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Abstract

Purpose The goal of this study was to develop an imaging probe—IRDye-680RD-0X40 mAb—that can be used for non-
invasive imaging and optical imaging of rheumatoid arthritis (RA). 0X40/0X40 ligand (OX40L) interactions have been
shown to exert potent costimulatory effects on T cell activation. Detectable change in T cell activation profiles was observed
in early RA.

Methods OX40 expression pattern was analyzed by flow cytometry. N-hydroxysuccinimide (NHS) esters are used to label
proteins selectively on free amino groups of OX40 monoclonal antibody (mAb). Characterization of IRDye-680RD-0X40
mAb was measured and a fluorescence spectrum gathered. Cell binding assay was also performed between activated and
naive murine T cells. Longitudinal near-infrared fluorescence (NIRF) imaging of the probe was performed on day 8§, day
9, day 10, and day 11 of adjuvant-induced arthritis (AIA) mouse model. Paw thickness and body weight were compared
between the OX40 mADb and IgG injection groups.

Results NIRF imaging with IRDye-680RD-0OX40 mAb revealed strong OX40-positive responses with high specificity.
Flow analysis showed that OX40 was specifically expressed on the surface of T cells in RP and spleen of AIA model. The
ATA group was significantly differentiated from the control group at all time points with imaging monitoring. The region of
interest (ROI) was in line with ex vivo imaging and biodistribution study. This study highlights the potential utility of the
0X40 NIRF imaging as a new strategy for RA prediction and T cell monitoring.

Conclusion The results provide evidence that IRDye-680RD-OX40 mAb detects organized T cells activation in early RA.
The optical probe was capable of detection of RA pathogenesis. It identified transcriptional responses to RA that mediate
its immune functions. Thus, it may be an ideal probe for RA imaging.

Key words OX40 (tumor necrosis factor receptor superfamily, member 4) - Rheumatoid arthritis - NIRF imaging -
Activated T cell - Antibody

Introduction

RA is one of the most prevalent autoimmune diseases char-
acterized by chronic inflammation and progressive bone
destruction [1]. It is well documented that early diagnosis
and timely intervention could be a crucial approach for opti-
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According to previous studies [5], activated T cells are
considered as the major mediators of RA occurrence, which
were involved in the pathogenesis of RA from the very
beginning across the whole disease progression [6]. Thus,
imaging activated T cells may be an ideal way to achieve this
goal [7]. In a previous study, [18F]F-AraG was employed as
a PET imaging agent for detecting T cell activation within
inflammatory arthritis [8]. However, despite the activated T
cell portions, [18F]F-AraG was also accumulated in bone
marrow derived macrophages (BMDMs) and dendritic cells
(DCs) due to its association with mitochondrial metabolism
[9, 10]. Given the low specificity of [18F]F-AraG in this
setting, our group had focused on imaging T cell surface
activation biomarkers. In our recent published study, we had
developed an optical imaging probe targeting 4-1BB, which
enables caption of both 4-1BBT CD4" and CD8" activated
T cells in vivo with high specificity and sensitivity [11].
Based on the quantitation of NIRF imaging data, we could
precisely distinguish AIA mouse from the control group,
which demonstrated great potential of imaging activated T
cells for optimizing RA diagnosis.

While from our subsequent RNAseq and flow cytometry
data, we realized that activated CD4% T cells are the pri-
mary portion which drives RA pathogenesis. OX40isa T
cell costimulatory molecule restricted to activated CD4* T
cells [12]. Interaction between OX40 and its ligand OX40L
plays an important role in T cell activation, expansion, and
survival, which is thought to be one of the predominant
driven factors in RA pathogenesis [13]. Previous stud-
ies had reported the utility of OX40-immunoPET in acute
graft-versus-host disease (aGvHD) detection and therapeu-
tic response prediction of cancer immunotherapy [14, 15].
In the current study, we hypothesize that whether OX40
could be used in RA detection. Flow cytometry study was
employed for analysis of OX40 expression in an AIA mouse
model. For IRDye-680RD-0OX40 mAb synthesis, anti-OX40
mAD was conjugated to IRDye680 optical dye via NHS ester
amine reaction. The specificity of IRDye-680RD-0X40
mAD targeting OX40" activated T cells was tested by both
ex vivo cell binding assay and in vivo NIRF imaging studies.
The robust data demonstrated that we had developed a novel
optical imaging probe IRDye-680RD-OX40 mAb for OX40"
activated T cells tracking, and OX40 NIRF imaging was a
promising strategy for RA early detection.

Materials and Methods
General Reagents
Complete Freund’s adjuvant (CFA) is provided by Chondrex

Company (Woodinville, USA). PE anti-mouse CD4, FITC
anti-mouse CD8a, and PeCy7 anti-mouse OX40 antibody
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were supplied by BioLegend (San Diego, CA). InVivo MAb
anti-mouse OX40 (clone: OX-86) and InVivoPlus rat [gG2a
isotype control (clone: 2A3) were supplied by BioXCell
(West Lebanon, USA). IRDye® 680RD NHS Ester Infra-
red Dye was supplied by Li-cor (Lincoln, USA). Fixable
Viability Stain 780 was purchased from BD Pharmingen
(San Diego, USA). Dimethyl sulfoxide (DMSO) Hybri-Max
(TM) sterile-filtered, BioReagent was purchased from Sigma
(St. Louis, MO, USA). AbC™ total antibody compensation
bead kit was acquired from Thermo Fisher (Waltham, MA,
USA). Paraformaldehyde, 4% and phosphate buffered solu-
tion (PBS) was supplied by Solarbio (Beijing, China). Fetal
bovine serum (FBS) was purchased from Invitrogen (New
York, America).

AIA Model

All animal studies were carried out in accordance with pro-
tocols approved by the Institutional Animal Care and Use
Committee of Harbin Medical University’s Second Affili-
ated Hospital. For ATA model generation, 8—10 weeks male
BALB/c mice (20-25 g) were given a single injection of
0.5 mL/kg CFA into the plantar subcutaneous tissue of
RP, whereas equal amount of PBS was injected into RP of
control mice [8]. As a control, equal amounts of PBS were
injected subcutaneously into each animal’s left hind paw
(LP). Animals were monitored every day after injection.
Paw thickness was considered as the measurements of paw
swelling related to arthritis. A caliper was used to gauge
paw thickness.

Flow Cytometry

On day 11 after CFA injection, RP and spleen were col-
lected. Spleens were cleaned and fat was removed before
passing through a 40 um filter with FACS buffer (PBS con-
taining 2% FBS). The preceding approach was followed to
create a single cell suspension [16]. The following antibod-
ies were used in FACS staining: PE anti-mouse CD4, FITC
anti-mouse CD8a, and PeCy7 anti-mouse OX40. Data was
collected using a BD FACSCanto II Flow Cytometer, and
version 10.7.1 of FlowJo was used for analysis.

Histological Analysis

For HE staining, RP was harvested on day 7, fixed with 4%
paraformaldehyde for 24 h, and decalcified with 10% ETDA
for 20 days, then embedded in paraffin and cut into sections
of 5 pm thick. To determine infiltration of immune cells
from both the AIA and control groups, every paw section
was stained with hematoxylin and eosin (H&E; Solarbio,
Beijing, China). Specimens were observed under a BX53
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microscope (Olympus, Tokyo, Japan) and measured with
Software (Image J).

Synthesis and Characterization
of IRDye-680RD-0X40 mAb, T Cell Isolation, and Cell
Uptake Study

The IRDye-680RD NHS ester was dissolved in DMSO to
a final concentration of 5 mg/mL. OX40 mAb was diluted
in sterile PBS to 1 mg/mL. IRDye-680RD NHS ester was
mixed with OX40 mAb, at a molar ratio of OX40 mAb
to IRDye-680RD of 1:10. The mixture was incubated at
4 °C overnight. For purification, a Vivaspin2 50 KDa cut-
offt MWCO spin filter (GE Healthcare, Piscataway, USA)
was used. The NanoDrop 2000 UV-vis spectrophotometer
(Thermo Fisher, Waltham, MA, USA) was used to determine
the final concentration of IRDye-680RD-0X40 mAb.
BALB/c mice were anesthetized with 2% isoflurane.
Spleens were collected immediately after euthanasia and
smashed through a 40 pm cell strainer. T cells were isolated
using the EasySep Mouse T cell Isolation Kit’s standard
protocol (STEMCELL Technologies, Canada) and incubated
in Iscove’s Modified Dulbecco’s Medium (IMDM, Thermo
Fisher) with Cell Stimulation Cocktail (Thermo Fisher) at
37 °C. Both resting and activated T cells were collected,
counted, and incubated with IRDye-680RD-0X40 mAb for
1 h at 37 °C 72 h later. All samples were analyzed using a
BD flow cytometer after three washes with sterile PBS.

In Vivo and Ex Vivo NIRF Imaging

Bruker InVivo FX PRO in vivo fluorescence imaging was
performed and analyzed using Bruker Molecular Imaging
Software (IB5438150 Rev. B 12/12, Bruker, USA). On day
7, mice were anesthetized with 2% isoflurane and injected
with 20 pg IRDye-680RD-OX40 mAb via tail vein. Images
were taken on days 8, 9, 10, and 11 using the following
settings: (f-stop 2.5, FOV 200 mm, 750 nm WA Emission
Filter, 72 mm, 670 nm Excitation Filter, 25 mm). After the
final scan, mice were euthanized, and organs (heart, liver,
lung, spleen, kidney, right paw, left paw, femur, muscle, and
intestine) were collected and imaged under the same con-
ditions. Bruker Molecular Imaging Software was used to
analyze all of the data. The quantification was normalized
as p/sec/cm2/sr.

Statistical Analysis

The PRISM 9 platform was used for all data analysis (Graph-
Pad). Data analysis methods included unpaired 2-tailed
Student’s #-tests and one- or two-way analyses of variance
(ANOVA). Statistics were considered significant for P val-
ues under 0.05.

Results

Establishment of Adjuvant-Induced Arthritis
Mouse Model and Safety Assessment of 0X40 mAb
Injection

Our conceptual study design is described in sketch (Fig. 1a).
Inflammatory arthritis model was induced in healthy male
BALB/c mice (n=7) by injecting CFA into right hind paw (RP)
on day 0, whereas the control groups were injected with PBS
(n=4). To monitor the severity of arthritis, paw thickness was
measured with a caliper every day since the initial injection, and
the AIA group was thicker at all time points measured, which
was in agreement with previous studies (Fig. 1b) [11]. To fur-
ther validate the inflammatory microenvironment generated by
CFA injection, HE staining was performed at day 7 with RP
tissues from both the AIA and control groups, massive infiltra-
tion of inflammatory cells could be observed in the AIA group
(Fig. 1c). The engineering strategies determined the effective-
ness, reliability, and safety of the molecular imaging probes
[17]. It had been reported that OX40 mAb (clone: OX-86) we
employed may exacerbate aGvHD disease [8], thus before in
vivo NIRF imaging study, we had tested whether injection of
0X40 mAb would cause additional toxicity. On day 7, 20 pg of
unconjugated OX40 mAb or IgG isotype control were injected
into ATA mouse, the changes in paw thickness and body weight
were monitored. There was no obvious difference in body
weight and paw thickness (P> 0.05) between two cohorts, which
indicated the safety of OX40 mAb injection (Fig. 1d).

0X40 Was an Indicator of T Cell-Mediated Immune
Response in RA

To validate whether OX40 could be an indicator of T cell-
mediated immune response during RA pathogenesis, flow
cytometry study was performed between the AIA and control
groups. Gating strategy illustrating cell portions to the level
of murine OX407CD4* T cells is shown in Fig. 2a. Massive
infiltration of CD4™" T cells was observed in RP tissue from the
AIA group, compared to control mice (P <0.01), whereas no
difference was detected in spleen (Fig. 2b). As we expected,
after CFA injection, higher percentage of OX40"CD4™" T cells
were detected in RP from AIA mice (P=0.0053); moreover,
increased OX407CD4™ T cells were also observed in spleen
from the AIA group (P <0.0001), which demonstrated sys-
temic immune response triggered by CFA injection (Fig. 2c).

In Vitro Cell Binding Assay and In Vivo NIRF Imaging
Study

We synthesized OX40-targeting NIRF imaging agent—
IRDye-680RD-0X40 mAb—via OX40 mAb and NHS
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Fig.1 AIA mouse model establishment and safety assessment of
0OX40 mAb injection. a Scheme of animal establishment and NIRF
imaging studies. b The measurements of paw thickness after mouse
model establishment. ¢ HE staining of ankle joint of the AIA and
control groups. d Safety assessment of AIA models receiving equal

ester crosslinking, then purified through Vivaspin2 50 K
cutoff spin filter, according to previous protocols [11].
After synthesizing, the absorbance of the probe was meas-
ured by nanodrop, which displayed an absorbance maxi-
mum of 690 nm (Fig. 3a). For in vitro cell binding assay,
2 pg of IRDye-680RD-0OX40 mAb was incubated with
activated and naive T cells at 37 °C for 1 h to confirm
the specificity of IRDye680RD-0OX40 mAb to activated
T cells. Using a flow cytometer, the median fluorescence
intensity (MFI) was estimated. The MFI of the activated
T cell group (586 +9.94) was 3.65-fold higher than that
in the naive group (160.5 +13.49) (P <0.0001) (Fig. 3b).
For NIRF imaging study, 20 pg of IRDye-680RD-0X40
mAb was administrated via tail vein at day 7, images
were acquired from day 8 to day 11. There were visually
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amount isotype control IgG or OX40 mAb. All values represent the
mean +SEM unless otherwise specified. Unpaired 2-tailed Student’s
t-test was used for analyses, **** P<(0.0001; *** P<0.001; **,
P<0.01; *, P<0.05

detectable higher signals in RP from the AIA group
(Fig. 3c). To quantify the NIRF signals, ROIs were drawn,
and the fluorescence intensity ratio between RP and LP was
used to compare the ROI profiles of the AIA and control
groups (Fig. 3d). RP/LP ratio quantification in the AIA
group was significantly higher than that in the control
group (day 8: AIA=1.958 +0.184, control =1.033 +0.047;
day 9: ATA =2.283+0.331, control=1.150+0.135; day
10: ATA=1.886+0.199, control =1.020 + 0.079; day
11: AIA=2.000+0.178, control=1.110+0.040 and P
value =0.005035, 0.035668, 0.010801, and 0.005248,
respectively) (Fig. 3e). This finding may be attributed to
the increased infiltration of OX40* CD4™" activated T cells
in RP of the AIA group, which is consistent with the flow
cytometry data presented above.
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Fig.2 FACS analysis of OX40 expression in AIA mouse model. a
Gating strategy illustrating cell populations sub-gated to the level of
mouse OX40+CD4 +activated T cells; b comparison of CD4+T
cells in spleen and right hind paw between the AIA and control
groups; ¢ comparison of OX40 expression in spleen and right hind

Ex Vivo Biodistribution and 0X40 NIRF Imaging
for Predicting T Cell Response in RA

Ex vivo NIRF imaging was performed to validate the
accuracy of in vivo imaging data on day 11, right after the
last scan (Fig. 4a). Significant difference in fluorescence
intensity of RP between two cohorts (P =0.0041) could
be detected, whereas no difference was found in other
organs (Fig. 4b). In the AIA groups, the ratio of RP/liver
and RP/spleen was 1.350+0.144 and 4.623 +1.021 which
was higher than that in the control group (0.599 +0.095,
2.289+0.347) (P=0.0049, P=0.0041) (Fig. 4c). These
results indicate that the IRDye-680RD-OX40 mAb NIRF
signal is specifically visualizing OX40 expression within RP.

The AIA group had a higher ex vivo RP/LP ratio than
the control group, which was consistent with the in vivo
ROI measurements. Good consistency between ROI and
ex vivo biodistribution quantification could be observed
via linear regression (R square =0.7402, P value =0.0029)
(Fig. 5a). Receiver operating characteristic (ROC) curves
based on RP/LP fold change in the ROI at all time periods

paw between the AIA and control groups. All values represent the
mean + SEM unless otherwise specified. Unpaired 2-tailed Student’s
t-test was used for analyses, **** P<(.0001; *** P<0.001; **,
P<0.01; *, P<0.05

photographed could fully differentiate the AIA from the con-
trol group (area under the curve (AUC)=1.000) (Fig. 5b),
indicating the great value of OX40 NIRF imaging in detect-
ing inflammatory arthritis pathogenesis.

Discussion

RA is a chronic autoimmune disease marked by joint inflam-
mation and degeneration. To avoid joint damage and physi-
cal handicap, it is crucial to diagnose and treat the disease at
early stages [18]. Given the low specificity and sensitivity of
CCP and RF blood testing, researchers had focused on devel-
oping noninvasive imaging approaches to achieve this goal.
In the current study, we had developed a novel optical imag-
ing probe for detecting OX40TCD4* activated T cells, the in
vivo imaging data demonstrated that OX40 NIRF imaging
could be a reliable tool for RA early diagnosis.

Since activated T cells are considered as the primary
mediators and the initial event in RA pathogenesis [19],
imaging activated T cell infiltration and distribution is
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potentially the most sensitive way to identify the early
stages of RA pathogenesis. Thus, various imaging rea-
gents for detecting activated T cells have been developed
and tested both in preclinical and clinical settings, such
as small molecules targeting certain metabolic pathways,
probes targeting specific T cell phenotypes, and secreted
cytokines [20]. Following the costimulatory signal, which is
regarded as the first signal during the development of adap-
tive immune response, OX40 will be quickly upregulated
on the surface of T cells, prior to any metabolic pathway
and cytokine secretion [21]. Thus, imaging OX40 should
be the earliest events we could detect in the inflammatory
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microenvironment. Based on our flow cytometry data, we
found that the CD4* T cell is the prominent portion in RA,
which is in line with previous study [22], imaging activated
CD4* T cell may be more practical. Unlike 4-1BB, OX40 is
strictly expressed on CD4* T cells [23], which makes OX40
an ideal biomarker for activated CD4" T cell tracking. Thus,
the differences detected between the AIA and control groups
should be attributed to the upregulation of OX40 molecules
in the inflammatory microenvironment.

While the OX40 imaging study we presented here does
have limitations, though, the AIA model we used in this
study only causes acute inflammation [24], which is a little
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bit different from the chronic process of RA pathogenesis.
To improve our work in the future, it is necessary to evaluate
mouse models that can better mimic the microenvironment
of rheumatoid arthritis, and furthermore, in consideration
of clinical translation, a humanized mouse model warrants
evaluation. The optical dye IRDye680 we employed belongs
to NIR-I (700-900 nm), with the advantage of non-radio-
active, convenient, easy preparation, and low cost NIR-I
imaging is suitable for superficial disease imaging, such as
RA, systemic lupus erythematosus (SLE), and melanoma
[25]. But due to its poor penetration, NIR-I imaging often
fails in deep tissue imaging, which limits further transla-
tion. To overcome these challenges, we intend to use NIR-II
(near-infrared region-II) dye (1000-1700 nm) [26, 27] to
enhance imaging quality in the following studies. A multi-
modality technology, positron emission tomography (PET)/
magnetic resonance (MR) may also help improve our work
in the future, by combining refined bone structure with bio-
logical information of OX40* CD4" T cells in inflammatory
arthritis microenvironment.

Conclusions

We had identified OX40 as a robust biomarker for identify-
ing activated CD4" T cells in RA, and OX40 NIRF imag-
ing enabled early warning of RA with high specificity and
sensitivity in vivo. Based on the data presented here, we
believe that further humanized OX40 imaging probes war-
rant synthesis and assessment.
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