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Abstract

Purpose: The present study assessed the feasibility of (4S)-4-(3-'*F-fluoropropyl)-L-

glutamate positron emission tomography/magnetic resonance imaging (["*F]FSPG

PET/MRI) for detecting inflammation in murine models of colitis.

Methods: Two murine models of colitis were developed by administrating dextran sodium

sulfate (DSS) or transferring T cells. Both ["*F]FSPG and ['*F]fluorodeoxyglucose (FDG)

PET/MRI scans were obtained at the time of colitis development. The disease activity index

(DAI), pathologic score, and standardized uptake (SUV) were -calculated.

Immunohistochemical (IHC) expression levels of xCT, Glutl, and immune cell markers

(CDllc, F4/80, CD3, and B220) were analyzed.

Results: A total of 12 and 11 mice developed DSS-induced colitis and T cell-transferred

colitis, respectively. Both groups of mice showed significantly increased ['*F]JFSPG uptake



in the colon compared to controls, with higher uptake in T cell-transferred mice. ['"*F]JFDG

SUV was higher than ["*F]JFSPG SUV in T cell-transferred mice but not in DSS-treated mice.

['"SF]FSPG and ['®F]FDG uptakes both showed positive correlations with disease severity

(DAI and pathologic score) in both murine models. IHC staining showed significant

expression of XCT and Glutl in the epithelium and lamina propria. A proportion of CD11¢"

dendritic cells, F4/80" macrophages, and CD3" T cells co-expressed xCT and Glutl in both

models of colitis, with a higher proportion in T cell-transferred mice.

Conclusion: ["*F]FSPG PET is a useful means of evaluating murine models of colitis. Its

uptake is positively correlated with clinical and histological markers of disease activity.

Further studies are needed to assess its utility in evaluating human inflammatory bowel

disease.
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Introduction

Inflammatory bowel disease (IBD) represents a group of inflammatory conditions of the

colon and small intestine, among which ulcerative colitis (UC) and Crohn’s disease (CD) are

principal types, with both overlapping and distinct clinical and pathological features' 2. IBD

is prevalent worldwide and both its incidence and prevalence are increasing"**. As a chronic

relapsing condition without a permanent drug therapy, it can be debilitating’, with life-

threatening complications, and is reported to be associated with significant morbidity,

comorbidity, and mortality®. Despite recent advances, up to 80% of CD patients must

undergo at least one surgical removal. In CD, disease activity has a huge impact on quality of

life and up to 10-15% of affected individuals ultimately need a colectomy’. Although there

are few comprehensive studies of IBD comorbidity, IBD is known to be associated with

multiple diseases, such as certain cancers, osteoporosis, and psychological disorders®!!.

Despite similar causes of death in UC and CD, there seem to be differences in cause-specific

mortality. While conventional causes of death such as malignancy do not seem to be as

significant as originally noted, emerging threats such as infection should be paid attention®,



Due to the significant morbidity and mortality of IBD, considerable research is

currently underway focusing on its pathogenesis and on factors triggering flares. During the

onset and reactivation of IBD, there is a heightened immune response to microbial flora in

which inflammatory mediators migrate to target organs, resulting in an influx of

inflammatory cells, including overly aggressive T cells'>. This trafficking of lymphocytes

requires a multi-step adhesion cascade mediated by adhesion molecules and integrin

21317 The accumulation of

molecules, some of which are targets for novel drugs and imaging

excess lymphocytes in the intestinal lamina propria is a hallmark of IBD pathogenesis™ '®,

and this sustained recruitment of inflammatory T cells ultimately results in tissue damage.

UC and CD are characterized by very different T cell responses. Traditionally, Thl (related

to the chronicity of inflammation) cells have been thought to play an important role in the

pathogenesis of CD while a Th2-like response is the major response in UC. Recent studies

report that a newly described set of T helper cells, the Th17 cells, are significantly infiltrated

in both UC and CD and that there is an imbalance in Th17/T-regulatory cells'**?. Innate

immune cells, such as dendritic cells, are also over-activated in IBD?.



Various therapies have been introduced to treat the various clinical manifestations

and complications of IBD, but for several decades, medical treatments were limited to non-

biological therapies, which may provide symptomatic relief but do not change the disease

course*’. Increased understanding of the immunopathology has led to the development of

targeted therapies beyond anti-tumor necrosis factor agents, including agents that target

adhesion molecules, such as intracellular cell adhesion molecule (ICAM)-1, ICAM-2,

vascular cell adhesion molecule-1 (VCAM-1), and mucosal vascular addressin cell adhesion

molecule 1 (MAdCAM-1)% However, these treatments have not been effective in all patients

and many are still in the exploratory phase". Thus, IBD is still considered as an incurable

disease. The goal of treatment in IBD is to suppress intestinal inflammation, ultimately

relieving the symptoms and improving the quality of life. UC and CD are heterogeneous

diseases and the therapeutic requirements vary among patients. However, there is limited

capacity to predict disease progression in individual patients. Therefore, the disease activity

and distribution of IBD are taken into account when deciding on the appropriate treatment

strategy® 2. Given the known risk of disease progression in IBD, it is important to monitor



for active disease and optimize treatment plans accordingly. Monitoring is essential for

identifying disease flares and after introduction of a new therapy’’. Beyond clinical

assessment, objective assessment of disease activity in IBD is essential for guiding

subsequent therapy®. Classification based on disease severity is also clinically relevant

because disease severity is a crucial aspect in most of the current therapeutic algorithms.

There are multiple domains of disease activity and severity assessment in IBD, and although

each has its merits, none are perfect.

Endoscopy is currently the standard of care in IBD (along with histology) for

assessing both disease extent and activity”’. Clinical remission does not seem to correlate

well with inflammation remission at the tissue level. For UC, the Ulcerative Colitis

Endoscopic Index of Severity (UCEIS) is the only validated endoscopic index***'. However,

it is associated with some drawbacks: 1) disease extent is not documented, 2) definition of

mucosal healing is lacking, and 3) validated thresholds for mild, moderate, or severe disease

are also lacking®™. For CD, the Crohn’s Disease Endoscopic Activity Index of Severity

(CDEIS) is the most widely used index™. While it is validated and reproducible, it is



complex (over 30 entries) and its use may be laborious in actual practice. Additionally,

endoscopic evaluation may not always be feasible and it has several limitations related to

invasiveness, procedure-related discomfort, inconvenience of extensive bowel cleansing

required for an optimal examination, risk of bowel perforation, and relatively poor patient

acceptance. A mnon-invasive technique for evaluating IBD would be desirable as an

alternative.

Imaging techniques are non-invasive adjunctive methods to endoscopic

assessment. Magnetic resonance imaging (MRI) and bowel ultrasonography (US)

demonstrate good sensitivity for assessment of extent and activity of UC, especially when

endoscopic evaluation is not feasible®. However, these are not yet fully validated in

assessing disease activity and there is a delayed timeline as compared to clinical or

endoscopic changes®. Accuracy may be dependent on the disease site and the examiner.

Imaging also has an important role in assessing disease activity in CD because transmural

inflammation may be beyond the reach of endoscopy™, and US and MRI can assess luminal

disease activity. Although US may be helpful in evaluating disease activity in CD, its usage



is limited by the availability of an experienced bowel sonographer. MRI has a high

diagnostic accuracy for suspected CD and for the evaluation of disease activity and extent.

Compared to US, it is less dependent on disease location and the examiner. The Magnetic

Resonance Index of Activity (MaRIA), the best-validated index for evaluation of disease

activity in CD*, correlates well with the CDEIS score and is reliable for assessing response

to therapy. However, correlation between overall MaRIA and overall CDEIS was not

significant at baseline®. In diagnosing mild lesions, the accuracy of MRI may be inferior to

that of endoscopy’’. Whether the MRI measures of inflammatory alterations (such as wall

thickness, enhancement, edema, ulceration, and diffusion) are responsive to therapy is yet to

be determined®. Preparations with oral contrast and water enema are required.

Currently, ["*F]fluorodeoxyglucose (['*F]JFDG) is the most widely used positron

emission tomography (PET) tracer for imaging inflammation. The rationale for employing

this modality in IBD is an increasing recognition that inflammatory cells display

hypermetabolic features due to an up-regulation of glucose transporters to meet the increased

metabolic demands in the inflamed state. However, although several positive results have



been published on the utility of ["*F]FDG in IBD**', a major limitation is that there is

gradual physiologic uptake in the bowel, especially the large bowel*

. Large patient studies

to support the use of this imaging modality for diagnosis and therapy evaluation in IBD are

yet to be performed*®*'.

The system Xxc is an amino acid antiporter that is composed of a light chain, xCT,

and a heavy chain, 4F2hc. It functions in the body by mediating cellular uptake of cystine,

which is intracellularly reduced to cysteine for glutathione synthesis (thus protecting cells

from oxidative stress*’) and is extracellularly released (subsequently maintaining a

cystine:cysteine redox balance™). Several lines of evidence suggest that system xc may play

a role in both innate and adaptive immune systems. Prominent upregulation of system xc

was observed in activated macrophages and leukocytes™ “°. This may be an auto-protecting

mechanism from the high levels of reactive oxygen species (‘respiratory burst’ by

macrophages and granulocytes), reducing them through glutathione synthesis. Activation of

T cells has been reported to involve expression of system xc not only in antigen presenting

cells*’** but also in T cells themselves™>'. This allows lymphocytes to take up cysteine at an



activated state. During activation and differentiation of B cells, upregulation of xCT and

increased production and release of glutathione and cysteine are also reported®.

Interestingly, peripheral leukocytes, thymus, spleen, and lymph nodes in humans express

very low or absent xCT®. All these suggest that system xc is a key player in inflammation.

(4S)-4-(3-"*F-fluoropropyl)-L-glutamate (herein referred to as ["*F]FSPG) is a new

'F-labeled L-glutamate derivative that is specifically taken up by the system xc **. An

exploratory clinical study of ["*F]JFSPG in patients with inflammatory lesions found that

['"F]FSPG PET identified inflammatory lesions in all 10 patients and detected all 24

reference lesions™. Immunohistochemical (IHC) staining of xCT correlated significantly

with that of CD68 while the maximal standardized uptake value (SUV) of ["*F]FSPG and

staining of CD163 were negatively correlated with a borderline significance. These may

indicate that high ["*F]FSPG uptake might represent an active disease state by measuring

xCT transporter activity in activated M1 macrophages. These results suggested the potential

diagnostic value of ["®F]JFSPG PET to assess the system Xc activity in inflammation,

particularly in the active stage. ['"*F]JFSPG PET may prove to be useful when ['"*F]JFDG PET



assessment is challenging because of physiologic uptake in normal organs. The very low

background, especially in the bowel, should allow for sensitive inflammation imaging’®,

especially in IBD. Sulfasalazine, which is routinely used in treating IBD (particularly UC)>’,

is a well-known xCT-specific inhibitor*®. ['"*F]JFSPG PET may also have future potential in

selecting patients with high likelihood of responding to sulfasalazine.

The aim of the present study was to assess the feasibility of ['*F]JFSPG PET in

detecting inflammation in murine models of colitis. Another objective was to explore

whether ["*F]JFSPG PET is also useful for assessing disease activity by performing

quantitative analyses of ["*F]JFSPG uptake and comparing the results with clinical and

histological markers of disease activity. In addition, expression levels of xCT, Glutl, and

immune cell markers were evaluated through IHC to identify their correlations with

['F]FSPG uptake.

Murine models of IBD were employed to predict the feasibility of ['**F]FSPG as a

useful imaging agent in humans before the actual clinical study. Two different models with

confirmed utility in preclinical studies of human IBD were chosen to provide insights into



more than one aspect of IBD, although no single model captures its complexity. Models

representing the acute (dextran sodium sulfate [DSS]-induced colitis model) and chronic (T

cell-transferred colitis model) stages of IBD were selected®. DSS-induced colitis represents

the more acute and faster induction of colonic tissue damage and is frequently used to

explore the role of innate immune mechanisms in colitis, maintaining epithelial integrity, and

studying colon cancer in relation to UC®. It is also often used in studying UC because, like

in UC, inflammation usually occurs in the left-side colon and epithelial barrier breakdown is

prominent®'. Although to a lesser degree than in UC, the mucus barrier is also affected and

intestinal permeability is increased in CD** %2, The T cell transfer model, which involves the

complex interplay between innate and adaptive immune mechanisms, represents a chronic

model of IBD. It has the advantage of high reproducibility of T cell-dependent chronic

intestinal inflammation®. Transfer of naive T cells induces both colitis and small bowel

inflammation, making this a model similar to CD*.
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Materials and methods

Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use Committee

of the Asan Biomedical Research Center (Approval No: PN 2017-12-153). Mice were

maintained in accordance with the Institutional Animal Care and Use Committee guidelines

of the Asan Institute for Life Science. All efforts were made to minimize suffering and

experiments were performed under anesthesia with a mixture of ketamine (100 mg/kg) and

xylazine (20 mg/kg).

Study design

DSS-induced colitis model

BALB/c mice were administered 5% DSS and underwent PET scanning on day 8 after DSS

administration. Daily monitoring was performed to determine the clinical disease activity

index (DAI). Development of at least 6 mice with DSS-induced colitis and 6 controls was

originally planned. The actual number of mice that developed DSS-induced colitis was 12

11



and all were included in the analysis. Among these, 6 underwent ['*F]FSPG PET/MRI first

and then underwent ['"*F]JFDG PET/MRI on the following day while the remaining 6

underwent ['*F]JFDG PET/MRI first. This was done to ensure that the sequence of ['*F]FSPG

and ["*F]JFDG PET/MRIs did not influence radiotracer uptake. After sacrifice, pathologic

scoring was performed in a blinded fashion.

Six age- and sex-matched BALB/c mice that received drinking water alone were

used as controls. Three mice underwent ['*F]JFSPG PET/MRI first while 3 underwent

['"!FIFDG PET/MRI first. Pathologic scoring was performed in a blinded fashion after

sacrifice.

IHC staining was performed in a separate group of mice. Colonic tissues that were

obtained from 3 BALB/c mice administered 5% DSS and 3 control mice were

immunohistochemically stained.

T cell-transferred colitis model

CD4'CD45RB"# T cells were transferred into Rag2”yc” mice. Daily monitoring was

performed to determine the clinical disease activity index (DAI). Mice underwent scanning

12



at approximately 8 weeks after T cell transfer, when clinical signs of colitis were present.

Development of at least 6 T cell-transferred mice with colitis and 6 controls was originally

planned. The actual number of mice that developed colitis after T cell transfer was 11 and all

11 mice were included in the analysis. Five mice underwent ['"*FJFSPG PET/MRI first while

6 underwent ['*F]JFDG PET/MRI first. After sacrifice, pathologic scoring was performed in a

blinded fashion.

Ten age- and sex-matched Rag2”yc” mice were used as controls. Five mice

underwent ['*FJFSPG PET/MRI first while the other 5 underwent ['*F]JFDG PET/MRI first.

Pathologic scoring was performed in a blinded fashion after sacrifice.

IHC staining was performed in a separate group of mice. Colonic tissues that were

obtained from 3 T cell-transferred mice and 3 control mice were immunohistochemically

stained.

Experimental animals

DSS-induced colitis model

13



Male BALB/c mice were purchased from Central Lab Animal, Inc. (Seoul, Korea). All mice

were maintained under specific pathogen-free conditions in the animal facility at the Asan

Biomedical Research Center (Seoul, Korea) where they received sterilized food and water ad

libitum.

BALB/c mice were treated with 5% DSS (w/v) (MP Biomedicals, Solon, OH) in

drinking water ad [libitum for seven days, followed by one day of normal drinking water.

Body weight, rectal bleeding, and diarrhea were monitored daily. DAI was determined as the

average of the following scores: weight loss (0, none; 1, 1%-5%; 2, 5%-10%; 3, 10%-20%; 4,

>20%), stool consistency (0, normal; 2, loose; 4, diarrhea), and bleeding (0, absence; 2,

hemoccult positive; 4, gross bleeding)®. Twelve BALB/c mice developed clinical signs of

colitis at the time of PET scanning.

Six age- and sex-matched BALB/c mice received drinking water alone and did not

show any clinical signs of colitis at the time of PET scanning.

T cell-transferred colitis model

Male Rag2”"yc” mice (BALB/c background) were purchased from Jackson Laboratory (Bar

14



Harbor, ME). All mice were maintained under specific pathogen-free conditions in the

animal facility at the Asan Biomedical Research Center (Seoul, Korea) where they received

sterilized food and water ad libitum.

CD4" T cells were isolated from spleens of BALB/c mice and purified using a

CD4" T cell isolation kit (Miltenyi Biotech, Bergisch Gladbach, Germany) followed by

staining with anti-CD4 (RM4-5) and anti-CD45RB (16A) antibodies (BD Biosciences,

Franklin Lakes, NJ). CD4'CD45RB"" T cells (naive T cells) were sorted on a FACS Aria

sorter (BD Biosciences). Rag2”yc” mice of BALB/c background were injected i.p. with

5x10° CD4"CD45RB" T cells. Body weight and diarrhea were monitored twice a week.

DAI was determined based on the following parameters: weight loss (0, none; 2, 5%-15%; 4,

>15%) and stool consistency (0, normal; 2, loose; 4, diarrhea)®®. Eleven Rag2”yc” mice

developed clinical signs of colitis at the time of PET scanning,

Ten age- and sex-matched Rag2”yc”™ mice did not receive any T cell transfer and

did not show any clinical signs of colitis at the time of PET scanning.

15



Experimental procedures

A. Imaging

Radiopharmaceutical preparation

Radiolabeling of ["*F]JFSPG was performed as described previously™. ["*F]FSPG was batch-

manufactured with an automated module (TracerLab MX; GE Healthcare) at Asan Medical

Center. Each batch met the in-center criteria in terms of identity, clarity, purity, radioactive

concentration, specific activity, pH, sterility, and bacterial endotoxin level. The final product

was formulated for injection with a substance per injected unit of 7.4 MBq (0.2 mCi) of

['"F]FSPG and 9 nmol or less.

PET/MRI procedure

After fasting (> 12 hours), all mice underwent PET/MRI for two consecutive days

(["*F]JFSPG PET/MRI on the first day and ["*F]JFDG PET/MRI on the second day, or vice

versa), using the nanoScan PET/MRI system (MEDISO, Hungary).

At 60 minutes after injection through the tail vein (7.4 MBgq, i.e., 0.2 mCi of either

["®F]IFSPG or ["*F]FDG), whole body MR imaging was performed using a T1-weighted

16



gradient-echo (GRE) 3D sequence (TR = 25 ms, TEcr= 3.4, FOV = 64 mm, matrix =

256%256). Ten minutes of static PET scans were acquired with a 1-5 coincident in a single

field of view.

Body temperature was maintained by heating air on the animal bed (Multicell

Mediso, Hungary) and a pressure sensitive pad was used for respiratory triggering. PET

images were reconstructed by Tera-Tomo 3D in full detector mode with all the corrections

on, normal regularization, and 4 iterations.

Analysis of PET images

PET images were qualitatively and quantitatively assessed by a board-certified nuclear

medicine physician. Multiple volumes of interest were manually drawn along the whole

colon loop for the generation of SUV and the highest value in each mouse was chosen for

analysis. SUV was calculated using the following formula:

SUV = (tissue radioactivity in the volume of interest measured as MBq/cc x body weight) /

injected radioactivity.

B. Pathology

17



Hematoxylin-eosin (H&E) staining

The entire colon was cut longitudinally and washed vigorously. Colon tissues were then

fixed in 4% paraformaldehyde (PFA), embedded in paraffin, and stained with hematoxylin-

eosin (H&E).

IHC staining

The entire colon was cut longitudinally and washed vigorously. Colon tissues were then

fixed in 1% PFA and dehydrated in 15% sucrose in phosphate-buffered saline (PBS)

overnight at 4°C, and in 30% sucrose for 4 hours at room temperature. Tissues were then

embedded in optimal cutting temperature compound (OCT compound) and sections were

fixed with acetone at -20°C for 5 min. Slides were blocked with PBS containing 1% bovine

serum albumin (BSA) for 1 hour at room temperature and stained with primary antibodies

overnight at 4°C. Tissues were washed in PBS, incubated with secondary antibodies at room

temperature for 1 hour, and stained with 4" ,6-diamidino-2-phenylindole (DAPI, Thermo,

Waltham, MA) for 2 min at room temperature followed by mounting with PermaFluor

mountant (Thermo, Waltham, MA). Images were captured on an LSM 710 confocal

18



microscope (Carl Zeiss, Oberkochen, Germany). Primary antibodies were: Alexa Fluor 488-

conjugated anti-Glutl (EPR3915), rabbit anti-xCT, hamster anti-CD11c (HL3), PE-

conjugated anti-CD3 (17A2), PE-conjugated anti-F4/80 (CI:A3-1), and PE-conjugated anti-

B220 (RA3-6B2). Secondary antibodies were: Alexa Fluor 568 goat anti-hamster IgG, Alexa

Fluor 647 donkey anti-rabbit IgG. Antibodies from BD Biosciences, BioLegend (San Diego,

CA), Abcam (Cambridge, UK) or Novus Biologicals (Littleton, CO) were used for analysis.

Pathologic scores

Pathologic scoring of the DSS-induced colitis model was performed in a blinded fashion

using a scoring system described previously®’. In brief, three parameters were measured:

severity of inflammation (0, none; 1, slight; 2, moderate; 3, severe), extent of injury (0, none;

1, mucosa; 2, mucosa and submucosa; 3, transmural and epithelium lost), and crypt damage

(0, none; 1, basal one-third damaged; 2, basal two-thirds damaged; 3, only surface

epithelium intact; 4, entire crypt and epithelium lost). The sum of the three parameter values

was multiplied by a factor that reflected the percentage of tissue involvement (1, 0-25%; 2,

26-50%, 3, 51-75%; 4, 76-100%).

19



Pathological analysis of the T cell-transferred colitis model was performed using

the following scoring criteria®: (1) crypt architecture (0, normal; 1, irregular; 2, moderate
g g yp gu

crypt loss [10-50%]; 3, severe crypt loss [50-90%]; 4, small/medium sized ulcers [< 10 crypt

widths]; 5, large ulcers [> 10 crypt widths]); (2) crypt abscesses (0, normal; 1, 1-5; 2, 6-10;

3, >10); (3) tissue damage (0, normal; 1, discrete lesions; 2, mucosal erosions; 3, extensive

mucosal damage); (4) inflammatory cell infiltration (0, occasional infiltration; 1, increased

leukocytes in lamina propria; 2, confluence of leukocytes extending to submucosa; 3,

transmural extension of inflammatory infiltrates); and (5) goblet cell loss (0, normal and <

10% loss; 1, 10-25%; 2, 25-50%; 3, > 50%). The total pathological score was calculated by

combining the scores for each of the five parameters, with a maximum score of 17.

Statistical analysis

Development of at least 6 mice for each experimental and control group was originally

planned, with an eventual production of 12 DSS-induced colitis mice (and 6 controls) and 11

T cell-transferred colitis mice (and 10 controls). Mann-Whitney U tests were performed to

20



compare variables between groups. Correlations were calculated with the nonparametric

Spearman’s rho test. All statistical analyses were performed using the statistical software

package SPSS 21.0 (SPSS Inc., IBM Company). P < 0.05 was considered statistically

significant.

21



Results

Murine colitis models

DSS-induced colitis model

After DSS administration for 7 days, body weight loss was observed in DSS-treated mice.

The DAL including weight loss, stool consistency, and bleeding, was significantly higher in

DSS-treated mice than in the control mice (p < 0.001, Figure 1A). The shortening of colon

length, which has proven to be a useful marker of colitis®, was also observed in DSS-treated

mice (p < 0.001, Figure 1B). The pathologic score derived from colon tissues was

significantly higher in DSS-treated mice than in control mice (p = 0.001, Figure 1C). These

results are also presented in Table 1.

T cell-transferred colitis model

As reported previously®, body weight loss and diarrhea in Rag2”yc” mice were observed

around 6-8 weeks after CD4"'CD45RB"" T cell transfer (Figure 2A). At the time of sacrifice,

the DAI was significantly higher in the T cell-transferred Rag2”yc”™ mice than in control

mice (p < 0.001, Figure 2B). The pathologic score was also significantly higher in T cell-
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transferred mice than in control mice (p < 0.001, Figure 2C). These results are also presented

in Table 2.

PET/MRI images

The yield of non-decay-corrected ['*FJFSPG was 23.0 £ 4.1% (range, 19.5-27.6%), and the

specific activity was 1989.3 + 688.7 GBg/umol (range, 821.1-2929.6 GBg/pumol) at the end

of synthesis. Its purity was 94.3 + 2.8% (range, 90.56-95.64%). The actual amount of

['F]FSPG injected was 8.14 + 0.74 MBq (range, 7.03-9.62 MBq). The amount of ["*F]FDG

injected was 8.05 £ 0.71 MBq (range, 6.99-9.88 MBq).

['"*F]JFSPG PET/MRI images were well obtained in all mice. Images were assessed

both qualitatively and quantitatively. Uptake in the rectum, which closely abuts the urethra,

required careful assessment. However, co-registration of MRI with PET allowed for better

anatomical localization than in other animal studies using PET/CT.

DSS-induced colitis model

By visual assessment of ['*F]FSPG PET, DSS-treated mice exhibited mild uptake along the
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colon loop while control mice did not show any significant uptake in the colon. In both

groups, there was physiologic ["*F]JFSPG uptake in the pancreas (where system xc is

prominently expressed), kidneys, bladder, and urethra (due to renal excretion), and the

background activity was low. On ["*F]JFDG PET, DSS-treated mice showed mild uptake in

the colon.

The SUV measured on ['*F]FSPG PET was 2.11 + 1.01 (range, 0.52-3.92) and 0.93

+ 0.49 (range, 0.54-1.85) in the DSS-treated and control mice, respectively. There was a

significant difference in ['"*F]FSPG uptake between the two groups (p = 0.02). The sequence

of the two different tracer PET scans (["*F]FSPG and then ['"*F]FDG or vice versa) did not

affect the SUV measured on ['*F]JFSPG PET. SUVs measured on ['*F]JFDG PET in DSS-

treated and control mice were 2.05 = 1.14 (range 0.80-3.68) and 0.95 + 0.24 (range 0.56-

1.25), respectively, and the differences in ['"*F]JFDG uptake were on the borderlines of

significance (p = 0.08) between both groups. The sequence of the two PET scans did not

affect the SUV measured on ['*F]JFDG PET. There was no significant difference between

SUV values on ['*F]FSPG and ["*F]FDG PET in both DSS-treated and control groups.
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Representative ['*FJFSPG PET images are shown in Figure 3. SUVs measured in

each mouse are presented in Table 1.

T cell-transferred colitis model

By visual assessment of ['*F]JFSPG PET, Rag2”yc” mice with CD4'CD45RB"&" T cell

transfer showed moderate to strong uptake along the colon loop while control mice did not

show any significant uptake. Physiologic ["*F]FSPG uptake was observed in the pancreas,

kidneys, bladder, and urethra, and the background activity was low. On ["*F]JFDG PET, Rag2"

yc”” mice with CD4"CD45RB" T cell transfer showed strong uptake in the colon.

SUVs measured on ["*FJFSPG PET in T cell-transferred and control mice were

4.51 + 1.36 (range 2.89-6.82) and 0.69 + 0.13 (range 0.50-0.93), respectively. There was a

significant difference in ['*F]JFSPG uptake between the two groups (p < 0.001). The

sequence of the PET scans did not affect the SUV measured on ["*F]FSPG PET. SUVs

measured on ["*F]FDG PET in T cell-transferred and control mice were 9.82 = 4.49 (range

3.30-18.82) and 0.91 £ 0.30 (range 0.60-1.62), respectively, and there was a significant

difference in ["*F]JFDG uptake between both groups (p < 0.001). The sequence of the two
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PET scans did not affect the SUV measured on [*F]JFDG PET. ['|F]FDG values were

significantly higher than ["*F]JFSPG SUVs in both T cell-transferred and control groups.

Representative ["*F]JFSPG PET images are shown in Figure 4. SUVs measured in

each mouse are presented in Table 2.

Comparison between models

T cell-transferred colitis models had significantly higher SUVs than DSS-induced colitis

models on both [*F]FSPG (p < 0.001) and ['*F]JFDG PET (p < 0.001).

Correlation analysis

DSS-induced colitis model

['"SF]JFSPG uptake showed positive associations with DAI (p = 0.569, p < 0.05) and

pathologic score (p = 0.646, p < 0.05). ["*F]FDG uptake also showed positive associations

with DAI (p = 0.628, p < 0.05) and pathologic score (p = 0.609, p < 0.05).

T cell-transferred colitis model

['"SF]FSPG uptake showed positive associations with both DAI (p = 0.738, p < 0.05) and
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pathologic score (p = 0.741, p < 0.05). ["*F]FDG uptake also showed positive associations

with DAI (p = 0.806, p < 0.05) and pathologic score (p = 0.752, p <0.05).

IHC staining

DSS-induced colitis model

To determine which immune cells are involved in ["*F]FSPG and ["*F]FDG uptake, we

performed THC staining of xCT (a subunit of the system xc ) and Glut1 (glucose transporter

1, which is the main contributor to FDG uptake). As shown in Figure 5 and 6, expression

levels of xCT and Glutl in DSS-treated mice were enhanced in the epithelium and lamina

propria of the proximal, middle, and distal regions of colon tissues, while they were detected

only in the colonic epithelial surface of control mice. Overall, expressions of xCT and Glutl

showed similar patterns. Numbers of CD11¢" dendritic cells (DC), F4/80" macrophages, and

CD3" T cells were increased in the colonic lamina propria of DSS-treated mice. CD11¢” DC

and F4/80" macrophages in the colons of DSS-treated mice were highly co-expressing xCT

and Glutl. Both xCT and Glutl were also expressed in some CD3" T cells in DSS-treated
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mice (Figure 6, 7). B220" B cells in colonic patches of DSS-treated mice expressed similar

levels of xCT as those of control mice (data not shown).

T cell-transferred colitis model

As reported previously®, colon tissues from Rag2”yc”™ mice following CD4 ' CD45RB"&" T

cell transfer had markedly elongated crypts and greater infiltration of inflammatory cells in

the lamina propria. Expressions of xCT and Glutl in T cell-transferred Rag2”yc”™ mice were

significantly enhanced in the epithelium of proximal, middle, and distal regions of the colon.

Furthermore, there were markedly increased expressions of XCT and Glutl in the lamina

propria regions of the colon (Figure 8, 9). A higher proportion of immune cells expressed

XCT than Glutl. Immune cells expressing XCT were more numerous than those in DSS-

treated mice. Most CD11¢" cells co-expressed xCT and Glutl, while F4/80" and CD3" cells

were partially co-expressing xCT and Glutl in the whole colon from T cell-transferred mice

(Figure 9, 10). No B220" cell was found in the colon tissues of T cell-transferred mice (data

not shown). Expressions of xCT and Glutl were limited to the surface epithelial cells of

colon in control Rag2”yc”™ mice (Figure 8).

28



Discussion

['®F]FSPG, the imaging biomarker for system xc, has been relatively unexplored in
ging

inflammatory diseases®®. This is the first study demonstrating that ['"*F]FSPG PET is a

feasible noninvasive modality for detecting inflammation in murine models of colitis.

EIFSPG showed a favorable distribution pattern as a potential tracer for evaluating IBD,
p

with low background activity, especially in the large bowel. Not only was there significant

['"SF]FSPG uptake along the colon in both colitis models, but there was also a positive
p g

correlation between ["*F]FSPG uptake and disease severity (DAI and pathologic score).

These data suggest that ['"*FJFSPG can be used as a noninvasive radiotracer for imaging

inflammation in murine colitis.

We proceeded to determine the source of ["*F]FSPG uptake and performed THC

analysis. ["*F]JFSPG uptake is known to be positively correlated with IHC staining of xCT, a

subunit of system xc , in tumor cells®. Staining for xCT found prominent expression in the

epithelium and also in many immune cells. This is in line with the results of previous studies

that the induction of inflammation enhances XCT expression in the epithelium’® and lamina
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45, 46, 48, 70 50, 51

propria’’ (inflammatory cells

, including T cells

) in various sites including the

colon’’. A previous clinical study assessing inflammatory diseases mainly in the lung

attributed ["*F]FSPG uptake to classically activated (M1) macrophages®. The present study

suggests that ["*F]FSPG uptake in colitis is not only increased in macrophages, but also in

the epithelium and in other immune cells (such as T cells). A previous preclinical study in

which turpentine oil was injected into calf muscles in mice demonstrated negligible uptake at

the inflammation site at 72 hours post-injection®. After turpentine oil injection, the cell

population predominantly comprises lymphocytes and neutrophils during the acute phase

(day 1-2)’* ", which change to cells of the monocyte/macrophage lineage afterwards’™. At

the time of scanning in the above study™, inflammation may already have passed the active

stage. Had the scanning been performed earlier, increased uptake may have been observed

because according to the present and previous studies®, activated lymphocytes as well as M1

macrophages take up [*F]FSPG.

Because a preceding study suggested that ["F]JFSPG uptake correlated with

activated macrophage activity™, we first expected to find higher uptake in the DSS-treated
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mice, which represent acute damage and innate immune mechanisms. However, T cell-

transferred mice had higher ["®FJFSPG uptake than DSS-treated mice, which was

unexpected. T cell-transferred mice probably had higher uptake because ['*F]FSPG uptake in

both models was mainly detected in the epithelium and lamina propria, with supplementary

uptake in immune cells. T cell-transferred mice are known to present with greatly thickened

walls with epithelial hyperplasia, crypt elongation, and proliferation®* 7> 76, while DSS-

induced colitis mice have increased apoptosis and decreased proliferation in the epithelium®'.

In contrast to normal colon tissue, XCT expression is induced in the inflamed mucosal cells

in IBD’'. Furthermore, the fact that a higher proportion of immune cells expressed xCT

(compared to DSS-treated mice) also contributed to the higher ['"*F]JFSPG uptake in T cell-

transferred mice. T cell-transferred mice developed colitis at approximately 8 weeks after T

cell transfer, which probably provided sufficient time for immune cells to express xCT.

The fact that ['"*F]JFSPG PET showed better performance in T cell-transferred mice

is promising from the perspective of performing human studies. CD4" T cells, including Th1,

Th2, and Th17 subsets, are known chief mediators in IBD’’. Many experimental studies
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suggest that chronic gut inflammation results from a dysregulated immune response to

components of the normal gut flora, and it is reasonable to accept that T cell-transferred mice

are more relevant to human IBD than the erosive, self-limiting model of DSS-treated mice'®

64 Future clinical studies should help establish the role of ["*F]JFSPG PET in the evaluation

of human IBD.

To further validate the utility of ['®F]JFSPG PET as an imaging tool for

inflammatory assessment in IBD, an intra-animal cross-modality comparison was performed.

Although several immune-PET tracers have been reported to be useful in the assessment of

colitis models'*"’, ["®FJFDG PET remains the most well-established tool for the evaluation

of murine colitis models and human IBD”**’, The cellular source of ['"*F]JFDG uptake in

colitis models is a matter of debate; some found that ["*F]JFDG uptake specifically detects

79, 81

activated T cells’® while others insist that it is associated with neutrophil infiltration
p

Taken together, the evolving nature of cell infiltrate (initially neutrophils, then T cells) is

probably the cellular source of ["*FJFDG™. In T cell-transferred mice, a higher proportion of

immune cells expressed xCT than Glutl, while expressions were similar in DSS-treated

32



mice. In chronic colitis, it is likely that immune cell infiltrates are better visualized by

['"F]FSPG than ["*F]FDG due to the higher expression of the target transporter. Despite this

speculation, ["*F]JFDG uptake was higher than that of ['"*F]JFSPG in T cell-transferred mice.

This is probably because ['"*F]FDG uptake was not only in immune cells, but was mainly in

the epithelium and lamina propria. Other conditions such as muscle contraction or cell

regeneration may also have contributed® . Interestingly, while Glutl is considerably

expressed in mouse colons (at basal side of epithelial cells)®, it is absent in human colonic

epithelium and its expression in the human colon is generally thought to suggest colorectal

carcinoma®. This suggests that even if ['*F]FDG uptake was higher than that of ["*F]JFSPG

in a chronic murine model, human studies may find better performance of ['*F]JFSPG

presuming that epithelial uptake of ['"*F]FDG is nearly absent. A mild degree of epithelial

uptake via Glut2 may still be present because Glut2 and Glut5 are reported to be expressed

in the human colonic epithelium®’. Nevertheless, while the uptake of ['*F]FDG in humans is

a mixture of peristaltic activity and immune cell uptake, ["*F]JFSPG uptake will reflect both

epithelial and immune cell alterations.
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The present study employed PET/MRI, which has the advantage of excellent soft

tissue contrast, instead of PET/computed tomography (CT). The acquired images were of

high quality, enabling easier anatomical localization than in other studies using PET/CT.

Better localization led to accurate measurement of tracer uptake, especially in DSS-treated

mice in which uptakes were lower than in T cell-transferred mice.
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Conclusion

In conclusion, ["*F]JFSPG PET is a useful means of evaluating murine models of colitis. Its

uptake was higher in the chronic colitis model and was positively correlated with clinical and

histological markers of disease activity. ["*FJFSPG may be a promising agent for assessing

human IBD, especially when ['*F]JFDG PET assessment becomes challenging because of

physiologic colon uptake.
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Figure 1. Development of a dextran sodium sulfate (DSS)-induced colitis model. Male

BALB/c mice were treated with phosphate-buffered saline (Control group, i.e., Cont, n = 6)

or 5% DSS (n = 12) for 7 days. (A) Body weight and disease activity index (DAI), which
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were assessed daily, were significantly different between Cont and DSS groups. (B) Colon

length measured after sacrifice was significantly shortened in the DSS group. (C) Pathologic

scores and representative images of H&E-stained paraffin sections of colon tissue.

Pathologic scores were significantly higher in the DSS group. Scale bar = 500 mm. All data

are mean £ s.e.m. *p < (0.05 **p < 0.01
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Figure 2. Development of a T cell-transferred colitis model. Rag2”yc” mice of BALB/c
background were injected intraperitoneally with phosphate-buffered saline (Control group,
i.e., Cont, n = 10) or 5x10° CD4'CD45RB"&" T cells (Tc transfer, n = 11). (A) Body weight
and (B) Disease activity index (DAI), which were assessed twice a week, were significantly
different between Cont and Tc transfer groups. (C) Pathologic scores and representative
images of H&E-stained paraffin sections of colon tissue. Pathologic scores were significantly
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higher in the Tc transfer group. Scale bar = 500 mm. All data are mean + s.e.m. **p < 0.01
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Figure 3. (A) ["*F]FDG and (B) ["*F]FSPG PET/MRI images of dextran sodium sulfate-
treated mice. Representative images show ["*F]FDG (A, SUV = 2.7) and [*F]FSPG (B, SUV
= 2.5) uptake along the colon on axial, coronal, and sagittal planes. ["*F]JFDG and ["*F]FSPG
uptakes both showed positive associations with disease activity index (DAI) and pathologic

score. p, Spearman’s rank correlation coefficient.
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Figure 4. (A) ["*F]FDG and (B) ["*F]FSPG PET/MRI images of T cell-transferred mice.
Representative images show ["*F]JFDG (A, SUV = 18.8) and ["*F]FSPG (B, SUV = 6.2)
uptake along the colon on axial, coronal, and sagittal planes. [*F]FDG and ["*F]FSPG
uptakes both showed positive associations with disease activity index (DAI) and pathologic

score. p, Spearman’s rank correlation coefficient.
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Figure 5. Confocal microscopic images of the middle colon from dextran sodium sulfate

(DSS)-treated mice and BALB/c wild-type mice. Images show expressions of xCT (white),

Glutl (green), and immune cells (red). Expressions of xCT and Glutl in DSS-treated mice
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were enhanced in the epithelium and lamina propria. Numbers of CD11c¢" dendritic cells,

F4/80" macrophages, and CD3" T cells were increased in the lamina propria of DSS-treated

mice. Primary antibodies: Alexa Fluor 488-conjugated anti-Glutl (EPR3915), rabbit anti-

xCT, hamster anti-CD11c (HL3), PE-conjugated anti-CD3 (17A2), PE-conjugated anti-F4/80

(CI:A3-1), and PE-conjugated anti-B220 (RA3-6B2). Secondary antibodies: Alexa Fluor 568

goat anti-hamster IgG, Alexa Fluor 647 donkey anti-rabbit IgG. Scale bar = 100 pm.
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Proximal Middle Distal

DSS-treated mice

Figure 6. Confocal microscopic images of the proximal, middle, and distal colon from

dextran sodium sulfate treated mice. Images show expressions of xCT (white), Glutl (green),

and immune cells (red). Yellow arrows indicate co-expression of xCT, Glutl, and immune

cell markers. Orange arrows indicate co-expression of Glutl and immune cell markers.

White arrows indicate co-expression of XCT and immune cell markers. CD11c" dendritic

cells and F4/80" macrophages were highly co-expressing XCT and Glutl. Both xCT and
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Glutl were also expressed in some CD3" T cells. Scale bar = 100 um.
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Figure 7. Confocal microscopic images showing cells with co-expressions in the colon from

dextran sodium sulfate-treated mice. Images show expressions of xCT (white), Glutl

(green), and immune cells (red). Yellow arrows indicate cells with co-expression of xCT,

Glutl, and immune cell markers. Both xCT and Glutl were co-expressed in CDIlc”

dendritic cells, F4/80" macrophages, and CD3" T cells. Scale bar =20 um.
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Figure 8. Confocal microscopic images of the middle colon from CD4'CD45RB"€" T cell-

"gc”” mice. Images show expressions of xCT (white), Glutl

transferred-mice and Rag2

(green), and immune cells (red). Expressions of xCT and Glutl in T cell-transferred Rag2™”
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gc”” mice were significantly enhanced in the epithelium and lamina propria. Scale bar = 100

um.,
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Proximal Middle Distal

CD4+*CD45RBNgh T-cell transferred mice

Figure 9. Confocal microscopic images of the proximal, middle, and distal colon from T

cell-transferred mice. Images show expressions of xCT (white), Glutl (green), and immune

cells (red). Yellow arrows indicate co-expression of xCT, Glutl, and immune cell markers.

Orange arrows indicate co-expression of Glutl and immune cell markers. White arrows

indicate co-expression of xCT and immune cell markers. Most CD11c" cells co-expressed

XCT and Glutl while F4/80" and CD3" cells partially co-expressed xCT and Glutl in the
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whole region of colon. Scale bar = 100 um.
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Figure 10. Confocal microscopic images showing cells with co-expressions in the colon

from T cell-transferred mice. Images show expressions of xCT (white), Glutl (green), and

immune cells (red). Yellow arrows indicate cells with co-expression of xCT, Glutl, and

immune cell markers. Both xCT and Glutl were co-expressed in CD11c¢" dendritic cells,

F4/80" macrophages, and CD3" T cells. Scale bar =20 pum.
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Table 1. Dextran sodium sulfate (DSS)-treated mice and their controls: Colitis severity and

PET findings

Group No. DAT' l(e::’lg’t‘l‘l o fcflf‘e""’gic g(le:]G FDG SUV

Control 1 0 10.8 1.0 1.9 13
2 0 10.5 2.8 11 1.0
3 0 10.6 0.0 0.5 0.9
4 0 1.5 2.0 0.8 11
5 0 1.5 1.0 0.7 0.9
6 0 9.5 2.4 0.7 0.6

b 1 2.0 7.9 23 25 3.7
2 1.7 8.7 14.7 25 2.7
3 2.0 9.0 20.5 35 26
4 23 7.7 18.0 2.1 3.6
5 33 8.4 32.0 1.8 13
6 1.7 9.2 13.7 13 33
7 0.7 9.7 10.5 1.0 11
8 23 9.5 16.7 3.9 1.2
9 13 9.5 9.2 2.8 0.9
10 0.7 9.2 13.5 22 0.8
1 3.0 8.1 5.8 1.2 26
12 13 8.2 10.0 0.5 0.8

P-values' <0.001  0.001 0.02 0.02 0.08

"DAI (Disease activity index)

T P-values between DSS-treated mice and their controls
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Table 2. T cell-transferred mice and their controls: Colitis severity and PET findings

*

Pathologic

Group No. DAI oah FSPG SUV  FDG SUV
Control 1 0 0.8 0.8 0.9
2 0 1.0 0.8 0.7
3 0 1.2 0.6 0.6
4 0 0.6 0.7 0.9
5 0 1.6 0.7 0.6
6 0 0.4 0.6 0.8
7 0 0.8 0.6 1.0
8 0 0.6 0.5 0.8
9 0 1.6 0.7 1.6
10 0 0.4 0.9 1.2
! gzg,er 1 2.0 1.7 6.2 18.8
2 3.0 7.4 32 12.4
3 1.0 7.1 2.9 33
4 4.0 14.8 33 8.1
5 4.0 12.6 32 8.5
6 25 6.4 5.1 7.9
7 4.0 10.9 3.6 74
8 1.5 7.6 6.8 16.7
9 25 8.3 5.6 9.3
10 3.0 123 45 8.5
1 1.5 7.9 5.1 7.0
P-values' <0.001 <0.001 <0.001 <0.001

"DAI (Disease activity index)

 P-values between T cell-transferred mice and their controls
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