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Combined immunodeficiency (CID) is a significant disease in terms of prevalence
in Arabian foals and is a useful animal for study of a similar condition in children.
Thymuses from all CID foals examined were extremely hypoplastic. Light and electron
microscopic examination of thymuses from CID foals, as well as a thymus from an
aborted CIID fetus, demonstrate that the basic thymic structure is intact, despite a
number of dissimilar morphologic appearances. From these data, we inferred that the
thvmic hypoplasia was caused by a failure of committed lymphocytes from the bone
marrow to populate the organ. The lack of uniform organized lymphocytes in the
spleen and lymph nodes provides considerable support for the absence of lymphoid
precursors or their inability to respond to differentiating influences. (Am J Pathol
84:39-54, 1976)

THE MOST SERIOUS of the primary immunodeficiencies occur-
ring in children are associated with the lack of development of both func-
tional B and T lymphocytes. These have been variously designated as
Swiss type agammaglobulinemia,' lvmphopenic agammaglobulinemia,2
and thvmic alvmphoplasia with lymphocytic hypoplasia.3 5 These are now
designated severe combined immunodeficiency (CID).6'7 Affected children
have decreased serum immunoglobulin concentrations and depressed cell-
mediated immune responses, as well as having a paucity of lymphocytes
in the lymph nodes, spleen, thymus, and blood.17 Death ensues from a
variety of infectious diseases.1l The immunologic function of some af-
fected children has been restored with bone marrow transplants 8,9 and
with a fetal liver transplant.10 Cell-mediated immunity, but not humoral
immunity, has been reconstituted in CID children with fetal thvmus
transplants.1"2 The decreased T and B lymphocyte responses in CID
children and the ability of hemopoietic stem cells to correct both func-
tional abnormalities has led to the concept of a stem cell defect (see
Fudenberg et al.,6 and Cooper et al.7"10 for review). Whether the defect is

From the Department of Veterinary Pathology. Washington State University. Pullman. 'Washing-
ton

Supported in part by Grant HD-8886 from the National Institute for Child Health and Human
Development. National Institutes of Health.

Accepted for publication March 22. 1976
Address reprint requests to Dr. Trasvis McGuire. Department of Veterinary Patholog. Washington

State Universitv, Pullman. WA 99163.
39



40 MCGUIRE ET AL American Journal
of Pathology

a lack of lymphoid precursor cells or a failure of lymphoid precursor cells
to respond to thymic influences and the influences of the inductive site for
immunoglobulin-producing cells is not clear.
We have described an immunodeficiency syndrome in foals, which

closely resembles CID in children."51' Affected foals are born agammaglo-
bulinemic, in contrast to normal foals that have detectable levels of serum
IgM and sometimes IgG.14 Nursing CID foals, like normal foals, usually
absorb all immunoglobulin classes from ingested colostrum.14 The mater-
nal IgM and IgA are first to be cleared from CID foal sera and these
immunoglobulins remain absent, demonstrating a failure of synthesis by
CID foals. Of the other immunoglobulin classes, occasionally maternal
IgG(T) is lost from CID foal serum, but none have lived long enough to
clear all the maternal IgG.14 Additional evidence of failure to make
antibody by CID foals includes absence of a response to injections of
sheep red blood cells (RBC) and an absence of "natural" serum antibody
to rabbit RBC.'5 Lymphopenia (<1000/cu mm) occurs as well as a
marked decrease in immunoglobulin-coated B lymphocytes.15 Evidence
for an absence of T-lymphocyte function includes the observation that
lymphocytes from peripheral blood and lymph nodes of most CID foals
fail to respond to phytolectins (phytohemaglutinin, concanavalin A, and
pokeweed mitogen) when measured by in vitro lymphocyte transforma-
tion."5 These foals fail to develop skin reactions to initial intradermal
injections of phytohemagglutinin, to which normal foals do respond.15
The affected foals we have studied died within 5 months after birth, and
the causes of death included viral, bacterial, fungal, and protozoal in-
fections.""'5 Combined immunodeficiency in foals is transmitted as an
autosomal recessive trait,1' and all cases studied to date have been of the
Arabian and part-Arabian breeds.1-17

Since CID in foals has considerable potential as an animal model of the
human disease and is a significant disease of Arabian foals, the morpho-
logic basis of the disorder needs careful delineation. During our studies
with CID foals, we have noted considerable variation in the appearance of
all the lymphoid organs, especially the thymus and lymph nodes. The
purpose of this paper is to describe the alterations in lymphoid tissue
which occur in this disease and to present evidence for a stem cell defect.

Materials and Metdw

Foal With CID
The criteria for the diagnosis of combined immunodeficiencv in the 34 foals in this study

have been previously defined " and are as follows: a) Iymphopenia (<1000/cu mm
while the lower end of the normal range is generally greater than 2,000/cu mm), b)
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absence of IgNM by single radial diffusion (<2 mg, 100 ml while the normal mean from
birth to 4 months of age is >30 mg/ 100 ml), c) lymphocyte depletion in the lymphoid
organs which is described in detail in this report, d) increased susceptibility to infections.
and e) death or euthanasia in a moribund state before 3 months of age. The clinical
documentation of a deficiency of cell-mediated immunity in foals meeting the criteria
outlined has been reported."5 One additional case was an aborted fetus which had an
absence of IgM1, which is synthesized by the normal equine fetus, as well as lImphoid
depletion with thymic hvpoplasia.

Sixteen CID foals were available for necropsy by the authors within 1 to 3 hours after
death or euthanasia. Thymus tissue was found either macroscopically or microscopically in
all these foals. These cases included an 8-month aborted fetus. (The gestation period of
horses is 11 months.) Tissues from an additional 19 foals with CID were sent to us by
veterinary practitioners from throughout the United States. In many instances, complete
tissue samples from each of these foals were not saved. Of the later 19 cases, all had spleens
saved, while lymph nodes were saved in II and thvmuses in 9. The 33 total CID cases were
of the Arabian or part-Arabian breeds. Tissues were formalin fixed, and histologic sections
were stained with hematoxvlin and eosin.

Foals Without CID
Tissues from 25 foals (1 to 120 days of age) dying from a variety of causes were

compared with tissues from the CID foals. Twenty-two of the non-CID foals were Arabian.

Eletron Mc
Tissues from CID and non-CID foals were excised, fixed in 1.3% phosphate-buffered

(0.1 NI, pH 7.3) glutaraldehvde containing 1 Y dimethylsulfoxide and 1I% sucrose, post-
fixed in 15 phosphate-buffered (0.1 M, pH 7.3) osmium tetroxide, stained en bloc in a 1%
solution of aqueous uranyl acetate, dehydrated in a graded series of ethanols and pro-
pylene oxide, and embedded in Epon-Adraldite.' Thick sections were prepared and
stained with toluidine blue for examination by light microscopy. Ultrathin sections were
cut with a diamond knife and stained with uranyl acetate and lead citrate. Micrographs
were taken with a Philips EM-200 electron microscope.

Results
All of the CID foals in this study (with the exception of the aborted

fetus-cause of death was unknown) died of infections. Pneumonia
caused bv adenovirus, Pneumocystis carinii, or various bacteria was the
most prominent disease. Other foals succumbed to hepatitis, enteritis, and
other infections. Consequently, it is important to consider two catagories
of pathologic changes in CID foals: a) alterations of lymphoid tissues
resulting from the genetic defect, and b) lesions caused by various in-
fectious diseases as a result of the primary genetic defect. Since the
secondary infections are numerous and control of such infections is impor-
tant in maintaining foals for transplantation studies, they are the subject
of another report.
Normal foals are born with well-developed lymphoid tissues that re-

semble lvmphoid tissues of other young animals and humans. In fact, by 7
months into the 11-month gestation period, the equine fetal lvmph nodes,



42 MCGUIRE ET AL American Journal
of Pathology

spleen, and thymus resemble those of a neonatal foal.19 The l-mph nodes
from birth onward have defined follicles and germinal centers wvith a
lymphocyte-filled paracortical area. The spleen of young foals has both
follicles with adjacent arterioles and arterioles with l! mphocx-tic sheaths.
The thy-mus of newborn foals has a clearly delineated cortex and medulla.
The cortex is packed with lymphocytes, and the medulla contains easily-
identifiable Hassall's corpuscles of varying size. Subsequent paragraphs
describe how CID foal lvmphoid tissues contrast with those from normal
foals.

Thymus

The presence of a morphologically identifiable thvmus (macroscopicallx-
or microscopically) in all of the 16 cases of CID we necropsied revealed
that thymic hvpoplasia rather than thvmic aplasia occurs in CID foals.
The thvmus was sometimes difficult to identify at necropsy. W'hen identi-
fiable, it was located in the thoracic cavity just anterior to the heart and
was best visualized by removing the left side of the rib cage. Thymuses
from 6 CID foals weighed between 4 and 15 g, while those from 4 non-
CID foals dying of bacterial infections weighed between 28 and 50 g
(Table 1). Thvmuses from non-CID foals wvithout infections, one from a
foal euthanized after leg trauma and one from a foal dying of toxic hepatic
necrosis, weighed 185 and 100 g, respectively. The thyrmus from an
aborted Shetland pony fetus (approximately 9 months' gestation) wveighed
65 g (Table 1).
The 24 CID foal thymuses examined microscopically were extremely

hypoplastic; however, even the most affected organs possessed an outer

Table 1-Thymus Weights From Foals

Foal Thumus
No. Breed Age Cause of death weight (g)

1 Arabian 1 day Hepatitis (viral) 50
2 Arabian 2 days Nephritis (bacterial) 40
5 Tennessee walker 3 days Nephritis (bacterial) 28
8 3/4 Arabian 7 days Pneumonia (bacterial) 30
9 Arabian 2 months Toxic hepatic necrosis 100
13 Arabian 3 months Euthanasia (leg injury) 185
15 Shetland pony 9 months' Abortion (unknown cause) 65

gestation
32 Arabian 104 days CID 4
36 Arabian 19 days CID 6
40 Arabian 30 days CID 10
49 Arabian 60 days ClD 1 5
53 Arabian 81 days CID 8
54 Arabian 84 days CID 13
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capsule, and some were divided into lobules by interlobular fibrous septa.
None of the thymuses from foals with CID examined displayed a distinct
cortex or medulla, but all of them contained an epithelial component with
Hassall's corpuscles. Adipose tissue surrounded the epithelial and lvm-
phoid cell islands and branches extended to the outer capsule.
Two thymuses from CID foals were examined by electron microscopy.

Lymphocytes were sparse, and those present were interspersed between
epithelial cells and trabecular elements (Figures 1 and 2). Epithelial cells
were identifiable by cvtoplasmic tonofibrils and desmosomes and were
present around blood vessels and trabecular elements (Figures 3 and 4).
Basement membrane was evident and appeared to separate the few
Iymphocvtes present from blood vessels and stroma. Macrophages were
present and did not contain excessive amounts of phagocvtized lyrm-
phocytes or cellular debris (Figure 4). Normal foal thymuses resembled
those described in rats "' and humans 2' and differed from those of CID
foals in the number of thymocytes present in the cortex and medulla and
in the absence of adipose tissue.

Besides the general observations, there were a varietv of microscopic
appearances which require more detailed descriptions. Two thvmuses
from CID foals had a marked cystic pattern, which will serve as the
prototype description and variations will be mentioned. The basic struc-
ture of these thvmuses was an arborization of connecting spaces lined by
epithelial cells that were sometimes flattened and other times round
(Figure 5). Inside the epithelial cell-lined spaces were pink-staining
debris, vacuolated epithelial cells, and occasionally an amorphous mass of
blue-staining material. Outside the epithelial cell-lined spaces, whose
walls were usuallv several cells thick, were three different kinds of cells.
Some were obviously epithelial cells and were often arranged in structures
resembling Hassall's corpuscles in various stages of formation and degra-
dation (Figure 6). Another cell type resembled lymphocytes, while the
third tvpe was fibroblastic in appearance. These cells were surrounded by
mature fat cells which extended to the capsule.
Thvmuses from 7 foals with CID were similar to the preceeding 2 foals,

except that the central spaces were less defined because they lacked an
epithelial lining. The epithelial cells present were scattered in clumps and
individuallv in the areas of lymphoid cells adjacent to the aborizing
spaces. The thvmuses in this group contained epithelial cell clumps
resembling Hassall's corpuscles. Hassall's corpuscles, though present,
were difficult to find in two of the thymuses. The thymus from the aborted
fetus was very hypoplastic and the morphologic appearance resembled
thymuses described in this group.
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Another group of 11 CID thymuses displayed a branched pattern of
lvmphoid-appearing cells, epithelial cells and fibroblasts embedded in
adipose tissue, surrounded by a capsule. Thev lacked, however, anv type
of space in the branches. All of these contained epithelial structures
resembling Hassall's corpuscles. Two of the 11 thvmuses contained large
Hassall's corpuscles, the centers of which were filled with necrotic debris.
Two thvmuses were so distinctlv different that thev were difficult to

identify as thymus (Figure 7). They had only small amounts of identi-
fiable epithelial and lymphoid components. Focal hemorrhage was noted
and, microscopically, these foci resembled granulomas with epithelial
giant cells, individual epithelial cells, and lymphocytes. Some of the
lymphocytes were clumped, adding further to their bizarre appearance.
Two additional thymuses appeared embryonic in that most of the

connective tissue was composed of spindle-shaped cells (Figure 8).
Branches and islands of densely arranged spindle-shaped cells were pres-
ent, and structures which resembled Hassall's corpuscles were included
in these areas. Some cells resembling lymphocytes bordered the fibrous
branches and islands.
Thymuses from non-CID foals with bacterial infections were smaller

than those from normal foals (Table 1). Microscopically, the medullarv
areas were similar in appearance to normal foals with identifiable Hassall's
corpuscles. The cortex, however, was depleted of lymphocytes. Mac-
rophages with evidence of phagocytized lymphocytes were present in the
depleted cortex. Even though the cortical depletion was severe, at no time
did any of these thymuses resemble those from CID foals.

Lym Node

A variety of different morphologic appearances were noted in lymph
nodes from 26 CID foals and 1 CID fetus. In general, the morphologic
changes were attributable to four basic alterations. a) The outer lymph
node cortex was devoid of any type of B lymphocyte-dependent areas,
including lymphoid follicles and germinal centers. b) The paracortical
thymus-dependent areas of the nodes contained only a sparse population
of lymphocytes, similar to that noted in the outer cortex. c) Variable
accumulations of macrophages were present in the medullary sinuses. d)
Plasma cells were absent from the lymph nodes. The composition of the
cells in the affected lymph nodes were usually readily identifiable as
macrophages, lymphocytes, and stroma. However, in some lymph nodes,
the predominent nonstromal cells were spindle shaped and difficult to
identify.
Many of the lymph nodes draining areas of inflammation contained
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medullary sinuses distended with neutrophils and macrophages. In the
more extreme cases, large numbers of macrophages were present in the
cortex, especially in perivascular locations. In those lvmph nodes asso-
ciated with organs lacking inflammatory changes-such as the splenic
lymph node and, in a few cases, the hepatic lvmph node-the mac-
rophage numbers were fewer. The medullarv sinuses of the later lymph
nodes were hypocellular, dilated, and empty, giving a cvstic appearance
(Figure 9).

Most lymph nodes from normal foals and from non-CID foals dying of
infections were readily distinguished from lymph nodes of foals with CID
by the presence of follicles and germinal centers, abundance of Ivm-
phocytes, and presence of plasma cells. The exception was lymph nodes
from a few non-CID foals with severe generalized bacterial infections.
These lacked well-defined follicles and germinal centers, making it diffi-
cult to differentiate them from lymph nodes from CID animals.

The changes in the spleens from 34 CID foals and 1 CID fetus were
easily identified on the basis of three morphologic features: a) absence of
germinal centers and primary follicles, b) absence of periarteriolar lvm-
phocvtic sheaths (PALS), and c) lack of plasma cells. The B lym-
phocyte-dependent germinal centers were always absent, as wvas the
scaffold where germinal centers were usually present. This observation
was useful in distinguishing CID from other disorders with lymphocyte
depression. In non-CID cases, there was always a remnant of stromal
architecture of the germinal centers, even though lymphocytes were
scarce. The PALS were invariably absent. In one case, however, some
lymphocytes were found in association with splenic arteries. The splenic
trabeculae in CID foals always appeared closer together than normal, and
there was also a lack of lymphocytes in the red pulp. Only one of all the
CID spleens examined had plasma cells and in this case thev were very
few in number.

P s Patchs
Intestinal sections containing Peyer's patches were available in 12 cases.

These structures resembled the lymph nodes in that no primarv follicles or
germinal centers were present. There was an absence of plasma cells.
Lymphocytes were sparse even in cases with enteritis.

D_w
Similar to children with CID,"-'*-* foals with CID have a detectable,

though hypoplastic, thymus. The thymuses from foals with CID possessed
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a capsule, an epithelial component with Hassall's corpuscles, and a pau-
city of lymphocytes. The epithelial cell-lined arborized spaces in two
thymuses from foals with CID may have represented persistent central
thymic canals. Thymuses with spaces lacking an epithelial lining could
represent a more mature stage of development, where the epithelial cells
have lost their orientation to the central canal and have become more
disperse. Thymuses having branching without spaces would be a further
step toward maturity, with complete obliteration of the canal. The embr-
onal appearing thymuses and the ones resembling granulomas represent
distinct morphologic, though unexplainable, variations.

Examination of CID foal thymuses by electron microscopy indicated
that the basic structure, including separation of residual lymphocytes
from other structures by a basement membrane, was intact. Macrophages
in CID foal thymuses did not have the excessive amount of phagocytized
cells noted in atrophied or involuted thvmuses from non-CID foals dying
of infections. These data, taken together, suggest the hypoplasia was
caused bv an absence or inability of committed lymphocytes from the
bone marrow to populate the organ. The thymic hypoplasia noted in a
CID fetus aborted 3 months before term provides strong evidence for a
failure of lymphoid cells to populate the thymus in CID foals. It also
provides evidence against the thymic hypoplasia being caused bv in-
volution of a normally developed thvmus as has been suggested in some
CID children.2'

Certain children with CID have an adenosine deaminase (ADA) defi-
ciency, and a cause and effect relationship between absence of ADA and
CID has been proposed.2"' Thymuses from CID children with normal
ADA levels have been described as embryonal and lacking Hassall's
corpuscles.23 In contrast, thymuses from CID children with an absence of
ADA were described as appearing extremelv involuted and containing
Hassall's corpuscles.' Foals with CID have normal levels of ADA,I and
their thymuses have Hassall's corpuscles. These closely resemble the
thvmuses from ADA-negative CID children. However, the wide variation
in morphology of the 25 CID foal thymuses makes this type of comparison
difficult to evaluate. The description of a possible intrathymic defect
associated with some CID children suggests that the thymus mav be
defective,"' in contrast to those CID cases that apparentlv have normal
thymic function as indicated by the ability of bone marrow cells to
reconstitute T lymphocyte function." It would be quite interesting to
measure the functional capacity of the epithelial component in CID foal
thymuses to produce substances such as thymosin. The functional ability
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of CID foal thvmic epithelium is extremelv important when consid-
erations for immunotherapy are made.
The absence of B lymphocyte areas of the lymph nodes and spleen was

consistent throughout all the cases of CID examined. No evidence of
primary follicle or germinal center formation was obtained in either
organ, with the possible exception of one spleen which contained small
clumps of lvmphocytes and cells resembling plasma cells. This is compat-
ible with failure to form specific antibody following antigen injection,
absence of IgM and, sometimes, IgA and IgG(T).1' It seems likelv that if
CID foals survived longer, all maternal immunoglobulins would be elimi-
nated. The lymph node changes in CID foals are severe, but the lvmphoid
depletion accompanying severe bacterial infections can resemble those
seen in lymph nodes of animals with CID. The alterations of spleen
morphology in CID foals were not observed in non-CID foals. Spleens
from non-CID foals with infections alwavs possessed an identifiable area
representing germinal centers, even though most of the lymphocytes were
depleted. It appeared from preliminarv observations that the absence of
germinal centers, PALS, and plasma cells with a paucity of lymphocytes
in the spleen were unique to CID foals. However, a recent case of
agammaglobulinemia in a horse, with an absence of B lymphocytes and
apparently normal T lymphocyte function,'3," displaved alterations in
spleen morphology similar to those occurring in CID. Thus, based on the
present information, spleens of foals with CID can be distinguished
morphologicallv from spleens from non-CID foals with infections and
lvmphoid depression, but not from certain other immunodeficiencv dis-
orders of horses.

It should be emphasized that the changes described in lymph nodes and
spleen from CID foals are verv similar to those noted in children with
severe CID."5,' The only observed distinction is that the variation of
lymphocyte numbers in lymph nodes and spleens from children with CID
appear to exceed those that have been observed in foals. Two explanations
may account for this difference: a) Both sex-linked and autosomal forms of
CID occur in children with similar functional abnormalities,-7 and there is
an associated difference in the number of lymphocvtes found in each. b)
Additional variations of CID may occur in foals, and we have not, as vet,
encountered the full spectrum of variations in lymphocyte numbers char-
acteristic of this disease.
The data obtained thus far indicate that CID foals afford an exceptional

opportunity to analyze the mechanisms causing a failure in the production
of committed T and B lymphocytes. In addition, since this is the only
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well-characterized immunologic defect in animals that resembles CID of
children, new knowledge gained from immunotherapy studies in foals
should be useful.
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[Illustrations follow]
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Figure 1-The outer region of the thymic tissue from a foal with CID contains a sparse popuiation of lymphoid
cells (arrows) interspersed between epithelial cells and trabecular elements (Uranyl acetate and lead citrate, x
2900). Fgure 2-Inner area of the CID thymus showing prominence of epithelial components (arrows) and
absence of the large population of lymphocytes characteristically present in normal thymus (Uranyl acetate
and lead citrate, x 3600).
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Figure 3-Central area of CID thymus adjacent to Hassall's corpuscle in an early stage of formation (arrows).
The morphology of the epithelial cells and architecture of surrounding tissue is similar to that found in normal
thymus tissue. (Uranyl acetate and lead citrate, x 2000) Fiue 4-Central area of CID thymus showing
abundance of epithelial cells and the presence of trabecular elements. No distinct zone delimits the medulla
from the outer or inner cortex. (Uranyl acetate and lead citrate,x 2900)
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Fe" 5-CID thymus with epithial lined space surrounded by a few lymphocytes. The space containsvacuolated cells and debris. (H&E, x 100) Fg 6-Hassail's corpuscle in CID thymus (H&E, x350). Fgu 7-CID thymus containing very few lymphoid cells (H&E, x 350).



Fgu 8-The connective tissue is this CID thymus appears embryonic. Note Hassall's
corpusce in center of tissue. (H&E, x 100) Figure 9-CID lymph node emphasizing
lack of lymphocytes and large spaces (H&E, x 100)
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