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Abstract

Background: Evolving immune-mediated therapeutic strategies for rheumatoid arthritis (RA) may benefit from an improved
understanding of the complex role that T-cell activation plays in RA. This study assessed the potential of fluorine- 18-labeled 9-3-p-
arabinofuranosylguanine (['SF]F-AraG) positron emission tomography (PET) imaging to report immune activation in vivo in an
adjuvant-induced arthritis (AIA) small animal model.

Methods: Using positron emission tomography—computed tomography imaging, uptake of ['®F]F-AraG in the paws of mice
affected by arthritis at 6 (acute) and 20 (chronic) days following AIA induction in a single paw was assessed and compared to
uptake in contralateral control paws. Fractions of T cells and B cells demonstrating markers of activation at the 2 time points were
determined by flow cytometry.

Results: Differential uptake of ['®F]F-AraG was demonstrated on imaging of the affected joint when compared to control at both
acute and chronic time points with corresponding changes in markers of T-cell activation observed on flow cytometry.

Conclusion: ['®F]F-AraG may serve as an imaging biomarker of T-cell activation in inflammatory arthritis. Further development
of this technique is warranted and could offer a tool to explore the temporal link between activated T cells and RA as well as to
monitor immune-mediated therapies for RA in clinical trials.
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Introduction Understanding the relationship between T cells and the pro-
gression of RA has been instrumental in expanding the number
of potential RA therapies.'®!" Rituximab, a monoclonal anti-
body directed against the CD20 antigen, has been used for
many years in the treatment of RA in the approximate 40%
of patients who do not respond to methotrexate, but its indirect

Molecular imaging methods play a pivotal role in gaining a
better understanding of the immunologic evolution of rheu-
matoid arthritis (RA) and will likely be critical to patient
selection for and clinical monitoring of immune-based
therapies for RA in the future. The complex roles that T
cells and T-cell activation play in the development and
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role in T-cell depletion in peripheral blood in responders was
only appreciated more recently.'>'* Newer therapies specifi-
cally target T cells or mediators of T-cell activation.'>'® Cyto-
toxic T-lymphocyte-associated antigen 4 IgG1 (CTLA4Ig) is a
costimulation blocker that binds to CD80 and CD86 on antigen-
presenting cells, preventing their ability to bind CD28 and
thereby activate T cells.'” Rheumatoid arthritis therapeutics with
other immune-modulating targets, such as antibodies to tumor
necrosis factor alpha, have demonstrated the ability to decrease
radiographic progression of RA.'® These newer therapeutic tar-
gets have complex and variable effects on T-cell activation, and
current therapeutics aimed at any one of these targets have vary-
ing interactions with the inflammatory environment, highlight-
ing the urgency to develop tools to both investigate relationships
of immune-modulating networks in vivo and monitor the
immune-based effects of therapy in patients.'*2

In vivo positron emission tomography (PET) imaging has been
utilized to explore various points of the immune-mediated
pathways targeted by new immunotherapeutics. Imaging targets
have included PD-1/PD-L1, translocator protein, CD8* T cells, T
cell receptor (TCR)-transgenic T cells, and others.?’* A
minority of these approaches has been translated into humans.>*

All aforementioned approaches are limited to directly label-
ing T cells or tracking TCR-transgenic T cells or T cells altered
genetically or otherwise. Direct imaging of native T cells
recruited in response to anti-CTLA-4 immunotherapy in a mur-
ine tumor xenograft model of colon cancer using the CD3 PET
imaging agent [*°Zr]-p-isothiocyanatobenzyl-deferoxamine-
CD3 was only demonstrated recently by Larimer et al.>> An
approach to native T-cell imaging that differentiates activated
from nonactivated cells to further characterize the evolution of
the immune response would significantly advance the utility of
PET-based imaging of T cells and its use in evaluating inflam-
matory activity in diseases such as RA both before and follow-
ing treatment.

Fluorine-18 labeled 9-B-p-arabinofuranosylguanine (['*F]F-
AraQ) is a positron-emitting guanosine analog that can be phos-
phorylated by salvage pathway enzymes, deoxyguanosine kinase
and deoxycytidine kinase. Phosphorylated ['*F]F-AraG accumu-
lates in activated T cells, allowing imaging with PET. ['®F]F-
AraG, a labeled deoxyribonucleoside, accumulates in nonneo-
plastic activated T cells over nonactivated T cells, and its appli-
cation in imaging activated T cells in graft-versus-host disease
has recently been demonstrated.>®*” The aim of this feasibility
study was to evaluate ['*F]F-AraG imaging as a means to selec-
tively and noninvasively assess the presence of an activated
immune environment in the affected joint of an immune-
mediated small animal model of arthritis, previously shown his-
tologically to involve a mechanism of T-cell infiltration and
activation.

Materials and Methods

All experiments involving animals were performed with
approval of and oversight by the Institutional Animal Care and
Use Committee.

Chemicals and Antibodies

Unless otherwise noted, all supplies were purchased from
Sigma Aldrich (St Louis, Missouri). Fluorophore-
conjugated antibodies (all purchased from BD-
Pharmingen, San Diego, California) to the following
murine marker epitopes (fluor and clone) were acquired:
anti-CD3e (PE Cy7, 145-2C11), anti-CD4 (APC Cy7,
GK1.5), anti-CD8 (Alexa 700, 53-6.7), anti-CD11b (APC
Cy7, M1/70), anti-CD11c (PE Cy7, HL3), anti-CD19 (PE
Cy7, 1D3), anti-CD44 (FITC, 1M7), anti-CD45.2 (V500,
104), anti-CD62 L (APC, MEL-14), anti-CD69 (PE,
H1.2F3), anti-CD80 (FITC,16-10A1), and anti-CD86
(PE, GL1). Anti-F4/80 (e450, F4/80) was purchased from
eBioscience (San Diego, California), and anti-CD25 (PE
D594, PC61) was purchased from Biolegend (San Diego,
California).

Preparation of the Adjuvant-Induced Arthritis
Animal Model

Adjuvant-induced arthritis (AIA) was generated in the right
hind paw (affected paw[AP]) of 12 BALB/C mice (25-30 g,
aged 8-10 weeks) by means of a single injection of 0.4 mL/kg
Freund’s complete adjuvant (CFA; Lee Laboratories, Grayson,
Georgia) into the subcutaneous plantar tissue. Equal volume
(=12 pL) of sterile 0.9% sodium chloride was injected into the
subcutaneous plantar tissue in the left hind paw of each animal
as control (control paw[CP]).

Preparation of [ ! 8F]F—AraG

['®F]F-AraG was prepared via aromatic nucleophilic sub-
stitution from a previously published procedure. ' Using a
cyclotron (PETtrace; General Electric Healthcare, Chicago,
Illinois), no carrier-added ['®F]fluoride ion was prepared
via the '8O(p, n)'®F reaction and transferred to an auto-
mated synthesis module (Neptis Perform; ORA, Philippe-
ville, Belgium). The fully automated process provided
HPLC-purified ['®]F-AraG in radiochemical purities of
greater than 95% (HPLC analysis) with specific activities
ranging from 3 to 8 Ci/pmol (111-296 GBq/pumol) and
decay-corrected radiochemical yields of 2% to 5% (total
synthesis time 95 minutes).

['®F]F-AraG PET Imaging

At 6 and 20 days following preparation of the AIA model, 125-
150 pCi (4.625-5.55 MBq) ['®F]F-AraG was administered
intravenous by tail vein injection (n = 3). Dynamic (4 X 5
minutes) whole-body p PET-CT imaging (Siemens Inveon
MicroPET/CT, Knoxville, TN USA) was performed 50 to 70
minutes following radiopharmaceutical administration. Region
of interest analysis of PET images was performed over the AP,
CP, and liver for each mouse at each time point.
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Histopathology

Both a control and an inflamed paw were dissected, fixed,
decalcified with Kristensen solution, embedded in paraffin, and
sliced with a microtome for staining with hematoxylin—eosin
for subsequent qualitative histologic analysis.

Flow Cytometry Analysis

Nonimaged AIA models were sacrificed at 6 (n = 4) and 20
(n = 4) days following model preparation. Each AP and CP
was minced, as were all lymph nodes from AP and CP
draining regions and spleens from 1 mouse each at the 6-
and 20-day time points. All tissues were placed in a diges-
tive mixture containing DNAse, fraction 4 low tryptinase
collagenase (Worthington Biochemical Corp, Lakewood,
New Jersey), magnesium acetate, and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer in Roswell
Park Memorial Institute (RPMI)1640 medium supplemen-
ted with 5% calf serum for 1 hour at 37°C, after which 1/
10th volume 0.5 M EDTA was added and cells were
strained to remove conglomerates. Following filtration and
removal of red cells by ammonium chloride buffer lysis,
cells were washed and suspended in phosphate-buffered
saline (PBS). Dead cell discrimination was achieved by
staining the cells with violet amine reactive dye (Thermo
Fisher, Carlsbad, California). Cells were washed once with
PBS supplemented with 1% FBS and resuspended in PBS:
FBS for every 1 x 10° cells for 15 minutes. Nonspecific
antibody binding sites were preblocked with 2 pL anti-
CD16/32 and 0.5 pL hamster IgG for 15 minutes on ice.
The cells were washed and passed through a 35-micron
nylon mesh and divided into 200 pL aliquots, each contain-
ing approximately 1 x 10° cells to which was added fluor-
conjugated antibody (0.1-0.3 pg) for 20 minutes on ice.
Cells were then washed, resuspended in PBS: FBS with
1% paraformaldehyde and events acquired on a 4 laser
(407, 488, 561, 633 nm) FACSAria III flow cytometer
(BD Biosciences, Palo Alto, California). Single stained and
unstained controls were used to define sorting gates and to
adjust fluorescence compensation. FlowJo software (Trees-
tar, Palo Alto, California) was used postacquisition to
adjust fluorescence compensation and set gating.

Lymphocytes and monocyte/macrophages were gated
using FSC and SSC scatter plots. Events that excluded the
violet dye and were CD45.2 positive were considered live
tissue-resident leukocytes and analyzed for further expres-
sion of T, B, or macrophage markers. CD3 expression was
used to identify T cells, CD19 expression to identify B cells.
Macrophages were gated as CD11b-positive and CDl11c-
negative cells. T, B, and macrophage subsets were then
further analyzed for the expression of markers in their anti-
body staining panels.

T, B, and macrophage subpopulations and their activation
status were determined by cytometry using the following anti-
body combinations:

Figure 1. Coronal images of representative subjects at 6 days (top)
and 20 days (bottom) following initial model preparation. For both
time points: (A) PET image, (B) fused PET-CT image, (C) fused PET-
CT image rescaled to demonstrate difference in uptake between paws.
A = arthritic paw (adjuvant injection); C = control paw (saline
injection). PET indicates positron emission tomography; PET-CT,
positron emission tomography—computed tomography.

CD4" and CD8" T cells: antibodies to CD3, CD4, CDS,
CD69, CD62 L, CD44, and CD25.

B cells: antibodies to CD19, CD69, and CDS80.
Macrophages: antibodies to CD11b, CD11c, F4/80, CDS8O0,
and CD86.

Results
Imaging

Images demonstrated a visually detectable signal difference
between the AP and CP in each animal, with Figure 1 demon-
strating representative imaging from an animal. Compared to
the CP, the AP in the AIA model demonstrated 7- to 9.5-fold
greater signal in the acute phase (6-day postarthritis induction)
and 1.5- to 4.5-fold greater signal in the chronic phase (20-day
postarthritis induction; Figure 2).

Flow Cytometry

No significant differences were found between the percentages
of counted cells that were CD4 or CD8-positive T-lymphocytes
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Figure 2. Average percentage injected dose per volume in paws on
PET images in control and affected animals and ratio of signals
(affected/control) measured on days 6 and 20. PET indicates positron
emission tomography.

(gated as live CD45", CD3", CD4*, CD8™ cells) between the
CPs and APs or between the 2 time points. The percentage
of lymphocytes that were T cells remained constant between
the 2 time points for the APs, whereas it decreased signif-
icantly between the early and late time points for the CPs (P
< .001). The percentage of T cells that were CD4" or CD8*
did not differ between CPs versus APs at either of the time
points.

Indicators of T-Cell Activation

Figure 3A provides an overview of the differences in cell
markers of T-cell activation between CP and AP at the time
points studied. T-cell expression of CD25 differed signifi-
cantly between AP and CP paws at 6 days (P < .05) but not
at the 20-day time point. CD44 did not differ significantly
between AP and CP paws at either time point. The percent-
age of CD4" T cells that were CD69" were significantly
greater in the AP when compared to CP at the earlier time
point (P < .01), but there was no significant difference
found at the later time point. A higher percentage of CD4*"
cells from the APs were CD69 " at the earlier time point (P <
.001; Figure 3A). No significant difference was found between
the APs and CPs in the percentage of CD8" T cells that were
CD69"; however, CD69 positivity of CD8" cells decreased
between the early and late time points (P < .01 for AP; P <
.01 for CP; Figure 3A). CD69 mean fluorescence did not differ
between CD4" or CDS8™ control and APs at either time point
or within either treatment group between time points. Figure
3B provides an overview of the differences in CD62 L
expressed by T cells as they go into memory phase, prior to
homing to lymph nodes, indicating deactivation. Ki67 staining
demonstrated greater activity of CD8" T-effector cells in APs
when compared to CPs (Figure 4).

Indicators of B-Cell Activation

Figure 3C provides an overview of the differences in cell mar-
kers of B-cell activation between CP and AP at the time points
studied. The percentage of CD19" B cells, indicating facili-
tated B-cell receptor signaling, were significantly greater in the
AP when compared to CP (P < .05) at the earlier time point. B
cells from APs demonstrated a significantly higher mean fluor-
escence and a higher percentage of CDS80 positivity (P <.001),
essential for autoreactive T-cell activation, at the earlier time
point versus the later time point (Figure 3C).

Indicators of Macrophage Activity

There was no significant difference in percentage of CD11b*
macrophages between CPs and APs. However, in both groups,
the percentages decreased significantly between the early and
late time points (P < .01 for controls, P < .01 for affected).
Macrophage CD80 expression did not differ between AP and
CP paws.

Lymph Nodes

A single lymph node was taken from the nodal basin draining
the CP and AP in each animal, and all cells from each of the
respective groups were combined into a single sample for
flow cytometry. Trends in the relative CD expression levels
of cells from draining nodal basins matched findings in the
primary site.

Histology

Microscopy with hematoxylin—eosin stain (x200) demon-
strated inflammatory cell infiltrate in cartilage of APs but not
CPs (Figure 5).

Discussion

The aim of this feasibility study was to provide initial assess-
ment of the ability of ['®F]F-AraG to report the in vivo pres-
ence of an activated T-cell environment in an animal model of
inflammatory arthritis using noninvasive PET imaging. A PET
approach to native T-cell imaging that differentiates activated
from nonactivated cells to further characterize the evolution of
the immune response would significantly advance the utility of
PET-based imaging of T cells and its use in evaluating inflam-
matory activity in diseases such as RA both before and follow-
ing treatment.

The AIA animal model of inflammatory arthritis was used
whereby CFA was administered into the paw of mice at the
level of the ankle. Freund’s complete adjuvant is an emulsion
made by combining paraffin oil containing the surfactant man-
nide monooleate with an aqueous suspension of heat-killed
mycobacteria that serves as the antigen. Freund’s complete
adjuvant generally produces transient activation and prolifera-
tion of CD4 ™ T cells. The mycobacterial antigenic components
of CFA provide signal inducing T cells to assume a Th1 profile,
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Figure 3. Summary of cell surface marker expression at 6 and 20 days. A, Percentages of T-cell populations expressing markers of activation
including CD25 (only CD4™ cells tested), CD44 (only CD4™ cells tested at 6 days), and CDé9 (both CD4* and CD8™ cells populations tested).
B, Percentages of T-cell populations expressing CD62 L marker of resting state (only CD4™ cells tested at 20 days). C, Percentage of CD4" B-
cell populations expressing markers of activation including CD19 and CD80. (*P < .05; **P < .0l).

manifesting in a robust delayed-type hypersensitivity reaction.
Freund’s complete adjuvant induces arthritis in animal models
characterized by an acute phase of inflammation around the
joint, followed by a chronic phase that involves bone. This

chronic arthritis is CD4" T-cell dependent, possibly mediated
by cross reaction of host T cells with mycobacterial heat shock
protein (HSP) epitopes and the host’s own HSP. Freund’s com-
plete adjuvant also generates cytokines and other signals that
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and CD8" (C) cells from affected (red) versus control (blue) paws.



Franc et al

Figure 5. Hematoxylin—eosin stain (x200) demonstrating inflammatory cell infiltrate in cartilage of affected (A) versus control (B) paws at day 6.
B = bone; DS = dorsal surface; | = inflammation; M = muscle; T = tendon.

change rates of leukocyte proliferation and differentiation, pro-
viding an overall prolongation of the immune response.*®

['®F]F-AraG PET imaging in this study demonstrated spe-
cific uptake within the AIA-injected paw (AP) when compared
to the CP in the same animal at both early and late time points.
This specific uptake corresponded to the presence of T-cell and
B-cell epitopes indicative of T-cell activation and evidence of
greater CD8 " T-effector cell activity rather than any significant
difference in cell fractions of lymphocytes. The pattern of mar-
kers of T-cell activation in the AP was reflected in the lymph
node region draining the AP.

Although Ki67 staining provided evidence of proliferation
of CD8™ T cells in the AP but did not demonstrate CD4* T-cell
proliferation, the complementarity of measures of proliferation
and flow cytometry analyses of activation antigens is well
documented.*® In this study, the combination of these assays
further supported the presence of an active cell-mediated
immune response occurring within the AP, as indicated on
['®F]F-AraG PET imaging. The time course of the T-cell acti-
vation environment observed on ['®F]F-AraG PET and corro-
borated by flow cytometry analysis in the present study is in
keeping with similar models that have demonstrated peak sple-
nic populations of activated T cells at approximately 2 weeks
following paw injection.*®

The study was limited to imaging at 2 discrete time points,
one chosen to reflect the molecular and cellular characteristics
of “acute” inflammation and the other chosen to represent the
“chronic” inflammatory environment. The rate of immune-
mediated response will naturally vary between animals, and
the exact constituents of the immune response likely depends
somewhat on the exact site of adjuvant injection. The make-up
of the cellular response at the given time points cannot, there-
fore, be precisely predicted and did vary across animals. There-
fore, it was not surprising that not all markers of T-cell
activation were significantly higher on flow cytometry analysis
of cells from the joints and lymph nodes from AIA-affected
paws when compared to control. Different stimuli have been
shown to produce variations in the percentages of CD4" and
CDS8™" T cells expressing any given activation antigen, with the

variation mediated by a complex network of cytokine signals,
the levels of which are also highly dependent on the stimuli and
observation timing.***' An additional limitation of the study
was the requirement to perform imaging on a cohort of animals
in which AIA was induced in a similar manner at the same
time point as the animals whose tissues underwent cellular
analysis. In the case of radiolabeled nucleobase analogs, such
as 1-(2’-deoxy-2’-['®F]fluoroarabinofuranosyl) cytosine
(['"®F]FAC), T cells, B cells, macrophages, and granulocytes,
all demonstrate some level of accumulation of the tracer.*?
['®F]F-AraG would be expected to demonstrate a similar lack
of specificity for accumulation in hematogenous cell lines and
would, therefore, rely on the amplification of uptake by T
cells in the activated state. The inability to directly correlate
levels of activated T cells with signal on PET prohibits the
ability to provide direct quantitative correlation between
[18F]F-AraG and number of activated T cells in the tissue.
However, the reflection of an environment of activated T-cell
immunity was clearly evident.

The ability to characterize the temporal and spatial evolu-
tion of inflammatory arthritis in vivo will allow improved
understanding of the similarities and differences in the devel-
opment of RA in patients with various genetic mutations con-
tributing to their RA as well as the relationship of RA
development with other factors such as the external environ-
ment.****> By detecting active inflammation in the joints or
elsewhere early in patients known to be at risk for the devel-
opment of RA, treatment may be able to be initiated earlier,
even prior to clinical onset of disease.*®*’

Conclusion

['®F]F-AraG PET provides a noninvasive means of reporting
an activated immunological environment in inflammatory
arthritis and appears to correspond to the presence of activated
T cells. Further development of this technique in small animal
models of RA is warranted and could offer a tool to further
explore the temporal link between activated T cells and RA as
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well as to monitor immune-mediated therapies for RA in clin-
ical trials.
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