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ABSTRACT Ducks have recently received a lot of attention from the research com-
munity due to their importance as natural reservoirs of avian influenza virus (AlV).
Still, there is a lack of tools to efficiently determine the immune status of ducks. The
purpose of this work was to develop an automated differential blood count for the
mallard duck (Anas platyrhynchos), to assess reference values of white blood cell
(WBC) counts in this species, and to apply the protocol in an AlV field study. We
established a flow cytometry-based duck WBC differential based on a no-lyse no-
wash single-step one-tube technique, applying a combination of newly generated
monoclonal antibodies with available duck-specific as well as cross-reacting chicken
markers. The blood cell count enables quantification of mallard thrombocytes, granu-
locytes, monocytes, B cells, CD4* T cells (T helper) and CD8* cytotoxic T cells. The
technique is reproducible, accurate, and much faster than traditional evaluations of
blood smears. Stabilization of blood samples enables analysis up to 1 week after
sampling, thus allowing for evaluation of blood samples collected in the field. We
used the new technique to investigate a possible influence of sex, age, and AIV
infection status on WBC counts in wild mallards. We show that age has an effect on
the WBC counts in mallards, as does sex in juvenile mallards. Interestingly, males
naturally infected with low pathogenic AIV showed a reduction of lymphocytes (lym-
phocytopenia) and thrombocytes (thrombocytopenia), which are both common in
influenza A infection in humans.

IMPORTANCE Outbreaks of avian influenza in poultry and humans are a global pub-
lic health concern. Aquatic birds are the primary natural reservoir of avian influenza
viruses (AlVs), and strikingly, AlVs mainly cause asymptomatic or mild infection in
these species. Hence, immunological studies in aquatic birds are important for inves-
tigating variation in disease outcome of different hosts to AlV and may aid in early
recognition and a better understanding of zoonotic events. Unfortunately, immuno-
logical studies in these species were so far hampered by the lack of diagnostic tools.
Here, we present a technique that enables high-throughput white blood cell (WBC)
analysis in the mallard and report changes in WBC counts in wild mallards naturally
infected with AIV. Our protocol permits large-scale immune status monitoring in a
widespread wild and domesticated duck species and provides a tool to further inves-
tigate the immune response in an important reservoir host of zoonotic viruses.

KEYWORDS avian influenza, flow cytometry, high-throughput, leukocyte
quantification, mallard, disease ecology, birds, avian, avian viruses
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Automated Differential Duck Blood Count

onitoring the immune status of animals is a central task in husbandry and research.

It helps ensure the health and welfare of livestock, yields information on the condi-
tion of natural animal populations, and aids in detection of disease outbreaks in farmed
and wild animals. Immune status monitoring is of particular interest in the context of zoo-
notic infections, where pathogens that are usually circulating in a reservoir host cross the
species barrier to infect more susceptible hosts. Monitoring the immune status of reservoir
species may not only aid in early recognition and give a better understanding of zoonotic
events, but it is also an important tool to investigate the variation in disease and immune
responses of different hosts to the same pathogen. However, many important reservoir
host species are understudied and not very closely related to common model systems.
Immune status monitoring in these species is thus hampered by the lack of diagnostic
tools to measure immunological parameters.

The mallard (Anas platyrhynchos) is one of the most common waterfowl species
across the world, and the wild ancestor of the popular commercial Pekin duck breed
(Anas platyrhynchos forma domestica). It is an important reservoir host of avian influ-
enza virus (AlV) (1), a zoonotic disease that has repeatedly crossed the species barrier
to other wild and domestic animals as well as humans (2). Wild mallards harbor a wide
variety of low pathogenic (LP) AIV subtypes (3), including subtypes H5 and H7, which
can become highly pathogenic (HP) if introduced into poultry (1). LPAIV strains induce
virtually no pathology in mallards (1) and only trigger a mild immune response (4).
Also, while some strains of HPAIV can induce severe symptoms, including fever, ano-
rexia, neurological signs, and death in mallards (5), experimental studies suggest that
A. platyrhynchos is generally less prone to hyperinflammation and its associated pathol-
ogy than other species (6). The ability of mallards to act as asymptomatic carriers of
LPAI viruses, and to often survive HPAIV infections, is likely a result of a long coevolu-
tionary history of mallards with influenza viruses (7, 8). The immunological host-patho-
gen interactions that confer resistance to disease in mallards are poorly understood
(6), largely because reliable tools allowing for large-scale immune status monitoring in
mallards are scarce.

The most frequently used screening system for the immunological status of animals
is the differential blood count, which enables the quantification of absolute numbers
of white blood cells (WBCs) (also called leukocytes). These numbers and proportions
can be used to determine the physical condition or health of an individual (9). Some
leukocytes, like granulocytes and monocytes, are involved in immediate detection and
killing of pathogens, as well as signaling to other cells. Other leukocytes like T cells and
B cells develop a highly specific response to a particular antigen and create immuno-
logical memory with the ability to respond very quickly and efficiently to pathogens
at a second encounter, thus providing the base of vaccination (10). Changes in the
WBC differential count of an individual can be a hint for viral, bacterial, or parasitic
infections, toxicant-induced immune suppression, stress, and acute inflammation (11).
Therefore, WBC counts are widely applied for clinical diagnosis as well as immunologi-
cal research in laboratory and field settings (11). Further, WBC measurements provide
information about the effects of natural, anthropogenic, biotic, and abiotic stressors on
an individual’s health (12) and have therefore also become an increasingly popular
tool in the fields of ecology and conservation biology.

Today, there are several instruments and approaches available for automated differ-
ential blood counts, including flow cytometric techniques, which use a combination of
different light scattering properties and cell type-specific labeling with fluorophores to
differentiate and count blood cells. The premise for the usage of flow cytometry for
blood cell counts is usually the lysis of red blood cells, which enables the differentia-
tion of leukocyte populations solely based on size and granularity. While this proce-
dure is well established and fully automated for mammals, the presence of nucleated
erythrocytes and thrombocytes in avian blood impedes erythrocyte lysis without leu-
kocyte loss (13). Previously, we established a simple (no-lyse no-wash single-step one-
tube) flow cytometry-based technique in chicken, using a specific combination of
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TABLE 1 Antibodies, fluorochromes, target cells, and optimal concentrations in the MAb mixture used for the flow cytometric analysis

Antibody Target cells Fluorochrome Dilution Reference
anti duCD4 1 CD4+ T cells (T Helper) FITC 1:2,000 Kothlow et al. (15)
anti chBAFF R (2C4) B cells PE 1:1,000 This study
anti duCD8 1 CD8+ cytotoxic T cells, B cells PerCp Cy5.5 1:500 Kothlow et al. (15)
4A12 lymphocytes, granulocytes, monocytes APC 1:500 This study
2G3 thrombocytes APC Cy7 1:1,000 This study

directly conjugated monoclonal antibodies (MAbs), which recognize specific WBC pop-
ulations, and thus allows for high-precision chicken blood cell quantification (14).

In this study, we adjusted the flow cytometry-based technique from chicken for
mallards. We developed additional MAbs that, in combination with available leukocyte
markers (15, 16), enable a simple, fast, and precise automated differential WBC count
for mallards. We subsequently applied the protocol to assess reference values for WBC
counts in mallards and to evaluate the effect of sex, age, and AlV infection status on
WBC counts in a well-studied wild mallard population in Sweden. As sex and age affect
the functions of the immune system (reviewed in references 17 and 18), we predicted
that mallards of different age and sex may differ in their baseline WBC numbers. Other
reservoir hosts, like bats, appear capable of avoiding immunopathology upon infection
with certain pathogens with which they share an evolutionary history by restricting
immune responses (19). We thus expected to see minor changes in WBC counts in
LPAIV-infected mallards.

RESULTS

Establishment of the mallard differential blood count protocol. (i) Generation
and characterization of monoclonal antibodies. We identified three new MAbs that,
in combination with previously available leukocyte markers (15, 16), allowed us to stain
the cell populations of interest. First, we identified MAb 4A12 (IgG1), which recognizes
mallard lymphocytes (T cells and B cells), granulocytes, and monocytes and, thus, can
be used as a duck pan-leukocyte marker (see Fig. ST in the supplemental material).
Second, we identified MAb 2G3 (IgG1), which strongly binds to duck thrombocytes. We
were able to show that 2G3 binds to the same cells as MAb K1, an antibody that recog-
nizes chicken thrombocytes and monocytes and cross-reacts with duck thrombocytes
(15) (see Fig. S2A in the supplemental material). As staining intensity of 2G3 distinctly
exceeds K1, we selected 2G3 as the thrombocyte marker. The antibody shows addi-
tional but weaker reactivity with a fraction of CD8* and some CD4" leukocytes (Fig.
S2B and (), but as thrombocytes and leukocytes can be clearly separated by 4A12
staining, this additional reactivity does not interfere with quantitative thrombocyte
detection in full blood samples. Third, we demonstrate that an anti-chicken BAFF-R
antibody, recently developed by our group, successfully binds to mallard B cells (see
Fig. S3 in the supplemental material). This allowed us to identify the B cells despite our
previous finding that duck B cells express CD8 as do CD8 T cells (15).

To quantify WBC subpopulations from mallard blood samples, we thus finally selected
the following antibodies for our flow cytometry protocol: the pan-leukocyte marker 4A12,
anti-chBAFF-R (2C4) to detect B cells, anti-duCD4 (duCD4-1) for CD4" cells, anti-duCD8
(duCD8-1) to stain CD8 T cells and B cells, and 2G3 as marker for thrombocytes (Table 1).

(ii) Flow cytometry-based WBC quantification protocol for mallard blood sam-
ples. After cells were stained according to the previously described no-lyse no-wash
single-step one-tube method (14), samples were subjected to flow cytometry. As
shown in Fig. 1, analysis of flow cytometry data started with the separation of 2G3-pos-
itive thrombocytes from 4A12-positive leukocytes. 4A12 positive leukocytes were then
subdivided into CD4* cells, CD8" cells, and CD4/CD8 double negative cells. As CD8*
cells contained CD8* T cells as well as B cells (15), the CD8* population was further
subdivided into BAFF-R-negative CD8* T cells and BAFF-R-positive B cells. To exclude
potential contamination with erythrocytes, fluorescence-based gating for each subpo-
pulation was followed by a forward scatter/side scatter (FSC/SSC) gate.
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FIG 1 Gating strategy. EDTA blood was stained with 4A12 APC, anti chBAFF R (2C4) PE, anti duCD4 FITC, anti duCD8 PerCp, and anti 2G3 APC
Cy7 in a no lyse no wash single step one tube procedure and analyzed by flow cytometry. Shown is the gating strategy for the separation of
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The CD4/CD8 double negative population was further analyzed according to its scatter
properties, which revealed two distinct cell populations as follows: a minor population with
large cells (high FSC) and low granularity (low SSC) resembling monocytes and a major pop-
ulation with much smaller cells of high granularity resembling granulocytes.

To obtain absolute cell numbers, a bead-based method was applied and samples
were directly stained in TruCount tubes. The highly fluorescent TruCount beads can be
distinguished in every fluorescence channel, and we addressed them in an Fluorescein-
Isothiocyanate/Peridinin-Chlorophyll-Protein Complex (FITC/PerCp) plot followed by a sub-
sequent FSC/SSC plot to eliminate contaminating erythrocytes and evaluate the percentage
of singlet and double sized doublet beads as described in detail in Seliger et al. (14).

To verify the specificity of the selected staining and gating strategy, we used the
selected antibody combination to sort purify the respective subpopulations and perform a
morphological analysis by microscopy of DiffQuick-stained cytospin preparations (Fig. 1).
This revealed that cells, which our gating strategy addresses as CD4* T cells, CD8" T cells,
and B cells were all of lymphocyte morphology. 2G3-stained cells showed a clear thrombo-
cyte phenotype, and purification of 4A12-positive large cells with low granularity resulted
in a highly pure monocyte preparation. Interestingly, cells purified from the granulocyte
gate contained a majority of heterophils but also a distinct number of eosinophils. This
can be attributed to the fact that granules from mallard eosinophils and heterophils both
have rod-like granules and hence identical refraction properties, which impedes scatter-
based discrimination. This is in contrast to chicken leukocytes, where granules of hetero-
phils and eosinophils differ in density and shape and thus lead to differing scatter
properties.

(iii) Validation of the flow cytometry protocol by microscope-based analysis.
To validate the new automated differential blood count for the mallard, a subset of blood
samples was analyzed in parallel by flow cytometry and microscope-based analyses. As dif-
ferent subsets of WBCs can be distinguished by each technique, the flow cytometry counts
for granulocytes were compared to the combined total number of eosinophils and hetero-
phils from the microscope-based analysis. Further, microscopy counts for lymphocytes
were compared to the total number of B cells, CD4 T cells, and CD8 T cells from the flow
cytometry-based WBC differential since B and T cells cannot be distinguished by light mi-
croscopy. The comparison of the results from the two techniques showed that the cell
numbers measured with each method were within the same range (Fig. 2A). While the
coefficient of variation (COV) was lower than 10% for all cell types when measured with
flow cytometry (2.3% to 9.3%), the COV from the microscopy measurement ranged from
11.2% to 51.3% (Fig. 2B; see also Fig. S4 in the supplemental material).

(iv) Evaluation of the effect of fixation on blood samples. As staining and analy-
sis of samples within hours upon blood withdrawal may not be possible under field
conditions, we estimated the effect of fixation and storage on obtained cell numbers
in mallards. The comparison of fresh and fixed samples showed that the COV for all
technical triplicates, beside a single granulocyte count, was below 20%, with the vast
majority of samples having a COV below 10%. When calculating the accuracy of the
measurements after 2 and 7 days compared to the counts obtained at the day of sam-
pling, all samples beside one B cell count, showed the expected accuracy between 70
and 130% (see Fig. S5 in the supplemental material). Hence, stabilization of duck blood
samples for up to 7 days is possible.

Field application of the differential blood count. To obtain baseline blood cell
count values and to investigate possible effects of age, sex, and avian influenza virus

FIG 1 Legend (Continued)

Microbiology Spectrum

thrombocytes and leukocytes (A), followed by doublet exclusion. (B) Leukocytes were classified as CD4 or CD8 single positive or CD4/CD8
double negative cells. (C) By means of their scatter properties, CD4/CD8 double negative cells were subdivided into granulocytes and
monocytes. (D) CD8* leukocytes were classified into 2C4 negative T cells and 2C4 positive B cells. Initial thrombocyte and leukocyte
discrimination (A) was followed by doublet exclusion. Fluorescence based gates were always followed by FSC/SSC gating. FSC/SSC gates were
used to sort purify the respective cell populations (purity, >95%) and prepare cytospin slides followed by DiffQuick staining for thrombocytes

(1), CD4* T cells (I}, granulocytes (Ill), monocytes (IV), CD8" T cells (V), and B cells (VI).
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FIG 2 Validation of the flow cytometry protocol. To validate the flow cytometry protocol, some samples were
analyzed by flow cytometry as well as the microscopy based technique. For the latter, the blood smears were
subjected to a Wright Giemsa staining and analyzed by microscope based cell counting according to the modified
Campbell method. The figure shows the absolute quantification based on a single sample from three individual
ducks (A) and coefficient of variation (COV) in percentage estimated from five aliquots from a single EDTA blood
sample (B), for the WBC types that can be quantified using both methods. Flow cytometry counts for granulocytes
are compared to the total number of eosinophils and heterophils in conjunction from the microscope based analysis.
Microscopy counts for lymphocytes are compared to the total number of B cells, CD4 T cells, and CD8 T cells from
the flow cytometry based white blood cell differential.

(AIV) infection on WBC counts in mallards, we applied our protocol in a population of
wild mallards in southern Sweden.

(i) Baseline information on WBC counts in mallards. To determine baseline
blood cell count values for mallards, we collected blood and fecal samples during
autumn migration at Ottenby Bird Observatory.

We first determined the baseline WBC counts for mallards using the results from all
individuals that tested negative for AIV (n = 116) (Table 2). The estimated mean and
95% credible interval (Crl) for all analyzed cell populations, as well as the observed
mean and standard deviation (SD) for mallards grouped according to age and sex are
visualized in Fig. 3 and Tables S1 and S2 in the supplemental material.

Interestingly, our analysis showed that age has a strong effect on WBC numbers in mal-
lards. Based on the applied linear model, we found higher cell numbers of all analyzed leu-
kocyte populations in male juvenile birds than in adult males (>95% certainty for mono-
cytes and all lymphocytes and >75% certainty for granulocytes). Though less pronounced
and restricted to lymphocytes, the effect was also observed in female birds (>95% cer-
tainty for CD4 T cells and total lymphocytes and >75% certainty for B cells and CD8 T cells,
respectively). No age difference was observed for thrombocyte numbers (Fig. 3).

In addition, we identified an effect of sex on WBC counts in mallards. For thrombocytes
and all lymphocyte populations, the applied linear model showed that juvenile male birds
have higher cell numbers than juvenile female birds (>95% certainty for B cells, CD4 T
cells, and total lymphocytes and >75% certainty for CD8* T cells and thrombocytes,
respectively). The only effect in adult birds was seen for monocytes; here as an exception,
the number in adult females was higher than in adult males (>75% certainty) (Fig. 3).

TABLE 2 Number of mallards included in the study

AlV infection status®

Group AIV— AIV+
Juvenile females 44 23
Juvenile males 41 23
Adult females 12 4
Adult males 19 1

9AlV , negatively tested for AlV infection by PCR, AIV+, positively tested for AIV infection by PCR.
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FIG 3 Observed and estimated blood cell counts (cells/uL) for wild mallards grouped according to age
and sex for thrombocytes (A), granulocytes (B), monocytes (C), B cells (D), CD4 T cells (E), CD8 T cells
(F), and lymphocytes (G). Observed counts are presented as box plots. The horizontal line displays the
median, the box includes the second and the third quantile, the whiskers include all values within the
1.5 interquartile range, dots represent outliers, and the mean is presented as a blue triangle. Estimated
count values using a linear model are presented in orange, with dots displaying the estimated mean
and vertical lines the respective 95% credible interval (Crl) for each group on the x axis. Values above
brackets show the certainty that the mean in one group is larger than the mean of the other group.
Certainty values of >0.8 are reported in the figure. The analysis and the simulation are based on
n =116 AIV negative mallards, including n = 41 juvenile males (Jm), n = 44 juvenile females (Jf), n = 12
adult females (Af), and n = 19 adult males (Am).

Hence, generally, for most WBC populations, juvenile mallards have higher numbers
than adults, and males have higher numbers than females.

(ii) The effect of AlIV infection on WBC counts in mallards. To determine if AIV
infection has an influence on WBC counts in mallards, we screened fecal samples from
all wild individuals for AIV and compared the WBC counts in AlV-negative and AlV-posi-
tive birds. A total of 51 out of the 167 obtained mallard samples (30.5%) were tested posi-
tive for AIV. Among those were one adult male, four adult females, 23 juvenile males, and
23 juvenile females. As the number of AlV-positive samples among adult mallards was very

July/August 2023 Volume 11 Issue 4

Microbiology Spectrum

10.1128/spectrum.04351 22

7


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04351-22

Automated Differential Duck Blood Count

A B C o
0.96 0.86 0.77 uoj' 0.83
=l B | 3]
° i
o - o o
= ! o Iy
€ 8 o ! £ 3 =8
32 ] e 38 ° S ©
o © - ‘ : o g g«
- ' : i
2 17 b a8 o o
[5) ' ' o 2
£3 Ll g4 T Bl 84 - ;
€ O A L 20 ] ' bl c 2 s
s s " H : - g - -
< ' [T B Q | 1 . g !
= 4 ' '
' ! N o
DT i g OE i~
g+ L g1 I I T I gt 'tk Q
S - o = L =~ i I o+ =
S o4
2 Tox Ty, T\x '\\/ lQX IQ/ lAX '\\/ Tow  Tio '\\x IA/
GO RS S &
NN e e & AR PPN
group group group
D E F
0.87 0.92 0.91 0.92
o o
S o o °
=N ° S S -
- € ° 2o
o
= O ° 3 o go °
5 3 8 ol 2 8 o| © 98 -
8 @ e o T © T3 !
= = L T o o !
8g4 ~ . 7T ESl . = : Fg| e ; - T
& ! \ ! - g o ' ! - ) o 31 T I ' !
s : ' : ] g ¥ : ' g 8% : : :
] ! [} 1
3 5 g0 84 H
o o | H o |
- ; 817 : S ;
T YT I 714
o 4 = =
T x T/ T x T T x T, Tox T, T % LI T x T,
& & & SIS & & & &
N < & < Rl 6\?“ &?“ \V‘ & & &
group group group
G§_
Q 0.94
o o o
o
£ 3817 ° o
S - .
8 [}
o
e 38 T
2817 T 7T
o - : : : :
£ : : i
Q
e il Q o =
S o ;
= o - :
o) 1 : El
o
T T T T
X 4 ® 7/
LS S
X AN & Q&
group

FIG 4 Observed and estimated blood cell counts (cells/ul) for juvenile mallards grouped according to
AlV infection state and sex for thrombocytes (A), granulocytes (B), monocytes (C), B cells (D), CD4 T cells
(E), CD8 T cells (F), and lymphocytes (G). Observed counts are presented as box plots. The horizontal line
displays the median, the box includes the second and the third quantile, the whiskers include all values
within the 1.5 interquartile range, dots represent outliers, additionally the mean is presented as a blue
triangle. Count values were estimated using a linear model and are presented in orange. Dots display the
estimated mean, and vertical lines display the respective 95% credible interval (Crl) for each group on
the x axis. The estimated count values were extracted from the simulated values from the posterior
distributions of the group means of the linear model. Values above brackets show the certainty that the
mean in one group is larger than the mean of the other. Certainty values of >0.8 are reported in the
figure. The analysis is based on the observed blood cell counts of n = 131 juvenile mallards, including
n = 23 AIV positive males (mAIV+), n = 23 AIV positive females (fAIV+), n = 44 AIV negative males
(mAIV—), and n = 41 AIV negative females (fAIV—).

low, only blood cell counts from juvenile birds were used to determine whether AlV infec-
tion has an effect on WBC counts in mallards. Due to the shown sex effect on physiological
WBC counts, we performed a separate analysis for females and males.

Strikingly, almost all WBC populations in males were lower in AlV-positive birds,
while females showed no AlV-mediated decrease of WBC counts at all (Fig. 4; see also
Table S3 in the supplemental material). The strongest reduction was found for throm-
bocytes of male birds with an estimated mean of 35,407 (95% Crl, 31,253 to 39,543) in
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AlV-positive compared to 40,066 (95% Crl, 36,938 to 43,253) in AlV-negative birds
(certainty, >95%) (see Table S4 in the supplemental material). In contrast to the
reduced number of CD4 T cells in AlV-positive males, these cells were slightly increased
in AlV-positive females.

In contrast, granulocyte counts were increased in AlV-positive males and females.

We further investigated if there was an association between the quantitative reverse
transcriptase PCR (RT-qPCR) cycle threshold (C;) value (a proxy for viral titer) and the WBC
counts. None of the cell counts significantly correlated with the C; value (N = 46, P > 0.05,
Spearman’srho = 0.22 to 0.11) (see Fig. S6 in the supplemental material).

(iii) Association of body condition with age, sex, and infection status. We inves-
tigated if body condition differed between different groups of mallards in our study.
Juvenile females and males differed in their body condition, with females having lower
body condition than males (analysis of variance [ANOVA] [n = 116], F[3, 88] = 7.99, P = <
0.001, and Tukey'’s honestly significant difference [HSD] post hoc test ty.,, = 4.667, D), <
0.001) (see Fig. S7A in the supplemental material). In contrast, there was no difference
between infected and noninfected birds (two-sided t test; females [n = 64], t{50.51] = 1.01,
P =0.319, and males [n = 67], t[46.38] = 0.63, P = 0.532) (Fig. S7B). Likewise, no significant
correlation was detected between the C; value and body condition of the birds (N = 46,
P > 0.05, Spearman’s rho = 0.05 to 0.33) (Fig. S7). As no clear pattern was observed in
body condition between infected and noninfected birds, this factor was not included in
the main analysis.

DISCUSSION

Automated techniques developed for the determination of WBC counts, and differen-
tials are routinely used in human and veterinary medicine. Their application in avian medi-
cine has, however, been hindered by unique properties of avian blood cells (20). In contrast
to mammalian erythrocytes, avian erythrocytes are nucleated and resistant to common lysis
procedures involved in WBC differentials (21). In addition, while mammalian platelets can
be easily distinguished from the WBCs by their characteristic structure, this is not the case
for avian thrombocytes (the equivalent to mammalian platelets) (20). Therefore, labor-inten-
sive techniques, such as microscopy and manual counting are still routinely used in avian
medicine and research (22, 23). In this study, we established an automated differential
blood count for mallards using a combination of cell-specific monoclonal antibodies and
flow cytometry, as we did previously in chicken (14). The simple (no-lyse no-wash single-
step one-tube) flow cytometry-based technique allows researchers and clinicians a much
faster analysis of a large number of blood samples within hours. By evaluating the same
samples using microscopy and manual counting alongside the automated differential
blood count for mallards, we demonstrate that the cell numbers measured with each
method are within the same range and that flow cytometry is the most precise technology
so far for evaluating mallard blood samples.

Currently, our protocol allows for the quantification of mallard thrombocytes, gran-
ulocytes, monocytes, B cells, CD4 T cells, and CD8 T cells. We are aware of the fact that
for an unequivocal identification of cytotoxic and helper T cells, staining for CD4 and
CD8 should be combined with T cell receptor (TCR) or CD3 staining, as, e.g., in chicken,
some NK cells also express CD4 and CD8 (24, 25). But unfortunately, to date, we lack
antibodies against mallard TCR or CD3. However, in mammals and chicken, NK cells are
larger than nonactivated T cells and, hence, show slightly different FSC properties (14,
26). As our protocol includes additional FSC/SSC gating for small lymphocytes, we con-
sider it valid to address the identified CD4* and CD8*/BAFF-R cells as CD4 T cells and
CD8 T cells. If more cell-specific MAbs become available, the protocol can easily be
adjusted and could then, e.g., also include the quantification of natural killer cells or
allow for the discrimination between heterophils and eosinophils, which in contrast to
chickens, cannot be discriminated according to their scatter properties.

As we expect that one of the main applications of our protocol will be immune status
monitoring of wild mallards under field conditions, we evaluated the effect of stabilization

July/August 2023 Volume 11 Issue 4

Microbiology Spectrum

10.1128/spectrum.04351 22

9


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04351-22

Automated Differential Duck Blood Count

of whole-blood samples using a fixative reagent. Our results show that stabilized samples
can be stored up to a week without any major changes occurring in the WBC composition.
This means that samples can be collected in the field, stabilized, and shipped to a reference
laboratory for further analysis. Throughout our project, we did, however, notice that duck B
cells are very fragile. They often did not survive fixation and shipment, lost typical scatter
properties, and were found among the population of small cells, which in unfixed samples
is partially composed of dead cells. However, as long as only debris and no intact cell is
excluded from analysis, getting a differential count including B cells from fixated samples is
still possible.

To monitor the immune status of mallards and to detect deviations from a “normal”
state, baseline information for WBC counts from healthy mallards is required. So far,
only a limited number of studies reporting WBC counts from mallards are available,
and they often report results from a small number of individuals due to the quantity
limitations of the labor-intensive microscopy technique (12, 27-29). We therefore
determined the baseline information for WBC counts from wild AlV-negative mallards
using the newly developed flow cytometry protocol.

We compared the WBC counts from AlV-negative mallards with counts from other
bird species where flow cytometric analysis methods have been established. While the
mean count for most mallard WBC populations was within the reported range for tur-
keys (Meleagris gallopavo) (30) and similar to the mean counts in chicken (14), we
observed a wider range of granulocyte counts and a lower number of monocytes in
the mallards. This observation may be explained by higher individual variation in wild
populations compared to the domesticated turkeys or an ongoing infectious disease
(other than AIV) or a small injury (which was screened for but may have remained
undetected during catching) in the mallards.

The high individual variation observed in the wild mallards was expected, as factors
that may impact WBC counts (i.e., life history and migratory behavior) could not be
determined for each bird. In fact, studies of wild animals are complex due to the large
number of intrinsic and extrinsic factors that cannot be accounted for, unlike experi-
mental studies. As sex and age affect the functions of the immune system (reviewed in
references 17 and 18), we accounted for these factors in our study. To further account
for individual variation in host physiology, we calculated the body condition of each
individual and compared it between mallards of different age, sex, and infection status.
Body condition differed between juvenile males and females but not between AIV-pos-
itive and -negative birds. As body condition mainly correlated with sex, we did not
include this factor in our analysis. Further studies are required to investigate the effect
of intrinsic and extrinsic factors on WBC counts in mallards.

The immune system is known to experience profound changes with aging (reviewed in
reference 17), and indeed, we found higher numbers of all types of lymphocytes in juvenile
birds compared to adult mallards. In males, we further observed a higher number of mono-
cytes in juveniles than in adults. The observed decrease of B cells and T cells with age in
mallards is reflective to age-related atrophies of the avian primary lymphoid organs, the
bursa of Fabricius and the thymus (31, 32).

As a growing body of literature shows that females and males differ in their immu-
nity (reviewed in reference 18), we tested for a potential sex effect on WBC counts.
Interestingly, we observed a strong effect of sex in the baseline blood cell count in ju-
venile mallards with males having higher lymphocyte counts than females. In adult
mallards, the only observed difference was for monocytes, where females had a slightly
higher number of cells than males. Our results for adult mallards are in line with a pre-
vious study that did not find major sex differences between the ratio of WBCs in adult
mallards (12). It is important to note, however, that the blood samples used in our
study were collected outside the breeding season. As sex hormones play an important
role in the transcriptional regulation of the immune system (33), sex differences are
likely to be most pronounced during the breeding season (34). While a detailed investi-
gation of seasonal differences of WBC counts in mallards was outside the scope of this
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study, our automated differential blood count for ducks facilitates such studies in the
future.

Finally, we tested whether LPAIV infection had an effect on the WBC counts in wild mal-
lards. Thirty-five percent of juvenile mallards in this study tested positive for AlV infection,
including 35% of the male juveniles and 36% of the female juveniles, thus giving no indica-
tions that juvenile females and males differ in their exposure to AlV. While determining the
subtype of the AlV-positive samples was outside the scope of this study, a long-term study
monitoring AlV at the same location detected a wide range of AlV subtypes in mallards, of
which all were low pathogenic (35). It is, therefore, likely that the AIV-positive samples
detected in this study were of low pathogenicity.

Notably, we observed lower numbers of all types of lymphocytes in AlV-positive
males. A reduction of lymphocytes in the blood (lymphocytopenia) is common during
subclinical infections such as the common cold or the flu and has been found to be an
early and reliable laboratory finding of adult influenza A in humans (36, 37). Likewise,
evidence of lymphocytopenia has been observed during asymptomatic infection in the
Marburg virus reservoir, the Egyptian rousette bat (38). At least in male mallards, lym-
phocytopenia may thus be an indicator of subclinical AlV infection. Interestingly, no
signs of lymphocytopenia were observed in infected female mallards. Instead, the
number of CD4 T cells was higher in AlV-positive females than in AlV-negative females.
This observation may be a result of the effect of sex hormones on the activity and dis-
tribution of CD4 T cell subsets in females and males (18). To further explore this possi-
bility, we propose to quantify sex hormones and to characterize the T helper 1/T helper
2 cytokine response in infected mallards in combination with our protocol in future
studies. Further, it would be helpful to screen the individuals for more than one patho-
gen in follow-up studies.

The only cell population that had a higher abundance both in AlV-positive females and
males was granulocytes. Avian granulocytes include heterophils, a counterpart to the
mammalian neutrophil, as well as basophils and eosinophils. In birds, heterophils are the
most numerous granulocytes in circulating blood, and they play a critical role in the initial
replication and dissemination of highly pathogenic AlV (39). To definitely determine if the
observed increase in granulocyte counts in mallards is due to an increase in heterophils,
further development of the technique to differentiate between the different types of gran-
ulocytes is required, but due to the reported low number of eosinophils and basophils, it is
very likely. Still, our study indicates that elevation of blood circulating granulocytes could
be a sign of AlV infection in, at least, juvenile mallards.

Finally, a decrease of thrombocytes was observed in AlV-infected males. While thrombo-
cytes have long been known to be involved in hemostasis and wound repair, an increasing
body of literature now shows that they have roles in inflammation and immunity (40). In
humans and chicken, severe illness with high pathogenic AIV have been associated with
thrombocytopenia (decrease in thrombocytes) (41, 42). Our results and protocol may help to
improve our understanding of the importance of thrombocytes in AlV infection in mallards.

Cycle threshold (C;) values obtained from RT-qPCR analyses indicate how much viral
genetic material is in a sample and can thus be used as a proxy for viral titer. Using the
C; value of all AlV-positive juveniles, we investigated whether number of WBCs corre-
late with viral titer in mallards. Overall, none of the cell counts strongly correlated with
the C; value. In this study, C; value was thus not a good indicator for the strength of
immune response in individual birds. When looking at individual birds, the five birds
with the lowest C; value (indicating higher viral quantity) had relatively low CD8 T cell,
B cell, and lymphocyte counts. This suggests that individuals with a particularly high vi-
ral titer may show stronger signs of lymphocytopenia. Additional studies are required
to better understand the effect of viral titer on WBC counts in mallards.

To our knowledge, this is the first high-throughput technology for estimating WBC
counts in mallards. Our study provides the first reference values for absolute cell num-
bers for a wide range of WBCs in wild mallards of different age, sex, and LPAIV infection
status. As blood samples can easily be retrieved from wild as well as domesticated
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mallards, our protocol can be used for a wide range of applications, including monitoring
immune status and diseases. As stress has been shown to alter the composition of WBCs
in birds (43), the protocol can further be used to improve our understanding of the role of
stress in wild populations, for example in relation to changing environments or breeding
seasons. Due to the demonstrated cross-reactivity of some components between
Galliformes and Anseriformes, it is likely that our protocol can also be applied to closely
related species, and as the described method to generate a species-specific pan-leukocyte
marker is applicable for every bird species, it can be modified for a wide range of species.

In conclusion, we present a technique that enables simple, rapid, and accurate high-
throughput immune status monitoring in an important host of avian influenza virus (AIV),
the mallard. By applying our protocol in wild individuals from a well-studied population in
southern Sweden, we present the first absolute count baseline information for a number
of WBC populations in this species. We show that age has an effect on the baseline blood
cell count in mallards, as does sex in juvenile mallards. Interestingly, our results show that
naturally infected mallards do not exhibit a strong immune response to LPAIV infection.
This result is in agreement with those from previous studies in mallards and can likely be
explained by the long-term coevolution between mallards and LPAIV (6, 22). Nevertheless,
we identified a phenotype that may be used to identify AlV-infected mallards, namely, an
increased number of granulocytes in females and males as well as a decrease in lympho-
cytes and thrombocytes and in males. This could be tested experimentally with a single
pathogen. Our results give important insight to the interplay of LPAIV with the immune
system of mallards and provide a tool to further investigate the immune response in an im-
portant reservoir host of zoonotic viruses.

MATERIALS AND METHODS

Establishment of the mallard differential blood count protocol. (i) Collection and processing of
blood samples. We used surpluses from diagnostic blood samples from captive male and female mallards
(aged between 6 weeks and 2 years) housed in outdoor aviaries at the Max Planck Institute for Ornithology in
Radolfzell, Germany. The individuals were born in captivity but were of the third or fourth generation of wild
mallards. Blood samples were collected from the wing vein (V. cutanea ulnaris) and immediately placed in K3
EDTA coated tubes (Sarstedt, Niimbrecht, Germany). When indicated, duck peripheral blood mononuclear cells
(PBMCs) were separated by density gradient centrifugation on Biocoll solution (Merck, Darmstadt, Germany).
Fixation of blood samples was obtained by the addition of TransFix reagent (Cytomark, Buckingham, UK)
according to the manufacturer’s instruction. Unfixed blood samples were kept at room temperature (RT) and
processed within 4 h after blood collection. To prepare blood smears, we placed 5 uL of whole blood in EDTA
on a microscope slide and used the wedge smear technique as described in Seliger et al. (14).

(ii) Antibodies. Our method is based on a combination of available duck specific MAbs (anti
duCD8 1 and anti duCD4 1), a new cross reacting chicken MAb (anti chBAFF R, 2C4), and two newly
generated duck specific MAbs (2G3 and 4A12).

Mouse anti duck CD4 (clone duCD4 1; IgG1) and mouse anti duck CD8« (duCD8 1; IgG2b) were gener
ated as described previously (15) and are commercially available from Bio Rad GmbH (Puchheim, Germany).

For the generation of an anti chBAFF (B cell activating factor of the tumor necrosis factor [TNF] family)
receptor antibody, we prepared a chBAFF R GFP expressing plasmid by amplifying the chBAFF R (TNFRSF
130) sequence (GenBank accession number NM 001037828; GenelD 417983) from bursa cDNA using for
ward primer 5’ATGCAGGAGCGCTCGGCCATGGC 3’ and reverse primer 5'GCAGTCTCTCCTCACCCATA
CACTC 3'. The PCR product was ligated into pcDNA 3.1/CT GFP TOPO (Thermo Fisher Scientific, Waltham,
USA), and HEK293 cells were stably transfected and selected for green fluorescent protein (GFP) fluorescence.
A BALB/c mouse was immunized three times with HEK293 BAFF R GFP. Murine spleen cells were fused to
SP2/0 Ag14 cells, and supernatants of resulting hybridomas were tested by flow cytometry on transfected
and untransfected HEK293 cells and primary chicken cells. The selected hybridoma 2C4 is an IgG1 antibody.
Figure S3 in the supplemental material demonstrates specific binding of 2C4 to mallard B cells.

To generate additional monoclonal antibodies against mallard WBCs, a BALB/c mouse was immu
nized three times intraperitoneally with 1 x 10® mallard PBMCs in phosphate buffered saline (PBS)
(authorized by the Regierung von Oberbayern; experimental number 55.2 1 54 2532.0 60 2015). Three
days after the second boost, murine spleen cells were fused to SP2/0 Ag14 hybridoma cells. Specificity
of resulting hybridomas was examined by flow cytometry using undiluted hybridoma supernatants and
goat anti mouse IgG FITC (Sigma Aldrich, USA; 1:200) on mallard PBMCs.

We identified MAb 4A12 (IgG1), which recognizes mallard lymphocytes (T cells and B cells), granulo
cytes, and monocytes and thus can be used as a duck pan leukocyte marker (see Fig. S1 in the supple
mental material). We further identified MAb 2G3, (IgG1) which strongly binds to duck thrombocytes (see
Fig. S2A in the supplemental material).

Selected MAbs were purified by affinity chromatography using Protein G Sepharose, Fast flow (Merck,
Darmstadt, Germany), and conjugated to fluorescein isothiocyanate (FITC), R PE, PerCP Cy5.5, APC, and APC
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Cy7 using the LYNX rapid antibody conjugation kit (Bio Rad AbD Serotec GmbH, Puchheim, Germany) follow
ing the manufacturer’s instructions (Table 1).

(i) Flow cytometry and cell sorting. All flow cytometric measurements were performed within
90 min post staining using a FACSCanto Il (Becton, Dickinson, Heidelberg, Germany), and data were ana
lyzed using FACSDiva (Becton, Dickinson, Heidelberg, Germany) and FlowJo (FlowJo LLC, OR, USA) soft
ware. For absolute quantification, at least 10,000 Trucount beads were detected in each sample. The
absolute numbers of individual cell populations were calculated using the following equation:

cells counted total number of beads per tube absolute cell count

beads counted _blood volume per tube (uL) pnLblood

Purification of cell populations from stained full blood samples was performed using a FACSArialllu
with FACSDiva software.

(iv) Cytospins. To obtain cytospin specimens from sorted cell samples, a 200 uL cell suspension was
centrifuged on a glass slide, air dried, fixed with methanol, and subjected to Diff Quik staining (Medion
Diagnostics, Diidingen, Switzerland).

(v) Flow cytometry based WBC quantification protocol for mallard blood samples. Staining of
full blood samples for flow cytometric analysis was essentially performed according to the no lyse no
wash single step one tube described for chicken blood by Seliger et al. (14). Briefly, directly conjugated
antibodies were all diluted together in staining buffer (PBS, pH 7.2, 1% bovine serum albumin [BSA],
0.1% NaN,). Twenty microliters of the EDTA blood was diluted with 980 uL staining buffer, and 50 uL of
the diluted blood sample were then mixed with 20 uL of the antibody mixture in a BD Trucount tube
(BD, Heidelberg, Germany). After 45 min of incubation in the dark at RT, 300 uL staining buffer was
added, and samples were kept on ice until measurement. In order to reduce measurement errors and to
ensure precise pipetting, reverse pipetting was used for all steps.

(vi) Microscope based WBC quantification for mallard blood samples. To validate our flow
cytometry protocol, blood samples from three individuals were analyzed in parallel by flow cytometry
and microscope based analyses, and the obtained absolute numbers of WBC subpopulations were com
pared. Staining of nonfixed, airdried blood smears and analyses by oil immersion light microscopy were
performed by PendlLab, Switzerland, a commercial laboratory specialized in hematology, cytology, and
histology in birds and reptiles. Absolute leukocyte and thrombocyte numbers were generated by the
modified (44) estimation method (45) described in reference 14.

While the flow cytometry protocol can distinguish thrombocytes, granulocytes, monocytes, B cells, CD4*
T cells, CD8* T cells, and lymphocytes (sum of B cells and CD4* and CD8™ T cells), the microscopical analyses
discriminates heterophils, eosinophils, basophils, monocytes, and lymphocytes. To allow for comparison of
both techniques, we added up the number of eosinophils and heterophils from the microscope based analy
sis to compare granulocyte numbers, and the number of B cells, CD4" T cells, and CD8™" T cells from the flow
cytometry based WBC differential to get comparable measures for lymphocytes.

To compare the specificity of our flow cytometry protocol with the microscopy technique, a fresh
EDTA blood sample was analyzed in five replicates using both methods, and mean, standard deviation,
and coefficient of variation (COV) for granulocytes, lymphocytes, and monocytes were determined for
each method separately.

(vii) Blood sample stabilization. To establish the staining protocol, all EDTA blood samples were
stained and analyzed within hours upon blood withdrawal. As this may not be possible under field con
ditions, we estimated the effect of fixation and storage on obtained cell numbers in mallards. Blood sam
ples from four birds were therefore split into three aliquots and either analyzed immediately after blood
withdrawal or stabilized and analyzed after 2 and 7 days of storage. For stabilization, EDTA blood sam
ples were mixed with TransFix reagent (Fisher Scientific, Schwerte, Germany) according to the manufac
turer’s instructions and stored at 4 to 8°C. Until fixation, samples were stored on a roll mixer at RT.

Field application of the differential blood count. (i) Sample collection in a wild mallard popula
tion. To test the WBC count applicability under field conditions, we collected blood samples during
autumn migration at Ottenby Bird Observatory (56°13’N, 16°27'E), an important stopover site for migrat
ing birds in Northern Europe. At the study site, wild mallards are captured daily from April to December
in a duck trap, which houses a few sentinel mallards (for details, see 46). Out of the 176 collected blood
samples, six samples were excluded due to failed anti CD8 staining (likely caused by CD8 polymor
phisms), and samples from three mallards were excluded due to low quality (thrombocyte cell counts of
<20.000, which suggests blood clotting).

From all birds, age, sex and body condition were determined, and AlV infection status was analyzed
in cloacal swabs taken at the time of blood sampling. The sex and age of all mallards included in this
study were determined based on the guide from Andersson et al. (47). After age determination, ringing,
sexing and sampling, all ducks were released in the trap’s vicinity. For this study, we analyzed blood and
fecal/cloacal samples from 176 mallards captured between 26 October and 20 November 2019.

Blood and fecal sampling was approved by Linkdpings djurférsoksetiska namnd (2017 1068).

(ii) Avian influenza virus screening of fecal samples. To collect fecal or cloacal swabs for virus detec
tion, the ducks were placed in a single use cardboard box for one to 3 h. Fecal material in the boxes was col
lected using a sterile, cotton tipped applicator. If no feces were obtained, cloacal swabs were taken. Material
was immediately placed in virus transport medium (Hanks’ balanced salt solution containing 0.5% lactalbu
min, 10% glycerol, 200 U/mL penicillin, 200 wg/mL streptomycin, 100 U/mL polymyxin B sulfate, 250 wg/mL
gentamicin, and 50 U/mL nystatin; Sigma) and stored at —80°C within 1 to 4 h after collection.

Detection of influenza A virus (IAV) in fecal samples was performed as described previously (48). Briefly,
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viral RNA was isolated using the MagNA Pure 96 nucleic acid purification system (Roche, Mannheim,
Germany) and MagNA Pure 96 DNA and viral nucleic acid large volume kit (Roche) following manufacturer’s
recommendations. Prior to extraction, the virus transport medium samples were diluted 1:4 with PBS. The
samples were examined for viral RNA using a quantitative reverse transcriptase PCR (RT qPCR) assay targeting
the influenza matrix gene with the One Step RT PCR kit (Qiagen, Hilden, Germany), as described previously
(49). Samples were considered to be IAV positive when viral RNA was detected within 40 amplification cycles.

(iii) Statistics for the effect of age, sex, and AlV infection on WBC counts. To determine baseline
blood cell count values for mallards, and to investigate possible effects of age, sex, and AlV infection on WBC
counts, we used linear models in a Bayesian framework. For these analyses, the mallards were divided into
four groups (juvenile males [Jm], juvenile females [Jf], adult females [Af], and adult males [Am]).

To investigate a possible influence of age and sex on the numbers of WBC subpopulations, a linear
model with the total cell counts as dependent variable and age, sex, and the two way interaction of age
and sex as fixed factors was used. All 116 AlV negative individuals were used for this analysis (Table 2).

The influence of an AlV infection on WBC counts was analyzed with a linear model with the total cell
count as dependent variable and sex, AlV infection, and the two way interaction of sex and AlV infection
as fixed factors. As the majority of the AIV positive mallards were juveniles (n Jm = 23, Jf = 23) (Table 2),
we only included juveniles in this second model. Both models were run using the function “Im” of the
package “stats” in R software 3.6.1 (50).

To obtain the posterior distribution, we simulated 10,000 values from the joint posterior distribution
of the model parameters using the function “sim” of the package “arm” (51). The means of the simulated
values from the joint posterior distribution of the model parameters were used as estimates, and the
2.5% and 97.5% quantiles as lower and upper limits of the 95% credible intervals (Crl).

For pairwise comparison between different groups, we calculated the posterior probability (cer
tainty) of the hypothesis that the group mean of one group is larger than the group mean of the other
group. We considered an effect to be significant if the certainty of being larger was >0.95 and an effect
to be a trend if the posterior probability of being larger was >0.75.

We used a Spearman rank correlation analysis to investigate if the viral RT gPCR C; value correlated
with the WBC count of the individual birds.

(iv) Association of body condition with age, sex, and infection status. To investigate if body con
dition (body weight/wing length) differed between mallards of different age and sex, we performed an
ANOVA and a Tukey post hoc test for pairwise means comparison. To test if body condition differed
between infected and noninfected mallards, we used a two sided t test. To test if the viral RT gPCR C;
value correlated with the body condition of the individual birds, we further used a Spearman rank corre
lation analysis.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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