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T-cell apoptosis and differential human leucocyte antigen class II expression in
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SUMMARY

Relatively little is known of the details of human leucocyte antigen (HLA) expression and
thymocyte selection in human thymus. In both humans and mice major histocompatibility complex
(MHC) molecules have been described which show a highly restricted thymic expression. Such
patterns may offer clues about cellular interactions in thymic selection because transgenic mice with
MHC expression targeted to specific thymic sites show altered T-cell receptor (TCR) repertoire
selection. We have analysed human thymic HLA class II expression, relating the expression pattern
to sites of thymocyte apoptosis. While HLA-DQ is poorly expressed by most peripheral antigen-
presenting cells (APC), thymus stains strongly for HLA-DQ as well as for HLA-DR. HLA-DM is
abundant in medulla but weakly expressed by cortical cells. Class II expression in Hassall’s
corpuscles (HC) is unusual in several respects: we have previously shown them to be encircled by
HLA-DO" epithelial cells and here further demonstrate that HC are negative for HLA-DR and
HLA-DP, but often positive for HLA-DQ and HLA-DM. Transcriptional control of HLA class I1
products at this site is thus unlike cells that have previously been studied. Apoptotic thymocytes are
restricted to the cortex and the corticomedullary junction. However, a minority of apoptotic cells
are visible in the medulla, these being found in the HLA-DQ positive HC. The apoptotic thymocytes
in HC can be CD4" single positive (SP), CD8" SP or CD4"CD8" double-positive (DP). This study
thus shows that the HC within human thymic medulla are noteworthy both for their unusual
hierarchy of HLA class II expression and because they are the only medullary site of thymocyte
apoptosis. We propose that HC are a site at which mature thymocytes receive activation/tolerization
signals from peptides reprocessed from apoptotic cells. The differential HLA transcriptional control

at this site may indicate that specific T-cell subpopulations are affected.

INTRODUCTION

The interactions between major histocompatibility complex
(MHC) molecules, T-cell receptor (TCR) and peptide, which
lead to positive or negative selection of developing thymocytes,
have been the source of extensive investigation in mouse
models. Using either in vivo systems or fetal thymic organ
culture, negative selection has been analysed in terms of the
acquisition of tolerance in TCR transgenic mice or T-cell
deletion by endogenous superantigens. The observation that
either positive or negative selection can ensue from engagement
of the TCR expressed by thymocytes may be attributable to
differences in affinity' and/or qualitative differences in the
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ligand recognized.? An anatomical distinction between positive
and negative selection was initially suggested by experiments
showing that positive selection is dependent on thymic
epithelial cells while negative selection requires expression of
MHC by dendritic cells, abundant in the medulla.>” We, as
well as other laboratories, have more recently investigated the
anatomy of negative selection directly, visualizing the sites of
thymocyte apoptosis by staining for DNA strand breaks with
diuridine triphosphate (dUTP), using the terminal deoxynu-
cleotidyl dUTP nick end labelling (TUNEL) method.®®
Thymocyte apoptosis caused by interaction with cognate
peptide and MHC is most commonly localized to the cortex
but can sometimes be found at the corticomedullary junction or
in the medulla, while negative selection caused by the
endogenous superantigens mouse mammary tumour virus
(MTV) 8 and 9 is seen only in the medulla.®’

Relatively little is known about the possible relationship
between these observations in the mouse and human thymocyte
development. Human thymus differs from mouse thymus in
several respects including the larger size of human thymus, the
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higher proportion of B cells, the absence of any expressed
endogenous superantigens and the greater size and abundance
of Hassall’s corpuscles (HC). HC are unique structures found
within the medulla, of varying size and morphology, consisting
of ‘swirls’ of keratinized epithelium and which are present in all
mammalian thymi described.” These structures contain myoid
cells, macrophages and granulocytes.'®'" A population of B
cells that show evidence of activation exist in the thymus and
these are almost exclusively found clustered around HC.'? It
was noted 30 years ago that this site appears to be a ‘graveyard’
for dying lymphocytes.!* The epithelial cells that make up the
HC themselves differ phenotypically from other medullary
epithelial cells in that several monoclonal antibodies (mAb)
differentiate between the two.'*

While H-2A and H-2E are expressed strongly and equally
by thymic antigen-presenting cells (APC) as they are by
peripheral APC,'>!¢ regulation of human leucocyte antigen
(HLA) class II products in the human is more variable.
Peripheral APC display a hierarchy of expression levels in the
order HLA-DR >HLA-DP>HLA-DQ,!” ! yet there are
reports of relatively strong expression of HLA-DQ in the
thymus.'® HLA-DO, an intracellular class IT molecule that
interacts with HLA-DM in class II peptide exchange, is
expressed weakly by peripheral APC but is strongly expressed
by some thymic cells, notably the epithelial cells which ring
Hassall’s corpuscles.?”

We have therefore undertaken TUNEL analysis of normal
human paediatric thymus, investigating the relationship
between sites of thymocyte apoptosis and the distribution of
HLA class II products.

MATERIALS AND METHODS

Tissues

Thymi were obtained peroperatively from normal human
paediatric subjects. Tissue was immediately embedded in
optimal cutting temperature (OCT) compound (R. A. Lamb,
UK) and snap frozen in isopentane in liquid nitrogen. Blocks
were stored at —70° until cut into 5-um sections with a cryostat.

First-layer antibodies

Biotin-conjugated or fluorescein isothiocyanate (FITC)-con-
jugated L243, anti-HLA-DRo mAb; biotin-conjugated or
FITC-conjugated L2, anti-HLA-DQao mAb; biotin-conjugated
B7/21, anti-HLA-DP mAb (Becton Dickinson, Cowley, UK);
biotin-conjugated RPA-T4, mouse anti-human CD4 mAb
(PharMingen, San Diego, CA); FITC-conjugated RPA-TS,
mouse anti-human CD8 mAb (Pharmingen); PS1, mouse anti-
human CD3e mAb (Novocastra, Newcastle Upon Tyne, UK);
AS75, polyclonal rabbit anti-keratin antibody (Dako Ltd, High
Wycombe, UK); FSI, rabbit anti-DMo antiserum?®' (a gift
from J. Trowsdale, University of Cambridge, UK).

Second-layer reagents

FITC-conjugated human and rabbit-adsorbed F(ab’), donkey
anti-mouse immunoglobulin G (IgG)(H+L); Texas Red-
conjugated human, sheep and rabbit-adsorbed F(ab’), donkey
anti-mouse [gG(H+L); Texas Red-conjugated human, sheep
and mouse-adsorbed F(ab’), donkey anti-rabbit [gG(H+L) (all
the above from Jackson ImmunoResearch, West Grove, PA);
streptavidin—Texas Red (Vector Laboratories, Peterborough,

UK); streptavidin—-FITC (Pierce and Warriner, Chester, UK);
streptavidin—Cy5 (Biological Detection Systems, Pittsburgh,
PA); FITC-conjugated Fab fragment of sheep anti-digoxigenin
(Boehringer Mannheim, Lewes, UK and Appligene Oncor,
Watford, UK).

Immunohistochemistry

Cryosections (5 um) were air-dried, fixed in ice-cold acetone for
10 min and incubated for 1hr with first-layer antibodies, as
indicated in the figure legends and washed in Tris-buffered
saline (TBS; 50 mm Tris, 150 mm NaCl pH 7-6). Sections were
then incubated with appropriate second-layer reagents for
30 min. After washing, sections were mounted in Vectashield
fluorescence mounting medium (Vector Laboratories) and
viewed by epifluorescence microscopy or confocal laser
scanning microscopy (Leica, Heidelberg, Germany). Double
staining with FITC and Texas Red conjugates was scanned and
detected simultaneously, using narrow band pass filters to
prevent cross-talk between signals. Triple staining with FITC,
Texas Red and Cy5 was scanned and detected with each
fluorophore separately, using narrow-band pass filters for
FITC and Texas Red and a low-pass filter for Cy5. No cross-
talk was ever detected. Because a combination of fluoro-
chrome-conjugated, biotin-conjugated antibody, and unconju-
gated first-layer antibody from a different species was used in
conjunction with multiply adsorbed second-layer antibodies
and fluorochrome-conjugated streptavidin, double and triple
staining could be performed with no cross-reactivity. In
multiple staining experiments, sections were included where
all primary antibodies were added except for that probed with a
second layer antibody to control for specificity of binding (data
not shown).

Terminal deoxynucleotidyl dUTP nick end labelling (TUNEL)
staining

In situ TUNEL staining was performed according to the method
of Gavrielli with some modifications (Douek er al. 1996”).
Reagents were either obtained from Boehringer Mannheim
(TdT, cacodylate buffer, digoxigenin-conjugated dUTP and
anti-digoxigenin antibodies) or were Oncor ApopTag reagents
(Oncor). Cryosections were air-dried very briefly and fixed in ice-
cold acetone for 10min and then equilibrated in cacodylate
buffer for 5 min at room temperature. Sections were incubated
for 1 hr at 37° with 10 U TdT and 4 um digoxigenin-conjugated
dUTP in 20 ul cacodylate buffer. After washing in phosphate-
buffered saline (PBS), sections were incubated with fluorescein-
conjugated Fab antibody fragments specific for digoxigenin.
Sections were then incubated for 30 min with anti-class II or anti-
CD3 mAbsand after washing were incubated for 30 min with the
appropriate Texas Red-conjugated second layers. Sections were
washed, mounted and immediately visualized by indirect
fluorescence microscopy or confocal laser scanning microscopy.
No staining of nuclei was ever seen when TdT was not included in
the reaction (data not shown).

RESULTS
Expression of HLA class II products in human thymus

We initially investigated expression of HLA-DP, -DQ, -DR
and -DM in human thymic sections, expanding on our previous
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Figure 1. Thymic distribution of HLA-DM, -DR, -DQ, and -DP. (a and b) Left panel, FITC-conjugated L.243 (anti-DRa); the central
panel shows the same field stained for HLA-DM (red); colocalization of DR and DM expression is shown in the dual image in the
right hand panel in which cells staining with both antibodies appear as yellow. (c) As (a) and (b) except that control serum was added
to sections in place of the HLA-DM antiserum. (d and ¢) Left panel shows HLA-DR in green, the central panel shows HLA-DQ in red
and the right hand panel shows colocalization of the two images. (f) Left panel shows HLA-DR in green, the central panel shows
HLA-DP in red and the right-hand panel shows colocalization of the two images. The white size bar in the right-hand panel denotes

50 pm.

characterization of HLA-DR and -DO localization.”® Repre-
sentative images from a number of fields taken from several
paediatric thymi are shown in Fig. 1. HLA-DR is the most
strongly expressed class II molecule in peripheral APC and as
can be seen in Fig.la and b (green stain), is abundantly
expressed in human thymic medulla and somewhat less in
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cortex. Staining in cortex gives the sparse reticular pattern
characteristic of class II expression by cortical epithelial cells,
whereas medullary staining is more confluent. Thus, the
corticomedullary junction is clearly defined between the two.
HLA-DM (shown in Fig. 1(a, b), stained in red), which in
peripheral, professional APC would be considered functionally
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Figure 2. TUNEL staining of thymic cryosections. (a) Double immunofluorescence confocal image of a thymic section with apoptotic
nuclei stained by the TUNEL method (in green) and HLA-DR stained with biotin-conjugated L234 (anti-DRa) probed with
streptavidin-Texas Red (in red). Cortex is defined by the sparse reticular class II staining and medulla by the more confluent staining.
Apoptotic cells are limited to the cortex and corticomedullary junction. (b) Three fluorescence images of the same field showing a
thymic section with apoptotic nuclei stained by the TUNEL method (in green), HLA-DQ stained with biotin-conjugated L2 (anti-
DQuo) probed with streptavidin-Texas Red (in red) and the composite image below. Apoptotic cells are localized predominantly in the
cortex and corticomedullary junction. One of two Hassall’s corpuscles in the medulla stains for DQ and also contains apoptotic cells.
(c) Double immunofluorescence confocal image of thymic cryosection showing medulla (m) and cortex (c) and the corticomedullary
junction between them spanning from bottom left to top right. The section was stained with FITC-conjugated anti-CD8 (in green) and
biotin-conjugated anti-CD4 probed with streptavidin-Texas red (in red). CD4* CD8"* DP cells are seen in the cortex (in yellow).

linked to HLA-DR, shows only partial colocalization in the
thymus. HLA-DM expression in the cortex is extremely weak.
Expression of HLA-DM in the medulla is stronger than in the
cortex, although not as abundant as HLA-DR. Relative
expression in cortex and medulla was quantified by recording
the fluorescence intensity for HLA-DR and HLA-DM in each
of five stained fields. The ratio for HLA-DR was 2-2:1
(medulla : cortex) and for HLA-DM, 4:7:1. The exception to
the generally stronger medullary expression of HLA-DR over
HLA-DM is the pattern of expression in the HC. These bodies
are frequently positive for HLA-DM but not for HLA-DR.
This can be most clearly seen in the composite image to the
right of the figure. Staining is specific as no fluorescent signal
could be observed when using rabbit serum as a negative
control first layer; an example of this data is shown in Fig. 1(c),
central panel.

It is well documented that HLA-DQ is poorly expressed by
APC in the periphery, an observation which is partly due to low
affinity binding to HLA-DQ promoters of some of the trans-
cription factors required for HLA class II expression.”!*

However, thymus stains strongly for HLA-DQ (Fig. 1d, e, red
stain), with a similar level of expression to HLA-DR (green
stain). This result is obtained irrespective of the specific mAbs
used for detection of HLA-DR and DQ or the second-layer
fluorochrome reagents used to detect them (data not shown).
Both L2 (HLA-DQ) and L243 (HLA-DR) stain the medulla
with a relatively strong, confluent pattern and cortex more
sparsely in the reticular pattern characteristic of cortical
epithelium. Quantitative estimates previously reported for the
relative expression of HLA-DR versus -DQ are 7:1 in
activated peripheral monocytes?® and 60:1 in B lymphoblas-
toid cell lines.'” A quantitative estimate of HLA-DR versus
-DQ expression in human thymus was obtained by comparing
the amount of class II heterodimer which could be affinity
purified from a unit volume of tissue on either an L2 (DQ) or
L243 (DR) affinity column, giving a ratio of 1:1, while the
ratio using peripheral blood from the same individual was 3: 1
(data not shown). While no Hassall’s corpuscles contain HLA-
DR positive cells, they can contain HLA-DQ positive cells.
Note the red-only staining of the HC shown in the HLA-
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composite composite
Figure3. TUNEL staining of Hassall’s corpuscles. (a) Double
immunofluorescence confocal image of a Hassall’s corpuscle stained
by the TUNEL method (in green) and with anti-CD3 probed with
Texas Red-conjugated antimouse immunoglobulin (in red); the
composite image is shown below. The three apoptotic cells within
the Hassall’s corpuscle are also CD3 positive. (b) A Hassall’s corpuscle
from the same thymic cryosection stained in the same way as Fig. 3(a).
The apoptotic cell is CD3 negative.

DQ/DR double image to the right of Fig. 1(d, ). The epithelial
cells surrounding the HC are positive for both mAbs, while the
inside of the corpuscle stains for HLA-DQ but not HLA-DR.
HLA-DP is expressed with similar distribution and intensity to
HLA-DR and is not found in Hassall’s corpuscles (Fig. 1f).

TUNEL staining to localize apoptotic cells in human thymus

We then investigated the relationship between these differential
patterns of thymic HLA class II expression and apoptosis as an
indicator of negative selection (Fig.2). The overwhelming
majority of apoptotic cells stained by TUNEL are limited to
the cortex and the corticomedullary junction (Fig. 2a). As in the
mouse, thymic cortex is largely populated by CD4* CD8* DP
cells and medulla largely by CD4" and CD8" SP cells (Fig. 2c).
Some apoptotic cells are seen in the medulla, but these are
restricted exclusively to the HLA-DQ' HC (Fig.2b). The
finding that apoptotic thymocytes segregate differentially
between cortex and medulla is meaningful because these
anatomical sites reflect different stages of thymocyte matura-
tion. This is clearly shown in Fig. 2(c) where the cortex contains
small immature CD4 CD8 DP thymocytes whereas the medulla
contains larger mature CD4" and CD8" SP thymocytes.

© 2000 Blackwell Science Ltd, Immunology, 99, 249-256

CD8SP

Figure4. Triple immunofluorescence confocal images of three Hassall’s
corpuscles. Thymic cryosections were stained with FITC-conjugated
anti-CDS (in green), biotin-conjugated anti-CD4 probed with strepta-
vidin-CyS5 (in red) and A575 (anti-cytokeratin) probed with anti-rabbit
immunoglobulin (in purple). The overlaid fluorochromes show as blue.
Large CD4" SP and CDS8" SP thymocytes can be clearly seen
surrounding the Hassall’s corpuscles. Within the Hassall’s corpuscles
there are CD4" SP, CD8" SP and CD4"CDS8" DP (in yellow)
thymocytes.

Because HC contain terminally differentiated epithelium,'*
it was possible that the epithelial cells themselves undergo
apoptosis and stain by TUNEL. However, in Fig. 3(a) which
shows colocalization with CD3, it can be seen that the majority
of apoptotic cells are CD3" and all CD3" cells in HC are
apoptotic. Occasional CD3™ apoptotic cells are seen (Fig. 3b),
which may be any of the many other cell types described to
exist within HC, such as myoepithelial cells, macrophages or
granulocytes. %1113
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Characterization of apoptotic thymocytes

Because the HC are sites of strong and differential class II
expression and of thymocyte apoptosis, it is possible that this
might be the site of a late selection event. We therefore
investigated the developmental stage of thymocytes found
within HC with respect to the expression of the CD4 and CD8
coreceptors. Figure4 shows fields of HC from representative
experiments in which HC epithelial cells are stained with the
anti-cytokeratin polyclonal antibody AS575 in purple, CD4 in
red and CD8 in green, the overlaid images showing as blue. It
can be seen that apoptotic thymocytes in HC comprise CD4"
SP, CD8" SP and CD4* CD8" DP cells.

DISCUSSION

While much is known about the relationship between MHC
expression and negative selection in the mouse, this has not
been previously addressed in the human. We here report two
observations concerning these events in human thymus: (1) the
HC within the thymic medulla are highly unusual with respect
to their hierarchy of HLA class II gene expression and (2) these
bodies are the only site within human thymic medulla where
thymocyte apoptosis can be detected.

In the present report and recent work we have shown that
some HC are encircled by HLA-DO" epithelium and are HLA-
DM*, HLA-DQ", HLA-DR ™ and HLA-DP.*° This pheno-
typic profile is distinct from any other HLA class II* tissue,
which normally follows the hierarchy DR >DP>DQ. No
peripheral APC or transformed cell line has been described
that expresses HLA-DQ but not HLA-DR. At the level of
transcriptional and post-transcriptional control, there are
many possible explanations for the low expression of HLA-
DQ in classic APC. The TATA box and octamer sequences are
missing from DQ promoters, the X-box binding nuclear factor
(RF-X) transcription factor binds weakly and another factor,
S-box binding nuclear factor (NF-S), binds much more
strongly to DQ than to DR promoters.?>>* Assays of HLA
transcriptional control are dependent on the cell type analysed,
T cells and B cells for example showing subtle differences. It is
likely that HLA class II transcriptional control in HC will
prove to be radically different from other cell types which have
been analysed. Analysis of DRa promoter/transcription factor
interactions in thymic epithelial cells shows differences from B
cells,?® many of the differences being found around the W/S
and V boxes. The fact that HLA-DQ is expressed strongly in
the thymus may prove relevant to resolution of the apparent
paradox that despite poor expression of this product by
peripheral APC, several autoimmune diseases such as type I
diabetes and pemphigus vulgaris show strong associations with
alleles of HLA-DQ.?’

Another noteworthy feature of HLA class II expression in
HC is the presence of HLA-DM in the absence of HLA-DR.
This is noteworthy because HLA-DM function has in the past
been defined in terms of the catalysis of class II-associated
invariant chain peptide (CLIP) removal from HLA-DR. The
present observations indicate that HLA-DM is likely to have a
role in interactions with other class II molecules and is not
inextricably linked to HLA-DR. The marginal expression of
HLA-DM in thymic cortex might indicate that cortical class II
molecules will be occupied by CLIP peptides. It is difficult to

interpret the lack of HLA-DM without knowledge of the
expression of class II/CLIP complexes at this site. In mouse
thymic cortex, class II/CLIP complexes are sparse.”® Never-
theless, the differential expression of HLA-DM between thymic
cortex and medulla suggests differences in class II peptide
exchange at these locations, with all that implies for differences
in thymocyte selection. A related question is why the
population of medullary epithelial cells in HC should
selectively extinguish expression of HLA-DR. This is reminis-
cent of findings in mouse thymic medulla where there is a
subpopulation that is H-2A~ but H2-O".%

In human thymus, as we and others have previously
demonstrated in the mouse, the vast majority of thymocyte
negative selection events are anatomically localized to the
cortex and at the corticomedullary junction.”® Le et al., like the
present study, noted apoptosis of human thymocytes at these
sites.>® Where negative selection in mouse thymus has been
localized to the medulla, this has generally been attributable to
deletion by endogenous superantigens, a phenomenon that has
not been identified in humans. What then could be the nature
of the medullary negative selection events detectable in the HC
of human thymus? HC constitute a tuberous network running
throughout the medulla. They are dependent for their
development and survival on the presence of thymocytes and
HC themselves secrete cytokines likely to influence thymocyte
development. In particular, HC are strongly positive for
transforming growth factor-f (TGF-B) and interleukin-7 (IL-
7), a cytokine that is essential for early thymocyte expansion as
well as for survival of more mature cells.*'*?> The strongly IL-
7-positive environment of the HC may be a site of action for
some of the thymic effects of IL-7 including differentiation of
natural killer (NK)1.1 cells and v3 cells,*>3* although it should
be noted that cortical epithelial cells also transcribe IL-7.%° The
unusual cytokine microenvironment may itself cause skewed
MHC expression as well as exerting a chemotactic effect on
medullary thymocytes. CD44 plays an important role in the
migration and maturation of thymocytes®® and it has been
shown that whereas mAbs specific for all isoforms of CD44
stain both thymic epithelial cells and thymocytes at 8 weeks
of embryogenesis, mAbs specific for CD44 splice variants
containing membrane-proximal inserts stained only the
epithelial cells of HC.*” Because all thymocytes found in HC
are apoptotic, the mechanism leading to selective cell death
must depend on the factors attracting thymocytes to this
specialised site rather than differences in TCR-specific engage-
ment of ligand once there. Although we demonstrate aberrant
HLA class II regulation in HC, there is no evidence for a
specialized role in late negative selection of CD4" SP cells with
inappropriately high affinity for class II, as CD4* SP, CD8" SP
and CD4* CD8" DP cells are all present. However, we have not
yet investigated whether HLA class I expression is anomalous
in HC.

This study shows that the HC within human thymic
medulla are noteworthy both for their unusual hierarchy of
HLA class II expression and because they are the only
medullary site of thymocyte apoptosis. The selection event
governing such thymocyte death is unlikely to depend on
specific ligand recognition by TCR but rather may depend on
the chemokine and trafficking molecules controlling which cells
home to this site. Why should the epithelium of HC have
evolved such novel patterns HLA class II transcriptional
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control if thymocytes reaching this part of the thymus have
already been positively selected? It is becoming apparent that
reprocessing and presentation of material from apoptotic cells
is an important event in T-cell stimulation and probably also in
T-cell tolerization.®® Furthermore, mature thymocytes in the
medulla can respond to activation or tolerization signals.> We
favour the hypothesis that the HC are a site at which mature
thymocytes receive activation/tolerization signals from pep-
tides reprocessed from apoptotic cells. In this context, it is
possible that the differential HLA transcriptional control at
this site bears on the specific T-cell subpopulations affected. In
light of the earlier speculations that DQ restricted cells may
show functional differences from DR restricted cells, it is
noteworthy that thymic HC peptide presentation may act
preferentially through DQ.*
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