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SUMMARY

We recently showed that increased in vitro heterophil functional efficiency translates to
increased in vivo resistance to a systemic Salmonella enteritidis (SE) infection utilizing a par-
ental pair of broiler chickens (lines A and B) and the F1 reciprocal crosses (C and D). Het-
erophils produce cytokines and modulate acute protection against Salmonella in young poultry.
Therefore, we hypothesize that heterophils from SE-resistant chickens (A and D) have the
ability to produce an up-regulated pro-inflammatory cytokine response compared to that of
heterophils from SE-susceptible chickens (B and C). In this study, heterophils were isolated
from day-old chickens and treated with either RPMI-1640 (as the control), or phagocytic
agonists (SE, or SE opsonized with either normal chicken serum or immune serum against SE)
and cytokine mRNA expression assessed using real-time quantitative reverse transcription—
polymerase chain reaction. Heterophils from SE-resistant chickens (A and D) had significantly
higher levels of pro-inflammatory cytokine (interleukin (IL)-6, IL-8, and IL-18) mRNA
expression upon treatment with all agonists compared to heterophils from SE-susceptible lines
(B and C). Further, heterophils from SE-resistant chickens had significantly decreased mRNA
expression levels of transforming growth factor-f4, an anti-inflammatory cytokine, when
compared to heterophils from SE-susceptible chickens. These data indicate cytokine gene
expression in heterophils may be a useful parameter in determining resistance to Salmonella, as
indicated by our previous in vivo SE studies. Therefore, heterophil functional efficiency and
cytokine production may be useful biomarkers for poultry breeders to consider when developing
new immunocompetent lines of birds.
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the first-line of defence and functioned to limit infection

INTRODUCTION until the acquired response was initiated.! However, recent
There are two functional arms of the immune system: studies indicate the innate immune response provides
innate (natural) and acquired (adaptive) immunity. instruction for the acquired immune response®> which
Historically, the innate immune response was thought of as begins with the recognition of self from (infectious) non-self
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by detecting molecules unique to invading organisms
referred to as pathogen-associated molecular patterns
(PAMP) that are recognized by pattern recognition recep-
tors (PRR) on host immune cells.>®'° The end product of
microbial recognition by cells of the innate response is the
activation of intracellular signalling pathways that initiate
cellular processes, such as activation of microbicidal killing
mechanisms, the production of pro-inflammatory and anti-
inflammatory cytokines, and the production of costimula-
tory molecules required for antigen presentation to the
acquired immune system.>%!'!+12

As the first cells to migrate to the site of infection,
polymorphonuclear leucocytes (PMN) are critical compo-
nents of the innate immune response and the subsequent
inflammatory response.'> '® Heterophils are the primary
PMN in chickens, and are the avian counterpart to mam-
malian neutrophils.'”'® Functionally, heterophils modulate
the acute innate host response through rapid phagocytosis
of invading microbes and foreign particles, production
of oxygen intermediates, and by releasing proteolytic
enzymes.'> 2> The phagocytic process is triggered by two
distinct cell surface receptors, one involving the recognition
of the carboxy-terminus of immunoglobulin molecules by
the Fc receptor and the other where complement receptors
recognize complement fragments.”>2* Until recently,
heterophils were thought to be terminally differentiated
cells, deficient of transcriptional activity, and with little
protein synthesis. However, using real-time quantitative
reverse transcription—polymerase chain reaction (RT-PCR)
measuring specific mRNA expression of various cytokines,
we recently showed that heterophils isolated from day-old
outbred chickens have a distinct pro- or anti-inflammatory
cytokine response dependent on the phagocytic agonist
used as a stimulant.’

Cytokines are essential effector molecules of innate and
acquired immunity that initiate and coordinate cellular and
humoral responses aimed at eradicating pathogens. Proper
communication between pathogen and host cells via PRRs
and PAMPs initiates signal transduction pathways which in
turn induces the expression of cytokines and costimulatory
molecules which control immune function and subsequently
direct the appropriate immune response.'® The recent clo-
ning of chicken cytokines has enabled the development of a
more comprehensive array of reagents for investigating the
innate and acquired immune responses at cellular and
molecular levels. Chicken orthologues of the T helper 1
(Th1) cytokines interferon-y (IFN-y)*® and interleukin-18
(IL-18),%” the pro-inflammatory cytokines IL-18*® and
IL-6,% the chemokine I1L-8,°%3! and the anti-inflammatory
cytokine transforming growth factor-f4 (TGF-p4)** have
been cloned and sequenced. This information makes it
possible to design probes and primers to quantify cytokine
mRNA expression using real-time quantitative RT-PCR in
a specific population of cells, such as heterophils.

Recently, we have characterized the in vitro heterophil
functional efficiency and in vivo resistance to Salmonella
enteritidis (SE) in a parental pair of broilers (lines A and B)
and the F1 reciprocal crosses (C = A hen X B rooster and
D = B hen X A rooster). First, we have found differences

in in vitro heterophil functional efficiency between the
two parental lines (A > B) of broilers as well as the F1
reciprocal crosses (D > C).??>** Second, we have found a
relationship between the in vitro heterophil functional
inefficiency and susceptibility of these chickens to
Salmonella infections. Two different in vivo SE challenge
models have shown differences in resistance to an extrain-
testinal SE infection between the parental lines. Using a
mortality model, line A chickens were more resistant to an
SE infection than line B chickens (1% versus 33-7% mor-
tality, respectively; Swaggerty and Kogut, unpublished
data). Further, an SE organ invasion study has confirmed
the differences in susceptibility to extraintestinal SE infec-
tion between lines A and B (57% and 89% SE-positive,
respectively; Ferro and Kogut, unpublished data).

The objective of the present study was to further char-
acterize the innate immune response in these four lines
of broilers by evaluating cytokine mRNA expression levels
in isolated heterophils. The specific objectives were to
(1) determine the basal levels of constitutively expressed
mRNA of IL-6, IL-8, IL-18, and TGF-f4 and (2) determine
if isolated heterophils have a differential cytokine response
following stimulation with phagocytic agonists (SE, SE
opsonized with either normal chicken serum (NCS-OpSE)
or immune serum prepared from SE-infected chickens
(IgY-OpSE)). Based on the findings of this study and our
previous reports, we propose that isolating heterophils and
evaluating cytokine mRNA expression levels can be used as
an indicator of overall immune competence when selecting
for immunologically competent poultry.

MATERIALS AND METHODS

Experimental chickens

Parental and F1 reciprocal cross broiler chickens used in
this study were obtained from a commercial breeder. To
maintain confidentiality, the lines were designated A, B,
C, and D where lines A and B are parental lines and C and
D are F1 reciprocal crosses of the two parent lines
(C = A hen x B rooster and D = B hen x A rooster).
Fertilized eggs were set in incubators (GQF Manufacturing
Company, Savannah, GA; Jamesway Incubator Company,
Inc., Ontario, Canada; or Petersime Incubator Co.,
Gettysburg, PA) and maintained at wet and dry bulb
temperatures of 32-:2°C and 37-8°C, respectively. After
10 days of incubation, the eggs were candled; non-fertile
and non-viable eggs were discarded. The viable eggs were
returned to the incubator until day 18 when they were
transferred to hatchers (Humidaire Incubator Company,
New Madison, OH) and maintained under the same tem-
perature and humidity conditions until hatch. At hatch,
chickens were placed in their respective floor pens
(120 x 120 cm) containing wood shavings, provided sup-
plemental heat, water, and a balanced, un-medicated corn
and soybean meal based chick starter diet ad /ibitum. The
feed was calculated to contain 23% protein and 3200 kcal
of metabolizable energy/kg of diet, and all other nutrient
rations met or exceeded the standards established by the
National Research Council.**

© 2004 Blackwell Publishing Ltd, Immunology, 113, 139-148



Cytokine mRNA expression and SE in chickens 141

Bacteria preparation

A poultry isolate of SE (#97-11771) was obtained from the
National Veterinary Services Laboratory (Ames, IA) and
approved by the United States Department of Agriculture
Animal and Plant Health Inspection Service for use in our
facilities. SE was cultured in tryptic soy broth (Difco
Laboratories, Becton Dickinson Co., Sparks, MD) over-
night at 41°. The bacteria were pelleted (7700 g, 10 min),
washed with cold phosphate-buffered saline (PBS), and
centrifuged (7700 g, 10 min). The supernatant was discar-
ded, and the pellet was re-suspended in 1 ml cold RPMI-
1640. A stock solution of SE (1 x 10° colony forming units
(cfu)/ml) was prepared in RPMI-1640. Bacterial concen-
tration was determined spectrophotometrically (Spectronic
20D spectrophotometer, Milton Roy Co., Golden, CO)
using a standard curve with a reference wavelength of
625 nm. SE were prepared fresh for each experiment and
kept on ice until used.

Opsonization of SE

The SE bacteria were opsonized as previously described.'®
Briefly, SE (10° cfu/ml) was suspended in normal chicken
serum (NCS-OpSE) or hyper-immune serum from adult
chickens immunized against SE (IgY-OpSE) (viv 4: 1),
incubated for 30 min at 39° on a rotary shaker, and stored
at 4° until used.

Isolation of peripheral blood heterophils

Heterophils were isolated from the peripheral blood of 35
chickens (per line) 24 hr posthatch as previously
described." Briefly, blood from chickens was collected in
vacutainer tubes containing disodium ethylenediamine-
tetraacetic acid (EDTA) (BD vacutainer, Franklin Lakes,
NJ) and mixed thoroughly. The blood and EDTA for each
line was pooled and diluted 1: 1 with RPMI-1640 media
containing 1% methylcellulose and centrifuged at 35 g for
15 min at 4°. The supernatant was transferred to a new
conical tube and diluted with Ca®" - and Mg** -free Hank’s
balanced salt solution (1 : 1), layered onto discontinuous
Histopaque® gradients (specific gravity 1-077 over 1-119)
and centrifuged at 190 g for 1 hr at 4°. The histopaque
layers were collected, washed with RPMI-1640 (1 : 1) and
pelleted at 485 g for 15 min at 4°. The cells were then
re-suspended in fresh RPMI-1640, counted on a haemo-
cytometer, and diluted to 1 x 10”/ml in RPMI-1640. All
tissue culture reagents and chemicals including endotoxin-
free RPMI-1640 (without phenol red), Hanks balanced
salt solution, methylcellulose, Histopaque® 1119, and
Histopaque® 1077 were obtained from Sigma Chemical
Company (St. Louis, MO).

Isolation of total RNA

Purified heterophils (1 x 107 treatment group) isolated
from each line of chickens were treated with 300 ul RPMI-
1640, SE, NCS-OpSE, or IgY-OpSE for 30 min at 39° on a
rotary shaker. Heterophils treated with endotoxin-free
RPMI-1640 served as control to establish basal cytokine
levels. The treated heterophils were then pelleted (485 x g
for 15 min at 4°), washed with RPMI-1640 and pelleted
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again (485 x g for 15 min at 4°). The supernatant was then
discarded and the cells re-suspended in 350 ul lysis buffer
(Qiagen RNeasy mini RNA extraction kit, Qiagen Inc.,
Valencia, CA), and frozen. The lysed heterophils were
transferred to QIAshredder homogenizer columns (Qiagen
Inc.) and centrifuged for 2 min at 8000 g. The total RNA
was extracted from the homogenized lysate according to the
manufacturer’s instructions, eluted with 50 ul RNase-free
water, and stored at —80° until TagMan analyses were
performed.

A kinetics study was conducted to determine the optimal
time required for peak cytokine mRNA expression levels.
Heterophils isolated from each line of chickens were
stimulated for 0, 0-5, 1, 2, and 4 hr with SE, NCS-OpSE,
and IgY-OpSE and cytokine mRNA expression levels were
quantitated. Cytokine mRNA expression for heterophils
from lines A and B are shown following stimulation with
SE (Table 1). Peak mRNA expression levels occurred after
0-5 hr of stimulation.

Real-time quantitative RT-PCR

Cytokine mRNA expression in control and phagocytic
agonist-treated heterophils from each line were quantitated
using a method described by Kaiser™® and Moody.>
Primers and probes for cytokine and 28S RNA-specific
amplification have been described previously®>* but for
clarity are provided (Table 2).

Real-time quantitative RT-PCR was performed using
the Reverse Transcriptase gPCR Master Mix RT-PCR kit
(Eurogentec, Seraing, Belgium). Amplification and detec-
tion of specific products were performed using the ABI
PRISM 7700 Sequence Detection System (PE Applied
Biosystems, Warrington, UK) with the following cycle
profile: one cycle of 50° for 2 min, 96° for 5 min, 60° for
30 min, and 95° for 5 min, and 40 cycles of 94° for 20 s,
59° for 1 min. Quantification was based on the increased
fluorescence detected by the ABI PRISM 7700 Sequence
Detection System due to hydrolysis of the target-specific
probes by the 5 nuclease activity of the r7th DNA
polymerase during PCR amplification. The passive refer-
ence dye 6-carboxy-y-rhodamine, which is not involved in
amplification, was used for normalization of the reporter
signal. Results are expressed in terms of the threshold cycle
value (C,), the cycle at which the change in the reporter dye
passes a significance threshold (R,) (Table 3). To correct
for differences between RNA levels between samples within
the experiment, the difference factor for each sample was
calculated by dividing the mean C; value for 28S rRNA-
specific product from all samples. Results were expressed as
40-C, values for basal levels or fold change in the phago-
cytic agonist-treated samples.

Statistical analyses

Statistical analyses (Student’s z-test) were performed using
Microsoft® Excel 2000 with P < 0-05. All statistical analy-
ses are based on comparisons between the parental pair (A
and B) or between the F1 reciprocal crosses (C and D). No
statistical analyses were done between the parental lines and
the F1 reciprocal crosses.
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Table 1. Time course evaluation of cytokine mRNA expression levels

Line B

Line A

Cytokine mRNA expression

Cytokine mRNA expression

(40-C, + SEM)

(40-C, = SEM)

0-5

0 0-5

Hours post stimulation

IL-6

725 + 010
8-40 + 007
6:02 = 008
9-52 + 0-08

726 = 0-06
844 + 007
6:03 = 012
9-52 + 012

732 £ 0009 723 £ 012

849 + 012

954 + 011
1128 + 0-17

1425 + 018
1596 + 0-18

1429 + 017

1427 + 011

143 + 012
1598 + 022
1075 = 015

1194 + 012
1464 + 0-25
945 + 015
627 + 0-09

844 £+ 0-12
6:08 + 0-08
9-55 + 0:10

1596 + 012
1073 + 017
445 £ 0-17

1598 + 016
1075 + 0-15

IL-8

6:08 + 004
9-58 + 0-09

777 £ 011

848 + 014

107 + 009
445 + 016

IL-18

444 + 014

445 + 018

TGF-p4
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RESULTS
Real-time quantitative RT-PCR

For the TagMan experiments, replicate experiments on
different days were highly repeatable, with a coefficient of
variation for two replicate RT-PCR assays of log;, serially
diluted RNA for the different reactions (Table 3). There
was a linear relationship between the amount of input RNA
and the C, values for the various reactions (Table 3).
Regression analysis of the C, values generated by the log;g
dilution series gave R? values for all reactions in excess of
0-98 (Table 3). The increase in cycles per log;, decrease in
input RNA for each specific reaction, as calculated from the
slope of the respective regression line, is given in Table 3.
To account for the variation in sampling and RNA
preparations, the C, values for cytokine-specific product for
each sample were standardized using the C, value for 28S
rRNA product for the same sample from the reaction run
simultaneously. To normalize RNA levels between samples
within an experiment, the mean C; value for 28S rRNA-
specific product was calculated by pooling values from all
samples in that experiment. Tube-to-tube variations in 28S
rRNA C, values about the experimental mean were calcu-
lated. Using slopes of the respective cytokine and 28S rRNA
logo dilution series regression lines, the difference in input
total RNA, as represented by the 28S rRNA, was used to
adjust cytokine-specific C, values. Standardization does not
dramatically alter the distribution of the results as a whole.

Basal cytokine mRINNA expression

Heterophils were isolated from non-infected healthy day-
old chickens and the basal levels of IL-6, IL-8, IL-18, and
TGF-p4 mRNA expression were determined (Table 4).
Heterophils from the SE-resistant parental line A chickens
had a significantly (P < 0-05) higher expression level of 1L-6
(12-32) and IL-8 (19-77) compared to heterophils isolated
from the SE-susceptible parental line B chickens (8-54 and
13-93, respectively). Even though the level of expression of
IL-18 was not significantly higher in heterophils from line A
chickens (14-93), the trend was similar in that the values
were numerically higher than observed in heterophils from
line B chickens (13-87). Based on the elevated pro-inflam-
matory response of heterophils from line A chickens,
a lower anti-inflammatory TGF-p4 response would be
expected. There was not a statistical difference but the
TGF-p4 values were lower in line A heterophils (13-89)
compared to line B heterophils (14-13).

As observed in the parental lines, a similar trend was
observed in heterophils isolated from the SE-resistant F1
cross (line D) when compared to heterophils from the
SE-susceptible F1 cross (line C). IL-6 and IL-18 mRNA
expression were significantly (P < 0-05) higher in line D
heterophils (15-81 and 15-12, respectively) compared to the
basal levels in line C heterophils (13-76 and 13-64, respect-
ively). The mRNA expression of IL-8 was also elevated in
heterophils from line D (18:64) chickens over the levels in
heterophils from line C (17-0) chickens. As seen with the
parental lines, TGF-4 mRNA expression in heterophils
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Table 2. Real-time quantitative RT-PCR probes and primers

RNA target Probe/primer sequence Exon boundary Accession number*

288 Probe 5-(FAMT)-AGGACCGCTACGGACCTCCACCA-(TAMRA)-3’ X59733
Fi 5-GGCGAAGCCAGAGGAAACT-3
R§ 5-GACGACCGATTGCACGTC-3

IL-6 Probe 5-(FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-(TAMRA)-3’ 3/4 AJ250838
F 5"-GCTCGCCGGCTTCGA-3’
R 5-GGTAGGTCTGAAAGGCGAACAG-3’

IL-8 Probe 5-(FAM)-CTTTACCAGCGCGTCCTACCTTGCGACA-(TAMRA)-3’ 12 AJ009800
F 5-GCCCTCCTCCTGGTTTCAG-3
R 5-TGGCACCGCCAGCTCATT-3

IL-18 Probe 5-(FAM)-CCGCGCCTTCAGCAGGGATG-(TAMRA)-3’ 4/5 AJ416937
F 5-AGGTGAAATCTGGCAGTGGAAT-3’
R 5-ACCTGGACGCTGAATGCAA-3

TGF-f$4 Probe 5-(FAM)-ACCCAAAGGTTATATGGCCAACTTCTGCAT-(TAMRA)-3" 5/6 M31160
F 5-AGGATCTGCAGTGGAAGTGGAT-3’

R 5-CCCCGGGTTGTGTGTTGGT-3"

*Genomic DNA sequence; T5-carboxyfluorescein; fforward; §reverse.

Table 3. Standard curve data from real-time quantitative RT-PCR
on total RNA extracted from stimulated heterophils

AR.*  Log dilutions  Cgt R*t Slope
288 005 107'-107° 822 09952 31657
IL-6 0-02 1071-107° 21-36 09911 37263
IL-8 002 107'-107° 1428 09885 31645
IL-18 002 107'-107° 20-32 09914 40451
TGF-p4 002 107'-107° 20-36 09881 31595

*AR,,, change in the reporter dye.

TCy, threshold cycle level: the cycle at which the change in the reporter dye
levels detected passes the AR,,.

1R, coefficient of regression.

from the SE resistant F1 cross chickens (line D, 12:91) was
significantly (P < 0-05) lower compared to expression levels
in heterophils isolated from the SE-susceptible cross
chickens (line C, 14-89). In general, these data show that
heterophils isolated from SE-resistant chickens have higher
constitutive levels of pro-inflammatory cytokine mRNA
with concommitant lower constitutive levels of anti-
inflammatory cytokine mRNA.

IL-6 mRNA expression following stimulation

There was a significant difference in IL-6 mRNA expression
between heterophils isolated from parental lines A and B

(Fig. 1a, b). In both lines, there was an increase when
heterophils were treated with SE, NCS-OpSE, or IgY-OpSE
compared to non-stimulated control levels (Fig. la, b).
Upon stimulation, IL-6 mRNA expression increased eight-
to 10-fold in heterophils isolated from SE-resistant line A
chickens (Fig. 1a) whereas expression in heterophils from
SE-susceptible line B chickens increased less than twofold
above basal levels (Fig. 1b). There was also a differential
response between heterophils isolated from the F1 recip-
rocal crosses (lines C and D). Heterophils isolated from
SE-resistant line D chickens (Fig. 1d) had a nearly fivefold
up-regulation of IL-6 mRNA compared to a less than
twofold increase in heterophils from SE-susceptible line C
chickens (Fig. 1c). These data indicate that the previously
observed Salmonella-resistance is influenced, in part, by the
presence of a strong pro-inflammatory cytokine response,
including IL-6, elicited by heterophils.

IL-8 mRNA expression following stimulation

There was a significant difference in the level of IL-8, a
chemotactic cytokine, mRNA expression between hetero-
phils isolated from parent lines A and B (Fig. 2a, b). In
both lines, an increase was observed when heterophils were
treated with SE, NCS-OpSE, and IgY-OpSE compared to
non-stimulated controls (Fig. 2a, b). IL-8 mRNA expres-
sion increased approximately 13- to 14-fold in heterophils

Table 4. 40-Ct basal levels of cytokine mRNA expression in heterophils isolated from day-old chickens

Line SE status IL-6 IL-8 IL-18 TGF-p4

A Resistant 12:32 £ 0-59* 1977 £ 1-56* 1493 + 068 1389 + 107
B Susceptible 854 + 041 1393 + 107 13-87 + 0-81 1413 £+ 026
C Susceptible 1376 £ 093 170 £ 123 13:64 + 024 1489 + 0-63*
D Resistant 1581 + 0-77* 18:64 + 061 1512 £ 1-11* 1291 + 105

Values are the average + standard error mean of replicate experiments and are given as C,, the threshold cycle level at which the change in reporter dye levels

detected passes the AR,,.

Statistical analyses were determined by Student’s z-test. Comparisons are between parental lines A and B or between the F1 crosses C and D. No statistical
analyses were conducted between the parental lines and the F1 crosses (* = statistically significant at P<0-05).
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Figure 1. Quantitation of IL-6 mRNA expression in heterophils
isolated from day-old chickens in (a) line A (b) line B (c) line C, and
(d) line D. Data are expressed as fold-change in IL-6 mRNA levels
when treated samples (SE, NCS-OpSE, and IgY-OpSE) were
compared to control heterophils treated with RPMI-1640. Error
bars show SEM of three separate experiments including 35 chick-
ens per experiment.
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Figure 2. Quantitation of IL-8 mRNA expression in heterophils
isolated from day-old chickens in (a) line A (b) line B (c) line C, and
(d) line D. Data are expressed as fold-change in IL-8 mRNA levels
when treated samples (SE, NCS-OpSE, and IgY-OpSE) were
compared to control heterophils treated with RPMI-1640. Error
bars show SEM of three separate experiments including 35 chick-
ens per experiment.

isolated from SE-resistant line A chickens (Fig. 2a) whereas
expression in heterophils from SE-susceptible line B
chickens increased less than four-fold (Fig. 2b). As
observed with IL-6, there was also a differential IL-8
response between heterophils isolated from the two F1
crosses (lines C and D). Heterophils isolated from
SE-resistant line D chickens (Fig. 2d) had a 9-5-12-5 fold
up-regulation of IL-8 mRNA compared to a less than
fivefold increase in heterophils from SE-susceptible line C
chickens (Fig. 2¢). In addition to a strong pro-inflamma-
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Figure 3. Quantitation of IL-18 mRNA expression in heterophils
isolated from day-old chickens in (a) line A (b) line B (c) line C, and
(d) line D. Data are expressed as fold-change in IL-18 mRNA levels
when treated samples (SE, NCS-OpSE, and IgY-OpSE) were
compared to control heterophils treated with RPMI-1640. Error
bars show SEM of three separate experiments including 35 chick-
ens per experiment.

-1

tory cytokine response influencing Salmonella resist-
ance in poultry, an elevated chemotactic response pro-
duced by heterophils is also likely involved in determining
resistance.

IL-18 mRNA expression following stimulation

There was a significant difference in 1L-18 mRNA expres-
sion between heterophils isolated from the parent lines
(A and B) (Fig. 3a, b). IL-18 mRNA expression in hetero-
phils isolated from SE-resistant line A chickens increased
at least threefold above control levels when treated with
each of the agonists (Fig. 3a). However, stimulation of
heterophils from SE-susceptible line B chickens resulted in
a slight down-regulation of IL-18 mRNA expression
(Fig. 3b). The response in heterophils from line C chickens
was virtually unchanged from the basal levels when
stimulated with each of the agonists (Fig. 3c) whereas
expression was up-regulated at least threefold in heterophils
isolated from SE-resistant line D chickens upon stimulation
(Fig. 3d). These data further support a role for an effective
pro-inflammatory and/or Th1 cytokine response elicited by
avian heterophils in contributing to resistance against
Salmonella infections.

TGF-$4 mRNA expression following stimulation

Heterophils from parental SE-resistant line A chickens had
a four- to fivefold decrease in TGF-f4 cytokine mRNA
expression (Fig. 4a). However, expression in heterophils
from SE-susceptible parental line B chickens was up-regu-
lated three- to fivefold when stimulated by each of the
agonists (Fig. 4b). A similar pattern was observed in the
F1 reciprocal crosses. The TGF-f4 mRNA expression
was up-regulated (three- to fourfold) in heterophils
from SE-susceptible F1 cross C chickens (Fig. 4c) while

© 2004 Blackwell Publishing Ltd, Immunology, 113, 139-148
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Figure 4. Quantitation of TGF-f4 mRNA expression in heter-
ophils isolated from day-old chickens in (a) line A (b) line B (c) line
C, and (d) line D. Data are expressed as fold-change in TGF-f4
mRNA levels when treated samples (SE, NCS-OpSE, and
IgY-OpSE) were compared to control heterophils treated with
RPMI-1640. Error bars show SEM of three separate experiments
including 35 chickens per experiment.

down-regulated (fivefold) in heterophils from SE-resistant
F1 cross D chickens when stimulated with each of the
agonists (Fig. 4d). As would be expected, levels of the
anti-inflammatory cytokine TGF-f4 are the opposite of
those observed for the pro-inflammatory cytokines. These
data indicate that a suppressed anti-inflammatory cytokine
response is a component influencing SE resistance in
neonatal poultry.

DISCUSSION

In the present study we isolated heterophils from
SE-resistant and -susceptible day-old chickens from par-
ental lines (A and B) and F1 reciprocal crosses (C and D)
and quantitated the basal and stimulated levels of mRNA
expression for various cytokines. The data indicate that
avian heterophils from genetically distinct chickens have a
differential cytokine profile and response to stimuli. Spe-
cifically, heterophils from SE-resistant chickens (lines A
and D) have up-regulated mRNA expression levels of pro-
inflammatory (IL-6), Thl (IL-18), and chemotactic (IL-8)
cytokines compared to heterophils from SE-susceptible
chickens (lines B and C) upon stimulation while down-
regulating TGF-4 mRNA expression, an anti-inflamma-
tory cytokine. Even though there are differences in cytokine
mRNA expression between heterophils isolated from the
distinct lines, it should be noted that cytokine mRNA levels
as measured by real-time quantitative RT-PCR do not
necessarily equate to the production of bioactive protein.
However, real-time quantitative RT-PCR is the most
highly sensitive method available to reliably quantify a
broad spectrum of avian cytokines, particularly in the
absence of effective bioassays.>>37-38

We recently showed, for the first time, that heterophils
express increased levels of cytokine mRNA upon stimula-
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tion that is initiated by receptor-mediated phagocytosis.?®

In that study, IL-6 and IL-8 mRNA expression were
up-regulated, similar to what we observed in the current
study. However, unlike the present study, IL-18 was down-
regulated and TGF-f4 was elevated. It is likely that these
differences are attributed to genetic variations between the
outbred Rhode Island Red chickens used in the original
study and the genetically inbred broiler lines evaluated in
the present study. Nevertheless, our earlier studies utilizing
the parental pair (lines A and B) and F1 reciprocal crosses
(lines C and D) indicate that the differences are, in part,
at the level of heterophil functional efficiency.’*** The
heterophil functional advantages appear to correlate with
biological differences including the ability to mount an
effective pro-inflammatory and Th1 cytokine response. The
ability to initiate effective inflammatory and Th1 responses
results in efficient stimulation and ultimately the direction
of the acquired immune response.> The differences in the
cytokine response between the outbred and our inbred
broiler chickens is likely to be attributed to a vast number
of genetic differences associated with creating an inbred line
of chickens compared to the genetics of an outbred popu-
lation of birds.

We have shown that an increase in IL-1f, IL-6, and IL-8
mRNA expression by heterophils is associated with
increased resistance to extraintestinal SE infections in
neonatal chickens (Ferro and Kogut, unpublished data).
The current in vitro study found similar results in that IL-6
and IL-8 were up-regulated in heterophils isolated from the
SE-resistant lines when stimulated with SE, NCS-OpSE, or
IgY-OpSE. IL-6 is a multifunctional cytokine that is pro-
duced and released by diverse populations of cells and has
important roles in regulation of the immune response,
differentiation and proliferation of various cells, and signal
transduction pathways.***° In mammals, IL-6 stimulates
neutrophils and enhances their degranulation.*' Tt is pos-
sible that the increased degranulation observed between
lines A and B or lines C and D?* is attributed to an
increased ability to express IL-6. Therefore, increased
expression of IL-6 production may create a population
of heterophils more able to respond to and eliminate
pathogens.

IL-18 is an IL-l-related pro-inflammatory cytokine
critical in initiating an inflammatory response.**™** It is
highly pleotropic, primarily associated with a type-1 cyto-
kine response and involved in determining resistance or
susceptibility to bacterial infections.*>*® An increased type-
1 cytokine response, including an up-regulation of IL-18 is
associated with increased resistance to Mycobacterium
leprae in leprosy patients.*’ Also, in the mouse model, a
sublethal dose of Salmonella typhimurium results in a rapid
pro-inflammatory cytokine response.*® An effective type-1
cytokine response dramatically enhances the innate and
acquired immune response and enhances host resistance to
infections.*>** In the present study, we showed that heter-
ophils isolated from chickens more resistant to SE infec-
tions (Ferro and Kogut, unpublished data) are capable of
producing significantly higher mRNA expression levels of
IL-18. Taken together, an elevated pro-inflammatory type-1
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cytokine response correlates with an increased resistance
against SE and may be an effective selection parameter
when developing new lines of poultry with increased
resistance to bacterial infections.

Additionally, IL-18 acts directly on key cells involved in
innate immunity, including mammalian neutrophils.*”*® In
mammals, [L-18 activates neutrophils by promoting cell
migration, cytokine production, generation of a respiratory
burst, and degranulation*” mediated by the p38 mitogen-
associated protein (MAP) kinase signalling cascade.*®
Because PMN are activated by IL-18 it is possible that
increased levels of IL-18 creates a population of cells more
able to respond to a pathogen(s). Avian heterophils also
undergo degranulation mediated by p38 MAP kinase;*
however, the oxidative burst response is not mediated by
this signalling pathway.’® The increased heterophil func-
tional efficiency®>** and increased resistance to SE (Ferro
and Kogut, unpublished data) observed in these genetically
distinct chickens may be influenced by the increased IL-18
expression by heterophils.

In addition to an effective pro-inflammatory cytokine
response, a strong chemotactic response may also influence
whether a chicken is resistant or susceptible to SE. In
mammals, IL-8 is a chemokine involved in the recruitment
of PMN to the site of infection.>!>? Similarly, in neonatal
chickens, an IL-8-like chemokine is involved in heterophil
recruitment to the site of infection in neonatal chickens
following an intraperitoneal challenge with SE.>* We have
shown a differential IL-8 response in heterophils isolated
from SE-challenged chickens and observed a significant
up-regulation in the SE-resistant chickens (lines A and D)
compared to the SE-susceptible chickens (lines B and C)
(Ferro and Kogut, unpublished data). The increased pro-
duction of IL-8 would likely result in the recruitment of
additional numbers of heterophils to the site of infection.
Since heterophils from line A and D chickens are func-
tionally more efficient in vitro*>* it is likely these cells
would be more efficient at eliminating an infection in vivo.
These data are further supported by the in vitro study
presented herein, in that heterophils isolated from
SE-resistant chickens (lines A and D) demonstrated an
up-regulated 1L-8 response compared to heterophils from
SE-susceptible chickens (lines B and C) upon stimulation
with SE, NCS-OpSE, or IgY-OpSE.

In the current study, heterophils from SE-resistant lines
A and D had up-regulated mRNA expression levels of pro-
inflammatory (IL-6), Thl (IL-18), and chemotactic (IL-8)
cytokines, while the anti-inflammatory cytokine (TGF-p4)
mRNA expression level was down-regulated. In contrast,
the opposite cytokine profile was observed in heterophils
from the SE-susceptible lines (B and C). These data provide
evidence that the down-regulation of TGF-f4 in heter-
ophils from line A and D chickens enables these two lines of
chickens to quickly and efficiently initiate an acute pro-
inflammatory response resulting in the ability to control
and limit an infection more effectively. The earlier in vitro
heterophil functional assays using these same four lines of
chickens also support this as a possible mechanism of
increased resistance against Salmonella infections.?*** High

levels of TGF-p are also associated with increased mortality
in Plasmodium infections in mice.’*> Taken together,
we believe there is a direct relationship between the
up-regulation of TGF-f4, decreased heterophil functional
efficiency, and increased susceptibility to extraintestinal SE
infections in neonatal poultry. The study presented herein
provides preliminary data and indicates that additional
studies are required to dissect the complex nature of the
innate response to Salmonella in poultry.

In summary, the results of this study indicate that
resistance to SE in poultry is influenced, in part, by hetero-
phils and their ability to produce an effective pro-inflam-
matory cytokine and chemokine response while suppressing
the anti-inflammatory response (TGF-f4). Based on the
data from the present study accompanied by our previous
findings utilizing these same parental and F1 reciprocal
cross chickens, we propose that isolating heterophils and
evaluating cytokine mRNA expression can be used as an
indicator of overall immune competence when selecting for
immunologically competent poultry (Ferro and Kogut
unpublished data; Swaggerty and Kogut, unpublished
data).?%3
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