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Abstract

We provide an overview of the methods used to label circulating cells for fluorescence detection
by in vivo flow cytometry. These methods are useful for cell tracking in small animals without the
need to draw blood samples, and are particularly useful for the detection of circulating cancer cells
and quantification of circulating immune cells.
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1. Introduction

The longstanding goal of /n vivo flow cytometry is to perform noninvasive, real-time
detection and quantification of circulating cells in human subjects without the need to draw
blood samples. Considerable challenges remain before this goal can be realized. In the
meantime, /n vivo flow cytometry has been established as a valuable research tool for
monitoring circulating cells in preclinical animal studies [1-25]. In small animals that have
limited blood volumes, frequent blood sampling can be difficult and may lead to adverse
host stress response (see section 3 below). Several approaches have been developed using
either fluorescence (1-17), Raman (18), photoacoustic (18-24), or photothermal (21,23,25)
techniques to detect individual circulating cells in live animals (see Table 1). Here we focus
on cell labeling methods for fluorescence-based /7 vivo flow cytometry that are widely used
in animal studies. These methods include

i. Direct labeling of specific cell populations by injecting fluorescently conjugated
antibodies or antibody fragments into the circulation.

ii. Exvivoisolation and purification of specific cell populations from donor animals,
labeling the cells with fluorescent cell tracers, followed by adoptive transfer into
recipient animals. This method can also be used to label cultured cell lines or
primary human cells before they are introduced into animals.
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iii. Use of animals expressing fluorescent proteins (FP) in specific cell populations, or
transducing ex vivo cultured cells to express FP before injection into host animals.

2. Direct labeling of circulating cells with fluorescent IgG antibodies or Fab
antibody fragments

If the cell population of interest expresses a specific cell surface marker, and an antibody
recognizing the cell surface marker is available, then the antibody can be conjugated to a
fluorophore and injected into the circulation for direct cell labeling /n vivo. For example,
anti-CD45 antibody can be used to label all circulating leukocytes [1], anti-CD3 antibody
can be used to label the T cell population, and anti-CD4 antibody can be used to label just
the CD4+ T cell subset. A large selection of fluorescently conjugated antibodies is available
from commercial suppliers. There are also commercial conjugation kits that can be used to
attach a fluorophore such as FITC, Cy5, or any of the AlexaFluor dyes, to an antibody of
one’s choice.

The amount of antibodies to inject depends on the abundance of the target cells one expects
to find in the circulation but is typically on the order of 10 g per mouse. Assuming the
mouse blood volume is 2 mL, the concentration of fluorescent antibodies in the blood
immediately after injection is about 33 nM, which is readily detectable as background
fluorescence signal. The real signal from labeled cells needs to exceed the background in
order to be detected. The signal increases with time as the antibody binds to the target cells,
while the background decreases with time as the free (unbound) antibody is cleared from the
circulation. The optimum time for cell detection after antibody injection will depend on the
kinetics of antibody binding as well as on the clearance time of the unbound antibody, and
can take from minutes to hours depending on the antibody. The clearance kinetics of
injected antibodies from the plasma has been examined in pre-clinical and clinical studies
using radionuclide-conjugated antibodies directed against circulating cell types. Typically
the clearance is biphasic. For example, anti-mouse Thy1.1 (T cell marker) initially cleared
with a t% of less than 3 hrs followed by t% of 34 hrs (26), and anti-human CD45 initially
cleared with t% equal to 1.4 hours, but at later times t% was 26.7 hours (27). The terminal
clearance rate for anti-CD45 was not unlike the clearance rate for non-specific control
antibody (t% = 27.3 hours). In addition, in the latter study, peak antibody plasma
concentrations for anti-CD45 were 3.75 times lower than those observed for non-specific
antibody when measured as percentages of injected dose. Taken together, these data point to
initial antibody clearance rates as largely determined by antibody binding to accessible
targets in vivo while later clearance rates reflect saturation of target cells and tissues.

As in all antibody-labeling studies, it is important to perform proper control experiments
using isotype IgG in order to take into account potential nonspecific labeling. This is
important since injected antibody can be taken up by endocytic cells or by cells with Fc
receptors. In an /in vivo flow cytometer, cells with such non-specific uptake capacities will
be falsely counted as labeled cells. The best way to eliminate such false positive count is to
use a double labeling scheme where the specific and the isotype control 1gG are labeled with
two distinct fluorophores and co-injected into the circulation. The specifically labeled cells
(single positive) can then be distinguished from the nonspecifically labeled cells (double
positive because both specific and control 1gGs will be taken up) using a two-channel /n
vivo flow cytometer [7].

Another important consideration is that antibody binding can lead to cell activation or cell
death through antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent
cytotoxicity (CDC), both requiring binding of the Fc region of the antibody to host Fc
receptors [28, 29]. We have investigated the effect of antibody binding to circulating cells
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by /n vivo flow cytometry. We noted that after injection of Cy5-conjugated anti-CD4
antibody, the number of circulating cells in the Cy5 channel showed an initial increase
during the first 3 hours, followed by a steady decrease in the ensuing 24 hours (Figure 1A,
solid line). Similar kinetics were observed after injection of anti-CD45 antibody [1]. The
initial increase in cell count is attributed to a combination of a) binding of the antibody to
the target cells and b) clearance of the unbound antibody, allowing the labeled cells to be
detected as the background signal decreases, while the slower decline in cell number is
attributed to the depletion of target cells after antibody labeling.

The involvement of Fc receptors in the observed depletion of the antibody-labeled cells was
confirmed using Fc Block, which is a mixture of anti-CD16 & anti-CD32 antibodies used to
block the Fc receptors in the host cells. When mice were pre-treated with injections of Fc
Block prior to injection of the fluorescent antibodies, the circulation time of the labeled cells
increased significantly in a dose-dependent manner (Figure 1A, dashed lines). Antibody-
mediated cell depletion was almost completely prevented when mice were pre-treated with
an Fc Block dose of 100 g per mouse.

We next investigated whether modification of the antibody can retain its cell labeling
specificity while minimizing the adverse effects of antibody binding. We used a
commercially available reagent to cleave and remove the Fc portion of the IgG through
enzymatic digestion. The enzyme papain works by cleaving the Fc region on the amino-
terminal side of the disulfide bonds to produce two identical Fab molecules. The purified
Fab molecules were then conjugated to the fluorescent dye Cy5 and injected into BALB/c
mice in order to label circulating lymphocytes. As shown in Figure 1B, cells labeled with
anti-CD4 Fab fragments have significantly longer circulation time compared to cells labeled
with intact anti-CD4 antibodies (note the time axis is in days rather than hours).

Did the removal of the Fc portion of the antibody simply delay cell clearance from the
circulation? In principle, the reduction in the detected cell number can mean either (a) cells
are being depleted from the circulation, or (b) cells remain in the circulation but the
fluorescent label is lost from the cell surface. To investigate the latter possibility as a
possible explanation for the decrease in cell count over time, we examined the mean
fluorescence intensity of the signal peaks detected by the /n vivo flow cytometer as a
function of time. As shown in Figure 1C, in the case of Fab fragments, the reduction in cell
count can indeed be explained by the decrease in the mean fluorescent intensity of the
detected peaks over time, resulting in fewer peaks being identified as positive cells. The fact
the Fab fragment is more easily lost from the cell surface compared to intact antibodies is
not surprising since the Fab fragment has only one binding site as opposed to the bivalent
intact antibodies.

In summary, circulating cells can be readily detected by /n vivo injection of fluorescent
antibodies that target specific cell surface markers. However, labeled cells will be captured
by host cells through the interaction of the Fc receptors with the antibody, leading to rapid
clearance (within 24 hours) of the labeled cells from the circulation. To monitor cells
without altering their normal physiology, it is preferable to use antibody fragments (Fab)
from which the Fc sequences have been removed. The single chain Fab also avoids cross-
linking the target molecules and therefore avoids cell activation. The monovalent Fab does
have a lower affinity compared to the intact (bivalent) antibodies so the probe is more likely
to be dissociated from the target cells over time.

In addition to antibodies, other injectable probes can be used to target specific cell surface
epitopes. For example, when cells undergo apoptosis, the phosphatidylserine that is
normally on the inner leaflet of the plasma membrane becomes exposed on the outer cell
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surface, and can be recognized by the apoptotic cell probe Annexin V. Injection of Annexin
V conjugated to Alexa Fluor 647 has been used to detect circulating apoptotic cells [4]. In an
elegant study, He et al [15] used folate-fluorophore conjugates to label circulating cancer
cells that overexpress the folate receptor (FR) and detected the labeled cells by two-photon
in vivo flow cytometry. The unbound folate conjugates have shorter circulation time
compared to anti-FR antibodies, thus reducing the background fluorescence signal. The use
of folate conjugates also avoids underestimation of circulating cancer cells [15] caused by
antibody-mediated cell depletion as described above.

3. Adoptive transfer of ex vivo purified and labeled cells

Many experiments use cultured cells, or cells harvested from a donor animal or even patient
cell samples, that are then injected into recipient animals to study their /n vivo function. For
example tumor cell lines or tumor cells obtained from cancer patients are commonly used to
study their metastatic properties after injection into the circulation, and immune cells are
frequently isolated from donor mice are adoptively transferred into recipient mice to
determine their immunologic function. In these cases, a cell tracker dye such as DilC4g(5)
(known as DiD, a lipophilic dye that intercalates into the plasma membrane and fluoresces
in the far red) can be used to label the cells before injection, and /7 vivo flow cytometry can
be used to monitor the circulating cell number over time [3, 8-12]. For example, subsets of
immune cells can be isolated from donor animals, purified, labeled ex vivowith a
fluorescent dye such as DiD, and reintroduced into recipient animals in a procedure called
adoptive transfer. Using this method, CD4+ T lymphocytes were isolated from extracted
lymph nodes and spleens of BALB/c mice via negative selection using immunomagnetic
beads (i.e. the beads were used to pull down all cells that are not CD4+ T cells). The purified
CDA4+ T cells were then labeled ex vivowith DiD and injected into BALB/c recipients.
Unlike antibody labeling, DiD labeled cells were not depleted and remain in the circulation
for more than a week (Figure 1B, circles). The slight decrease followed by a slight increase
in circulating cell count during the first 7 days after adoptive transfer likely reflects the
initial cell “homing” to the lymph nodes followed by their recirculation kinetics. Unlike Fab
antibody fragments, the DiD label stayed on the cell membrane with no apparent loss of
signal intensity over time (Figure 1D).

A similar technique was used to assess the effect of repeated collection of blood samples
from mice. T cells were isolated and purified from the lymph nodes and spleen as described
above. Cells were labeled with 10 M of DiD for 30 min at 37°C, followed by intravenous
injection into cognate BALB/c mice at a dose of 5 x 108 cells per mouse. After overnight
equilibrium, the /n vivo flow cytometry was carried out to detect the number of donor T
cells in the peripheral blood. One group of mice was then bled by tail snip and ~100 p.I of
blood was collected. The circulating, fluorescently labeled donor T cells were enumerated
again by /n vivo flow cytometry 4 hours later. The procedure was repeated at 8 and 24 hours
and at each time 50 p.l of blood was collected, followed by in vivo flow cytometric analysis
4 hours later. The results (Figure 2) suggest that repeated blood sampling invokes a stress
response that reduces the number of circulating lymphocytes. It is well documented that the
absolute number of peripheral blood T cells decreases rapidly and significantly (40~70%
lower than baseline) during traumatic stress in both humans and animals [30-32]. Studies
with 51Cr-labeled lymphocytes suggested that a decrease in egress of lymphocytes, rather
than increased homing or cell death was the mechanism for the lymphopenia induced by
traumatic stress [31]. Our results confirm that for frequent monitoring of circulating cells, in
vivo flow cytometry is superior to conventional methods that require repeated collection of
blood samples.
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Adoptively transferred tumor cells may also be monitored short-term using cell tracker dyes
and in vivo flow cytometry. Leukemia and multiple myeloma are both hematologic
malignancies that can spread to multiple locations in the bone marrow via the circulation.
We have used /in vivo flow cytometry to study how leukemic cells and multiple myeloma
cells adhere to the bone marrow vasculature and exit the circulation. We have shown that
circulating leukemic cells recognize the bone marrow vascular endothelium expressing a
chemokine (chemical attractant) called stromal-derived factor-1 (SDF-1) [3]. The interaction
of SDF-1 with the chemokine receptor CXCR4 on the leukemic cell surface causes the
leukemic cells to arrest on the vascular endothelium and eventually transmigrate into the
bone marrow stroma. By monitoring the kinetics of cell depletion from the circulation, we
can evaluate the effectiveness of therapeutic agents aiming to block the SDF-1/CXCR4
interaction [3]. The same interaction has also been shown to facilitate multiple myeloma cell
binding to the bone marrow vascular endothelium [8-12]. Figure 3A shows that, in addition
to the SDF-1/CXCR4 interaction, the integrin VLA-4 is also important for multiple
myeloma cell binding to the bone marrow vasculature, as pre-treatment of the myeloma cells
with anti-VLA-4 antibody significantly increased their circulation time.

4. Cell labeling using fluorescence proteins

Advances in molecular biology have led to the development of reporter gene constructs that
encode fluorescent proteins (FP) in many types of cells or whole animals. To study cancer
growth and response to therapy, for example, cancer cell lines can be transduced to express
the green fluorescent protein (GFP), before they are injected or implanted in recipient
animals [14]. One major advantage of using FP to label cells is that as long as the FP is
stably expressed, the cells will continue to be detectable and are therefore suitable for long-
term monitoring of tumor growth, whereas cell labeled with a fluorescent dye such as DiD
will become dimmer every time the cells undergo division, and can become undetectable
after several divisions. Figure 3B shows long-term monitoring of tumor growth, as reflected
by the increased number of circulating tumor cells during the first 6 weeks after injection of
GFP-expressing multiple myeloma cells. At that time point the mice received treatment with
bortezomib (velcade), and the tumor burden dropped off precipitously [14]. These results
demonstrated the power of /n vivo flow cytometry to follow tumor growth and response to
therapy continuously in individual animals over several months.

Mouse models in which fluorescent proteins are expressed in specific cell populations are
particularly useful for /n vivoimaging applications. For example CX3CR1-GFP mice are
reporter mice whose monocytes/macrophages selectively express the GFP. In LysM::GFP
mice, GFP is expressed in both macrophages and granulocytes. In MHC Class Il GFP mice,
the antigen-presenting cells including dendritic cells and B cells express the GFP. In all
these mice, GFP cells can be detected in the circulation and /n vivo flow cytometry can be
used to monitor the GFP cells without the need for further labeling.

Alternatively, donor cells can be isolated from reporter mice that express FP and adoptively
transferred into the host animals. This approach has been used to study the response of T
cells to transplantation from a mismatched donor (allogeneic transplantation). In a mouse
model of pancreatic islet transplantation (an experimental procedure to treat type | diabetes
by transplanting functional pancreatic islets containing B-cells that secrete insulin in
response to elevated glucose level in the blood), host T cells will attack the foreign tissue
(allograft) leading to graft rejection unless they are kept in check by immunosuppressive
therapy or by tolerance induction. Tolerance is a state in which the host immune system is
“instructed” to accept tissue from a specific donor, while retaining the capacity to defend
against other foreign pathogens (unlike immunosuppression). In this model, tolerance was
induced by giving mice rapamycin plus anti-CD154 antibody treatment. Islet allograft
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survived in the treated mice for the duration of the experiment (>45 days) while in untreated
mice the graft was rejected by 15 days after transplantation [13]. The rejection has been
shown to be mediated by CD4 T cells. However, CD4 T cells contain both the effector T
(Tefp) cells that attack and destroy foreign grafts, as well as regulatory T (Tyeg) cells that
protect the grafts. It was hypothesized that rapamycin plus anti-CD154 antibody treatment
induced tolerance by inducing massive conversion of T cells to the regulatory phenotype. A
reporter mouse was created in order to visualize the converted T cells. In these mice the Tesf
cells express the red FP (dsRed), the pre-existing (natural) Tyeq cells express the green FP
(GFP), and the newly converted (induced) Tyeq cells express both the GFP and the dsRed
and will be detected as double-positive (yellow) cells. /n vivo flow cytometry was used in
combination with /n vivo confocal microscopy to observe the kinetics of these T cell
populations in the circulation and in the graft of these tri-color-coded reporter mice. Figure
4A shows an example of all three T cell subsets detected in a single 3-second trace. Double
positive (induced Teq cells) were observed in the circulation as early as 4 days after
transplantation.

By performing /n vivo flow cytometry measurements everyday during the first week and
again on day 14 after transplantation, we obtained the kinetics of the three circulating T cell
sub-populations for both the rapamycin plus anti-CD154 antibody-treated mice (Figure 4B)
and the control untreated mice (Figure 4C). These results are striking in two ways. First, in
both treated and untreated mice, the number of red (Tc¢f) cells greatly exceeds the number of
green (natural Treg) and yellow (induced Tieg) cells. Second, in the untreated animal (Figure
4C), the number of T cells continued to increase until the graft was rejected (at day 14)
while in the treated animal (Figure 4B) the absolute number Tg¢ cells was much lower (note
the ten-fold difference in the vertical scales of the two plots) and was declining between day
7 and day 14. Tolerance induction, at least in this model, was accompanied by reducing the
number of graft-attacking T cells, rather than increasing the number of graft-producing
Treg cells [13]. This study is a prime example of using /7 vivo flow cytometry to help
biologists answer mechanistic questions that were previously difficult to address because the
kinetics of T cell expansion was not known (therefore it was not known what would have
been the optimum time point to draw blood for ex vivoanalysis). The results also suggest
that early assessment of graft survival or failure may be possible by monitoring the Tg¢ and
Treg populations in the peripheral circulation a few days after transplantation.

5. Future prospects

From the examples described in the previous sections, it is clear that /n vivo flow cytometry
fills a biological need as a research tool for cell tracking in live animals. At this stage of the
development, the major limitation of the technique is its inability to detect very rare
circulating cells. In its most common implementation, a small artery in the mouse ear is used
for measurement. The vasculature of the ear is readily accessible, and the same blood vessel
can be identified from day to day for longitudinal monitoring. However, the total blood
volume flowing through a single 30 wm diameter artery in a 1 min scan is <1 p.L, or less
than 1073 of the total blood volume in a mouse. That means on average we need about 1000
fluorescent cells in the entire circulation in order to detect 1 cell/min with the in vivo flow
cytometer. This number is somewhat improved with the development of the retinal flow
cytometer that can detect circulating cells in all the major retinal blood vessels (5 artery/vein
pairs) around the optic disc of the eye [6]. Compared to the original /n vivo flow cytometer,
the number of detected cells using the retinal flow cytometer was approximately 5 times
higher [6], but the lower detection limit (~200 fluorescent cells per mL of blood) is still two
orders of magnitude higher than needed to detect very rare circulating cells, such as
mobilized blood stem cells.
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For eventual human applications, either (i) endogenous signals will need to be identified that
are specific markers for the cell population of interest [16,21,23], or (ii) molecular probes
will need to be developed that label specific human cell populations and are approved for
human use. If it is an injectable probe, there needs to be justification for probe injection
rather than blood draw. A reasonable justification would be if a single injection of the probe
results in prolonged labeling of the circulating cells, enabling longitudinal monitoring
without altering the function of the labeled cells. In addition, light intensity will need to be
carefully monitored and kept below the safe exposure limit for human use. In this regard,
more sensitive detection scheme need to be explored, including photoacoustic or
photothermal detection schemes (18-25) as possible alternatives.
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Figure 1.

Kinetics of cell depletion detected by IVFC is influenced by the fluorescent probe used. A,
B. Cyb5 conjugated antibody against CD4 was injected intravenously into BALB/c mice, and
fluorescent cells were counted using the IVFC to quantify the number of circulating
fluorescent T cells as a function of time. A. The circulation time of the Cy5-CD4 labeled T
cells was significantly enhanced by pre-treatment of the mice with Fc block (a mixture of
antibodies directed against mouse CD16 and CD32) in a dose-dependent fashion. B.
Likewise, enzymatic removal of the Fc portion of the anti-CD4 antibody enhanced the
longevity of the fluorescent T cells in the circulation by tens of hours when compared to the
results obtained using whole antibody (dashed square vs diamond solid lines). However,
syngeneic T cells labeled with the lipophilic membrane dye DiD persisted in the circulation
for days (dashed circle line). C. Depletion of T cell numbers over time is due to loss of
fluorescent Fab fragment binding rather than removal of the cells from the circulation as is
demonstrated by the reduction in fluorescent signal intensity over time. D. Cells labeled with
DiD did not lose signal intensity. For A: n = 3 mice; B: n =5 mice; C,D: Plots from two
representative mice injected with either Fab fragment directed against CD4 or DiD labeled
donor T cells. Each data point was measured three times. CD4 antibody and Fab fragment
injections were done at 1mg/kg.
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Figure2.

Depletion of circulating lymphocyte numbers after repeated bleeding is quantified by 1VVFC.
T cells were isolated and purified from the lymph nodes and spleen, labeled with 10 uM of
DiD, and injected intravenously into syngeneic BALB/c mice at a dose of 5 x 10 cells per
mouse. After overnight equilibrium, in vivo flow cytometry was carried out to detect the
number of donor T cells in the peripheral blood of the recipient mice. The experimental
mice (n= 6) were then bled by tail snip and ~100 | of blood was collected. Four hours later,
the circulating fluorescently labeled donor T cells were enumerated again by in vivo flow
cytometry. The procedure was repeated at 8 and 24 hours except that at these time points 50
I of blood were collected, followed by in vivo flow cytometric analysis 4 hours later.
Control mice (n=6) were not bled. The results are shown as the relative cell counts of
circulating cells per minute. **P<0.01.
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Figure 3.

Enumeration of circulating multiple myeloma cells immediately after injection (A) and over
the course of the disease and following treatment (B) by IVFC. A. Treatment with anti-
VLA-4 antibody significantly prolonged the circulation time of multiple myeloma cells after
injection. DiD-labeled MM.1S cells injected into the tail veins of BALB/c mice were
dramatically depleted from the circulation within an hour of injection unless homing was
abrogated by treatment with an agent that interferes with binding through the CXCR4/
SDF-1 pathway, such as anti-VLA 4 antibody (control, n = 4 mice; VLA 4 antibody treated,
n = 2 mice). For every data point, at least three 60-second measurements were taken per
mouse over a five-minute period, counted using Matlab, averaged and plotted above. Bars
indicate standard errors. B. The number of circulating GFP+ multiple myeloma cells
increased during tumor growth, but decreased in response to therapy. Weekly in-vivo flow
cytometry sessions were repeatedly performed on three SCID/Bg mice that had been
injected with MM.1S-GFP+ cells. For each weekly measurement, ten one-minute traces
were taken, the number of GFP + cells were counted, averaged and plotted against time.
Beginning in the sixth week post cell injection, bortezomib was administered twice-weekly
at the clinically relevant concentration of 1 mg/kg. Solid line indicates cell counts
accumulated before the mice were treated. Dashed line indicates cell counts after twice-
weekly bortezomib treatment. Figure 3A,B reproduced from [14] with permission.
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Figure4.

Simultaneous detection of circulating Teff cells (DsRed), natural Treg cells (GFP), and
induced Treg cells (DsRed+GFP+ double positive) in the tricolor-coded reporter mice used
to demonstrate rejection/tolerance of pancreatic islet graft. A. Representative in vivo flow
cytometry trace showing the identification of single positive endogenous natural Treg (green
box), Teff (red boxes) and double-positive induced Treg (yellow box) cells. The second
peak in the DsRed channel occurred about 45 ms before the second peak in the GFP
channel. As this time difference was greater than the uncertainty of the measurements, these
two peaks were distinguished as separate cells and not a double-positive iTreg cell. B,C.
Pancreatic islet grafts from DBA/2 mice were placed under the renal capsules of allogeneic
C57BL/6 mice expressing GFP Treg and DsRed Teff cells. The numbers of nTreg (GFP),
Teff (DsRed) and iTreg (DsRed+GFP double positive) were followed daily in the peripheral
blood using in vivo flow cytometry until graft rejection occurred in the control animals.
Note the ten-fold difference in cell counts between the mouse treated with CD154-specific
mADb plus rapamycin (tolerance-induced) (B) and the untreated immunocompetent mouse
(C). Each curve was derived by serial analysis of the same blood vessel of the same animal
over time. Reproduced from [13] with permission.
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