Identification of nasal eosinophils using

two-photon excited fluorescence

Nastaran Safdarian, MD*; Zhongyao Liu, PhD7; Thomas D. Wang, MD, PhD,7%; and
Emily T. Wang, MD*

Background: Eosinophils trigger symptoms in allergic rhinitis. New diagnostic methods for identifying nasal eosinophils
based on autofluorescence of flavin adenine dinucleotide in eosinophil granules could offer rapid monitoring without fixation or
staining. Two-photon excitation is a powerful method for detecting this intrinsic fluorescence.

Objectives: To demonstrate the use of 2-photon excited fluorescence (TPEF) to detect eosinophils from nasal mucosa in a
proof-of-concept study for a future miniature in vivo imaging instrument.

Methods: Thirty subjects with rhinitis were recruited. Results of our standard environmental panel were recorded. Fluores-
cence images were collected from nasal cytology smears with a 2-photon microscope. Cells were evaluated for intensity and size,
and compared with Hansel stains. Correlation of cell count was made by linear regression, diagnostic performance was evaluated
at various intensity thresholds, and correlation of nasal eosinophil count to allergic status was done through the Wilcoxon
rank-sum test.

Results: The fluorescence intensity of eosinophils compared with epithelial cells was 13.8 * 4.3 versus 3.7 = 1.8 (P < .01),
and the size was 27.0 = 10.2 versus 392.0 = 214.6 um2 (P < .01), respectively. Using both fluorescence intensity and size, a
total accuracy of 100% is achieved. Eosinophil count on TPEF correlates with Hansel stain, R> = 0.91. Nasal eosinophil count
correlates with allergic status on both TPEF (P = .008) and Hansel stain images (P = .027).

Conclusions: TPEF is a promising novel technique for identifying and quantifying nasal eosinophils on nasal cytology
specimens without the need for fixation or staining. Future development of a rhinoscope-compatible 2-photon microscope could

be used as a clinical adjunct for the diagnosis and management of rhinitis patients in vivo.

INTRODUCTION

Allergic rhinitis is estimated to affect 30 to 60 million people
in western countries and is associated with decreased quality
of life, disorder in sleep hygiene, and impairment in work
performance.! Eosinophils trigger rhinitis symptoms in nu-
merous inflammatory diseases, including allergic rhinitis,
nonallergic rhinitis eosinophilia syndrome, and chronic sinus-
itis.2 The conventional method for diagnosing nasal eosino-
philia is nasal cytology smear. Although a nasal smear is easy
to perform and well tolerated in general, some patients find
this procedure unpleasant. A differential cell count from the
sample provides information about relative cell populations.
Nasal biopsy is a considerably more invasive procedure and
requires technical expertise in tissue sampling and process-
ing. However, it is the only sampling technique that provides
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direct information about viable cells. Furthermore, this ap-
proach is limited by sampling error, cytology cost, and bleed-
ing risk. As a result, eosinophils are often missed. Improve-
ment in diagnostic methods for rapid identification of nasal
eosinophils is needed, and novel in vivo imaging techniques
with a miniature handheld instrument that can distinguish
eosinophils from epithelial cells accurately may have great
impact in the diagnosis and management of patients with
rhinitis.

Eosinophils normally constitute less than 2% of the periph-
eral blood population but can be much greater in inflamma-
tory conditions.> Human eosinophils contain granules that
exhibit bright endogenous fluorescence, which allows them
to be distinguished from other cells.*-® Autofluorescence
from these granules is associated with flavin adenine dinu-
cleotide (FAD),” a coenzyme in the mitochondrial electron
transport chain. The single-photon absorption peak for FAD
occurs at 445 nm, with peak fluorescence emission at 525
nm.? Major basic protein, which makes up 50% of the eosi-
nophil’s total cellular content’ and is involved in eosinophil
effector functions, has not been shown to account for fluo-
rescence from eosinophils.”!°

Two-photon excitation is a powerful method for measuring
the intrinsic fluorescence from cells and tissues,'! and micro-
scopes based on this principle can achieve images with sub-
cellular resolution, deep tissue penetration, and reduced pho-
tobleaching in comparison with single-photon fluorescence.!?
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Excitation is provided by ultrashort pulses of light that local-
ize energy in space and time to maximize the fluorescence
signal. The 2-photon effect occurs when 2 lower-energy
(longer wavelength) photons arrive at a biomolecule simul-
taneously to excite fluorescence.!* Miniature imaging instru-
ments are being developed to collect 2-photon excited fluo-
rescence in vivo.'*"!7 Flexible optical fibers have been
developed to effectively transmit the excitation light and to
efficiently collect fluorescence.!® In this study, we aim to
demonstrate the use of 2-photon excited fluorescence (TPEF)
to distinguish live unstained and unfixed eosinophils to sup-
port the design and development of a future miniature instru-
ment that collects these images in vivo. This result provides
proof-of-concept for eosinophils to be used as an in vivo
biomarker to assess inflammatory diseases such as allergic
rhinitis.

METHODS

Study Subjects

This study was approved by the Institutional Review Board at
the University of Michigan. A total of 30 subjects were
recruited. Inclusion criteria included age between 18 and 65
years and clinical symptoms consistent with rhinitis, includ-
ing rhinorrhea, congestion, sneezing, and itching. Exclusion
criteria included severe illness, including heart, lung, or kid-
ney failure. Allergic status demonstrated by positive skin
prick testing to our standard environmental panel (trees,
grasses, weeds, mold, dust, cat, and dog) were recorded for
each participant when available. A test was considered pos-
itive with a wheal larger than 3 mm. Most subjects were
tested during peak allergen season. All subjects had rhinitis at
the time nasal cytology was obtained.

Specimen Preparation

After written informed consent, each patient had a bilateral
nasal smear performed. The nasal anatomy was visualized
with a nasal speculum (Sklar, West Chester, Pennsylvania).
The nasal specimen was obtained using an ASI Rhino-Probe
Curette (Arlington Scientific, Inc, Springville, Utah) from the
mid-inferior portion of the inferior nasal turbinate. The cells
were placed in a 2-mL Eppendorf tube with normal saline and
kept on ice during transport to the 2-photon microscope, then
spun down in a centrifuge for 5 minutes at 2,000 g to remove
debris. The supernatant was removed, leaving the cells in a
pellet. The cells were then resuspended in 100 wL normal
saline and smeared over a standard #1.5 cover glass for
imaging. Two circles with diameters of 1.5 and 0.6 cm were
drawn in the center of the cover glass. The larger circle was
drawn with a Super Pap Pen (Invitrogen, Carlsbad, Califor-
nia) to keep the sample on the cover glass. The inner circle
was drawn to help register the fluorescence and cytology
images taken later.

Two-Photon Excited Fluorescence Imaging
The nasal cytology specimens were first imaged on a
laboratory 2-photon microscope (model# TCS SP5, Leica

Microsystems, Bannockburn, Illinois) equipped with a tun-
able, ultrafast laser (Spectra-Physics, Mai Tai HP). We
used a power of 162.5 mW on the cells at 700 nm excita-
tion. This wavelength was chosen by maximizing the tar-
get-to-background ratio between the eosinophils and epi-
thelial cells, using a range of candidate excitation
wavelengths between 700 and 900 nm in 50-nm incre-
ments. The fluorescence emission between 500 and 600
nm was collected to capture the peak emission wavelength
of FAD in eosinophil granules at 525 nm. Fluorescence
images were collected with a 40 objective with a numerical
aperture of 1.25, resulting in a resolution of 0.6 wm.
Images were collected over a field of view (FOV) of 387.5
387.5 X wm?, with an image acquisition time of 5 seconds.
The settings for the laser and the photomultiplier tube were
kept constant for imaging of all specimens. After fluores-
cence imaging, the cells were allowed to dry overnight,
and then processed with Hansel stain (Lide Laboratories
Inc, New Prague, Minnesota). Using the l-minute tech-
nique per manufacturer instructions, the slides were first
immersed with Hansel stain and allowed to stand for 30
seconds. Distilled water was then added to take up the
stain, and the cells were allowed to stand for 30 seconds.
The stain was then poured off, and the slide was rinsed
with distilled water to remove the excess stain. Slides were
then quickly rinsed with 95% methyl alcohol for fixation.
The Hansel stain contains methanol, eosin, methylene
blue, and glycerin. Eosinophils stain red from eosin, neu-
trophils stain dark blue from methylene blue, and nasal
epithelial cells stain light blue.

Cell Studies

Human cell lines including MoT neutrophils (ATCC, CRL-
8055), Jurkat lymphocytes (ATCC, TIB-152), KB epithelial
cells (ATCC, CLL-17), HL60 eosinophils (ATCC, CCL-
240), and THP-1 monocytes (ATCC, TIB-202) were cul-
tured. All cells were imaged with the 2-photon microscope
using a range of candidate excitation wavelengths between
700 and 900 nm in 50-nm increments to obtain the optimal
wavelength for excitation and obtain baseline data on fluo-
rescent signature of other cell types commonly found in the
nasal mucosa.

Image Analysis

The TPEF images were analyzed by using the analyze and
measure command in ImageJ software (National Institutes of
Health, Bethesda, Maryland). The mean and standard devia-
tion of the fluorescence intensity and size of each cell were
measured. Measurements were taken from 3 eosinophils and
3 epithelial cells per slide when available. Neutrophils, lym-
phocytes, and monocytes were only rarely seen and thus are
not included in this analysis. To avoid bias, a grid of squares
with dimensions of 10 wm was created and overlaid onto the
fluorescence images. A random number generator was used
to identify a square, and the closest cell was chosen for
analysis. The cytology (Hansel stain) was viewed at 20 mag-
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nification, and the number of eosinophils per field were
counted. The number of eosinophils on the TPEF image was
counted and compared with that on the corresponding Hansel
stain.

Statistical Analysis

The performance for using the mean 2-photon excited
fluorescence intensity to distinguish between eosinophils
and the epithelial cells was evaluated by varying a thresh-
old over a range from 0 to 30 arb units (au). Each cell was
designated as positive if the mean fluorescence intensity
was greater than the threshold and as negative if below.
Diagnostic performance was defined by sensitivity, spec-
ificity, positive predictive value, and total accuracy, given
the number of true positives, true negatives, false posi-
tives, and false negatives.! Statistical significance (P-
value) was calculated by using a 2-sided Student’s ¢ test
with unequal variance. All results are shown as mean *=
standard deviation. Culture cells were also analyzed for
mean fluorescence intensity. Statistical significance was
calculated by using single-factor analysis of variance, with
cell-to-cell comparison using Student’s ¢ test with a Bon-

ferroni correction because of multiple comparisons. Sig-
nificance was assessed at an alpha level of 0.0125. Allergic
status for each study participant was recorded to our stan-
dard environment panel. Allergic status was correlated to
number of eosinophils on both TPEF images and Hansel
Stain images through the Wilcoxon rank-sum test.

RESULTS

Study Subjects

A total of 30 subjects were recruited into this study, ages 24
to 59, with an average age of 41 = 11. A total of 14 men and
16 women participated. Rhinitis was the primary complaint
of each patient. In addition, some subjects complained of
congestion and headache. Twenty-three subjects were skin
prick test positive for inhalant allergens. These data are
shown in Table 1 along with eosinophil cell count from
Hansel stain and TPEF images. Using the Wilcoxon rank-
sum test, eosinophil cell count using TPEF correlates to
allergic status, P = .027, as does the current standard Hansel
stain, P = .008.

Table 1. Demographic Information for Study Subjects in Addition to Their Clinical Symptoms, Allergic Status to Our Standard Environmental
Panel When Available, Eosinophil Cell Count on TPEF, and Hansel Stain Images

No Sex Age Clinical Hansel stain Eos cell 2P Eos cell count Allergic status Immunotherapy
symptoms count per field per field
1 M 43 Rhinitis 22 33 (+) SPT Yes
2 F 54 Rhinitis 0 2 (+) SPT Yes
3 F 53 Rhinitis 400 117 (+) SPT Yes
4 M 47 Rhinitis 832 992 (+) SPT Yes
5 F 46 Rhinitis 544 288 (+) SPT No
6 F 32 Rhinitis 272 608 (+) SPT No
7 M 32 Rhinitis 164 244 (+) SPT Yes
8 M 37 Rhinitis 120 256 (+) SPT Yes
9 M 44 Rhinitis 144 224 (+) SPT Yes
10 F 26 Rhinitis, C 0 1 (=) SPT, irritant No
11 F 25 Rhinitis 81 67 (+) SPT Yes
12 F 59 Rhinitis 272 560 (+) SPT Yes
13 F 50 Rhinitis 400 528 (+) SPT Yes
14 M 40 Rhinitis 52 100 (+) SPT Yes
15 F 44 Rhinitis 8 11 (+) SPT Yes
16 M 54 Rhinitis, C 98 52 (+) SPT Yes
17 M 31 Rhinitis 160 320 (+) SPT Yes
18 F 56 Rhinitis 132 96 (+) SPT Yes
19 F 24 Rhinitis, HA 92 47 (+) SPT Yes
20 F 58 Rhinitis 2 0 (+) SPT Yes
21 M 51 Rhinitis 52 19 () SPT No
22 F 54 Rhinitis 248 224 Unknown No
23 M 32 Rhinitis 9 14 (+) SPT Yes
24 M 30 Rhinitis, C 160 336 (+) SPT No
25 M 28 Rhinitis 1 0 (+) SPT Yes
26 F 52 Rhinitis 0 0 Unknown No
27 M 31 Rhinitis 37 48 Unknown No
28 F 30 Rhinitis 42 76 (+) SPT No
29 F 40 Rhinitis 1 0 Unknown No
30 M 26 Rhinitis 2 0 Unknown No
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Figure 1. Two-photon excited fluorescence images from cells in culture over excitation wavelengths ranging from 700 to 900 nn show that eosinophils (HL 60) have
greater autofluoresence intensity than other cells, including neutrophils (MoT), lymphocytes (Jurkat), epithelial cells (KB), and monocytes (THP-1). At 700 nm, average
intensities for each cell line were as follows: HL 60 43.9 + 9.29 au, MoT 8.03 * 3.47 au, Jurkat 9.43 = 2.10 au, KB 8.14 * 1.46 au, and THP-1 2.49 * 0.26 au, P < .001.

Two-Photon Excited Fluorescence Imaging
Cell studies revealed that the HL 60 cells have significantly
greater autoflouresence (43.9 £ 9.29 au) at 700 nm than other
cells, including MoT (8.03 = 3.47 au), Jurkat (9.43 = 2.10
au), KB (8.14 £ 1.46 au), and THP-1 (2.49 = 0.26 au) cell
lines, all P < 0.001, as seen in Figure 1, with target-to-
background ratios of 5.5, 4.7, 5.4, and 17.6, respectively.
We also observed a significantly greater mean TPEF in-
tensity from eosinophils compared with epithelial cells in
nasal cytology specimens, 13.8 = 4.3 (range, 7.8-25.2) ver-
sus 3.7 = 1.8 (range, 1.3-10.5) au, P < .01, resulting in a
target-to-background ratio of 3.7. The TPEF image and Han-
sel stain from a patient with eosinophilia and positive skin
prick testing are shown in Figure 2A and 2B, respectively.
The fluorescence image shows many brightly fluorescent
eosinophils, and the corresponding Hansel stain shows that
the eosinophils stain red, are circular, and have dimensions
smaller than 10 wm. In comparison, the epithelial cells stain
light blue, are elliptical, and have dimensions larger than 10
pm. In comparison, a TPEF image and Hansel stain from a
patient with no eosinophils are shown in Figure 2C and 2D,

respectively. Several epithelial cells can be barely visualized
on the fluorescence image and are clearly evident on the
corresponding Hansel stain. Incomplete registration of the
cells in these images results from small shifts in the position
of cells during cytological processing.

Moreover, numerous regions of high fluorescence intensity
can be seen in the cytoplasm of the eosinophils (arrows),
which likely corresponds to the FAD-containing granules, as
shown in the high-magnification image in Fig. 2E. In addi-
tion, an epithelial cell (arrowhead) can be seen that demon-
strates much less fluorescence intensity. In addition, we mea-
sured a significantly greater size for epithelial cells in
comparison with that for eosinophils from the fluorescence
images, 392.0 = 214.6 versus 27.0 = 10.2 um?, P < .01. The
differences in the fluorescence intensity and size between the
eosinophils and epithelial cells were both statistically signif-
icant (P < .01).

The performance for use of TPEF intensity to distinguish
between eosinophils and epithelial cells was determined as a
function of an intensity threshold that ranges from O to 30.
The fluorescence intensity from a total of 159 cells (72
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Figure 2. A, Two-photon excited fluorescence image of a nasal smear
obtained from a patient with allergic rhinitis shows intense autofluorescence
from eosinophils. B, Eosinophils on the corresponding Hansel stain appear
red and are circular. C, Two-photon excited fluorescence image from a
negative patient shows no eosinophils. D, Corresponding Hansel stain shows
no eosinophils but many epithelial cells can be seen that appear light blue and
elliptical. E, Magnified view of the 2-photon excited fluorescence image
shows numerous high-intensity cytoplasmic granules seen in 2 eosinophils
(arrows) as compared with lower-intensity regions from a nearby nasal
epithelial cell (arrowhead), scale bar 10 wm.

eosinophils and 87 epithelial cells) were used from the 30
subjects. The data were analyzed at thresholds that ranged
from O through 30 au, which spanned the full range of the
fluorescence intensities for both cells. At each threshold, the
sensitivity, specificity, positive predictive value, negative
predictive value, and total accuracy were evaluated, as shown
in Figure 3. The sensitivity (blue) and negative predictive
value (green) achieve maximum values at low threshold
values and decrease to minimum levels at high thresholds.
Conversely, the specificity (red) and positive predictive value
(vellow) are at a minimum at low threshold values and in-

crease to 100% at high thresholds. This behavior represents a
tradeoff between sensitivity and specificity as a function of
the threshold and provides the clinician a variable to optimize
the results, depending on the parameter that is most relevant to
the clinical application. A maximum total accuracy of 97% was
achieved at a threshold of 7.5 au. This threshold was also found
to produce the optimal tradeoff between sensitivity and speci-
ficity of 100% and 94%, respectively, as shown on the ROC
curve in Figure 4. The resulting area under the curve is 98%.

Even better discrimination between eosinophils and epi-
thelial cells was achieved by including the cell size in addi-
tion to fluorescence intensity, as shown by the scatter plot in
Figure 5. We found a significantly greater size for epithelial
cells compared with that for eosinophils in the nasal cytology
specimens, 392 *= 214 (range, 119-1,125) versus 27 * 10
(range, 13—68) um?, P < .01, on TPEF images. The eosin-
ophils can be distinguished from the epithelial cells using
intensity and size determined by TPEF images with a sensi-
tivity, specificity, PPV, NPV, and total accuracy of 100%
each using the dashed line in Figure 5.

The relationship between the number of eosinophils found on
the TPEF images and that seen on the Hansel stain images
appears linear, as shown in Figure 6, and the linear regression
model revealed a correlation coefficient of R?> = 0.91. The line
drawn represents a one-to-one correspondence. Correlation
between allergic status and eosinophil cell count on both
TPEF images and Hansel stain images was found to be
statistically significant for both imaging techniques (P <
.05).

DISCUSSION

To the best of our knowledge, this is the first study to
demonstrate the use of TPEF to distinguish eosinophils on
human nasal cytology. We were able to detect autofluorescence
from FAD contained within cytoplasmic granules of the cells
and to use this signal to measure parameters of intensity and size
to distinguish eosinophils from epithelial cells with 100% accu-
racy. These results were used to establish a cell count on fluo-
rescence that is highly correlated with cytology. Moreover, an
intensity threshold can be provided to vary the tradeoff between
the sensitivity and specificity of detection.

For many patients, the diagnosis of rhinitis can be achieved
from a careful history, physical examination, and allergy skin
testing. Clinical symptoms can reveal rhinitis, and history can
help elicit signs that may suggest the diagnosis. Nasal smears
can be useful as an adjunct when the diagnosis of rhinitis is
in question.?’ The ability to detect and quantify nasal eosin-
ophils with a future miniature 2-photon imaging instrument in
vivo offers a promising diagnostic tool to further assist our
clinical decision making in patients who present with persis-
tent rhinitis unresponsive to treatment or when the diagnosis
is unclear. Two-photon imaging offers real-time data without
the need for additional time for fixation and staining. Because
previous studies have established the use of quantification of
nasal eosinophils in the diagnosis of different forms of rhi-
nitis,?* our study also found nasal eosinophil count to cor-
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relate significantly with allergic status. Other disease states
including eosinophilic esophagitis can also benefit from this
new diagnostic method when future endoscope compatible
in vivo studies are undertaken. We found 700 nm to be
ideal for imaging of eosinophils based on our preliminary
studies, and this result is consistent with the blue shift that
has been observed by others as well.!! Our cell culture
studies confirmed increased autofluorescence from eosin-
ophils as compared with neutrophils, lymphocytes, mono-
cytes, and epithelial cells.

The TPEF and Hansel stain images were obtained by 2
different microscopes at separate times; therefore, the FOV
was not identical. This margin of error was minimized by
looking at the same general area on the slide, within 3 to 5
FOV, as described in Methods. Nasal cytology samples were
first imaged with the 2-photon microscope while the samples
were still moist. The samples were then allowed to dry before
Hansel stain images were obtained. During the drying process,
cells may have incurred a slight shift. This effect was mitigated
by using a large FOV that could capture up to several hundred
cells and had little influence on the conclusions of our study,
because the eosinophil count on fluorescence was still found to
be highly correlated to that on cytology.

Interestingly, as noted in Figure 5, a wide range of fluo-
rescence intensities was seen for both eosinophils and nasal
epithelial cells. We found some samples to have greater
fluorescence intensity from both cell populations than others.
This observation may occur as a result of genetic variations
among patients.

This study demonstrates the use of TPEF to accurately
identify eosinophils on nasal cytology specimens collected
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from patients with rhinitis. This ex vivo study provides proof
of concept for this technique. In the future, we aim to develop
a rhinoscope-compatible 2-photon imaging instrument for in
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Figure 6. Cell counts. The correlation between the number of eosinophils
found on 2-photon excited fluorescence and Hansel stain using linear regres-
sion is shown and reveals an R> = 0.91. The line drawn represents a
one-to-one correspondence.

vivo detection and quantification of eosinophils in the nasal
mucosa. This project has the potential for broad impact in
clinical medicine by resulting in the development of an in-
novative instrument that can perform rapid, accurate diagno-
sis and monitoring of inflammatory diseases.

Several research groups are developing a flexible fiber
TPEF instrument.'*'>?! Future development of such a rhino-
scope-compatible microscope could aid the clinician in the
diagnosis of rhinitis subtypes and other eosinophilic disease
states such as eosinophilic esophagitis. These instruments
would offer an ideal noninvasive imaging tool that could be
used in association with nasal rhinoscopy, a tool increasingly
used in many allergy and immunology practices.

CONCLUSION

TPEF imaging offers a promising new technique to identify
nasal eosinophils from increased endogenous fluorescence from
FAD present in eosinophil granules. This new method was
found to be equivalent to the current gold standard staining
technique, and it offers the potential to perform real-time imag-
ing without fixation or staining. This pilot ex vivo study dem-
onstrates feasibility for a future in vivo diagnostic strategy to aid
the physician in nasal eosinophilia diagnosis.
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