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Previous studies on the immune system of water buffalo (Bubalus bubalis) using cross-reactive monoclonal an-
tibodies (mAbs) revealed significant similarities and differences to the bovine immune system. Herein, we extend
these studies and document the pattern of expression of CD14, CD16, CD163 and CD172a on buffalo leukocytes
using a set of cross-reactive mAbs that are known to recognize conserved epitopes within orthologous molecules
in cattle, sheep and goats. Buffalo leukocytes were isolated and subjected to mAb labelling for flow cytometry.
Single color flow cytometry confirmed mAbs recognition of buffalo orthologues of CD14, CD16, CD163 and

CD172a, and revealed consistent patterns of expression similar to that reported in other ruminants. Multicolor
flow cytometry revealed that buffalo CD14 " monocytes uniquely co-express CD16, CD163 and CD172a, whereas
buffalo granulocytes co-express CD16 and CD172a. This study expands mAbs available to define and study the
buffalo monocytes, and also extends information available on the unique features of the buffalo immune system.

1. Introduction

Infectious disease control in water buffalo (Bubalus bubalis) is lar-
gely dependent on tools of bovine preventive medicine, including
vaccines and therapeutic regimes. This strategy is employed due to the
fact that both species are exposed to a similar spectrum of infectious
agents, including brucellosis, tuberculosis, rinderpest and piroplasmosis
(Borghese, 2005), and it is assumed that the immune systems of buffalo
and cattle are not significantly different. However, recent comparative
immunological studies provide evidence that the immune systems of
various animal species are similar but not identical (Bailey et al., 2013;
Davis and Hamilton, 1998; Elnaggar et al., 2018; Grandoni et al., 2017;
Jungi et al., 2010), and thus, this approach to water buffalo preventive
medical care should be re-examined.

Studies of the immune system of water buffalo are extremely lim-
ited, and scant progress has been made in the elucidation of protective
immune mechanisms to infectious diseases in buffalo. This paucity of
data is attributable mainly to the limited availability of monoclonal
antibody (mAb) reagents needed to study the immune responses in

buffalo. As part of our mission to circumvent these limitations and
enhance buffalo immunology research, we conducted a previous study
in which we screened a large panel of mAbs known to recognize highly
conserved epitopes within orthologous CD molecules in cattle, sheep
and goats for cross-reactivity with buffalo leukocytes. That study vali-
dated a large set of cross-reactive mAbs with buffalo CD molecules, and
demonstrated expression patterns consistent with those observed in
other ruminants (Grandoni et al., 2017).

Herein, we extend this work in a limited study to 1) Document the
pattern of expression of CD14 and CD172a molecules on buffalo leu-
kocytes using mAbs previously shown to be cross-reactive with buffalo
CD14 and CD172a, 2) Determine whether mAbs to CD16 and CD163
that recognize conserved epitopes within bovine, ovine and caprine
orthologues also cross-react with buffalo CD16 and CD163, and 3) Use
these mAbs in multicolor flow cytometry to determine co-expression
patterns of these CD molecules on buffalo leukocytes.
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2. Materials and methods
2.1. Animals and mAbs

Six healthy, adult buffalo were enrolled in the present study. Three
water buffalo were used in the study conducted at Alexandria
University, Egypt, where all protocols and procedures were approved
and guided by Alexandria University animal care and use guidelines.
The other three buffalo were Italian Mediterranean River type, and
were used in the study conducted at CREA-ZA, Italy. These animals
were treated in compliance with the animal testing regulations estab-
lished under Italian law. All primary mAbs utilized in this study are
listed in Table 1.

2.2. Preparation of leukocytes, labelling of cells and flow cytometry

Blood was collected via jugular venipuncture into vacutainer tubes
containing sodium heparin (BD, USA). White blood cells (WBCs) were
harvested after lysis of red blood cells (RBCs) using tris-buffered am-
monium chloride (0.87% w/v, pH 7.2). Leukocytes were washed in
phosphate buffered saline (PBS, pH 7.2), counted, re-suspended in first
wash buffer (FWB: PBS containing 0.01% w/v sodium azide, 0.02% v/v
horse serum), and processed for flow cytometry (FC) labelling.

Cell labelling was conducted as previously described (Elnaggar
et al., 2015; Park et al., 2016). In brief, the cells were incubated with
mAbs (0.75 ug/lO6 cells of each mADb) for 15min at 4 °C in the dark.
Cells were then washed twice using FWB and re-suspended in 100 pL of
goat anti-mouse isotype-specific secondary mAbs as follow; 1:1000
Alexa Fluor 647 anti-mouse IgG1l, 1:400 PE-Cy5.5 anti-mouse IgG2a
and 1:200 PE anti-mouse IgM. Cells were incubated for 15 min at 4 °C in
the dark, and washed twice using second wash buffer (the same as FWB
but without horse serum). After the final wash, cells were re-suspended
in PBS-buffered 2% formaldehyde and refrigerated until examined by
FC.

Cells were collected on BD FACScalibur (BD, USA) and Cytoflex
(Beckman Coulter, USA) flow cytometers. Cells were visualized in for-
ward vs side light scatter (FSC vs SSC), and color coded to distinguish
the regions containing lymphocytes (red), monocytes (blue), and
granulocytes (green) for analysis in SSC vs fluorescence (Supplementary
Fig. 1). At least 2 x 10° cells were collected from each sample. Data
was analyzed using FCS Express software (De Novo software, USA).

3. Results and discussion

Comparative studies have shown that major histocompatibility
(MHC) and CD molecules are largely conserved in structure, function
and their pattern of expression on leukocytes across animal species
(Davis et al., 1995; Davis and Ellis, 1991; Davis and Hamilton, 1998;
Davis et al., 1987; Naessens et al., 1993). This conservation has fa-
cilitated leukocyte characterization in less well-studied species using FC
with cross-reactive mAbs (Davis et al., 2007; Davis and Hamilton, 2008;
Davis et al., 2000, 2001; Grandoni et al., 2017; Rees et al., 2017). In a
recent study conducted by our group, we exploited this phylogenic
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conservation of the structure and function of orthologous CD and MHC
molecules among ruminant species to identify a panel of mAbs cross-
reactive with buffalo MHC and CD molecules, and used these mAbs to
characterize buffalo lymphocyte subsets in young, adult and aged
buffaloes (Grandoni et al., 2017). The study revealed similarities and
differences in the expression of CD molecules observed in buffalo and
cattle.

Herein, we extend our work in a limited study to validate cross-
reactivity of mAbs to CD16 and CD163 with buffalo and document the
expression pattern of CD14, CD16, CD163 and CD172a on buffalo
leukocytes using cross-reactive mAbs known to recognize conserved
epitopes within bovine, ovine, and caprine orthologues. A mAb was
considered cross-reactive if the observed labeling pattern on buffalo
leukocytes was identical to the pattern noted in other ruminants for a
given molecule.

CD172a (signal regulatory protein-a, SIRP) is a well-known marker
for cells of myeloid origin, including granulocytes, monocytes, macro-
phages and dendritic cells. A CD172a specific mAb (DH59B), known to
recognize a conserved epitope across a wide range of animals, including
cattle, sheep, goats (Saalmuller et al., 2005) and buffalo (Grandoni
et al., 2017) was used to determine the pattern of CD172a expression on
buffalo leukocytes. Flow cytometric analysis revealed expression of
CD172a on buffalo granulocytes and monocytes (Figs. 1A and 2 A),
identical to that observed in cattle, sheep and goats (Corripio-Miyar
et al., 2015; Elnaggar et al., 2016; Hussen et al., 2013).

For CD14, the definitive marker of monocytes (Goyert et al., 1986),
a caprine-specific mAb (CAM66A) known to recognize a CD14 epitope
conserved across ruminant species, including buffalo (Elnaggar et al.,
2016; Grandoni et al., 2017), was used. Analysis showed CD14 is ex-
pressed only on buffalo monocytes (Figs. 1B and 2 A-C). This is similar
to what has been reported in cattle (Corripio-Miyar et al., 2015;
Elnaggar et al., 2016; Hussen et al., 2013), but differs from sheep and
goats, in which CD14 is expressed on both monocytes and granulocytes
(Elnaggar et al., 2016).

CD163 (refers to CD163A, and previously known as M130 and he-
moglobin scavenger receptor) is the prototypic member of CD163 fa-
mily of molecules, a well-known subset of the scavenger receptor cy-
steine-rich (SRCR) superfamily (Graversen et al., 2002; Herzig et al.,
2010; PrabhuDas et al., 2017). CD163 is a receptor for haptoglobin-
hemoglobin complexes, and is expressed on monocytes, macrophages,
and a subpopulation of hematopoietic progenitor cells (Graversen et al.,
2002; Herzig et al., 2010; PrabhuDas et al., 2017). Three bovine-spe-
cific mAbs (LND5A, LND37A and LND68A) known to recognize epi-
topes conserved in bovine, ovine and caprine CD163 (Elnaggar et al.,
2016) also recognized the buffalo CD163 orthologue. In buffalo per-
ipheral blood leukocytes, CD163 was only expressed on monocytes
(Figs. 1C, and 2 B and D). The pattern of CD163 expression on buffalo
monocytes matches expression observed on cattle, sheep, and goat
monocytes (Elnaggar et al., 2016). Of note, the nomenclature for the
broad group of molecules defined as scavenger receptors has been re-
vised with a new consensus definitive classification, including CD163
family of molecules (PrabhuDas et al., 2017).

CD16 is known as low-affinity IgG receptor III (FcyRIII), and is

Table 1
List of mAbs used in this study, their specificity, isotype, sources, primary species specificity and reactivity with Egyptian and Italian lineages of buffalo.
mADb clone Specificity Isotype Source Primary species specificity Egyptian buffalo Italian buffalo Reference
CAM66A CD14 IgM WSUMAC, USA Caprine + + Grandoni et al. (2017)
KD1 CD16 1gG2a Bio-Rad Antibodies Human + + This report
LND68A CD163 1gG1 WSUMAC, USA Bovine + + This report
LND37A CD163 IgG1 WSUMAC, USA Bovine NT + This report
LNDSA CD163 IgG1 WSUMAC, USA Bovine NT + This report
DH59B CD172a 1gG1 WSUMAC, USA Multiple species® + + Grandoni et al. (2017)

NT = not tested, WSUMAC = Washington State University Monoclonal Antibody Center.
2 Indicates the mAD is reactive to a wide arrange of animal species, all the listed antibodies are mouse mAbs.
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Fig. 1. Representative dot plot profiles of Egyptian buffalo leukocytes labeled with the mAbs indicated and CD molecule. The leukocytes were gated according to FSC
vs SSC and color coded; lymphocytes as red, monocytes as blue and granulocytes as green. The FC profiles show the indicated mAbs recognize orthologues of CD172a

(A), CD14 (B), CD163 (C), and CD16 (D).

expressed in two distinct forms: CD16A and CD16B. CD16A (FcyRIIIA)
is expressed on the surface of NK cells, a subset of T-cells, monocytes
and macrophages, whereas CD16B (FcyRIIIB) is expressed on granulo-
cytes (Ravetch and Kinet, 1991). One human specific mAb to CD16
(KD1), known to recognize both CD16A and CD16B, was utilized in this
study based on findings that it identifies CD16 in a range of species,
including cattle (Boysen et al., 2008), sheep (Elhmouzi-Younes et al.,
2010) and goats (Elnaggar et al., 2016). Analysis revealed CD16 is
expressed on buffalo granulocytes, monocytes (Figs. 1D and 2 C-D), NK
cells (Supplementary Fig. 2) and a subset of CD14~ (Fig. 2C) and
CD335" cells (Supplementary Fig. 2). Further characterization of the
latter subset was not possible. This expression pattern differs from that
observed in cattle, sheep and goats. In cattle, CD16 is only expressed on
a subset of monocytes (Corripio-Miyar et al., 2015; Elnaggar et al.,
2016; Hussen et al., 2013) and on NK cells (Boysen et al., 2008), in
sheep, CD16 is expressed on granulocytes (like goats, and buffalo as
reported here), a subset of monocytes (Elnaggar et al., 2016), and NK
cells (Connelley et al., 2011; Elhmouzi-Younes et al., 2010), in goats,
CD16 is expressed on granulocytes, monocytes (Elnaggar et al., 2016),
and on NK cells (personal observation).

Multicolor FC analysis of buffalo leukocytes revealed that buffalo
monocytes identified based on expression of CD14 co-express CD16,
CD163 and CD172a (Fig. 2A-C), which is similar to the monocyte
phenotype reported in goats (Elnaggar et al., 2016) and dolphins
(Elnaggar et al., 2017), but different from cattle and sheep (Corripio-

Miyar et al., 2015; Elnaggar et al., 2016; Hussen et al., 2013). Studies
have shown that bovine monocytes are a complex population that co-
expresses CD14, CD163 and CD172a, with three subsets distinguished
based on the differential expression of CD14 and CD16. These monocyte
subsets are referred to as classical (cM) CD14" * CD16~, intermediate
(intM) CD14** CD16™", and non-classical (ncM) CD14* CD16**
(Corripio-Miyar et al., 2015; Elnaggar et al., 2016; Hussen et al., 2013).
Studies conducted to define functions of these monocyte subsets re-
vealed they share many functional homologies with human monocyte
subsets (Hussen et al., 2013). The bovine cM subset exhibits the highest
phagocytic capacity, while the intM subset produces abundant in-
flammatory cytokines and reactive oxygen species (Hussen et al., 2013).
The function of ncM is not fully described. Studies conducted in sheep
showed their monocytes co-express CD14, CD163 and CD172a with two
subsets distinguished based on the differential expression of CD14 and
CD16, CD14" * CD16~ and CD14** CD16* * (Elnaggar et al., 2016).

In this study, we also found that buffalo granulocytes co-express
CD172a and CD16 (Fig. 2 A, C and D), which is different from the ex-
pression pattern reported in cattle, sheep and goats. In cattle, granu-
locytes express CD172a (Elnaggar et al., 2016), whereas sheep and goat
granulocytes co-express CD14, CD16 and CD172a (Elnaggar et al.,
2016).

It is clear from this study and others that the immune systems of
different ruminant species are similar, but not identical (Bailey et al.,
2013; Davis and Hamilton, 1998; Elnaggar et al., 2018; Grandoni et al.,
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Fig. 2. Multicolor FC on Egyptian buffalo leukocytes. The leukocytes were gated according to FSC vs SSC and color coded; lymphocytes as red, monocytes as blue and
granulocytes as green. The FC profiles show buffalo CD14* monocytes co-express CD16, CD163 (using LND68A mAb), and CD172a (A-C), whereas granulocytes co-

express CD16 and CD172a (A, C and D).

2017; Jungi et al., 2010). The similarities and differences in the ex-
pression of different CD molecules and cytokines likely accounts for the
differential function of each cell population and subsets, and conse-
quently, the development and regulation of immune responses to pa-
thogens. One unique feature of buffalo immune system that has
emerged from our previous study, is the co-expression of CD8 on WC1 *
vy T cells when compared to expression in cattle (Grandoni et al.,
2017). Herein, we are extending these unique features, unlike cattle
monocytes, all buffalo monocytes co-express CD16. The CD16 as low
affinity FcyRIII is an activating receptor with an essential role in
innate immunity, where it facilitates phagocytosis and acts as a lysis
receptor, mediating direct NK cell cytotoxicity, and NK cell and
monocyte-mediated antibody-dependent cellular cytotoxicity (ADCC)
(Mandelboim et al., 1999). A recent study showed that CD16 is indis-
pensable for ADCC mediated by human monocytes (Yeap et al., 2016).
In this study, CD16 ", but not CD16 ~, monocytes exerted ADCC against
antibody-coated target tumor cell lines and virus-infected cells (Yeap
et al., 2016). The study also revealed that ADCC mediated by CD16*
monocytes requires TNF-a secretion (Yeap et al., 2016). Given the
CD16 expression pattern on buffalo leukocytes, future studies to de-
termine the role of these CD16™" cells in the buffalo immune response
are warranted, and are now possible due to the discovery of new re-
agents.

In conclusion, we have validated mAbs cross-reactive to buffalo
CD16 and CD163, and documented the pattern of expression of CD14,

CD16, CD163 and CD172a on buffalo leukocytes showing the unique
features of buffalo monocytes. This set of mAbs will prove useful to
study buffalo monocytes, and opens the way for future studies on the
innate immune system of buffalo.
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