Cross-linked anti-FREM1
IgG mAb was used for affinity purification of TILRR
protein from plasma samples. The cross-linking proce-
dures of anti-FREM1 F237G12 IgG mAb with protein
G agarose beads are shown in Figure S2.

Verification of Anti-FREMI IgG mAb Cross-Linking
Efficiency

Cross-linking efficiency of anti-FREM1 F237G12 IgG mAb
with protein G agarose beads was examined by Pierce BCA
acid) (ThermoFisher
Scientific, Toronto, Canada) using filter through (collected

(bicinchoninic Protein  Assay
from each step of cross-linking procedure) according to the
manufacturer’s instructions. Briefly, a set of diluted albumin
(bovine serum albumin, BSA) standards was prepared
ranges from 25 to 2000 pug/mL concentrations (S1 to S8).
The working reagent of BCA was prepared by adding 50
parts of reagent A with 1 part of reagent B (50:1). Each
point of diluted standard and unknown filter through sam-
ples (10 pL) in duplicates was dispensed into 96-well flat-
bottom microtiter plate (ThermoFisher Scientific, Toronto,
Canada). Two hundred microliter of BCA working reagent
was added, and the plate was covered with plate seal (Bio-
Rad, Mississauga, Canada). The plate was gently mixed for
30 sec at RT on a plate shaker (850+50 rpm) and incubated
for 30 min at 37° C. Following incubation, the plate was
cooled down at RT, and the absorbance was measured at or
near 562 nm on SpectraMax M2e plate reader (Molecular
Devices, California, USA) using SoftMax version 6.2.2
software. The protein concentration in unknown samples
(ng/mL) was automatically calculated based on the standard
curve generated by software, where R” value and coefficient
of variation (CV) were maintained at >95.0 and <I5,
respectively.

Affinity Purification of TILRR Protein from Human
Plasma Samples

Storage buffer from cross-linked anti-FREM1 F237G12
IgG mAb protein G agarose beads in the column was
drained and washed with 5 mL of PBS pH 7.2, and further
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with 5 mL of 0.1 M sodium phosphate buffer pH 8.0. Four
milliliters of 1:4 dilution plasma samples were added to
approximately 250 pL bead slurry, mixed gently, and
incubated overnight at 4° C on the rotor. Following incu-
bation, the beads were washed five times with 1 mL wash-
ing buffer (nuclease free water containing 10 mM Tris HCI
[pH 8.0], 1 mM EDTA, 150 mM NaCl, 1% TritonX-100
and protease inhibitor [10 ul per mL]; pH adjusted to
7.4) to remove unbound non-specific proteins. After 5X
washes, TILRR protein was eluted from the bead slurry
with 250 pL elution buffer (0.2 M glycine-HCI pH 2.5)
into a tube containing 250 pL neutralization buffer (1.0
M Tris-HCI, pH 8.0). Elution with 0.2 M glycine-HCI was
performed two more times, and all elutes were combined
in a single tube. After elution, the bead slurry was neu-
tralized twice with 900 puL bead neutralization buffer (PBS
pH 7.2 containing 5 mM EDTA, 0.02% sodium azide, and
protease inhibitor [10 ul per mL]). The regenerated IgG
cross-linked bead column was stored with 2 mL of PBS
pH 7.2 containing 0.02% sodium azide at 4° C. The pro-
cedure of affinity purification of TILRR protein is pre-
sented in Figure S3.

Removing Plasma Immunoglobulin G (IgG) from
Eluted Protein

Because IgG in plasma can bind to the protein G agarose
beads that might not be fully cross-linked to the mouse
mAb, the plasma IgGs were co-eluted with the affinity-
purified TILRR. The plasma IgGs need to be removed
from the eluted TILRR proteins. Thus, following affinity
purification, human plasma IgG was removed from eluted
protein using Protein G agarose beads that were not cross-
linked to the mouse antibodies as follows: the eluted
protein was diluted with 6 mL of PBS pH 7.2 containing
1 mM EDTA, 154 mM NaCl, and protease inhibitor (10
pL per mL), and went through a human IgG cleaning
process. Briefly, 3 mL protein G agarose bead resin was
pipetted into a clean 5 mL column, and allowed to drain
off buffers by gravitational force. Bead slurry (~50% of
the initial volume) was washed twice with 5 mL of sodium
phosphate buffer (0.1 M, pH 8.0), and then the diluted
protein was slowly added to the column. The protein
passed through the agarose beads was collected in a new
collection tube and should contain protein with reduced
plasma IgG. This process was repeated once more to
obtain purified protein without plasma IgG. The final
purified protein was concentrated by a 10K Amicon
Ultra- 2 centrifugal filter (Millipore, Oakville, Canada)

for downstream analysis. The plasma IgG bound to the
Protein G agarose beads was eluted with 5 mL of glycine-
HCI (0.1 M, pH 2.5) and neutralized with 0.5 mL of Tris
HCI1 (1 M, pH 8.0).

Protein Concentration and Buffer Exchange

Affinity purified protein was concentrated using a 10k Amicon
Ultra- 2 centrifugal filter unit (Ultracel- 10K) (Millipore,
Oakville, Canada) according to the manufacturer’s recom-
mended protocol. Briefly, a maximum of 2 mL purified protein
was loaded into the centrifugal filter at a time and spun at
4000xg for 30 min at 6° C. The buffer in concentrated protein
was exchanged twice with 1 mL of 1X PBS pH 7.2 containing
1 mM EDTA, 154 mM NaCl, and protease inhibitor (10 pL in
1 mL buffer). After centrifugation, the filter was inversed into
a collection tube and spun at 1000xg for 2 min. The final
volume of concentrated protein was adjusted to 300 pL, and
Pierce BCA protein assay was used to measure protein con-
centration. Affinity purified protein was analyzed by Western
blot with anti-FREM1 IgG mAbs.

Western Blot Analysis

Western blot analysis of affinity-purified proteins was con-
ducted using a slightly modified method as described
elsewhere.”° Briefly, Odyssey™ One-color protein mole-
cular weight marker (LI-COR, P/N: 928-40000) was used
as a protein marker (2 pL/lane). Each protein sample was
run separately in a precast NuPAGE 4-12% Bis-Tris
1.0 mm x 15 well gel (Thermo Fisher Scientific, Toronto,
Canada) for 45 min with 200 V, and then transferred to
a nitrocellulose membrane by iBlot transfer (cycle p3 for 7
min). After 1X wash with 5 mL double distilled water
(ddH,0) and further with 5 mL of PBS-T (1X PBS pH 7.2
plus 0.1% Tween 20 [Sigma-Aldrich, Oakville, Canada])
for 5 min on a shaker at 60 rpm, the membrane was dried
at 37° C for 30 min. The dried membrane was blocked
with 5% skim milk (Difco, BD Biosciences, Mississauga,
Canada; diluted in PBS-T) for 1 h at RT on a shaker. After
the removal of the blocking buffer, the membrane was
incubated separately with 20 pg/mL (diluted in PBS-T
containing 0.25% BSA [Sigma-Aldrich, Oakville,
Canada]) of anti-FREM1 primary mAb (F237G3,
F218G4, and F237G1) overnight at 4° C on a shaker
(60 rpm). Anti-FREM1 F237G3 and F218G4 mAbs were
used to identify TILRR, whereas anti-FREM1 F237G1
mAb was used for full-length FREM1 isoform. After 3X
washes with PBS-T, the membrane was probed with
IRDye® 800CW goat anti-mouse IgG secondary antibody
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(LI-COR, Nebraska, USA) (at 1:2000 dilution in PBS-T)
for 1h at RT on a shaker (60 rpm). The gel was kept
covered with aluminum foil to prevent light exposure
from the secondary antibody incubation step and onwards.
Following 3X washes with PBS-T and a final 1X wash
with PBS pH 7.2, the membrane was carefully laid on the
clean scanning surface of the Odyssey CLx imager (LI-
COR, Nebraska, USA). Before placing the membrane, the
glass scanning surface was carefully cleaned with 100%
methylene chloride (Fisher Scientific, Toronto, Canada)
followed by double distilled water and 50% isopropanol
(Fisher Scientific, Toronto, Canada), and dried with lint-
free wipes. Image Studio software version 5.0 (Image
Acquisition Odyssey CLx) was utilized to obtain the
images with the following settings: auto intensity (both
700 and 800 channels), 42 um scan size with high scan
quality, and 0 (zero) mm focal offset. Post-acquisition
image analysis for TILRR protein signal intensity was
conducted using Image Studio Lite version 5.2. The inten-
sity of both 700 and 800 channels was further manually
adjusted to minimize the background effect.

Coomassie Gel Staining

To perform quick visualization of expected ~70 kDa band
of affinity-purified TILRR protein in non-transferred and
transferred gels, Coomassie gel staining was conducted in
parallel using BioSafe™ Coomassie stain (Bio-Rad,
Mississauga, Canada) according to the company’s recom-
mended protocol. In brief, after iBlot transfer onto nitro-
cellulose membrane using iBlot gel transfer device
(Invitrogen, Toronto, Canada), the gel was placed in
a staining container bearing 200 mL ddH,O and washed
3X with ddH,O for 5 min. Twenty milliliters of BioSafe™
Coomassie stain was added to the staining container fol-
lowing complete removal of ddH,O and incubated for 1
h at RT on a plate shaker with 60 rpm. After 1
h incubation, the Coomassie stain was removed and
further rinsed into 200 mL ddH,O for 30 min at RT. The
gel was then scanned with Odyssey CLx imaging system
(LI-COR, Nebraska, USA) using the auto intensity of 700
channel, 42 pm scan size, high scan quality, and 0.5 mm
focal offset. In addition, the gel was kept in fresh 200 mL
ddH,O until to conduct gel drying.

Statistical Analysis
Graphical presentation of all data was organized by

Coomassie blue staining data were analyzed by Image
Studio Lite software version 5.2 (https://www.licor.com/
bio/image-studio-lite/) (LI-COR, Nebraska, USA). The data
were presented as median with interquartile range (IQR) in

all tables and figures. The final statistical comparisons con-
ducted using Student’s #-test with 95% CI (confidence inter-
val), all p<0.05 were reported and indicated using asterisks’
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Results
Different Quantities of TILRR Proteins

are Detected in Human Plasma Samples
We developed a multiplex bead array method (Bio-Plex) to
detect TILRR in blood plasma by using a combination of
four mAbs targeting different functional domains of full-
length FREM1 protein and TILRR (details described in
materials/methods). Our design is that the protein captured
by mAb F237G1 (targeting epitopes on CSPG9) represents
the full-length FREM 1 protein, and the proteins captured by
mAbs F237G3 and F218G4 (targeting epitopes on CSPG11
and 12, and Calx-f domain, respectively) could be the full-
length FREM1 protein and TILRR. Because the CSPG9
domain does not exist in TILRR, the use of F237G1 mAb
can differentiate TILRR from full-length FREMI1. The
quantity of TILRR could be determined by the difference
between mAb F237G1 and mAbs of F237G3 and F218G4.
We used the in-house developed multiplex Bead array
method to test the existence of soluble TILRR protein in
human plasma. We first examined 640 plasma samples
collected from women enrolled in PSWC, Nairobi,
Kenya, between 1985 and 2008 wusing this method
(detailed demographic characteristics were shown in
Table S1). The results showed that the in-house developed
method successfully detected TILRR protein in blood
plasma, and the quantity of TILRR protein is variable
among different individuals. Based on the detection value
of F237G3 (CSPG 11 and 12) and F218G4 (Calx-P)
mAbs, we classified the plasma samples into 4 different
groups as shown in Table 2. Of 640 plasma samples, the
TILRR protein was detected by both F237G3 mAb (med-
ian [interquartile range, IQR]: 116.36 [73.21-219.27] ng/
mL) and F218G4 mAb (median [IQR]: 77.69 [18.61-
186.30] ng/mL) in 186 samples with concentration ranges
from 0.57 ng/mL to 1449.62 ng/mL. Since the TILRR
protein has both CSPG 11/12 and Calx-f domains, we
thought that the lower value detected by the two mAbs
should be the quantity of the TILRR protein (Table 2,

GraphPad Prism software, version 8.3.0 (GraphPad
Software, Inc., California, USA). Western blot and
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Table 2 TILRR Protein Detection and Quantification in Human Blood Plasma Using the Multiplex Bead Array Method

Plasma Groups F237G3 mAb (CSPG F218G4 mAb F237G1 mAb TILRR TILRR Level
Classification Based on Il and 12) (Median (Calx-p) (Median (CSPG9) (Median (Median [IQR] ng/
TILRR Protein Value [IQR] ng/mL) [IQR] ng/mL) [IQR] ng/mL) mL)

Group | (n=186) 116.36 (73.21-219.27) 77.69 (18.61-186.3) Not detected Yes 77.69 (18.61-186.3)
Group 2 (n=303) 50.36 (35.44-74.08) Not detected Not detected Not sure ?

Group 3 (n=19) Not detected 97.14 (55.18-134.63) Not detected Not sure ?

Group 4 (n=132) Not detected Not detected Not detected Not sure 0

Notes: The question mark (?) indicates whether the detected value by one anti-FREMI/TILRR mAb was TILRR protein or not (later confirmed and validated by Western
blot analysis). The value zero (0) represents no detection signal by anti-FREMI/TILRR antibodies used in the assay. The primary antibodies used to target epitopes on TILRR/
FREMI domains were F237G3 mAb (epitopes on CSPG || and |2 domains), F218G4 mAb (epitopes on Calx-B domain), and F237G| mAb (epitopes on CSPG 9 domain).
Abbreviations: TILRR, toll-like interleukin | receptor regulator; mAb, monoclonal antibody; IQR, interquartile range; CSPG, chondroitin sulfate proteoglycan; n, sample

number.

group 1). In addition, 303 (group 2) and 19 (group 3)
plasma samples only have detectable value using
F237G3 mAb (median [IQR]: 50.36 [35.44-74.08] ng/
mL with ranges from 2.38 ng/mL to 5196.79 ng/mL) or
F218G4 mAb (median [IQR]: 97.14 [55.18-134.63] ng/
mL with ranges from 15.81 ng/mL to 201.08 ng/mL),
respectively (Table 2). Also, TILRR was not detected in
132 plasma samples using either F237G3 or F218G4
mAbs (Table 2, group 4). Full-length FREM1 protein
was rarely detected in patients’ plasma using F237G1
mADb (data not shown). Thus, these data showed that
TILRR protein is indeed present in human blood plasma
and their amount is variable among the patients. As
TILRR protein was not detected (below the detection
limit) in some patients’ plasma and the level of detected
TILRR protein was variable among patients, we next
examined the TILRR protein in plasma samples by affinity
purification and Western blot analysis.

Confirmation of TILRR Protein in Human

Plasma Samples

To confirm the detected TILRR protein in human plasma
using the in-house developed multiplex bead array method,
we selected 3 patient plasma samples from each of the 4
classified groups (Table 2) based on the detection values
with different mAbs. The TILRR protein was affinity-
purified from the selected samples and analyzed by
Western blot. The TILRR was probed using anti-FREM1
F237G3 and F218G4 mAbs, and Full-length FREM1 was
probed using anti-FREM1 F237G1 mAb. Because F237G3
and F218G4 mAbs can detect both TILRR and FREM1, we
can only differentiate TILRR from FREM1 by their protein
size with protein molecular weight (MW) marker. TILRR is
a ~70 kDa protein, whereas full-length FREM1 is a ~235

kDa protein. The Western blot analysis showed that TILRR
protein (a 70 kDa protein) can be detected in all patient
plasma samples with variable signal intensity (Figures 3A—
D and Figure S4). Even the plasma samples showed no
signal using the multiplex bead array method have a 70
kDa band by Western Blot analysis (Figure 3D, Group 4)
except that the TILRR protein band intensity is lower. The
TILRR protein band intensity was consistent with the quan-
tity of TILRR measured with the multiplex bead array
method for the different groups (Figures 3A-D; and tables
on the top of Figures 3A-D). Coomassie blue staining
showed that the affinity-purified proteins were not comple-
tely transferred (especially for group 1) from the gel to the
nitrocellulose membrane (Figures 3A-D and Figure S5).
The protein band intensity (~70 kDa) of group 1 plasma is
much stronger than the other groups following Coomassie
blue staining (Figure 3A). Thus, although Western blot
validated the presence of TILRR in the blood plasma, it
cannot provide accurate quantification of the protein since
a high proportion of proteins could not be transferred to the
nitrocellulose membrane. F237G1 mAb (binds with epitopes
on CSPGY of FREM1) was used to detect the full-length
FREMI1 by Western blot; no band of ~235 kDa (the expected
size of full-length FREM1 protein) was detected (Figure
S6). Thus, only TILRR protein (70 kDa) and other
FREM1 variants (either <70 kDa or >70 kDa) are present
in the human plasma samples. Other variants of FREM1
have not been consistently detected in all plasma samples
examined. The role of these FREMI protein variants in host
inflammatory response could be interesting studies in the
future.

Based on the data of multiplex bead array analysis and
Western blot analysis, we conclude that TILRR protein exists
in the plasma of all patients (Table 3). Based on the Western
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Figure 3 Western blot and Coomassie blue staining confirmation of purified TILRR protein from human blood plasma after affinity purification. The tables on the top of the figures
show the amount of TILRR protein quantified by multiplex bead array using plasma samples from groups 14 (Table 2). (A-D) Affinity purified TILRR protein from human blood
plasma was analyzed by Western blot (left, green color) and Coomassie blue staining of NuPAGE gel after iBlot transfer; showing the untransferred protein (right, red color) in
Group | (A), Group 2 (B), Group 3 (C), and Group 4 (D). Each group shows data from 3 patients (n=3). Top panels (left) of figures A-D show the Western blot bands (green color)
for TILRR protein (cropped) detected by two different anti-FREM| IgG mAbs (F237G3 and F218G4) (full-length un-cropped blot images are shown in Figure S4). Top panels (right)
of figures A-D show the protein bands in the gel after Coomassie blue staining (red color) (cropped); Full-length un-cropped gels are shown in Figure S5. The corresponding TILRR
protein (R.FU) for each patient is shown in the bar graph beneath the cropped blots and gels. Western blot and Coomassie blue staining images were acquired by Odyssey CLx
imaging system (LI-COR, USA) with auto channels (both 700 and 800), 42 pm resolution, high image quality, and 0 mm focal offset for blots and 0.5 mm focal offset for gels. The
X-axis of all figures indicates the patients’ identification number and Y-axis shows the TILRR protein (R.FU).

Abbreviations: TILLR, toll-like interleukin | receptor regulator; FREMI, Fras-related extracellular matrix |; mAb, monoclonal antibody; ND, Not detected; kDa,
kiloDalton; RFU, relative fluorescence units. Legends on the top right corner of figure B show the assay techniques.
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Table 3 TILRR Protein Detection and Confirmation in Human Blood Plasma by the Multiplex Bead Array Method and Western Blot

Analysis

Plasma Groups Bio-Plex Detection Western Blot Confirmation (70 kDa Band) FCYV of

=640 TILRR
(n ) F237G3 F218G4 F237Gl1 TILRR F237G3 F218G4 F237GlI TILRR

mAb mAb mAb mAb mAb mAb

Group | (n=186) D D ND Yes C C ND Yes Yes
Group 2 (n=303) D ND ND Not sure C C ND Yes Yes
Group 3 (n=19) ND D ND Not sure C C ND Yes Yes
Group 4 (n=132) ND ND ND Not sure C C ND Yes Yes

Notes: The primary antibodies used to target epitopes on TILRR/FREMI domains were F237G3 mAb (epitopes on CSPG | | and 12 domains), F218G4 mAb (epitopes on
Calx-B domain), and F237G| mAb (epitopes on CSPG 9 domain).
Abbreviations: TILRR, toll-like interleukin | receptor regulator; mAb, monoclonal antibody; CSPG, chondroitin sulfate proteoglycan; n, sample number; D, detected; ND,
not detected; C, confirmed; FCV, final confirmation and validation; kDa, kiloDalton.

Table 4 TILRR Protein Detection and Quantification in Human Blood Plasma by the Multiplex Bead Array Method (After Western

Blot Analysis)

Plasma Groups F237G3 mAb (CSPG 11 F218G4 mAb (Calx-p) F237G1 (CSPGY) TILRR | TILRR Protein Level
and 12) (Median [IQR] (Median [IQR] (Median [IQR] Protein (Median [IQR]
ng/mL) ng/mL) ng/mL) ng/mL)
Group | (n=186) 116.36 (73.21-219.27) 77.69 (18.61-186.3) Not detected Yes 116.36 (73.21-219.27)
Group 2 (n=303) 50.36 (35.44-74.08) Not detected Not detected Yes 50.36 (35.44-74.08)
Group 3 (n=19) Not detected 97.14 (55.18-134.63) Not detected Yes 97.14 (55.18-134.63)
Group 4 (n=132) Not detected Not detected Not detected Yes Below detection

Notes: The primary antibodies used to target epitopes on TILRR/FREMI domains were F237G3 mAb (epitopes on CSPG | | and 12 domains), F218G4 mAb (epitopes on
Calx-p domain), and F237G| mAb (epitopes on CSPG 9 domain).
Abbreviations: TILRR, toll-like interleukin | receptor regulator; mAb, monoclonal antibody; IQR, interquartile range; CSPG, chondroitin sulfate proteoglycan; n, sample

number.

blot results, we revised our assessment on the TILRR protein
level in human plasma samples (Table 4). We conclude that
TILRR protein presents in the blood plasma of all patients and
its level varies greatly among the patients, ranges from 2.38
ng/mL to 5196.79 ng/mL. The highest level of TILRR protein
was observed in group 1 (median [IQR]: 143.74 [76.69—
247.73] ng/mL). In this group, TILRR protein can be detected
by both F237G3 and F218G4 mAbs, and the highest detection
value among these two mAbs should be the level of TILRR in
blood plasma. The TILRR protein level of group 3 is deter-
mined with F218G4 mAb (median [IQR]: 97.14 [55.18-
134.63] ng/mL, second-highest level), and the one for group
2 is determined with F237G3 mAb (median [IQR]: 50.36
[35.44-74.08] ng/mL, lowest level) (Figure 4A).

Next, we analyzed the detection frequency of TILRR
protein among 640 plasma samples to determine whether
the detection frequency is correlated to the level of TILRR
protein in different groups (Figure 4B). Since TILRR could
not be detected using the multiplex bead array system for
group 4 plasma samples, we calculated the frequency (%) for
groups 1-3. Based on the defined groups in Table 2, group 2

is the highest with a detection frequency of 59.65% (303/
508), followed by group 1 (36.61%, 186/508), and group 3
(3.74%, 19/508). Thus, the level of TILRR protein is not
correlated with the detection frequency in patients’ groups
1-3. Although patient group 4 showed no TILRR detection
by the multiplex bead array method, Western blot analysis
confirmed that this group of patients also carries TILRR in
their blood plasma. Therefore, we considered group 4 as the
lowest TILRR protein expression group in this study.

Validation of in-House Developed
Multiplex Bead Array Method for Plasma

TILRR Quantification
In-House Developed Multiplex Bead Array Method

Detected and Quantified Added Recombinant
FREMI spD Proteins

To investigate whether the in-house developed multiplex
bead array method accurately quantified TILRR in plasma
samples, the plasma samples from different groups (as
classified in Table 2) were spiked with rfFREMI1 spD
protein. Quantification of the rFREMI1 spD protein in
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Figure 4 Variable quantity and the detection frequency of TILRR protein in human plasma samples. (A) The level of TILRR protein detected by anti-FREMI mAbs (F237G3
and F218G4) among plasma groups 1—4 (n=640) (as classified in Table 2) is shown (median with interquartile range [IQR]). In the case of group | (n=186), both anti-FREM|
mAbs (F237G3 and F218G4) detected the TILRR protein in blood plasma, thus the higher detection value between these two mAbs was plotted (plasma group I). In the case
of groups 2 (n=303) and 3 (n=19), TILRR protein was only detected by F237G3 mAb (group 2) and F218G4 mab (group 3), respectively. TILRR was detected neither by
F237G3 mAb nor by F218G4 mAb in group 4 (below the detection limit, n=132). Thus, the data for group 4 was plotted as 0 (zero). F237G3 mAb targets epitopes on
CSPGI 1 and 12 domains of FREMI/TILRR protein. F218G4 mAb binds epitopes on the Calx-p domain of FREMI/TILRR protein. (B) The detection frequency of TILRR
protein among plasma groups 14 (n=640). As plasma group 4 (n=132) did not show TILRR protein detection by multiplex bead array method, the detection frequency for
group 4 showed as 0 (zero)%. For groups |-3, the detection frequency was calculated based on the total detected samples (n=508; group | [n=186], group 2 [n=303] and
group 3 [n=19]). The sample dilution buffer was used as a negative control. Since the control buffer did not provide any data (below the lower limit of detection), the
negative control condition is not shown in the figures. Statistical comparisons were conducted using a Student’s t-test with 95% Cl (confidence intervals), all p<0.05 were
reported and indicated using asterisks’ ****p<0.0001. The X-axis of both figures A and B show the plasma groups, whereas the Y-axis of figures A and B indicates the TILRR
protein concentration (ng/mL) and detection frequency (%), respectively.

Abbreviations: TILLR, toll-like interleukin | receptor regulator; FREMI, Fras-related extracellular matrix I; mAb, monoclonal antibody; CSPG, chondroitin sulfate

proteoglycan; n, sample.

these plasma samples will validate the in-house developed
method. The data demonstrated that the multiplex bead
array method successfully detected and quantified the
rFREM1 these plasma samples
(Figure 5A, Table 5). Thus, the in-house developed multi-
plex bead array method can successfully measure TILRR

spiked spD in

proteins in most patient samples as indicated in Table 2.
Next, we examined whether the multiplex bead array
method can effectively measure the purified TILRR pro-
tein from different plasma groups as categorized in
Table 2. We used the multiplex bead array method to
quantify the affinity-purified protein (the volume of affi-
nity-purified protein was adjusted based on the input
volume of plasma samples used in the multiplex bead
array method). The results demonstrated that TILRR was
detected in the affinity-purified protein of all plasma
groups including group 4, which was undetectable by the
multiplex bead array method before conducting affinity

purification (Figure 5B). The reason for plasma TILRR
detection by the multiplex bead array method in plasma
group 4 after affinity purification could be due to that the
antibody-specific epitopes of TILRR are accessible to the
mAbs in the purified TILRR solution, while in plasma
samples the antibody-specific epitopes might be blocked
by other proteins. Taken together, these data suggested that
the low limit of TILRR detection using the in-house devel-
oped multiplex bead array method was at the level of
>2.38 ng/mL in human plasma samples.

TILRR Protein Purified by Affinity Purification with
Anti-FREM| F237G12 1gG mAb

To verify whether the agarose beads cross-linked with
anti-FREM1 F237G12 IgG mAb captured FREMI1 var-
iants including TILRR in human plasma, we spiked patient
plasma samples with rTFREM1 spD protein. After affinity
purification, Western blot analysis was conducted. The
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Figure 5 TILRR protein quantified in plasma samples after spiked with rFREMI spD
and affinity purification using the multiplex bead array method. (A) TILRR protein of
plasma samples (n=3 from each of plasma groups 1—4 in Table 2) spiked with
rFREMI spD protein (conc. 106.58 ng/mL). (B) Quantification of affinity-purified
TILRR protein (after removal of plasma IgG) obtained from plasma samples of
different groups (groups |—4 in Table 2) (n=3 for each group). The input volume
of affinity-purified protein was adjusted based on the amount of plasma samples
used for the multiplex bead array method. The sample dilution buffer was used as
a negative control. As the control buffer did not show any data value (below the
lower limit of detection), the negative control condition is not shown in the figures.
The data presented as meantSEM of three independent samples. Legends on the
top of figure A represent the experimental conditions. The X-axis of both figures
A and B indicated the defined groups and the Y-axis represented protein concen-
tration (ng/mL).

Abbreviations: TILLR, toll-like interleukin | receptor regulator; FREMI, Fras-
related extracellular matrix |; rFREMI, recombinant FREMI; spD, specific domain;
SEM, standard error of the mean.

results showed that only a ~57 kDa band was observed in
rFREMI1 spD protein alone, whereas both 70 kDa and ~57
kDa sized protein were found in patients’ plasma samples
spiked with tTFREM1 spD protein (Figure 6A and Figure
S7A). Intriguingly, the plasma sample itself without the

added rFREM1 spD protein had also a ~57 kDa-sized
protein in addition to the 70 kDa TILRR protein
(Figure 6A and Figure S7A). Additionally, Coomassie
blue staining showed that the remaining proteins in the
gel had also strong signal intensity for both ~57 kDa and
70 kDa proteins in all conditions (Figure 6B and Figure
S7B). Overall, the plasma samples with spiked tTFREM1
spD protein demonstrated higher signal intensity for ~57
kDa protein compared to the rFREMI1 spD alone and
plasma itself (Figures 6C-D). Thus, this study confirmed
that agarose beads cross-linked with anti-FREMI
F237G12 IgG mADbD can efficiently capture TILRR protein
or other minor variants of FREM1 from patients’ plasma.

Discussion
Using in vitro and in vivo models, we and others have
previously shown that IL-1R1 co-receptor TILRR is an
important modulator of the NF-xB signaling pathway
and aberrant inflammatory responses.'**’ Despite the
role of TILRR in the NF-kB signal transduction path-
way, it is unknown whether TILRR exists as a soluble
form in human blood plasma. We used an in-house
developed multiplexed bead array method and Western
blot analysis and confirmed that TILRR indeed exists as
a soluble protein in patient plasma samples enrolled in
PSWC.

Although the amino acid sequence of TILRR is
mostly identical to FREM1, we showed that we can
differentiate TILRR from the full-length FREM1 protein

Table 5 Validation of the Detection Efficiency of the in-House Developed Multiplex Bead Array Assay

Plasma Groups Patient | TILRR Detection TILRR Amount of rFREMI spD Multiplex Bead Array
(as Mentioned in ID# (Multiplex Bead Confirmation Protein Spiked to the Detection After Spiked
Table 2) Array) (WB, 70 kDa) Plasma (ng/mL) with rFREMI spD
Group | (n=3) ML002492 Yes Yes 106.58 Yes
ML002802
ML002442
Group 2 (n=3) ML000326 Yes Yes 106.58 Yes
ML002170
ML002443
Group 3 (n=3) ML002292 Yes Yes 106.58 Yes
ML002772
ML000109
Group 4 (n=3) ML000887 Below detection Yes 106.58 Yes
ML000893
ML001070

Abbreviations: kDa, kiloDalton; WB, Western blot.
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Figure 6 Western blot and Coomassie blue confirmation of TILRR protein in plasma samples spiked with rFREM| spD and following affinity purification. The plasma sample (I
mL) was spiked with rFREMI spD (106.58 ng/mL) in a single tube. In parallel, the plasma sample alone, and rFREMI spD alone were separately taken into the tubes. The final
volume of all samples was adjusted to 4 mL (I:4 dilution), and the concentration of spiked rFREMI spD protein was adjusted similar to the concentration of TILRR protein
(median) in the patient’s plasma observed by the multiplex bead array method. Affinity purification (AP) was conducted by cross-linked anti-FREM| F237G12 IgG mAb. (A)
Western blot confirmation of ~57 kDa rFREM| spD protein (cropped; Full-length un-cropped bot is shown in Figure S7A). The bar graph underneath the cropped blot shows
the corresponding protein intensity (R.FU) for only ~57 kDa protein. (B) Coomassie blue staining of ~57 kDa rFREMI spD protein (cropped; the full-length un-cropped gel is
shown in Figure S7B). The bar graph underneath the cropped gel shows the corresponding rFREMIspD protein intensity (R.FU) for ~57 kDa protein. TILRR protein intensity (R.
FU) with bar graph for 70 kDa protein is not shown. C-D) Plasma samples with spiked rFREMI spD protein (R.FU) compared to the rFREMI spD alone and plasma alone
following Western blot analysis (C) and Coomassie blue staining (D) (n=2). Western blot and Coomassie blue staining images were acquired by Odyssey CLx imaging system (LI-
COR, USA) with auto channels (both 700 and 800), 42 um resolution, high image quality, and 0 mm focal offset for blots and 0.5 mm focal offset for gels.
Abbreviations:TILLR, toll-like interleukin | receptor regulator; FREMI, Fras-related extracellular matrix |; rFREMI, recombinant FREMI; spD, specific domain; mAb,
monoclonal antibody; kDa, kiloDalton; RFU, relative fluorescence units.

and quantify its concentration in blood plasma using multiplexed bead array TILRR quantification method
a combination of monoclonal antibodies recognizing has been validated by affinity purification combined
epitopes on different protein domains of FREM1. The with Western blot analysis.
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Our study showed that TILRR protein is present in all
blood plasma samples examined, but its quantities vary
greatly among the patients, ranging from 2.38 ng/mL to
5196.79 ng/mL. among 640 plasma samples from 316
patients. The multiplexed bead array method can detect
and quantify plasma TILRR as low as 2.38 ng/mL. The
plasma TILRR below this amount can only be detected by
affinity purification and Western blot analysis.

The demographic data of study subjects showed that the
STIs and the use of oral contraceptives at the sample collec-
tion appear not significantly different among the women in
different plasma groups (Table S1) as defined by TILRR
protein detection (Tables 3—4). STIs were considered posi-
tive when patients were diagnosed with any one of the
following disease conditions: gonorrhea, syphilis, chlamy-
dial infection, and bacterial vaginosis. The factors influen-
cing TILRR protein level in plasma samples would be an
interesting question for future studies.

Our study is to establishing a method to quantify the
existence of TILRR protein in the blood plasma and trying
to avoid the interference of HIV-1 infection. However, we
cannot exclude other factors that may potentially influence
the level of TILRR protein in blood plasma. Establishing
a method for quantifying the level of TILRR in blood
plasma will help future investigations of factors influen-
cing the level of TILRR protein in plasma and the role of
TILRR protein in systemic inflammation.

Because host immune response and inflammation play an
important role in the pathogenesis of infectious pathogens,”'
including HIV? and Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2),> studying the role of TILRR
as a soluble biomarker of systemic inflammation in the
pathogenesis of viral infection using our in-house developed
method could be important.

Conclusions

TILRR exists as a soluble protein in human blood plasma
that can be quantified by using our in-house developed multi-
plexed bead array method with in-house developed anti-
FREM1 mAbs and tFREM1 spD protein as a standard. We,
for the first time, demonstrated that TILRR is circulating in
the blood and may be an important biomarker of systemic
inflammatory responses, and warrants further research.

Technical Notes

The following should be practiced to quantify TILRR
protein in human blood plasma using the multiplex bead
array method.

1. There were no additional benefits of using a higher

concentration (>20 pg) of anti-FREM1 mAbs to
couple the magnetic beads. Among 3 different con-
centrations of primary anti-FREM1 mAbs we used,
20 pg of mAb coupled magnetic beads showed
better detection efficiency in our experimental set-
ting. The possible reason could be due to the avail-
able binding sites on magnetic beads that can only
bind a certain amount of I[gG mAbs. The amount of
>20 pg of mAbs should saturate the 100 pL beads
(1.25 x10°). Thus, more antibodies to couple the
beads will not improve the detection efficiency.

. The 1 pg/mL biotinylated detection antibody

worked better than the higher concentration (2 pg/
mL) of detection antibody.

. Inter- and intra-assay variations: Specific attention

should be paid to minimize inter- and intra-assay
percentage coefficient of variation (% CV). We
maintained Bio-Rad recommended % CV between
inter- and intra-assays during the optimization of
methods, which was <15%.

. We observed plasma IgGs in the affinity-purified

TILRR proteins. The possible reason for having
plasma IgGs in affinity-purified protein could be
due to the free-binding sites on protein G agarose
beads that were not completely cross-linked with the
Fc region of added anti-FREM1 IgG (0.2 mg/mL).
Since the binding capacity of Pierce Protein
G agarose beads ranges from 11 to 15 mg/mL of
resin, the free-binding sites on protein G agarose
beads could bind plasma IgGs during the overnight
incubation of the affinity purification process. We
had to remove the plasma IgGs after affinity
purification.

. Cross-linked anti-FREM1 mAb with agarose beads

could deteriorate over time. Thus, it is important to
use freshly coupled beads during affinity purification
of TILRR protein from plasma samples.

. The container used for Coomassie blue staining should

not be used, in any steps, for primary or secondary
antibody incubations in Western blotting because
Coomassie blue gives high background signals in the
Odyssey imaging system (LI-COR). If needed, the
containers must be cleaned with 100% Methanol/
Methylene Chloride (Fisher Scientific, Catalog#
D151-1) followed by 3X washes with ddH,O.

. After the acquisition of the image by the Odyssey

imaging system, the image should be optimized to
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reduce the background effects for each channel (700
and 800 channels).

8. Other factors could influence detection sensitivity in
Bio-Plex assays, such as 1) variations of assay buf-
fers; 2) biotinylation efficiency of the detection anti-
body (should biotinylate the required amount of
antibodies for all assays, instead of multiple

batches); 3) minimizing freeze-thaw of antibodies,

plasma, and purified proteins; 4) minimizing pipet-
ting variations (should always use calibrated pip-
ette), and 5) handling of samples (should always

keep them on ice).

Abbreviations

BCA, Bicinchoninic Acid; BSA, Bovine serum albumin; CI,
Confidence interval; CSPG, Chondroitin Sulfate Proteoglycan;
CV, Coefficient of variation; DMP, Dimethyl Pimelimidate
Dihydrochloride; EIA, Enzyme immunoassay; FREM1, Fras-
related extracellular matrix 1; GAG, glycosaminoglycan; HIV,
Human immunodeficiency virus; IgG, Immunoglobulin G; IL-
IR1, Interleukin-1 receptor type 1; IQR, Interquartile range;
kDa, KiloDalton; LecC, C-type lectin, mAb, Monoclonal
Antibody; PBMCs, Peripheral blood mononuclear cells;
PCR, Polymerase chain reaction; PSWC, Pumwani sex worker
cohort; IFREM1, Recombinant FREM1; RFU, Relative fluor-
escence units; RGD, Arginine-glycine-aspartic acid; STIs,
Sexually transmitted infections; TILRR, Toll-like interleukin
1 receptor regulator; WB, Western blot.
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