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Macrophage infiltration and recruitment in breast tumors has been correlated with poor prognosis in
breast cancer patients and has been linked to tumor cell dissemination. Much of our understanding
comes from animal models in which macrophages are labeled by expression of an extrinsic fluorophore.
However, conventional extrinsic fluorescence labeling approaches are not readily applied to human
tissue and clinical use. We report a novel strategy that exploits endogenous fluorescence from the
metabolic co-factors NADH and FAD with quantitation from Fluorescence Lifetime Imaging Microscopy
(FLIM) as a means to non-invasively identify tumor-associated macrophages in the intact mammary
tumor microenvironment. Macrophages were FAD" and demonstrated a glycolytic-like NADH-FLIM
signature that was readily separated from the intrinsic fluorescence signature of tumor cells. This
non-invasive quantitative technique provides a unique ability to discern specific cell types based upon
their metabolic signatures without the use of exogenous fluorescent labels. Not only does this provide
high resolution temporal and spatial views of macrophages in live animal breast cancer models, this
approach can be extended to other animal disease models where macrophages are implicated and has
potential for clinical applications.

Macrophages and Cancer

Significant evidence in the literature suggests that stromal cell populations play a prominent role in the devel-
opment and progression of cancer in vivo. In particular, macrophages recruited to the tumor significantly influ-
ence the extent of metastasis'~, and recent findings demonstrate their critical role in tumor cell intravasation'C.
Consistent with this finding, genetic ablation of colony stimulating factor -1 (CSF-1), a cytokine that recruits
macrophages, results in a decrease in macrophage recruitment to the breast tumor microenvironment, associated
decreases in tumor blood vessel density and the formation of lung metastasis in the PyVT animal model°. Recent
clinical data from a number of human cancers has correlated macrophage presence with a poorer patient prog-
nosis!!~1%. Taken together these data suggest that macrophages play a prominent role in the progression of cancer.
A greater understanding of tumor-associated macrophages will open new opportunities for better diagnosis,
prognostic assessment, and targeted therapeutic approaches.

There is a critical need to be able to identify and image macrophages in live tissue or fresh biopsies. To date
there have not been approaches that could specifically identify these macrophage populations in live tissue with-
out the use of antibody labeling, exogenous dyes or genetic manipulations, such as the expression of EGFP. We
outline here a novel imaging approach that can identify live, unstained macrophages from the tumor microen-
vironment in vivo, which exploits the endogenous cellular fluorescent signal without exogenous fluorophores or
dyes.
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Endogenous Fluorescence to determine metabolic signatures

Endogenous fluorescence has been used as a source of contrast to image and characterize cell phenotype without
the use of exogenous labels and dyes. Two major endogenous fluorophores in the tumor microenvironment are
the intermediate metabolites nicotinamide adenine dinucleotide (NADH and NADPH) and flavin adenine dinu-
cleotide (FAD). For NADH and NADPH, only the reduced forms are fluorescent (e.g. NADH, but not NAD+),
and for FAD only the oxidized form is fluorescent (FAD but not FADH,). Both NADH and FAD are primary
metabolic cofactors involved in glycolysis and cellular respiration, where their reduction and oxidation are prom-
inent in the process of generating ATP. As the relative concentrations of the reduced and oxidized forms of these
metabolic cofactors change with different levels of cellular metabolism, quantifiable NADH and FAD intensity
imaging can be used to distinguish the metabolic state of a cell'*-'°. This technique has been exploited in predom-
inantly in vitro studies to quantify the metabolic shifts observed in stem cell differentiation' as well as changes in
cancer cell biology'®-5.

In addition to imaging the intensity of NADH, Fluorescence Lifetime Imaging Microscopy of NADH
(NADH-FLIM) can provide information on the state of the cellular metabolic environment'. By utilizing
time-correlated single photon counting (TCSPC), a histogram of photon counts vs. time from excitation can
be created, which illustrates a fluorescence decay curve at each pixel®. These decay curves are then fitted to a
bi-exponential decay to account for the two populations of NADH: a long lifetime representative of NADH bound
to proteins and a short lifetime representative of free NADH'*?! By looking at both the weighted average fluores-
cence lifetime and the fractional contributions of the bound and free components, we can quantify changes in the
relative concentrations of bound to free NADH.

Recently, it has been suggested that NADH-FLIM and its subsequent changes in the fractional contribution
of free vs. bound NADH correlates with shifts in metabolism between aerobic glycolysis (expected to result in
more free NADH in the cytosol) and oxidative phosphorylation (more bound NADH, especially in the mitochon-
dria)'?>, Here, using Multiphoton Laser Scanning Microscopy (MPLSM) along with the use of a Mammary
Imaging Window (MIW)*?°, we exploit intrinsic fluorescence intensity and FLIM imaging of FAD and NADH
to characterize cellular metabolism, and as a novel way to identify distinct cell types within the breast tumor
microenvironment in vivo. We find that stromal macrophages are readily distinguishable from tumor cells by
their high FAD intensity and a highly glycolytic NADH-FLIM signature.

Results

Endogenous Fluorescence identifies subpopulations of stromal cells in the breast tumor
microenvironment. Building on previous studies from our group and others showing that the fluores-
cence of NADH and FAD can be used to image cells, we aimed to investigate if these endogenous fluorophores
could be exploited to image specific subpopulations of stromal cells surrounding tumors. Imaging MMTV-PyVT
mammary tumors through a MIW?* with multi-photon excitation microscopy, allowed us to observe tumor cell
and surrounding stroma in vivo. (Fig. 1A). Tumor cells exhibited a high autofluorescent NADH signal intensity
(Fig. 1Ai). NADH™ cells represent the brightest 30% pixels, defined by the auto-threshold function of Image]
(Fig. 1 Histogram 1, Fig. 1Aii). The tumor cells were surrounded by stromal collagen, which was imaged by sec-
ond harmonic generation, SHG, (Fig. 1C,G), consistent with our previous ex vivo observations?.

In the stroma, a unique cell population was observed based on endogenous fluorescence: cells high in FAD
intensity (FAD™) (Fig. 1Bi), which were the brightest 20% pixels based on the Image] auto-threshold (Fig. 1
Histogram, Fig. 1Bii). FAD™! cells were found predominantly outside of the tumor and concentrated mainly in the
stroma, with a small population of FAD™ cells also found inside of the tumor (Fig. 1Bi,Bii). Notably, the FAD™
cells that reside inside of the tumor are often found along collagen fibers, consistent with findings that immune or
stromal cells track along collagen to engage tumor cells®. Occasionally, cells were observed that were both FAD!
and NADH"Y, but these cells were not characterized further in this study. Thus, these results demonstrate at least
two different sets of abundant cell types that can be distinguished by their endogenous fluorescence intensity:
NADH"! tumor cells and FAD"! stromal cells. We consistently saw these populations across every imaging ses-
sion, such as the example shown in Fig. 1IE-H. A zoomed image of this field of view is shown in Fig. 1J-L.

FADM! cells have macrophage markers. To identify the FAD™! population of cells, we used a primary
fluorescence-conjugated antibody that is specific for lymphocytes, Brilliant Violet 421-CD45. In order to inject
primary conjugated antibodies under our MIW, we developed a ported MIW. This was created by inserting a 30
gauge hypodermic needle through a hole bored into the MIW frame. The needle was positioned such that it’s tip
was located within the mammary tumor and imaging range of the microscope. Using a ported MIW, we were able
to inject Brilliant Violet 421-CD45 antibody into a localized region under the imaging window into the tumor
microenvironment. Several cells were both CD45" and FAD™ (Fig. 2A-C). However, only 55% of CD45" were
also FAD™ (arrows in Fig. 2A-C). As CD45 labels all lymphocytes, these findings suggest that the FAD! cells
represent just a subset of CD45* cells. (Interestingly, some of the CD457 cells that are not FAD"! have a rounded
morphology, which may represent T-lymphocytes.) As a control, BV421-IgG antibody was used, which did not
specifically label any cells in the imaging field (Fig. 2D-F).

As the FAD™! cells had a phenotype consistent with infiltrating macrophages, we next used F4/80, an antibody
that marks most murine macrophages. We observed that over 75% of FAD™ cells co-localized to the BV421-F4/80
positive cells (Fig. 2G-I). This result identifies the FAD™ cells as predominantly macrophages. To confirm this
result, we also used the macrophage selective marker, CD68, and found that many FAD™! cells are also CD68
positive (Supplemental Figure).

It has been documented that macrophages phagocytose fluorescently labeled dextran® Thus, we made use of
labeled dextran to determine whether the FAD!! population of cells was phagocytic. Texas red dextran injected
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Figure 1. Endogenous Fluorescence shows significant contrast in the breast tumor microenvironment.
Multiphoton laser scanning microscopy (MPLSM) of a PyVT tumor viewed through a mammary imaging
window (MIW), taken during 2 independent imaging sessions. (A-D) are images from one animal (E-H) are
from another experiment. (I-L) are enlarged view of the region boxed in from (E-H). (Ai, Bi, Ci, Di) are images
showing the entire dynamic range collected from an imaging session. (Aii, Bii, Cii, Dii) are the same data but
NADH" and FAD"! after a threshold mask has been applied. NADH!! cells are define as the top 30% of pixels
with the greatest intensity. Histogram 1 shows pixel intensities levels from (Ai). The Red box shows the pixel
values that are displayed in (Aii). FAD™ cells are defined as the 20% pixels with greatest intensities. Histogram

2 shows pixel values that are displayed in (Bi). The Red box shows pixel values that are shown in (Bii). (A, Alii,
E, I) Endogenous fluorescence from NADH, collected with a 445/20 BP filter at 780 nm 2-photon excitation.
Scale Bar = 100 um. (Bi, Bii, F, J) Endogenous fluorescence of FAD collected with a 562/30 BP filter at 890 nm
2-photon excitation. Scale Bar = 100 pm. (Ci, Cii, G, K) SHG images were collected with a 445/20 BP filter at
890 nm 2-photon excitation. Scale Bar = 100 pm. (Dj, Dii, H, L) Composite image of images. Scale bar = 100 pm
in (A-H,I-L) Enlarged view from (E-H). Scale bar = 20 pm. Solid arrow indicates an FAD'! cell. Dashed arrow
indicates an NADH!! cell.

into the tail vein was phagocytized by many of the FAD™! cells (Supplemental Figure). These findings further
confirm that the FAD™ population represents macrophages.

Fluorescence lifetime Imaging Microscopy of NADH shows that FAD"! cells have a unique met-
abolic signature. NADH profiling by FLIM is useful as a means to determine changes in metabolic states.
We next investigated whether the three distinct populations of cells that were identified via their endogenous
fluorescence intensity of FAD and NADH also had differences in their respective NADH-FLIM signatures. Time
Correlated Single Photon Counting (TCSPC) lifetime images were collected and the data fitted to a bi-exponential
decay curve such that the short lifetime represents free NADH and the long lifetime represents bound NADH
(Data not shown). An increase in the fraction of free NADH (ouppgg) would correspond to a shorter weighted
average fluorescence lifetime (T,.,,). Data for the T,,.,, of each pixel was color-mapped to provide spatial infor-
mation related to the NADH-FLIM signature (Figure 3B). Using masks defined by FAD™! and tumor cells defined
by NADH™! cells, NADH lifetime values were compared between FAD™! stromal cells and NADH™! tumor cells.
Notably, the FAD™! cells had a T,,,.,, that was significantly shorter than the tumor cells (Figure 3C), with a greater
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Figure 2. FADM! cells have macrophage markers. 2-MPLSM imaging of a PyVT tumor through a ported
MIW. (A) Intensity image of FAD showing FAD™ cells. (B) Visualization of BV421-conjugated CD45
antibody 5 min after being injected under the ported MIW. Solid arrows show FAD™ cells that co-localize to
CD-45 positive cells. Dashed arrows show cells that are CD45 positive only. (C) Composite of A and B. Scale
bar A-C = 50 um. (D) FAD™! cells in PyVT tumor. (E) Visualization of BV421 conjugated to non-specific IgG
antibody 20 min after injection under the ported MIW. (F) Composite of D and E. Scale bar D-F = 50 um.
(G) FAD" cells in a PyVT tumor under a MIW. (H) Visualization of BV421-conjugated F4/80 antibody.
Arrows indicate cells that are FAD"! and BV421-F4/80 positive. (I) Composite image of G and H. Scale bar
G-I=50pm.

fractional component of free NADH (ourer) (Fig. 3D). This suggests that these two cell types have distinct NADH
lifetime characteristics that can be identified by NADH-FLIM.

GFP-c-fms monocytic lineage cells have an NADH-FLIM signature that matches FAD cells. To
further validate the use of NADH-FLIM as a means to identify macrophages, we crossed the MMTV-PyVT mice
to mice bearing the GFP-c-fms transgene?’-?. GFP-c-fms traces the monocytic lineage by expression of GFP
driven by the monocyte-specific c-fims promoter. Because the excitation and emission of NADH (780 excitation
445/30 emission) differ from GFP (890nm excitation 520/35 emission) we were able to image NADH-FLIM in
these lineage-traced monocytes (Fig. 4A-D). GFP-labeled monocytes showed an NADH-FLIM signature nearly
identical to the FAD™! cells, with a shorter T,,,,, for NADH-FLIM than the tumor cells (Fig. 4H,1). These cells, like
the FADH! cells, were located in the stroma and sparsely populated inside of the mammary tumor. These results
demonstrate that the metabolic differences between monocytes and tumor cells can be exploited for imaging
contrast.

By creating a monocyte-specific mask and a tumor-specific mask, we were able to spatially display the dif-
ference between NADH-FLIM in monocytic cells compared to tumor cells (Fig. 4E-G). Moreover, these images
demonstrate metabolic heterogeneity in the tumor cell population.

SCIENTIFICREPORTS | 6:25086 | DOI: 10.1038/srep25086 4



www.nature.com/scientificreports/

60ps 1800ps
C D
Trnaan Ofree
1400~ 0.85
c
£ 0.80-
1200+ 3
5 —_ £ 0.754 .
$ 1000- —ae— * 3 3
§ ° u © 0.70+ _'-"'._
c ——
a _ o ®
S0k % 5 0.65
©
E
600 T T 0.60 T T
Tumor FADH! Tumor FADH!

Figure 3. Fluorescence lifetime Imaging Microscopy of NADH shows that FAD bright cells have a

more glycolytic metabolic signature. Endogenous Fluorescence of NADH showing tumor cells in breast
microenvironment. (A) Composite of 3 channels; red = NADH™, Green = FAD', Grayscale = SHG of
collagen. Scale bar = 100 pm. (B) NADH-FLIM image of same field-of-view as in A. (C) Graph showing average
lifetime comparing NADH™! tumor cells to FAD! stromal cells. Data points are compiled from 6 regions of
interest from 3 independent PyV'T mice. Tumor NADH-FLIM values were determined from drawing a region
of interest around the bright NADH tumor cells. FAD™! region of interest was defined through thresholding
FAD intensity to create ROI in FAD image and applying this to NADH FLIM image. The data point represents
the average NADH FLIM value in this region of interest. Wilcoxon Rank Sum was performed to show statistical
significance p = 0.02. (D) Graph showing the fractional contribution of the short lifetime component, free
NADH, comparing NADH"! tumor cells to FAD™! stromal cells where p = 0.002.

Discussion
It is becoming appreciated that tumor-associated macrophages play an important role in the progression of can-
cers. Using FLIM-based methods we find that the endogenous signature of FAD, NADH, and NADH-FLIM
can be used to identify cell types in vivo, without the use of exogenous fluorophores. These unique cell profiles
identify distinct populations of FAD" and NADH™ cells. We propose that these represent distinct cell types. The
PyVT tumor cells are represented by the NADH™! signature. The notion that tumor cells have high NADH levels
is consistent with their robust glycolytic nature, and the ability to label tumors by their ability to take up glucose,
a property exploited for identification with fluoro-deoxyglucose in ¥FDG-PET imaging. Multiple features are
consistent with identifying the FAD™ population as macrophages. These cells are highly phagocytic, consuming
fluorescent dextran injected into the vasculature, and are stained by F4/80 and CD68, two antibodies selective, for
macrophages. A limitation to this approach is that we still have a small set of FAD"! cells that did not label with
the F4/80 antibody, which could represent either another population, or that the antibody labeling is not totally
robust. Moreover, the FAD™! cells have a metabolic signature that matches the monocyte lineage, identified by
expression of c-fms-GFP.

In addition to distinguishing cellular populations, the use of NADH-FLIM allows us to understand aspects
of the metabolic state of these cells. Free NADH has a short lifetime (~0.44 ns) while protein-bound NADH
has a long lifetime (~2.4ns). We find that cytosolic NADH has a shorter 7,,.,, than does mitochondrial NADH

SCIENTIFICREPORTS | 6:25086 | DOI: 10.1038/srep25086 5



www.nature.com/scientificreports/

.
D &% ‘.‘;‘ 52 .

100ps

100ps

H
mean ' afree
1000~ 0.90-
c *
K]
800+ _:|'7r 5 0.85-
73 * 2 %
© =
S 600- S 0.80-
o — o
2 o 0
O 4004 < 0.75-
Q o
& B
2004 g 0.70-
0 T T 0.65 T T

Tumor

GFP-cfms

Tumor GFP-cfms

Figure 4. GFP- c-fms monocyticlineage cells have shorter NADH lifetimes than mammary tumor cells.
(A) Endogenous Fluorescence of NADH™ showing tumor cells in the breast microenvironment. (B) GFP
c-fms cells in the breast tumor microenvironment. (C) SHG demonstrating collagen in the same field-of-view.
Scale bar A-C=100pm. (D) Composite of the 3 channels shown in A-C: red = NADH™, green = GFP-cfms,
grayscale = SHG. Scale bar = 100 pm. (E) NADH-FLIM image of same field-of-view as in A-D. (F) NADH-
FLIM image masked to show GFP-cfms positive cells overlayed on the NADH intensity image to provide
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comparison of stromal macrophages (heat map of NADH-FLIM) with NADH" tumor cells (grayscale). (G)
NADH-FLIM image masked to show NADH!! tumor cells overlayed on the SHG image to provide comparison
of the tumor NADH-FLIM signature (heatmap) in the context of collagen structure (greyscale). (H) Graph
showing average lifetime comparing GFP-cfms cells and tumor cells. Data points represent 4 regions of interest
from 2 animals. Wilcoxon Rank sum was performed showing statistical significance with p=0.03. (I) Graph
showing the fractional contribution of the short lifetime component, free NADH, comparing GFP-cfms cells
and tumor cells. Wilcoxon Rank sum was performed showing statistical significance with p = 0.03.

(unpublished observations, and Bird et al.’?). This is consistent with the idea that free NADH is representative
of aerobic glycolysis in the cytosol, while bound NADH is more representative of oxidative phosphorylation in
the mitochondria'®*. Moreover, we find a clear difference between the FAD™ cells and NADH"! cells in their
metabolic profile determined by FLIM. FAD'! cells have a significantly shorter NADH-FLIM T ..., than the
NADH! cells. These findings suggest that the FAD"! macrophages have a more glycolytic-like signature than
the tumor cells, consistent with observations that cells of monocytic linage exhibit more aerobic glycolysis then
epithelial cells®. This is not to say that the tumor cells are not also exhibiting aerobic glycolysis, as suggested by
Warburg®?-3* as we see clear differences between tumor and normal breast cells in vitro'.

It must be noted, however, that the notion regarding a shorter T,,,, indicating a “more glycolytic” signature
is likely an oversimplification, as there does not yet exist a complete understanding of the metabolic state as it
relates to NADH-FLIM signatures. Future studies in which metabolomics are matched to FLIM signatures will
further inform our understanding of the exact metabolic state that corresponds to different NADH-FLIM sig-
natures. An additional nuance of these studies is that Nicotinamide Adenine Dinucleotide Phosphate (NADPH)
is not spectrally distinguishable from NADH, and its contribution to the NADH-FLIM signature is not entirely
clear. NADPH is a reactive mediator prominent in metabolic pathways such as Reactive Oxygen Species (ROS)
and the Pentose Phosphate Pathway (PPP). Blacker et al. recently published evidence suggesting that NADPH
presence and absence mostly effects the changes observed in the Tyo,,q component®. Notably, using their analytic
approach, we do not see great to the value of the long lifetime component, consistent with a minimal contribution
of NADPH to the FLIM signatures reported here.

FAD, NADH, and FLIM have been used to demonstrate the metabolic state of cells in several in vitro studies,
and more recently to define redox states in vivo'*>*. Here, we report for the first time to our knowledge the use of
intravital, live, metabolic imaging in vivo to identify cell types in the tumor microenvironment. Because the tumor
and stroma are largely undisturbed when imaging through a window, we are able to capture metabolic signatures
without artifacts that may be introduced due to culture conditions, tissue excision, or fixation. These results high-
light the unique potential that FLIM has in characterizing the tumor microenvironment non-invasively and quan-
titatively with high spatial and temporal resolution. With increased evidence that tumor-associated macrophages
are involved in the progression of cancer, there is a great need for methods that can identify cell types and inva-
siveness of disease without the use of exogenous contrast. With an increase in interest in cellular metabolism in
cancer and other diseases, FLIM also shows strong potential as a metabolic readout that can measure metabolic
changes in cells with high spatial and temporal resolution. Various studies demonstrate changes in NADH-FLIM
as it relates to progression of diseases in biopsied colon, breast and melanoma tissue®”**? and suggest that FLIM
has a potential role in clinical diagnostics in the future. Further characterization of FLIM and its use in identifying
metabolic changes and cellular contrast without any dyes could provide the groundwork to future tools that can
aid clinicians and pathologists in rapid assessment of tumor features for advanced diagnostics of clinical tissue
and models.

Materials and Methods

Animal Model and Mammary Imaging Window.  All animal imaging and surgical protocols were
approved by the Institutional Animal Use and Care Committee (IUCUC). All subsequent experiments were
carried out in accordance to IUCUC guidelines. For all intravital experiments, the PyVT (MMTV-Polyoma
Middle-T) animal model was used, which has been shown to model human breast cancer progression from
premalignant to malignant tumor progression®. Tumors were palpable at 10 weeks. Observation of mammary
tumors was done through surgical implementation of a Mammary Imaging Window (MIW)*. Windows were
implanted at 11-13 weeks.

Multiphoton Imaging Microscopy and Endogenous Fluorescence Imaging. All imag-
ing was done at the Laboratory for Optical and Computational Instrumentation (LOCI) at the University of
Wisconsin-Madison. Upright intensity Multiphoton Microscopy was conducted on the Ultima IV (Bruker Nano
Surfaces, Middleton, WI*?). Laser excitation on the Ultima IV was provided by the Insight (Spectra Physics, Palo
Alto, CA). Detection was provided by Hamamatsu multi-alkali photomultiplier detectors. Data acquisition and
scanning control was provided by PrairieView (Bruker Nano Surfaces, Middleton, WI). Images were gathered
with Zeiss 20x 1.0 NA objective lens. NADH images were collected at 780 nm excitation and emission collected
with 445/35 BP filter (Semrock). NADH™! cells were defined as the upper 30% of pixel values in NADH image.
FAD were collected at 890 nm excitation using 562/30 BP filter (Semrock). FAD ™ cells were defined as the top
20% pixel intensities. Al NADH™ and FAD"! images were subsequently thresholded using FIJI threshold and
display only pixels in these regions.

Fluorescent antibody in vivo imaging. By modifying the Mammary Imaging Window so that the end
of a 30 gauge needle was located inside of the window, we were able to create a “ported” imaging window. This
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allows us the ability to inject fluorescent antibodies in vivo for identification of specific cells without disturbing
the tumor microenvironment underneath the mammary imaging window. (See supplemental data). We used flu-
orescent antibodies that are conjugated to Brilliant Violet 421, as the emission spectrum can be readily separated
from FAD. To prevent non-specific antibody binding, BD Fc Block (BD Bioscience) was injected into the window
20 minutes before BV421-antibody. Imaging was done using MPLSM at 780 nm. Emission was collected using
445/35 Bandpass filter (Semrock) for BV421 and 590/100 bandpass filter for FAD.

Fluorescence Lifetime Imaging Microscopy (FLIM).  All FLIM images and their subsequent intensity
images were collected with the Optical Workstation (LOCI, UW-Madison). Laser excitation was provided by
Mai-Tai Deep See Ti:Sapphire laser (Spectra Physics, Palo Alto, CA) as previously described*!. Data acquisition
and scanning control was provided by WiscScan (LOCI, UW-Madison). Images were collected with 20x 1.0NA
objective (Nikon) at 780 nm excitation. Time correlated single photon counting (TCSPC) was conducted on an
SPC-830 photon counting board with DC-100 control electronics (Becker and Hickl, Berlin, Germany) and pho-
ton detection was conducted with Gallium Arsenide Phosphide photomultiplier tube H7422P-40 (GaAsP-PMT;
Hamamatsu Photonics, Hamamatsu, Japan). FLIM data was fitted and analyzed using SPC Image (Becker and
Hickl).
The average lifetime can then be written in the following equation:

Tmean — X1 Tfree + Q% Thound (1)

where T ..., is the average lifetime, o, is the fractional contribution of the 7¢.. component (short lifetime expo-
nential), and o, is the fractional contribution of Ty,,,q (long lifetime exponential) to T ... Thus a smaller T ..,
would have more free NADH component then a longer T ,..,,. Figure 4 lifetime overlay images were generated
with the help of Image]J Plugin Layers (Bob Dougherty, OptiNav).

Statistics. The Wilcoxon Rank sum statistical test was performed to show significant differences between
NADH T, lifetime values and o, to compare NADH™! cells versus FAD™! as well as NADH"! versus GFP-cfms
positive cells.

References
1. Hao, N.-B. et al. Macrophages in tumor microenvironments and the progression of tumors. Clin. Dev. Immunol. 2012, 948098
(2012).
2. Wyckoff, J. B. et al. Direct visualization of macrophage-assisted tumor cell intravasation in mammary tumors. Cancer Res. 67,
2649-56 (2007).
. Qian, B.-Z. & Pollard, ]. W. Macrophage diversity enhances tumor progression and metastasis. Cell 141, 39-51 (2010).
. Pollard, J. W. Macrophages define the invasive microenvironment in breast cancer. J. Leukoc. Biol. 84, 623-30 (2008).
5. DeNardo, D. G. et al. Leukocyte complexity predicts breast cancer survival and functionally regulates response to chemotherapy.
Cancer Discov. 1, 54-67 (2011).
6. Condeelis, J. & Pollard, J. W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 124, 263-266
(2006).
7. Patsialou, A. et al. Invasion of human breast cancer cells in vivo requires both paracrine and autocrine loops involving the colony-
stimulating factor-1 receptor. Cancer Res. 69, 9498-9506 (2009).
8. Patsialou, a et al. Autocrine CSF1R signaling mediates switching between invasion and proliferation downstream of TGFf in
claudin-low breast tumor cells. Oncogene 34, 2721-2731 (2014).
9. Rohan, T. E. et al. Tumor microenvironment of metastasis and risk of distant metastasis of breast cancer. J. Natl. Cancer Inst. 106,
1-11 (2014).
10. Harney, a. S. et al. Real-Time Imaging Reveals Local, Transient Vascular Permeability, and Tumor Cell Intravasation Stimulated by
TIE2hi Macrophage-Derived VEGFA. Cancer Discov. doi: 10.1158/2159-8290.CD-15-0012 (2015).
11. Leek, R. D. et al. Association of Macrophage Infiltration with Angiogenesis and Prognosis in Invasive Breast Carcinoma. Cancer Res.
56, 4625-4629 (1996).
12. Medrek, C., Pontén, E, Jirstrom, K. & Leandersson, K. The presence of tumor associated macrophages in tumor stroma as a
prognostic marker for breast cancer patients. BMC Cancer 12, 306 (2012).
13. Tang, X. Tumor-associated macrophages as potential diagnostic and prognostic biomarkers in breast cancer. Cancer Lett. 332, 3-10
(2013).
14. Quinn, K. P. et al. Quantitative metabolic imaging using endogenous fluorescence to detect stem cell differentiation. Sci. Rep. 3, 3432
(2013).
15. Weissleder, R. & Pittet, M. J. Imaging in the era of molecular oncology. Nature 452, 580-9 (2008).
16. Skala, M. C. et al. In vivo multiphoton microscopy of NADH and FAD redox states, fluorescence lifetimes, and cellular morphology
in precancerous epithelia. Proc. Natl. Acad. Sci. USA 104, 19494-9 (2007).
17. Bird, D. K. et al. Metabolic mapping of MCF10A human breast cells via multiphoton fluorescence lifetime imaging of the coenzyme
NADH. Cancer Res. 65, 8766-73 (2005).
18. Ostrander, J. H. et al. Optical redox ratio differentiates breast cancer cell lines based on estrogen receptor status. Cancer Res. 70,
4759-66 (2010).
19. Stringari, C. et al. Phasor approach to fluorescence lifetime microscopy distinguishes different metabolic states of germ cells in a live
tissue. Proc. Natl. Acad. Sci. USA 108, 13582-7 (2011).
20. Becker, W. et al. Fluorescence lifetime imaging by time-correlated single-photon counting. Microsc. Res. Tech. 63, 58-66 (2004).
21. Lakowicz, J. R., Szmacinski, H., Nowaczyk, K. & Johnson, M. L. Fluorescence lifetime imaging of free and protein-bound NADH.
Proc. Natl. Acad. Sci. USA 89, 1271-5 (1992).
22. Blacker, T. S. et al. Separating NADH and NADPH fluorescence in live cells and tissues using FLIM. Nat. Commun. 5, 3936 (2014).
23. Drozdowicz-Tomsia, K. et al. Multiphoton fluorescence lifetime imaging microscopy reveals free-to-bound NADH ratio changes
associated with metabolic inhibition. J. Biomed. Opt. 19, 86016 (2014).
24. Kedrin, D. et al. Intravital imaging of metastatic behavior through a mammary imaging window. Nat. Methods 5, 1019-21 (2008).
25. Shan, S., Sorg, B. & Dewhirst, M. W. A novel rodent mammary window of orthotopic breast cancer for intravital microscopy.
Microvasc. Res. 65, 109-117 (2003).
26. Provenzano, P. P, Eliceiri, K. W. & Keely, P. ]. Multiphoton microscopy and fluorescence lifetime imaging microscopy (FLIM) to
monitor metastasis and the tumor microenvironment. Clin. Exp. Metastasis 26, 357-70 (2009).

N

SCIENTIFICREPORTS | 6:25086 | DOI: 10.1038/srep25086 8



www.nature.com/scientificreports/

27. Condeelis, J. & Segall, J. E. Intravital imaging of cell movement in tumours. Nat Rev Cancer. 3(12), 921-930 (2003).

28. Sharma, V. P. et al. Reconstitution of in vivo macrophage-tumor cell pairing and streaming motility on one-dimensional micro-
patterned substrates. IntraVital. 1, 40-39 (2012).

29. Wyckoff, J., Gligorijevic, B., Entenberg, D., Segall, J. & Condeelis, J. High-resolution multiphoton imaging of tumors in vivo. Cold
Spring Harb Protoc. 6, 1167-1184 (2011).

30. Pate, K. T. et al. Wnt signaling directs a metabolic program of glycolysis and angiogenesis in colon cancer. EMBO J. 33, 1454-73
(2014).

31. Ghesquiere, B., Wong, B. W, Kuchnio, A. & Carmeliet, P. Metabolism of stromal and immune cells in health and disease. Nature 511,
167-176 (2014).

32. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg effect: the metabolic requirements of cell
proliferation. Science 324, 1029-33 (2009).

33. Otto, G. & Garber, K. Energy Boost : The Warburg Effect. Journal of the National Cancer Institute. 96, 1805-1806 (2004).

34. Kim, J. & Dang, C. V. Cancer’s molecular sweet tooth and the Warburg effect. Cancer Res. 66, 8927-30 (2006).

35. Walsh, A. J. et al. Optical metabolic imaging identifies glycolytic levels, subtypes, and early-treatment response in breast cancer.
Cancer Res. 73, 6164-6174 (2013).

36. Shah, A. T, Diggins, K. E., Walsh, A. ], Irish, J. M. & Skala, M. C. In Vivo Autofluorescence Imaging of Tumor Heterogeneity in
Response to Treatment. Neoplasia. 17(12), 862-870 (2015).

37. Coda, S. et al. Fluorescence lifetime spectroscopy of tissue autofluorescence in normal and diseased colon measured ex vivo using a
fiber-optic probe. Biomed. Opt. Express 5,515-38 (2014).

38. Seidenari, S. et al. Multiphoton laser tomography and fluorescence lifetime imaging of melanoma: morphologic features and
quantitative data for sensitive and specific non-invasive diagnostics. PLos One 8, 70682 (2013).

39. Lin, E. Y. et al. Progression to malignancy in the polyoma middle T oncoprotein mouse breast cancer model provides a reliable
model for human diseases. Am. J. Pathol. 163, 2113-26 (2003).

40. Bredfeldt, J. S. et al. Computational segmentation of collagen fibers from second-harmonic generation images of breast cancer. J.
Biomed. Opt. 19, 16007 (2014).

41. Pugh, T. D. et al. A shift in energy metabolism anticipates the onset of sarcopenia in rhesus monkeys. Aging Cell 12, 672-81 (2013).

42. Conklin, M. W, Provenzano, P. P, Eliceiri, K. W, Sullivan, R. & Keely, P. ]. Fluorescence lifetime imaging of endogenous fluorophores
in histopathology sections reveals differences between normal and tumor epithelium in carcinoma in situ of the breast. Cell Biochem.
Biophys. 53, 145-157 (2009).

Acknowledgements

The authors are grateful to Dr. Brian Burkel for help with FLIM imaging and analysis, to Dr. Pamela Young
for assistance with use of imaging windows, to Dr. Suzanne Ponik and Brett Morris for useful discussion
about metabolic phenotypes, and to Dr. Maria Gracia Garcia Mendoza for useful discussion about macrophage
markers. This work was supported by grants from the National Institutes of Health U54 CA126511 (Condeelis,
Aguire-Ghiso, Keely, Castracane), R01 CA142833 (Keely) and R0O1 CA114462 (Keely).

Author Contributions
J.M.S., KW.E. and PJ.K. wrote main manuscript text. .M.S. created the figures. .M.S., D.R.I,, D.E., J.A.-G., James
C.,John C., K'WE. and PJ.K. have reviewed the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Szulczewski, J. M. et al. In Vivo Visualization of Stromal Macrophages via label-free
FLIM-based metabolite imaging. Sci. Rep. 6, 25086; doi: 10.1038/srep25086 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:25086 | DOI: 10.1038/srep25086 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	In Vivo Visualization of Stromal Macrophages via label-free FLIM-based metabolite imaging

	Macrophages and Cancer

	Endogenous Fluorescence to determine metabolic signatures


	Results

	Endogenous Fluorescence identifies subpopulations of stromal cells in the breast tumor microenvironment. 
	FADHI cells have macrophage markers. 
	Fluorescence lifetime Imaging Microscopy of NADH shows that FADHI cells have a unique metabolic signature. 
	GFP-c-fms monocytic lineage cells have an NADH-FLIM signature that matches FADHI cells. 

	Discussion

	Materials and Methods

	Animal Model and Mammary Imaging Window. 
	Multiphoton Imaging Microscopy and Endogenous Fluorescence Imaging. 
	Fluorescent antibody in vivo imaging. 
	Fluorescence Lifetime Imaging Microscopy (FLIM). 
	Statistics. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Endogenous Fluorescence shows significant contrast in the breast tumor microenvironment.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ FADHI cells have macrophage markers.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Fluorescence lifetime Imaging Microscopy of NADH shows that FAD bright cells have a more glycolytic metabolic signature.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ GFP- c-fms monocytic lineage cells have shorter NADH lifetimes than mammary tumor cells.



 
    
       
          application/pdf
          
             
                In Vivo Visualization of Stromal Macrophages via label-free FLIM-based metabolite imaging
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25086
            
         
          
             
                Joseph M. Szulczewski
                David R. Inman
                David Entenberg
                Suzanne M. Ponik
                Julio Aguirre-Ghiso
                James Castracane
                John Condeelis
                Kevin W. Eliceiri
                Patricia J. Keely
            
         
          doi:10.1038/srep25086
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25086
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25086
            
         
      
       
          
          
          
             
                doi:10.1038/srep25086
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25086
            
         
          
          
      
       
       
          True
      
   




