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Abstract
Background & Aims—Uptake of [18F]1-(2’-deoxy-2’-arabinofuranosyl)cytosine (D-FAC) is a
distinctive trait of activated lymphocytes; its biodistribution predominates in the spleen, thymus, and
bone marrow. In addition to these immune compartments, D-FAC is taken up at high levels by the
intestine. We analyzed the regional specificity of uptake and the cell types that mediate it.

Methods—In mice, 3-dimensional isocontour regions of interest (ROIs) were drawn based on
computed tomographic images to quantify intestinal signals from micro positron emission
tomography (PET) scans. To ascertain the cell type responsible, intestinal epithelium and immune
cells were isolated and D-FAC uptake was analyzed, in vitro. Mice deficient in mucosal homing
(β7 integrin-/-), enteric microbiota (germ-free), or active for immune colitis (Gαi2-/- CD3+
transferred into Rag-/- recipients) were studied.

Results—Strong uptake of D-FAC was detected throughout the intestine, with greatest signal per
ROI in the duodenum. Fractionation of intestinal cell types after in vivo uptake revealed that the
signal was almost entirely from epithelial cells. Among resident immune cell types, CD4+ T cells
showed the greatest per-cell and total uptake. D-FAC uptake increased in both the intestine and
systemic lymphoid sites during colitis. Compared to fluorodeoxyglucose, increased uptake of D-
FAC in the small and large intestine occurred at an earlier stage of disease development.

Conclusions—Uptake of D-FAC is a prominent trait of normal mouse intestinal epithelial cells,
which is useful for their non-invasive visualization by PET. Increased uptake of D-FAC reflects the
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activity of the epithelium and lymphocytes, providing a unique early marker of intestinal
inflammation.

Keywords
positron emission tomography; inflammatory bowel disease; fluorodeoxyglucose; cytosine
nucleoside

INTRODUCTION
Imaging of the immune system has the potential to allow non-invasive whole body visualization
of autoimmune diseases, anti-tumor response, graft versus host response, infectious disease
clearance, and the activity and localization of therapeutics designed to activate or repress the
immune response. Whole-body imaging of the immune system has been pioneered using
bioluminescence imaging as well as positron emission tomography utilizing reporter systems
expressing exogenous enzymes and 18F-9-[4-fluoro-3-(hydroxymethyl)butyl]guanine
(FHBG) (1-3) or substrates of endogenous targets using fluorodeoxyglucose (FDG) (4,5).
While bioluminescent detection permits highly sensitive localization of immune cells (6,7), its
use in humans is limited because light is absorbed and scattered by tissue, limiting its use to
superficial sites and small animals (8). PET-based immune imaging initially focused on
lymphocytes recombinantly engineered with genes suitable for PET reporters, such as herpes
simplex virus thymidine kinase (HSV-tk), imaged via intracellular trapping of a phosphorylated
gangcyclovir substrate. While not limited by tissue depth, this technology is limited by the
requirement for an exogenous reporter gene, and potential problems with cis effects of HSV-
tk on cellular function, and immunogenicity of a non-native enzyme (9).

A distinct and translationally important strategy is to develop imageable substrates of
endogenous target molecules in immune cells. The first such agent to be employed was FDG,
whose uptake and retention depends glucose facilitated transport and trapping the probe in
immune cells through phosphorylation by hexokinase. Immune cells have been shown to
increase their glucose transporters upon antigen activation making them a target for FDG
(10), and this has been exploited for FDG-PET imaging of tissue-localized inflammation (4,
11), including immune colitis in mice (5,12) and humans (13-16). Clinically, FDG-PET
detected areas of active inflammation and focal lesions within the bowel, showing a high
sensitivity and specificity when compared to other standard measurements from histology
(14), colonoscopy (13-16), and Crohn’s disease activity index (15,16). In murine colitic
models, FDG-PET detected both mild and severe forms of disease and preceded detection by
histologic methods (5). However, increased glycolysis can occur in a variety of conditions in
other normal tissues and cell types, and is a trait of most neoplasms (17). Accordingly,
differential assessment of immune activity by FDG uptake is limited in neoplasms and other
tissues exhibiting states of high glycolysis.

The [18F] 1-(2’-deoxy-2’-arabinofuranosyl) cytosine (D-FAC) probe was developed as part of
a broader effort to identify diverse molecular transport systems representing cellular biologic
states meaningful to tissue type, physiologic state, or disease biology. D-FAC was identified
through a differential screen of activated versus resting T cells, and demonstrated by in vivo
uptake to localize at sites of immune system activation (18). D-FAC was selected against other
possible nucleoside probes for preferential uptake in activated CD8+ lymphocytes. The
biodistribution of D-FAC differs from FDG by high selectivity for immune organs such as the
spleen, bone marrow, and thymus not readily visible with FDG. In addition, D-FAC uptake is
high in the gastrointestinal tract. However, uptake is absent in non-immune organs such as the
heart, brain, and muscle.

Brewer et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In this study, we investigated the region of intestine responsible for the high uptake and
retention of D-FAC to determine whether this is immune-based. Surprisingly, we find that D-
FAC uptake in the normal murine intestine is mainly of epithelial origin. In addition, intestinal
D-FAC uptake is strongly affected by antigenic stimulation and inflammation, with decreased
signal when enteric antigenic stimulation is lacking, and increased signal with inflammation
both locally in the intestine and systemically in the spleen and bone marrow. D-FAC thus
uniquely ermits visualization of the state of the epithelium both in health and disease.

MATERIALS AND METHODS
Probe Synthesis

D-FAC synthesis was performed as recently reported (18). FDG synthesis was performed by
standard procedures (19).

Mice
Germfree mice (C57Bl/6J) were obtained from the National Institutes of Health Gnotobiotic
Resource (College of Veterinary Medicine, North Carolina State University). Sterility of
germfree mice was documented monthly by fecal Gram stain and aerobic and anaerobic
cultures of the feces and bedding. Mice were shipped in sterile isolation containers and used
immediately upon arrival. Gαi2-/- mice (129 background) were bred at the UCLA Department
of Laboratory and Animal Medicine. Integrin β7-/- (C57BL/6 background) and B6.129S7-
RAG1tm1Mom/J mice were purchased from Jackson Laboratories (Bar Harbor, ME). All animals
were female and age matched to controls. All procedures involving animals were performed
under approved protocols of the UCLA Animal Research Committee

For Gαi2-/- CD3+ transfer experiments, cells were isolated from the spleen and mesenteric
lymph nodes of mice displaying colitic symptoms. CD3+ T cells were positively selected for
using CD90 beads (Miltenyi Biotec, Auburn, CA). 8-10 week old mice B6.129S7-
RAG1tm1Mom/J were injected intravenously with 2 - 2.5 × 106 Gαi2-/- CD3+ T cells (20). Mice
were imaged at one to five weeks post transfer as indicated.

PET procedure and analysis
PET imaging was performed according to (5). Mice undergoing a FDG scan were fasted
according to the standard protocol to reduce glucose competition while those undergoing a D-
FAC scan were fed ad libitum. FDG and D-FAC scans were separated by one day. Briefly,
mice were oral gavaged with 100μl of diatrizoate meglumine and ditrizoate sodium solution
(MD-Gastroview, Mallinckrodt Inc., St. Louis, MO) to illuminate the small intestine before
being anesthetized with 2% isoflurane. Mice were intravenously injected with 200-250 μCi of
D-FAC or FDG and allowed one hour of unconscious uptake. Immediately prior to scanning,
the bladder was expelled and the mice underwent a 300μl enema of the diatrizoate meglumine
and diatrizoate sodium solution to illuminate the large intestine. Mice were kept on 30°C heated
beds throughout uptake and scanning. Mice were imaged in the Crump Institute for Molecular
Imaging at UCLA using the microPET Focus 220 PET Scanner (Siemens Preclinical Solutions,
Knoxville, TN) and Microcat II Scanner (Siemens Preclinical Solutions). Each mouse
underwent a 10 minute static PET scan, at 60 minutes after administration of FDG or D-FAC,
followed by an 8 minute CT scan.

AMIDE (21) was used to analyze overlaid CT and PET scans. Regions of interest (ROIs) were
generated and analyzed according to (5). Contrast based isocontour ROIs were generated for
the intestine and bone marrow using whole-body CT cropping. The spleen was defined using
a single elliptical ROI on the PET image. ROI values were generated by AMIDE in %ID/g
after input of the individual decay corrected dose and cylinder calibration factor. Standard
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uptake value (SUV) was calculated from %ID/g by correction for body weight. Noncontiguous
ROIs were combined using the following formula: (meani × number fraction voxelsi) / (number
fraction voxelsi).

For some experiments, direct gamma counts of intestinal regions were determined by
harvesting small and large intestines (excluding cecum), cut into regions without washing, and
gamma counted using a Perkin Elmer Wizard 3 instrument (Waltham, Massachusetts).

Isolation of intestinal lymphocytes and epithelial cells
Mice were individually injected with 1mCi of D-FAC, and allowed 1 hour of uptake before
the spleen, small intestine, and large intestine (including cecum) were harvested. Nucleated
spleen cells were isolated by red blood cell lysis. Intestinal lamina propria and intraepithelial
(IEL) lymphocytes were isolated as described in (22), and epithelial cells were isolated from
the DTT wash fraction (IEL) at the top of a 40:80% Percoll gradient. The cell number was
determined by hemocytometer counter stained trypan blue exclusion. The IEL and LPL cells
for each mouse were combined, keeping the small and large lymphocytes separate, and the
cells were then quantified for uptake using a gamma counter.

Cellular Fractionation
IEL and LPL preparations were combined for 4 mice (keeping the cells from the large and
small intestine separate) before proceeding with fractionation. Four serial positive selection
sorts were performed using magnetic beads (Miltenyi Biotec). Cells were first sorted for CD4
+ then CD8+, CD19+ and CD11b+ sequentially. The remaining cell population was kept for
analysis. Cell number was determined and gamma counts were taken of each cell population.

Statistics
Comparison of two groups of mice was performed using a two-sided Student t test with a 95%
confidence interval. Analysis was performed using Graph Pad prism software (Graph Pad
Software, San Diego, CA). Significance was defined as P< 0.05.

RESULTS
High intestinal D-FAC signal is regionally concentrated in the duodenum

The intestine in wild type mice had a substantial D-FAC signal as visualized in Fig. 1A. The
signal intensity in the duodenum, ileum and jejunum, and colon was comparable in %ID/g to
organs of known high uptake (18) including the bone marrow and spleen (Fig. 1B). Upon
injecting 18F-D-FAC (~1mCi) and a one-hour biodistribution period, the intestines were
removed and sectioned into 5 regions, each of a standard length. The cecum, an anatomically
distinct region, was also isolated. Among these regions, the duodenum had the highest counts
per minute per cm (Fig. 1B).

We initially reasoned that D-FAC uptake would be attributable to intestinal lymphocytes.
Therefore, we examined β7-/- mice, which have greatly reduced lymphocytes in the intestinal
mucosa and Peyer’s patch formation due to impairment of αEβ7-dependent mucosal
lymphocyte homing (23). However, surprisingly no significant reduction in this signal was
seen (Fig. 1D). Quantitation in a series of mice by %ID/g further demonstrated that D-FAC
uptake was comparable in β7-/- and wildtype mice (Fig. 2A).

Germ-free mice were then examined, which due to a lack commensal gut flora, have a decrease
in both lymphocyte number as well as an altered intestinal microscopic structure, such as
truncated villi (24,25). As shown in Fig. 1D, duodenum in germ-free versus wildtype mice was
not statistically significant. The lack of significant signal reduction indicates that microbially-
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activated immune cells are not solely responsible for the signal present in the duodenum of
wild type mice. Conversely, intestinal immune inflammation was induced by transfer of
Gαi2-/- CD3+ T cells into RAG-/- mice followed by 4 weeks to permit formation of colitis.
When mice were imaged at this time, a significantly higher uptake of D-FAC was seen in the
duodenum (Fig. 1D). Thus, the presence of inflammation increased the transport and retention
of D-FAC in this region of the intestine.

The majority of intestinal uptake of D-FAC is of epithelial origin in healthy intestines
The cellular basis of D-FAC uptake was further analyzed by direct gamma counts of tissues
and fractionated cell types (epithelium and immune cell types), after injection of 1mCi/mouse
D-FAC and the imaging at one hour post injection of in vivo D-FAC biodistribution (Figure
2). In comparing total isolated cells, the epithelia of both the large and small intestine contained
the great majority of the total activity (Fig. 2B). Thus, the high intestinal D-FAC uptake was
attributable primarily to the intestinal epithelial cell compartment.

Intestinal immune cells were an additional but minor contributor to D-FAC uptake (Fig. 2B).
To further define the relative cell types involved, intestinal mononuclear cells (IEL and LPL)
were combined from four mice, and sequentially positively selected for CD4+, CD8+, CD19
+, CD11b+ and remaining cells. These fractions were then assayed for quantitative D-FAC
uptake by gamma counter. The CD4+ population both in overall counts per minute as well as
counts per minute per cell was significantly higher than all other immune cell populations
studied (Fig. 2C). Therefore, under normal conditions, the source of the cellular signal appears
to be mainly epithelial in nature; but of the contribution made by the immune cell components,
CD4+ T cells take up the most probe per cell.

D-FAC biodistribution in mice differing in microbial or immune inflammatory stimulation
The preceding findings were further analyzed by performing a detailed in vivo imaging
quantitation of germ-free and immune colitic mice. In germ-free mice, which lack antigenic
stimulation from commensal microbiota, D-FAC uptake was quantitatively lower in regions
of interest of the intestines, spleen and bone marrow (Fig. 3A-3E). Immune colitis is
phenotypically detectable five weeks after transfer of Gαi2-/- CD3+ T cells (5). At this time,
D-FAC uptake was significantly increased in all regions of the intestine relative to WT: the
duodenum (Fig. 1D), small intestine (Fig. 3B), and large intestine (Fig. 3C). This colitic model
also showed systemic immune effects with significantly higher uptake in both the spleen (Fig.
3D) and the bone marrow (Fig. 3E). Thus, D-FAC enabled detection of intestinal changes
associated with both the lack of stimulation and overstimulation of the immune system in both
the intestine and peripheral immune organs.

Increased intestinal uptake of D-FAC in Gai2-/- mice is of epithelial origin
Since immune colitis in Gai2-/- mice involves recruitment of activated lymphocytes to the
intestinal mucosa, we wondered whether elevated D-FAC uptake in these mice reflected the
contribution of this population, or to increased D-FAC uptake in the epithelium. Therefore, the
cellular basis of D-FAC uptake in in Gai2-/- mice was analyzed by direct gamma counts of
isolated epithelium and mucosal (IEL and LPL) lymphocytes, using the same protocol as
described for normal mice (Figure 4). The level of D-FAC uptake in Gai2-/- intestinal
lymphocytes remained very low, and was not significantly changed from that observed in
normal mice (Fig. 4A-4C). In contrast, epithelial D-FAC uptake increased ~2-fold in Gai2-/-
compared to wildtype mice, commensurate with the change observed by whole-body PET
(compare Fig. 4A to Fig. 3B). It is notable that the anatomic distribution of D-FAC uptake was
comparable in in both Gai2-/- and wildtype mice, with elevated uptake in SI vs. LI (Fig. 4A-4C),
and particularly high uptake in the duodenum (Fig. 4D). Moreover, histologic inflammation
was undetectable in the jejunum and duodenum, as previously documented in this colitis model
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((5), and data not shown). Thus, the high intestinal D-FAC uptake was attributable primarily
to the intestinal epithelial cell compartment.

Earlier and more sensitive detection of colitis in D-FAC vs. FDG
In order to establish if D-FAC was able to detect any novel parameter or a difference in the
onset of inflammation in colitic mice, mice were intravenously injected with 2×106 cells
comprising either wild type CD3+ (WT) or Gαi2-/- CD3+ (Gαi2-/-) T cells and evaluated at
one week and again at three weeks post transfer with both D-FAC and FDG. The biodistribution
of the two probes in colitic mice differed with D-FAC showing strong uptake in the duodenum
in WT CD3+ and Gαi2-/- CD3+ transfer. FDG showed minimal intestinal signal at one week
(Fig. 5A). At the three week time point, FDG showed strong large intestine signal in the
Gαi2-/- CD3+ transfer mice (Fig. 5B). These mice were the only ones with clinical disease,
including the parameter of weight loss (Fig. 5C). In evaluating inflammation in the large
intestine, D-FAC showed a significant difference between the WT CD3+ transfer and the
Gαi2-/- CD3+ transfer at one week post transfer (Fig. 5D). This difference in D-FAC uptake
remained at the three week time point.

In this disease model, histologic inflammation is known to emerge later in the ileum relative
to the large intestine. When D-FAC uptake was assessed in the small intestine, it revealed a
significant increase in small intestinal signal at the three week time point. In contrast, FDG
was unable to detect a difference at this time point (Fig. 5E), although elevated small intestine
uptake eventually was detectable at later time points (Brewer et al. unpublished data). The
bone marrow is a unique compartment for D-FAC detection. At three weeks post transfer D-
FAC was able to detect a significant increase in Gαi2-/- CD3+ transfer compared to WT CD3
+ whereas no difference was seen with FDG (Fig. 5F). This is presumably due to an increase
in myeloid precursors in the bone marrow resulting from systemic cytokine secretion in a
diseased state. When bone marrow for these mice was isolated and subjected to a CD123+
positive selection magnetic bead sort, the majority of the cells in the Gαi2-/- CD3+ transfer
bone marrow were shown to be CD123+ whereas almost all cells in the WT CD3+ transfer
were CD123- (data not shown).

DISCUSSION
D-FAC was developed as a probe with the intention of allowing more specific imaging of
immune cells and the immune response in cancer, autoimmunity, and infectious disease (18).
In addition to its preferential uptake in immune organs, D-FAC had strikingly high uptake in
the intestine in mice. Such uptake was anticipated to reflect the large amount of immune cells
resident in the intestine mucosa. However, several lines of evidence revealed that intestinal D-
FAC uptake was predominantly attributable to the intestinal epithelial cells. The distribution
of the signal localized strongly to one region of the intestine, the duodenum, which does not
possess a larger immune population than the rest of the intestine. Genetic (β7-/-) and direct
cell fractionation revealed that the major source intestinal D-FAC uptake in the healthy
intestine was epithelial and not immune cell origin. In microbial antigen-unstimulated mice
(germ-free), all segments of the intestines showed a quantitative decrease. Conversely, in
intestinal mucosa with antigenic activation due to immune colitis (and associated intestinal
epithelial proliferation), all intestinal segments and systemic immune organs were significantly
elevated. As expected, these settings of attenuated and augmented antigenic stimulation were
also associated with concomitant changes in D-FAC uptake by lymphoid and bone marrow
compartments. Therefore, D-FAC not only acts as a marker for the activity of the immune
compartment; but also detects the state of the intestinal epithelium, in a manner quantitatively
more sensitive than FDG in identifying disease-associated immune activation.

Brewer et al. Page 6

Gastroenterology. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



D-FAC uptake was greatest per unit region in the duodenum, and signal intensity there and
throughout the intestine did not change when lymphocyte homing was genetically impaired
(integrin β7-/- mice). This prompted us to consider that the epithelium might be the signal
source, which was indeed validated by direct cellular fractionation. However, it was surprising
that D-FAC uptake varied among epithelium from different intestinal segments. Notably, the
number of cells per villi decreases as position changes from proximal to distal (26,27). This
change in population is accompanied by a corresponding decrease in villous height, but without
changes net epithelial cell production. Since the production rate does not change, the number
of cells per area in the small intestine would account for the uptake pattern seen with D-FAC.
The duodenum in a healthy intestine has the largest number of epithelial cells per villi and is
therefore able to uptake the most probe.

Germfree mice were significantly decreased for D-FAC uptake both in the small intestine and
in the bone marrow. It is notable that small intestines in the germ-free mouse have truncated
villi, and therefore have less epithelial cells per unit length for D-FAC uptake (24,25). Low
levels of tumor necrosis factor-alpha (TNF-α) are thought to be essential for regular migration
of the intestinal epithelial cells (28). Since lymphocytes are sparse in germ-free mice, the transit
time (29) and subsequently the turnover rate (24,30) of the epithelium is doubled. The loss of
villi length and resulting reduction in enterocyte population, in addition to the decreased
turnover time, suggests that a reduced number of proliferating crypt stem cells may be an
important factor in reduced epithelial D-FAC uptake in this setting.

In germ-free mice, there is also an attenuation of the formation of the immune cell components,
so this compartment may also contribute to the reduction of intestinal D-FAC uptake. Both the
gastrointestinal associated lymphoid tissue (Peyer’s patches and mesenteric lymph nodes) are
reduced in size and weight as well as the systemic immune system (spleen and thymus) are
also underdeveloped (24,25). The quantitative decrease in D-FAC uptake in the intestines,
spleen and bone marrow demonstrate the ability of D-FAC to illuminate both the epithelial and
immune deficiency in the intestine as well as the systemic effects of lack of antigen stimulation.
The basis of reduced bone marrow uptake is uncertain, but may reflect systemic antigenic
stimulation resulting from systemic levels of microbial products or emigration of intestinal
immune cells to the bone marrow (31).

Immune colitis was associated with increased intestinal D-FAC uptake. How might such
inflammation increase an epithelial response involving D-FAC uptake? Mucosal epithelial
hyperplasia is a common feature of inflammatory bowel disease (IBD), elicited by
inflammation associated growth factors and response to epithelial apoptosis. Activated IEL T
cells in close contact with the epithelium produce TNF-α and interferon-gamma (IFN-γ), which
induce apoptosis of intestinal epithelial cells (32-34). Apoptosis in inflammatory bowel disease
can be seen throughout the villus: crypt axis of the small intestine and crypts of the large
intestine while in normal intestines this is confined to the villus tips or lumen surface where
normal shedding occurs (33,35). Myofibroblasts also produce metallo-proteases which degrade
the basement membrane and loss of contact causes apoptosis of enterocytes (34,36).

The loss of cells via apoptosis causes an increase in proliferation of the stem cells in the crypts
in order to replace enterocytes {MacDonald, 1999 #33; Evans, 1992 #37}. In the intestine,
apoptosis and proliferation lead to villus atrophy and crypt hypertrophy (32,34). Pro-
inflammatory cytokines including TNF-α affect myofibroblasts causing them to release
keratinocyte growth factor (KGF) (34). KGF has also been seen to be upregulated in IBD
mucosa. KGF, via autocrine enterocyte production of transforming growth factor (TGF-α)
induces proliferation in the crypts. Of particular note, we have recently observed that
dexamethasone treatment reduces D-FAC uptake associated with systemic inflammatory
disease in lymphoid and intestinal sites (18), suggesting that inflammatory D-FAC uptake
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involves a downstream target of dexamethasone therapy. Accordingly, the increase in intestinal
uptake of D-FAC seen in colitic mice can in part be attributed to the increase in proliferation
of stem cells in the crypts of the intestine in order to replace the apoptotic enterocytes. As in
the germ-free mice, the signal cannot wholly be epithelial as there is also an increase in immune
cell proliferation both in the intestine and systemically in both the spleen and bone marrow.

A methodological issue should also be recognized in the interpretation of D-FAC uptake based
on lumenal (gastrograffin) determination of intestinal ROIs. Intestinal motility is impaired in
both germ-free mice, and mice undergoing immune colitis (39). In normal mice, robust motility
results in little residual CT contrast agent in the proximal small intestine (e.g., duodenum) due
to rapid transit time, and hence only a portion of the duodenum is detected in normal mice.
Motility is decreased in germ-free and colitic mice, and therefore larger regions of interest in
the proximal intestine can be identified with contrast agent. The more subtle difference between
wild type and germ-free duodenum is lost due to this limitation, as the proximal small intestine
uptake cannot signal in the wild type mouse is unable to be captured. This is also seen in the
difference between the gamma counts (Fig. 1B) and the regions of interest (Fig. 1C). Whereas
the gamma counts show a clear significant difference between the duodenum and the other
regions of the intestine, the ROIs from the PET scans only show a numerical difference.
However when looking at the whole of the small intestine (Fig. 2B) a statistical difference is
seen when the ROIs become more comparable.

The molecular transporters used by D-FAC and FDG are divergent in two respects. FDG uptake
occurs through the Glut family transporters, these glucose transporters in the intestinal
epithelium are restricted to luminal glucose transport and accordingly cannot be visualized by
blood-derived (parenteral) FDG uptake (5). Thus, intestinal FDG uptake strictly reflects
activity of mucosal immune cells. Conversely, a variety of nucleoside transporters and kinases
participate in D-FAC uptake and uptake, and may contribute to parenteral D-FAC uptake by
epithelial cells. Regarding retention, recent genetic work from our group has established that
deoxycytidine kinase is strictly required for intestinal D-FAC signal (Radu et al., in
preparation). The transporter most likely responsible for uptake of D-FAC is equilibrative
nucleoside transporter 1 (ENT1). This transporter has been shown to be localized to the
basolateral surface in polarized epithelial cells including the human intestine (40,41).
Transforming growth factor (TGF-α) which has been shown to be produced in inflammatory
conditions also increases the expression of ENT1 (42) in enterocytes, which would elevate the
uptake of D-FAC. In comparison to FDG, the ability of D-FAC to read out such changes in
both epithelial and immune cells is a distinct advantage both as a novel biologic parameter and
for sensitivity in detection of disease activity.

Immunity in the gut involves more than just the interaction of the microbiota and immune cells,
but also has a dependence on the epithelial cells both as a physical barrier and an active
participant in immune signaling. Changes in epithelial integrity and structure in the intestine
not only affect the ability to absorb nutrients, but also can lead to a chronic stimulation of the
immune system which has effects both at the intestinal and systemic level. Additionally,
reading out changes in the epithelium of the intestine as well as immune activation is beneficial
because hyperproliferation of the epithelium has been seen in IBD patients even when they are
seemingly in remission (43). This is not trivial as the proliferation of the epithelium is what
leads to intestinal carcinoma. Having a method for evaluating whether or not treatments are
able not only to inhibit immune activity; but also to restore normal epithelial regeneration could
be beneficial in having a more accurate picture of what is occurring in the intestine. D-FAC
provides greater insight into the precarious state of the intestinal mucosa by imaging two
parameters, which both need to be functioning properly in order to prevent disease.
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Abbreviations in this paper

PET positron emission tomography

CT computed tomography

FDG 2-deoxy-2-[18F]fluro-D-glucose

ID injected dose

D-FAC [18F] 1-(2’-deoxy-2’-arabinofuranosyl) cytosine

ROI region of interest

IEL intraepithelial lymphocyte

LPL lamina propria lymphocyte

FHBG 18F-9-[4-fluoro-3-(hydroxymethyl)butyl]guanine

IBD inflammatory bowel disease

TNF-α tumor necrosis factor-alpha

IFN-γ interferon-gamma

KGF keratinocyte growth factor

TGF-α transforming growth factor-alpha

ENT1 equilibrative nucleoside transporter 1
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Figure 1. Intestinal localization of D-FAC in vivo
(A) Coronal, sagittal, and transverse views of CT and PET overlays and PET alone of wild
type C57Bl/6 mice highlighting duodenum signal. (B) Gamma counts of different intestinal
regions on a per cm basis. Each symbol represents a section from an individual mouse. (C)
Comparison of %ID/g of ROIs in the intestine (SI denotes jejunum and ileum) with organs
known for high D-FAC uptake (spleen and bone marrow). (D) Comparison of duodenum ROI’s
between β7-/-, germ-free (GF), wild type (WT) and colitic mice induced by transfer of Gαi2-/-
CD3+ T cells into RAG-/- mice (Gαi2-/-).
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Figure 2. Cellular source of intestinal signal
(A) %ID/g quantification of small and large intestine ROIs in β7-/- and wild type (WT) mice.
(B) Gamma counts per minute of [18F]-D-FAC uptake in intestinal immune cells, combined
intraepithelial (IEL) and lamina propria (LPL) lymphocytes, and epithelial cells from both the
large and small intestines. Four mice were analyzed for each cell population. (C) Gamma counts
of immune cells (IEL and LPL combined for four mice) positively selected for the indicated
markers.
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Figure 3. D-FAC intestinal signal in germ-free and colitic mice
(A) Coronal views of PET and CT overlay and PET alone for germ-free (GF), wild type (WT)
and Gαi2-/- CD3+ transfer mice (Gαi2-/-). Comparison of small (B) and large (C) intestine
ROIs, and of peripheral immune organs, the spleen (D) and bone marrow (E) in three types of
mice.
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Figure 4. Cellular source of intestinal signal in Gαi2-/- mice
(A-C) Gamma counts of [18F]-D-FAC uptake in isolated intestinal lymphocytes (combined
intraepithelial (IEL) and lamina propria (LPL) lymphocytes) and epithelial cells from large
and small intestines of Gαi2-/- mice. Four mice were analyzed for each cell population. (A, B)
Counts from all recovered cells in linear (A) and log (B) scale; (C) Counts per cell. (D) PET
image of excised intestine.
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Figure 5. Evaluation of colitis over time with D-FAC and FDG
(A) Coronal views of CT and PET overlay and PET alone at one week post transfer of WT
CD3+ or Gαi2-/- CD3+. (B) Coronal views at 3 weeks post transfer of cells. (C) Graph of
weight change as an indicator of disease between mice at one and three weeks post transfer.
(D) Large intestine ROI compared between time points (one and three weeks post transfer, as
labeled) in mice (Gai2-/- CD3+ transfer in black and wild type CD3+ transfer in white). (E)
Small intestine ROI compared between time points and transfer mice. (F) Bone marrow ROI
compared between time points and transfer mice.
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