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ARTICLE INFO ABSTRACT

The blood cell counting methods used for diagnostic and research purposes in turkeys are, up to date, inferior to
the techniques established for mammals and chickens. While microscopic counts are time consuming, previous
FACS flow cytometric approaches did not cover all blood cell types of interest due to the lack of turkey-specific
Leukocyte quantification markers for the different cell populations. Moreover, it is unknown to what extent the different leukocyte po-
CDSI/Q pulations are affected by host and environmental factors including age, breed of the bird, and housing en-
Influencing factors . . . . . .
Blood cell concentrations vironment, respectively. In this study we established a whole blood based flow cytometric analysis method for
turkeys. This method was used to determine baseline values depending on the age of the birds as well as under
consideration of variations between trials and animal room effects. During three trials whole blood samples of
B.U.T. 6 female turkeys were collected to analyze different leukocyte concentrations (cells/pl whole blood). In
the first trial one group and in the second and third trial two groups with 22 birds/group were housed. Blood
samples were collected at days one, 23, 43, 60, and 88 post hatch and concentrations of monocytes, MHC class II-
positive, CD4™", and CD8* lymphocytes, as well as thrombocytes and granulocytes were determined by flow
cytometric analysis. Concentrations of all identified populations were not only influenced by the bird’s age
(p < 0.05), they varied also among trials (p < 0.05) and even for some of the populations between animal rooms
within the same trial despite comparable housing and management conditions. Therefore, for the establishment
of baseline values for leucocyte concentrations in whole blood effects of age and housing have to be considered.
In addition, our data emphasize the importance of the establishment of baseline values for different age groups,
as age had the strongest effect on the blood cell numbers in this study.

Keywords:
Poultry

CD44 antibody that was reported to bind to most peripheral blood
mononuclear cells (PBMC) of turkeys, which were isolated by density

1. Introduction

Automated blood cell counts are a quick and precise tool for the
assessment of an individual’s immune and health status, and are widely
used both in human and veterinary medicine. The current systems,
however, may not differentiate between nucleated bird erythrocytes,
thrombocytes, and leukocytes, making the application of blood cell
population-specific antibodies obligatory in avian species. The majority
of commercially available antibodies for avian species is designed for
chicken, and an automated system for the analysis of whole blood
samples has been established (Seliger et al., 2012). However, compar-
able tools for turkeys are currently not available, particularly because
no pan-leukocyte marker is available for turkey cells. A suitable alter-
native could be the use of a commercially available mouse anti-chicken

centrifugation (Lawson et al., 2001; Meyerhoff et al., 2012). In
chickens, CD44 is expressed on many cell types, including B-cells, most
T-cell subsets, and monocytes as specified by the manufacturer and
former studies on isolated blood and lung leukocytes (Dalgaard et al.,
2010; Kameka et al., 2014). However, it is not known which turkey cell
types express CD44. In mice CD44-receptor expression was also ob-
served on maturing erythrocytes (Chen et al., 2009), therefore, it needs
to be clarified if anti-CD44 antibodies may also bind to turkey ery-
throcytes.

Due to the close phylogenetic relation between chickens and turkeys
some of the chicken cell-specific antibodies may cross-react with turkey
cells, but others may not (Meyerhoff et al., 2012). Cross-reaction was
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described for monoclonal anti-chicken CD4- and CD8- (Li et al., 1999)
as well as anti-chicken MHC class II- antibodies (Lawson et al., 2001),
which detect the homologous circulating turkey T-cell populations and
monocytes as well as MHC II positive lymphocytes, respectively, iso-
lated via density gradient centrifugation. The anti-MHC class II- anti-
bodies were previously used for flow cytometric analysis in combina-
tion with forward and sideward scatter characteristics to identify turkey
B-lymphocytes (Rubbenstroth et al., 2010). Although being developed
against human cell epitopes, the mouse anti-human antibody against
the CD51/61-complex (reviewed by Hartman and Duggan, 2000) also
binds to chicken thrombocytes isolated by density centrifugation
(Viertlboeck and Gobel, 2007). This cross-reactivity is based on high
homology between chicken and human aV and 33 integrins (CD51 and
CD61, respectively) forming the vitronectin-receptor on the cell surface
of thrombocytes, osteoclasts, and several tumor cell types (Hartman
and Duggan, 2000). A phylogenetic analysis of the B3 subunit via
BLAST (Altschul et al., 1997, 2005) shows an 81% identity between
chicken (XM_015299304.1) and human (NM_000212.2) cDNA-se-
quences while turkey (XM_010724492.2) and human share 79% iden-
tity (Zhang et al., 2000). The predicted amino acid sequences of turkey
(XP_010722794.1) and human (NP_000203.2) 33 subunits show 85%
homology, which is comparable to the 80% homology between chicken
and human. The aV-subunit of the vitronectin-receptor of both species
(chicken: NM_205439.1 — NP_990770.1, turkey: XM_010713363.2 —
XP_010711665.1) show a homology of 78% for ¢cDNA and 83% of
amino acid sequences with the human sequences (NM_001144999.2 —
NP_001138471.1). This homology suggests also cross reactivity of the
anti-CD51/61 antibodies with turkey thrombocytes (Fig. 1), which has
to be experimentally confirmed.

For the clinical evaluation of blood cell concentrations (cells/pl
whole blood) or comparison of values between experiments, baseline
values from healthy turkeys need to be established. Variation of he-
matocrit and white blood cell concentrations may be expected. Previous
studies in bustards and cranes demonstrated that age (Harrison and
Lightfoot, 2006) and season (Abelenda et al., 1993), respectively, may
influence these parameters. Also the time of day the samples were
collected had an impact on the proportions (%) of leukocyte sub-
populations. This was previously evaluated via microscopic counting of
blood samples from broiler chickens (Makeri et al., 2017). Therefore,
the identification of non-infectious influencing factors is crucial for the
subsequent discrimination between healthy and health-compromised
individuals. Most studies provide only a limited insight into the dy-
namics of blood cell populations. Hence, systematic evaluations of
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Fig. 1. Homology in percent (%) of the RNA and predicted amino acid se-
quences of the aV- and the 33-subunits among humans, chickens and turkeys.
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influencing factors such as age or trial are needed.

In this study our first objective was to establish a standardized
method for automated blood cell concentration analysis for turkeys by
comparing a whole blood flow cytometric approach with the classical
determination of leukocyte proportions via microscopic blood cell
counts. The second objective was to determine baseline values for blood
cell concentrations of female B.U.T. 6 turkeys considering the possible
influence of age. Birds were raised up to 90 days of age and blood
samples were collected at days one, 23, 43, 60, and 88 post hatch to
determine numbers of monocytes, MHC class II-positive lymphocytes,
CD4%, and CD8* lymphocytes, as well as thrombocytes and granulo-
cytes. Three trials with identical housing and management conditions
were conducted to identify possible trial effects.

2. Materials and methods

2.1. Establishment of a standardized method for automated blood cell
analysis for turkeys

2.1.1. Blood samples for preliminary investigations

For method adjustment, turkey blood samples from random clinical
cases sacrificed for diagnostic necropsy at the Clinic for Poultry,
University for Veterinary Medicine Hannover, Germany, were used.
Also samples which were collected during the main animal experiment
as described below were used for selected aspects. Blood was collected
in ethylenediaminetetraacetic acid (EDTA) coated tubes (BD
Biosciences, San Jose, CA, USA). Whole blood samples were used at a
dilution of 1:500 in flow buffer (PBS with 1% bovine serum albumin
(BSA) (Albumin fraction V, Carl Roth GmBH, Karlsruhe, Germany) and
0.4% EDTA (Sigma-Aldrich, St. Louis, MO, USA)). Furthermore, for
selected aspects including the confirmation of antibody cross-reactivity
to turkey blood cells also leukocytes were separated from erythrocytes
by centrifugation at 715 X g for 15 min with subsequent harvest of the
buffy coat cells at 1600 x g for 10 min. The pelleted cells were diluted in
1ml of flow-buffer. The pelleted cells were diluted in 1 ml of flow-
buffer, resulting in a cell suspension consisting mainly of leucocytes
with only low proportions of erythrocytes. This suspension was used for
determination of cell-specific antibody binding since low proportions of
leucocyte subpopulations such as CD8 positive cells in whole blood
might be mistaken for false positive staining and vice versa.

2.1.2. Flow cytometer

For the experiments the flow cytometric analyzer AccuriC6 (BD
Biosciences, San Jose, CA, USA) with four different color channels was
used. One channel (FL3, 670 nm) was used for life-dead staining (7-
Aminoactinomycin D (7AAD) (Exbio, Vestec, Czech Republic)) to ex-
clude false positive cells due to non-specific intracellular staining. The
other three channels were used to identify different cell populations.

2.1.3. Set-up of the flow cytometric analysis

Based on the information provided in the literature (Meyerhoff
et al., 2012; Seliger et al., 2012; Viertlboeck and Gobel, 2007), mouse-
monoclonal antibodies were selected (Table 1) and tested to confirm
their cross reactivity with turkey blood cells by flow cytometry. All
antibodies were used in different combinations to optimize the analysis
of whole blood samples for monocytes, lymphocytes, granulocytes, and
thrombocytes. Antibodies were adjusted to the following concentra-
tions in 1 ml of diluted blood sample: anti-CD51/61-FITC (0.2 —0.4 ug/
ml), anti-MHC class II-PE (0.1 pg/ml), and anti-CD8-Cy5 (0.63-1.25 ug/
ml); anti-CD4-FITC (0.05 -0.07 pg/ml, and anti-CD44-PE or -APC
(0.8 ug/ml). Samples were incubated in the dark with the mixture of
three different monoclonal antibodies for at least one hour (h) at room
temperature. AccuCheck Counting Beads were added for quantification
following the manufacturer’s recommendations (PCB100, Thermo
Fisher Scientific, Waltham, MA USA). Five microliters (ul) of 7-Ami-
noactinomycin D (7AAD) (Exbio, Vestec, Czech Republic) solution were
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Table 1
Antibodies used for flow cytometric analysis.
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Antibodies Detected cell types

Conjugated Fluoro-chrome Reported cross-reactivity with turkey cells

Mouse anti-chicken CD4 (clone CT4)"

Mouse anti-chicken CD8 (clone 3-298)"

Mouse anti-chicken MHC class II (clone 2G11)*
Mouse anti-chicken CD44 (clone AV6)”

Mouse anti-human CD51/61 (clone 23C6)"

T-helper cells
Cytotoxic T-cells
Monocytes, B-cells
Nucleated cells
Thrombocytes

FITC (Li et al., 1999)

CY5 (Li et al., 1999)

PE (Lawson et al., 2001)
PE or APC (Meyerhoff et al. 2012)
FITC not described yet

2 Southern Biotech, Birmingham, AL, USA.
" Biolegend, San Diego, CA, USA.

added one minute prior to flow cytometric analysis. Cells were gated by
size (forward scatter, FSC) and granularity (side scatter, SSC) to exclude
both cell fragments and cell aggregates. Cells stained by 7AAD were
considered dead and excluded from further evaluation. Subsequently,
the respective cell populations of interest were gated based on positive
antibody staining, size and granularity. Cell concentrations for statis-
tical analysis were extracted using the FlowJo software (BD Bios-
ciences, San Jose, CA, USA). The following antibodies known to not
cross-react with turkey cells were included as isotype controls: FITC-
labeled mouse anti-bovine CD11b (IgG2b), mouse anti-chicken Kull-PE
(IgG11k), mouse anti-chicken Kull-FITC (IgGl1lx), and mouse anti-
chicken IgA-biotin (IgG2bk) combined with avidin- APC.

2.1.4. Experimental design for the steps of establishment of a whole blood
automated cell counting system

First antibody dilutions were optimized for triple color staining
protocols. The following antibody combinations were established and
the indicated cell populations detected under consideration of forward
and sideward scatter characteristics: anti-CD51/61-FITC + MHC class
II-PE + anti-CD8-CY5 to identify monocytes, MHC class II-positive
lymphocytes, thrombocytes, as well as CD8* lymphocytes; anti-CD4-
FITC + MHC class II-PE + CD8-CY5 to detect monocytes, MHC class II-
positive lymphocytes as well as CD4* and CD8* lymphocytes; anti-
CD44-PE + CD51/61-FITC + CD8-Cy5 to identify thrombocytes, CD8*
lymphocytes as well as monocytes and granulocytes; anti-CD44-
APC + MHC class II-PE + CD4-FITC to count monocytes, MHC class II-
positive lymphocytes, CD4* lymphocytes as well as granulocytes.

The cell types identified with flow cytometric analysis were con-
firmed by cell sorting. After incubation with various antibody combi-
nations, antibody-labelled cells were sorted via fluorescence-activated
cell sorting (FACS) in a FACSAria Fusion flow cytometer (BD
Biosciences, San Jose, CA, USA). Sorted cells were subsequently stained
with Wright Giemsa following standard procedures and examined via
light microscopy for cell morphology and purity of respective cell types.
In addition concentrations evaluated by the established automated cell
counting technique were converted to proportions of all counted leu-
cocytes and compared with proportions obtained by manual micro-
scopic blood cell counting and the intra assay variance determined. For
this comparison five aliquots of blood samples from two turkeys each
were prepared. Each of these aliquots were processed for manual blood
cell counts and stained with either a combination of anti-CD51/
61 + CD44 + CD8-antibodies (sample 1) or anti-CD4 + MHC class
II + CD44-antibodies (sample 2) and specifically monocyte cell num-
bers were evaluated (Fig. 2: G1.3 and G4.1). For manual counts stan-
dard procedures were followed, and cells were stained with Wright-
Giemsa and subsequently mounted with Roti®-Mount (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany). A minimum of 100 leukocytes/
sample including monocytes, lymphocytes, heterophilis, eosinophils
and basophils. The percentages of lymphocytes, monocytes, hetero-
philic, eosinophilic and basophilic granulocytes were calculated.
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2.2. Acquisition of automated blood cell evaluation for baseline
establishment

2.2.1. Animals

Three animal trials were conducted over a time period of three years
(2015-2017). The first trial was conducted in autumn (September —
November), the second during summer (July-September) and the third
in spring (April — June). For each trial one-day old female turkey poults
(B.U.T. 6) were obtained from either of two commercial breeders
(Kartzfehn, Bosel, Germany and Heidemark, Ahlhorn, Germany). These
animals were housed in pens of 5.8 m with 22 birds/pen in one (first
trial) or two isolation rooms (second and third trial) in the facilities of
the University for Veterinary Medicine Hannover, Clinic for Poultry,
according to the guidelines for turkey management in Germany from
2013. In each trial different rooms within the facility were used. The
animal’s health status was monitored daily by visual examination of the
behavior and posture of the birds. For welfare reasons, injured birds
were separated within the same room in an isolation pen and kept
under the same environmental conditions until they could return to
their group again. All birds in each trial were provided with water and
commercial feed ad libitum, and were housed on wood shavings
without natural light. An 8 h (hour) light — 16 h dark - lighting program
was applied from day two on. All animals were vaccinated orally with
the recommended dose of a commercially available live Newcastle
disease (at days 14, 42, and 67 post hatch (dph). All animal experiments
were authorized by the Lower Saxony State Office for Consumer
Protection and Food Safety (33.14-42502-04-15/1813).

2.2.2. Experimental design

To establish baseline values for leukocyte analysis using the adapted
protocol for automated cell counting three animal trials were con-
ducted. Each trial lasted 88 days starting the day of hatch. At one, 23,
43 and 88 dph EDTA-blood samples were collected either by ex-
sanguination at days 1 and 88 or for the other time points via punc-
turing the brachial vein. The blood hematocrit was determined fol-
lowing standard procedures. Blood samples were diluted with PBS at a
ratio of 1:500 (first trial) or 1:250 (second and third trial). Two mul-
ticolor staining protocols were applied to aliquots of each sample: in
trial 1 and 2: anti-CD51/61-FITC + MHC class II-PE + CD8-Cy5 or anti-
CDA4-FITC + MHC class II-PE + CD8-Cy5 in concentrations as indicated
under 2.1.2. In trial 3 anti-CD51/61-FITC + CD44-PE + CD8-Cy5 or
anti-CD4-FITC + MHC class II-PE + CD44-APC in concentrations as
indicated in 2.1.2. Automated cell counting was conducted by the
method as described under 2.1.2.

2.3. Statistical analysis

All datasets were tested for normal distribution and analyzed ac-
cordingly. Hence, all three trials were compared for age-related and
trial-related influences as class effects on blood cell concentrations
using mixed model analysis (generalized linear mixed models), using
age, trial and the interaction of both as fixed effects. The comparison
between the two groups within the second and third trial was done with
mixed model analysis (generalized linear mixed models), using age,
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A) Triple staining with anti-CD51/61- + CD44 + CD8-stain
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Fig. 2. Gating procedure and identified cell populations after flow cytometric acquisition of diluted turkey blood samples. EDTA-whole blood samples were diluted
1:250 in flow buffer. A) Cells were triple-stained with anti-CD15/61-FITC, anti-CD44-PE, and anti CD8-Cy5. GO: All unstained cells (in A) mainly erythrocytes, in B)
mainly erythrocytes and thrombocytes, G1: CD44 ™" cells, G1.1: granulocytes, G1.2: lymphocytes, G1.3: monocytes, G2: CD51/61 + cells, G2.1: thrombocytes. B) Cells
were triple-stained with anti-MHC class II-PE, anti-CD4-FITC, and anti CD44-APC antibodies. G3: CD44 ™" cells, G3.1: granulocytes, G4: MHC class II"™ and CD44 "

cells, G4.1: monocytes, G4.2: lymphocytes. Magnification = 1000 x .

animal room and the interaction of both as fixed effects. Values of p <
0.05 were considered as significant. Numbers of monocytes as identi-
fied by size, granularity as well as binding of anti-MHC class II or al-
ternatively CD44 antibodies were compared by using the Wilcoxon's
two-sample test. Statistical analysis was done with SAS, Version 7.1
(SAS Institute Inc., NC, USA) and Statistix 10 (Analytical Software, FL,
USA).

49

3. Results

3.1. Establishment of a flow cytometric based method for the analysis of
whole blood samples of turkeys

A combination of different antibodies was used to detect different
immune cell populations in turkey whole blood samples by flow cyto-
metric analysis. By differentiation of antibody-labelled cells based on
their forward and sideward scatter characteristics the following cell
populations were identified: dead cells, erythrocytes, thrombocytes,
monocytes, and lymphocytes, which could be further differentiated into
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CD4%, CD8" and MHC class II"" cells. The mouse anti-chicken CD44
antibodies cross-reacted with turkey blood cells and in combination
with the applied gating strategies allowed the detection of monocytes,
granulocytes and lymphocytes and could therefore be used as a pan-
leukocyte-like marker (Fig. 2). The mouse anti-human CD51/61 anti-
bodies cross-reacted with turkey thrombocytes (Fig. 2).

The detected cell types were confirmed by fluorescence-activated
cell sorting and subsequent microscopical evaluation of their morpho-
logical characteristics after Wright Giemsa staining (Fig. 2, Pendl,
2008). The CD44" population (Fig. 2, G1) consisted of heterophils
(Fig. 2, G1.1), lymphocytes (Fig. 2, G1.2), and the G1.3 cells. The latter
included 80% monocytes, but also 9.2% dead cells, 4.8% erythrocytes,
6% lymphocytes in 500 counted cells. The CD51/61" population was
confirmed to consist of thrombocytes (Fig. 2, G2.1). Double stained
MHC class II* and CD44* cells separated in two subpopulations by size
and granularity, which included lymphocytes (Fig. 2, G4.2) and
monocytes (Fig. 2, G4.1). The MHC class II-negative CD44% cells
(Fig. 2, G3) consisted almost entirely of granulocytes (G3.1), but also
few lymphocytes and monocytes (not shown).

Overall, monocyte cell numbers either detected by the anti-MHC
class-II or by the anti-CD44-antibodies and subsequent gating were
comparable (Suppl. Fig. 2). Slight variations were observed at three of
five investigated time points with significant less MHC class II + cells
compared to the CD44 + cells confirming the microscopical analysis of
the G1.3 cells as indicated above.

3.2. Age, trial and animal room as influencing factors on blood cell
concentrations in turkeys

Three trials with female turkeys were conducted with one (first
trial) or two animal rooms (second and third trial) with 22 birds each,
and whole blood samples were collected at different days post hatch
and subsequently analyzed by automated cell counting. No signs of
clinical diseases were observed during all three trials. In all three trials,
blood cell concentrations changed between different age groups and
increased up to 43-60 dph (Fig. 3). Monocyte concentrations showed a
parabolic course with peak concentrations at 43 days post hatch. The
most significant increase of MHC class II lymphocyte concentrations
was observed between day one and 23 post hatch. CD4+ lymphocyte
concentrations increased almost linearly up to day 60 post hatch.
Thrombocyte concentrations also showed a parabolic development with
increasing age with a peak at day 60 post hatch. Granulocyte con-
centrations were only evaluated in the third trial. Also these con-
centrations increased over time up to 8074 cells/ul on day 60. Between
days 60 and 88 post hatch granulocyte concentrations showed a sig-
nificant decrease (p = 0.047) again (Fig. 4).

The strongest effect of age was observed for CD4" and MHC class
II* lymphocytes with F values of 81.96 and 51.6, respectively, while
the age effect was intermediate for monocytes and thrombocytes with F
values of 24.73 and 39.6 respectively, and the lowest for CD8* lym-
phocytes (F-value of 22.7).

The overall changes in concentrations over time were comparable
between trials for all investigated cell types. But the absolute cell
concentrations varied for most cell types significantly between trials
(p < 0.05, Suppl. Table 1). The highest concentrations were observed
for monocytes, thrombocytes, MHC class II" and CD4* lymphocytes in
trial 2 or 3 and the lowest in the first trial, while this trend was reversed
for CD8™" lymphocytes (Fig. 3).

While trial effects were visible for all cell types, animal room effects,
as evaluated in the second and third trial, were only detected in the
third trial. At 43 days post hatch significant differences in cell con-
centrations were observed between animal rooms of the third trial for
all lymphocytes populations, while CD44* granulocytes were com-
parable between the two animal rooms (Fig. 4). At all other time points,
evaluated concentrations for all cell populations were comparable be-
tween animal rooms in the second trial as well as the third (data not
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shown).

The variation of blood cell concentrations between age groups and
trials indicates that these factors have to be considered for the estab-
lishment of base line values for turkeys. Suggested ranges of base line
values are presented in Table 2.

4. Discussion

The objective of this study was to establish a rapid and high pre-
cision tool for blood cell counts for turkeys corresponding to the
method used for chicken (Seliger et al., 2012). Although the antibodies
available to detect specifically turkey cell populations, are restricted, a
combination of cross-reacting antibodies suitable for the identification
of different immune cell populations was identified in this study. Our
method allowed the differentiation of monocytes, three subgroups of
lymphocytes, granulocytes, and thrombocytes when antibody staining
was combined with a suitable gating strategy. Proportions of leucocytes
calculated from the evaluated concentrations were comparable to pro-
portions evaluated by manual counting of blood smears. Results were
highly reproducible. This matches findings in chicken (Seliger et al.,
2012).

Due to the lack of a turkey specific B-cell marker, B-cells were de-
tected by MHC class II-expression in combination with gating on size
and granularity to allow differentiation from monocytes. A differ-
entiation of B-cells from other MHC class II* lymphocytes is not pos-
sible using the mentioned antibodies.

Based on sequence analysis it was hypothesized that the mouse anti-
human CD51/61 monoclonal antibody may also bind to turkey
thrombocytes as well as chicken thrombocytes (Viertlboeck and Gobel,
2007). In this study, we confirmed the cross-reactivity of this antibody
with turkey thrombocytes. The total of 37,385 - 77,666 thrombocytes/
ul whole blood of 60-day old turkeys correspond nicely to values de-
termined for chicken, ranging from 45,000-72,000 cells/pl (Seliger,
2009). The anti-CD44-antibody was selected as a possible candidate for
a panleukocyte-marker, since CD44 was reported to be expressed on
most peripheral blood mononuclear cells in turkeys (Lawson et al.,
2001; Meyerhoff et al., 2012). Vachon et al. (2006) demonstrated the
detection of CD44 on mouse leukocytes, and indicated its role in pha-
gocytosis. However, anti-CD44 antibodies may also bind to sub-
populations of other cell types. CD44-expression was demonstrated on
murine erythrocytes, but expression declined with increasing age (Chen
et al., 2009). In our study, about 98.6% of the cells of whole blood
samples were CD44-negative. These results provide circumstantial
evidence that turkey erythrocytes are negative for CD44. Nevertheless,
some false positive staining of erythrocytes may be detected. In our
study we identified low percentages of CD44" erythrocytes con-
taminating the CD44* monocyte population, which might be either due
to the expression of CD44 by younger erythrocytes (Chen et al., 2009)
or a less defined separation of positive-stained and negative cell po-
pulations in the analysis steps.

It is known that the CD44-receptor in humans is mainly expressed
on antigen-primed T- and B-cells but to a lesser extent on naive lym-
phocytes (Camp et al., 1991). Consistent with these findings, the po-
pulations of monocytes, MHC class IT*, CD4" and CD8* lymphocytes
showed a proportion of 32.5-47.5, 28.0-57.5, 0.6 —0.8 and 9.7-18.4 %
of CD44-negative cells. We may speculate that the CD44-negative cloud
not only consists of erythrocytes but possibly also of naive stages of
lymphocytes. Therefore, a combination of CD44 and monocyte- or
lymphocyte-markers is recommended to produce a more precise blood
cell concentrations for whole blood samples of turkeys.

The application of a staining protocol with anti-CD44 as well as
anti-MHC class II- antibodies allowed a reliable detection of monocytes.
Concentrations may be less variable with this double staining approach
compared to a staining with only one of the antibodies, although con-
centrations were fairly comparable based on our investigations.
Furthermore, the use of anti-CD44 antibodies in combination with
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forward and sideward scatter characteristic allowed for the first time
the identification of turkey granulocytes, as shown in the third trial.
This newly established automated whole blood counting method,
combining different combinations of antibodies and gating strategies,
opens up new possibilities now for research and clinical evaluation of
turkey blood cell populations.

Generally blood cell concentrations may differ if different methods
are applied. These may include microscopic based counting of leuko-
cytes in blood smears, flow cytometric analysis of leukocyte proportions
in suspensions of isolated leucocytes or leucocyte concentrations in
whole blood. Values may also vary between laboratories and animal
species, which has to be considered for the comparisons of our results
with previously published data. We used the established flow cyto-
metric analysis method to compare concentrations of leukocytes in
whole blood between different age groups of female turkeys during a
total of three trials, when birds were housed either in only one (first
trial) or two different animal rooms (second and third trial). Age was
clearly identified as an influencing factor. While for most cell types
concentrations increased over time in all trials, peak concentrations at
the respective time points varied between trials significantly
(P < 0.05). This variation was observed for all cell types. Animal room
effects were less clear and only observed in one trial at one time point.
The reason for this variation at this time point is not clear, clinical
disease or additional stress was not recorded, but certainly a subclinical
event cannot be excluded, which may have modified cell numbers in
one animal room but not the other. Overall, by considering age and trial
as influencing factors, we suggest base line values for whole blood cell
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concentrations for different age groups of female turkeys.

Interestingly, monocyte concentrations did not vary significantly in
chickens between one and 51 days post hatch (Seliger et al., 2012),
which was not confirmed for turkeys in our study. The concentrations
of MHC class II'" monocytes increased between one and 43 days post
hatch in turkeys (Fig. 3), suggesting species specific differences in the
development of the immune system (Fairbrother and O’Loughlin,
1990).

Thrombocyte numbers 100x microscopic fields of mallard blood
smears increased from day five until day 18 post hatch, and did not
show significant changes thereafter (Fairbrother and O’Loughlin,
1990). These results are in agreement with our findings in turkeys,
where we detected a clear increase in thrombocyte numbers between
1-23 dph and 43-88 dph.

In former studies, no significant changes were observed in the
proportion of CD4 " as well as CD8™ cells in isolated peripheral turkey
blood mononuclear cells comparing birds at the age of 21 and 56 days
post hatch by flow cytometric analysis (Suresh et al., 1993). On the
other hand, a steady increase of CD4™ as well as CD8+ cell con-
centrations was detected by flow cytometric analysis of chicken whole
blood collected between 20 to 110 days post hatch (Burgess and
Davison, 1999). Our data coincides with the whole blood analysis of
chickens suggesting a possible effect of the method using whole blood
versus isolated leukocytes, when possible age effects may be more
difficult to detect. In chicken whole blood samples initially low con-
centrations of B-cells were observed, which increased from 21 to 28
dph, remained on a plateau until 49-51 dph (Burgess and Davison,
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Fig. 4. Comparison of different leukocyte concentrations between animal rooms within the third trial. Cells were differentiated by different gating schemes into MHC
class IT* monocytes (A), thrombocytes (B), CD4* cells (C), CD8™* cells (D), MHC class II"* lymphocytes (E), and CD44* granulocytes (F). Average cell concentrations
for all birds/animal room (n = 22/animal room) are presented in Tukey box-plots (box includes second and third quartiles, horizontal line displays median, whiskers
include values within 1.5 interquartile range, dots represent outliers). Asterisks indicates significant differences between the two groups (p < 0.05). dph = days post
hatch. Day 1 is presented as one group, as the birds had not been separated at this time point into the two animal rooms.

Table 2
Baseline values for turkey blood cell subpopulation concentrations per pl whole blood.
Age (dph)

Cell type 1 23 43 60 88 Total range of all investigated age groups
MHC class II'* lymphocytes® 208 - 2606 657 — 3386 1028 - 5598 1139 - 6305 711 - 4518 468 — 5428
CD4" T-cells® 69 — 1418 1199 - 5270 1565 — 7608 2089 - 7284 2215 - 7768 249 - 6940
CD8™" T-cells® 234 - 1106 337 - 1916 420 - 2679 541 - 3237 619 - 2699 382 - 2647
MHC class II* monocytes® 182 - 1373 377 — 2548 401 - 3784 678 — 3070 667 — 2603 351 - 3224
CD51/61* thrombocytes® 11,273 - 33,283 20,100 - 46,274 13,565 — 92,096 37,385 - 77,666 27,661 — 91,658 14,750 - 85,206
CD44™* granulocytesb 2610 - 10,631 1960 - 5,267 5361 - 11,047 5256 - 11,586 2171 - 8,546 2162 - 11,002
CD44™* lymphocytesb 830 - 6203 2809 - 5522 6495 - 14,419 7829 - 12,416 7021 - 12,383 3242 - 12,897

2 Values were obtained from 66 animals (group 1 of trials 1-3).

b Values were obtained from 44 animals (group 1 and 2 of the third trial). 5% and 95% percentiles are calculated considering all animals of all trials.

52



R. Lindenwald, et al.

1999; Seliger et al., 2012), followed by a transient drop at day 70
(Burgess and Davison, 1999; Seliger et al., 2012). This data are in
agreement with our study showing only low numbers of MHC class IT*
lymphocyte, suggested to be mainly B-lymphocytes, early after hatch
and an increase with peak numbers between 43 (first trial) and 60
(third trial) days post hatch, followed by a subsequent drop. Mallard
leukocytes were evaluated via microscopic counts, and an increase in
the proportions of granulocytes, was observed between days 42 and 60
post hatch (Fairbrother and O’Loughlin, 1990). Also, in our study we
detected an increase in granulocyte concentrations in turkeys between
days 43 and 60 post hatch, which suggests more evolutionary conserved
pattern in the development of granulocyte concentrations with in-
creasing age (Maxwell and Robertson, 1998).

The variations in concentrations of all investigated cell populations
between trials suggest that the environment may have a significant
influence (Richter et al., 2009). In our study we used feed from the
same feed mill, the same lighting, and temperature protocol as well as
the same hybrid line of female turkeys in all three trials. Therefore,
other influencing factors contributing to these variations may need to
be considered. Some variation between the first two trails and the last
trial may due to the different sources of birds, as these were obtained
from different hatcheries. Despite indoor housing, the season may have
influenced cell concentrations, as seasonal effects were shown for many
animal species (reviewed by Nelson, 2004; Nelson and Demas, 1996)
including poultry (Dawkins et al., 2004). The magnitude of immune
reactions in free-living skylarks decreased during summer and in-
creased during winter (Hahn et al., 2015). Only few studies investigated
the seasonal patterns in captive animals housed in constant environ-
ments, and these focused more on hormonal changes such as corticos-
terone or melatonin (Nelson and Drazen, 2000; Piesiewicz et al., 2012;
Romero and Remage-Healey, 2000), and not on blood cell concentra-
tions, even though these hormones are suggested to modulate immune
functions. Chickens examined in the northern hemisphere, showed a
reduced proliferation rate of peripheral blood leukocytes in August,
October and December compared to the time between February to April
(Sander, 1995). In our second (July - September) and third trial (April —
June), an increase in CD8+ and CD4+ T-cell concentrations was ob-
served from spring to summer, matching the higher leukocyte pro-
liferation ratesin animals housed under constant environmental condi-
tions (Sander, 1995). Under natural conditions the opposite trend was
found (Moller et al., 2003). Our results also match observations made in
studies of humans, where a seasonal pattern was shown, including an
increase in the numbers of CD4" cell concentrations during spring,
summer, and late autumn, while a decrease of lymphocyte concentra-
tions was observed during winter (Broadbent, 2011). Therefore, the
variations between trials in this study may at least be partially based on
seasonal influences, which have to be investigated further.

Other factors, which may have contributed to trial variations can be
method related as different antibody batches and varying antibody-
concentrations were used between the first trial and the second and
third trials. These variations often cannot fully be avoided especially if
repeat experiments are part of a study, which may take place at dif-
ferent time points. Therefore, it is important to consider this variation
for the establishment of baseline values and the subsequent inter-
pretation of data.

Another factor influencing the total concentration of cells is the
administered gating strategy during the flow cytometric analysis of the
data. Manually drawn gates are mainly influenced by the examiner’s
intuition and cannot be considered a standardized method (Lo et al.,
2008). In this study though the same examiner analysed the samples,
although slight variations between trials cannot be excluded. Changes
of cell size and granularity due to age of the birds did not allow a
common gate for all samples at all time points. But the same gate was
applied to samples of one age group, which subsequently may have led
to more variation between birds and a higher standard deviation.

Considering possible influencing factors including age and
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variations between trials, we suggest for each investigated cell popu-
lation an age-related baseline value range. These are the first baseline
values available for flow cytometric evaluation of leucocyte con-
centrations in whole blood sample of turkeys. The so far published cell
concentrations are based on samples collected from four month old wild
turkeys and were determined microscopically as well as via hemocy-
tometric counting (Bounous et al., 2000). In our study, in 88-day old
turkeys an average of 1465 monocytes/ul blood with a range of
667-2603 monocytes/pl was determined, which is nearly in agreement
with the formerly published range of 0-3900 monocytes/pl, yet our
range is narrower. The similar appearance of monocytes and lympho-
cytes may lead to false negative counts microscopically. For granulo-
cytes, we detected lower values with 2171-8546 cells/ul as compared
to previously published concentrations of 4000 — 27,600 granulocytes/
ul (Bounous et al., 2000). Differences in age (dos Santos Schmidt et al.,
2009) or method may be responsible for these findings.

Studies in wild turkeys determined 4200 — 34,300 lymphocytes/ul
whole blood, while in our trials the range of total lymphocytes was
narrower with 7021 - 12,383 cells/ul (Bounous et al., 2000). Narrower
ranges in monocyte and lymphocyte concentrations might be due to less
individual variation of inbred B.U.T. 6 turkeys in comparison to wild
turkeys (Meleagris gallopavo silvestris) or lower standard deviation in
concentrations obtained by flow cytometry compared to manual
counted proportions as also demonstrated in this investigation.

No information on turkey thrombocyte numbers in whole blood had
been published so far. About 37,000 + 1200 thrombocytes/ul were
detected by flow cytometry in chicken whole blood samples (Seliger,
2009), and a range from 3000 to 33,000 cells/pl was published based
on microscopic counting (Samour, 2008). With our method we de-
termined a range of 14,750 — 85,206 thrombocytes/ul suggesting a
broader range for turkeys considering all investigated age groups.

Overall, we successfully established an automated blood cell
counting method in this study, which allowed the identification of
baseline values for concentrations of circulating granulocytes, mono-
cytes, thrombocytes, CD4* and CD8" T-cell populations as well as
MHC class II* lymphocytes in healthy female B.U.T. 6 turkeys. This
study clearly identified an age-related influence on cell concentrations,
and additionally suggests further influencing non-infectious factors
based on the detected variations between trials. More experiments need
to be conducted to confirm possible seasonal patterns under in-house
housing conditions. Our data may help to evaluate health conditions of
turkeys under field conditions in the future. It has to be considered that
the established baseline values are based on samples from female tur-
keys of a specific hybrid line. Genotype and gender effects (reviewed by
Nunn et al., 2009) cannot be excluded. Previously it was demonstrated
that proportions of lymphocyte and basophils as determined micro-
scopically for bronze turkeys varied between male and female birds
(dos Santos Schmidt et al., 2009). Therefore, also male birds as well as
other genotypes have to be investigated in the future, and eventually
baseline values be adjusted.
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