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Abstract
Phytohemagglutinin (PHA) is commonly used to gain insight into an individual’s cellular
immuno-competence. PHA is typically injected intradermally (i.d.) into the skin (e.g. wing web)
and the tissue swelling response is then monitored, whereby the extent of the swelling positively
relates to the individual’s cellular immune system capabilities. Although i.d. injected PHA was
shown to stimulate mononuclear cell- and basophil-infiltration to the site of injection, reports on
temporal, qualitative and quantitative aspects of the local PHA response are limited. The
objective of this study was to use the growing feather (GF) as a cutaneous test-site to assess and
monitor the type and relative amounts of leukocytes present in the pulp of GFs following i.d.
injection of PHA. Two studies were conducted: Study I was carried out in non-vaccinated
chickens in the Poultry Health Laboratory; Study II in vaccinated chickens reared at the Poultry
Research Farm. For both studies, the pulp of 21 GFs per chicken were injected with 10 µL of
either diluent (PBS) or 300 µg/mL PHA-P (10 chickens/Study). GFs were collected from each
chicken before- (0) and at 0.25, 1, 2, 3, 4, 5, and 7 d post-injection. At each time-point, one GF
was used for immunofluorescent staining of pulp cell suspensions and leukocyte population
analysis by flow cytometry, and another GF for histological analysis (Study I). Both studies
revealed predominant infiltration of CD4+ T cells and αβ T cells in PHA-injected GFs, with
elevated levels observed within 6 h and throughout the 7 d post-injection. B cells and γδ T cells
also infiltrated in response to PHA although at lower levels than CD4+ T cells. This is the first
report describing time-course and phenotype of leukocytes, especially CD4+ T cells,
participating in the PHA response and further affirms this polyclonal response as an indicator of
cell-mediated immunoresponsiveness.
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I.

Introduction

Background Information
Most vertebrate animals are equipped with two forms of immune systems that function to
defend against harmful microbes: innate and adaptive immunity. The body’s earliest line of
defense against infections is innate immunity, which comes into play immediately or within
hours of the antigen’s appearance. Innate immunity is often referred to as native immunity and
includes leukocytes such as heterophils, monocytes/macrophages, eosinophil, mast cells, and
basophils. Heterophils are the avian equivalent to neutrophils in mammals and mediate the
earliest phase of inflammation. Once involved in inflammation, monocytes will differentiate into
macrophages. Macrophages are also involved in inflammation, but at a later phase than
heterophils and will remain in the inflamed tissue longer. Activated later is the adaptive
immunity. Adaptive immunity is an antigen-specific immune response that is more complex than
the innate immune response and is often referred to as the acquired immune system response
(Abbas et al., 2015).
Innate immunity consists of many cell types and soluble molecules in tissues and in the
blood that work to prevent infectious microbes from entering and establishing infection. If
infectious microbes do invade and establish a foothold, innate immunity responses provide an
early defense against pathogens, before an adaptive immune response can develop. Innate
immunity utilizes mechanisms that include physical barriers such as the skin to prevent entry as
well as soluble factors and immune cells that attack foreign microbes once they gain entry. Cell
types seen in an innate immune response include phagocytic cells such as heterophils
(neutrophils) and macrophages, dendritic cells, and natural killer cells. The cellular component
of the innate immune response includes phagocytes, cells that have specialized phagocytic
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functions, primarily macrophages and heterophils. These are the first line of defense against
microbes that breach the epithelial barriers.
Dendritic cells also make up a component of the innate system, and perform essential
recognition and effector roles by triggering and directing adaptive T cell-mediated immune
responses. Natural killer cells (NK) play an important role in innate immune responses against
intracellular viruses. NK cells' major function is to kill infected cells, similar to the role played
by the adaptive immune response component, cytotoxic T lymphocytes (CTLs). Mast cells are an
additional component of the innate response, and are present in the skin and mucosal epithelium.
Mast cells rapidly secrete pro-inflammatory cytokines and lipid mediators in response to
infections and other stimuli. These cells contain cytoplasmic granules filled with inflammatory
mediators that are released upon activation. These granules include components that cause
vasodilation and increased capillary permeability, and enzymes that kill bacteria. Innate
immunity stimulates the adaptive immune response and therefore influences the nature of the
adaptive immune response itself. Innate responses are immediate and do not require prior
exposure to a microbe like the adaptive responses (Abbas et al., 2015).
The two major types of responses mounted by the innate immune system that protect
against microbes are inflammation and antiviral defenses. Inflammation is defined as the process
of recruitment of leukocytes and plasma proteins from the blood, their accumulation in tissues,
and their activation to destroy microbes (Abbas et al., 2015). The major leukocytes that are
recruited in the inflammation process are the phagocytes, heterophils and monocytes (which
develop into tissue macrophages). Inflammation is also the reaction to damaged or dead cells as
well as to the accumulation of abnormal agents in the cells or tissues. Antiviral defenses
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eliminate viral infections by changes in cells that prevent viral replication and spread of the virus
infection.
Adaptive immunity is stimulated by contact with infectious microbes and increases in its
defensive capabilities with each additional exposure. Adaptive responses to a newly introduced
microbe or any foreign substance will develop over a period of several days as clones of
lymphocytes undergo expansion and differentiate into functional effector cells. This form of
immunity adapts to the infection and responds accordingly to the infectious agents. Adaptive
immunity includes both humoral and cell-mediated immunity which are mediated by B and T
lymphocytes, respectively. Antibodies, major histocompatibility complex (MHC) molecules, and
T cell antigen receptors are the three classes of molecules utilized by the adaptive immune
response in antigen-recognition. Adaptive immunity develops within 7-14 days after an initial
encounter with a pathogen, however, the responses are highly specialized to effectively eliminate
the antigen. Once an adaptive immune response has developed, the adaptive immunity has the
ability to respond to a previously encountered antigen in a more efficient manner than the
response following an initial exposure. This ability of the adaptive immune response is referred
to as a memory response.
Humoral immunity is mediated by molecules in the blood and mucosal secretions which
are called antibodies. Antibodies are circulating proteins that are produced in vertebrates in
response to exposure to foreign structures, or antigens. Antibodies are produced by cells called B
lymphocytes, or B cells, and can recognize microbial and non-microbial antigens, neutralize the
infectivity of the microbes, and target microbes for elimination by various effector mechanisms.
Secreted antibodies have the ability to bind to microbes and toxins and assist in their elimination
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as well as activate different mechanisms to combat microbes. Mechanisms that are utilized to
combat microbes are called effector mechanisms.
Cell-mediated immunity is mediated by T lymphocytes, or T cells. Intracellular microbes
may proliferate inside phagocytes and other host cells and therefore become inaccessible to
circulating antibodies. Cell-mediated immunity combats such infections by promoting the
destruction of microbes residing in phagocytes or by killing infected cells. Some T cells also
recruit leukocytes that destroy pathogens and help B cells make antibodies. The principal
function of T lymphocytes is to eradicate infections by intracellular microbes and to activate
other cells, such as macrophages and B lymphocytes. T cells function when they interact with
other cells, such as dendritic cells, macrophages, B lymphocytes, or any infected host cell. The
antigen receptors of CD4+ and CD8+ T cells are specific for peptide antigens that are displayed
by MHC molecules. MHC molecules are expressed on the surface of host cells and function to
display host cell-associated antigens for recognition by CD4+ and CD8+ T cells. CD4 and CD8
molecules are T cell co-receptors that bind to MHC molecules and facilitate signaling by the
TCR complex during T cell activation. CD4+ helper T lymphocytes respond to antigens
presented by MHC class II proteins and CD8+ cytotoxic T lymphocytes have a similar
relationship to MHC class I proteins (Koretzky 2010).
Cell-mediated immunity is clearly a critical part of adaptive immunity. Unlike assessment
of humoral immunity, which involves sampling blood and measuring antibody levels, T cell
responses are difficult to study in vitro and in vivo. This is due to the many restrictions placed on
T cell function, including the inability of T cells to directly interact with antigen, the need for
cell to cell contact in affected tissues, and MHC-restriction. The phytohemagglutinin (PHA)
response, is one of the most frequently used assays to examine cellular immunocompetence,
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especially in the avian model. Its popularity is due in part to the fact that the PHA test is simple
and inexpensive to use. The PHA test is a simple test that is not difficult to perform in the field
setting. When PHA is injected into skin or skin derivatives such as the wattle, wing web, toe
web, or foot pad, the swelling observed is caused by vascular changes and an influx of cells to
the area of injection. PHA injection initiates a rapid infiltration of heterophils, eosinophils, and
macrophages to the site of injection by approximately 12 hours-post-injection. This is then
followed by an influx of lymphocytes by 24 hours-post-injection (Koutsos et al., 2007). PHA
injection elicits a rapid innate immune response which is then followed by a secondary response
that may reflect poly clonal (not antigen-specific) cell-mediated immune activity and capabilities
(Koutsos et al., 2007). The degree of swelling is how the PHA response is typically quantified.
Swelling responses are measured over 24-48 h and the extent of the swelling response is then
directly related to the animal’s cellular immunocompetence; i.e. the greater the swelling response
the higher the cellular immune responsiveness. However, it is unresolved whether or not a larger
swelling response is representative of a better and balanced immune response, although a low
PHA response is associated with immunosuppression.
The subcutaneous injection of a lectin such as PHA and the measurement of subsequent
swelling as an assessment of T cell-mediated immunocompetence has been described as the test
of choice due to its practicality and ease of use in the field. However, the mechanisms involved
in the local immunological and inflammatory process of the PHA test are poorly understood.
Fully understanding the cellular composition of the PHA response would give more credibility to
the PHA test as an indicator of cell-mediated immunocompetence for the poultry industry.
Immunocompetence has reached a central focus of scientific research, and avian models
are frequently used for testing a variety of hypotheses. The chicken model may be utilized to
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examine cellular immune responses to phytohemagglutinin (PHA) in vivo, using the dermis of
growing feathers as a tissue-test site. For this MS project, PHA was injected intra-dermally into
growing feathers of Light-brown Leghorns (LBL) in two different experiments. One study was
conducted with LBL chickens that were non-vaccinated and raised in HEPA filtered rooms at the
Poultry Science Health Lab in Fayetteville, Arkansas. The additional study was conducted with
LBL chickens that were vaccinated with herpesvirus of turkeys (HVT) vaccine and raised at the
Poultry Science Research farm in Fayetteville, Arkansas. My research is a novel study
examining the types, relative amounts, and time-course of leukocytes responding to intradermal
injection of PHA. Conducting these studies in the animal model will generate important new
insight into cellular responses to PHA.
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II.

Literature Review

Phytohemagglutinin (PHA) is a lectin, obtained from the red kidney bean (Phaseolus
vulgaris) that binds to the membranes of T cells and stimulates metabolic activity, cell division,
etc. in a non-antigen-specific manner (Taylor et al., 1986; Movafagh et al., 2011). It is believed
that PHA is a compound generated by the red kidney bean that serves as a defense mechanism
against herbivory, and when consumed in large quantities can cause inflammation of the
intestinal tract in humans and other vertebrates (Martin et al., 2006). Phytohemagglutinin is a
large molecule and has a long history of use in immunology (Naspitz and Richter, 1986; Martin
et al., 2006). When assessing immune system status, humoral immunity is often preferably
measured due to the fact that antibody titers can be easily obtained from body fluids or the blood
and then measured. However, cell mediated immunity is much more complex to examine due to
the many restrictions in T cell activation, such as major histocompatibility complex (MHC)
restriction and antigen-specific T-cell activation (Abbas et al., 2015). One method that is
commonly used to assess cell mediated immunity is the PHA response, which is also referred to
as the Cutaneous Basophilic Response (Stadecker et al., 1977; McCorkle et al., 1980). The
phytohemagglutinin (PHA) response involves injection of PHA into the wattle or other skin
derivatives such as wing web, toe web, and foot pad and then measuring the swelling response
post injection (Bilkova et al., 2016).
The subunits of PHA are of two different types, designated leukocyte reactive (L) and
erythrocyte reactive (E) (Movafagh et al., 2011). Subunit L has a high affinity for lymphocyte
surface receptors but little for erythrocyte receptors, and is responsible for mitogenic properties
of isolectins (Movafagh et al., 2011). Subunit E is responsible for the erythrocyte agglutinating
properties (Movafagh et al., 2011). PHA does not require antigen presentation or MHC co7

stimulation by professional antigen-presenting cells (e.g. macrophages) like most antigens to
activate T cells (Martin et al., 2006). As many as 30% of T-cell lines are responsive to PHA,
which is far more than a typical antigen (Elgert 1996; Martin et al., 2006). Which is why PHA is
a T cell mitogen often used to study T lymphocyte proliferation in culture (Chan et al., 1988).
Several different types of PHA (PHA-P and PHA-M) have been compared on their ability to
induce mitosis (Movafagh et al., 2011). PHA-P is the protein form and PHA-M is the
mucoprotein form of phytohemagglutinin (Mavafagh et al., 2011).
Lectin research has become the focus of intense interest for biologists and for the
research and applications in medicine. PHA in particular has been the focus for potential sources
of developing novel pharmaceutical preparation and generated intensive interest for health care
services and research (Movafagh et al., 2013). Phytohemagglutinin has long been recognized for
its ability to stimulate proliferation in lymphocytes (Goto et al., 1978; Smits et al., 1999). PHA
was first reported to have mitogenic and lymphoblastogenic properties in vitro by Hungerford
(1959) in studies using mammalian blood. Of the early reports on PHA, Peter Nowell was also
among the first to report on PHA’s mitogenic properties by showing that PHA possesses the
ability to stimulate lymphocytes to undergo mitosis (Nowell et al., 1960).
PHA contains potent, cell agglutinating and mitogenic activities and has the potential to
induce closer contacts between adjacent cell membranes. It is an N-acetylgalactosamine
galactose sugar-specific lectin with wide variety of biological activities (Movafagh et al., 2011).
PHA binds to carbohydrate receptor on T cells (Stadecker et al., 1977). In response to PHA
injection into skin, basophil recruitment to the site of injection has been reported, a process also
thought to be mediated by cytokines released by PHA-activated T cells (Stadecker et al., 1977).
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Due to the participation of basophils in the in vivo PHA response the response is often referred to
as the Cutaneous Basophilic Response (Cotter and Wing, 1987; Olah et al., 1981).
The PHA-induced skin swelling test is now considered a classical immunological
technique to examine cellular immunocompetence in chickens (Tella et al., 2008). The
popularity of this immune test appears to arise from its simplicity, feasibility in vivo under field
conditions, and history of use in domestic fowl (Airo et al., 1967; Lawlor et al., 1973; Stadecker
et al., 1977; McCorkle et al., 1980; Tella et al., 2008). The use of PHA has been based on a
long-established protocol developed in poultry science by the pioneering work by Goto et al. to
determine whether the PHA skin test is useful in evaluating thymus-dependent function in
chickens (Goto et al., 1978). The PHA skin test has been reported to be fairly consistent across
various doses, sites of injection, ages, and even species (Scott and Siopes, 1993). In humans,
PHA has been utilized to measure cell-mediated immune responsiveness in vivo, as well as in
vitro (Goto et al., 1978).
For the cutaneous in vivo response to PHA in chickens, PHA is injected into the wattle or
other skin derivatives, the tissue thickness is measured in mm using a caliber over 48 hours post
PHA injection (Lohmus et al. 2004; Koutsos et al. 2007). Wattle thickness has been measured in
both PHA injected and in vehicle (e.g. phosphate buffered saline) injected skin tissues of the
same animal (e.g. left vs right wattle, respectively) to determine the response of PHA by
subtracting the amount of swelling observed in vehicle injected tissue from that of PHA injected
tissue. Considering the tissue injury caused by injection of fluid alone, it is not surprising that
tissue swelling is also observed in response to injection of the vehicle control (El-Lethey et al.,
2003; Taylor et al., 1986). Measuring the amount of swelling may be the most challenging aspect
in the PHA-skin test and is believed to be the most error-prone aspect of the test and is often
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described as tedious work (Smits et al., 1999). Moreover, it is unresolved whether the
assumption of more swelling is representative of a ‘better’ or ‘stronger’ cell-mediated immune
response (Martin et al., 2006). Reports caution against interpreting larger swelling responses as
‘greater cell-mediated immunocompetence’ due to the complex nature of the immune response to
PHA and a lack of complete understanding of the cellular mechanisms involved in the PHA
response (Martin et al., 2006). Large swelling responses have been interpreted as indicators of
allergy or unrestrained local inflammatory activity, therefore suggesting that more swelling is not
always better (Martin et al., 2006). The classical 24-hour wing web swelling response has been
suggested to be representative of local activation and/or proliferation of T cells (Binns et al.
1990; Parmentier et al. 1998). Low responses to PHA in the wattle have been suggested to
indicate T-cell immune deficiency in otherwise healthy chickens as well as generalized
unresponsiveness in birds that are sick by other criteria (Edelman et al., 1986). A direct
relationship between the swelling response and the phagocytic activity in birds has been
established, specifically between the phagocytic abilities of both monocytes and heterophils and
the skin swelling response to PHA. The greater the phagocytotic function, the greater the
swelling response to PHA (Salaberria et al., 2013).
Peak infiltration times post PHA-injection vary depending on cell type. In studies using
thymectomized chickens, intradermal injection of PHA into wattle tissue elicited swelling
responses and marked the beginning of work with the PHA test (Goto et al. 1978). Based on
histological examination, Goto et al. (1978) reported that the PHA reaction in chickens is
characterized by perivascular accumulation of lymphocytes and macrophage migration in the
central layer of wattle tissue. Infiltration was observed at 6, 12, and 24 hours after injection
(Goto et al. 1978). In studies on quail injected with PHA into the wing-webs, lymphocyte
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infiltration was observed as early as 4 hours post PHA injection with levels continuing to
increase during the 48 hour post-PHA injection time period (Lohmus et al. 2004). In some
reports, monocytes and heterophils have been described to accumulate in the post-capillary
venules within the first 30 minutes after PHA is injected (Cotter and Wing, 1987). Based on
studies in bursectomized chickens, it was hypothesized that there may be a regulatory role for Bcells in response to PHA (Cotter and Wing, 1987).
Hematoxylin and eosin (HE) stained sections have been reported to show perivascular
accumulation of lymphocytes in a follicle-like fashion at 12 hours after injection with 75 µg of
PHA (Goto et al., 1978). Macrophage migration has also been reported in the central layer of
wattle tissue at 12 hours after PHA injection in HE stained sections (Goto et al., 1978). Based on
histology reports, PHA injection results in infiltration of primarily mononuclear leukocytes
(lymphocytes), as well as, basophils and heterophils (Koutsos et al., 2007).
In the seminal work of Goto et al. (1978), histological assessment of skin that had been
injected with 75 µg PHA revealed an infiltration by heterophils within 3 hours and a main
cellular response observed at 6-12 hours after injection that consisted of lymphocytes.
Macrophage infiltration was reported by 24 hours and was no longer present by 48 hours post
injection (Goto et al., 1978). Correlations between the number of some cell types (particularly
heterophils) and the degree of swelling has been found at several time points during the PHA
response (Martin et al., 2006).
While the skin is frequently used as a window into a tissue/cellular repair, gaining insight
into events occurring in the tissues that are responsible for the swelling response cannot be
examined without invasive procedures. The growing feather can be utilized as a skin test site
which allows us to monitor the cellular/tissue responses to test materials using minimally
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invasive collection procedures. The growing feather is a complex tissue, and can be viewed as an
outcropping of the skin with an inner dermis surrounded by epidermis and an outer sheath. The
living portion (pulp) of a growing feather (GF) is a column of approximately 8-10 mm in height
with a 2-3 mm diameter (Erf and Ramachandran, 2016).
We have developed a method using the pulp of growing feathers as a dermal test-site (US
patent 8,216,551, 2012). Using the growing feather is an advantageous method, allowing
multiple growing feathers to be injected simultaneously and then collected at different times post
injection. In preparation for injection studies, growing feathers are plucked in a line along the
breast tract and allowed approximately 18 days to regenerate, which allows clear visualization of
which feathers are to be injected with the test material and then collected at multiple time points
after injection. Growing feathers are not anchored into the skin and can therefore be removed
easily, preventing injury to the experimental animal. The collected growing feathers can then be
examined for what occurred in vivo in response to test-materials by performing ex vivo
procedures. The pulp of the growing feather is a sufficient amount of tissue to be utilized for
procedures such as immunofluorescent staining of single cell suspensions or
immunohistochemical staining of cut sections.
The main objective of this study was to monitor and assess the type and relative amounts
of leukocytes present in the pulp of growing feathers (GFs) following intra-dermal (i.d.) injection
of PHA into growing feathers. Specifically, the cutaneous PHA responses was compared by
conducting two separate experiments, one in a research laboratory settings (Study I) and the
other in a conventional farm setting (Study II). For Study I, chickens were reared in HEPA
filtered rooms in the Poultry Health Laboratory and were non-vaccinated the PHA response in a
laboratory setting, whereas for Study II chickens were vaccinated with herpesvirus of turkey
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(HVT) vaccine and reared on the Poultry Research Farm. When the chicken were 9 weeks of age
the leukocyte infiltration response initiated by PHA-injection was examined using the GF
cutaneous test-site. For both studies, the pulp of 21 GFs per chicken were injected with 10 µL of
either diluent (PBS) or 300 µg/mL PHA-P (10 chickens/Study). GFs were collected from each
chicken before- (0) and at 0.25, 1, 2, 3, 4, 5, and 7 d post-injection. At each time-point, one GF
per chicken was used to prepare pulp cell suspensions for immunofluorescent staining and
leukocyte population analysis by flow cytometry, and another GF was placed in buffered
formalin. Formalin fixed GFs were used to prepare of Hematoxylin-Eosin- and Toluidine-stained
fixed tissue sections (Study I) and microscopy evaluation of leukocytes in situ.
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III.

Materials and Methods

Experiments were conducted to examine the cellular activities underlying the cutaneous response
to phytohemagglutinin (PHA) in vivo. All studies were conducted with approval of the
University of Arkansas IACUC committee.

Study I: Effect of PHA in un-vaccinated LBL chickens reared in the Poultry Health
Laboratory
For this study, 9 week old Light-brown Leghorn (LBL) chickens (all MHC B101/101) from
the breeding populations maintained by G. F. Erf at the University of Arkansas, Division of
Agriculture, Arkansas Experiment Station Poultry Farm in Fayetteville, AR, were used. A total
of 10 LBL chickens were used; five chickens for each treatment group (PHA and PBS). These
chickens were non-vaccinated and were raised in a HEPA filtered room in the Poultry Health
Laboratory on wood shavings litter with food and water available ad libitum (Shi et al., 2012).
The wellbeing of the chickens was checked daily. All protocols involving animals were approved
by the University of Arkansas Institutional Animal Care and Use Committee (IACUCC Protocol
#15022. For collection of samples, three growing feathers were collected before- (0) and at 0.25,
1, 2, 3, 4, 5, and 7 days post-pulp injection. One growing feather was placed in labeled aluminum
cups, covered with Tissue Tek® O.C.T. Compound (Sakura, Finetek, USA; VWR catalogue
number 25608-930), and snap frozen in liquid nitrogen and stored at -800C (Erf et al., 1995) and
was used for immunohistochemical staining at a later date. One growing feather was fixed in
10% buffered formalin and used for Hematoxylin and Eosin (HE) staining and Toluidine Blue
staining at a later date. The remaining feather was placed in tubes containing ice-cold Dulbecco’s
14

Phosphate-Buffered Saline (Sigma, Chemical Company, St. Louis, Mo.; PBS) and used for
immunofluorescent staining of pulp cell suspensions and cell population analysis by flow
cytometry.
Study II: Effect of PHA in vaccinated LBL chickens reared on the Arkansas Experiment
Station Poultry Farm
For this study, 9-week old LBL chickens (all MHC B101/101) maintained by G. F. Erf at
the Agricultural Experimental Station Poultry Farm at the University of Arkansas, Fayetteville,
AR, were randomly selected from the breeder replacement population. These chickens were
vaccinated with herpesvirus of turkey vaccine and raised using conventional rearing conditions
on wood shavings litter with food and water available ad libitum (Shi et al., 2012). The
wellbeing of the chickens was checked daily. All protocols involving animals were approved by
the University of Arkansas Institutional Animal Care and Use Committee (IACUCC Protocol
#15022). A total of ten LBL chickens were used, 6 chickens for the PHA treatment group, 4
chickens for the PBS treatment. For collection of samples, two growing feathers were collected
before- (0) and at 0.25, 1, 2, 3, 4, 5, and 7 days-post-pulp injection. One growing feather was
placed in labeled aluminum cups, covered with Tissue Tek® O.C.T. Compound (Sakura,
Finetek, USA; VWR catalogue number 25608-930), and snap frozen in liquid nitrogen and
stored at -800C (Erf et al., 1995) and used for immunohistochemical staining at a later date. The
remaining feather was placed in tubes containing ice-cold DPBS and used for
immunofluorescent staining of pulp cell suspensions by flow cytometry.

Feather Injection. Feathers were prepared for injection by plucking approximately 12
feathers along each breast tract on the experimental birds and allowed 18 days to regenerate
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before injection with test materials. Before injection with test materials, emerging barbs of
growing feathers were trimmed to expose the epidermal cap, and to allow identification during
the duration of the experiment. 18-day-old regenerating growing feathers (GF) were injected
with either 10 µL of diluent (endotoxin-free PBS) or 300 µg/mL PHA-P; 21 GF per chicken.
Feather injections were performed by Hyeonmin Jang and Huong Le.

Preparation of Pulp Cell Suspensions and Immunofluorescent Staining. One GF was
collected before (0) and at 0.25, 1, 2, 3, 4, 5, and 7 d post-injection. One collected GF/bird per
time point was placed in 1.5 mL microfuge tubes containing ice-cold PBS and were kept on ice
until preparation of pulp cell suspensions. To prepare pulp cell suspensions, the sheath of the GF
was cut longitudinally with a razor blade and the entire pulp (epidermis and dermis) was pulled
out with a pair of curved forceps. The pulp was then placed in 0.5 mL of 0.1% collagenasedispase solution (Collagenase type IV, Cat# 1704-019, Life Technologies, Carlsbad, CA;
Dispase II, Roche Cat# 0492078001, Sigma-Aldrich) and incubated in a water bath at 400C for
15 min. After the incubation, the tissue and solution was gently pushed through a 60 µm nylon
mesh with ice-cold PBS. Cells were washed two times by centrifugation at 250 x g at 40C and
the final cell pellet was resuspended in 0.4 mL of PBS+ staining buffer (PBS, 1 % bovine serum
albumin and 0.1 % sodium azide).
Cells were then immunofluorescently stained using a panel of fluorescently labeled
mouse monoclonal antibodies specific for chicken leukocyte markers (Southern Biotech) (Erf et
al., 1998). Included were antibodies to chicken CD45-conjugated to spectral red (CD45-SPRD;
leukocyte marker), CD4 conjugated to fluoroisothiocyanine (CD4-FITC, T helper cells), CD8
conjugated to phycoerythrin (CD8-PE; cytotoxic lymphocytes), Bu-1-FITC (B cells), T cell
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receptor 1 (TCR1)-PE (γδ T cells), TCR2-FITC (αβ1 T cells), TCR3-PE (αβ2 T cells), KUL01FITC (macrophages) and MHC II-PE (2G11; MHC class II-expressing cells). The isotype of all
mouse antibodies used was IgG1. These antibodies were used in three-color staining
combinations: CD4-FITC, CD8-PE, CD45-SPRD; Bu-1-FITC, TCR1-PE, CD45-SPRD, TCR2FITC, TCR3-PE, CD45-SPRD; KUL01-FITC, MHC II-PE, CD45-SPRD. Pooled cell
suspensions were also incubated with mouse IgG1 isotype control antibodies of irrelevant
specificity conjugated to FITC, PE, or SPRD (Southern Biotech) to determine non-specific
binding of directly labeled mouse IgG1 antibodies and to set the cut-off between negative and
positive fluorescence.
Pooled cell suspensions were also used for one color staining with CD45-FITC, CD45PE or CD45-SPRD to carry out compensation for each fluorescence detector. For each sample,
data on size forward (forward scatter, FSC), internal complexity (side scatter; SSC), FL-1 (FITCfluorescence), FL-2 (PE-fluorescence) and FL-3 (SPRD-fluorescence) based on 10, 000 cells
were acquired using BD FACSsort and CellQuest software (BD). For analysis of flow cytometry
data, a dot plot displaying the CD45-SPRD+ cell population in FL-3 versus FSC was created for
each sample. A region was then drawn around the CD45+ population and the leukocyte gate
applied to another dot plot displaying FL-1 and FL-2 (e.g., Bu-1-FITC and TCR1-PE
leukocytes). FL-1 and FL-2 quadrant statistics were then used to determine the % of FITC+
and/or PE+ leukocytes for each staining-combination. All data were expressed as % total pulp
cells to compare samples on a relative quantitative basis. Antibodies specific for chicken
heterophils or lymphocytes were not available, heterophil and total lymphocyte populations in
the pulp cell suspensions were estimated based on size (FSC) and granularity (SSC)
characteristics of CD45+ leukocytes as described in Seliger et al. (2012).
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Evaluation of Stained Tissue Sections. Leukocyte infiltration in paraffin embedded HE
and Toluidine Blue stained tissue sections were evaluated to gain insight into the proportions of
heterophils and mononuclear cells. Sections were examined by bright-field microscopy equipped
with a 10 mm x 10 mm ocular insert grid, a square with 100, 1 mm x 1 mm subdivisions (Erf et
al., 1995). 20 grid areas (squares) of dense leukocyte infiltration in PHA injected samples were
evaluated at 1000x magnification and the percentage of lymphocytes, macrophages, basophils,
and heterophils recorded for each area. H/E stained sections were used to determine heterophils
and Toluidine Blue stained sections were used to determine lymphocytes, macrophages, and
basophil proportions. Data were expressed number of cells per square at each time point for each
treatment. All examinations of HE and Toluidine Blue stained sections were carried out by the
same person.

Statistical analyses. The experimental unit is the individual chicken with 5 chickens per
treatment (PBS and PHA) within a Group. All statistical analyses were carried out using Sigma
Plot 13 Statistical Software (Systat Software, Inc., San Jose, CA 95110). For Study I and II,
two-way Repeated Measures Analysis of Variance (RMANOVA) was conducted to determine
effect of treatment, time, and treatment by time interaction. Independent of significant time by
treatment interactions, the effect of time was determined by one-way RM-ANOVA for each
treatment separately, whereas treatment comparisons were made at each time-point by one-way
ANOVA. All analyses were followed by Fisher’s LSD multiple means comparisons. For all
comparisons, differences were considered significant at P ≤ 0.05.
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IV.

Results

This time-course study examined temporal, qualitative, and quantitative aspects of tissue
responses to intradermal injection of phytohemagglutinin compared to vehicle (PBS) injection in
chickens. Since the chickens were repeatedly sampled, two-way RM-ANOVA was conducted to
examine the effect of treatment, time, and treatment by time interaction on the various aspects
examined. Time by treatment interactions were observed, indicating that the treatments had
different effects over the time-course of the study. While some responses were not associated
with significant time by treatment interactions, all time-course data were analyzed separately for
each treatment by one-way RM-ANOVA and results shown in Table format (Table 1-10).
Treatment differences at each time-point are indicated directly on the graphs (Fig. 1-10). All
data reported are means ± SEM and differences were determined using P ≤ 0.05.

Study I: Effect of PHA in un-vaccinated LBL chickens reared in the Poultry Health
Laboratory
Microscopic evaluation of tissue sections
Fixed, paraffin-embedded GFs were sectioned and stained with Hematoxylin-Eosin
(HE)(Lymphocytes, Macrophages, Heterophils) and Toluidine-Blue (Basophils). Image analysis
was performed to determine proportions of lymphocytes, macrophages, heterophils, and
basophils. Infiltration of lymphocytes was observed in both PBS and PHA injected GFs although
for PBS there were no significant changes in the levels of lymphocytes, macrophages, basophils,
and heterophils over the course of the 7 d study (Figure 1&2 and Table 1&2).
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In PHA injected GFs, lymphocyte levels increased to maximum levels by 0.25 d postinjection and remained elevated until returning to near pre-injection levels by 7 d post-injection.
With the exception of 7d, at all time-points post-injection, levels of lymphocytes were higher in
PHA injected compared to PBS injected GFs (Figure 1a and Table 1).
In PHA injected GFs, the level of macrophages reached maximum levels by 0.25 d postinjection and remained elevated until 7 d post-injection where levels returned to baseline levels.
With the exception of 7d, at all time-points post-injection, levels of macrophages were higher in
PHA injected compared to PBS injected GFs (Figure 1b and Table 1).
In PHA injected GFs, the level of basophils reached maximum levels 0.25 d postinjection and returned to near pre-injection levels by 7 d post-injection. With the exception of 7d,
at all time-points post-injection, levels of basophils were higher in PHA injected compared to
PBS injected GFs (Figure 2a and Table 2).
In PHA injected GFs, the level of heterophils reached maximum levels 0.25 d postinjection and returned to baseline levels by 1 d post-injection and remained at pre-injection levels
throughout the time-course. At all time-points post-injection, levels of heterophils were higher in
PHA injected compared to PBS injected GFs (Figure 2b and Table 2).

Cell population analysis by flow cytometry
The pulp of GFs of non-vaccinated chickens were injected with either PBS or PHA and
GFs were collected before (0 d) and at different time points post-injection (0.25, 1, 2, 3, 4, 5 and
7 d). Cell infiltration response was determined by flow cytometric analysis of
immunofluorescently stained pulp cell suspensions prepared from one GF/bird at each timepoint.
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There was no significant time by treatment interactions observed for heterophils,
indicating that the treatments had similar effects over the time-course of the study. For PBS
injected GFs, there was a significant effect of time, and peak levels were reached by 0.25 d postinjection and returned to near base line levels by 1 d post-injection. PHA injected GFs had a
similar response, reaching peak levels by 0.25 d and returning to base line levels by 1 d postinjection. There were no differences in heterophil levels between the two treatment groups at any
time-point (Figure 3a and Table 3).
There was no significant time by treatment interaction observed for macrophages,
indicating that the treatments had similar effects over the time-course of the study (Figure 3b and
Table 3). For PBS injected GFs, there was a significant effect of time, with peak levels being
reached by 0.25 d post-injection, macrophage levels then returned to near baseline levels by 1 d
post-injection and remained at pre-injection levels thereafter. In PHA injected GFs, there was
also a significant effect of time, with macrophages reaching peak levels by 0.25 d as well, and
gradually returning to near baseline levels by 3 d post-injection. PBS and PHA differed in
macrophage infiltration levels at 1 d and 7 d post injection, with macrophage levels for PHA
being higher than PBS.
There was a significant time by treatment interaction observed for γδ T cells (Figure 4a
and Table 4). In PBS injected GFs, the levels of γδ T cells were elevated 0.25 d post-injection
and returned to near pre-injection levels by 1d post-injection and remained there for the duration
of the time-course. Similarly, in PHA injected GFs maximum levels were reached by 0.25 d
post-injection and then returned to base line levels by 2 d post-injection and continued to
decrease to pre-injection levels by 5 d post-injection and remained at this level for the duration of

21

the study. With the exception of the 6 h time-point, at all time-points post-injection, levels of γδ
T cells were higher in PHA injected compared to PBS injected GFs.
Infiltration of αβ T cells was observed in both PBS and PHA injected GFs (Figure 4b and
Table 4). In PBS injected GFs, the levels of αβ T cells (TCR2+ & TCR3+) reached peak levels
by 0.25 d post-injection and returned to baseline levels by 1 d and remained until 7 d postinjection. In PHA injected GFs, the levels of αβ T cells reached maximum levels by 1 d postinjection, and remained elevated until 4 d before dropping to pre-injection levels on 5 d postinjection and remained near baseline levels on 7 d. At all time-points post-injection, levels of αβ
T cells were higher in PHA injected compared to PBS injected GFs.
Infiltration of CD4+ T cells was observed in both PBS and PHA injected GFs (Figure 5a
and Table 5). In PBS injected GFs, the levels of CD4+ cells were elevated 0.25 d post injection
and returned to pre-injection levels thereafter. Similarly, in PHA injected GFs, the levels of
CD4+ T cells increased by 0.25 h, reached maximum levels 1 d and remained elevated until
returning to near baseline levels by 5-7 d. At all time-points post-injection, levels of CD4+ T
cells were higher in PHA injected compared to PBS injected GFs.
There was no significant time by treatment interactions observed for CD8+ T cells,
indicating that the treatments had similar effects over the time-course of the study (Figure 5b and
Table 5). For PBS injected GFs, there was a significant effect of time for infiltrating CD8+ cells,
and peak levels were reached by 6 h p.i. and returned to near pre-injection levels for the
remainder of the time-course. For PHA samples, there was a significant effect of time for CD8+
cells, and peak levels were reached by 0.25 d post-injection before returning to near pre-injection
levels by 1 d post-injection and remained for the duration of the study. PBS and PHA samples
had no differences in infiltration levels at individual time-points. However, there was a
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significant main effect (2-way RM-ANOVA, P<0.001, Table 5) of treatment for CD8+ cells,
with injection of PHA resulting in overall higher levels of CD8+ cells in GFs than PBS injection.
Infiltration of B cells was observed in both PBS and PHA injected GFs (Figure 6a and
Table 6). In PBS injected GFs, the levels of B cells (Bu1+IgM+) were elevated by 0.25 d post
injection and returned to baseline levels at 1 d and remained at pre-injection levels for the
duration of the study. PHA injected GFs reached maximum B cell infiltration levels by 4 d post
injection and remained elevated for the rest of the time-course. At all time-points post-injection,
levels of B cells were higher in PHA injected compared to PBS injected GFs.
Altered levels of MHC class II+ cells were observed in both PBS and PHA injected GFs
(Figure 6b and Table 6). In PBS injected GFs, the levels of MHC class II+ cells were elevated
0.25 d post-injection and remained at baseline levels until returning to pre-injection levels by 7 d
post-injection. Similarly, in PHA injected GFs, levels of MHC II+ cells were elevated by 6 h,
reaching maximum levels by 2 d post injection and remained above pre-injection levels
throughout the study. At all time-points post-injection, levels of MHC class II+ cells were higher
in PHA injected compared to PBS injected GFs.
Study II: Effect of PHA in vaccinated LBL chickens reared on the Arkansas Experiment
Station Poultry Farm
Infiltration of heterophils was observed in both PBS and PHA injected GFs (Figure 7a
and Table 7). In PBS injected GFs, the levels of heterophils were elevated 0.25 d post-injection
and returned to near baseline levels by 2 d post-injection. In PHA injected GFs, the levels of
heterophils reached maximum levels by 0.25 d post-injection and returned to near baseline levels
by 2 d post-injection.
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Infiltration of macrophages was observed in both PBS and PHA injected GFs (Figure 7b
and Table 7). In PBS injected GFs, the levels of macrophages reached peak levels by 0.25 d postinjection and returned to near pre-injection levels by 1 d post-injection. In PHA injected samples,
macrophages also reached maximum levels by 0.25 d post-injection and then decreased to near
baseline levels by 3 d post-injection and remained at this level for the remainder of the study. At
0.25 d post-injection, macrophage levels were higher in PHA injected compared to PBS injected
GFs.
There was no significant time by treatment interactions observed for γδ T cells (TCR1+),
indicating that the treatments had similar effects over the time-course of the study (Figure 8a and
Table 8). For PBS injected GFs, there was no significant effect of time for γδ T cells. For PHA
injected GFs, there was also no significant effect of time for γδ T cells. Additionally, there were
no treatment differences in γδ T cell levels at any of the time-points examined.
There was no significant time by treatment interaction observed for αβ T cells (TCR2+ &
TCR3+), indicating that the treatments had similar effects over the time-course of the study
(Figure 8b and Table 8). For PBS injected GFs, there was a significant effect of time for αβ T
cells, and peak infiltration levels were reached by 1 d post-injection and returned to baseline
levels by 2 d post-injection. For PHA injected GFs, there was a significant effect of time for αβ T
cells, and peak infiltration levels were reached by 0.25d post-injection. αβ T cells remained at
peak levels until 4 d, before dropping to pre-injection levels at 5 and 7 d.
There was no significant time by treatment interactions observe for CD4+ T cells,
indicating that the treatments had similar effects over the time-course of the study (Figure 9a and
Table 9). For PBS injected GFs, there was no significant effect of time for infiltrating CD4+ T
cells. For PHA injected GFs, there was a significant effect of time for infiltrating CD4+ T cells,
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and peak infiltration levels were reached by 0.25 d post-injection and remained at this level
throughout the time-course of this study.
There was no significant time by treatment interactions observed for CD8+ T cells,
indicating that the treatments had similar effects over the time-course of the study (Figure 9b and
Table 9). For PBS injected GFs, there was not a significant effect of time for infiltrating CD8+ T
cells. For PHA injected GFs, there was also no significant effect of time for infiltrating CD8+ T
cells.
There was no significant time by treatment interactions observed for B cells (Bu1+IgM+)
indicating that the treatments had similar effects over the time-course of the study (Figure 10a
and Table 10). For PBS injected GFs, there was a significant effect of time for infiltrating B
cells, however B cell levels remained at baseline levels throughout the time-course. For PHA
samples, there was a significant effect of time for infiltrating B cells, and peak levels were
reached 3 d post-injection and returned to baseline levels 5 d post-injection. There was a
significant main effect of treatment for B cells, with injection of PHA resulting in overall higher
levels of B cells in GFs than PBS injection. Treatment comparisons at each time-point revealed
higher B cell levels on 3 d in PHA injected compared to PBS injected GFs.
There was no significant time by treatment interaction observed for MHC II+ cells,
indicating that the treatments had similar effects over the time-course of the study (Figure 10b
and Table 10). For PBS injected GFs, there was no effect of time for MHC II+ cells. For PHA
injected GFs, there was a significant effect of time for MHC II+ cell levels. Peak levels of
MHCII+ cells were reached by 1 d post-injection and then returned to near baseline levels 2 d
post-injection. However, there was a significant main effect of treatment for MHC II+ cells, with
injection of PHA resulting in higher levels of MHC II+ cells in GFs than PBS injection.
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Comparison of treatments at individual time-points revealed higher levels of MHC II+ cells in
PHA injected GFs at all time-points post-injection.
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a)

b)

Figure 1. Proportions of (a) lymphocytes (b) macrophages in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens from Poultry Science Health Lab Experiment
(n=5/treatment). Proportions were determined by examination of 20 grid areas (1 mm x 1 mm
square) at 1000x (oil) magnification. The pulp of GF was injected with PHA or PBS (300 µg/mL
PHA-P; 10 µL/GF; 21 GF per chicken). For all groups of chickens, GF were collected before (0)
and 1, 3, 4 and 7 d post injection. Data shown are mean ± SEM; a,bmeans within a time point are
different (P≤0.05).
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Table 1. Statistical analysis of data shown in Figure 1. Time and treatment effects on the levels
of lymphocytes and macrophages (#/square) in PHA and vehicle control (PBS) injected GFs1).
Lymphocytes
Treat

P-Treat
0.001

PBS
PHA

P-Time
0.000
0.142
<0.001

P-IXN
0.0042)

P-Time
0.000
0.546
<0.001

P-IXN
0.0012)

0h

1d

3d

4d

7d

Z
Z

Z
X

Z
Y

Z
YZ

Z
Z

0h

1d

3d

4d

7d

Z
Z

Z
X

Z
XY

Z
Y

Z
Z

Macrophages
Treat
PBS
PHA

P-Treat
0.000

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 2. Proportions of (a) basophils (b) heterophils in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens from Poultry Science Health Lab Experiment
(n=5/treatment). Proportions were determined by examination of 20 grid areas (1 mm x 1 mm
square) at 1000x (oil) magnification. The pulp of GF was injected with PHA or PBS (300 µg/mL
PHA-P; 10 µL/GF; 21 GF per chicken). For all groups of chickens, GF were collected before (0)
and 1, 3, 4 and 7 d post injection. Data shown are mean ± SEM; a,bmeans within a time point are
different (P≤0.05)
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Table 2. Statistical analysis of data shown in Figure 2. Time and treatment effects on the levels
of basophils and heterophils (#/square) in PHA and vehicle control (PBS) injected GFs1).
Basophils
Treat

P-Treat
0.000

PBS
PHA

P-Time
0.000
0.512
<0.001

P-IXN
0.0012)

P-Time
0.000
0.120
<0.001

P-IXN
0.0022)

0h

1d

3d

4d

7d

Z
Z

Z
X

Z
XY

Z
Y

Z
Z

0h

1d

3d

4d

7d

Z
Z

Z
X

Z
Z

Z
Z

Z
Z

Heterophils
Treat
PBS
PHA

P-Treat
0.000

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 3. Proportions of (a) heterophils (b) macrophages in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens reared in the Poultry Health Laboratory (n=5/treatment).
The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time-point are different (P≤0.05).
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Table 3. Statistical analysis of data shown in Figure 2. Time and treatment effects on the levels
of heterophils and macrophages (% pulp cells) in PHA and vehicle control (PBS) injected GFs1).
Heterophils
Treat

P-Treat
0.487

PBS
PHA

P-Time
<0.001
<0.001
<0.001

P-IXN
0.8872)

P-Time
<0.001
<0.001
0.023

P-IXN
0.0562)

0h

6h

1d

2d

3d

4d

5d

7d

Z
Z

X
X

Z
Z

Z
Z

Z
Z

Z
Z

Z
Z

Z
Z

0h

6h

1d

2d

3d

4d

5d

7d

Macrophages
Treat
PBS
PHA

P-Treat
0.548

Z
Z

X
Z

Y
Z

YZ
Z

Y
Z

YZ
Z

Y
Z

Z
Z

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 4. Proportions of (a) γδ T cells (b) αβ T cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens reared in the Poultry Health Laboratory (n=5/treatment).
The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time-point are different (P≤0.05).
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Table 4. Statistical analysis of data shown in Figure 4. Time and treatment effects on the levels
of γδ T cells and αβ T cells (% pulp cells) in PHA and vehicle control (PBS) injected GFs1).
γδ T cells
Treat

P-Treat
<0.001

PBS
PHA

P-Time
<0.001
<0.001
0.002

P-IXN
0.0352)

0h

6h

1d

2d

3d

4d

5d

7d

Z
Z

Y
X

Z
XY

Z
XYZ

Z
YZ

Z
XYZ

Z
Z

Z
YZ

αβ T cells
Treat
PBS
PHA

P-Treat
<0.001

P-Time
<0.001
<0.001
0.015

P-IXN
<0.0012)

0h

6h

1d

2d

3d

4d

5d

7d

Z
Z

X
XZ

Y
X

Y
XZ

Y
XZ

Y
XZ

Y
Z

Y
XZ

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 5. Proportions of (a) CD4+ T cells (b) CD8+ T cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens reared in the Poultry Health Laboratory (n=5/treatment).
The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time-point are different (P≤0.05).
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Table 5. Statistical analysis of data shown in Figure 5. Time and treatment effects on the levels
of CD4+ T cells and CD8+ T cells (% pulp cells) in PHA and vehicle control (PBS) injected
GFs1).
CD4+ T cells
Treat

P-Treat
<0.001

PBS
PHA

P-Time
<0.001
<0.001
0.005

P-IXN
<0.0012)

P-Time
0.002
0.004
0.002

P-IXN
0.5772)

0h

6h

1d

2d

3d

4d

5d

7d

YZ
Z

Y
XY

YZ
X

YZ
XY

Z
XYZ

YZ
XY

Z
YZ

YZ
XYZ

0h

6h

1d

2d

3d

4d

5d

7d

Z
Z

Y
X

Z
YZ

Z
XYZ

Z
YZ

Z
XY

Z
YZ

Z
XYZ

CD8+ T cells
Treat
PBS
PHA

P-Treat
<0.001

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 6. Proportions of (a) B cells (b) MHC class II+ cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in unvaccinated
Light-brown Leghorn (LBL) chickens reared in the Poultry Health Laboratory (n=5/treatment).
The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time-point are different (P≤0.05).
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Table 6. Statistical analysis of data shown in Figure 6. Time and treatment effects on the levels
of B cells and MHC Class II+ cells (% pulp cells) in PHA and vehicle control (PBS) injected
GFs1).
B cells
Treat

P-Treat
0.002

PBS
PHA

P-Time
<0.001
<0.001
<0.001

P-IXN
<0.0012)

0h

6h

1d

2d

3d

Z
Z

ZY
XYZ

ZY
Y

Y
XY

ZY
YZ

4d

5d

7d

YX
YX
X
WX WXY WX

MHC Class II+ cells
Treat
PBS
PHA

P-Treat
<0.001

P-Time
<0.001
<0.001
<0.001

P-IXN
0.0142)

0h

6h

1d

2d

3d

4d

5d

7d

Z
Z

Y
YZ

YZ
Y

X
Y

Y
Y

YZ
Y

YZ
Y

Z
YZ

X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

b)

Figure 7. Proportions of (a) heterophils (b) macrophages in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in vaccinated
Light-brown Leghorn (LBL) chickens reared on the Poultry Research Farm (n=6 PHA, n=4
PBS). The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time-point are different (P≤0.05).
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Table 7. Statistical analysis of data shown in Figure 7. Time and treatment effects on the levels
of heterophils and macrophages (% pulp cells) in PHA and vehicle control (PBS) injected GFs1).
Heterophils
Treat

P-Treat
<0.001

PBS
PHA
Macrophages
Treat
PBS
PHA

P-Treat
0.000

P-Time
<0.001
<0.001
<0.001

P-IXN
<0.0012)

P-Time
0.000
0.009
<0.001

P-IXN
0.0002)
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X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 8. Proportions of (a) γδ T cells (b) αβ T cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in vaccinated
Light-brown Leghorn (LBL) chickens reared on the Poultry Research Farm (n=6 PHA, n=4
PBS). The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time point are different (P≤0.05).
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Table 8. Statistical analysis of data shown in Figure 8. Time and treatment effects on the levels
of γδ T cells and αβ T cells (% pulp cells) in PHA and vehicle control (PBS) injected GFs1).
γδ T cells
Treat

P-Treat
0.101

PBS
PHA

P-Time
0.006
0.114
0.140

P-IXN
0.4232)

P-Time
0.002
<0.001
0.040

P-IXN
0.5722)
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X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 9. Proportions of (a) CD4+ T cells (b) CD8+ T cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in vaccinated
Light-brown Leghorn (LBL) chickens reared on the Poultry Research Farm (n=6 PHA, n=4
PBS). The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time point are different (P≤0.05).
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Table 9. Statistical analysis of data shown in Figure 9. Time and treatment effects on the levels
of CD4+ T cells and CD8+ T cells (% pulp cells) in PHA and vehicle control (PBS) injected
GFs1).
CD4+ T cells
Treat

P-Treat
0.040

PBS
PHA

P-Time
0.054
0.088
0.004

P-IXN
0.5462)

P-Time
0.852
0.070
0.166
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0.8102)
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X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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a)

b)

Figure 10. Proportions of (a) B cells (b) MHC II+ cells in the pulp of growing feathers (GF)
injected with phytohemagglutinin (PHA) or phosphate buffered saline (PBS) in vaccinated
Light-brown Leghorn (LBL) chickens reared on the Poultry Research Farm (n=6 PHA, n=4
PBS). The pulp of GF was injected with PHA or PBS (300 µg/mL PHA-P; 10 µL/GF; 21 GF per
chicken). For all groups of chickens, GF were collected before (0) and 6h, 1, 2, 3, 4, 5, and 7 d
post injection. Data shown are mean ± SEM; a,bmeans within a time point are different (P≤0.05).
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Table 10. Statistical analysis of data shown in Figure 10. Time and treatment effects on the
levels of B cells and MHC II+ cells (% pulp cells) in PHA and vehicle control (PBS) injected
GFs1).
B cells
Treat

P-Treat
0.006

PBS
PHA

P-Time
0.000
0.008
<0.001

P-IXN
0.9462)

P-Time
0.033
0.140
0.014

P-IXN
0.9522)
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X, Y, Z: For each cell population and treatment, levels at time-points without a common letter
are different at P≤ 0.05. Letters reflect ascending order of GF infiltration levels3).
1)
PHA or PBS was injected into the dermis of GFs of unvaccinated LBL chickens. GFs were
sampled before (0) and at 1, 3, 4 and 7 d post GF injection for immunofluorescent staining of GF
pulp cell suspensions and cell population analysis by flow cytometry.
2)
Two-way Repeated Measures of Analysis (RM-ANOVA) was conducted to determine the
effects of treatment (Treat), Time, and Treat x Time interactions (IXN).
3)
One-way RM-ANOVA was conducted for each treatment group the effect of time on the
PHA/PBS response. Fischer’s multiple means comparisons analysis was conducted to determine
differences between time-points
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V.

Discussion
Cellular immune responses play a critical role in the defense against pathogens. The skin

and its derivatives are often used as windows into tissue/cellular repair and to assess immune
responses to injected antigens, especially through monitoring the nature of the visual skin
reactions. However, observing the immune responses from initiation to resolution of the response
requires invasive sampling procedures of the test-tissue. In poultry, the living integument
includes the growing feather (GF). We have developed the GF as a skin test-tissue to monitor
and assess cellular/tissue responses to various test materials (US patent 8.216,551,2012; Erf and
Ramachandran, 2016). Using the GF as the cutaneous test-site, we sought to monitor and assess
the type and relative amounts of leukocytes present in the pulp of growing feathers following
intradermal injection of PHA. Injection of multiple GFs of a chicken and collecting GFs at
different time-points post-injection provided for the first time insight into the temporal,
quantitative, and qualitative aspects of the local cellular response initiated by PHA in an
individual.
The PHA response was first examined in the laboratory setting, where chickens were not
vaccinated and were reared in clean conditions in a HEPA filtered room in the Poultry Health
Laboratory. Leukocyte responses to PHA injection were evaluated in two ways, first by
examination of tissue sections where the numbers of lymphocytes, monocytes/macrophages,
heterophils and basophils in infiltrated areas were determined by microscopic examination of
H/E or Toluidine Blue stained GF tissue sections. This was done with the aid of an ocular insert
(10 mm x 10 mm square) at 1000x magnification. Examination of stained tissue sections
paralleled the approach used in published studies on leukocyte infiltration in response to
intradermal injection of PHA in chickens and confirmed reports of recruitment of heterophils,
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basophils, and mononuclear leukocytes, especially lymphocytes, to the site of PHA injection
(Cotter and Wing, 1987; Koutsos et al., 2007) (Figure 1 & 2). Levels of these leukocytes were
highest 1 d post-injection and remained elevated for 4 days.
The other approach used in this study was to examine leukocyte presence in the entire
pulp tissue of GFs collected before (0) and at 0.25, 1, 2, 3, 4, 5, and 7 d post-injection. At each
time-point, pulp cell suspensions were prepared from 1 GF per chicken and cells were
immunofluoresecently stained using a panel of chicken leukocyte-specific monoclonal
antibodies. Stained cell suspensions were then subjected to cell-population analysis by flow
cytometry (Erf and Ramachandran, 2006), with special focus on identifying the various
lymphocyte subsets.
As hypothesized, the predominant cell type in PHA injected GFs were T cells, especially
CD4+ T cells and αβ TCR+ T cells rather than CD8+ lymphocytes (Figure 4 & 5). Levels of
CD4+ T cells were already greatly elevated within 6 h post-PHA injection (Figure 5). This
observation is in agreement with Koutsos et al. (2007) who reported that lymphocyte infiltrates
could be observed in PHA-injected wing webs as early as 4 h post-injection and continued to
increase during the 48 h examination period. In our study, the high levels of CD4+ T cells
observed within 6 h were maintained throughout the 7 d examination period.
While PHA is a T cell mitogen known to induce proliferation of primarily CD4+ T cells
in vitro (Chan et al., 1988; Erf and Marsh, 1988), it did however not appear that proliferation was
a major contributor to the presence of T cells during the in vivo PHA response. This conclusion
is based on examination of lymphocyte morphology in the H/E and Toluidine Blue stained tissue
sections which did not suggest presence of lymphoblasts. Rather, PHA may have activated the T
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cells to produce cytokines, such as interferon-γ as suggested by the increased levels of MHC
class II+ cells in PHA injected tissue (Figure 6).
In addition to CD4+ T cells, levels of γδ T cells were also elevated early (6 h) and
throughout the 7 d examination period following PHA-injection. Typically, γδ T cells are CD4negative but can express CD8. The majority of the γδ T cells infiltrating in response to PHA
injection likely were CD8-negative as their infiltration profile differed from the sustained low
level elevation of CD8+ cells (Figure 4 and 5).
B lymphocytes were another type of lymphocyte found to participate in the in vivo PHA
response. Unlike T cell infiltration, infiltration of B cells was slow with increased levels
observed by 4 d onwards (Figure 6). A potential role of B cells in the wattle swelling response to
PHA was suggested by Goto et. al (1978) when the response was examined in bursectomized
chickens. However, their role in the PHA response has not been defined.
Lastly, based on flow cytometric cell population analysis, PHA and PBS injection
initiated similar inflammatory activity at the site of injection, as reflected by similar alterations in
heterophil and macrophage levels with both treatments.
Overall, phenotypic analysis of lymphocytes present at the site of PHA-injection,
revealed T cells, particularly CD4+ and αβ TCR+ T cells, as the predominant responders to PHA
injection. This observation is in line with the concept that the PHA response is a measure of
general cell-mediated immune system capacity.
Having established the leukocyte infiltration profiles in response to PHA injection in the
laboratory setting, we repeated the cell population analysis of PHA injected GFs using age- and
gender-matched LBL chickens that were reared in a conventional farm setting; i.e. chickens were
vaccinated at hatch with live herpesvirus of turkey (HVT) vaccine and reared on the Poultry
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farm. This approach more closely resembled the experimental setting of PHA skin-tests
conducted by others (Goto et al., 1978; Parmentier et al., 1998), where vaccination, microbes and
other environmental factors may have influence cell-mediated immune system activities.
In the more conventional farm setting, PHA-injection into GFs also resulted in
characteristic lymphocyte- (predominantly CD4+ and αβ TCR+ T cells) and macrophageinfiltration profiles observed in the laboratory setting. There was however a much greater
heterophil participation post-PHA injection in the conventional farm setting. Heterophil levels
increased greatly within 6 h and returned to pre-injection levels by 2 d. Moreover, one of the
most striking differences between the Poultry Health Laboratory and the Poultry Farm settings
was the leukocyte response for the vehicle (PBS) control injections. The vehicle-injection
resulted in more leukocyte infiltration activity than that observed in the Poultry Health
Laboratory setting, particularly with regard to CD4+ T cells and B cells (Figure 9 and 10). This
heightened recruitment of lymphocytes in PBS-injected GFs of chicken reared in conventional
farm conditions, may be due in part to greater tissue “sensitivity” or “priming” of the dermis to
respond more aggressively to tissue injury/injection because of the HVT vaccination. HVT is
known to translocate to the feather follicle epithelium and can be detected in skin (Holland et al.,
1998), which may alter the local tissue responses. The phenomenon of a PBS (vehicle) response
was also reported for the wattle swelling response in chickens reared in conventional farm setting
(Cotter et al., 1985). However, like for the cutaneous GF response examined here, the
characteristics of the wattle swelling response following PHA-injection was maintained and
reflective of cell-mediated immune activity.
Conclusion
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For both PHA trials, conducted in the Poultry Health Laboratory and the Poultry
Research farm, we were able to monitor leukocyte infiltration in response to PHA injection over
the course of 7 days in the same individuals. This is the first report describing the prevalence of
T cells, especially CD4+ and αβ TCR + T cells, throughout the course of the PHA response, as
well as, the participation of B cells. Knowledge of the temporal, quantitative and qualitative
aspect of the cutaneous PHA response will find direct application in future studies designed to
further develop the PHA response-test as an indicator of cell-mediated immune system
capabilities in chickens.
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