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Eosinophilic granulocytes mediate immune responses against multicellular parasites and are also the
main contributor to such pathological conditions as allergy and asthma. Eosinophils are discriminated with
eosin staining in conventional histology using light microscopy. However, molecular detection of antigens and
the widely introduced automated analyzers usually require fluorescent markers to allow quantitative deter-
mination. Surprisingly, there is no selective CD marker to differentiate eosinophils and basophils. Recently
reported analogs to replace hematoxylin and eosin staining for immune-histochemical applications such as
DRAQS5 & eosin are also unsuitable due to wide fluorescent spectra. Different combinations of fluorescent
dyes were tested using fluorescent microscopy aimed to develop a simple and specific method for detecting
eosinophilic granules, DNA and surface receptors, the approach was used for evaluation of IgE levels (total
and specific to casein) on cells of patients suffering from cow milk allergy. We were able to achieve selective
visualization of eosinophil granules using aniline blue dye by modifying the method of Berretty & Cormane
(1978) and detecting emission at 440nm; this allowed simultaneous staining of blood smears with anti-IgE-
FITC (emission at 520 nm) and casein-FITC, detection of DNA with propidium iodide (em. 590 nm), and also
provided specific metachromatic signal of eosinophils in the NIR region (em. ~700 nm) with subsequent quan-
tification of fluorescent signal. Application of this approach to clinical cases revealed increased IgE levels
and increased casein-binding targets on eosinophils in 3 patients with cow milk allergy compared to 2 healthy
donors, demonstrating the general usefulness of the approach.
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Introduction in blood granulocyte research related to discovery
of neutrophil extracellular traps immediately raised
many discussions about the existence of an eosino-
phil extracellular trap, as another mechanism of their
actions [2, 3]. This mechanism can be of great im-
portance considering functions of eosinophils and
their role in allergies, tissue damage, and experimen-
tal inflammatory models (such as air pouch model
[4] or even gallstone formation [5]).

Eosinophils are terminally differentiated granu-
locytes that normally circulate in the blood in low
numbers and tend to localize in tissues with mucosal
epithelial surfaces. These granulocytes contain many
mediators with toxic, immunomodulatory and other
actions, can interact with other cell types including
lymphocytes and have roles in varied host immune
and inflammatory responses [1]. Recent advances
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Surprisingly, there is no selective CD (cluster
of differentiation) marker to stain only eosinophils
and not basophils, for example, CD125 [6]. Recently
reported analogs to replace H&E for immune-his-
tochemical applications such as DRAQS & eosin
(D&E) [7], [and personal communication with Jona-
thon Brown] turned out to be unsuitable due to wide
fluorescent emission of eosin. Here our aim was to
develop a simple and specific method to detect eo-
sinophilic granules using fluorescent microscopy si-
multaneously with at least 2 other conventional fluo-
rescent dyes and to use this approach for evaluation
of IgE levels (total and specific to casein) on cells of
patients suffering from cow milk allergy.

Methods

Patients. Three patients with cow milk allergy
were included in the study. They were diagnosed
with “atopic dermatitis” according to “Consensus-
based European guidelines for the treatment of atop-
ic eczema (atopic dermatitis) in adults and children”
[8]. Their main clinical symptoms are summarized
in Table 1. Blood of 2 age-matched healthy children
that was obtained during routine clinical examina-
tion for allergy and defined as “healthy” regard-
ing allergic conditions, served as a control (normal
healthy donors [NHDs]).

Fluorescent staining. Aniline blue (AB), eosin,
methylene blue, fluorescein isothiocyanate (FITC)
and casein were purchased from Sigma (Munich,
Germany). AB staining was done with a 0.001% so-
lution for 60 s, as previously described [9]. Cell DNA
was counterstained with 0.1 pg/ml propidium iodide
(PI) solution or 0.1 pg/ml DAPI (4',6-diamidino-2-
phenylindole, Sigma, Munich, Germany) solution
or Sytox Green solution (manufacture provided
concentration, ThermoFisher Scientific, Germany).
Omalizumab (trademark Xolair, Genentech, USA), a
recombinant DNA-derived humanized IgGlk mono-
clonal antibody against human IgE was used to de-
tect the amount of IgE molecules on eosinophils [10].
Labeling of omalizumab with FITC (green), AMCA
(blue, 7-amino-4-methyl-3-coumarinylacetic acid) or
Cy5,5 (a near-infrared [NIR] cyanine dye) was per-
formed as previously described [10,11] or according
to recommendations of the manufacturer. FITC-

labeled casein was used to detect the amount of
casein-binding targets in patients with milk allergy.

Tricolor fluorescent histology to detect recep-
tors on IgG. Air-dried blood smears were fixed with
a few drops of cold methanol, then submerged in
0,001% AB solution to stain eosinophil granules for
60 s, washed twice with water, and incubated with
antibodies towards IgE or casein (both FITC-labeled)
at a dilution of 1:200 in PBS, for 3 h at 25 °C. Sam-
ples were washed 3 times in PBS and counterstained
with 0.1 pg/ml PI, for 60 s, then washed with water
and either immediately imaged or covered with an-
tifade mounting medium. We achieved reproducible
signal upon storing samples for up to 3 weeks at 4 °C
in an environment protected from light.

Fluorescent microscopy. Fluorescent micros-
copy was performed with an Olympus BX51 fluores-
cent microscope (Olympus, Tokio, Japan) equipped
with OmegaFilters XF407 filter set (OmegaFilters,
Brattleboro, USA) and Olympus DP30BW cam-
era (Olympus, Japan) for NIR imaging. Both 40x
0.75NA and 90x 1.0NA water immersion objectives
were used for imaging. Native Olympus software
was used for image processing. Imagel (National
Institutes of Health, Bethesda, MD, USA) software
was used for image analysis and quantifications. All
image analysis was performed under a fixed setting
of parameters including exposure and compensation.

FITC-labeling of omalizumab and casein was
done as previously described [10] using 5(6)-FITC
mixed isomer as the label. Conjugates were tested
for efficiency of binding by measuring the F488/
P280 ratio using a Jasco spectrometer (Jasco, Tokio,
Japan), purified by Amicon filter centrifugation [12]
and stored in 50% glycerol at -20 °C.

Statistical analysis. For comparisons of fluo-
rescent signals of cells in the studied groups, the
Mann—Whitney U-test for numerical variables was
employed. For comparisons of multiple groups vs
NHD or the untreated group, Dunn’s multiple com-
parisons test was used. Co-localization analysis was
done with ImagelJ (NIH) software, with at least 20
high-resolution cell images analyzed, and Pearson’s
correlation coefficient (r) was calculated using the
embedded algorithm. All analyses were performed
using Excel 2016 (Microsoft, Redmond, USA) and

Abbreviations: AMCA — 7-amino-4-methyl-3-coumarinylacetic acid, AB — aniline blue, FITC — fluorescein isothio-
cyanate, H&E — hematoxylin and eosin, IgE — immunoglobulin E, NHD — normal healthy donor, NIR — near-infrared,

PI — propidium iodide, RBC — red blood cells.
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Table 1. Characteristics of patients with cow milk allergy

Patient’s data Patient 1 Patient 2 Patient 3
Age, months 25 39 22
Sex Male Male Female

Current diagnosis Severe atopic dermati-

tis (SCORAD 64-95)

Severe atopic dermati-

tis (SCORAD 52-78) Recurrent urticaria

concentration, kUA/I B-Lactoglobulin — 41.12;

Bos d_milk —42.06

Family history Positive (mother has per- Negative Positive (mother has
sistent allergic rhinitis) atopic dermatitis)

Total IgE (IU/ml) 17 357 4075 340
Sensitization to Milk, buckwheat,
food allergens egg, wheat, potato, Milk, egg Milk

soy, nuts, fish
Median wheal diameter Not applicable 6 mm 8 mm
of skin prick test (milk) (anaphylaxis)
Cow"s milk Casein — 32.84; Casein — 1.56;
protein-specific IgE a-Lactalbumin — 41.37; Casein — 2.42; Bos d_milk — 0.42;

Bos d milk — 17.9 a-Lactalbumin — 0.02;

B-Lactoglobulin — 0.04

Maximum tolerated
dose of milk at first
double-blind placebo-
controlled challenge

Not applicable
(anaphylaxis)

3ml 4.5 ml

Prism 7.0 (GraphPad, San Diego, USA) software. A
P value of < 0.05 was considered statistically sig-
nificant.

Results

With the objective of developing a multicolor
histology approach for eosinophil evaluation we
tested different combinations of stains. We aimed
to primarily detect eosinophil granules, then to dis-
criminate nuclear morphology (being an important
morphological feature of eosinophils), and eventual-
ly to provide the ability to quantitatively estimate the
number of surface markers. Our requirements were:
a) use of available fluorescent labels to custom label
antibodies of need, and b) absence of spectral over-
lap between detection channels to allow quantitative
analysis. The tested combinations, as well as the re-
sult of their application, are summarized in Table 2.

The best combination was achieved when AB
was used for eosinophil granule staining (producing
almost no overlap with other channels), FITC was
used as an antibody label, and PI was used for DNA/
nucleus visualization (Fig. 1). This approach allowed
clear discrimination of eosinophil granules and sur-
face receptors. The obtained slides maintained in-

tensity in all channels when preserved in an anti-
fade mounting medium at 4 °C for at least 3 weeks.
Besides, obtained data in our setup were compatible
with deconvolution techniques, allowing clear visua-
lization of eosinophils (Fig. 1, B).

Examples of discrimination of eosinophils from
other blood cells, namely neutrophilic granulocytes
can be seen in Fig. 1, B and Fig. 2.

Combination of AB/antibody-FITC-/PI for
blood smear staining also resulted in a metachroma-
tic signal in the NIR region, which was only seen on
eosinophilic granulocytes when AB and FITC were
present, and thus can serve as an additional discrimi-
nation marker for specific devices (e.g., flow cytome-
ter), which are usually equipped with far-red ability
but not blue channels. Values of Pearson’s correlation
coefficient (r) for co-localization were 0.85 for the
FITC vs NIR channel, 0.82 for AB vs NIR and 0.34
for PI vs NIR, indicating the contributions of AB
and FITC to the metachromatic signal (Fig. 3).

Having proposed an effective method of dis-
crimination of eosinophils in blood smears and
achieved simultaneous molecular labeling with the
antigen of interest we used the current approach to
study eosinophil changes during acute cow milk al-
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Table 2. Tested combinations of dyes for eosinophil identification and quantification of their surface
receptors

E?ger:r?Elzlsl ¢ DNA Surface receptors Result
Eosin DAPI Anti-IgE — Cy5.5 Low specific signal, high background,
requires NIR optics

Eosin Sytox Green | Anti-IgE — AMCA Low specific signal, overlap of
red and green channels

Methylene blue PI Anti-IgE — FITC Low signal of granules

Aniline blue PI Anti-IgE — FITC Good channel separation, + additional
discrimination in NIR

AMCA, 7-amino-4-methyl-3-coumarinylacetic acid; Cy5.5, a cyanine dye; DAPI, 4',6-diamidino-2-phenylindole; FITC,
fluorescein isothiocyanate; NIR, near-infrared; PI, propidium iodide.

A

AB Pl
ex. 350/60, em. 440/25 ex. 550/20, em. 610/40

FITC
ex. 470/20, em. 520/20

NIR-metachromatic
ex. 630/20, em. 700/60

Widefield fluorescence

Widefield fluorescence + deconvolution

Fig. 1. Application of the developed multicolor fluorescent staining technique to detect eosinophils by staining
their granules (aniline blue, AB), DNA (propidium iodide, Pl) and surface receptors (antibodies labeled with
[fluorescein isothiocyanate, FITC). (A) imaging in each indicated separate fluorescent channel. (B) applica-
tion of deconvolution techniques, discrimination of neutrophil (N) and eosinophil (E) in human blood smears.
NIR, near-infrared

lergy in children. We were interested in the amounts
of: a) IgE antibodies on eosinophils and b) casein-

zumab (anti-IgE antibodies) and casein protein with
FITC and used them to study human blood smears.

binding targets since the casein protein serves as a
primary allergen in cow milk allergy [13, 14]. As
treatment with low doses of proteins serves as a
common effective therapy for this disease, the data
about IgE receptor changes during the disease course
are not fully understood. Thus we labeled omali-
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Blood smears from 3 children with acute cow milk
allergy, all being responsive for the casein allergen,
were screened for the amount of IgE molecules and
casein binding targets on their eosinophils. Blood
from 2 healthy children served as a control (NHD).
During allergic conditions we observed greatly in-
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Igk
Eo. granules
RBC Eo. granules

Fig. 2. Discrimination of eosinophils in whole blood smears using the proposed approach to stain DNA with
propidium iodide (Pl), eosinophilic (Eo.) granules with aniline blue (AB), and surface IgE with the corre-
sponding anti-IgE antibody labeled with fluorescein isothiocyanate (FITC). Red blood cell (RBC) autofluo-
rescence is observed mainly in the near-infrared (NIR) channel. The combinations of used channels are

indicated in each image.

creased sizes of eosinophils. Thus for microscopic
imaging of cellular smears we calculated integrated
optical density (IOD, area of fluorescence integrated
with fluorescent signal) and mean fluorescent inten-
sity (MFI, mean fluorescent signal within each cell)
for eosinophilic granulocytes detected by their AB-
mediated staining. The PI signal served to verify cell
nuclear morphology. Fluorescent beads served as an
internal size control [15]. Image quantification with
NIH software revealed that amounts of both IgE re-
ceptors and casein binding targets were increased on
the eosinophils of children suffering from cow milk
allergy vs NHD (Fig. 4).

Pearson's correlation
r = 0.8500

r=0.8220

Discussion

The proposed method to discriminate blood
eosinophils using blue fluorescence after staining
eosinophil granules was effective in multicolor
fluorescent histological assessment. It allowed one
to observe nuclear morphology, usually bi-lobed in
eosinophils, but never segmented, and use one com-
mon fluorescent bandwidth for analytical parameters
to be studied such as surface/intercellular receptors.
The proposed approach for eosinophil determina-
tion and quantification of their surface receptors was
validated for case studies of patients with cow milk

r=0.3397

Fig. 3. Localization of metachromatic signal at the near-infrared (NIR) channel with signal of fluorescein
isothiocyanate (FITC), aniline blue (AB) and propidium iodide (PI) in the combined staining system. Data
indicate calculated values of Pearson’s correlation coefficient (r) for co-localization. Inserts demonstrate
typical cellular localization of analyzed signals

103



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 2

Patient 1, Acute allergy to cow milk
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Fig. 4. Application of the proposed method for eosinophil discrimination to evaluate the amounts of (A, B)
eosinophil-related IgE molecules and (C, D) casein-binding targets on eosinophils. The quantifications of in-
tegrated optical density (I0D) and mean fluorescent intensity (MFI) were done for blood smears of 3 children
suffering from cow milk allergy and 2 healthy controls (NHD, normal healthy donors). NC, negative control
(cells of Patient 1 with eosinophil specific granules but no FITC staining). Insert photo shows Patient I during

the period of blood analysis

allergy and demonstrated a statistically significant
increase of IgE receptors as well as casein-bind-
ing targets on the surface of eosinophils from cow
milk allergy patients compared to eosinophils from
healthy children. These provides a new methodology
for investigating eosinophil changes during associ-
ated pathologies.
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EosunodineHi  rpanyionuTtH  3abe3meuy-
IOTh IMYHHY BIATIOBIAL TPOTH OaraTOKJIITHHHUX
MapasuTiB, a TakoX € TOJIOBHUM (AaKTOPOM Ta-
KUX NAaTOJOrIYHMX CTaHIB, K ajiepris Ta acTMa.
Eo3uHo(inu IUCKPUMIHYIOTBCS 3a JOMTOMOTORO
(hapOyBaHHS €O3MHOM 332 BUKOPUCTAHHS CBITIIOBOL
Mikpockomii. OmgHak JUIST MOJICKYJISIDHOTO BHSIB-
JICHHS aHTHUIEHIB Ta MIMPOKO BIPOBAIKEHUX aB-
TOMAaTH30BAHUX AaHANI3aTOPIB 3a3BHYall TMOTPiOHI
(hyopecrieHTHI MapKepH MpuIaTHI TSI KiTbKiICHOTO
anaJizy. [Ipore, He icHye cenekTuBHOoro CD Mapke-
pa misa gudepenIiamii eo3uHOMiIIB 1 6azodimis,
a HeIIOAAaBHO OMHUCAaHI aHaJIOrH AN 3aMilIeHHS
TEeMaTOKCUIIH-€O3UHY  JUIS (hmyopecrnieHTHOL
netekuii 3 BukopuctaHHsiM DRAQS5-eo3uny, Ta-
KOK BHSIBIUCH HENPHJATHUMHU ISl JIETEKIii
eosuHo(inmiB. Pi3Hi komOiHamii  dayopecieHT-
HUX OapBHHKIB BHIPOOOBYBald 3a JIOMOMOTOIO
(hryopecrieHTHOI MIiKpPOCKOTIii, CIPSIMOBAaHOI Ha
PO3pOOKY TIPOCTOro Ta CHEHU(IYHOTO METOAY BH-
sBIICHHS eo3nHOPiEHUX rpanyd, JHK ta moepx-
HEBUX PEIENTOPiB; MiaXix OyB BUKOPUCTAHUN IS
ouinku piBHIB IgE (3aranmpHOro Ta crenudiyHOro
0 Ka3eiHy) Ha KJIITHHAX MAIlieHTIB i3 aJepriero
Ha KOpOBsiYe MoOJoKo. Ham Bpamocst nocsrtu
CEJNIGKTUBHOI Bi3yasmizamii rpaHyn eo3uHO(DIiiB
3a JIONOMOro OapBHUKA aHUIIHOBOTO CHHBOIO,
moaudikyBasiu Metos Berretty & Cormane (1978)
Ta BUSIBIAOYM cUrHai npu 440 HM; L€ JO3BOJIHIIO
oHOYacHO (apOyBaTH Ma3Ku KPOBI aHTHUTIIaAMU

no IgE-FITC (emicis mpu 520 HM) Ta Ka3eiH-
FITC, Bussnatu JJHK npomniniro fogumom (emicis
590 M), a Takox 3a0e3nedyBaio cneuupiuHui Me-
TaXpOMaTHYHHN CUTHaJ €03MHOQLTIB y OMMKHIH
iH(ppauepBoHii obnacTi ciekTpy (emicist ~700 HM)
3 TOAAJBIIOK KIiIBKICHOW OIlIHKOK (iayopec-
LEHTHOTO CHTHATy. 3acTOCYBaHHs 3alpONOHOBa-
HOTO MiIXOAY JO KIIHIYHMX BHUNAJKIB BUSIBUIO
migBuiieHHs1 piBHs IgE Ta Mmimeneil 3B’13yBaHHS
Ka3eiHy Ha eo3nHo(dinax y 3 mauieHTiB i3 aneprieto
Ha KOPOB’si4e MOJIOKO HOPiBHSIHO 3 2 30POBUMH JI0-
HOpaMH, 110 AEMOHCTPY€ 3arajibHy KOPHUCHICTH 3a-
MIPOMOHOBAHOTO TiAXOMY.

KnrmodoBi cio0Ba:eo3uHodiIbHI TPaHYJIIO-
uTH, ajepris, IgE, ricrosoris, geTexmis, KIiHIgHI
BHITAIKH, MOJIOKO.
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