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Clinical	tools	that	measure	changes	in	immune	cell	metabolism	would	improve	the	diagnosis	and	treatment	
of	immune	dysfunction.	PET,	utilizing	probes	for	specific	metabolic	processes,	detects	regions	of	immune	
activation	in	vivo.	In	this	study	we	investigated	the	immune	cell	specificity	of	PET	probes	for	two	different	
metabolic	pathways:	[18F]–2-fluorodeoxyglucose	([18F]-FDG)	for	glycolysis	and	[18F]–2-fluoro-d-(arabinofu
ranosyl)cytosine	([18F]-FAC)	for	deoxycytidine	salvage.	We	isolated	innate	and	adaptive	immune	cells	from	
tissues	of	mice	challenged	with	a	retrovirus-induced	sarcoma	and	measured	their	ability	to	accumulate	FDG	
and	FAC.	We	determined	that	the	two	probes	had	distinct	patterns	of	accumulation:	FDG	accumulated	to	the	
highest	levels	in	innate	immune	cells,	while	FAC	accumulated	predominantly	in	CD8+	T	cells	in	a	manner	that	
correlated	with	cellular	proliferation.	This	study	demonstrates	that	innate	and	adaptive	cell	types	differ	in	gly-
colytic	and	deoxycytidine	salvage	demands	during	an	immune	response	and	that	these	differential	metabolic	
requirements	can	be	detected	with	specific	PET	probes.	Our	findings	have	implications	for	the	interpretation	
of	clinical	PET	scans	that	use	[18F]-FDG	or	[18F]-FAC	to	assess	immune	function	in	vivo	and	suggest	potential	
applications	of	metabolic	PET	to	monitor	the	effects	of	targeted	immune	modulation.

Introduction
Innate and adaptive immune cells modulate the accumulation 
and metabolism of specific substrates to meet functional demands 
during a response. Macrophages and granulocytes, for example, 
increase expression of glucose transporters and glycolytic enzymes 
through HIF-1α to generate energy required for phagocytosis and 
cytokine secretion in inflamed tissue (1). Both B and T lympho-
cytes switch from oxidative phosphorylation to glycolysis after 
antigen stimulation in order to meet biosynthetic demands during 
clonal expansion (2–4). Recently, it has been shown that differen-
tiation of effector T cells to memory T cells is accompanied by a 
switch in energy production from glycolysis to beta oxidation of 
fatty acids (5). These findings indicate that measurements of spe-
cific metabolic processes in immune cells may inform about the 
function of the immune system during disease. The effect of ther-
apies designed to alter immune function might also be assessed 
through analysis of immune cell metabolism.

PET is a noninvasive imaging modality that is capable of detect-
ing subnanomolar concentrations of a positron-labeled probe 
distributed throughout  the body  (6). PET probes  for cellular 
metabolic pathways enable quantitative in vivo measurements of 
cellular biochemistry. [18F]–2-fluorodeoxyglucose ([18F]-FDG) is a 
positron-labeled glucose analog that accumulates in tissues with 
high rates of glycolytic metabolism and is commonly used in the 

clinic to measure tumor cell glucose metabolism and its response 
to therapy (reviewed in ref. 7).

The critical role of glycolysis in the function of many immune 
cell types has resulted in [18F]-FDG PET being used to measure 
immune responses  in vivo.  In animal models,  [18F]-FDG PET 
detects tissue-specific immune activation during experimental 
autoimmune encephalitis (8), colitis (9), rheumatoid arthritis (10), 
and graft-versus-host disease (GVHD) (11). [18F]-FDG PET has 
clinical application to visualize inflammation in atherosclerotic 
plaques (12), in synovial tissue during rheumatoid arthritis (13), 
and in the gut during GVHD (11). [18F]-FDG PET also has utility 
in the diagnosis and management of numerous infectious disor-
ders resulting in chronic osteomyelitis, fever of unknown origin, 
vascular graft infection, and AIDS (reviewed in ref. 14).

Glucose is an example of a substrate whose metabolism is dynam-
ically regulated in innate and adaptive immune cells. Immune cells 
also require a variety of other metabolites such as essential amino 
acids (15), membrane (16) and nucleotide precursors, and vitamins 
(17). These metabolic requirements are based on a combination of 
cell-intrinsic metabolic programs and microenvironmental factors 
during an immune response. Concurrent measurements of differ-
entially regulated metabolic pathways with PET may enable more 
thorough evaluation of immune cell function in vivo.

We recently developed [18F]–2-fluoro-d-(arabinofuranosyl)cyto-
sine ([18F]-FAC), a fluorinated deoxycytidine analog that is taken 
up by cells and trapped in a phosphorylation-dependant manner 
by deoxycytidine kinase (DCK) (18). DCK is the rate-limiting step 
in the deoxycytidine salvage pathway, and its expression is enriched 
in hematolymphoid tissues (19). Animals genetically deficient for 
DCK are viable but have drastically reduced numbers of mature 
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T cells and B cells (20). [18F]-FAC has improved immune selectiv-
ity over [18F]-FDG in naive mice and accumulates in the major 
lymphoid compartments: thymus, bone marrow, and spleen (21).  
[18F]-FAC also accumulates in the gastrointestinal tract of mice, 
where, under normal conditions, it is sequestered in intestinal epi-
thelial cells (21). PET imaging of Dck-knockout mice with [18F]-FAC 
shows no signal in lymphoid organs or the gastrointestinal tract. 
[18F]-FAC PET signal in peripheral lymph nodes and spleens of wild-
type mice increases with immune stimulation during antitumor 
responses and lymphoproliferative autoimmune disorders (21).

Following immune stimulation, [18F]-FDG and [18F]-FAC PET 
detect increased activity of two distinct metabolic pathways in 
vivo. Here, we defined how accumulation of each of these probes 
relates to the phenotype and function of immune cells during a 
primary immune response.

Intramuscular inoculation with the Moloney murine sarcoma 
virus/murine leukemia virus complex (MSV/MuLV) results in the 
rapid growth and regression of a nonmetastatic rhabdomyosarco-
ma (22). The antitumor response peaks 12–15 days after infection 
and depends upon CD4+ and CD8+ T cells that recognize specific 
viral epitopes in collaboration with infiltrating innate cells (23, 
24). MSV/MuLV infection also stimulates B cells to produce anti-
bodies against viral proteins (25). Hematogenous shedding of viral 
antigens results in immune activation in distal parts of the body, 
such as the spleen. This model allowed interrogation of specific 
cellular components of the immune system in disparate anatomi-
cal sites using in vivo PET imaging, in situ staining, cell sorting, 
and in vitro and in vivo cell labeling with metabolic probes.

We report that [18F]-FDG and [18F]-FAC have distinct patterns 
of accumulation in innate and adaptive immune cells. While FDG 
accumulates to high levels in innate cells from various tissues, 
FAC accumulates in different immune cell types, correlating with 
their proliferation in a site-specific manner. Our data also show 
that immune-deficient CB17SCID/SCID mice challenged with MSV/
MuLV accumulate less [18F]-FDG and [18F]-FAC in lymphoid tis-
sues compared with immune-competent mice. However, in the 
tumor, the accumulation of neither probe changes in immune-
competent or immune-deficient conditions. This result, com-
bined with phenotypic data of tumor-infiltrating T cells, suggests 
that neither [18F]-FDG nor [18F]-FAC can efficiently label tumor-
infiltrating effector T cells.

This study demonstrates that innate and adaptive cell types 
differ in glycolytic and deoxycytidine salvage demands during an 
immune response and that these differential metabolic require-
ments may be detected with specific PET probes. Our findings 
have implications for the interpretation of clinical PET scans that 
use [18F]-FDG or [18F]-FAC to assess immune function in vivo and 
suggest potential applications of metabolic PET to monitor the 
effects of targeted immune modulation.

Results
Metabolic PET imaging with FDG and FAC detects multiple sites of immune 
activation during a primary antitumor response. We tested the ability of 
metabolic PET imaging with [18F]-FDG and [18F]-FAC to detect 
immune activation throughout the body after inoculation with 
MSV/MuLV. Immune-competent C57BL/6 mice were  injected 
intramuscularly with MSV/MuLV and imaged with [18F]-FAC and 
[18F]-FDG PET coregistered with CT on sequential days at 3 time 
points after infection (days 6, 9, and 13 for [18F]-FAC and days 7, 
10, and 14 for [18F]-FDG) (Figure 1A). Naive mice that were not 

challenged with MSV/MuLV were used to establish the baseline 
accumulation patterns for each probe.

Naive mice typically show high [18F]-FDG accumulation in the 
heart and brain, which rely heavily on glucose metabolism. Brain 
signal can vary between mice during imaging based on the time 
each animal spends under anesthesia (26). As was shown in the ini-
tial characterization (27), [18F]-FAC differs from [18F]-FDG in its 
whole-body accumulation in naive mice, with high signal levels in 
the spleen, thymus, bone marrow, and gastrointestinal tract. Both 
probes are eliminated from the blood by the kidneys and excreted 
from the bladder.

After infection with MSV/MuLV, [18F]-FDG accumulation was 
detected in the spleen and draining lymph node (DLN) 10 and 14 
days after inoculation. Intense [18F]-FDG signal in the right shoul-
der was visible on day 10, corresponding to the growth of the virally  
induced  rhabdomyosarcoma.  Regions  of  interest  (ROIs)  were 
drawn around the spleen, lymph node, and tumor. The average sig-
nal intensity in an ROI was calculated from the percent injected 
dose per gram and normalized to the average signal intensity in an 
ROI drawn around uninfected muscle, which exhibited low physi-
ologic probe accumulation. The data are presented as fold increase 
over background (Figure 1B). There was an approximately 5-fold 
increase in [18F]-FDG accumulation in the spleen and an approxi-
mately 8-fold increase in the DLN compared with naive animals at 
10 days after inoculation. These signals remained at similar levels 
when measured on day 14. A small increase in [18F]-FDG signal in 
the DLN was observed 7 days after inoculation. [18F]-FDG accumu-
lation in the rhabdomyosarcoma muscle of infected mice was more 
than approximately 10-fold over that in muscle tissue of naive mice 
by day 10 after infection and remained elevated at day 14.

[18F]-FAC accumulation in the spleen and DLN could be detected  
on day 9 after inoculation. This corresponded to approximately 
7-fold and approximately 2-fold increases in normalized signal 
intensity in these tissues, respectively. The signals in both these 
tissues remained above background when measured on day 13. 
Small increases in [18F]-FAC signal could be detected in the spleen 
and the DLN on day 6 after infection. In contrast to the results 
with [18F]-FDG, there was little probe accumulation in the tumor 
compared with muscle tissue in naive mice over the course of 
MSV/MuLV infection.

Inoculation with MSV/MuLV leads to increased density of diverse 
immune cell types in lymphoid organs and transformed muscle tissue. 
MSV/MuLV challenge results  in  the activation and mobiliza-
tion of multiple immune cell types. The metabolic PET signals 
observed during infection may reflect changes in the density of 
various immune cells in tissues. In order to assess the distribution 
of different immune cell types, we removed the spleen, DLN, and 
tumor 14 days after MSV/MuLV infection, then cryosectioned and 
stained these tissues with antibodies against cell surface antigens 
present on innate and adaptive immune cell subsets (Figure 2A). 
The spleen, lymph nodes, and muscle from unchallenged mice 
were harvested and stained for comparison with the immune-acti-
vated state. We counted the number of positively stained cells in 10 
random ×40 fields of view from at least 3 different tissue sections. 
The average counts were normalized to the surface area of the field 
of view and presented as an average cell density of the number of 
cells per square millimeter (cells/mm2) (Figure 2B).

We observed that CD4+ T cells increased approximately 3-fold 
in density in the spleen and approximately 9-fold in the DLN 14 
days after MSV/MuLV infection. There was also infiltration of 
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CD4+ T cells into the sarcoma (approximately 400 cells/mm2). No 
immune cells were detected in the uninfected muscle. The density 
of CD8+ T cells in the spleen and DLN increased approximately 
3-fold upon viral infection, and there was marked infiltration of 
these cells into the tumor (~800 cells/mm2). B cell density in the 
spleen was consistent between naive and MSV/MuLV-infected con-
ditions but increased approximately 3-fold in the DLN. Very few  
B cells were detected in the sarcoma. The density of innate immune 
cells stained with CD11b in the spleen was similar in naive and 
MSV/MuLV-infected mice. The density of these cells in the DLN, 
however, increased approximately 10-fold during infection, and 
they could be observed infiltrating the tumor (~500 cells/mm2). 
A comparison of the relative densities of each cell type in specific 
tissues is shown in Supplemental Figure 1 (supplemental material 
available online with this article; doi:10.1172/JCI41250DS1).

To validate the distribution of [18F]-FDG and [18F]-FAC in tis-
sues with higher resolution, we performed whole-body autora-
diography (Figure 2C). Mice bearing day 14 MSV/MuLV tumors 
were injected with 1 mCi of [18F]-FDG or [18F]-FAC, embedded in 
carboxymethylcellulose, and frozen. Whole-body coronal sections 
(20 μm) were cut and then exposed on BAS-TR2025 phosphor 
imaging screens. [18F]-FDG showed homogeneous accumulation 
in the tumor, except in necrotic areas near the center. [18F]-FDG 
signal in the DLN could be detected discretely from tumor sig-

nal. [18F]-FDG signal in the spleen was heterogeneous. The most 
intense regions of signal appeared to correspond to areas of white 
pulp that were visible in splenic cross sections.

A homogeneous low-intensity signal was observed in the tumor 
with [18F]-FAC autoradiography. Uniformly intense DLN signals 
were localized adjacent to the tumor. [18F]-FAC signal in the spleen 
saturated the phosphor imager, making it difficult to assess probe 
distribution within this organ.

Cell-intrinsic [3H]–2-deoxy-d-glucose accumulation is highest in innate 
immune cells, while [3H]-FAC accumulates predominantly in CD8+ T cells. 
Radiologic and microscopic analyses showed that tissues accumu-
lating [18F]-FDG and/or [18F]-FAC during PET imaging contained 
heterogeneous mixtures of diverse immune cell types. To define 
which immune cell types could sequester [18F]-FDG and [18F]-FAC, 
the spleen, DLN, and tumor were harvested from immune-compe-
tent mice 14 days after MSV/MuLV infection. These tissues were 
dissociated into single-cell suspensions for cell sorting of innate 
and adaptive cell types (Figure 3A). CD8+ T cells and CD11bhi 
myeloid cells were isolated from dissociated tumors. CD4+ T cells, 
CD8+ T cells, and B cells were isolated from the DLN. CD4+ T cells, 
CD8+ T cells, B cells, and CD11bhi myeloid cells were isolated from 
the spleen. The low number of CD11bhi cells recovered from the 
DLN and CD4+ T cells recovered from the tumor prevented further 
analysis (Figure 3B). Cell-intrinsic sequestration of glycolytic and 

Figure 1
Metabolic PET imaging with [18F]-FDG and [18F]-FAC detects multiple sites of immune activation during a primary antitumor response. (A) 
Immunocompetent C57BL/6 mice were injected intramuscularly with the MSV/MuLV retroviral complex and imaged with [18F]-FDG on days 7, 
10, and 14 and [18F]-FAC on days 6, 9, and 13 after inoculation. [18F]-FDG and [18F]-FAC PET images of unchallenged C57BL/6 mice are shown 
as controls (n = 3 for each group). Br, brain; H, heart; K, kidney; Bl, bladder; T, tumor; Sp, spleen; GI, gastrointestinal tract; Thy, thymus; %ID/g, 
percent injected dose per gram. (B) Quantification of PET signal in the spleen, DLN, and tumor (*P < 0.05).
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deoxycytidine salvage probes in sorted cell population was mea-
sured in parallel using an ex vivo probe accumulation assay. A total 
of 105 of each cell type were placed in wells of a microtiter plate 
and pulse labeled with [3H]–2-deoxy-d-glucose ([3H]-2DG) or [3H]-
FAC for 1 hour. [18F]-FDG and [18F]-FAC PET images of unchal-
lenged mice exhibited background signal  in the  lymph nodes 
(Figure 1A); thus, we used single-cell suspensions of naive lymph 
nodes to establish a baseline for probe accumulation. Radiation 
counts were normalized to the specific activity of each probe and 
presented as femtomoles per 105 cells. Data from 3 independent 
sorting experiments were combined (Figure 3, C and D).

We found that [3H]-2DG preferentially accumulated in innate cell 
types that stained CD11bhi (Figure 3C). CD11b is a pan-myeloid 
marker present on both macrophages and granulocytes. Further 
analysis of the myeloid cell populations showed that the tumor and 
the spleen contained a mixture of macrophages and granulocytes 
based on positive staining with antibodies against F4/80 and Gr-1,  
respectively  (data not shown). Compared with the spleen,  the 
tumor samples contained fewer granulocytes and were enriched 
for macrophages, as evidenced by diminished Gr-1 expression and 
increased F4/80 expression (data not shown). Tumor-infiltrat-
ing CD11bhi myeloid cells exhibited approximately 4-fold more  

Figure 2
Inoculation with MSV/MuLV leads to increased density of diverse immune cell types in lymphoid organs and transformed muscle tissue. (A) 
Tumor, DLN, and spleens were harvested from MSV/MuLV-infected mice 14 days after inoculation, at the peak of the antitumor response, 
sectioned, and stained with antibodies for CD4, CD8, B220, and CD11b (original magnification: ×20; insets, ×40). Corresponding tissue from 
uninfected mice were stained for comparison. (B) Quantification of the density of positively stained cells in tissues from naive and MSV/MuLV-
infected mice (3 sections for each stain). (C) Whole-body coronal sections for autoradiographic validation of [18F]-FDG and [18F]-FAC accumula-
tion in tissues during MSV/MuLV infection (asterisk indicates saturated region on detector). Mu/T, muscle/tumor; Li, liver.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 6      June 2010  2009

[3H]-2DG accumulation per cell than the naive lymphocyte control. 
Myeloid cells isolated from the spleen of infected animals accumu-
lated approximately 3-fold more [3H]-2DG per cell than the con-
trol. Accumulation of [3H]-2DG in the adaptive immune cell types 
was not substantially changed compared with the naive control.

There was a striking difference in the accumulation of [3H]-FAC 
versus [3H]-2DG in the panel of primary cells tested. [3H]-FAC accu-
mulated in both innate and adaptive cell types isolated from the 
different tissues of MSV/MuLV-infected animals (Figure 3D). CD8+ 
T cells from the DLN accumulated the highest levels of [3H]-FAC, 
approximately 11-fold greater than in the naive control. [3H]-FAC 
also accumulated in tumor and spleen CD8+ T cells, DLN CD4+  
T cells, and CD11bhi myeloid cells from the tumor and spleen at lev-

els greater than the naive control. In these experiments, the magni-
tude of [3H]-FAC accumulation in these populations was approxi-
mately 2- to 3-fold lower than in the DLN CD8+ T cells. B cells from 
the DLN and spleen and CD4+ T cells from the spleen accumulated 
amounts of [3H]-FAC equivalent to the naive lymphocyte control.

Increased activity of glycolytic and nucleoside salvage pathways 
have been linked to proliferation of multiple innate and adaptive 
immune cell types during in vitro stimulation with mitogens (3, 
4, 28). To determine whether cell-intrinsic accumulation of [3H]-
2DG or [3H]-FAC correlated with immune cell proliferation, we 
used propidium iodide staining to measure the proportion of 
sorted cells that were in S-G2-M of the cell cycle. [3H]-2DG and 
[3H]-FAC accumulation in cell populations from 3 independent 

Figure 3
Cell-intrinsic [3H]-2DG accumulation is high-
est in innate immune cells, while [3H]-FAC 
accumulates predominantly in adaptive 
immune cells. (A) Single-cell suspensions of 
spleen, DLN, and tumor from MSV/MuLV-
infected mice were analyzed for CD4, CD8, 
B220, and CD11b by flow cytometry. Popu-
lations that were collected for probe accu-
mulation analysis are boxed in red. Values 
in the quadrants represent the percentage of 
major immune lineages isolated from each 
tissue. (B) The total number of each cell 
type recovered from the spleen, DLN, and 
tumor are shown (n = 6 mice). (C and D) 
Cells (105) from the sorted populations were 
pulse labeled with [3H]-2DG (C) or [3H]-FAC 
(D) and compared with naive lymphocytes  
(***P < 0.0001, *P < 0.05, n = 3 experiments). 
Sorted cells were fixed and stained with 
propidium iodide. The percentage in S-G2-M 
was plotted against the accumulation of [3H]-
2DG and [3H]-FAC. Data from 3 experiments 
are shown. Open, filled, and half-filled sym-
bols represent 3 experiments. Shapes were 
assigned according to cell type: squares,  
B cells; triangles, CD4+ T cells; circles, CD8+ 
T cells; diamonds, CD11bhi myeloid cells. 
Colors were assigned based on the tissues 
from which a cell population was isolated: 
blue, spleen; green, DLN; red, tumor; gray, 
naive lymph nodes. A positive correlation 
between [3H]-FAC accumulation and per-
cent in S-G2-M was observed (r2 = 0.68,  
P < 0.0001).
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experiments was plotted against the percentage of cells in that 
population in S-G2-M (Figure 3, C and D). Ex vivo cellular accu-
mulation of [3H]-2DG was skewed toward myeloid cells and did 
not correlate with the proportion of cells in S-G2-M. In contrast, 
there was a significant positive correlation between the magnitude 
of cellular [3H]-FAC accumulation and the percentage of cells in 
S-G2-M (r2 = 0.69, P < 0.001).

Cytotoxic T cell populations with different activation phenotypes vary 
in their capacity to accumulate [3H]-FAC. [3H]-FAC accumulation in 
CD8+ T cell populations during the anti-MSV/MuLV response 
suggested that this probe may have utility in tracking activated 
cytotoxic lymphocytes from lymphoid organs to target tissues. 
We analyzed the activation phenotype of CD8+ T cells isolated 
from lymph nodes of naive mice and from the DLNs and tumors 
of MSV/MuLV-infected mice based on cell surface expression of 
CD25 (the α chain of the IL-2 receptor), CD44 (a hyaluronic acid 
receptor that aids lymphocyte trafficking to target tissues), and 
CD62L (the lymph node homing receptor). Naive CD8+ T cells 
express low levels of CD25 and CD44 and express high levels of 
CD62L. Soon after activation, T cells upregulate surface expres-
sion of CD25 (reviewed in ref. 29). As they transition to become 
effector-memory cells, activated T cells upregulate CD44 expres-
sion and lose expression of CD62L (reviewed in ref. 30).

CD8+ T cells from unchallenged mice lacked CD25 expression 
and had the CD44loCD62Lhi naive phenotype (Figure 4A). On day 
14 of the anti-MSV/MuLV response, the CD8+ T cell population 
in the DLN contained a mixture of CD44loCD62Lhi naive cells and 
CD44hiCD62Llo effector-memory cells. A subset of CD8+ T cells in 

the DLN were CD25hi. The CD8+ T cell population in the tumor 
was composed almost entirely of CD44hiCD62Llo effector-memory 
cells, and few cells in this population were CD25hi.

Cytotoxic T cell populations from the DLN and tumor differed 
in their activation phenotype. We then assessed how CD8+ T cell 
activation phenotype was related to deoxycytidine salvage activ-
ity. [3H]-FAC accumulation data from Figure 3D were extracted 
to compare CD8+ T cells in the tumor and DLN and naive lym-
phocytes (Figure 4B). CD8+ T cells  in the tumor accumulated 
less [3H]-FAC per cell than those in the DLN (greater than 2-fold 
decrease). However, CD8+ T cells in the tumor still accumulated 
approximately  5-fold  more  probe  than  the  naive  lymphocyte 
control. We observed that, on average, proportionately fewer of 
these tumor-infiltrating CD8+ T cells were in S-G2-M of the cell 
cycle when compared with DLN CD8+ T cells (Figure 4C). This 
was consistent with our observation that tumor-infiltrating CD8+  
T cells expressed predominantly an effector-memory phenotype 
and had mostly lost expression of CD25, a high-affinity isoform 
of the IL-2 receptor that facilitates the early T cell proliferative 
response to mitogenic signals. Thus, intracellular FAC accumula-
tion may reflect shifts in requirements by T cells for deoxycytidine 
salvage activity as they differentiate from naive cells through early 
effector stages to effector-memory states.

[3H]-2DG accumulation and Glut1 expression in T cell populations acti-
vated in vivo is lower than that in T cells stimulated with anti-CD3 and 
IL-2. Ex vivo analysis demonstrated that different immune cell 
types preferentially accumulated probes for distinct metabolic 
pathways in a cell-autonomous manner. In this assay, CD8+ and 

Figure 4
Cytotoxic T cell populations with different activation phenotypes vary in their capacity to accumulate FAC. (A) Analysis of the activation status of 
CD8+ T cells sorted from the tumor and DLNs based on surface expression of CD25, CD44, and CD62L. CD8+ T cells from unchallenged animals 
are shown as controls (naive). (B) [3H]-FAC accumulation in CD8+ T cells isolated from the tumor and DLNs of MSV/MuLV-infected mice and 
from the lymph nodes of naive mice (same cell populations as in Figure 2B). (C) [3H]-FAC accumulation in CD8+ T cells from different anatomical 
sites plotted against the average percentage of those cells in S-G2-M of the cell cycle from 3 independent experiments.
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CD4+ T cells from the DLN, spleen, and tumor of infected mice 
retained relatively little [3H]-2DG. This finding was unexpected, as 
extensive evidence has demonstrated that T cells rely on high rates 
of glucose accumulation and metabolism via aerobic glycolysis for 
energy production and biosynthesis during activation (reviewed 
in ref. 2). The experimental approaches used in these studies mea-
sured glucose metabolism in T cell populations that were stimu-
lated in vitro. We speculated that in vivo activation of T cells with 
MSV/MuLV would result in a smaller fraction of cells that were 
glycolytically active compared with T cell populations activated 
in vitro. We stimulated total mouse splenocytes with anti-CD3 
and IL-2 for 48 hours and compared accumulation of [3H]-2DG 
in these cells with that in CD8+ and CD4+ T cells isolated from 
the DLN of MSV/MuLV-infected mice and in naive lymphocytes 
(Figure 5A). In vitro T cell stimulation with mitogens resulted in 
a significant increase in [3H]-2DG accumulation compared with 
naive lymphocytes. In keeping with our earlier findings, cellular 
[3H]-2DG accumulation in DLN CD8+ and CD4+ T cells was not 
substantially enhanced over the naive lymphocyte control.

The glucose transporter Slc2a1 (Glut1) is a major regulator of 
glucose uptake in T cells upon activation (31, 32). We analyzed 
the relative levels of Glut1 expression among in vitro stimulated  
T cells, CD4+ and CD8+ T cells from the DLN of infected mice, and 
naive lymphocytes (Figure 5B). Glut1 was expressed at high levels 
in in vitro stimulated T cells and was not detected in naive lym-
phocytes. Glut1 expression was detected in CD8+ T cells from the 
DLN, but the level of expression was much lower than that in the 
population activated in vitro. Glut1 expression was not detected 
in CD4+ T cells from the DLN. These results suggest that a much 
smaller fraction of CD8+ T cells are glycolytically active during 
the anti-MSV/MuLV response compared with in vitro mitogenic 
stimulation and that this metabolic activity cannot be appreciated 
with ex vivo [3H]-2DG pulse labeling.

[18F]-FDG and [18F]-FAC differentially accumulate in innate and adap-
tive immune cell types in vivo. To assess the sequestration of [18F]-FDG 
within immune cells during the anti-MSV/MuLV response with 
greater sensitivity, we measured intracellular probe accumulation 
in vivo (Figure 6). Four mice infected with MSV/MuLV 12–15 days 
previously were injected with [18F]-FDG and then sacrificed after 
1 hour. The spleen, DLN, and tumor were harvested from each 
mouse, and the immune cells were isolated as before. The amount 
of radioactivity in each cell type was measured with by gamma 
counting. For comparison, analysis of [18F]-FAC accumulation was 
performed on an independent set of 4 MSV/MuLV-infected mice. 
Similar numbers of each cell type were analyzed with both probes. 
In addition, 3 uninfected mice were injected with each probe, and 
total lymphocytes were isolated and measured to provide a base-
line for probe accumulation.

In the spleen of MSV/MuLV-infected mice, CD11bhi myeloid cells 
accumulated the most [18F]-FDG per cell (Figure 6). Both CD4+ 
and CD8+ T cells in the spleen retained higher levels of [18F]-FDG 
than did naive lymphocytes. [18F]-FDG accumulation in B cells was 
not found to occur at levels substantially greater than the naive 

Figure 5
[3H]-2DG accumulation and Glut1 expression in T cell populations acti-
vated in vivo are lower than in T cells stimulated with anti-CD3 and IL-2.  
(A) T cells stimulated in vitro with anti-CD3 and IL-2 were compared 
with CD8+ and CD4+ T cells from the DLN of MSV/MuLV-infected mice 
and naive lymphocytes for [3H]-2DG accumulation. (B) Evaluation of 
Glut1 expression by Western blot. Noncontiguous lanes on the gel are 
indicated by the white line.

Figure 6
[18F]-FDG and [18F]-FAC differentially accumulate in innate and adaptive immune cell types in vivo. MSV/MuLV-infected animals were injected 
with 1 mCi of [18F]-FDG or [18F]-FAC (n = 4 for each probe). The spleen, DLN, and tumors were dissociated, innate and adaptive immune cells 
were isolated, and the amount of radioactivity per cell in each cell type was quantified by gamma counting. Naive lymphocytes from unchallenged 
mice injected with each probe were measured as controls (n = 3 for each probe).
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control. Splenic myeloid cells accumulated less radioactivity per 
cell during [18F]-FAC labeling than during [18F]-FDG labeling (Fig-
ure 6). Myeloid cells and CD4+ and CD8+ T cells all accumulated 
[18F]-FAC at levels greater than the naive control. B cells retained 
levels of [18F]-FAC similar to those of the control population.

In the DLN, the most [18F]-FDG per cell was accumulated by 
CD11bhi myeloid cells, approximately 100-fold more than naive 
lymphocytes. CD4+ and CD8+ T cells also retained [18F]-FDG at 
levels greater than that of the naive control, but at magnitudes 
almost 10-fold lower than the innate cell types. B cells did not 
retain significantly more probe per cell than the control popula-
tion. In marked contrast to [18F]-FDG, [18F]-FAC accumulation in 
the DLN was greatest in CD8+ T cells. CD11bhi cells, CD4+ T cells, 
and B cells did not retain significant levels of probe per cell com-
pared with naive lymphocytes.

In the sarcoma, myeloid cells accumulated the highest levels of 
[18F]-FDG. CD4+ and CD8+ T cells also accumulated [18F]-FDG 
at levels substantially greater than naive lymphocytes. There 
were too few B cells at this site to routinely analyze for accumu-
lation of either probe. Of the cell types analyzed with [18F]-FAC, 
only CD8+ T cells retained probe at levels substantially greater 
than naive lymphocytes.

These results further demonstrate that [18F]-FDG and [18F]-FAC 
have different patterns of accumulation in innate and adaptive 
immune cells in vivo. We found that both probes accumulated in iso-
lated T cell populations. Based on our findings in the ex vivo probe 
accumulation assay with [3H]-FAC and previous studies of glucose 
utilization in T cells, retention of these probes is related in large part 
to activation-induced cell proliferation. In contrast, the myeloid cells 
accumulated large amounts of [18F]-FDG compared with [18F]-FAC, 
suggesting that these cells are highly active for glycolysis in a manner 
that is independent of deoxycytidine salvage activity.

A defective adaptive immune response leads to reduced [18F]-FDG and 
[18F]-FAC signal in lymphoid organs but not the tumor. The MSV/MuLV 
model is an example of a cell-mediated antitumor response where 
T cells are stimulated by viral antigens to proliferate and traffic to 
the rhabdomyosarcoma, where they function to kill virally infected 
cells. To determine whether imaging glycolysis or deoxycytidine sal-
vage is sensitive to changes in the number of T cells, we inoculated 
CB17SCID/SCID mice (deficient for T and B cells) with MSV/MuLV 
and performed [18F]-FAC and [18F]-FDG microPET/CT 13 and 14 
days after inoculation, respectively. MSV/MuLV-infected immune-
competent C57BL/6 mice, similar to those in Figure 1, A and B, were 
scanned with [18F]-FAC and [18F]-FDG for comparison (Figure 7A).

MSV/MuLV-infected CB17SCID/SCID mice showed a reduction in 
[18F]-FDG spleen signal compared with immune-competent mice, 
but the difference in intensity varied between mice and was not 
statistically significant. Although CB17SCID/SCID mice lack adap-
tive immunity, they contain a large percentage of splenic CD11bhi 
innate cells that are potentially activated with viral challenge and 
may account for the [18F]-FDG signal in this tissue. A 5-fold reduc-
tion in [18F]-FAC spleen signal was observed in immune-deficient 
mice compared with tumor-bearing C57BL/6 animals (Figure 7B).

[18F]-FAC and [18F]-FDG both consistently show high levels of 
accumulation in the DLNs of C57BL/6 mice. CB17SCID/SCID mice 
are defective for lymphocyte production and lack developed lymph 
node tissue. Compared with that in immune-competent mice, 
FDG PET signal was reduced 7-fold in this region, while FAC sig-
nal was reduced 3-fold.

Tumors  in  CB17SCID/SCID  and  C57BL/6  mice  accumulated 
[18F]-FDG to similar levels (Figure 7B). High rates of glycolysis 
in tumor cells and infiltrating myeloid cells likely contribute to 
[18F]-FDG signal in the tumor of both immune-competent and 
immune-deficient animals. This baseline signal made it difficult 

Figure 7
A defective adaptive immune response leads 
to reduced [18F]-FDG and [18F]-FAC signal 
in lymphoid organs but not the tumor. (A) 
CB17SCID/SCID immune-defective mice were 
challenged with MSV/MuLV and imaged 
with [18F]-FDG and [18F]-FAC PET. Scans of 
immune-competent C57BL/6 mice challenged 
with MSV/MuLV during the same experiment 
are shown for comparison with each probe. 
(B) A quantitative comparison of [18F]-FDG 
and [18F]-FAC probe accumulation in the 
tumor regions of C57BL/6 and CB17SCID/SCID 
mice (n = 3 for each group, *P < 0.05).
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to assess the presence of adaptive immune cells at this site. In 
stark contrast, [18F]-FAC accumulation in the tumor was low in 
immune-competent mice, and this signal was not changed in the 
immune-deficient condition, even in the absence of functional 
adaptive immune cells at this site. From our results in Figure 
2, A and B, and Figure 4, we suspect that lower T cell density in 
the tumor coupled with lower deoxycytidine salvage activity in 
tumor-infiltrating effector-memory cells results in the low levels 
of [18F]-FAC signal observed in this tissue.

Discussion
We investigated the capacity of PET imaging probes for two dis-
tinct metabolic pathways to label different cell types during an 
immune response. In vivo imaging of glycolysis and deoxycytidine 
salvage with [18F]-FDG and [18F]-FAC in mice challenged with a 
retrovirus-induced sarcoma showed intense signal in the DLNs 
and spleen. [18F]-FDG also accumulated to high levels in the tumor 
region compared with [18F]-FAC. Immunohistochemical analysis 
showed that viral infection resulted in increased density of diverse 
innate and adaptive immune cell types in these tissues.

Isolation and analysis of the immune cells present in lymphoid 
tissues and tumors showed that different cell types had different 
glycolytic and deoxycytidine salvage activities. Ex vivo labeling 
showed that [3H]-2DG was retained only in CD11bhi myeloid cells 
in the tumor and spleen during the anti-MSV/MuLV response. 
[18F]-FDG accumulation in innate immune cells was predominant 
in the spleen, DLN, and tumor during in vivo labeling of infected 
mice. Conversely, in vivo labeling of innate immune cells with 
[18F]-FAC resulted in much less radioactivity accumulation per 
cell compared with [18F]-FDG. Glycolytic metabolism is critical to 
myeloid cell function in low-oxygen inflammatory environments 
(1), so elevated accumulation of probes for glycolysis in these cells 
was not surprising. Our findings support observations that probe 
accumulation in myeloid cells may constitute a significant portion 
of observed signal during [18F]-FDG PET scans (33–35).

Glycolysis is also critical to T cells during activation-induced 
clonal  expansion.  Aerobic  glycolysis  resulting  from  mitogen 
stimulation  in oxygen-rich conditions  leads to high  levels of 
intracellular glucose that drive membrane and protein biosyn-
thesis and enable proliferation (2, 31). Ex vivo [3H]-2DG accu-
mulation analysis did not show appreciable probe accumulation 
in highly proliferative immune cell types such as CD8+ T cells 
during the anti-MSV/MuLV response. We found that these cells 
expressed much lower levels of the glucose transporter Glut1 
compared with T cells stimulated in vitro with anti-CD3 and IL-2.  
In vivo  labeling of MSV/MuLV-infected mice with  [18F]-FDG 
detected accumulation of this probe in T cell populations in the 
spleen, DLN, and tumor, but generally these signals were not as 
high as those observed in innate immune cells.

Under hypoxic conditions, glucose is shunted away from bio-
synthetic pathways toward energy production, lowering prolifera-
tive capacity (36). Thus, [18F]-FDG PET may have a dual specificity 
during in vivo imaging: [18F]-FDG accumulates in cells both dur-
ing mitogen-stimulated aerobic glycolysis and during hypoxia-
induced anaerobic glycolysis.

FAC accumulated in both innate and adaptive cells in vitro and 
in vivo. Probe accumulation correlated with measurements of 
immune cell proliferation, leading us to conclude that [18F]-FAC 
signal in vivo is a site-specific measurement of immune cell prolif-
eration. [18F]-FLT is a nucleoside-based PET probe that measures 

thymidine salvage. FLT is taken into cells by membrane-bound 
transporters and phosphorylated and trapped by the S-phase–spe-
cific kinase thymidine kinase 1 (TK1) (37, 38). TK1 is expressed 
in rapidly proliferating tissues in humans such as bone marrow 
and in a variety of tumor types. [18F]-FLT PET signal correlates 
with the proliferative index of human tumors both clinically and 
in xenograft models (39). The utility of [18F]-FLT in measuring cell 
proliferation suggests that this probe may be useful in measuring 
the expansion of immune cell populations during a response.

The differences between [18F]-FAC and [18F]-FLT PET and their 
potential relative utilities have not yet been investigated. Mice and 
rats have high serum concentrations of thymidine that compete with 
[18F]-FLT and limit its accumulation in tissues (40, 41). This makes 
direct in vivo comparisons with [18F]-FAC difficult in rodent models. 
We measured the accumulation of [3H]-FLT in immune cells isolated 
from the tissues of MSV/MuLV-infected mice ex vivo to circumvent 
this issue of endogenous thymidine. We did not observe significant 
signal in these cells compared with naive cells (Supplemental Figure 2).  
In contrast, pulse  labeling with [3H]-thymidine showed robust 
accumulation in a manner that mirrored [3H]-FAC accumulation 
(Supplemental Figure 2). Thus, although murine immune cells are 
active for thymidine salvage, they appear unable to retain FLT. The 
specific membrane transporters that mediate uptake of FLT have 
yet to be defined. It is possible that there is a species difference in 
FLT transport between human and mouse cells that hinders probe 
accumulation in mouse tissues. Serum thymidine does not limit 
[18F]-FLT accumulation in humans, and human tissues apparently 
express FLT transporters, which perhaps will eventually allow clini-
cal comparisons of these probes.

An important distinction in the utility of [18F]-FLT and [18F]-FAC 
in clinical imaging relates to the enzymes that mediate intracellular 
trapping of each probe. Intracellular FAC accumulation depends 
on DCK activity. Adaptive immune cells are particularly sensitive 
to loss of DCK; knocking out this gene in mice results in drastically 
reduced numbers of T and B cells (20). Tumors, however, can often 
overcome a lack of DCK and continue to proliferate. Tumors treat-
ed with nucleoside analog prodrugs that are activated by DCK (for 
example, gemcitabine and cytarabine) may eventually lose tumor 
DCK expression, resulting in resistance to this class of drugs and 
disease progression (42, 43). Thus, accumulation of FAC, unlike 
FLT, in tumors does not depend as much on proliferative index 
as it does on the level of DCK expression. Visualizing changes in 
immune cell proliferative activity in tumors with [18F]-FAC PET 
may be useful in instances where there is low DCK expression in 
tumor cells due to tissue-specific expression patterns or as a result 
of prolonged nucleoside analog chemotherapy.

The different specificities of [18F]-FDG and [18F]-FAC suggest 
that these probes may be useful in evaluating therapies that target 
different cellular components of the immune system. [18F]-FAC, 
for example, may detect cell populations responsive to antiprolif-
erative immune suppressants or nucleoside analog prodrugs and 
may be more sensitive than [18F]-FDG in measuring the effects of 
such drugs. Imaging immune cell proliferation with probes such 
as [18F]-FAC may also be useful in monitoring cell expansion and 
engraftment after bone marrow transplantation or adoptive cell 
transfer. Owing to its robust accumulation in innate immune cells, 
[18F]-FDG PET may be more useful in evaluating the effects of 
therapies that target inflammatory mediators. The most notable 
of these are the anti–TNF-α agents used for inflammatory bowel 
disease, rheumatoid arthritis, and psoriasis (reviewed in ref. 44). 
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Measuring the activity of anti–TNF-α therapy with [18F]-FDG PET 
could guide dosing regimens and predict resistance.

Methods
Animals and MSV/MuLV inoculation. C57BL/6 and CB17SCID/SCID animals 
were bred and maintained according to the guidelines of the UCLA Depart-
ment of Laboratory Animal Medicine (DLAM). All animal studies were 
carried out using protocols approved by DLAM. MSV/MuLV stocks were 
produced as reported previously (45). Six- to 14-week-old C57BL/6 animals 
were inoculated in the shoulder muscle with 100 μl of a 1:800 dilution of 
the viral stock solution in PBS. Six- to 12-week-old CB17SCID/SCID animals 
were given intramuscular inoculations of 100 μl of the MSV-MuLV stock 
solution diluted 1:1,000 in PBS.

MicroPET/CT imaging. Mice were warmed under gas anesthesia (2% isoflu-
rane) and injected intravenously with 200 μCi of either [18F]-FDG or [18F]-
FAC, followed by 1 hour uptake. Following uptake, mice were positioned 
in an imaging chamber for sequential imaging with the Siemens Preclinical 
Solutions microPET Focus 220 and MicroCAT II CT systems (Siemens). 
MicroPET data were acquired for 10 minutes and reconstructed with a 
statistical maximum a posteriori (MAP) probability algorithm into mul-
tiple frames (46). MicroPET and CT images were coregistered as previously 
described (47). Quantification of PET signal in specific anatomical regions 
was performed by drawing 3D ROIs using AMIDE software (http://amide.
sourceforge.net/) (48). The mean intensity of the ROI, based on the per-
cent injected dose per gram, was normalized to a background ROI drawn 
around uninfected muscle in the same animal (21). Data are presented 
as fold change over background. Images are presented here using a false-
color scale that is proportional to tissue concentration of positron-labeled 
probe: red represents the highest concentrations, with yellow, green, and 
blue corresponding to sequentially lower values.

Whole-body autoradiography. Tumor-bearing mice were injected intrave-
nously with 1 mCi of either [18F]-FDG or [18F]-FAC and killed 1 hour later. 
Mice were embedded in 3% carboxymethylcellulose and frozen in liquid 
nitrogen. Sections (100 μm) were cut using a Leica CM3600 XP cryomac-
rotome, exposed overnight on BAS-TR2025 imaging screens (FujiFilm Life 
Science) at –20°C, and visualized using a BAS-5000 phosphor imager (Fuji-
Film Life Science).

Cryosectioning and immunohistochemistry. Tumors,  spleens, and DLNs 
were harvested, embedded, and stained as described previously (45). Fro-
zen sections were stained with the following biotinylated antibodies: rat 
anti-CD11b (clone: M1/70), rat anti-B220 (clone: RA3-6B2), rat anti-CD4 
(clone: GK 1.5), and rat anti-CD8 (clone: 53.6.7). Peroxidase-conjugated 
Streptavidin-HRP (Dako) was used as a secondary reagent for the bioti-
nylated antibodies. To assess the distribution of each immune cell type in 
the different tissues, positively stained cells from 10 random ×40 fields of 
view on at least 3 different sections were counted. The average number of 
positive cells from these counts was divided by the area of the field of view 
(0.047 mm2) to give an approximate measurement of cells/mm2.

Dissociation of tissues from MSV/MuLV-infected mice. Tumors, DLNs, and 
spleens from MSV/MuLV-infected C57BL/6 animals were removed 14 
days after inoculation. The tissues from 3 animals were pooled for each 
experiment. Tumors were minced and incubated for 40 minutes at 37°C in 
HEPES buffer containing DNAse, 1 mg/ml collagenase and hyaluronidase. 
Tumor pieces were then pressed through a 70-μm cell strainer and cen-
trifuged through a Nycodenz gradient (Accurate Chemical and Scientific 
Corp.) for 20 minutes at 754 g. Cells were collected from the interface for 
antibody staining and cell sorting. Spleens were cut in small pieces and 
incubated for 40 minutes at 37°C in HEPES buffer containing DNAse 
and 1 mg/ml collagenase. Spleen pieces were pressed through a 70-μm cell 
strainer and washed, and red blood cells were lysed in 0.8% ammonium 

chloride. Single cells were then stained for cell sorting. The capsules of 
DLNs and naive lymph nodes were disrupted with needles, and the tissue 
was pressed through a 70-μm cell strainer and stained for cell sorting.

Cell sorting and flow cytometry. Single-cell suspensions from the tumor, 
DLNs, and spleen were stained with the following fluorochrome-conju-
gated antibodies from BD Biosciences — Pharmingen: anti-CD4–PE, anti-
CD8–PE-Cy7, anti-B220– or anti-CD19–APC-Cy7, and anti-CD11b–FITC. 
Four-color cell sorting was performed on the FACSAria automated cell 
sorter (BD Biosciences). To assess activation status, CD8+ T cell populations 
were stained with anti-CD62L–APC, anti-CD44–APC-Cy7, and anti-CD25–
APC from BD Biosciences — Pharmingen for flow cytometric analysis.

Ex vivo probe accumulation assay and propidium iodide analysis. Sorted cell 
populations were split into 3 aliquots. Two aliquots were resuspended in 
X-Vivo-15 media (Lonza) or glucose-free DMEM (MediaTech) supplement-
ed with glutamine, penicillin/streptomycin, and 2-ME. Cells from these 
aliquots (105) were placed in wells of a 96-well 0.22-μm Multiscreen filter 
bottom plate (Millipore) in triplicate and preincubated for 20 minutes at 
37°C and 5% CO2. [3H]-FAC, [3H]-FLT, or [3H]-thymidine (1 μCi) was diluted  
in X-Vivo media and added to cells preincubated in X-Vivo. [3H]-2DG  
(1 μCi) diluted in glucose-free DMEM was added to cells preincubated in 
glucose-free conditions. All tritium-labeled compounds were purchased 
from Moravek Biochemicals. Cells were pulse labeled with probe for 1 hour 
at 37°C and 5% CO2. After labeling, the plate was washed 5 times with cold 
5% RPMI using the Multiscreen vacuum manifold (Millipore). Washed 
plates were dried, and 100 μl of scintillation fluid was added to each well. 
Accumulated radioactivity was counted using a BetaMax plate reader 
(PerkinElmer). Radiation counts were normalized to the specific activity 
of each probe and presented as femtomoles per 105 cells. The remaining 
aliquot containing 105 cells was fixed in 70% ethanol for at least 12 hours 
at –20°C and stained with propidium iodide according to standard pro-
tocols. The fraction of cells in S-G2-M was assessed on a FACSCanto (BD).

In vitro T cell stimulation and Glut1 immunostaining. Whole mouse sple-
nocytes were  isolated as described above, and T cells were stimulated 
for 48 hours with hamster anti-mouse anti-CD3 (0.3 μg/ml) and rhIL-2 
(400 IU/ml). For analysis of Glut1 expression, primary cells were lysed 
in 50 μl modified RIPA buffer: 50 mM Tris-HCl (pH 6.8), 150 mM NaCl,  
1 mM EDTA, 0.3% SDS, 1% sodium deoxycholate, 1% NP-40, and complete 
protease inhibitor cocktail (Roche). Five micrograms total lysate/lane was 
loaded in 5× SDS loading dye without boiling onto a 4%–20% precast gel 
(Pierce) and subjected to gel electrophoresis. Proteins were subsequently 
transferred to nitrocellulose membranes. Post-transfer membranes were 
blocked for 1 hour in PBS–0.05% Tween (PBST) containing 5% nonfat milk 
at room temperature (RT). Anti-Glut1 (polyclonal rabbit antibody, Abcam) 
was diluted in PBST–5% milk at 550 ng/ml and incubated for 2 hours at 
RT. Equal loading was determined by reprobing the membrane with rabbit 
anti-ERK2 (Santa Cruz Biotechnology Inc.) at 50 ng/ml in PBST–5% milk. 
Membranes were washed in PBST, incubated 1 hour at RT in secondary 
goat anti-rabbit HRP (Bio-Rad) diluted 1:15,000 in PBST–5% milk, and 
washed again in PBST. Antibody binding was detected using Chemilumi-
nescent HRP substrate (Millipore).

In vivo probe accumulation analysis. C57BL/6 mice inoculated with MSV/
MuLV 12–15 days previously were injected with 1 mCi of [18F]-FDG or 
[18F]-FAC. Spleens, DLNs, and tumors were removed and dissociated, and 
the different innate and adaptive immune cell types were isolated from 
each tissue as described above. Similar numbers of cells labeled with [18F]-
FDG and [18F]-FAC were collected for each cell type. Mice that were not 
infected with MSV/MuLV were similarly injected with either probe, and 
whole lymphocyte populations were collected. The amount of radioactivity 
in each cell type was measured using a Wallac Wizard 3” 1480 Automatic 
Gamma Counter (PerkinElmer).
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Statistics. Data in bar graphs are presented as mean ± SEM. Graph pro-
duction and analysis were performed with GraphPad Prism software, ver-
sion 5. Multiple group comparisons were done using the Student’s t test. 
Correlations were measured by linear regression analysis. P values less than 
0.05 were considered significant.
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