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ABSTRACT The chicken MHC has been associated
with disease resistance, though the mechanisms are not
understood. The functions of macrophages, critical to
both innate and acquired immunity, were compared
between the more infectious bronchitis virus-resistant
B2 and the more infectious bronchitis virus-susceptible
B19 lines. In vivo peripheral blood concentrations of
monocytes were similar in B2 or B19 homozygous hap-
lotypes. Peripheral blood-derived macrophages were
stimulated with poly I:C, simulating an RNA virus, or

IFN~, a cytokine at the interface of innate and adaptive
immunity. Not only did B2-derived peripheral mono-
cytes differentiate into macrophages more readily than
the B19 monocytes, but as determined by NO produc-
tion, macrophages from B2 and B2 on B19 genetic
background chicks were also significantly more respon-
sive to either stimulant. In conclusion, the correlation
with resistance to illness following viral infection may
be directly linked to a more vigorous innate immune
response.
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INTRODUCTION

Selective breeding of poultry has resulted in improved
productivity in broilers at the cost of decreased im-
mune competence and greater susceptibility to disease
(Han and Smyth, 1972; Nestor et al., 1996; Bayyari et
al., 1997). On the other hand, some lines of birds have
been shown to be more resistant to a variety of patho-
gens (Bearse et al., 1939; Hutt and Scholes, 1941). Sev-
eral studies have demonstrated an association between
the chicken MHC-B haplotype and resistance to vari-
ous pathogens including Marek’s disease virus, avian
leukosis virus, Newcastle disease virus, Rous sarcoma
virus, and Salmonella (Heinzelmann et al., 1981; Briles
et al., 1982; Lamont, 1989; Dunnington et al., 1992;
Yoo and Sheldon, 1992; Mays et al., 2005; Kim et al.,
2008; Banat et al., 2013). Described in 1950 (Briles et
al.; 1950), at least 51 B haplotypes of the chicken B
complex have been identified using traditional serologi-
cal techniques (Briles and Briles, 1987; Landesman et
al., 1993; Sung et al., 1993; Miller et al., 2004) or gene
sequencing, RFLP, single-strand conformational poly-
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morphism, and SNP (Juul-Madsen et al., 1993; Fulton
et al., 2006; Juul-Madsen et al., 2006).

Retrospective studies have correlated susceptibil-
ity and resistance to avian infectious bronchitis virus
(IBV)-induced clinical illness, with the B21 and B15
haplotype lines, respectively (Bacon et al., 2004). More
recently, infectivity studies identified B2, B5, and B8
chicken lines as being more resistant to IBV-induced ill-
ness than their B12 and B19 counterparts (Banat et al.,
2013). Given that the differences identified regarding
disease resistance were observed early after infection,
we propose that innate immunity plays a major role
in B haplotype-associated disease resistance, with the
macrophage being a key player.

Monocytes/macrophages not only play a vital role
within the innate immune system, but they are also
important in the activation of specific adaptive im-
mune responses acting as antigen-presenting cells. As
such, these cells can affect the progression of clinical
disease. Innate cellular activity depends solely on the
expression of recognition molecules, such as Toll-like
receptors (TLR) that bind the conserved pathogen-
associated molecular patterns of common infectious
organisms. The significance of the innate immune func-
tion of the macrophage in promoting disease resistance
or susceptibility is not well understood. Macrophages
are activated or primed upon encountering a pathogen
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or inflammatory cytokines, such as interferon (IFIN) ~
and subsequently undergo functional maturation, in-
creasing expression of Fc-receptors on their cell sur-
face (Dietert et al., 1991; Qureshi, 2003). Macrophages
of various chicken lines congenic for MHC have been
shown to differ in their chemotactic activity (Qureshi
et al., 1988) and recruitment and activation (Qureshi
et al., 1986). Like mammalian macrophages, avian mac-
rophages produce nitric oxide (NO) upon activation,
killing bacteria or protozoa and inhibiting viral rep-
lication (Boockvar et al., 1994; Kreil and Eibl, 1996;
MacMicking et al., 1997). Expression of inducible nitric
oxide synthase (iINOS) has been shown to differ among
chickens of several genotypes, as a result of enhanced
transcriptional activity in iNOS hyper-responder geno-
types (Hussain and Qureshi, 1997, 1998).

Another indicator for the importance of macrophages
in disease susceptibility is the fact that White Leghorn
(Cornell K-Strain) chicken bone marrow produces more
macrophage colonies than those from broiler bone mar-
row cells, leading to the speculation that White Leg-
horn chickens may be more disease resistant. It has also
been observed that broiler mortality losses are double
the losses of layer-type chickens through the first 6 wk
of age (Liljequist et al., 1993). Taken together, these
results suggest a genetic basis of macrophage activa-
tion playing an important role in the innate immune
response and resistance to disease.

Using an in vitro model, we investigated functional
differences in the activation of differentiated chicken
macrophages from chicks with distinct haplotypes.
Type IT IFN~, a potent activator of macrophages, typi-
cally secreted by natural killer cells and other cells of
the immune system upon encountering various patho-
gens, was used to stimulate cultured macrophages in-
cluding B2/B2, B19/B19, and B2/B2 bred on the B19
genetic background (B19bgP2MHC) In addition, in an
effort to emulate viral infection, the TLR3 agonist and
the synthetic analog of dsRNA, poly (I:C), were used
to stimulate cultured macrophages. The results show
differences in activation of macrophages measured by
NO release among several B haplotypes.

MATERIALS AND METHODS

Experimental Birds

Bird protocols were performed under the approval
of the Institutional Animal Care and Use Committee
at Western University of Health Sciences, Pomona,
California. Fertilized eggs (from B2/B2, B15/B15,
B21/B21, B19/B19, and B2/B2 MHC on B19 back-
ground (F3, B19bgB2) parents, descended from Modi-
fied Wisconsin Line 3) were obtained from W. Elwood
Briles, Northern Ilinois University, and incubated and
hatched under standard conditions at (38°C, 50 to 65%
humidity; Banat et al., 2013) at Western University of
Health Sciences. Posthatch, chicks were maintained in
the incubator for 24 h, then transferred to a preheated

brooder (35°C). In addition to daily health monitoring,
fresh food and water were provided ad libitum. At 3 wk
of age, room temperature was adjusted to and main-
tained at 25°C. Chicks were housed in standard poultry
cages. To minimize the risk of pecking disorders, chicks
were kept under restricted lighting conditions through-
out the study. Experimental birds were euthanized by
insufflation of isoflurane gas (Butler, Dublin, OH).

Peripheral Blood Collection and Cell Counts

Whole blood samples were collected via jugular ve-
nipuncture in EDTA tubes from age-matched chicks 5
to 12 wk old. At no time did the amount of blood har-
vested from each bird exceed 3% of total blood volume
[8% x BW in kilograms (BWig)]. A 2-wk window was
allowed between subsequent blood samplings. Samples
were sent to Antech Diagnostics (Irvine, CA) for com-
plete blood count and differentials.

Peripheral Blood Mononuclear Cell Isolation

Peripheral blood mononuclear cells (PBMC) from
individual birds were isolated using the differential cen-
trifugation as previously described (Seo and Collisson,
1997; Dawes et al., 2008; Drechsler et al., 2009, 2013).
Briefly, 3 mL of blood was mixed with an equal volume
of Alsever’s solution (Sigma-Aldrich, St. Louis, MO)
after which 3 mL of this mixture were layered over an
equal volume of Ficoll-Hypaque (density 1.077 or 1.083;
Sigma-Aldrich). Samples were centrifuged for 35 min
(400 x g, 23°C; brake off) for retrieval of mononuclear
cells. Isolated cells were washed twice in 5 mL of PBS
(400 x g, 10 min, 23°C), counted, and viability con-
firmed based on the exclusion of 0.1% trypan blue dye
(>90%). The PBMC were resuspended in PBS to a
final concentration of 5 x 107 cells/mL.

Macrophage Cell Culture

One milliliter of PBMC suspension (5 x 107 cells/
mL) was incubated (37°C/5% COg) for 3 h in each well
of a 12-well plate containing RPMI w/o Phenol Red
supplemented with 10% heat-inactivated fetal bovine
serum; nonessential amino acids (0.1 mM/mL; Invit-
rogen, Carlsbad, CA), L-glutamine (2 mM; Sigma-Al-
drich), 2-mercaptoethanol (55 pM/mL; Sigma-Aldrich),
penicillin (50 U/mL; Invitrogen), and streptomycin (50
pg/mL; Invitrogen). Following removal of nonadherent
cells with warm PBS, medium was replenished and cells
were incubated for 24 to 48 h to facilitate monocyte
adherence and complete removal of thrombocytes, non-
adherent lymphocytes and other semi-adherent cells.
Prior to the replacement of medium, adherent cell cul-
tures were washed in warm PBS. Monocytes were cul-
tured for 6 d to allow maturation and differentiation of
cells, with medium changes occurring every 3 to 4 d,
thus ensuring that optimal nutrient requirements were
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met. The morphology of adherent cells was observed
daily under bright field microscopy (20x objective).

Confirming Cell Purity Using
an Immunofluorescence Assay

Purity of monocyte cultures, as well as 6-d-old prima-
ry macrophages, was confirmed by immunofluorescence
assay (IFA). The monoclonal antibody, KULO1, has
been used for flow cytometric identification of peripher-
ally circulating chicken cells of the mononuclear phago-
cyte system throughout their ontogeny (monoblasts,
promonocytes, monocytes, and tissue macrophages),
whereas CV1-chNL68 and the monocyte monoclonal
antibody K1 cross-react with chicken lymphocytes and
thrombocytes, respectively (Mast et al., 1998).

Following the removal of medium, cells were fixed in
a 1:1 (vol/vol) methanol:acetone mixture. Cells were
rehydrated in PBS for 15 min before incubating with
blocking buffer (5% nonfat dry milk/PBS) for 20 min.
Staining with the mouse anti-chicken monocyte/macro-
phage antibody KULO1-FITC (Southern BioTech, Bir-
mingham, AL; 1:250) was performed for 45 min to 1 h
in the dark. Cells were then washed 3 times in PBS and
viewed under a Nikon Eclipse Ti fluorescence micro-
scope (10x objective, Nikon Instruments Inc., Melville,
NY).

Cell Counts and Flow Cytometry

To optimize procedures and establish macrophage
counts after adherence, macrophages were counted in
wells after adherence via the NIS Elements program
(Nikon Instruments Inc.), with cells being counted per
mm? and calculated per well, and flow cytometry was
performed to compare yields from 1.077 versus 1.083
histopaque gradients.

Briefly, mononuclear cells were washed twice in cold
PBS and suspended in blocking buffer (1% NFDM, 0.1%
sodium azide, and 5% heat-inactivated fetal bovine
serum) for 20 min. After blocking, cells were washed
and stained in the dark for 45 min with (1:250) FITC-
labeled mouse anti-chicken monocyte/macrophage an-
tibody KULO1-FITC (Southern BioTech, Birmingham,
AL), again washed in cold PBS 3 times, resuspended in
1 mL of cold PBS, and analyzed on Beckman Coulter
cytomics FC 500 flow cytometer (10,000 events were
obtained for each sample).

IFNy Stimulation

A 50 pg/mL of ch-IFN~ solution (Invitrogen) was
prepared in RPMI w/o Phenol Red culture medium
(Invitrogen). After washing the cells twice with warm
PBS, macrophage cultures were stimulated with 1 mL
of RPMI-ch-IFN~ mixture.

Lipofectamine:Poly (I:C) Stimulation

Lipofectamine-mediated transfection of poly (L:C)
into cells was used as a model of RNA virus infection.
Five microliters each of poly (I:C) (10 mg/mL) and
lipofectamine solution (Calbiochem, San Diego, CA)
were incubated with 195 pL of OptiMEM medium (In-
vitrogen) for 5 min at room temperature. Both solu-
tions were then combined and incubated at room tem-
perature for 45 min before diluting the mixture 1:10
with OptimMEM to obtain a final concentration of 25
pg/mL of poly (I:C). Macrophages were incubated in
500 wL of the working solution for 5 to 6 h. Transfec-
tion was terminated by the addition of 500 pL of RPMI
to each well.

NO Assays

Nitrite, a stable, reactive nitrogen intermediate,
served as an indirect measure of NO production rep-
resenting macrophage/monocyte stimulation (Crippen
et al., 2003; Singh et al., 2010). Briefly, cultured mac-
rophages were centrifuged at 200 x g for 10 min at
room temperature to remove cell debris. One hundred
microliters of each culture supernatant were incubated
in the dark with an equal volume (1:1) of Griess re-
agent (1% sulfanilamide/0.1 naphthylenediamine/2.5%
phosphoric acid) in individual wells of a 96-well plate
for 15 min. Absorbance was measured at a wavelength
of 590 nM using an ELISA plate reader (Cambrex, East
Rutherford, NJ). Values were compared with concen-
trations derived from a standard curve prepared by se-
rial dilution (in RPMI w/o Phenol Red) of a 2 mM
sodium nitrite stock solution (Sigma-Aldrich). Assays
were performed in triplicate at designated times.

Statistics

Nitric oxide concentrations were expressed as aver-
ages with SEM. Paired t-test, 2-tailed, was used to ana-
lyze differences in the kinetics between B2 and B19.
Analysis of variance one-way test was used to determine
statistical differences between NO groups; significance
was set at P < 0.05. Differential blood cell counts of
B2 and B19 haplotypes (monocytes, lymphocytes, and
heterophils) were analyzed with #test, paired, 2-tailed.

RESULTS

Concentrations of B19 and B2 Monocytes
in Whole Blood Were Similar

Studies were designed to identify potential differenc-
es in the function of monocytes/macrophages purified
from birds of defined haplotypes. Based on noted dif-
ferences in susceptibility to avian coronavirus infection
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Table 1. Peripheral blood cell counts?

B haplotype Monocytes Lymphocytes Heterophils Eosinophils Basophils
B2/B2 455 (£72) 6,826 (+496) 2,422 (£286) 0 (£0) 64 (£21)
B19/B19 405 (£75) 5,736 (£541) 2,191 (£397) 43 (£31) 60 (£31)

Peripheral blood cell counts (mean cells/uL + SD) performed by Antech Diagnostics (Irvine, CA) for B2/B2 (n = 6) and B19/B19 (n = 6) chickens.
Values showed no statistically significant differences between haplotypes by a paired t-test.

(Banat et al., 2013), potential differences in the concen-
trations of circulating cell populations and specifically
that of monocytes in birds with distinct haplotypes had
to be established. Cell counts from peripheral blood of
monocytes, lymphocytes, and heterophils were not sig-
nificantly different (#test, paired, 2-tailed) between the
more resistant B2 and more susceptible B19 homozy-
gous chickens (Table 1). Yields of PBMC prepared from
either Ficoll-Hypaque 1.077, previously used for lym-
phocyte studies, or 1.083, which has been recommended
for mononuclear cell enrichment in mammals (Feldman
and Mogelesky, 1987), were compared. Whereas the
concentrations from birds of either haplotype were sim-
ilar, the higher density gradient (1.083) yielded higher
amounts of avian monocytes from PBMC derived from
either haplotype (Table 2). All PBMC isolations were,
therefore, performed using the higher density solution.

Ex Vivo Monocytes from B2 Birds
Differentiate More Readily than Those
of B19 Birds

By d 4 of culture, B2 cells demonstrated distinct
macrophage-like morphologies: stellate cytoplasmic
processes, vacuolation, and decreased nuclear to cyto-
plasmic ratio (N/C; Figure 1, panel A). In contrast,
differences in N/C and number of cytoplasmic process-
es were not evident in B19-derived cultures until 6 d
postinitiation of culture (Figure 1, panel B). Similarly,
during the kinetic studies, the number of cytoplasmic
processes displayed by B2 macrophages and the degree
of vacuolation observed at 48 h poststimulation with
IFN~ was more marked than the changes noted in B19-
derived cells (Figure 2). To verify purity of macrophage
cultures, B2/B2 and B19/B19 cells were positively
stained with monoclonal antibody KULO1 after 6 d of
culture (Figure 3, panels A and B).

Table 2. Cell concentrations

Greater NO Production of B2-Derived
Macrophages in Response to Stimulation

Potential differences in macrophage functions were
examined following exposure to either IFN~ or poly
(I:C). All stimulations were performed on d 6 of cul-
ture when monocytes/macrophages from both B2 and
B19 birds were mature (Figure 2). Nitric oxide produc-
tion served as the indicator of macrophage activation.
Timed exposure (24, 48, and 72 h) of macrophages cul-
tured 6 d to either IFN~ or poly (I:C) demonstrated
the existence of functional differences between B2/B2
and B19/B19 lines of birds aged 5 to 6 wk. Beginning
at 24 h postexposure to IFN~ (Figure 4A) and poly
(I:C) (Figure 4B), induced NO production by macro-
phages derived from B19/B19 birds was significantly
(P < 0.01, t = test, paired) lower compared with that
by B2/B2-derived macrophages. Additionally, the re-
sponsiveness of B2/B2 cells to either stimulant was sig-
nificantly greater compared with that of unstimulated
control B2/B2 cells (P < 0.01). At 48 h poststimulation
with poly (I:C), there was a dramatic difference in the
NO concentration of B2/B2 culture (92.76 ng/mL) su-
pernatants than that of B19/B19 cells (17.90 pg/mL;
Figure 5). Because background NO concentration, as
well as cell death, increased at 72 h, especially in the
B19 cultures, stimulation of cells in subsequent experi-
ments with poly (I:C) (Figure 5A) or IFN~ (Figure 5B)
was only characterized up to the 48 h time point using
age-matched birds ages 6 to 12 wk. In addition, macro-
phages from B8/B8, B15/B15, and B21/21 haplotypes,
as well as macrophages from B2/B2 on B19 background
haplotypes (BlngBQMHC), were stimulated with TFN~
(Table 3). Nitric oxide release from B19bgB2MHC mac
rophages was very similar (86.2 pg/mL) to that from
B2/B2 haplotypes, and significantly different from NO
release of B19/B19 macrophages (P < 0.01). However,
stimulation of B8/B8 macrophages was very variable

1.083 gradient

PBMC MO /well?

after adherence

PBMC!
B haplotype 1.077 gradient
B2/B2 6.4 x 107
B19/B19 7.8 x 107

7.3 x 107

: 2.70 (£0.33) x 10°
7.8 x 10

2.62 (+0.35) x 10°

ITotal cell numbers after peripheral blood mononuclear cells (PBMC) isolation via gradient 1.077 and 1.083 are
given for 3 mL of whole blood drawn counted by fluorescence-activated cell sorting.

2Macrophage numbers given per each in well after both 6 d of adherence (n = 5/haplotype) and stimulation

with IFN~ counted via the NIS Elements program, with cells being counted per mm

Macrophage counts are reported as mean (£SD).

2 and calculated per well.
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2 days

4 days

6 days

6 days

Figure 1. Ex vivo differentiation of monocytes prestimulation. Images demonstrate the rate of differentiation of chicken monocytes from
homozygous B2 (panel A) and B19 (panel B) chicks at d 2, 4, and 6 d postadherence. Distinct vacuoles, increased numbers of stellate cytoplas-
mic processes, and decreased nuclear to cytoplasmic ratio are visible on d 4 with B2 cells and on d 6 with B19 cells. Pictures were taken at 20x
magnification, inverted, with Nikon Eclipse Ti fluorescence microscope (Nikon Instruments Inc., Melville, NY).

with repeated experiments (17.7 pg/mL). Although
NO release was less than that of B2/B2 cells, B21/B21
(39.8 pg/mL) and B15/B15 (45.9 pg/mL) macrophages
yielded higher levels of NO than B19/B19 cells.

DISCUSSION

Inbred B haplotype chicken lines provide an excel-
lent resource for studying the genetic bases of disease
resistance and susceptibility. Several clinical studies in

Figure 2. Differentiation of 48 h interferon (IFN)~-stimulated
macrophages. Macrophages cultured for 6 d from B2 and B19 hap-
lotypes were stimulated with IFN~ for 48 h, and pictures were taken
with a Nikon Eclipse Ti fluorescence microscope (Nikon Instruments
Inc., Melville, NY), inverted at 10x magnification. Macrophage-like
features (stellate cytoplasmic processes, vacuolation, and decreased
nuclear to cytoplasmic ratio) are more pronounced in B2 cells (A)
compared with their B19 counterparts (B). Color version available in
the online PDF.

chickens, including an in vivo IBV infectivity study of
B haplotype-defined chicks (Banat et al., 2013), have
shown an association between disease susceptibility and
the MHC (Briles et al., 1983; Taylor, 2004; Goto et al.,
2009). Because differences in IBV resistance of B2/B2
chicks to clinical illness were observed early after initial
infection, innate immunity was targeted in the current
study. To our knowledge, this is the first study in which
differences in activation of monocytes/macrophages of
B haplotype-defined birds have been investigated in the
context of disease resistance and susceptibility.

The rate of differentiation of macrophages derived
from the more resistant B2/B2 chickens and their sub-
sequent activation in response to stimuli was dramati-
cally greater than that of macrophages from the more
IBV-susceptible B19 haplotype chickens. The consis-
tent, significantly greater response of the B2 macro-
phages could potentially explain the differences ob-
served early after IBV infection. A role of TLR3, which
binds to dsRNA, is implicated in the macrophage re-
sponse and ultimately in in vivo resistance (Malmgaard
et al., 2004; Whitmore et al., 2004; Kogut et al., 2005;
Nang et al., 2011). Double-stranded RNA is a replica-
tion intermediate during infection with RNA viruses,
such as IBV, avian influenza virus, and Newcastle dis-
ease virus (Malmgaard et al., 2004; Nang et al., 2011).
Potential functional differences related to macrophage
communication with adaptive immunity were evaluated
through stimulation by the lymphocyte-derived cyto-
kine, IFN~. The demonstrated significant differences in
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Panel A

B19

Panel B

Figure 3. Immunofluorescent labeling of adherent macrophages. Panel A depicts the brightfield image of macrophages. The green fluorescence
noted in panel B depicts positive labeling of B2 and B19 chicken cells by monoclonal antibody KULO1-FITC, confirming their monocyte/mac-
rophage cell lineage. Pictures were taken with Nikon Eclipse Ti fluorescence microscope (Nikon Instruments Inc., Melville, NY), inverted at 10x

magnification. Color version available in the online PDF.

NO production that both poly (I:C) and IFN~ induced
in the B2/B2 and the B19/B19 haplotypes may explain,
at least in part, the greater resistance of birds of the ho-
mozygous B2 line to IBV-associated early onset clinical
illness (Banat et al., 2013). As Dil and Qureshi (2002)
showed, expression of iNOS varies among macrophages
from chickens of different genetic lines and is associated
with differential TLR4 expression in response to lipo-
polysaccharide. Further research is necessary to analyze

140.00
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2
o 8000 e B2 Control
©
3 B2 POl IC
g 0000 o B19 Control
E
S! viiee = B19Poly IC

20.00 AP74
000 - . - ,

24h agh 72h
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iNOS and TLR expression on macrophages from B2
versus B19 haplotypes to investigate if similar path-
ways are responsible for the difference in activation.

In addition to differences in activation, even when
cultured ex vivo in the absence of poly (I:C) and IFN~,
B2/B2 monocytes differentiated more readily than
B19/B19 monocytes. Based on changes in morphology,
B2-derived cells obtain classical features of the macro-
phage, such as increased cytoplasm to nuclear ratio,

140.00
120.00
T 10000
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Figure 4. Kinetics. Nitric oxide release is shown as mean (pg/mL) £+ SD by B2 and B19 macrophages at 24, 48, and 72 h poststimulation with
poly (I:C); n = 8 (A) and interferon (IFN) ~; n = 6 (B). In the presence of either stimulant, NO production at all 3 time points was significantly
lower in B19 than in B2 supernatants (P < 0.01, ttest, paired). Samples were taken at 6 wk of age. Color version available in the online PDF.
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Table 3. Interferon (IFN) ~ stimulation of different B haplotype
macrophages!

B haplotype Control IFN~

B2 (n = 21) 8.7 (£2.69) 92.76 (4+9.67)™P
B19 (n = 21 11.88 (£1.94) 17.90 (£1.08)
B19bgB2MHC () — 7) 15.5 (£0.6) 86.2 (£19.0)aP
B8 (n = 12) 4.8 (£1.2) 17.7 (£16.0)
B15 (n = 2) 13.6 (+2.0) 45.9 (£9.4)
B21 (n = 13) 10.0 (£1.8) 39.8 (+4.8)2

aSignificantly different compared with unstimulated sample of same
haplotype by ANOVA one-way test (P < 0.01).

bSignificantly different compared with B19 stimulated by ANOVA
one-way test (P < 0.01).

INitric oxide release given as mean (pg/mL) £ SD from macrophages
cultured 6 d from chicks with the B2, B19, B19bgB2MHC Bg B15 B21
haplotypes (5-12 wk of age) at 48 h poststimulation with IFN~. The B2
and B19bgBQMHC exhibit the largest nitric oxide release compared with
other haplotypes.

vacuolation, and cytoplasmic pseudopod-like projec-
tions, within 4 d as compared with the 6 d required
by B19-derived cells. Although the significance of the
higher rate of activation is not known, this could re-
flect an overall lower threshold of response of the B2
cells compared with that of the B19 homozygous mac-
rophages.

Participation of pure cultures of monocytes/macro-
phages in these studies was confirmed by the 100% la-
beling by the KULO1 macrophage monoclonal antibody
marker (Mast et al., 1998). This negates any influence
by contaminating lymphocytes and their regulatory
cytokines. Furthermore, the cultures were plated with
equivalent concentrations of monocytes/macrophages.
Hence, these studies reflect differences in cell activity
and not increased B2 cell numbers. Additionally, the
concentration of peripherally circulating monocytes in
B19 and B2 birds was not significantly different.

The MHC-B locus, which has been associated with
resistance to tumor-associated viruses in chickens, has
also been implicated in observed differences in mac-
rophage function (Briles et al., 1983; Taylor, 2004).
Qureshi et al. (1986, 1988) demonstrated that macro-
phages from chickens congenic for MHC also showed
differences in chemotactic activity, recruitment, and
activation. The congenic B2 on the B19 background
demonstrated the B2 phenotype suggesting at least for
B2 and B19, the genetic difference may lie within the B
locus. Monocytes derived from additional homozygous
MHC haplotypes were also differentially activated by
IFN~. The cells purified from B15/B15 birds, which
were shown by Bacon et al. (2004) to be more resistant
to IBV infection also demonstrated greater macrophage
stimulation. It is possible that genes lying outside this
region could also affect macrophage activation as dem-
onstrated in other lines. Genes lying outside the B2 ap-
parently can influence resistance to highly pathogenic
avian influenza (Hunt et al., 2010).

Sequence differences between the MHC-B region of
B2 and B19 haplotypes have indicated several differ-
ences in a 14-gene region between BG and BF (Hoso-

120.00 -

100.00 -

80.00 -
60.00 -
40.00 -

20.00 -

0.00 I I

B19 control

H

B19 Poly IC B2 control B2 PolyIC

B
120.00 -

100.00 -
80.00 -
60.00 A

20.00 A = §
0.00 |+| T T m T

40.00 -
B19 control B19 IFN B2 control B2 IFN

Figure 5. A: Nitric oxide release by poly(I:C)-stimulated B2 and
B19 macrophages. Cells were stimulated for 48 h with 25 pg/mL poly
(I:C). Although not significantly different, basal NO concentration
was consistently greater in B19 culture supernatants (10.88 pg/mL)
than in B2 supernatants (9.75 pg/mL). Following stimulation, NO
production by B2 cells (98.12 pg/mL) was significantly greater than
that by B19 macrophages (17.19 pg/mL; P < 0.01, one-way ANOVA).
Values are reported as mean with SE, n = 28. B: Nitric oxide release
by interferon (IFN)~-stimulated B2 and B19 macrophages. Cells were
stimulated for 48 h with 50 pg/mL of ch-IFN~. Although not sig-
nificantly different, basal NO concentration was consistently greater
in B19 culture supernatants (11.88 pg/mL) than in B2 supernatants
(8.7 pg/mL). Following stimulation, NO production was significantly
greater in B2 culture supernatants (92.76 pg/mL) than in B19 culture
supernatants (17.9 pg/mL; P < 0.01, one-way ANOVA). Values are
reported as mean with SE, n = 21.

michi et al., 2008). Likewise, genomic regions lying out-
side the B region could also be implicated in monocyte
differentiation and activation.

Future studies identifying differences in protein and
mRNA expression following macrophage stimulation
will provide important clues as to the genes and path-
ways responsible for greater resistance to illness. Our
preliminary results from sequencing the RNA of stim-
ulated macrophages of B2 and B19 haplotype chick-
ens indicate differential regulation of at least the TLR
pathway (manuscript in preparation), which is a criti-
cal pathway in innate immunity and vital to the host
immune response to pathogens (Medzhitov and Jane-
way, 1997; Medzhitov, 2001).

In conclusion, the potential for using macrophage
function to screen for resistance could be a valuable
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asset in breeding programs. Furthermore, the chicken
is an exceptional resource for deciphering MHC-related
mechanisms behind disease resistance. Although chick-
ens with various defined B haplotypes have previously
been shown to differ in their responses to pathogens,
the cellular differences described in these studies pro-
vide a basis for future work characterizing the molecu-
lar and genetic basis of immune-mediated resistance.
These studies provide a background for eventually es-
tablishing lines with resistance to infection or with en-
hanced immunity to vaccines.
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