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Activity of New Phagocytes Using Simple and
pH-sensitive Particles that Do Not Require Pre-treatment
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Abstract. Background/Aim: Phagocytic activity is affected
by a number of different stress and age-dependent factors.
An easy measurement of phagocytic activity is thought to
allow an indicator of an individual’s health. In this study, we
investigated conditions of measurement to easily evaluate the
activity of phagocytosis of phagocytic cells (macrophages
and neutrophils) using an easy-to-use prototype, which was
improved from the device by Hamamatsu Photonics K K., to
detect neutrophil activity using subtle fluorescence.
Materials and Methods: pH-sensitive fluorescent particles
(pHrodo-Green E. coli Bio particles, GE particles) were
added to mouse-derived macrophage cell lines (J774.1) and
then incubated for 2 h at 37°C. For negative control, the
phagocytosis inhibitor cytochalasin D (CyD), was added
prior to culture. Next, fluorescence intensity was measured
by the Prototype to evaluate the phagocytic activity of
macrophages and neutrophils. Phagocytosis was also
confirmed by flow cytometry. Results: The Prototype detected
a steady fluorescence increase in 5 sec in J774.1 after
phagocytosis, using GE particles as a negative control in the
presence of CyD. Furthermore, detection was possible at 1 o*
cells/test, a concentration where the flow cytometer had
difficulty for detection. Conclusion: The Prototype enables
measurement of the phagocytic activity within a short period
of time, even with a small sample amount, thus establishing
the basic conditions of measurements of phagocytosis.
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Phagocytic cells are primarily leukocytes, such as macrophages
and neutrophils. The major role of phagocytes is to maintain
the body’s health by recognizing foreign matter and removing
it via phagocytosis. Recognition of foreign matter is not only
limited to invading pathogens but also includes dead cells,
denatured proteins, oxidized lipids, advanced glycation end
products (AGEs) and unwanted substances that occur in the
body, such as cancer cells (in vivo non-self foreign bodies) (1,
2). Such removal is known to play an important role in the
maintenance of body health. However, it is reported that
factors, such as aging and stress, reduce phagocytic activity,
leading to accumulation of foreign substances that result in
lifestyle diseases, such as cancer (3-8).

In addition to being caused by insufficient exercise,
excessive calorie and fat intake, as well as deterioration of the
lipid balance, lifestyle diseases also cause chronic social stress
(9). Besides increases in low-density lipoprotein (LDL) and
blood sugar levels due to excessive intake of calories and fat,
increased biological oxidative stress caused by social stress
can increase in vivo foreign substances, such as oxidized
LDLs (10). On examination of two groups, a group
comprising youth (age range=22-45 years) and an elderly
group (age range=08-84years) for phagocytic activity of
peripheral blood monocytes, 6.7% of youth and 50% of
elderly showed a less than 80% rate of phagocytosis, clearly
demonstrating the relation of age with phagocytic activity (2).
Healing of skin wounds is empirically known to be reduced
by aging. The phagocytic activity of wound skin lesion
migrating macrophages in mice aged 22-27 months has been
reported to be 25% lower than that of eight-week-old mice (3).
Moreover, inhibiting alveolar macrophage cell differentiation
leads to difficulty in maintaining a necessary amount of lung
surfactants, resulting in pulmonary proteinosis. Taken together,
phagocytes, through phagocytosis, are essential in maintaining
a healthy lung function (11).
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As shown in the above report, the ability of phagocytes to
exclude foreign bodies is extremely important because health
maintenance may be disrupted when phagocytic activity is
reduced due to aging and stress. Thus, phagocytic activity of
macrophages and neutrophils is an excellent method for
monitoring health.

The conventional method for evaluating phagocytic
activity of phagocytes is to first perform hemolysis treatment
on a few milliliters of fresh blood, introduce fluorescent
particles, such as latex beads, count the cells under a
microscope or analyze using flow cytometry. Hence, multiple
measurements of a few milliliters of blood on the same
individual in a single day cause pain on patients’ arms.

The aim of this study was the establishment of
documentation of an easy-to-operate method using a new
device to evaluate the phagocytic activity of phagocytes
using whole-blood samples. The device contains an optical
system already developed by Hamamatsu Photonics K.K.
that easily measures neutrophil myeloperoxidase (MPO)
activity in whole blood, thus allowing for high-sensitivity
detection of trace fluorescence without the need for
hemolysis (12, 13). pH-sensitive particles were used in this
study, since a pH reduction in phagosomes is accompanied
by an increase in fluorescence intensity. The use of an
improved Prototype to easily measure the fluorescence
intensity of a macrophage cell line phagocytic activity was
examined, allowing detection on a very small number of
cells without the requirement of specialized techniques.

Materials and Methods

Cell culture. The murine macrophage-like cell line J774.1 was
obtained from Riken Cell Bank (Tsukuba-shi, Tsukuba, Japan).
Cells were maintained at 37°C in a 5% CO,-95% air atmosphere in
DMEM medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% heat-inactivated fetal bovine serum (Sigma
Aldrich), 100 U/ml penicillin (Sigma Aldrich) and 100 pg/ml
streptomycin (Sigma Aldrich).

Device detecting trace fluorescence. The device, developed by
Hamamastu. K.K. (Hamamastu-shi, Shizuoka, Japan), is of
extremely high sensitivity to detect trace fluorescence (the
Prototype). An excitation light is emitted on the side of the test tube
by light-emitting diode (LED) from the lower portion of the device
and a fluorescence is detected by a photomultiplier (PMT) at the
upper portion from the test tube (Figure 1). A long pass filter,
designed to minimize the effect of scattering due to co-existing
cells, was also installed (13).

Confirmation of pH-dependent fluorescence intensity of pH-sensitive
fluorescent particles in the Prototype. pH-sensitive green fluorescence
labeling phagocytosis particles (GE particles) (pHrodo, Green-
Escherichia coli; Molecular probes, Carlsbad, CA, USA) were added
to a final concentration of 5 pg/ml in Na,HPO, and citric acid buffers
at pH 2-9. Each buffer sample was transferred into measurement
tubes where the Prototype was measured 10 times (5 sec).
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Figure 1. Image of the fluorescence detection optical system path of the
prototype. An excitation light (490 nm) is emitted on the side of the test
tube by light-emitting diode (LED) from the lower portion of the device
and a fluorescence (530-700 nm) is detected by a photomultiplier (PMT)
at the upper portion from the test tube.

Observation of pH-sensitive fluorescence particles in J774.1 cells
under a microscope. J774.1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma, St. Louis, MO, USA) at
37°C in a CO, incubator. For microscopic observation, 250 ug/250 ul
of GE particles was added to 5x105/250 ul of cells, with cytochalasin
D (CyD) (Wako, Osaka, Japan) at an 8-uM final concentration, which
was added simultaneously at the end as negative control. The
reactions (total volume 500 ul) were carried out in a CO, incubator at
37°C for 1 h. The cells were then recovered and subsequently
observed under a fluorescence microscope.

Evaluation of phagocytic fluorescence intensity using the Prototype.
In one test, GE particles were added at 10 pg/100 pl into 1x104/100 pl
of J774.1 cells. For the negative control, CyD was added at the end of
the incubation period at a concentration of 20 uM in 200 ul final
volume in RPMI medium and then incubated in a CO, incubator at
37°C for 2 h to allow the reaction to occur. Subsequently, 1,300 pl of
PBS was added after phagocytosis, transferred into 1.5-ml glass test
tube (micro tube; Maruemu Corporation Inc., Osaka, Japan), and
measured 10 times using the Prototype.

Phagocytic activity, measured by the Prototype, was determined
using the formula:

Phagocytic Fluorescence Intensity (PFI)=[Fluorescence intensity of
cells without CyD, CyD (-)] — [Fluorescence intensity of cells with
CyD, CyD ()]

Evaluation of phagocytic activity using a flow cytometer. In one test,
GE particles were added at 10 pug/100 pl into 1x10%/100 pl of J774.1
cells. For the negative control, CyD was added at the end of the
incubation period at a concentration of 20 uM in 200 pl final volume
in RPMI medium and then incubated in a CO, incubator at 37°C for
2 h to allow the reaction to occur. The rate of phagocytosis was
measured using a Beckman Coulter Gallios flow cytometer using the
Kaluza software (Beckman Coulter, Indianapolis, IN, USA).
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Figure 2. Fluorescence intensity of pH-sensitive fluorescence particles under each pH. Each pH solution includes 5 ug/ml of GE particles. Each
fluorescence intensity is measured 10 times and the mean variation of pH-dependent fluorescence intensity is determined. A: pH-dependent column
and bar shows average of 10 measurements and standard deviation. B: Raw data of the Prototype of GE particles in each pH condition. a~h indicate
a significant difference based on one-way ANOVA followed by Tukey’s multiple comparison test (n=10), p<0.001.

Statistical analysis. All results are expressed as the
meansztstandard deviation (SD). If the difference based on one-
way analysis of variance (ANOVA) was significant, Tukey’s
multiple comparison test was used for paired comparisons using
Graph Pad Prism 6.02 for Windows (Graph Pad Software, Inc., La
Jolla, CA, USA). The results were considered to be significantly
different at p<0.05.

Results

Confirmation of a pH-dependent fluorescence intensity
increase of pH-sensitive fluorescence particles by the
Prototype. To confirm the changes in fluorescence intensity
of pH-sensitive fluorescence particles with changes in pH,
GE particles were added to all pH buffers. Each solution was
transferred into a glass tube and measured 10 times using the
Prototype. Figure 2A shows the data of 10 measurements
that lasted 5 sec. The data were stable and had an error
within a 3.4% margin. This figure also shows the correlation
between pH and fluorescence intensity, with a reduction in
pH being accompanied by a reduction in fluorescence
intensity (Figure 2B).

Fluorescence detection of pH-sensitive particle phagocytosis
in J774.1 using fluorescence microscope. Samples were
observed with 400x magnification using a microscope.
Although phagocytosis-produced fluorescence could not be
detected in cells with CyD (Figure 3A), emitted fluorescence
from phagocytosed particles was confirmed in cells without
CyD (Figure 3B).

pH-sensitive fluorescence particle phagocytosis measurements
using the Prototype and flow cytometer. Phagocytic activity
of GE particles (10 pg/test) added to J774.1 cells
(1x10%/test) was measured using the Prototype. Compared to
cells to which CyD (20 uM) was added, the cells without
CyD had an increase of 11,446 PFI in fluorescence intensity
(Figure 4A). To determine whether the fluorescence intensity
was caused by phagocytosis, the rate of phagocytosis was
confirmed using a flow cytometer. Cells without CyD
exhibited an increased rate of phagocytosis in the order of
84% (Figure 4B).

Correlation between the Prototype, flow cytometer and cell
numbers. After adding GE particles into 1><104, 2><104, 5%10%
and 1x10° J774.1 cells/test, samples were incubated for 2 h in
a 37°C CO, incubator. The recovered samples were added to
tubes and measured using the Prototype. As shown in Figure
5A, at a certain amount of GE particles, changes in
fluorescence intensity due to increased cell numbers were
found, with the values increasing proportionately with cell
numbers. Significant values in fluorescence intensity were
observed even at 10* cells. Once the measurement with the
Prototype was completed, flow cytometry was performed. It
was found that a correlation existed between phagocytic
activity measured by the Prototype and the rate of
phagocytosis measured by a conventional flow cytometer
(Figure 5B). There was a strong correlation (R2:0.9299)
between the rate of phagocytosis and increases in cell number
and fluorescence intensity.
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Figure 3. Fluorescence microscope confirmation of GE particles phagocytosis by macrophages. GE particles were added to mouse-derived
macrophage J774.1 cells and then placed in a 37°C incubator for 1 h to allow the reaction to occur. Cytochalasin D (CyD; 4 uM) was added at the
end of the incubation period. The samples were subsequently observed using a fluorescence microscope at 400x magnification. A: Negative control

CyD (+); B: positive control CyD (-). The bars indicate 50 um.

40000+
30000

" 20000- a

10000

cyD+)

10
o
c
=¥
o
L)

5
IS
3

o
(8]

) 100

GE.particles

Figure 4. Measurement results of J774.1 using the Prototype and flow cytometer. A: The fluorescence intensity in 10°/test J774.1 cells after adding
GE particles (10 ug/test) was measured using the Prototype. B: The rate of phagocytosis was measured using a Beckman Coulter Gallios flow
cytometer using the Kaluza software. *Significant difference from negative control group CyD (+), ***p<0.001. (n=10). Line indicates negative

control CyD (+); Gray area indicates positive control CyD ().

Discussion

The present study evaluated the phagocytic activity of 10%
phagocytes using an improved version of the Prototype by
Hamamastu Photonics K.K. (13) for trace fluorescence
detection; this device was initially developed to measure
neutrophil activity.

As the time required for measurement is only 5 sec for 10
counts of multiple measurements, this approach is much
quicker than quantifying using a flow cytometer or counting
under a microscope. Since the Prototype can carry out 500
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measurements of fluorescence intensity and yield stable data,
an average of 10 measurements was deemed sufficient for
stable data measurements (Figure 2B). Furthermore, GE
particles’-phagocytosed fluorescence intensity was measured
using a conventional fluorescence spectrophotometer;
however, the measurement data was unstable due to scattering
caused by the presence of cells and particles (data not shown).

In this measurement system, pH-sensitive fluorescence
labeled particles play an important role in allowing easy
evaluation of phagocytosis. Phagocytosed particles taken into
phagosomes, concomitant with the formation of



Zhang et al: Development of a Novel Evaluation Device for Phagocytic Activity of Phagocytes

A
15000 d
s
10000
o c
—
5000+
b
a r::::]
0 I | | |
1 2 5 10

Number of cell (104)

ve]

100
a0
80 umenet ..

70 e y =2092In{x) - 111.69
60 R® = 0.9299

50
40
30
20
10

Rate of phagocytosis (%)
[ ]

0 5000 10000 15000

PF

Figure 5. Correlation data of phagocytic activity and rate of phagocytosis using flow cytometer at each cell number. Using the same phagocytosis
reaction conditions as described for Figure 4, GE particles were added at 10 ug/test to every 1x104, 2x104, 5x10% and 1x10° cells. A: After the
reaction, measurements were performed using the Prototype and phagocytic activity was determined using fluorescence intensity differences (n=3).
a~d indicate a significant difference based on one-way ANOVA followed by Tukey’s multiple comparison test (n=10), p<0.001. B: Correlation
between fluorescence intensity differences acquired by the Prototype and the rate of phagocytosis obtained by the flow cytometer (n=12).

Table 1. Pros and cons concerning flow cytometer and the Prototype.

Flow cytometer (Gallios, Beckman coulter)

The prototype

Measure High level analytical capability Simple
Measuring time Less than minutes 5 sec

Size 724(W)x495(D)x298(H)mm 20(W)x25(D)x20(H)mm
Weight 104 kg 2.7 kg

Blood requirement Several mililiters Several microliters
Hemolysis Necessary Not necessary
Measuring time About 4 h 25h

Reagent
Hemolysis
Antibodies

Fluorescecence particles

pH fluorescecnce particles

Reagent-related flow cytometer

phagolysosomes and a reduction in pH (to about 4.5~5.0),
produce fluorescence. In fact, fluorescence emission in the
phagosomes can be observed using a fluorescence
microscope (Figure 3). Furthermore, pH decreases, leading
to fluorescence activity increases, were confirmed (Figure
2A). With this feature, an evaluation of the phagocytic
activity of phagocytes using fluorescence intensity was
possible without removing the fluorescence particles.
Furthermore, changing conventional media into PBS
facilitated the suppression of background fluorescence (data
not shown). The optimum concentration of CyD as a
phagocytosis inhibitor is 20 uM (data not shown). Also,
phagocytosis inhibition was confirmed using a flow
cytometer (Figure 4B).

The evaluation of phagocytic activity in cells is considered
to reflect the in vivo foreign body exclusion ability of the
cell. Since this evaluation system can identify several
markers that may be indicators of the onset of many lifestyle
diseases, such as in vivo accumulation of oxidized LDL (10),
it may be implemented as a risk factor indicator for the
development of such diseases. However, there are few
publications reporting the changing trend in phagocytic
activity in the light of lifestyle diseases. One reason for this
is that conventional methods used to evaluate phagocytic
activity are not simple, requiring for expensive measuring
equipments. Measurements of the rate of phagocytosis using
flow cytometry commonly involve drawing of several
milliliters of peripheral blood, isolation procedures of white
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blood cells to phagocytose fluorescent latex particles and,
subsequently, treating the obtained sample with antibodies
(e.g., CD11b) that detects phagocytes. Such evaluation
methods require expensive reagents and technical expertise
for detection. In addition, the requirement of venipuncture
involves circadian rhythm and inflicts a lot of pain on the
test subjects, thus adding parameters that may interfere with
the evaluations. Conversely, the Prototype that allows
evaluation of self-collected volumes (a few microliters) of
blood is currently in development (manuscript in
preparation). In addition, the disadvantage of the flow
cytometer method is its unportable size, whereas the
Prototype is portable and weighs approximately 3 kg (Table
I). Furthermore, measurements by flow cytometry require
several minutes, whereas the Prototype requires merely five
seconds to acquire results. Therefore, this equipment can
easily measure trace amounts of blood and does not require
for special technology or technical expertise. It can
repeatedly perform measurements within a day, including
diurnal evaluation, and can monitor an organism’s health.
Using these features, one example of its potential
applications is its implementation as an evaluation system
for homeostasis maintenance (health maintenance function)
during exercise or ingestion of agricultural products.

Acknowledgements

This work was partly supported by the Council for Science,
Technology and Innovation (CSTI), Cross-ministerial Strategic
Innovation Promotion Program (SIP), “Technologies for creating
next-generation agriculture, forestry and fisheries” (funding agency:
Bio-oriented Technology Research Advancement Institution,
NARO).

Conflicts of Interest

The Authors have no financial conflicts of interest.

References

1 Arandjelovic S and Ravichandran K: Phagocytosis of apopototic
cells in homeostasis. Nature Immunol 9: 907-917, 2015.

2 Hearps AC, Masia A, Cheng WJ, Angelovich TA, Lichtfuss GF,
Palmer CS, Landay AL, Jaworowski A and Crowe SM: HIV
infection induce age-related changes to monocytes and innate
immune activation in young men that perisist despite
combination antiretroviral therapy. AIDS 26: 843-853, 2012.

3618

3 Swift M, Burns A, Gray K and DiPietro L: Age-related
alterations in the inflammatory response to dermal injury. J
Invest Dermatol 7/7: 1027-1035, 2001.

4 Lecube A, Pachon G, Petriz J, Hernandez C and Simo R:
Phagocytic activity impaired in type 2 diabetes mellitus and
increases after metabolic imprevement. Plos ONE 6, 23360 doi:
10.1371.2011.

5 Bicker H, Hoflich C, Wolk K, Vogt K, Volk HD and Sabat R: A
simple assay to measure phagocytosis of live bacteria. Clin
Chem 54: 911-915, 2008.

6 Nakamoto T, Yoshimura H, Honda T, Nakata K, Taniguchi Y,
Yoshida A, Uenobe M, Yoshioka N, Yamaguchi T, Inagawa H,
Kohchi C, Nishizawa T and Soma G: Treatment for the
activating macrophages that reduces surgical stress and
postoperative mortalities from bacterial infections and tumor
metastases. In Vivo 217: 357-364, 2007.

7 Brien B, Huang Y, Geng X, Dutz J and Finegood D:
Phagocytosis of apoptotic cells by macrophages from NOD mice
is reduced. Diabetes 57: 2481-2488, 2002.

8 Linehan E, Dombrowski Y, Snoddy R, Fallon PG, Kissnpfennig
A and Fizgerald D: Aging impairs peritoneal but not bone
marrow-derived macrophage phagocytosis. Aging Cell /3: 699-
708, 2014.

9 Avitsur R, Stark J, Dhabhar FS and Sheridan JF, Social stress
alters splenocyte phenotype and function. J] Neuroimmunol /32:
66-71, 2002.

10 Sata M and Walsh K: Oxidized LDL actibates fas-mediated

endothelial cell apoptosis. J Clin Invest 102: 1682-1689, 1998.

Bonapace L, Coissieux M, Wyckoff J, Mertz K, Varga Z, Junt T

and Alj M: Cessation of CCL2 inhibition accelerates breast

cancer metastasis by promotiong angiogenesis. Nature 5/5: 130-

133,2014.

12 Kazumura K,Sato Y, Satozono H, Koike T, Tsuchiya H,
Hiramatsu M, Katsumata M and Okazaki S: Simultaneous
monitoring of superoxides and intracellular calcium ions in
neutrophils by chemiluminescence and fluorescence: Evaluation
of action mechanisms of bioactive compounds in foods. J Pharm
Biomed Anal 84: 90-96, 2013.

13 Kazumura K, Tsuchiya H and Osawa T: Evaluate the activity of
neutrophil cells method. Patent 2015-84757 (P2015-84757A),
2015.

1

—_

Received April 5, 2016
Revised May 18, 2016
Accepted May 23, 2016



