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In Vivo Cytometry of Antigen-Specific T Cells Using °F
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Noninvasive methods to image the trafficking of phenotypically
defined immune cells are paramount as we attempt to under-
stand adaptive immunity. A '°F MRI-based methodology for
tracking and quantifying cells of a defined phenotype is pre-
sented. These methods were applied to a murine inflammation
model using antigen-specific T cells. The T cells that were
intracellularly labeled ex vivo with a perfluoropolyether (PFPE)
nanoemulsion and cells were transferred to a host receiving a
localized inoculation of antigen. Longitudinal '°F MRI over 21
days revealed a dynamic accumulation and clearance of T cells
in the lymph node (LN) draining the antigen. The apparent T-cell
numbers were calculated in the LN from the time-lapse '°F MRI
data. The effect of in vivo T-cell division on the °F MRI cell
quantification accuracy was investigated using fluorescence
assays. Overall, in vivo cytometry using PFPE labeling and '°F
MRI is broadly applicable to studies of whole-body cell
biodistribution. Magn Reson Med 62:747-753, 2009. © 2009
Wiley-Liss, Inc.

Key words: in vivo cytometry; 1°F MRI; adaptive immunity; an-
tigen-specific T cells; perfluoropolyether

The phenotype of an immune cell is defined by the pat-
terns and expressions level of a lexicon of cell surface
molecules (e.g., its CD antigens). These molecules are com-
monly assayed in vitro using techniques such as fluores-
cence activated cell sorting (FACS) or immunohistochem-
istry. Determining which cell surface molecules are
present, and at what levels, under various culturing con-
ditions or disease states is only one piece of the puzzle. A
more difficult and equally important question to answer is:
what biological role do these cell surface markers perform
in vivo? Vital imaging of the trafficking patterns of pheno-
typically defined populations of immune cells, i.e., in vivo
cytometry, can play a key role in answering this question.
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T cells are key effectors of the immune system that are,
paradoxically, involved in both fighting and causing dis-
ease. T cells are central to various inflammatory conditions
including cancer, atherosclerosis, autoimmune disease,
and transplant rejection. Moreover, several promising clin-
ical trials have used adoptive transfer of T cells in cancer
therapy (1-4). Visualization of the dynamic trafficking
patterns of T cells in early and late phases of an immune
response is paramount to understand the disease patho-
genesis and the design of therapeutic interventions. The
ability to perform in vivo cytometry in preclinical models,
would allow for estimation of cell infiltration and persis-
tence, as well as the assessment of dosage and delivery
routes for potential therapies.

We present in vivo MRI methods for cell tracking. In our
approach, cells of interest are labeled ex vivo with a
“tracer” perfluoropolyether (PFPE) nanoemulsion, intro-
duced into a subject, and cell migration is monitored using
spin density-weighted '°F MRI (5). The key advantage of
this platform is that the '"F images are specific for the
labeled cells with no interference from the host’s tissues.

The detection of PFPE-labeled cells using F MRI or
magnetic resonance spectroscopy is fundamentally differ-
ent from prior methods for labeling and detecting cells
with paramagnetic agents, such as with superparamag-
netic iron oxide and related reagents (6—9). Cells labeled
with metal ion-based contrast agents are detected indi-
rectly via the agent’s effect on the T;, T,, and/or T3 of
surrounding 'H in mobile water. Often, unambiguous
identification of labeled cells and quantification of cell
numbers in a region of interest (ROI) using these agents is
challenged by the large 'H background and intrinsic con-
trast.

In this study we use F MRI to visualize and quantitate
T-cell trafficking in a murine model of localized inflam-
mation. We describe a novel PFPE nanoemulsion that is
taken up by primary, T cells ex vivo without the need for
transfection aids and without overt toxicity. Ovalbumin
(ova)-specific T cells were harvested from D011.10 mice
(10), labeled with nanoemulsion, and transferred to a re-
cipient mouse with a focal ova inoculation. Using 'F MRI
we observed selective homing of the T cells to the proxi-
mal draining lymph node (DLN). We further demonstrate
longitudinal quantification of the apparent T-cell numbers
in the DLN directly from the in vivo MRI data. The con-
tralateral lymph node (CLN) was used as a control for
nonspecific T cell homing. Chemical modifications to the
PFPE molecules permitted covalent binding of a fluores-
cent dye, enabling the formulation of a “dual mode” nano-
emulsion (PFPE-Alexa647); we used this reagent to corrob-
orate the MRI T-cell trafficking patterns by in vivo optical
imaging. Moreover, we investigated the impact of in vivo

747



748

T-cell division on the °F MRI cell quantification using
carboxy-fluorescein diacetate succinimidyl ester (CFSE)-
based cell labeling and FACS. Our results suggest that the
PFPE '°F MRI platform is a useful in vivo cellular imaging
technique that can be applied to a wide variety of cell
types and disease models. Additionally, the murine in-
flammation model described provides a platform to test
the effect of antiinflammatory drugs or other therapies
affecting cell trafficking.

MATERIALS AND METHODS
PFPE Nanoemulsion Synthesis

PFPE nanoemulsions were prepared using perfluorinated
polyether (Exfluor, Round Rock, TX) with Pluronic L35
(Sigma-Aldrich, St. Louis, MO) in a 1:1 molar ratio. Emul-
sification was achieved by probe sonication using a Soni-
fier Cell Disruptor (Misonix, Farmingdale, NY) (11). Fluo-
rescent versions of the PFPE polymers were synthesized as
previously described (12). The fluorescent PFPE-Alexa647
was diluted in neat PFPE to obtain a final dye concentra-
tion at 0.05 mol% to PFPE and emulsified as above. For all
emulsions the mean emulsion droplet diameter was 122 *
17 nm as measured by dynamic light scattering using a
Malvern Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). The emulsion was prepared and
0.2 pm sterile-filtered on the same day as cell labeling.

T-cell Purification, Activation, and Labeling

T cells were purified from splenocytes obtained from
DO11.10 donors using a MACS murine Pan T-cell isolation
kit (Miltenyi Biotec, Auburn, CA). Cells were grown in
Roswell Park Memorial Institute (RPMI) media with 10%
fetal bovine serum (FBS), 100 wg/mL each of streptomycin
and penicillin, and 1 pL/mL of 2-mercaptoethanol (Gibco-
Invitrogen, Carlsbad, CA). Cells were activated in vitro by
a 3-day incubation on anti-TCR coated plates, in the pres-
ence of 1 pg/mL anti-CD28 and 10 U/mL IL-2 (PeproTech,
Rocky Hill, NJ). Cells were then harvested and resus-
pended in Hank’s balanced salt solution (HBSS) at 5 X 108
per mL, with 1 pL/mL of 2-mercaptoethanol. The nano-
emulsion was added to medium at 25 pL/mL (PFPE or
PFPE-Alexa647), and the cells were incubated on ice for
10 min before addition of RPMI with 10% FBS and a
further incubation of 1 hr at 37°C. Cells were washed in
phosphate-buffered saline (PBS) containing 0.5% FBS
twice and resuspended in 300 L HBSS for transfer.

For cells labeled with CFSE (Invitrogen), activated T
cells were suspended at 5 X 10° cells/mL in PBS with
0.5% FBS. Next, CFSE (5 pM) was added and the cells
were incubated for 10 min at 37°C, followed by the addi-
tion of ice-cold RPMI with 10% FBS and a further incu-
bation of 5 min on ice. The cells were then washed twice
and resuspended in HBSS as before. Approximately 107
cells were used for each experiment, repeated in triplicate
(n = 3).

Cellular Toxicity, Proliferation, and Phenotyping

For phenotypic analyses of labeled T cells, single cell
suspensions were stained using either FITC, APC, Pacific
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Blue, PE, or PerCP-conjugated mAbs against CD25,
DO11.10 TCR (KJ1-26), CD69, CD4 (BD PharMingen,
Franklin Lakes, NJ), CD11c, and CCR7 (eBioscience, San
Diego, CA). The expression levels of these markers were
determined by FACS on an LSRII instrument (Becton Dick-
inson, Mountain View, CA).

Mouse Inflammation Model

T cells isolated from DO11.10 mice were labeled with
PFPE or PFPE-Alexa647 nanoemulsion, or CFSE (Invitro-
gen), and injected intraperitoneally (i.p.) into three (n = 3)
female MHC-compatible BALB/c (Jackson Laboratories,
Bar Harbor, ME) mice (day 0). On the same day, mice
received 50 pg chicken ova (Sigma Aldrich) or ova-Al-
exab47 conjugate (Invitrogen) in PBS, emulsified in Incom-
plete Freund’s Adjuvant (IFA; Calbiochem-Novabiochem,
La Jolla, CA) via a subcutaneous (s.c.) injection adjacent
the quadriceps. Sterile PBS was injected on the contralat-
eral side as a control. Additional control mice received
either 1) ova/IFA s.c. and PFPE labeled T cells that were
heat-killed by a 30-min incubation at 60°C, or 2) viable,
PFPE-labeled T cells, but ova-free IFA s.c. Experiments
were carried out in accordance with the guidelines pro-
vided by the Carnegie Mellon Institutional Animal Care
and Use Committee (IACUC) and the National Institute of
Health Guide for the Care and Use of Laboratory Animals.

NMR

19F NMR on labeled tissues was carried out using a Bruker
500 MHz NMR spectrometer (Bruker BioSpin, Billerica,
MA), with a calibrated trifluoroacetic acid (TFA) reference.
For the labeled cell pellets, the average fluorine content
per cell, F,, was calculated by acquiring NMR spectra of a
known number of PFPE-labeled cells (=108) spiked with a
known concentration of TFA. The F, parameter was cal-
culated from the integrated areas of the PFPE and TFA °F
spectra.

In Vivo MRI

Prior to MRI, mice (n = 3) were anesthetized with an
initial injection of ketamine/xylazine (50—100 mg/kg of
ketamine and 5-10 mg/kg of xylazine), and an i.p. catheter
was connected to a syringe pump (Harvard Apparatus,
Hilliston, MA) to infuse the cocktail (13.6 mg/mL and
0.9 mg/mL, respectively, in saline) at 0.16 pL/hr for the
session, with 0.2 pL/hr increments for the subsequent
imaging sessions. Mice were intubated and connected to a
mechanical ventilator (Harvard Apparatus) delivering a
1:2 mixture of oxygen and nitrous oxide at 140 strokes/min
and 300 pL/stroke. An external reference containing PFPE
nanoemulsion in H,O at a concentration of 10! fluorine
atoms per mL was placed along the mouse’s torso. MRI
was carried out with an 11.7 T micro-imaging system
equipped with a birdcage coil (Bruker). °F images were
acquired using a RARE sequence with TR/TE = 1000/
6.4 ms, a RARE factor of 8, and a 64 X 32 matrix. 'H
imaging was performed using a 2DFT spin-echo sequence
with TR/TE = 1200/22 ms and a 512 X 256 matrix. Eight
contiguous 5.0 X 2.8 cm (2-mm thick) slices were ob-
tained, with the same coordinates for both 'H and 9F. The



In Vivo Cytometry Using °F MRI

749

Alexa647

b

2 3 4 ls
10 10 10 10

FIG. 1. Microscopy and FACS of PFPE-Alexa647 labeled T cells. a: Confocal image of labeled T cells immediately after labeling. Cell nuclei
are stained in blue and the PFPE-Alexa647 is shown in red. Scale bar = 40 um. The inset displays a single cell at high magnification,
showing an apparent cytoplasmic distribution of the PFPE-Alexa647. Scale bar = 8 um. b: FACS of labeled T cells immediately after PFPE
labeling. The panels show the histograms of labeled T cells (light) and untreated control cells (dark) for the PFPE-Alexa647, CD4, CD25, and
the ova-specific T-cell receptor, KJ1-26. No phenotypic differences were observed between labeled and untreated cells.

in vivo imaging was respiratory-gated, and the animal
temperature was maintained at 37°C. The total time per
imaging session was <2 hr. For display purposes, the °F
images of the labeled cells were rendered in “hot-iron”
pseudocolor and thresholded for ease of viewing against
the 'H underlay. We note that the thresholded resulted in
an attenuation of the signal in the reference capillary.

The apparent number of PFPE-labeled cells was calcu-
lated directly from the in vivo MRI dataset, the external 1°F
reference, and the measured F.. The '°F quantification was
carried out using the raw, nonthresholded data. Based on
anatomical data from the 'H scans, ROIs were selected in
slices containing visible °F signal. The °F signal per
voxel was calculated, and we applied a Rician correction
to increase the accuracy of apparent T-cell counts in low
signal-to-noise ratio voxels as previously described (11).
The same sealed capillary was used as a reference for all
imaging experiments, thus any intrinsic SNR variation of
the scanner among imaging sessions was compensated in
the cell quantification analysis. The apparent T-cell num-
bers at different longitudinal timepoints were subjected to
one-way analysis of variance (ANOVA), with a Tukey-—
Kramer multiple comparison post-test, using InStat soft-
ware (GraphPad, La Jolla, CA).

T-cell Studies Using FACS

Control mice (n = 3) received CFSE-labeled T cells with an
ova-Alexa647/IFA injection. Following injection, tissues
from the DLN and site of injection were harvested. Single-
cell suspensions were analyzed by FACS for the presence
of the injected T cells by staining for the DO11.10 TCR
(KJ1-26) and CD4. The uptake of ova-Alexa647 by resident
DCs was assessed by staining for CD11c and Alexa647. The
number of T cells in each tissue was calculated based on
the fraction of the total number of cells that were CD4*/
KJ1-26* T cells. FACS results for the different time points

were subjected to one-way ANOVA statistical analysis,
with a Tukey—Kramer multiple comparison post-test.

In Vivo Fluorescence Imaging

Mice were anesthetized with ketamine/xylazine i.p. as
above, and fur was removed over the lower portion of the
animal by shaving and depilatory cream. In vivo optical
images were acquired using a charge coupled camera (Pho-
tometrics, Tucson, AR) equipped with custom optics
(Bioptechs, Butler, PA). Animals were illuminated using
four quartz-halogen illuminators (Cuda Products, Jackson-
ville, FL). Excitation filters were 530/50 nm, and emission
filters were 720/40 nm (Chroma Technologies, Brattleboro,
VT). Imaging times were ~10 sec, and black paper was
used to mask autofluorescence from the gut. Mice were
then sacrificed and the DLN and CLN extracted and again
imaged.

Cell Microscopy

Confocal microscopy was carried out on PFPE-Alexa647
labeled T cells prepared as above. T cells were incu-
bated on poly-L-lysine-coated glass coverslips for
30 min and fixed in 1% paraformaldehyde (PFA). The
fixed cells were mounted in Vectashield (Vector Labs,
Burlingame, CA) medium containing 4'-6-diamidino-2-
phenylindole (DAPI). Cell imaging was performed using
a Leica TCS SP2 spectral confocal microscope (Leica
Microscopes, Exton, PA).

RESULTS
Characterization of Labeled T Cells
We confirmed an intracellular localization of the PFPE-

Alexab47 nanoemulsion droplets using confocal micros-
copy in ova-specific T cells obtained from DO11.10 mice.
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FIG. 2. Longitudinal in vivo MRI of PFPE-labeled T cells in the
inflammation model. a: Representative images acquired at day 4
from a mouse that received PFPE-labeled T cells and ova/IFA.
Shown are contiguous coronal slices where '9F is rendered in
pseudocolor and H is in grayscale. T cells are detectable primarily
in the DLN, and no labeled cells were detected in the CLN. The
external reference capillary used for quantification is labeled R. b:
Single slice from the same mouse at day 21. Some label is still
detectable in the DLN, although the total integrated signal is ~10-
fold weaker than the maximum. ¢: Apparent T-cell quantification in
DLN from in vivo MRI data. We calculated mean results for n = 3
animals and calculated errors bars from the standard deviation.

Figure 1a, acquired immediately after labeling, shows a
distribution consistent with cytoplasmic localization that
we confirmed at high magnification (Fig. 1a, inset). Figure
1a displays >95% labeling efficiency throughout the cell
population, an observation supported by FACS analysis.
Expression of the T-cell markers CD25, CD4, and the
DO11.10 T-cell receptor (KJI-26) were not altered follow-
ing PFPE labeling, as determined by FACS (Fig. 1b). We
also performed quantitative analysis of 'F NMR spectra
from cell pellets to assay the mean PFPE loading factor per
cell (F,) and found F, = 1.7 = 0.9 X 102 9F/cell.

In Vivo T-cell Visualization and Quantification with MRl

Using longitudinal *F/"H MRI, we followed the migration
of ova-specific PFPE-labeled T cells in recipient mice
given s.c. injections of ova/IFA. We observed a persistent,
intense localization of T cells in the inguinal DLN on the
side of antigen transfer. Figure 2a shows representative
images at day 4. We did not detect PFPE-labeled T cells in
the contralateral lymph node (CLN) node at any timepoint.
However, we often observed faint '9F signal in the mesen-
teric regions in certain animals. By day 21 the '°F signal in
the DLN was still detectable in single slices (Fig. 2b), but
the integrated signals were substantially diminished (=~10-
fold) from peak values, indicating gradual clearance. As-
suming constant F,, we calculated the apparent T-cell
number in the DLN from the longitudinal data (Fig. 2c).
The effects of any potential T-cell division and subsequent
dilution of the nanoemulsion are not considered, thus the
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term “apparent” T-cell number is used. Our quantitative
analysis revealed interesting dynamics of apparent T-cell
recruitment to the DLN. We found that 2.1 = 0.9 X 10
apparent T cells reached the DLN at day 2, reaching a
maximum of 3.6 £ 0.9 X 10°¢ at day 7 (n = 3 all days),
followed by gradual clearance of the cells. Using a one-
way ANOVA, we found extremely significant differences
(P = 0.0005) in the apparent T-cell numbers among the
different longitudinal timepoints. Specifically, pairwise
comparisons between day 4 and day 7 (P < 0.01) and for
day 7 versus days 11 and 21 (P < 0.01 and P < 0.001,
respectively) show highly significant changes. Overall,
these data show pronounced dynamical changes in appar-
ent T-cell numbers for key stages of the cell trafficking,
namely, homing and clearance.

The specificity of T-cell homing in our model was con-
firmed via two different in vivo controls (Fig. 3). Labeled,
activated DO11.10 T cells were administered in the ab-
sence of ova (Fig. 3a); the cells failed to accumulate in the
DLN but were visible in the mesenteric region. In addition,
the observed °F signal from heat-killed PFPE-labeled T
cells, in the presence of ova/IFA, appeared to concentrate
in the mesenteric regions at day 2 (Fig. 3b), but thereafter
was restricted to fatty tissue around the bladder. All °F
signal observed in these regions was cleared by day 7 (not
shown). Taken together, these data suggest that only the
antigen-specific, viable T cells can reach the DLN, and
only when antigen is present.

FIG. 3. In vivo MRI of T-cell trafficking controls. Shown are contig-
uous, coronal slices at day 4, rendered as in Fig. 2. a: Mouse
inoculated with PFPE labeled T cells as before, but the host re-
ceived antigen-free IFA. No T cells are detectable in the DLN.
Instead, 1°F signal is detectable in the mesenteric region. The blad-
der is labeled B. b: Mouse received ova/IFA as before, but received
PFPE-labeled, heat-killed T cells. No '°F is visible in the DLN, but
observed near the bladder at day 4.
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FIG. 4. Optical images showing PFPE-Alexa647-labeled T cells
both in vivo and in excised tissue. a: In vivo fluorescence image at
day 4 in a partially shaven mouse. Fluorescence is concentrated in
the mesenteric region and the DLN (arrow). A mask was placed over
the gut to reduce interference from the autofluorescent tissue. No
fluorescence is visible in the CLN. b: Optical image of excised
inguinal DLN and CLN. The image is an overlay of the fluorescent
image (false color) and a white light image. The DLN (right) fluo-
resces and is visibly swollen compared to the CLN (left).

In Vivo Fluorescence Detection of T-cell Localization

We performed in vivo optical imaging in the inflammation
model using T cells labeled with PFPE-Alexa647 conju-
gate. We observed bright fluorescence in the inguinal DLN
(Fig. 4a). As a confirmation without background fluores-
cence from the mouse, we removed the inguinal DLN and
CLN and imaged these separately (Fig. 4b); these data
show a strong fluorescence signal in the DLN, while the
CLN was nonfluorescent. We also performed FACS analy-
sis of the T cells recovered from the DLN at day 4, and
these data showed a mean intensity of Alexa647 of ~102
higher compared to the CLN (data not shown). Overall, the
fluorescence experiments using PFPE-Alexa647 labeled T
cells are consistent with the MRI findings.

FACS-Based Cell Tracking

In order to give insight into the dynamics of the apparent
T-cell numbers quantified by MRI (Fig. 2), we used a
CFSE-based cell assay in conjunction with FACS analysis.
The magnitude of the fluorescence signal from CFSE-la-
beled cells decreases by half with each cell division, thus
providing an assay of T-cell mitosis. CFSE has been used
extensively for many in vivo and in vitro T-cell studies
and is minimally toxic and does not affect proliferation
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(13). Additionally, an anti-DO11.10 TCR mAb (KJ1-26)
allowed us to identify the injected DO11.10 T cells even
after multiple divisions. DO11.10 T cells were labeled
with CFSE prior to transfer to mice receiving ova/IFA. We
also performed additional experiments in the same ova/
IFA model, except ova-Alexa647 conjugate was used to
track antigen from the site of injection using fluorescence
detection. Mice (n = 3 for all timepoints) were sacrificed
and the DLN and tissue at the site of antigen transfer were
removed and processed for FACS at various timepoints out
to 7 days.

Figure 5a shows representative FACS data of isolated
cells from the DLN and the site of injection. The upper
panels show staining for CD11¢" dendritic cells (DCs) and
ova-Alexa647 antigen; DCs carrying antigen were only ob-
served at the site of injection. The largest number of
CD11c*/Alexa647" cells is seen at day 2 and decreased
thereafter.

The injected T cells in the DLN and site of injection are
also shown in Fig. 5a. Moderate numbers of cells with high
levels of CFSE fluorescence are observed on day 2, peaking
in the DLN on day 4. Figure 5b shows the mean fluores-
cence intensity of CFSE on gated CD4*/KJ1-26" T cells and
demonstrates a significant decrease between day 2 and day
4, suggesting that the cells proliferated during this period.
Using a one-way ANOVA Tukey—Kramer test, P < 0.001
for the DLN and injection site for day 2 versus days 4 and
7. The level of CFSE remained constant after day 4, sug-
gesting that no further proliferation occurred. We also
estimated the absolute numbers of CD4*/KJ1-26" T cells
observed over time. Cells accumulated in the DLN and
injection site (Fig. 5¢). We note that FACS quantification of
absolute T cells extracted from lymphoid organs is often
prone to cell loss during tissue processing and thus inac-
curate. Overall, FACS data show high levels of T-cell ac-
cumulation in the DLN, in agreement with the MRI.

DISCUSSION

In this article we describe novel PFPE cell labeling and *°F
MRI detection methods. We applied these methods to traf-
ficking studies of antigen-specific T cells in a novel murine
model of localized inflammation. From the longitudinal
MRI data we calculated apparent T-cell numbers directly
from the in vivo MR images, revealing targeted and dy-
namic T-cell homing. The in vivo trafficking data was
corroborated with conventional CFSE-based cell labeling
and FACS analysis on excised tissue.

The PFPE molecule has been shown to be nontoxic and
is not degraded in cells (5,11,12). The carbon-fluorine
bond is highly stable chemically; there are no known en-
zymes that degrade PFPE in vivo, and they do not degrade
at typical lysosomal pH values (14,15). The perfluorocar-
bons are both lipophobic and hydrophobic and do not
incorporate into cell membranes (14,15). Active exocytosis
of the PFPE has not been observed in prior studies
(5,11,12), but this remains a potential limitation of this
cell-labeling technique. The ultimate clearance of PFPE
agents from the body is believed to occur via the reticu-
loendothelial system and the lungs (16).

The T, of the PFPE is 437 ms at 11.7 T at atmospheric
oxygen tension and 37°C (11), and because the spin-den-
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FIG. 5. FACS data from mice receiving CFSE-labeled T cells and ova-Alexa647. The FACS data were acquired by gating first on live cells
and then either T cells or DCs. Representative data are shown (n = 3 for all timepoints). a: Dot plots showing CD11c and ova-Alexa647
(upper panels), KJ1-26 and CFSE (lower panels) from the DLNs, and tissue from the site of antigen transfer from days 2, 4, and 7. The gate
windows used for these plots are shown. b: CFSE mean fluorescence intensity (MFI) for the DLN and site of antigen transfer over a 7-day
period. The MFI drops significantly between days 2 to 4, indicative of rapid proliferation. Using an ANOVA Tukey-Kramer test, P < 0.001
for the DLN and injection site for day 2 versus days 4 and 7. c: The number of KJ1-26* T cells in the DLN and site of antigen transfer,
estimated from the FACS analyses. The total number of LN cells was counted using a hemocytometer and the percent CD4*/KJ1-26" cells
was determined by FACS analysis as illustrated in panel (a). The absolute number of KJ1-26* was determined by multiplying the total

number of LN cells by the fraction expressing CD4* and KJ1-26*.

sity-weighted MRI experiments were conducted using
TR = 1000 ms, spins were mostly relaxed before each
excitation. Furthermore, the same PFPE molecule was
used in the external reference capillary; any residual T;-
weighting that was present in the °F images would be the
same in both the cell-containing region and the reference
capillary and thus does not affect quantification. Further-
more, due to the linear structure of the PFPE molecule, it
has a low miscibility with oxygen, compared to, for exam-
ple, cyclic perfluorocarbons such as perfluoro-15-crown-5
ether (17). Hence, pO2 variations are unlikely to affect
quantification in our experiments.

Quantification of apparent T-cell numbers from MRI
data (Fig. 2c) shows a maximum at day 7 followed by an
~10-fold decline by day 21, indicating gradual clearance.
In a previous trafficking study using FACS (18), activated,
tumor antigen-specific T cells had peak cell numbers at

tumor sites on day 7, reminiscent of the timing observed in
our noninvasive MRI study. The same study (18) trans-
ferred 5 X 10° T cells into the tumor-bearing mice; they
found that a large number of these cells, ~80%, homed to
lung metastases at day 6 posttransfer, using flow cytomet-
ric analyses. In comparison, we transferred 1 X 107 acti-
vated, antigen-specific cells and found ~40% in the DLN
at day 7. Our model did not involve a metastasizing tumor,
and hence is expected to be less aggressive in T-cell re-
cruitment. We note that our studies use activated T cells to
minimize the possibility that endogenous T cells in the
host mouse would be stimulated. In addition, activated T
cells have upregulated proinflammatory adhesion mole-
cules and preferentially traffic to sites of antigen deposi-
tion and inflammation in vivo (19,20).

The total '°F content in an ROI can be measured accu-
rately, and with knowledge of the PFPE content (F,), the
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apparent cell number can be calculated. For cells under-
going mitosis, this calculated value represents the actual
cell number only at earlier times, and thereafter an accu-
rate calculation of the absolute cell number content re-
quires knowledge of the cell division rate in vivo. In vitro
studies indicate that the intracellular F, is halved with cell
division. Measurement of total '°F content in an ROI is not
affected by cell division for nonitinerate cells. Dilution of
label with cell division is a common scenario with many
different cell-labeling modalities. Furthermore, dead cells
and free (released) PFPE nanoemulsion can be scavenged
by resident phagocytic leukocytes, possibly resulting in
false-positives if substantial numbers of these phagocytes
remain in the '°F signal-positive voxels. Overall, the lower
limit to cell detectability is ~103—10* cells per voxel
(11,21).

To investigate T-cell division, cell trafficking, and po-
tential cell death, we used CFSE dye and T-cell pheno-
typic markers with FACS analysis. We found that T cells
present in the DLN had high levels of CFSE fluorescence at
day 2, indicating that they had not yet proliferated. There
was a dramatic drop in CFSE fluorescence by day 4 in the
DLN, but remained stable thereafter (Fig. 5b). This would
indicate that the cells underwent several rounds of prolif-
eration between days 2 and 4, resulting in dilution of F,.
The FACS data suggested that the DO11.10 T cells contin-
ued to accumulate in the DLN between days 4 and 7.

Based on our data, we speculate that the transferred T
cells initially traffic to all lymph nodes at the earliest
timepoint, as expected for activated T cells. The T cells
then preferentially accumulate in the DLN (Figs. 2, 4, 5).
The MRI-observable drop in apparent T-cell number on
day 4 (Fig. 2c) reflects rapid T-cell proliferation resulting
in a swollen DLN and reduced F,, followed by cell efflux
from the DLN. Daughter cells leaving the DLN migrate to
the site of antigen transfer (Fig. 5¢), especially by day 7;
this accumulation is not detectable by MRI due to the
relatively low F, in these cells, the result of repeated cell
division. Indeed, at the injection site CFSE staining for
KJ1-267 cells was very weak. By day 7, further influx of
PFPE labeled T cells to the DLN occurs (Figs. 4c, 5), pre-
sumably from less-divided cells that remained in the blood
circulation or other tissues, resulting in a peak in total °F
content. The subsequent drop in signal in the DLN sug-
gests that these cells then divide or die and are then
cleared from the DLN by mechanisms that are yet to be
elucidated.

Overall, the methods described herein can readily be
adopted to study the trafficking of other cell types (e.g.,
stem cells (21,22)) or used for studies in a wide range of
preclinical animal models. Moreover, the murine inflam-
mation model we describe can be applied to studies of
therapeutics, such as small molecules or recombinant pro-
teins, that modulate immune cell trafficking.
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