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Introduction

Abstract. The ability to distinguish macrophage subtypes noninvasively could have diagnostic potential in
cancer, atherosclerosis, and diabetes, where polarized M1 and M2 macrophages play critical and often opposing
roles. Current methods to distinguish macrophage subtypes rely on tissue biopsy. Optical imaging techniques
based on light scattering are of interest as they can be translated into biopsy-free strategies. Because mitochon-
dria are relatively strong subcellular light scattering centers, and M2 macrophages are known to have enhanced
mitochondrial biogenesis compared to M1, we hypothesized that M1 and M2 macrophages may have different
angular light scattering profiles. To test this, we developed an in vitro angle-resolved forward light scattering
measurement system. We found that M1 and M2 macrophage monolayers scatter relatively unequal amounts
of light in the forward direction between 1.6 deg and 3.2 deg with M2 forward scattering significantly more light
than M1 at increasing angles. The ratio of forward scattering can be used to identify the polarization state of
macrophage populations in culture. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.11.115002]
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from stable to unstable lesions.'© M2 macrophages, on the

Macrophages are widely distributed immune cells, which play
critical roles in homeostasis and disease states.!™ Macrophages
are highly versatile and plastic, and can be phenotypically polar-
ized to express different functional programs in response to
microenvironmental signals.'~® While it is generally believed that
macrophages represent a continuum of functional states rather
than discrete stable subpopulations, the extreme ends of the con-
tinuum can be broadly classified into two main groups: the clas-
sically activated (M 1) macrophages and the alternatively activated
(M2) macrophages.'™’ M1 macrophages are proinflammatory,
exhibiting potent antimicrobial properties through production
of nitric oxide and radical oxygen intermediates, while M2
macrophages are anti-inflammatory, with important roles in
wound healing and fibrosis.'™’ Macrophages are believed to
be drivers or facilitators of many common diseases.'*® In cancer,
a tumor-killing role has been described for M1 macrophages.'’
However, tumor-associated macrophages are phenotypically and
functionally similar to M2 macrophages, playing a detrimental
protumoral role.' ™"~ In obesity-induced type-2 diabetes, adipose
tissue macrophages switch from an M2-like phenotype, which
maintains insulin sensitivity and glucose tolerance, to an M1-
like phenotype, which contributes to the development of insulin
resistance.'**!! Finally, in experimental atherosclerosis, a shift
from the M2 to the M1 phenotype can signify the progression
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other hand, produce cytokines with antiatherogenic and profi-
brotic properties, which promote plaque stability.>® The ability
to detect subpopulations of M1 and M2 macrophages in athero-
sclerotic plaques may be feasible, as several investigators have
now reported distinct localization of M1 and M2 macrophages
to discrete zones of the atherosclerotic plaque.>®!?

Identification of macrophage subtypes in vivo is complicated,
as markers (genes, proteins, or metabolic products) associated
with M1 or M2 macrophages are usually more abundant in,
but rarely specific for, a particular subtype.® Accordingly, dis-
tinguishing between M1 and M2 macrophage subtypes in vitro/
ex vivo is achieved through characterization of gene expression
profiles (microarrays'> or qPCR of multiple genes>®), functional
assays of nitric oxide (M1) or arginase 1 (M2) production’® or
other cytokines,’ immunohistochemical labeling of surface
receptors,”®%!13 and flow cytometry.'* However, these tech-
niques cannot currently be used clinically for in vivo tissue diag-
nostics (e.g., cancer, diabetes, or atherosclerosis) without tissue
biopsy. Biopsy-free, label-free techniques that have the potential
to distinguish M1 and M2 macrophages in vivo in patients are of
interest.

Because light has a wavelength (1 xgm) that is on the same
order as the size of cellular organelles, optical approaches to
distinguish between different cell types have been studied. In
fact, some of the first reported cellular light scattering studies
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were completed by Chance, Tedeschi, and Packer, who observed
changes in light scattering due to cellular metabolism. These stud-
ies eventually led to investigation on the mitochondria as the
source of some of the observed changes.">?° In particular,
angle-resolved light scattering techniques have been used to iden-
tify differences in the distribution, size, shape, and relative num-
ber of cells and their intracellular organelles.”'*° Many of these
intracellular structural differences have been linked to functional
processes such as apoptosis,”’ mitochondrial fragmentation,?
rounding,”' swelling,”** alterations in lysosomal structure,?® and
changes in nuclear size.” For example, Pyhtila et al.” have used a
light scattering technique to identify increased nuclear size of epi-
thelial cells in the esophagus to identify precancerous lesions.
Imaging techniques that distinguish light scattering angle are
of interest as they can potentially be translated into biopsy-
free, label-free strategies.

M1 and M2 macrophages have known differences in intra-
cellular organelles, with M2 having greater mitochondrial den-
sity than M1.%3? Since mitochondria are known to be relatively
strong subcellular light scattering centers,?**%* differences in
mitochondrial density are expected to cause differences in the
angular distribution of light scattering intensities between the
two macrophage subtypes. Therefore, we hypothesize that
M1 and M2 macrophages will differ in their angular distribu-
tions of light scattering and that these differences may be
used to distinguish these two subtypes in culture. To test this
hypothesis, we constructed an optical system to measure the for-
ward light scattering angular distributions of murine M1 and M2
macrophage monolayers in vitro. Although backscatter mea-
surements are more relevant to bulk tissues, forward scattering
measurements are more appropriate when studying cell cultures
because signal intensity is greater than in backscattering instru-
mentation,™ and a forward scattering measurement is simpler
and avoids specular reflections from the culture dish.
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2 Methods

2.1 Instrumentation

The experimental setup was designed to measure the intensity of
forward scattered light as a function of angle from macrophage
cultures. A superluminescent diode (Superlum: SLD-381-MP3-
DIL-SM) with a center wavelength of 942.8 nm and FWHM
spectral width of 77.1 nm was powered by an Agilent
E3615A power supply (8.99 V, 0.35 A) and operated at an emis-
sion intensity of 0.5 mW. Light emitted from the SLD was
coupled into a single mode optical fiber, collimated to a 3-
mm diameter (collimation angle = 0.012 deg), and reflected
from a mirror and directed at normal incidence onto a macro-
phage culture. The macrophage culture was positioned in the
front focal plane of a 40-mm diameter, 50.8-mm focal length
Steinheil triplet lens (JML). Behind the lens, a Fujifilm X-Al
digital camera (APS-C) with 2 23.6 mm X 15.6 mm CMOS sen-
sor (16.5 megapixel) was positioned so that the sensor was in the
back focal plane (Fig. 1). By positioning the macrophage culture
in the front focal plane and the CMOS sensor in the back focal
plane, the CMOS sensor recorded a two-dimensional map of the
angular distribution of forward scattered light intensity from the
macrophage cells. The angular resolution of the system was lim-
ited by the pixel spacing on the CMOS sensor and was
0.005 deg. The incident beam was not blocked, and pixels
near the center of the scattering image which received the signal
from the incident beam were removed prior to analysis, as dis-
cussed below.

2.2 Mouse Husbandry

Macrophage cultures were obtained from 2- to 4-month-old
male mice (C57BL/6 wild type mice from Charles River
Laboratories). All experimental procedures and humane care

Fig. 1 Forward scattering angle imager. (a) lllustration of scattering-angle imaging system.
(b) Scattering-angle imaging system; 1—SLD illumination via an optical fiber, 2—collimator lens to
broaden incident beam and provide increased angular range on the CMOS sensor, 3—mirror, 4—sample
(macrophage culture), 5-50.8 mm focal length collimator lens, and 6—CMOS sensor array (inside digital

camera).
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of the mice were conducted in compliance with the University of
Texas Health Science Center Institutional Animal Care and Use
Committee approval.

2.3 Macrophage Cell Cultures

Murine peritoneal immune cells were harvested from euthanized
mice by peritoneal lavage. Briefly, 10 ml of culture media [47%
v/v RPMI 1640 (Gibco 21870), 47% v/v RPMI 1640 (Cellgro
10-043-CV), 1% v/v nonessential amino acids 10 mM (Gibco
11140-050), 1% v/v Glutamax-I 200 mM (Gibco 35050-061),
1% v/v sodium pyruvate 100 mM (Gibco 11360-070), 1% v/v
Penicillin—Streptomycin (Gibco 15140-122), and 2% v/v N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) 1 M
(HEPES; Sigma)] with 2% fetal bovine serum (FBS; Gibco
10082-147) was injected into the peritoneal cavity, the mouse
was gently shaken to dislodge peritoneal cells, and the media
were recovered. The peritoneal cells were concentrated into a
pellet by centrifugation (400¢g) and resuspended in 1 ml of cul-
ture media. A dilution of this cell suspension was counted using
a hemacytometer to determine the number of immune cells
recovered. Of this number, approximately 50% are macro-
phages, and the majority of the remaining cells are T- and B-
lymphocytes. To purify the cell suspension to primarily macro-
phages (~95% macrophages, with the remaining 5% represent-
ing primarily neutrophils), T- and B-lymphocytes were removed
from the suspension using magnetic Dynabeads conjugated to
antibodies against T- (Life Technologies 114-43D) and B-lym-
phocytes (Life Technologies 114-41D). The resulting cell sus-
pension (95% macrophages) was counted again using a
hemacytometer, and the suspension was adjusted appropriately
to plate 250,000 macrophages per well in a 24-well cell culture
plate (BD Falcon 08-772-1) in 0.5 ml of cell culture media with
10% FBS.

The cultures were incubated overnight (37°C, 5% CO,, 90%
humidity) to achieve adhesion of the macrophages to the well
surface in a monolayer of near confluence. The media were
then replaced with 0.5 ml fresh macrophage culture media
(37°C) with 10% FBS supplemented with cytokines. M1 culture
media were supplemented with 10 ng/ml lipopolysaccharide
(LPS; Calbiochem 437620-5MG) and 50 ng/ml interferon-
gamma (IFN-y; PeproTech 315-05-20UG). M2 culture media
were supplemented with 10 ng/ml interleukin-4 (IL-4;
PeproTech 214-14-20UG). Resting macrophage culture media
were not supplemented with cytokines, and these cultures
were used as controls to verify the molecular/functional pheno-
type of M1 and M2 macrophages. Cultures were incubated with
cytokines for 24 h before optical measurement.

2.4 Mathematical Background

In this study, we measured differences in forward-directed scat-
tering between M1 and M2 macrophages. The angle-resolved
scattering pattern is projected onto the image plane of the
Fourier lens according to the following equation:

AoejZkf x/ y/
/’ ! — BA — =,
u(x',y’) af 1Ac AfAf

where x’ and y’ are the spatial coordinates on the CMOS sensor
(imaging plane), f is the lens focal distance, 4 is the vacuum
wavelength of the source, k is 2z/4, B, is the optical thickness
of the lens, A, is the magnitude and absolute phase of the
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incident wave field, and A, is the Fourier transform of the
amplitude of the wave field emerging from the cell layer,
which is influenced by the refractive index of the scatterers
(n = 1.33 for media® and n = 1.36 for cytoplasm™®) involved.*
The CMOS sensor records this information convolved with the
pupil’s impulse response function. Because the pupil was large,
we take the impulse function to be a delta function. At lateral
position (x’,y’) on the CMOS sensor, the corresponding angle
(@) of the forward scattered light can be written as

o= tan_l <ﬂ
f .

This result demonstrates that the observed angle-resolved inten-
sity is dependent on the interactions with the cell layer and other
experimental parameters.

2.5 Scattering Angle Imaging

Following the 24 h cytokine treatment, the cultures were
changed to fresh media without FBS (37°C) and imaged on
an inverted microscope to document the baseline appearance,
and then light scattering angle images were recorded with 1 s
integration time. To reduce the effects of ambient light, the im-
aging system was covered with thick black felt and the room
lights were turned off during imaging. Following scattering
angle imaging, the cells were assessed microscopically to con-
firm that the morphology did not change during imaging.
Figure 2 shows the typical cultures of M1 and M2 macrophages.

2.6 Analysis of Scattering Data

Forward scattered light intensity data were recorded by the
CMOS sensor from 0 deg to 8.8 deg for M1 and M2 cell cultures.
Only forward scattered light intensity data at angles between
1.6 deg and 3.2 deg were analyzed. At angles less than 1.6 deg,
nonscattered collimated light focused on the CMOS sensor
resulted in an offset that precluded inclusion of this data in the
analysis. Control images without cells confirmed that there was
no incident blooming by 1.6 deg. At angles larger than 3.2 deg,
the signal intensity was substantially reduced, and signal-to-noise
ratio was less than unity, so these data were not included in the
analysis. We imaged and analyzed n = 12 M1 cultures, n = 10
M2 cultures, and n = 4 controls (media in wells without cells)
over the course of four independent experiments, each conducted
1 week apart. For our analysis, each light scattering image was
sampled up to 24 times by measuring the intensity versus the dis-
tance from the center of the scattering image (0 deg) along a radial
line every 15 deg using MATLAB. Artifacts such as double-light
reflections from the cell culture plate were identified, and radial
sampling lines effected by these artifacts were excluded from
analysis. We azimuthally averaged the radial sampling lines
for each scattering image to determine an average intensity profile
of light scattering as a function of angle for each culture.
Moreover, our results are independent of cell orientation due to
the implicit averaging of thousands of cells being imaged simul-
taneously. The average scattering angle profile of the n = 4 con-
trol cultures without cells was subtracted from the scattering
profile of each culture to remove the background due to the cell
culture plate and media.
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Fig. 2 Typical cell cultures. (a) M1 have a broad and flat phenotype and are semitransparent, (b) M2
have a round phenotype with granular cytoplasm and are opaque. Scale bars = 20 um.

2.7 Molecular/Functional Assays to Confirm the
Identity of M1 and M2 Macrophages

Additional macrophage cultures were prepared in an identical
manner and used to confirm polarization of macrophages into
M1 and M2 subtypes. Each assay was run in triplicate in three
independent experiments.

2.7.1 Quantitative reverse transcription polymerase chain
reaction

Total RNA was extracted from macrophages immediately fol-
lowing the 24 h cytokine treatment using the RNeasy™ Kkit
(Qiagen Inc., Valencia, Virginia). Equal quantities of RNA
(200 ng) were converted into first-strand cDNA using random
hexamers (SuperScript III First-Strand Synthesis System for RT-
PCR™, Invitrogen Life Technologies, Grand Island, New
York). The mRNA abundance was analyzed by RT-PCR (qPCR)
using commercially available TagMan probes (Applied
Biosystems, Carlsbard, California). Results were analyzed by
the AAC, method®” with 18s rRNA as the internal control.

2.7.2 Nitric oxide functional assay (M1)

A colorimetric ELISA, nitric oxide, or Griess reagent system
assay was used on the plated macrophage cells (Promega
G2930, Madison, Wisconsin) according to the manufacturer’s
instructions. The OD of each sample was read at 540 nm and
compared to a standard curve of known nitrite concentration.

2.7.3 Arginase functional assay (M2)

Arginase activity was quantified by measuring the conversion of
L-arginine into urea as previously reported.*® In brief, 10 mM
MnCl, in 50 mM Tris—HCI was added to the lysed sample,
and the mixture was then incubated at 56°C to activate the argi-
nase enzyme. L-Arginine was then added, and the samples were
incubated at 37°C for 2 h and terminated by the addition of an
acid solution. The colorimetric indicator, 6% a-isonitrosopro-
piophenone in 100% ethanol, was then added to each tube
and heated to 95°C, and the OD of each sample was read at
540 nm. Arginase activity in the samples was determined
based on the standard curve of known urea concentration.
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2.8 Data Analysis and Statistics

All statistical analyses were performed in MATLAB R2013b.
T-tests were used for genetic assays and for the comparison
of ratios of scattered light intensity (1.6 deg:3.2 deg) between
M1 and M2 cultures. One-way ANOVA with post-hoc Tukey
testing was used for comparison of ratios of scattered light inten-
sity (1.6 deg:3.2 deg) within subtypes and between independent
experiments. A p-value less than 0.05 was considered signifi-
cant. Values are provided as mean = standard deviation.

3 Results

Mean M1 and M2 scattering angle profiles demonstrate a clear
separation for forward scattering angles analyzed [Fig. 3(a)],
with M2 forward scattering relatively more light than M1 at
increased angles. At 1.6 deg, the two macrophage subtypes scat-
tered similar amounts of light, with the ratio of M2 scattering
intensity to M1 scattering intensity approximately unity. This
ratio increased in a nearly linear manner to the largest scattering
angle analyzed [3.2 deg, Fig. 3(b)].

Due to the different rates of signal drop-off between M1 and
M2 cultures at increased scattering angles and because the signal
intensity from M1 cultures decreased faster than M2 cultures,
we compared the data at the ends of our measured range.
The ratio of scattered light intensity at 1.6 deg to intensity at
3.2 deg was found to distinguish M1 (4.31 £ 0.65) from M2
(2.75 £ 0.48) cultures; p < 0.001. Since our data were collected
over the course of four independent experiments, we searched
for statistical variation of this ratio between experiments using
one-way ANOVA with post-hoc Tukey testing for multiple com-
parisons; M1 p = 0.134 (ANOVA) with all pairwise compari-
sons nonsignificant (Tukey); and M2 p = 0.114 (ANOVA) with
all pairwise comparisons nonsignificant (Tukey). This ratio was
found to consistently distinguish the two subtypes between the
four independent experiments.

To confirm successful polarization of macrophages into M1
or M2 phenotypes after cytokine treatment, we performed
molecular and functional assays with unpolarized resting macro-
phage cultures as controls. Media from macrophage cultures
treated with LPS and IFN-y contained significantly higher nitric
oxide concentration than media control resting macrophage cul-
tures after 24 h (p = 0.05), consistent with the functional
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Fig. 3 Differences in angular light scattering distributions between M1
(n=12) and M2 (n = 10) macrophage cultures. (a) After subtracting
the background from each scattering image, mean M1 and M2 scat-
tering intensities are plotted against scattering angle (deg). The mean
ratio of scattering intensity between 1.6 deg and 3.2 deg, the extreme
ends of our measured range and where intensity difference was great-
est, was significantly greater than for M1 than M2 macrophages
(p < 0.001) (see inset; error bars represent the standard deviation).
(b) The mean M2 scattering profile from (a) was divided by the
mean M1 scattering profile, demonstrating that both subtypes scatter
similar amounts of light at 1.6 deg with a ratio ~1, and this ratio
increases in a nearly linear fashion to 1.6 at a scattering angle of
3.2 deg.

activities of the M1 phenotype [Fig. 4(a)]. Similarly, media from
macrophage cultures treated with IL-4 contained significantly
higher arginase 1 concentrations than media from control resting
macrophage cultures after 24 h (p = 0.0074), consistent with
the functional activities of the M2 phenotype [Fig. 4(b)].

The mRNA profile obtained from the LPS- and IFN-y-treated
macrophages revealed significantly enhanced expression of Arg2
mRNA (p = 0.0286) and TNF-a mRNA (p = 0.0110) com-
pared to untreated macrophages [Figs. 4(c) and 4(e)], consistent
with an M1 expression profile. Similarly, IL-4-treated macro-
phages showed a significant increase in the expression of Argl
mRNA (p = 0.0010) and YmI mRNA (p = 0.0454) [Figs. 4(d)
and 4(f)] compared to untreated macrophages, consistent with an
M2 expression profile. Taken together, these complementary
functional and molecular assays indicate successful polarization
of macrophages into M1 and M2 phenotypes.

4 Discussion

In this study, we sought to test the hypothesis that M1 and M2
macrophages differ in their refractive index distributions and
thus their angular distribution of forward scattered light profiles.
We constructed an optical instrument to examine M1 and M2
cultures in vitro and measure the angular distribution of forward
scattered light. Our results show that M2 macrophages scatter
more light than M1 macrophages in the angular range of
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1.6 deg to 3.2 deg, and that the rate of signal drop-off with
increased scattering angle was steeper for M1 macrophages.
The result is a significantly higher ratio of forward scattering
intensity for M1 compared to M2 macrophage -cultures.
Finally, we performed molecular and functional assays of
M1, M2, and resting (control) macrophage cultures to confirm
successful polarization of macrophages following cytokine
treatment.

From flow cytometry, forward light scattering at small angles
(0.5 deg to 1.5 deg) is predominantly due to the whole-cell
volume.”?* In our study, M1 macrophages in culture appeared
on average larger, flatter, and more optically transparent com-
pared to M2 macrophages in culture. M2 macrophages appeared
smaller, more spherical, and more optically opaque (Fig. 2). In
flow cytometry, where the beam interacts with one cell at a time,
the membrane defines the whole cell as a scattering object.
However, in our layer of nearly confluent cells and media of
similar refractive index to cytoplasm (n = 1.33 for media®
and n = 1.36 for cytoplasm®), the beam (with a spot size of
3 mm) is interacting with a layer of thousands of cells, where
the membrane is just one object in the layer. Thus we conducted
our analysis based on the volume of the membrane rather than
the volume of the cell. While differences in cell size and shape
may have effects on small-angle forward scattering (0.5 deg to
1.5 deg) of single cells, the cell membrane scattering effect in
our cell layers would be minimal compared to other cellular
organelles such as the nucleus. The membrane scattering vol-
ume is two orders of magnitude less than the nuclear scattering
volume according to measurements cited in literature for murine
macrophage membrane®*® and nuclei.*' The large difference in
scattering volume between these two cell components suggests
that the cell membrane is least likely to contribute to the
observed difference in scattering between M1 and M2 macro-
phage monolayers. The most likely candidates are smaller struc-
tures which are known to generate the greatest light scattering—
nuclei, lysosomes, and mitochondria.>*?%42

The nucleus is a significant light scatterer in the cell*' and is
known to be the dominant contributor to low-angle forward scat-
tering at angles greater than 1.5 deg.>>** Measurements of sus-
pensions of isolated nuclei support this claim, as scattering from
the isolated nuclei closely resembled those of intact cells at low
angles.?* Despite these findings, studies by Mourant et al. on
angular scattering distributions of 633 nm light between
3 deg and 171 deg have found that the dominant population
of scatterers in rat embryo fibroblasts is smaller than the
nucleus.*

Furthermore, simulated scattering intensity calculations
show that the difference in nuclear sizes needs to be quite
large in order to explain the scattering differences alone. Due
to the near confluence of the macrophages in our monolayers
and the similar refractive index of the culture media and the
cytoplasm of the cells (n = 1.33 for media* and n = 1.36
for cytoplasm35), variations in refractive index are small in
the x — y plane, allowing us to assume that the cell layer acts
as an optical phase screen.*"° In the phase screen, the wave
field just above the cell layer, a., can be written as a function
of the phase shift,® ¢(x, y), experienced by the light propagat-
ing through the cells:

a. = ej4’(an) ,

where x and y are the coordinates in the front focal plane of the
lens. Since the variation in phase over the macrophage cell layer
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Fig. 4 Macrophage functional and molecular assays to confirm M1 and M2 polarization.
(a) Macrophages treated with LPS and IFN-y produce significantly more nitric oxide than resting macro-
phages, consistent with the M1 phenotype. (b) Macrophages treated with IL-4 produce significantly more
arginase 1 than resting macrophages, consistent with the M2 phenotype. (c, €) Macrophages treated with
LPS and IFN-y have significantly higher expression of arginase 2 and tumor necrosis factor-a mRNA,
respectively, than resting macrophages, consistent with the M1 phenotype. (d, f) Macrophages treated
with IL-4 have significantly higher expression of arginase 1 and Ym1 than resting macrophages, con-

sistent with the M2 phenotype.

is small (less than 1 rad), we can use a Born approximation to
rewrite the light amplitude as

ac =1+ j(x,y) =1 +1<M)
where n (x, y) is the spatial variation of the refractive index of
the macrophages in the culture dish, A is the vacuum center
wavelength of the light source, and ¢ is the thickness of the mac-
rophage cell layer.® While these approximations do not explic-
itly include internal interference within the cell organelles, they
allow us to make calculations regarding the nuclear scattering
effects. We observed that as the scattering angle increased,
the M2 cells showed higher scattering intensity than did M1
cells [Fig. 3(b)]. At the upper end of our measurement range
of 3.2 deg, the M2 scattering intensity was 1.6 times the M1
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scattering intensity. Using the phase screen model, we compute
that if the nuclear sizes differed, and for an average resting
murine macrophage nuclear diameter of 6.50 & 0.23 ym,*!
the M1 cell nuclei diameter would have to be 86.1% greater
than the M2 cell nuclei diameter on average to produce the
observed intensity ratio at 3.2 deg.’'? Similarly, taking the
(M2) nucleus as a Mie scatterer with a diameter of 4 to
5.5 um,* the larger (M1) nucleus would have had to be 69%
or 37.3% larger, respectively, to explain the observed difference
in scattering. This degree of nuclear diameter variation is greater
than the increase in nuclear size observed even in cancer cells,”>~
55 and thus unlikely to exist between M1 and M2 macrophages.
Further, it is known that the nuclear size of murine peritoneal
macrophages does not differ between resting macrophages
and M1 macrophages treated with LPS.*® Thus, we conclude
that the observed difference in forward light scattering between

November 2015 « Vol. 20(11)



Halaney et al.: Differences in forward angular light scattering distributions between M1 and M2 macrophages

M1 and M2 macrophages is likely not a nuclear effect alone, and
an organelle other than the nucleus may be responsible for the
observed light scattering differences.

Another strong light scatterer within cells is the
lysosome.?**>7 Lysosomes are roughly spherical or ovoid in
shape and have a diameter of approximately 0.2 to 1 ym 2?42
Due to their small size, lysosomes contribute strongly to high
angle scattering®*?%*? (i.e., 90 deg). Marina et al. simultaneously
measured the flow cytometry side-scatter of 785 nm light and
organelle-specific fluorescence to demonstrate that lysosomes
account for 20% to 30% of side-scatter by rat fibroblast
cultures.?® A study by Wilson and Foster using a lysosomal abla-
tion method to measure the lysosomal contribution to 633 nm
light scattering by epithelial-mesenchymal transition 6 (EMT6)
cells in culture reported that lysosomes account for ~14% of
total scattering between 7 deg and 83 deg.*? However, scattering
below 15 deg was similar for control and lysosome-ablated cells,
suggesting that the contribution of lysosomes to forward scat-
tering in the range measured in our study was minimal. Further,
there are no reported differences in the number, size, or distri-
bution of lysosomes between M1 and M2 macrophages, making
these organelles unlikely to be the cause of differential angular
scattering distributions between our two macrophage subtypes.

Possibly the greatest contributors to total light scattering by
cells are mitochondria,?'**?%*? which range from 1 to 4 ym in
length and 0.3 to 0.7 ym in diameter.* For instance, Wilson
et al. showed that 65% of total scattering by EMT6 cells in cul-
ture in the angular range of 5 deg to 90 deg was attributable to
scatterers with sizes spanning 1 to 3 um.** A subsequent study
by Wilson and Foster was in close agreement with these results
and found that 77% of light scattered by EMT6 cells between
7 deg and 83 deg was due to a population of scatterers with
mean size of 1.3 ym, consistent with mitochondria.*> The
most dramatic example of mitochondrial scattering strength is
from hepatocytes of the liver, in which the origin of light scat-
tering is primarily due to this organelle.’® Hepatocytes are an
extreme example, as mitochondria make up 28% of the cell vol-
ume, a significantly greater fraction of the cell volume than in
other types of cells.?* Nonetheless, mitochondria are clearly
significant scattering centers within the cell.

While measurements of isolated organelles®* and intact cells®®
indicate that mitochondria are responsible for scattering at large
angles, including flow cytometry side-scatter, mitochondria also
contribute significant light scattering at small forward angles.
Indeed, angular scattering distributions from isolated mitochon-
dria demonstrate the highest scattering strength at the lowest
angles measured by Wilson et al. (5 deg)*® and Mourant et al.
© deg)24 (Fig. 5). Further, in Wilson’s study, induced mitochon-
drial swelling caused a decrease in scattering by EMT6 cells
compared to control cells with normal mitochondrial structure
for angles between 5 deg and 30 deg, while scattering at higher
angles was similar between the two groups. While none of these
previous studies were able to measure the contribution of mito-
chondrial light scattering to angles within the range of 1.6 deg to
3.2 deg examined in our study, we anticipate that mitochondria
will contribute to scattering in this range. Known differences in
the number of mitochondria between M1 and M2 macrophages®*~
32 could account for the differences in light scattering observed in
our study between these two macrophage subtypes, assuming that
mitochondria act as discrete scattering centers.

In the current study, we found a difference in forward light
scattering, suggesting that a difference in the angular
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Fig. 5 lllustration of angular scattering distributions, P(6), by cells,
nuclei, and mitochondria (modified from Ref. 18). In the low angular
range measured in our study (1.6 deg to 3.2 deg, gray bar and black
arrow) the whole cell and nucleus are the dominant scatterers.
However, mitochondria still make a substantial contribution in this
angular range, greater than mitochondrial scattering at higher angles.
Thus differences in the number of mitochondria between M1 and M2
macrophages would be expected to cause differences in light scatter-
ing between the two subtypes in the angular range measured in the
current study. All curves were normalized in the original paper.'®

dependence of the backscattered light could also exist between
M1 and M2 macrophage cell layers as well. Many techniques
using backscattered light for diagnostic information have
been developed, which may be appropriate to take this backscat-
ter measurement. For example, a scattering-angle-sensitive light
scattering spectroscopy system has been developed by Backman
et al.”® which uses a collimated, polarized incident beam to
collect a two-dimensional map of the angular distribution
of backscattered light. Angle-resolved low-coherence interfer-
ometry, developed by Wax et al.,>® would also be appropriate.
However, the results of the current study are only relevant for
forward scattered light, which cannot be implemented directly
as a clinical tool in intact tissues.

There are several limitations to the current study. We con-
ducted our measurements in vitro with fully polarized M1
and M2 macrophages, while macrophages in vivo may exist
in intermediate states. Second, the control of removing the mito-
chondria from both M1 and M2 macrophage subtypes was not
performed to determine if the differences in light scattering
could be eliminated. However, current techniques to remove
mitochondria would make the macrophages nonviable, intro-
ducing additional variables, and thus would not be definitive.
Third, we conducted our study with murine rather than human
macrophages, although the increase in mitochondria in M2
murine and human macrophages compared to M1 are expected
to be similar. In this study, we found a difference in forward
scattering, suggesting that a difference in the angular depend-
ence of backscatter could exist as well. However, additional
studies are needed to evaluate angular backscattering. Finally,
we conducted our analysis under the assumption that mitochon-
dria are discrete scattering centers.

In conclusion, we demonstrated that M1 and M2 macro-
phages differ in their angular light scattering profiles between
1.6 deg and 3.2 deg. Within this range, M2 scattered more
light and had a slower signal drop-off than M1 macrophages,
resulting in a significantly lower ratio of scattering intensity
of 1.6 deg:3.2 deg of M2 cultures compared to M1 cultures
(p <0.001). Finally, molecular and functional assays of M1
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and M2 macrophage cultures indicated successful polarization
of the cells into these phenotypes. Future studies on optical
differences between M1 and M2 macrophages may yield addi-
tional signatures—scattering or otherwise—that could be
exploited to distinguish these subtypes and provide better
disease diagnosis.
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