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The use of carboxyfluorescein diacetate succinimidyl ester (CFSE) to measure lymphocyte pro-
liferation by flow cytometry has become one of the most widely utilised assays for assessing
lymphocyte responses. The properties of CFSE make it ideal for such a task, covalently labelling
cells with a long-lived fluorescence of high intensity and low variance with minimal cell
toxicity. No dye in the last 20 years has been capable of replicating CFSE in these respects.
However, currently CFSE is limited to following a maximum of 7 cell divisions and is not com-
patible for use with ubiquitously available fluorescein conjugates or other fluorescent mole-
cules with spectral properties similar to fluorescein, such as EGFP. Here we characterise two
new fluorescent dyes for measuring lymphocyte proliferation, Cell Trace Violet (CTV) and
Cell Proliferation Dye eFluor 670 (CPD), which have different excitation and emission spectra
to CFSE and, consequently, are compatible with fluorescein conjugates. We found that while
both CTV and CPD can label cells to a high fluorescence intensity, which is long-lived and
has low variability and low toxicity and makes them ideal for long-term tracking of non-
dividing lymphocytes in vivo, CTV offers possibly the best available alternative to CFSE in
the analysis of cell divisions. We also describe how intercellular dye transfer and cell autoflu-
orescence can affect division resolution with the three different dyes and describe labelling
conditions for the three dyes that produce ultra-bright lymphocytes for in vivo tracking stud-
ies and allow up to 11 cell divisions to be detected when using CFSE and CTV as the fluores-
cent dyes.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The development of an adaptive immune response relies on
a rapid expansion in the number of lymphocytes specific for a
foreign antigen. Therefore, measurement of lymphocyte ex-
pansion using sensitive but convenient methods is critical for
the progress of immunological research. The measurement of
lymphocyte proliferation, both in vitro and in vivo, took a
dramatic leap forward following the discovery of the cell
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labelling properties of the dye carboxyfluorescein diacetate
succinimidyl ester (CFSE) which was ideal for flow cytometry
assays (Weston and Parish, 1990; Lyons and Parish, 1994).
Since thenCFSE has been used in numerous studies on lympho-
cyte function (Hodgkin et al., 1996; Kurts et al., 1997; Bird et al.,
1998; Gett and Hodgkin, 1998; Nordon et al., 1999; Marzo et
al., 2000; Jedema et al., 2004; Stambas et al., 2007). In fact,
since its initial description as a lymphocyte tracking and prolif-
eration dye, CFSE has been used in over 20,000 scientific publi-
cations and has been cited in almost 1000 patents.

The use of CFSE in cell division analysis relies on the sim-
ple premise that when a dye-labelled cell divides, the CFSE
fluorescence intensity is halved in the two daughter cells.
However, in order to achieve high resolution of each cell divi-
sion, it is essential that the labelling dye meets several impor-
tant characteristics, namely (i) high initial staining intensity

http://dx.doi.org/10.1016/j.jim.2012.02.012
mailto:ben.quah@anu.edu.au
http://dx.doi.org/10.1016/j.jim.2012.02.012
http://www.sciencedirect.com/science/journal/00221759


2 B.J.C. Quah, C.R. Parish / Journal of Immunological Methods 379 (2012) 1–14
which allows numerous cell divisions to be detected before
the dye dilutes to levels approaching cellular autofluores-
cence, (ii) low fluorescence variance, in order to maintain
discrete division peaks, (iii) minimal and uniform dye leak-
age over long periods, so that fluorescence intensity and
variance are not compromised, and (iv) low cell toxicity to
ensure that cell function is not altered by the labelling proce-
dure. Although numerous dyes have met some of these label-
ling characteristics, none have been able to match the unique
properties of CFSE (Parish, 1999).

The remarkable success of CFSE is based on twomain chem-
ical attributes of the dye (Parish, 1999; Quah and Parish, 2010).
The first is the presence of two acetate groups,which allows the
dye to rapidly cross the plasma membrane of cells. However,
removal of the acetate groups by intracellular esterases lessens
the membrane permeability of the dye, thus allowing the dye
to concentrate within cells. The second important chemical at-
tribute of CFSE is the amino-reactive succinimidyl side chain
of the dye,which allows CFSE to covalently couple to numerous
intracellular proteins, including thosewith a low turnover rate.
This results in a high degree of stable fluorescence, with CFSE
typically allowing up to 8 peaks of fluorescence (or 7 cell divi-
sions) to bemeasured by flow cytometry before the dye dilutes
to cellular autofluorescence levels (Quah et al., 2007). When
labelling is performed quickly, the rapid reactivity of CFSE
also results in a population of lymphocytes with a low variance
of fluorescence, typically with a standard deviation of each
division peak being ~20% or less of the mean fluorescence
intensity (Quah et al., 2007). This allows clear visualisation
of discrete fluorescence peaks following each cell division.
Although CFSE labelling under some conditions can affect cell
behaviour (Quah et al., 2007; Last'ovicka et al., 2009; Parish et
al., 2009),when used to label cells in appropriate buffering con-
ditions it has very low cellular toxicity (Quah et al., 2007; Parish
et al., 2009).

One of the main disadvantages of CFSE is that it removes
the use of one of the most commonly used fluorescence chan-
nels in flow cytometry, i.e., the channel used for fluorescein
detection. An additional disadvantage of CFSE is that, based
on current labelling procedures, a maximum of ~7 cell divi-
sions can be measured. An added incentive to develop prolif-
eration dyes with different spectral properties to CFSE is that
it would allow the proliferation of different populations of
lymphocytes to be simultaneously measured in the same
culture or animal. Recently, two new fluorescent dyes have be-
come available that seem to have the potential to work as well
as CFSE but possess different fluorescence excitation and emis-
sion spectra. Cell Trace Violet (referred to here as CTV), pro-
duced by Molecular Probes, is excited by violet emissions
(405 nm) commonly used in violet laser-equipped flow cyt-
ometers. It emits at a peak wavelength of ~450 nm and thus
can be used in flow cytometers equipped with detectors for
Pacific Blue. It is claimed to be capable of detecting up to 8–10
cell divisions, although this is based on results from flow cyt-
ometers equipped with acoustic focusing, this procedure
being capable of generating better fluorescence peak resolu-
tion than standard flow cytometers (Molecular Probes, Invi-
trogen; Applied Biosystems Life Technologies). The second dye,
Cell Proliferation Dye eFluor 670 (referred to here as CPD), pro-
duced by eBioscience, has a peak excitation of 647 nm and
can be detected using the APC fluorochrome detectors. It is
claimed by the manufacturer to be capable of detecting up to
5 cell divisions. Although these dyes appear to be promising
candidates for measuring lymphocyte proliferation, there are
no available reports comparing them side by side with CFSE.

In this report we have examined the ability of CTV and
CPD to detect the proliferation of mouse lymphocyte in vitro
and in vivo in comparison with CFSE, focusing on the key vir-
tues of CFSE, namely, fluorescence intensity, low fluorescence
variance, high stability of cell labelling and low cellular toxic-
ity. It was found that CTV is comparable to CFSE in monitor-
ing lymphocyte proliferation but CPD was a less effective
dye, although both new dyes stably label lymphocytes and
are potentially as useful as CFSE for long-term tracking of
non-dividing lymphocytes in vivo. During this comparative
study, we also identified intercellular dye transfer and cell
autofluorescence as two potential causes of reduced resolu-
tion of cell division peaks using CFSE and CFSE-like dyes. In
addition, we describe an optimised methodology for cell la-
belling with all three fluorescent dyes that results in ultra-
bright lymphocytes for cell migration studies and increases
the number of cell division detectable, potentially up to 11,
when employing commonly used flow cytometers.

2. Methods

2.1. Animals

Micewere obtained from theAustralianNational University
(ANU) Bioscience Services, ANU. Mice were housed and han-
dled according to the guidelines of theANUAnimal Experimen-
tation Ethics Committee. Mouse strains used were C57BL/6
(B6), B6.CD45.1 (B6 congenic for CD45.1) and the transgenic
(Tg) mouse strains MD4 (B cell receptor (BCR)-Tg expressing
hen egg lysozyme (HEL)-specific-IgMa and IgDa on a B6 back-
ground (Goodnow et al., 1988)), OT-II (T cell receptor (TCR)-
Tg specific for I-Ab-ovalbumin (OVA)323–339 peptide on a B6
background (Barnden et al., 1998)), P14.CD45.1 (TCR-Tg spe-
cific for Db-GP33–41 peptide (lymphocytic choriomeningitis
virus-derived) on a B6.CD45.1 background (Pircher et al.,
1989)), F5 (TCR-Tg specific for Db-NP366–374 peptide (influenza
virus-derived) on a B6 background (Mamalaki et al., 1993))
and OT-I (TCR-Tg specific for Kb-OVA257–264 peptide on a B6
background (Hogquist et al., 1994)). Male mice were used at
6–12 weeks of age.

2.2. Lymphocyte preparation

Lymphocytes were obtained from spleen and/or lymph
nodes as previously described (Quah et al., 2004). CD4+ T
cells and CD8+ T cells were enriched from pooled lymph
nodes as well as spleen, and B cells were enriched from
spleen via magnetic-activated cell sorting (MACS) (Miltenyi
Biotec) as previously described (Quah et al., 2004).

2.3. Labelling lymphocytes with fluorescent dyes

CFSE, CTV (both from Molecular Probes, Invitrogen) and
CPD (eBioscience) fluorescent dyes were dissolved in DMSO
as 10 mM stock solutions (stored at −20 °C). For dye label-
ling lymphocytes were resuspended to 1×108/mL in 20 °C
RPMI 1640 medium (Invitrogen) supplemented with 10%
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foetal calf serum (FCS) and a final concentration of 10–80 μM
of each dye added to 1 mL aliquots of lymphocytes with
immediate vortexing to ensure rapid and homogeneous label-
ling of cells. Cells were incubated at 20 °C for 5 min, then
washed 3 times with RPMI 1640 supplemented with 10% FCS.
This labelling procedure is as described previously (Quah et
al., 2007), using the method videoed by JoVE (Quah and
Parish, 2010), with one important change being that the label-
ling solution used was RPMI 1640 supplemented with 10%
FCS rather than PBS, the use of culture medium and the inclu-
sion of high FCS ensuring that cell toxicity was minimised,
particularly when very high concentrations of the fluorescent
dyes were being used.

2.4. In vitro lymphocyte proliferation assays

Fluorescent dye-labelled lymphocytes were cultured at a
concentration of 2–4×106/mL in RPMI 1640 supplemented
with 10% FCS, 10 mM HEPES, 1 mM glutamine, 1 mM Na-
pyruvate and 55 μM 2-ME in a total volume of 200 μL in 96
well U-bottomed plates (Nunc). Polyclonal stimulation in-
volved the use of a cocktail consisting of concanavalin A
(ConA, Sigma; 2.5 μg/mL), lipopolysaccharide (LPS, Sigma;
2.5 μg/mL), CpG ODN 1668 (GeneWorks; 0.25 μg/mL), inter-
leukin (IL)-2 (PeproTech; 0.25 ng/mL) and IL-4 (PeproTech;
0.25 ng/mL). This is referred to as “100% stimuli” and was
often varied by diluting the stimulation cocktail and creating
a stimuli titrations for in vitro cultures. Cells were cultured at
37 °C in 5% CO2 for 1–4 days before antibody staining and
analysis by flow cytometry.

2.5. In vivo lymphocyte proliferation assays

Fluorescent dye-labelled lymphocytes were adoptively
transferred into the lateral tail vein of host B6.CD45.1 or
B6 mice at a maximum cell number of 5×107 in 200 μL of
PBS using a 29 gauge needle and syringe. Approximately
10–60 min post adoptive transfer, host mice were challenged
with antigen in the form of a 1–10 μg bolus of a HEL-OVA
conjugate (Quah et al., 2008), a 25 μg bolus of OVA (Sigma),
a 10 μmol bolus of the GP33–41 peptide and/or a 50 μmol
bolus of the NP366–374 peptide in 100 μL of PBS into the lateral
tail vein. In some experiments, a 1–10 μg bolus of LPS was co-
injected with antigen to act as a danger signal and improve
lymphocyte responses. After 3–6 days cells from spleens
of host mice were harvested and prepared for staining and
analysis by flow cytometry.

2.6. Flow cytometry procedures and data analysis

Antibodies used to delineate lymphocyte populations by
flow cytometry included anti-CD4-Alexa Fluor 700 (or bioti-
nylated), anti-CD8α-APC-eFluor 780, anti-B220-PerCP-Cy
5.5 (or Alexa Fluor 700 conjugated), anti-CD45.1-PE-Cy7,
anti-CD45.2-PerCP-Cy5.5, anti-IgMa-PE (for MD4 B cells
detection), anti-Vα2-PE (for OT-I, OT-II and P14 T cell detec-
tion), and anti-Vβ11-bio (for F5 T cell detection) and were
purchased from either BD Bioscience, eBioscience or Biole-
gend. Cell viability was assessed with the dye Hoechst
33258 (1 μg/ml, Calbiochem-Behring Corp.). Cells were
stained with antibodies and Hoechst 33258 for 20–30 min
on ice then washed twice, as previously described (Quah et
al., 2004). Where necessary, the second step reagent SAV-
PE-Alexa Fluor 610 (Invitrogen)was used to detect biotinylated
antibodies, which was incubated with cells for 20–30 min on
ice and then cells washed twice. With some in vivo samples,
prior to the antibody-staining step, cells were reacted for
25 min at 37 °C with MHC-I tetramers to aid CD8+ T cell
delineation and then the cells washed twice before antibody
staining. MHC-I tetramers used were C9M (KAVYNFATM)-
peptide-Db-APC (for P14 TCR detection), NP366–374 (ASNENM-
DAM)-peptide-Db-APC (for F5 TCR detection), and OVA257–264

(SIINFEKL)-peptide-Kb-APC (for OT–I TCR detection). In order
to estimate total cell number in in vitro assays, 5000 Flow-
Count Fluorospheres (Beckman Coulter) were added, with
the antibody staining solution, to cells in the wells of 96
well plates. Relative recovery of beads was then used to esti-
mate relative recovery of cells in each well at the end of the
assay.

Analytical flow cytometry was performed with a Fortessa
or LSR-II flow cytometer (Becton Dickinson, Mountain View,
CA). A log scale was used for the SSC-A profile to allow dis-
crimination of Flow-Count Fluorospheres from lymphocytes
in in vitro samples. Post acquisition gating was used to ana-
lyse cell subsets as previously described (Quah et al., 2008)
using flowJo software (Tree Star, OR). Statistical analysis of
the proportion of a cell population expressing dye was based
on histogram profiling using Overton subtraction (Overton,
1988) as applied by FlowJo software. The geometric mean
(geomean) and co-efficient of variance (CV) was deter-
mined by FlowJo software. It was found that the CV of
some data sets was dramatically skewed by a small number
of events (typically as few as 3 events, or b0.5% of the data
set). In such cases, these events were classified as outliers
and were removed from the data set for CV generation.
3. Results

3.1. CFSE, CTV and CPD label lymphocytes with a similar fluores-
cence intensity of low variability and high longevity

In order to compare the capacity of CFSE, CTV and CPD to
label lymphocytes, mouse splenocytes were labelled with
10 μM of each dye in RPMI 1640 culture medium containing
10% FCS to reduce dye toxicity. Using this labelling method
cells were assessed for fluorescence emission over 3 days of
in vitro culture by flow cytometry (Fig. 1). Intriguingly, when
gated on viable lymphocyte singlets, both CTV-labelled and
CPD-labelled splenocyte preparations contained two distinct
subpopulations of highly fluorescent cells whereas CFSE la-
belled splenocytes contained only one distinct population of
highly fluorescent cells (Fig. 1a). Similar to CFSE, the CTV and
CPD labelled cells displayed a fluorescence intensity ~2.5–3
logs above background autofluorescence, which gradually de-
clined over the 3 days of in vitro culture, with CPD fluorescence
decreasing slightly more rapidly than CFSE and CFSE fluores-
cence declining slightly more rapidly than CTV (Supplementa-
ry Fig. 1). To determine if the two distinct fluorescent peaks
seen with CTV and CPD labelled splenocytes were based on
lymphocyte subset differences, the labelled lymphocyte popu-
lations were further delineated into CD4+ T cells, CD8+ T cells,
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Fig. 1. High level and long lived fluorescent labelling of splenocytes by CFSE, CTV and CPD.Spleen cells from B6 mice were labelled with 10 μM CFSE, CTV or CPD
and cultured for 3 days. Viable (Hoechst 33258−) cells were assessed for levels of dye fluorescence at each day of incubation using identical settings on a Fortessa
flow cytometer at each time point. a) Histogram plots show fluorescence of labelled cells relative to unlabelled cells. Vertical dotted lines show peak levels of
fluorescence at day 1, revealing the decay in cell fluorescence over time. b) CD4+, CD8+, and B (B220+) cells from the 3 day samples were discriminated
using specific antibody staining and assessed for dye labelling intensity. Vertical dotted lines show peak levels of fluorescence of CD4+ cells, revealing that dif-
ferent subpopulations of cells label to different extents with the three dyes.
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and B cells using subpopulation-specific antibodies (Fig. 1b).
This revealed that there was some degree of variability in the
labelling of these lymphocyte subsets, the most prominent
being the higher labelling of B cells by CTV and CPD, which
accounted for the more highly fluorescent subpopulation
seen in splenocyte preparations labelled with each of these
dyes. These data demonstrate the importance of discriminat-
ing lymphocyte subsets to obtain the best peak variance
of all three dyes and also shows that CTV and CPD can stably
label cells to a similar level of low variance fluorescence as
CFSE, making them excellent dyes for cell labelling.

3.2. CFSE, CTV and CPD detect proliferating lymphocytes to vary-
ing degrees of resolution

The capacity of the different fluorescent dyes to mea-
sure cell proliferation was tested on CD4+ T cells, CD8+

T cells and B cells by stimulating dye-labelled mouse sple-
nocytes with a cocktail of T cell and B cell mitogens for
3 days in vitro, at which time they were analysed by
flow cytometry (Fig. 2). Consistent with previous findings,
CFSE was able to detect discrete proliferation peaks for
the CD4+ and CD8+ T cell populations, with up to
8 peaks being detected before fluorescence levels reached
the background autofluorescence of activated non-CFSE
labelled cells (Fig. 2a). In contrast, although the B cell
population had clearly diluted CFSE and therefore had di-
vided, discrimination of individual proliferation peaks
was very poor with the B cell population compared to
the two T cell populations. Similarly, CTV was very capa-
ble of resolving CD4+ and CD8+ T cell divisions, but was
poor at detecting B cell divisions. An obvious difference
between the CFSE and CTV dyes, however, was that CTV
was less capable of detecting later cell divisions. For ex-
ample, with CFSE-labelled CD8+ T cells, 8 fluorescent
peaks could be resolved, whereas with CTV only 6 peaks
were clearly discernable. Of all the dyes tested, CPD was ob-
viously far inferior in detecting cell division, with division



Fig. 2. Detection of lymphocyte division by CFSE, CTV and CPD in vitro.Spleen cells from B6 mice were labelled with 10 μM CFSE, CTV and/or CPD and cultured for
4 days in the presence of a range of polyclonal stimuli as described in the Methodssection that activate T and B cells (6.25% of the maximum stimulation is
shown). Viable (Hoechst 33258-) CD4+, CD8+, and B220+ cells were discriminated using specific antibody staining. a) Histogram plots showing division
peaks following stimulation of cell populations labelled individually with CFSE, CTV or CPD. Controls include non-activated labelled cells (non-dividing) and unla-
belled cells activated by the polyclonal stimuli (background autofluorescence). FI = fluorescence intensity. b) Viable lymphocyte subsets (CD4+, CD8+, B220+)
co-labelled simultaneously with CFSE, CTV and CPD were assessed for fluorescent division peaks in histogram plots as in a). c) Activated viable cells co-labelled
with all 3 fluorescent dyes were also assessed for fluorescence of each dye relative to the other two dyes in 2D density plots.
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peak resolution being very poor and few peaks being dis-
cernable, this deficiency being the most extreme with prolif-
erating B cells.
One problem encountered with the proliferation assays
described above was that comparisons were made be-
tween different samples labelled with each fluorescent

image of Fig.�2
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dye and so it was unclear if all three dyes were detecting
cells in the same round of division. For example, in the
CD8+ T cell population labelled with CTV, it was unclear
if the cells had undergone up to 7 divisions (as with
CFSE) or only 5 divisions (Fig. 2a). To overcome this prob-
lem splenocytes were labelled simultaneously with all
three dyes making it possible to directly relate lympho-
cyte divisions detected by CFSE with the division profiles
of the other two dyes. Co-labelling in this way revealed
nearly identical dye division profiles as splenocytes la-
belled separately with the three different dyes (compare
Fig. 2a and 2b). Co-labelling also provided the opportunity
to construct 2-dimensional fluorescence density plots that
revealed the relationship between cell divisions and the
fluorescence of the different dyes (Fig. 2c). This compari-
son confirmed that CTV fluorescence exhibited a broader
variance in later cell division peaks compared to CFSE,
resulting in later divisions detected by CTV fluorescence
being extremely difficult to resolve. CPD fluorescence had
division peaks with broader variance compared to the
fluorescence division peaks detected by both of the other
dyes. Importantly all three dyes, even when used to co-
label the same cells, had very little impact on cell viability
and proliferation (i.e., viable cell number) relative to unla-
belled cells over a wide range of stimuli strengths, demon-
strating that all three fluorescent dyes had minimal
toxicity for cells (Supplementary Fig. 2).

Thus, overall it appears that CTV-labelling is compara-
ble to CFSE-labelling in measuring lymphocyte division, al-
though CTV-labelling of cells results in less resolution of
division peaks at higher dye dilutions. In contrast, CPD-
labelling results in poorly defined cell division peaks.
Also of note is that, compared to T cells, B cell division
peaks are far more difficult to resolve with all three fluo-
rescent dyes.
Fig. 3. Detection of lymphocyte division by CFSE, CTV and CPD in vivo.CD4+ T cells f
simultaneously labelled with 10 μM CFSE, CTV and CPD and the cells adoptively tra
with 1 μg of HEL-OVA for CD4+ (OT-II) T cell responses, 10 μg of HEL-OVA for CD8
B220+ (MD4) cell responses (antigen doses optimum for inducing a “spread” of d
CD4+ (Vα2

+), CD8+ (Vα2
+), and B220+ (IgMa+) viable (Hoechst 33258−) donor (

Controls include non-activated labelled cells (non-dividing) and unlabelled activate
3.3. Resolution of division peaks by CPD and detection of B cell
division by all dyes is superior in vivo

To assess how well CFSE, CTV and CPD labelling detects
lymphocyte proliferation in vivo, OVA-specific (OT-I) CD8+

T cells, OVA-specific (OT-II) CD4+ T cells and HEL-specific
(MD4) B cells were co-labelled with all three fluorescent
dyes and adoptively transferred into B6.CD45.1 host mice,
which were then challenged with a HEL-OVA conjugate to
stimulate all three transferred lymphocytes subsets. After
3 days, host spleens were collected and adoptively trans-
ferred Tg lymphocytes distinguished from host lymphocytes
by CD45 allotypic differences, and assessed for proliferation
using the three fluorescent dyes (Fig. 3). As in the in vitro
studies, CTV labelling was able to detect discrete proliferation
peaks as effectively as CFSE labelling, but with slightly less
resolution in the later divisions (i.e., compare data from the
CD8+ populations). In contrast to the in vitro data, CPD label-
ling appeared to have a much better capacity to resolve divi-
sion peaks in vivo. What was also striking was that the B cell
division peaks in vivo were much more discrete than those
seen in vitro when using any of the three fluorescent dyes.
These differences between the in vitro and in vivo proliferation
profiles did not appear to be due to the different stimulation
conditions used in the in vitro and in vivo assays, since Tg lym-
phocytes stimulated with specific antigen or polyclonal stimuli
in vitro gave similar dye dilution profiles to non-Tg cells stimu-
lated with polyclonal mitogens in vitro (data not shown).

To quantify the differences in the lymphocyte prolifera-
tion profiles generated between the in vivo and in vitro stud-
ies and between the B and T cell subsets, two parameters
were enumerated, namely, the mean fluorescence intensity
(MFI) of each successive division peak (which theoretically
should halve after each cell division) and division peak vari-
ance (which should be as small as possible for best peak
rom OT-II mice, CD8+ T cells from OT-I mice and B cells from MD4 mice were
nsferred into host B6.CD45.1 mice. Separate host mice were challenged i. v.
+ (OT-I) T cell responses or 10 μg of HEL-OVA together with 10 μg of LPS for
ivision peaks for each transgenic lymphocyte sub-population). After 4 days
CD45.1−, CD45.2+) cells were assessed for cell divisions in histogram plots.
d cells (background autofluorescence). FI = fluorescence intensity.

image of Fig.�3
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resolution). To do this proliferating lymphocytes, either in
vitro or in vivo and co-labelled with all three fluorescent
dyes, were delineated into each cell division (numbered
0 to 6) based on the fluorescence intensity of two of the fluo-
rescent dyes and the fluorescence statistics of the third dye
then generated for each cell division (Supplementary Fig.
3). In this way division peak fluorescence statistics could be
generated for each fluorescent dye without using the fluores-
cence of the dye being considered in the gating strategy.
Overall, the MFI of each successive division peak decreased
at a constant rate (log reduction) for all three of the fluores-
cent dyes, irrespective of whether the lymphocytes were pro-
liferating in vitro or in vivo (Supplementary Fig. 4). However,
in vitro there appeared to be a greater retention of CPD by
lymphocytes in early divisions, then a greater loss of CPD in
later divisions, compared to the other dyes. These in vitro
properties of CPD were more exaggerated in proliferating B
cells than in proliferating T cells (Supplementary Fig. 4).

The variance of fluorescence of each division peak was
measured by the coefficient of variance (CV), a normalised
measure of variance which equals the standard deviation of
a fluorescent peak as a percentage of the MFI (Fig. 4). The
CV of CPD fluorescence across all division peaks and all lym-
phocyte subsets was greater than the CV of CFSE and CTV
Fig. 4. Co-efficient of variance statistics of individual division peaks for CFSE, CTV a
efficient of variance percentage (CV) of the individual generation peaks identified in
number. This was done for CD4+, CD8+ and B220+ cells activated in vitro and in v
fluorescence, this difference being particularly evident with
later cell divisions and in the B cell subset. Furthermore,
this difference was more pronounced with lymphocytes pro-
liferating in vitro. The CV of CFSE and CTV fluorescence across
most division peaks was similar in T lymphocytes proliferat-
ing both in vitro and in vivo, with the exception being that
with later division peaks the CV of CTV fluorescence always
appeared to be greater than the CV of CFSE fluorescence. In
contrast, CFSE and CTV labelled B cells proliferating in vitro
had higher division peak CVs than proliferating T lympho-
cytes (Fig. 4). Generally, it appeared that if the fluorescence
intensity of adjacent division peaks had a standard deviation
of ≤20% of the MFI, division peak resolution was very good.
However, if the fluorescence intensity of adjacent division
peaks had a standard deviation of ≥30% of the MFI, division
peak resolution was very poor (Fig. 4).

From this statistical analysis, it appeared that the differ-
ences in resolution of division peaks seen between the differ-
ent fluorescent dyes, different lymphocyte subsets and in vivo
versus in vitro proliferation assays correlated well with
changes in the CV of the division peaks. In subsequent exper-
iments we attempted to understand how such changes in
division peak variance occurred and ultimately improve di-
vision peak resolution by optimising assay conditions.
nd CPD-labelled lymphocyte subsets from in vitro and in vivo assays.The co-
S Fig. 3 was determined using FlowJo software and plotted against generation
ivo as described in Figs. 2 and 3, respectively.

image of Fig.�4
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3.4. Role of dye transfer between lymphocytes in division peak
resolution

Initially we examined why CPD fluorescence and B cell
fluorescence with all three dyes had such high variance
with each division peak, and why this effect was more pro-
nounced in lymphocytes proliferating in vitro than in vivo. A
potential explanation for this high fluorescence variability is
through fluorescent dye transfer between lymphocytes. For
example, if CPD transferred between cells more readily than
CFSE and CTV, division peak fluorescence variability would
be greater with CPD labelled cells than CFSE or CTV labelled
cells. Furthermore, if B cells had a greater capacity to transfer
the dyes between one another than T cells, this might ac-
count for the poor resolution of B cell divisions seen with
each of the fluorescent dyes. Dye transfer between cells
might also explain why in vitro culture of dividing cells exac-
erbates poor division peak resolution, since dye-labelled cells
would be closely associated with one another and thus able
to transfer the dyes more readily than when the cells were
placed in an animal. To assess dye transfer in vitro, spleno-
cytes labelled separately with each of the fluorescent dyes
were co-cultured for 3 days and dye transfer between the
lymphocytes assessed by flow cytometry (Fig. 5). To assess
dye transfer in vivo, splenocytes labelled with all three fluo-
rescent dyes were transferred into host mice, and dye trans-
fer from donor dye-labelled cells to unlabelled host cells
assessed by flow cytometry (Fig. 5). Lymphocytes transferred
substantial amounts of CPD and minimal amounts of CFSE
and CTV when cultured in vitro (Fig. 5a, upper panels). In
contrast, dye-labelled lymphocytes did not appear to transfer
any of the dyes to host splenocytes in vivo (Fig. 5a, lower
panel). Lymphocyte subset analysis of the in vitro prolifera-
tion assays revealed that with all three fluorescent dyes B
cells acquired more fluorescent dye from bystander cells
than CD4+ and CD8+ T lymphocytes (Fig. 5b). Therefore,
it appears that decreases in division peak resolution seen
in lymphocyte proliferation assays correlate well with dye
transfer between the cells.

3.5. Role of lymphocyte autofluorescence in division peak
resolution

A common property of CFSE, CTV and CPD-labelled
lymphocytes was a loss in division peak resolution at
later cell divisions. While dye transfer may account for
some of this loss in division peak resolution, it was also
observed in lymphocytes from in vivo proliferation assays
where dye transfer was negligible. This suggested that
other factors also play a role in loss of division peak reso-
lution at later cell divisions. One possibility is that fluores-
cent peak resolution may be compromised when the
fluorescence of dividing cells approaches that of cell auto-
fluorescence. Two parameters are important when consid-
ering the effects of cell autofluorescence on division peak
resolution, namely, (i) the number of divisions permissible
before dye fluorescence intensity reaches background au-
tofluorescence levels (i.e., the MFI of autofluorescent
cells) and (ii) the variance of the autofluorescent cells
(i.e., the variance that dye-labelled cells might adopt as
they approach cell autofluorescence levels). Indeed, the
autofluorescence variance of lymphocytes in the three
channels used to detect each of the fluorescent dyes was
much greater than the fluorescence variance of the dye-
labelled lymphocyte division peaks (Fig. 6a). Furthermore,
the autofluorescence variance of lymphocytes, as mea-
sured by CV, was larger in the CPD-channel than in the
CTV-channel, which in turn was larger than the autofluo-
rescence variance of lymphocytes in the CFSE channel.
This was observed across all lymphocyte subsets and con-
centrations of mitogens used (Fig. 6b, upper panel). These
trends correlate well with the decreased resolution of late
division peaks seen with all three fluorescent dyes, with
CPD fluorescence being worse than CTV and CTV fluores-
cence being worse than CFSE. This may explain why CTV
labelled cells exhibited poorer resolution of late cell divi-
sions than CFSE labelled cells, despite CTV displaying
lower dye transfer between lymphocytes. It is also impor-
tant to note that the mean autofluorescence intensity of
lymphocytes in the CTV channel increased as the cells
were activated and this increase occurred more rapidly
than in the CFSE channel (particularly in the case of B
cells) (Fig. 6b, lower panel). Thus the capacity of CTV la-
belling to detect later cell divisions is compromised due
to both the increased autofluorescence intensity of acti-
vated cells and the higher levels of autofluorescence vari-
ance that lymphocytes intrinsically possess in the CTV
channel. Cells in the CFSE channel are not as greatly af-
fected by these parameters.
3.6. Enhancing division peak resolution

From these studies it appears there are two potential
ways to increase the resolution of lymphocyte division
peaks detectable by fluorescent dyes, namely decreasing
intercellular dye transfer and/or decreasing the effects of
cell autofluorescence. While it is difficult to alter the capac-
ity of cells to transfer dyes to bystander cells, decreasing
the effect of cell autofluorescence might be achieved by
increasing the MFI of labelled lymphocytes such that it
is much higher than autofluorescence levels. To examine
whether this approach was feasible, lymphocytes were la-
belled with double (i.e., 20 μM) and quadruple (i.e., 40 μM)
the normal concentration of the fluorescent dyes and lym-
phocyte proliferation assessed (Fig. 7). Increasing the dye
concentration did indeed result in an increase in the resolu-
tion of later cell division peaks. This was particularly obvi-
ous with T lymphocytes labelled with CFSE and CTV
where, for example, CD8+ T cells labelled with higher con-
centrations of each dye had progressively better resolution
of the 7th and 8th dye peak, these peaks being completely
merged together when using the 10 μM concentration of
each of the dyes. In contrast, there was only a modest in-
crease in resolution of later cell division peaks with B cells
labelled with higher concentrations of the dyes or all lym-
phocyte subsets labelled with higher concentrations of
CPD (Fig. 7). Notably, viability was not compromised when
lymphocytes were labelled with these higher dye concen-
trations, even when lymphocytes were simultaneously
labelled with 40 μM of all three fluorescent dyes (i.e.,
120 μM total dye concentration) (Supplementary Fig. 5). It



Fig. 5. Ability of the different fluorescent dyes to transfer to bystander lymphocytes.a) Lymphocytes labelled individually with CFSE, CTV or CPD were cultured
alone or together and activated in vitro as described in Fig. 2. After 3 days of culture, transfer of each dye to bystander cells was assessed by comparing the
dye fluorescence of cells cultured alone to those cultured together, as shown in the dot plots (top panels). Gates on the 2D dot plots were used to generate his-
togram plots showing the amount of fluorescent dye transfer in vitro. In addition, lymphocytes simultaneously labelled with CFSE, CTV and CPD were activated in
vivo as described in Fig. 3 and the amount of fluorescent dye transfer to host (CD45.1+, CD45.2−, Hoechst 33258−) cells assessed by comparing host animals re-
ceiving dye labelled cells to those not receiving the labelled cells (in vivo panel). b) In vitro samples as described in a) were further delineated into CD4+, CD8+

and B220+ subpopulations using specific antibody staining and % cells acquiring dye assessed by Overton subtraction of histograms generated in the same man-
ner as those in a) and these data plotted against stimuli concentration.
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is important to emphasise that the use of tissue culture me-
dium (RPMI 1640) and the presence of buffering proteins
(i.e., 10% FCS) in the labelling solution is essential to prevent
cellular toxicity. The new labelling conditions are based on
previous studies showing that the presence of protein can
reduce the toxicity of CFSE for cells (Quah et al., 2007).

An added benefit of using higher concentrations of the
dyes to label cells is that it is possible to detect >7 cell

image of Fig.�5


Fig. 6. Analysis of the autofluorescence of activated and non-activated lymphocyte subsets present in proliferation assays using CFSE, CTV and CPD.Lymphocytes
unlabelled or simultaneously labelled with CFSE, CTV and CPD were activated in vitro as described in Fig. 2. After 4 days, non-dye labelled viable CD4+, CD8+ and
B220+ cells, activated or non-activated, were assessed for autofluorescence compared to activated, dye labelled cells. a) Histogram plots showing autofluores-
cence of different cell subsets relative to fluorescence of proliferating dye-labelled cells. b) Non-dye labelled cell subsets were assessed for autofluorescence
variance (CV) and geometric mean (geomean) values plotted against stimuli concentration.
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divisions, which is the maximum number achievable with
CFSE using previously published labelling methods. To high-
light this point, CD8+ T cells from OVA-specific (OT-I),
NP68-specific (F5) and GP33-specific (P14.CD45.1) TCR Tg
mice were labelled with 80 μM of CFSE or CTV and lympho-
cyte proliferation assessed in an in vivo proliferation assay
(Fig. 8). After 4 days in vivo, each population of transferred
CD8+ T cells was delineated using a combination of MHC-I
tetramer binding and antibody staining and assessed for
CFSE and CTV fluorescence intensity. Up to 9 fluorescent
peaks were distinguishable with T cells labelled with either
CFSE or CTV using this concentration of dye (Fig. 8a).

image of Fig.�6


Fig. 7. The effect of labelling lymphocytes with increasing concentrations of CFSE, CTV and CPD on cell division resolution.Spleen cells from B6 mice were labelled
with 10 μM, 20 μM or 40 μM CFSE, CTV or CPD, activated in vitro for 3 days by polyclonal stimuli, and viable lymphocyte subsets assessed for cell division by his-
togram analysis as in Fig. 2. Vertical dotted lines and adjacent numbers in each set of plots represent the second last discernable division peak present in each
subset with cells labelled with 10 μM of each dye, this reference division peak line is also shown in histograms of cell labelled with higher concentrations of
the dyes.
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Additional fluorescent peaks could be visualised (up to 12
peaks and 11 cell divisions) in other experiments (Fig. 8b).

4. Discussion

The use of CFSE as a cell migration and proliferation-
measuring dye has had a great impact on immunological
studies. Its capacity to label lymphocytes with a high level
of long-lived fluorescence of low variance and low toxicity
has not been replicated by any other dye for the last
20 years. Here we show that two new dyes, CTV and CPD,
can also label lymphocytes with a high level of long-lived
fluorescence of low variance and low toxicity making them
ideal for cell tracking studies. Despite this, CPD clearly has
less capacity to be retained by proliferating cells than both
CFSE and CTV and this limits its application in high-
resolution proliferation analyses. In contrast, CTV appears to
have much better retention characteristics than CPD and
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Fig. 8. Increasing the number of division peaks detectable in vivo with CFSE and CTV labelled TCR transgenic CD8+ T cells.CD8+ T cells purified from P14, F5 and
OT-I TCR-Tg mice were labelled with either 80 μM CFSE or 80 μM CTV. The different CFSE and CTV labelled CD8+ T cells were adoptively transferred into the same
host B6.CD45.1 mice and the host mice challenged with 10 μmol of GP33-41 peptide (P14 antigen), 50 μmol of NP366–374 peptide (F5 antigen), 25 μg of OVA (OT-I
antigen), and 1 μg of LPS. a) After 3 days, transferred donor CD8+ T cells were delineated using MHC-I tetramers specific for each TCR-Tg population and anti-
bodies to CD45.1, CD45.2, Vβ11, Vα2, and CD8. Donor CD8+ T cells were then assessed for proliferation using CFSE and CTV. Numbers represent division peaks.
b) An example of numerous division peaks detected with CFSE-labelled P14.CD45.1 CD8+ T cells or CTV-labelled OT-I CD8+ T cells.
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can resolve cell divisions to a comparable level as CFSE. Thus,
CTV provides a true alternative to CFSE for measuring cell di-
vision and, due to its different spectral properties, has the ad-
vantage of being compatible with fluorochromes detected in
the fluorescein channel. CTV labelling and CFSE labelling
also allows the proliferation of two different populations of
lymphocytes to be simultaneously measured.

While this study was mainly aimed at assessing the ca-
pacity of the dyes CTV and CPD to measure lymphocyte pro-
liferation, it revealed some interesting details about the
behaviour of CFSE-like dyes. The most obvious was the find-
ing that fluorescent dye transfer between cells can have a se-
vere impact on division resolution. Particularly striking was
the fact that B cells appear to acquire all three fluorescent
dyes tested from labelled bystander cells more readily than
T cells, resulting in them having much higher variability in
fluorescent dye content when dividing. This contributes to
the poor resolution of division peaks with B cells in in vitro
proliferation assays. This phenomenon may also explain
why in vivo assays have better resolution of division peaks
than in vitro proliferation assays, since acquisition of dye
from nearby cells is minimised due to most adjacent cells
being unlabelled.

This study also suggests that cell autofluorescence can
affect cell division peak resolution as the fluorescence of
dye-labelled cells approaches cell autofluorescence levels.
In this regard, the autofluorescence variance of cells in the
channel used to detect CTV fluorescence is generally larger
than in the channel used to detect CFSE fluorescence, this
effect appearing to play a role in CTV labelled cells having
poorer resolution of later cell division peaks than CFSE
labelled cells. Furthermore, following cell activation the
mean autofluorescence of cells in the CTV channel increases
relatively more than the autofluorescence of cells in the CFSE
and CPD channels. This decreases the capacity of CTV label-
ling to detect later cell divisions. Despite this drawback the
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manufacturer of CTV claims that CTV labelling is able to re-
solve up to 8–10 cell divisions (Molecular Probes, Invitro-
gen; Applied Biosystems, Life Technologies). We could not
achieve this level of division resolutions using standard con-
centrations of CTV for cell labelling (i.e., 10 μM). This differ-
ence may in part be due to the flow cytometers used in our
study, which lack acoustic focusing, an attribute of some
flow cytometers which is purported to decrease population
variance andwhichwas used for CTV analysis by the CTVman-
ufacturers (Applied Biosystems, Life Technologies). Sincemany
currently used flow cytometers are not be equipped with
acoustic focusing, alternative approaches to increasing resolu-
tion of late division peaks are required. We have found that
such increased resolution can be achieved by simply increas-
ing the initial labelling concentration of the dyes from 10 μM
to 20–80 μM. This makes the fluorescence intensity of the la-
belled cells much higher than cell autofluorescence and,
consequently, increases the number of proliferation peaks
that can be resolved before autofluorescence interference
becomes an issue. A potential problem associated with in-
creasing the dye labelling concentration is higher fluores-
cence spill-over into adjacent flow cytometer detectors.
The fluorescence spill-over is particularly an issue for CFSE,
since CFSE fluorescence “bleeds” significantly into the PE de-
tector and a significant amount of compensation is required
to correct for this. Indeed, we found that analysis of lympho-
cytes labelled with 40–80 μM of CFSE is difficult during the
first 2 days of in vitro culture due to fluorescence spill-over
(data not shown). In this respect, an advantage of CTV over
CFSE is that its fluorescence has lower spectral spill-over
into adjacent detectors commonly used with the violet
laser line (namely the Pacific Orange detector).

Another potential constraint in using higher dye concen-
trations is cell toxicity. We have previously found this to be a
problem even when using 2.5 μM CFSE to label low concen-
trations of cells (Quah et al., 2007). This problem is very sim-
ply resolved, however, by labelling lymphocytes in tissue
culture medium (RPMI 1640) and including a high concen-
tration of buffering proteins (10% FCS) in the labelling solu-
tion (Quah et al., 2007). While this slightly increases the
concentration of dye needed to label lymphocytes to a cer-
tain fluorescence intensity level, the cells are able to cope
with much higher concentrations of all three fluorescent
dyes. Indeed, in this study we were able to use a total dye
concentration of up to 120 μM (40 μM of each fluorescent
dye) to label cells without a significant impact on cell viabil-
ity or proliferation. This suggests that the toxicity of these
dyes may be the result of excessive substitution of cell sur-
face rather than intracellular proteins, since we anticipate
that the buffering proteins would have an effect extracellu-
larly, rather than intracellularly, during the brief labelling
procedure.

Labelling lymphocytes with higher dye concentrations
also allowed the detection of up to 11 cell divisions with
CFSE and CTV labelled cells. To achieve these results we
would recommend using 80 μM of each fluorescent dye to
label cells, with cell labelling being performed in tissue
culture medium containing buffering proteins (in this case
10% FCS) to reduce toxicity. CFSE was originally developed as
a fluorescent dye for lymphocyte migration studies (Weston
and Parish, 1990) and was subsequently used to monitor
lymphocyte proliferation (Lyons and Parish, 1994). The
studies reported here indicate that CTV and CPD would,
like CFSE, be ideally suited for labelling leukocytes for short
term and long term tracking studies in vivo and, potentially,
could be used to simultaneously track the migration and
localisation of three different cell populations. Furthermore,
the improved labelling procedure outlined in this manu-
script would provide ultra-bright fluorescent leukocytes,
with the CFSE-labelled cells being at least 8 times brighter
than in earlier studies. Thus, despite some dye-specific limi-
tations, CTV and CPD represent important additions to the
repertoire of fluorescent dyes suitable for lymphocyte prolif-
eration and migration experiments.

Supplementary materials related to this article can be
found online at doi:10.1016/j.jim.2012.02.012.
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