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Abstract. Macrophages adopt a variety of phenotypes that are a reflection of the many functions they perform
as part of the immune system. In particular, metabolism is a phenotypic trait that differs between classically
activated, proinflammatory macrophages, and alternatively activated, prohealing macrophages. Inflammatory
macrophages have a metabolism based on glycolysis while alternatively activated macrophages generally
rely on oxidative phosphorylation to generate chemical energy. We employ this shift in metabolism as an endog-
enous marker to identify the phenotype of individual macrophages via live-cell fluorescence lifetime imaging
microscopy (FLIM). We demonstrate that polarized macrophages can be readily discriminated with the aid
of a phasor approach to FLIM, which provides a fast and model-free method for analyzing fluorescence lifetime
images. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.21.4.046005]
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1 Introduction proinflammatory and the prohealing state of the cell, respec-

Macrophages exhibit a spectrum of functional phenotypes that
are related to their role in the defense hierarchy of the body’s
immune system. They play a major role in advancing and resolv-
ing inflammation,! which occurs in response to infections and
during wound healing. At one end of this spectrum, in the first
line of defense, macrophages exposed to inflammatory signals
polarize toward a classically activated, inflammatory phenotype
and secrete proinflammatory cytokines and reactive species.
At the other end of the spectrum, macrophages present within
a wound healing environment polarize toward an alternatively
activated, prohealing phenotype and facilitate processes involved
in tissue repair.>™ In addition, macrophages play an important
role in the numerous pathologies including cancer™® and
cardiovascular disorders.>”™ Tumor-associated macrophages
are thought to have an alternatively activated phenotype that
provides immune privilege, facilitates tumor growth, and allows
disease progression.” In the cardiovascular system, macrophages
ingest lipids that accumulate within the vessel wall, which leads
to formation of foam cells and development of atherosclerotic
lesions.”!*!" Therefore, methods to distinguish different macro-
phage phenotypes are important for basic biological studies,
and may also be beneficial for diagnosis of diseases in which
macrophages are involved.

Traditionally, the identification of macrophage subpopula-
tions has relied heavily on quantifying the expression of proin-
flammatory and prohealing markers through immunolabeling or
analysis of gene expression. Common markers include inducible
nitric oxide synthase (iNOS) and arginase-1 (Arg1)>S or surface
markers such as CD86°"~? and CD206,'>'* which report on the
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tively. Antibody- or nucleic acid-mediated interrogation of
the cells’ state are widespread techniques, but typically require
elaborate biochemical protocols that contain many steps.”'*!
These techniques are generally not capable of assessing live
cells in their native environments, since cells are detached
from the surface, lysed, and/or fixed. In order to assess the
dynamics of phenotypic changes of cells during the course of
complex cellular studies/treatments, it would be desirable to
employ a method that is based on endogenous markers and
therefore compatible with live cell and tissue imaging. Given
the role of macrophages in the pathogenesis of many diseases,
methods to image their phenotype within live animals will also
be beneficial.

As a reflection of their distinct functions, classically and
alternatively activated macrophages have been shown to differ
in their metabolic state. While classically activated macrophages
produce energy via aerobic glycolysis, alternatively activated
macrophages obtain energy from fatty acid oxidation and
undergo oxidative phosphorylation.*!8 These pathways produce
reduced nicotinamide adenine dinucleotides (NADH) with dif-
ferent binding properties: freely diffusing NADH is a product of
glycolysis,'® whereas NADH binds to mitochondrial shuttles
(i.e., malate—aspartate) to undergo oxidation.”® The binding
state of NADH in the cells translates into different fluorescence
lifetimes of this autofluorescent coenzyme [free (~0.4 ns) or
bound (2 to 4 ns)], principally due to the quenching state of
adenine.?! Therefore, fluorescence lifetime analysis can gauge
the metabolic state of the cell, and may be used to assess macro-
phage phenotype in live cells and in a label-free manner.
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Here, we present a label-free method capable of recognizing
macrophage subpopulations of living cells. This method may be
used in conjunction with a recently reported label-free technique
that distinguishes inflammatory and healing macrophages based
on their differences in angular light scattering.?? Our method is
based on two-photon fluorescence lifetime imaging microscopy
(FLIM) of NADH, and can readily be extended to in vivo stud-
ies, which is not feasible for light-scattering measurements.
In addition, the phasor approach to FLIM simplifies the data
analysis process to the visual inspection of clusters, especially
if measured lifetimes arise from complex multiexponential
decays.”® In such cases, the commonly used direct fitting
approach may prove challenging. However, in the phasor plot
representation, the lifetimes emerge as clustered distributions
that can be assigned directly to different macrophage pheno-
types, a technique previously reported for the metabolic state
of germ cells® or neural stem cells.”> NADH quantification
through the redox ratio has also been employed to determine
stem cell differentiation.?® In the cells’ cytoplasm, a combina-
tion of freely diffusing and bound NADH is found. When
excited at the correct wavelength, and in the absence of other
exogenous or exotic fluorescent components, NADH is the
main autofluorescent species that contributes to the optical emis-
sion, yielding a linear combination of the single exponential
decays of free and bound NADH in the phasor plot.2*” We
demonstrate that this approach allows the identification of
macrophage phenotype in cell populations and that this method
retains its robustness and ease of use under a variety of
conditions.

2 Methods
2.1 Cell Culture

Mouse bone marrow-derived macrophages (BMDM) were iso-
lated from femurs of female, 6- to 12-week-old C57BL/6J mice
and cultured as described®® in medium containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin, 100 xg/ml strepto-
mycin, and 10% media conditioned by Ltk-cells expressing
recombinant MCSF ectopically. On day 7, 3 x 10° BMDMs
were seeded on glass coverslips. The following day, cells were
transferred to similar media containing either lipoprotein-
depleted bovine serum (LPDS; Alfa Aesar) or normal FBS
and then stimulated with cytokines. Lipopolysaccharides
(LPS; Sigma) and interferon-y (IFN-y; R&D) were used at
10 ng/ml, and IL-4 and IL-13 (Biolegend) were used at
20 ng/ml. After 24 h of cytokine stimulation, media was
replaced (with lipoprotein-depleted or normal media, per the
experimental condition) and cells were exposed to O or
40 ug/ml oxidized human low-density lipoprotein (Alfa Aesar)
for the remaining duration of the experiment.

2.2 Immunofluorescence Staining

Samples were fixed in 100% methanol and washed with 1%
bovine serum albumin (BSA; MP Biomedical) in PBS. Cells
were blocked with 5% normal donkey serum and stained for
arginase-1 with a goat polyclonal primary antibody (1:50;
Santa Cruz) and Alexa 594-conjugated donkey anti-goat IgG
(1:500; Jackson ImmunoResearch). After washing in 1% BSA,
cells were blocked a second time with 5% normal goat serum
and stained for iNOS with a rabbit polyclonal primary antibody
(1:50; Santa Cruz) and Alexa 488-conjugated goat anti-rabbit
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IgG (1:200; Jackson ImmunoResearch). Nuclei were visualized
with Hoechst 33342.

2.3 Fluorescence Lifetime Imaging Microscopy,
Data Acquisition, and Processing

Fluorescence lifetime images were acquired with a Zeiss LSM
710 microscope (Carl Zeiss, Jena, Germany). A Titanium:
Sapphire MaiTai laser (Spectra-Physics, Mountain View,
California) with 100 fs pulses and 80 MHz repetition rate
was used as a two-photon excitation source at 740 nm. The
laser light was focused through a 40x, 1.2 N.A., water
immersion objective (Carl Zeiss, Oberkochen, Germany). The
autofluorescence was detected with a photomultiplier tube
(H7422P-40, Hamamatsu, Japan) after passing through a band-
pass 460/80 nm filter. A dichroic filter at 690 nm served to
separate the excitation from the emission signals. Fluorescence
lifetime data were acquired using an A320 FastFLIM FLIMbox
(ISS, Champaign, Illinois). For each image, 60 frames were
collected to obtain at least 100 photons/pixel at 3 mW of power
in the sample plane. The scan speed was 25.21 us/pixel, and
the image size 256 X 256 pixels, which span across 154 um.
The lifetime of rhodamine 110 was measured to calibrate the
FLIM system, as it is established at 4 ns.

The SimFCS software, developed at the Laboratory of
Fluorescence Dynamics (UC Irvine), was used to collect and
process these FLIM data. As previously described,*? the fluo-
rescence intensity decay associated to each pixel of the FLIM
image is mapped onto a two coordinates (g, s) system, the so-
called phasor plot. The phasor transformation is as follows:

gij(@) = A  1,,(1) cos(wr)dr / /) © 1, (1,

51(0) = A " 1 (0) sinfawn)a / A "1, )

where w is the laser repetition rate, /(¢) is the fluorescence inten-
sity decay, and the indices i and j identify each pixel of the
image. After the transformation, the data are represented as
clusters of lifetime distributions in the phasor plot, also known
as phasors. These lifetime distributions (or phasors) are either
attributed to single exponential decays, which are located
along the periphery of a semicircle, or to multiple exponential
decays, placed within the semicircle. In the phasor space, a life-
time distribution attributed to multiple exponential decays is a
linear combination of the lifetime distributions associated with
the single exponential decays that constitute the combination.
This property simplifies the analysis and provides a fitting-free
approach for identifying areas in the image with similar or dis-
tinct lifetimes.

2.4 Statistical Analysis

Statistical significance between the phasors of the examined
macrophage groups was determined by the Student’s r-test,
and considered positive for p < 0.05. The analysis was per-
formed on 3 to 7 images per each group as indicated in each
experiment. Cells from at least two separate mice were obtained,
and a total of 12 to 32 cells were analyzed for each condition.
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Fig. 1 Immunofluorescence staining of macrophage markers. Representative immunofluorescence
images of macrophages polarized with (b) IFN-y and LPS or (c) IL-4 and IL-13, or (a) untreated, and
stained for the proinflammatory marker iNOS (in green), the prohealing marker arginase-1 (Arg1, in
red), and the cell nuclei (Hoechst 33342, in blue). Macrophages polarized with IFN-y and LPS express
higher levels of INOS, while macrophages polarized with IL-4 and IL-13 express predominantly Arg1.

Scale bar = 25 um.

3 Results

3.1 Fluorescence Lifetime Imaging Microscopy of
Free and Bound NADH in Unpolarized
Macrophages

It is well established that macrophages stimulated with IFN-y
and LPS or with interleukins 4 and 13 (IL-4 and IL-13)
render proinflammatory or prohealing polarization states,
respectively.”***! We confirm this by immunofluorescence
staining for the proinflammatory marker inducible nitric
oxide synthase (iNOS, in green) and the prohealing marker argi-
nase-1 (Argl, in red) (Fig. 1). IFN-y/LPS-polarized macro-
phages express higher levels of iNOS, while IL-4/IL-13-
stimulated macrophages express predominantly Argl, as
expected. Nuclei were counterstained with Hoechst 33342,
indicated in blue.

Before interrogating the polarized macrophages with FLIM,
we first study NADH lifetime maps of unpolarized macrophages
that we will use as the reference. Figure 2(a) shows an autofluor-
escence image of untreated macrophages, and Fig. 2(b) shows

(a) In\tfnsity map (c)

NADH-LDH

058

free NADH
t=04ns

0

g

Fig. 2 NADH lifetime of unpolarized macrophages. (a) Autofluorescence
intensity images of untreated macrophages. (b) Corresponding
lifetime image with color code according to squares selected in
(c): purple areas have a more bound NADH character, while yellow
areas have a more free NADH character (scale bar =25 um).
(c) Phasor plots of NADH bound to LDH, free NADH, and the cells
in image a/b (arrowhead). The line that joins the free with the
bound NADH phasors, centered at 0.4 and 3.4 ns lifetimes, respec-
tively, defines the metabolic trajectory. The cells’ phasor lies along
this line, as a linear combination of the two lifetimes.
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a map based on lifetime contrast. The color coding is derived
from the phasor plot in Fig. 2(c). In this plot, the lifetime dis-
tributions of pure free NADH and NADH bound to lactate dehy-
drogenase (LDH) are indicated. The two distributions are found
at opposite sides of the unit semicircle, also known as the uni-
versal circle,”? which starts at point (1,0) for zero lifetime spe-
cies, and continues on to point (0,0) for infinite lifetime species.
Freely diffusing NADH has a lifetime of ~0.4 ns and NADH
bound to LDH has a longer lifetime of ~3.4 ns, the latter varies
slightly with binding protein. Both lifetimes are characterized by
a single exponential decay and therefore lie on the semicircle.*?

The two NADH states define the extremes of the so-called
metabolic trajectory in the phasor plot.**** In the cellular cyto-
plasm, we find both species at different ratios, which yield
a lifetime distribution that falls along the metabolic trajectory
[Fig. 2(c), arrowhead]. This lifetime distribution (or phasor)
can be characterized as the linear combination of the free
NADH and bound NADH phasors. The phasor approach to
FLIM permits a rapid identification of changes in the lifetime
distributions.** The metabolic state of the cell can be determined
by the position of the phasor along the metabolic trajectory. We
divide the lifetime distribution of untreated macrophages
through the center of mass in two parts along the metabolic
trajectory, so that the fraction of pixels in each section is
0.5 = 10%. The left part contains the pixels that are closer to
the bound NADH extreme of the metabolic trajectory (purple
square), while the right part has those closer to the free
NADH end (yellow square). In this two-color representation,
each pixel in the lifetime image in Fig. 2(b) is presented as either
purple or yellow. The color coding can be interpreted as a rel-
ative measure of bound versus free NADH: purple represents
more bound character, a lower free to bound NADH ratio, and
yellow represents less bound character, a higher free to bound
NADH ratio. Using these analysis regions as a reference, we can
examine how the phasors of the polarized macrophages move
along the metabolic trajectory, and thus quantify the changes
in the ratio of free to bound NADH for each group.

3.2 Fluorescence Lifetime Imaging Microscopy
Identifies Different Lifetime Distributions in
Polarized Macrophages

Using this approach, we next examine NADH lifetime distribu-
tions of polarized macrophages. Figure 3(a) shows an image
with lifetime contrast obtained from unpolarized cells, and
the accompanying color scheme is defined in the phasor plot
of Fig. 3(b). As before, the cells display different color regions,
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Fig. 3 Polarized macrophages have different lifetime distributions. (a) Untreated macrophages lifetime
map (scale bar = 25 yum), and (b) corresponding phasor plot. The purple and yellow squares select the
areas in the cells with more bound NADH character, and more free NADH character, respectively, and
are kept constant throughout the entire analysis. (c) Inflammatory macrophages, polarized with IFN-y and
LPS, and (d) corresponding phasor plot, shifted toward a markedly free NADH character. (e) Healing
macrophages, polarized with IL-4 and IL-13, and (f) corresponding phasor plot, shifted toward the
bound NADH side of the plot. (g) Average fraction of pixels in each square, normalized to the total number
of pixels in both squares, for the three macrophage cultures, the error bars correspond to the standard
deviation. xp < 0.05, Student t-test. (h) Immunofluorescence images of the untreated macrophage cul-
ture, (i) the IFN-y- and LPS-polarized culture, and (j) the IL-4/IL-13-polarized culture stained for iINOS
(green), Arg1 (red), and nuclei using Hoechst 33342 (blue). Scale bar = 50 um.

corresponding to relative changes in the fluorescence lifetime,
although the shape of the overall lifetime distribution may vary
slightly from analysis of different cell populations. Using the
same definition of the lifetime contributions as in Fig. 3(b),
Fig. 3(c) shows a lifetime image of cells treated with IFN-y
and LPS, corresponding to proinflammatory macrophages.
Compared to untreated cells, the IFN-y /LPS cells have a phasor
slightly shifted toward the free NADH end of the trajectory
[Fig. 3(d)], which translates into larger yellow areas in the
cells [Fig. 3(c)]. This is expected, as IFN-y/LPS macrophages
turn on glycolytic pathways for energy generation.*> In contrast,
cells treated with IL-4 and IL-13 have a higher contribution from
bound NADH, as indicated in purple, as shown in Fig. 3(e). The
phasor plot in Fig. 3(f) is now shifted toward the direction of
pure bound NADH, with effectively longer lifetimes. This
observation is consistent with the notion that alternatively
activated macrophages favor oxidative phosphorylation,*® which
requires protein-bound NADH." IL-4/IL-13-treated macro-
phages show a markedly elongated profile compared to IFN-y/
LPS and unpolarized macrophages, this is expected as macro-
phage elongation has been previously related to an alternatively
activated phenotype.'®

In an effort to quantify the metabolic state of the cells, we
compute the fraction of pixels in each image that fall into the
predefined lifetime categories (indicated here by the purple
and yellow squares in the phasor plot). Figure 3(g) shows the
results of averaging the fraction of pixels (fop) over three images
for the unpolarized cells, with a total of 14 cells from two
different mice, and over seven images for the polarized groups,
that contained a total of 21 and 32 cells for each inflammatory
and healing macrophages, respectively, obtained from three
separate animals. Untreated macrophages show roughly
equal amounts of short and longer lifetimes, as defined by the
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chosen purple (foplower free to bound NADH ratio — 0.49 £+ 003) and
yellow (fophigher free to bound NADH ratio — 0.51 £ 003) subgroups
[Figs. 3(a) and 3(b)]. However, macrophages polarized with
IFN-y and LPS have a significant increase in the fraction of
yellow pixels (fophigher free to bound NADH ratio — 0-83 % 0.06 versus
foplower free to bound NADH ratio — 0.17 £ 006)7 those that report an
increase in glycolytic metabolism. These cells are depicted
mainly as yellow in Fig. 3(c). Macrophages treated with IL-4 and
IL-13 have the opposite behavior, the fraction of pixels within
the purple square (foplower free to bound NADH ratio — 0.65 + 012)
is significantly larger than those in the yellow square
(fOPhigher free to bound NADH ratio = 0-35 & 0.12). As a result, the cells
are colored predominantly in purple in Fig. 3(e). After FLIM
imaging, the cells were fixed and stained to examine their
expression levels of proinflammatory and prohealing markers
[Figs. 3(h)-3(j)]. The stained cells confirm the correlation
between NADH metabolism and macrophage phenotype,
as IFN-y/LPS-treated cells have higher expression of iNOS
[Fig. 3()] and Argl expression predominates in IL-4/IL-13-
treated cells [Fig. 3()].

In addition to evaluating the aggregate response of a popu-
lation of cells with the overall lifetime distribution, the phasor
approach to FLIM also permits the visualization of intracellular
features with different lifetime properties. More specifically, the
nuclear regions in the cells tend to have a higher free NADH
concentration (as shown in yellow) in the lifetime images
[white arrowheads in Figs. 3(a), 3(c), 3(e)], whereas the cellular
cytoplasm displays a higher concentration of bound NADH (as
shown in purple). A shift toward free NADH in the nuclei has
been previously reported using this same method to identify
early stages of cellular differentiation.”’

In addition to a rapid visualization method, the phasor
approach can be used to classify the cells according to their
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Fig. 4 Cell phasor plots. The phasor plot agglutinates the lifetime dis-
tributions of the cells in the untreated and the polarized macrophages.
The purple and yellow squares are located in the same position for the
entire analysis. The insert zooms into the core of the phasor to show
the average phasor point of each cell analyzed across separate mac-
rophage cultures. The shaded areas align with the squares position.

average individual phasor value. In that regard, Fig. 4 shows the
aggregate phasor distribution of untreated and polarized macro-
phages, and locates the position of single cells analyzed within
the distribution. The purple and yellow squares are kept constant
and divide the zoomed-in area in shaded purple and yellow
regions for reference. We find two clear groups, the
IL-4 /IL-13-polarized macrophages (purple diamonds) fall
within the purple square, with higher contribution of protein-
bound NADH, and the IFN-y/LPS-polarized macrophages
(yellow squares) fall into the yellow area with lower lifetimes,
assigned to higher contribution of free NADH. Unpolarized

IFN-y / LPS

IL-4 /IL-13 IFN-y /LPS

IL-4 /IL-13

- lipid
LPDS treated cells

+ lipid

oxLDL treated cells

macrophages stretch across the areas, with a skewed preference
toward the left side of the plot, indicative of an oxidative
metabolism basal state. '+

3.3 NADH Lifetime Detected by FLIM is a Robust
Indicator of Macrophage Glycolytic State

Given that macrophages are involved in the progression of
cardiovascular disease, a condition in which the cellular micro-
environment contains significantly more lipid, we were inter-
ested to know whether or not the presence of lipid influenced
the polarization of macrophages as determined by FLIM. We
interrogated polarized macrophages with low (lipoprotein
deficient serum, LPDS, based medium) or excess (oxidized
low-density lipoprotein, oxLDL, containing medium) lipid.
None of the cells in these conditions appeared to accumulate
significant lipid droplets (data not shown). We find the same
results: inflammatory macrophages (cells polarized with
IFN-y and LPS) have a significantly larger fraction of glycolytic
pixels in both cases; whereas healing macrophages (cells polar-
ized with IL-4 4 IL-13) significantly bind more NADH to pro-
tein to undergo oxidative phosphorylation than inflammatory
cells do [Fig. 5(1)], independent of the lipid environment.
The fraction of pixels quantified in [Fig. 5(1)] are the
average 5 to 7 images that contained a total of 12 to 23 macro-
phages from two separate mice. IFN-y/LPS-stimulated
macrophages treated with LPDS (N = 6 images, 12 cells)
have in average a fopower free to bound NADH ratio = 0-27 &£ 0.14 and
fOphigher free to bound NADH ratio = 0-73 & 0.14, while IL'4/IL13'
stimulated macrophages treated with LPDS (N =5 images,
23 CCHS) have in average a fOplower free to bound NADH ratio —
0.57+0.05 and fOphigher free to bound NADH ratio — 0.43 £0.05.
Macrophages stimulated with oxLDL followed the same
trend, the average fraction of pixels and standard
deviation for IFN-y/LPS-stimulated macrophages (N =7
images, 15 cells) are fOplower free to bound NADH ratio — 024 £

0.10 and fophigher free to bound NADH ratio — 0.76 + 010’ and
for IL-4/IL13-stimulated macrophages (N =15 images,
[l Lower free to bound NADH ratio
() [C]Higher free to bound NADH ratio
o= *
» * *
[0)
X
a
—
© 0.5
c
kel
©
o
=
0
IFN-y /LPS IL-4/IL-13 IFN<y/LPS IL-4/IL-13
- lipid + lipid

LPDS treated cells oxLDL treated cells

Fig. 5 Macrophages under altered lipid uptake conditions. Macrophages polarized with IFN-y and
LPS and macrophages polarized with IL-4 and IL-13 treated with LPDS and with oxLDL maintain
their glycolytic phenotype. (a—d) Lifetime maps (scale bar = 25 ym) and (e-h) immunofluorescence
images of the corresponding macrophage groups stained for iNOS (green), Arg1 (red), and nuclei
with Hoechst 33342 (blue). Scale bar = 50 um. (i) Average fraction of pixels in the yellow and purple
squares, normalized to the total fraction of pixels, for each group of macrophage culture, the error
bars correspond to the standard deviation. xp < 0.05, Student t-test.
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18 CCHS) are fOplower free to bound NADH ratio — 0.61 £0.09 and
fOphigher free to bound NADH ratio — 0.39 £ 0.09. Once again this is
visually translated at the cellular level by yellow in the
IFN-y/LPS cases [Figs. 5(a) and 5(c)], and purple in the
IL-4/IL13 cases [Figs. 5(b) and 5(d)]. We further confirmed
by immunofluorescence staining that cells in these conditions
maintained their phenotypic markers, as shown in Figs. 5(e)—
5(h). Thus, this method appears robust to alterations in the
presence of different lipid microenvironments.

4 Conclusion

NADH fluorescence lifetime imaging microscopy provides a
label-free, nondestructive means to identify the phenotype of
live macrophages. FLIM indicates the metabolic state of polar-
ized macrophages; whether the cells shift to a glycolytic state or
rather switch to an oxidative metabolism, corresponding to a
classically activated versus an alternatively activated phenotype,
respectively.

Immunoassays or genetic-based assays to detect phenotypic
markers are the standard techniques used to identify macro-
phage polarization states, but typically require cells to be
fixed or lysed and to undergo an elaborate staining protocol.
The FLIM—phasor approach presented here allows characteriza-
tion based on endogenous labels, which requires no sample
preparation, and, most importantly, permits imaging of live
cells directly in tissues. While this is not definitive to pinpoint
the exact phenotype of a particular macrophage, as inflamma-
tory and healing are extreme states, and to completely identify
the exact phenotype of macrophages (especially in sifu) multiple
tests are recommended,'* FLIM and the phasor approach pro-
vide an effective threshold to differentiate between glycolytic
and oxidative metabolisms. In addition, this method provides
the ability to examine the metabolic state of the cells in real-
time, allowing for a fast identification of macrophage state.
This is particularly advantageous in dynamic studies that require
controlled tracking of the phenotype as a given treatment
evolves. Furthermore, since macrophages play a critical role in
many diseases including cancer and cardiovascular disease,!!
noninvasive imaging tools to evaluate macrophage behavior
during the progression of disease may provide critical insight
toward understanding their role in pathogenesis.
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