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INTRODUCTION

This research programme was initiated following our finding (1, 2) that
in the adult mouse thymus the very rare, earliest T precursor cells
expressed, very surprisingly, a moderate level of the mature T-cell
marker CD4. Since CD4 is known to be the main receptor for HIV binding
and entry into cells (3, 4) it seemed that, if such an early precursor
in the human thymus was CD4%, it could be a target for HIV-1. This
would have significant consequences for the development of T cells in an
infected individual.

Accordingly, wve set out to look for an equivalent very early T precursor
in the human thymus. Although we were successful in isolating putative
very early human thymus T precursors, these cells were clearly CD4~, in
contrast to the mouse thymus. However, we did note in our analyses a
quite distinct minor group of cells in the human thymus that expressed
high levels of CD4. These were not T-lineage cells and their nature was
initially a puzzle; we eventually identified them as human thymic
dendritic cells (DC), because of our ongoing and quite separate work on
mouse thymus DC (5, 6). Although they resembled the murine DC in many
respects, we were able to document another marked specles difference.
Human thymic DC express high levels of CD4, whereas mouse thymic DC
express high levels of CDS.

These findings led to a change of focus from our original grant
proposal, since it was the human thymic DC, not the early T precursors,
which nov seemed likely to be HIV-1 targets. Accordingly ve formed a
collaboration with Dr. Paul Cameron of the Macfarlane Burnet Centre,
Melbourne, who had considerable experience with the interaction of HIV
with DC in the laboratory of R. Steinman, The Rockefeller University,
NY. 1In this collaborative study we found that the human thymic DC are
indeed good targets for HIV, although there is a strong bias to
infection with particular HIV isolates.




CHARACTERISTICS OF HUMAN THYMOCYTES

The work in this section has been published in full detail and a reprint
is included as Appendix (a). This section is therefore only a general
commentary.

¥urine thymocytes have generally been analyzed in greater detail, with
more surface markers, than human thymocytes. This was certainly the
situation in this laboratory where our experience had largely been
confined to the mouse thymus. Accordingly, we first obtained a large
repertoire of potentially useful monoclonal antibodies (mAb) specific
for various human T-cell and other lineage markers (finally 23 in all),
and rather than purchasing them grew the hybridomas ourselves, purified
the mAb and conjugated each of them toc 2 different fluorochromes. Each
mAb was titrated, both for cytotoxicity and fluorescence, on the
appropriate target cell. Armed vith this repertoire, we carried out a
basic characterisation of human thymocyte suspensions, using fragments
of infant human thymus removed during routire thoracic surgery.

Most of our three-colour fluorescence analyses of the human thymus gave
results in accordance with published studies, and with results on the
mouse thymus. However, we observed three notable features that were
new, namely:

1. Mature, medullary "single positive" (CD4~8*% and CD4*8~) thymocytes
expressed CDla whereas peripheral T cells did not. This was in contrast
to most published work where it had been apparently assumed that mature
thymocytes were CDla™ (7). The loss of CDla therefore marks some post-
thymic developmental step, not positive selection itself.

2. A small subgroup of peripheral T cells are CD7~; the significance of
these is uncertain.

3. Human thymus contains CD4*8~3~ "immature single positives" (a step
between CD4~8~ and CD4*8*% thymocytes) but no CD478*3~ immature single
positives which are a major intermediate in the mouse thymus; human
thymocytes thus acquire CD4 before CD8 during this stage of develcpment.




EARLY HUMAN THYMIC T PRECURSORS

The work in this section has been published in full detail and a reprint
is included as Appendix (b). This section i therefore only a general
commentary.

To study the earliest precursors in the thymus, <0.1% of all thymocytes,
depletion procedures are tirst used to remove the bulk of more mature
cells. Ve adopted a two-step procedure. The first used cytotoxic mAb
and complement treatment, less efficient with human than with mouse
cells. Accordingly, only mAb giving good killing were used. Anti-CD3
vas avoided since this is known to cap-off CD3 and render some cells
resistant to killing. After removal of dead cells, the recovered viable
cells were again depleted using a different series of mAb, followed by
anti-mouse Ig coated magnetic beads and removal of coated cells with a
magnet. At this stage mAb recognizing non-T lineage cells were included
in the depletion cocktail, to remove minor populations which would
contaminate the precursor cells. At this stage, when <0.6% of
thymocytes remained, the recovered cells were labelled in 2-3
fluorescent ceolours with mAb and analyzed for the expected markers of
very early T precursor cells.

Qur initial depletions used anti-CD8, anti-CD3, and anti-CD2, since we
initially followed models suggesting the earliest T lineage thymocytes
lacked any CD2 (7). This depletion gave us a preparation that included
dendritic cells (see later) but few early T cells. We found, in
agreenent with Terstappen (8), that early T-lineage thymocytes expressed
some CD2. We then modified our procedure, adding anti-class II MHC to
remove dendritic cells and using anti-CDla instead of anti-CD2 to
deplete later T-lineage cells. This approach gave us a suitable
preparation to analyze further.

The depletion procedure still left a few probable later T-lineage cells
(perhaps with markers capped off) but these were readily recognized as
cells expressing low levels of class I MHC. Ve were able to distinguish
putative early T-lineage cells by analogy with the cells we purified
from the mouse thymus (1, 2) and based on the studies of others on early
T cells and T precursors in human thymus and bone marrow (7, 8). The
surface phenotype of these cells was: CD34% CD7* CD44* Class I MHChlgh
and CDla~ CD8~ CD3~. However, none of these cells expressed any
detectable CD4. Thus the situation differed from the mouse thymus, and
there was no strong case for believing these earliest thymocytes would
be especially sensitive to infection with HIV.




HUMAN THYMIC DENDRITIC CELLS

The work in this section has been published in full detail and reprints
are included as Appendix (b) and Appendix (c). This section is
therefore only a general commentary.

Human thymiec dendritic cells (DC) had previously not been studied
thoroughly, and most of the previous characterization (claiming they
wvere CD4~ and CDla~) proved incorrect. We initially detected them as a
puzzling CD4* population in our depleted, supposedly ea:ly T-precursor
enriched, preparations. However, they were not T-lineage cells because
they were too large and lacked CD7; they were not early precursor cells
since they lacked CD34 and produced no colonies in agar; they showed
none of the markers, surface or cytoplasmic, of NK cells, B cells,
macrophages, monocytes or granulocytes. Their surface phenotype was:
CD1a=2-3"4**8-7-34"44%11c¢*14716719756~ class I MHC*™* class II MHC*.

The high expression of class I and class II MHC and of CDllc suggested
they were DC. Although they had rounded up during isolation, incubation
in simple media revealed a characteristic DC morphology, with convoluted
shape and dendritic extensions. Finally, they were very effective
stimulators in a mixed-lymphocyte reaction, the hallmark of DC.

Having characterized these thymic DC, we then improved the procedure for
their isolation, modifying a method we had already developed for murine
DC (5). This involved collagenase digestion of thymus fragments, EDTA-
chelation of divalent metals to release DC from compiexes with
thymocytes, selection of light density cells, depletion of non-DC with
mAb and immunomagnetic beads, then sorting for cells expressing very
high levels of class I MHC. This produced a good yield (for DC!) of 1
DC per 103 thymocytes.

A startling species difference emerged from a direct comparison of mouse
and human DC isolated by equivalent procedures. Human thymic DC are
CD4+8~, whereas murine thymic DC are CD4~8*. The basis of this remains
unclear. However, it served to emphasize the possible importance of CD4
on human thymic DC as a possible ligand allowing HIV-1 infection.




INFECTION OF THYMIC DENDRITIC CELLS WITH HIV--1

The work in this section wvas in collaboration with P. Cameron at the
Macfarlane Burnet Centre, Melbourne. Some of the final results of these
studies are still being assayed. The work is currently being written
up for submission to J. Exp. Med. An example of the results of this
study is given as Appendix (d).

The basic approach was to isolate DC from infant human thymus at the
Hall Institute, using the procedure described in Appendix (c¢), including
sorting for cells expressing high levels of class II MHC, to ensure high
purity. Control experiments vere run to ensure no lymphocyte or
monocyte contaminants could contribute to the results. The cells were
then transferred to the Macfarlane Burnet Centre {20 minutes distant)
for studies on infectivity with HIV-1 in culture.

Around 107 pure DC were pulsed for 1.5 hr at 379 with various HIV-1
strains, washed, then cultured a further 2-5 days. The virus stocks had
been pretreated with DNAse I and filteved before use. Controls included
DC pulsed at 4© (no infection) and cell lines permissive or non-
permissive for the virus strain used.

For PCR assays cells were washed, lysed, heat inactivated and amplified
using gag-specific primers. For histochemical assays cells were washed,
cytospin preparations made, fixed with methanol/aceftone then stained
with p24 specific antibody using horseradish peroxidase--coupled
antibody.

The results (see example in Appendix (d)) showed clear expression of
gag, and around 40X of the DC were clearly p24 positive, indicators of
productive HIV-1 infection. However, this was restricted to macrophage-
trophic isolates (such as Ba-L), lymphotruphic isolates (such as IIIb)
not giving significant readout. These results have nowv been confirmed
comparing recent patient isolates: 676, a macrophage-trophic patient
isolate gave even clearer p24 production whereas 228, a lymphotrophic
patient isolate gave negligible p24 production.

In recent experiments transfer of HIV-1 infection to T cells from pulsed
and cultured DC has been shown using the Ba-L HIV-isclate, but not using
the 111b isolate.

Overall thymic DC are readily infected with "macrophage-trophic" but not
with "lymphotrophic" HIV-1 isolates. This marked selectivity of certain
HIV-1 isolates for DC had not been reported previously. The results
also help resolve an earlier controversy about the ability of HIV-1 to
produce a true productive infzction of DC, as opposed to simple virus
uptake and transfer to T cells. Those DC expressing CD4, such as those
wve have isolated from the thymus, are subject to a true productive
infection by the virus.



CONCLUSIONS

1. Early T-precursor cells, CD34% CD44*7+2+1-3-4-8~, may be isclated
from the human thymus. In contrast to the murine thymus, these earliest
T-lineage cells lack detectable CD4 expression.

2. Thymic dendritic cells, CD34744%77271737478"1lc*, and class I and

class II MHChlgh, may be isolated from the human thymus by the new o
procedures we have developed. In contrast to murine thymic DC (CD8%4™) Lo
these cells are CD8~ but express high levels of Cb4,

3. Human thymic dendritic cells are very sensitive to infection by the
macrophage-trophic, but not the lymphotrophic, strains of HIV-1. A
productive infection is obtained, which may be transferred to T cells.

4. Future work should examine the influence of such HIV-1 infection of
DC on the nature of signals transmitted to T cells. Are DC eliminated
by infection? How efficient is the transfer to T cells? Do infected DC
still stimulate T cells, or do they cause CD4 T-cell death?
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Surface antigens of human thymocyte populations defined by
CD3, CD4 and CDS expression: CDla is expressed by mature
* thymocytes but not peripheral T cells
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1. Summary

" Three colour flow cytometric analysis has been
used to analyze the expression of a series of sur-
face antigens on human thymic and peripheral T-
‘cell populations. CD4, CD8 and CD3 were used
to divide the populations into the convéntional
major categories, and the distribution of CDla,
CD2, CD7, CD34, CD44, class I MHC and class

II MHC was tlien determined. Some characteris- . -

tics of ‘single positive’ (CD478~ and CD478")
T-lineage cells were unexpected. Amotigst thymo-
cytes, some ‘immature single positives’ were deli-
neated as larger sized cells lacking cell surface:
CD3 and expressing low levels of class I MHC;
however, in contrast with murine thymocytes
these were all CD4* 8™, rather than being predo-
minantly CD4~8 . Amongst peripheral T cells, a
small proportion of CD77~ cells were detected,
within both the CD4%873% and the CD4~8%37
categories. Finally, in contrast to previous cenclu-
sions, CPDla was expressed at high levels on ma-
ture (CD4*873% and CD478%3") human thy-
mocytes, although in agreement with previous re-
ports it was absent from peripheral T cells. CDla
is therefore a useful marker of post-selection,
post-thymic T-cell maturation.

Key words: T-cell development; T-cell surface antigens; Thy-
mocyte subpopulations

Correspondence to: K. Shortman, The Walter and Eliza Eali
Institute of Medical Rescarch, Post Office Royal Melbourne
Hospital, Victoria 3050, Australia.

2. Introduction

The crisis of AIMS has stimulated a closer in-
vestigation of human T cells and their develop-
ment. As part of a search for potential HIV tar-
gets within the human thymus, we have analyzed
thymocytes for teir expression of a series of com-
mon T-cell surface markers, using three-colour
flow cytometry. Most of the results obtained
were in line with previously published data. How-

ever, the resultis on the expression of CDI

amongst thymocytes differed from thz currently
accepted picture [1-4]. The prevailing view that
CDl is absent from mature human thymocytes
appears to be based on earlier experiments using
an indirect cytotoxic approach [1], reinforced by
studies on mature human peripheral T cells and
by the finding that TL antigen (CDI) is not ex-
pressed by mature murine thymocytes {5]. Our di-
rect approach indicates that CDI1 is present on
most mature human thymocytes, but absent from
peripheral T cells. This suggests it is lost about the
time of T-celi exit from the thymus, rather than at
the carlier stage of positive selection.

CDI is an antigen found predominantly on
thymocytes [6] but also on Langerhans’ (epider-
mal dendritic) cells [7] and on subsets of B cells
[8]. It is normally absent from peripheral blood T
cells although it has been reported to be expressed
cytoplasmically after mitogenic activation [9].
CD1 has some homology with both human and
mouse major histocompatibility complex (MHC)
class I ¢ and class II 8 chains [10}, although CDI1
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and MHC genes are on different chromosomes
[11]j. CD1, like class I MHC, has binding do-
mains for fy-microglobulin, with which it forms
non-covalently bound dimers [12]; it is also able
to form intermolecular complexes with CD8 and
class I MHC [13]. CD1 is in fact a group of close-
ly related molecules (CDla-d) encoded by sepa-
rate genes [14]. These forims are antigenically dis-
tinct and can be distinguished by monoclonal an-

tibodies (mADb) [8, 1S, 16]; the mAb used in this’

study (OKT6) is the same as used in earlier stu-
dies on the human thymus, and recognizes CDla
[1, 15). The biolugical role of CD1'is still obscure
but, in line with the similarity to class I MHC,
CD1b has recently been shown to present certain
bacterial antigens to CD4787 T celis [17]. The
expression of CD1 by cells of the T lineage has
been shown to te linked to stages of development
[1-4], a finding endorsed by our present study.

3. Materials and Methods

3.1, Thymus tissue

The samples of thymus tissue were provided by
the Royal Children’s Hospital, Parkville, Victoria,
and were removed in the course of routine thorac-
ic surgery on children with congenital heart ab-
normalities. The ages of the donors ranged from
several days to 15 years.

3.2. Thymocyle suspensions

The suspension medium was a pH 7.2 HEPES-
buffered balanced salt solution containing 5% fe-
tal calf serum (BSS-FCS). A portion of thymus
tissue (1.5 cm®) was chopped with scissors then
forced through a stainless-steel mesh into BSS-
FCS. Dead and damaged cells were then removed
by a density cut [18], selecting viable cells that
floated after centrifugation at 1700 x ¢ for 10 min
at 4°C in 1.086 g/em® Nycodenz (Nycomed, Oslo,
Norway). The viable cells were diluted, washed
and resuspended in BSS-FCS.

3.3.  Peripheral blood lymphocytes (PBL)

Douors were healthy volunteers aged 18 to 5S.
Blood (25 ml) was diluted 1:1 with normal saline,
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layered over 10 ml Ficoll-paque (Pharmacia, Pis-
cataway, NJ, USA) and spun at 600 xg for 20
min at 4°C. The upper leucocyte layer was
diluted, washed and resuspended in BSS-FCS.
3.4. Monoclona! antibodies (mAb) and
Sluorescent reagents

Most hybridomas were grown and the mAb
purified and conjugated in this laboratory. Phy-
coerythrin (PE)-conjugated anti-CD4 was pur-
chased from DAKO, Carpinteria, CA, USA. The
hybridoma clones used and their specificities are
listed in Table 1. Texas red-streptavidin conju-
gate was obtained from Caltag Laboratories,
South San Francisco, CA, USA.

3.5. Immunofiuorescent staining and flow
cytometry

In the routine procedure cells were stained si-
multaneously with fluorescein-conjugated auti-
CD8, PE-conjugated anti-CD4, and a biotin con-
Jjugated third antibody. After washing, Texas
Red-streptavidin was used as a second stage
stain. Propidium iodide (PI) at 1 ug/ml was inclu-

,.ded in the final cell suspension. Six parameter
"flow cytometry was then carried out to determine

forward and side light scatter, PI staining and the
three immunofluorescent stains, using a FACStar
Plus (Becton Dickinson, Mountain View, CA,
TABLE |

Monoclonal antibodies used for thymocyte characterization.

Surface antigen Hybridoma clone  Reference/
Source
CDla OKTé 1
CD2 o Lym-| 18
CD3 OKT3 19
CDh4 MT310; OKT4 DAKO; 19
CD7 3A1 ’ 20
CD8« OKT8 1
CD44 Hermes-3 21
Class | MHC W6/32 pr3
(HLA-A,B,C)
Class I MHC 2.06 23
(HLA-DR)




USA). Forward scatter and PI gates were set to
exclude dead cells, debris and erythrocytes.

4. Results and Discussion

The primary division of thymocytes and PBL
on the basis of CD4 and CD8 expression is
shown in Fig. 1, with broken lincs indicating the
precise gates used to define the categories for fur-
ther analysis. The expression of other markers on
these gated populations is shown in Fig. 2. In
PBL we examined ouly the two ‘single positive’
(CD4*8~ and CD478%) T cell categories. These
stained brightly for CD3 (Fig. 2), as expected for
mature T cells. In thymus we examined the four
categories, double negative (CD4787), double

positive (CD4"8%) and the two single positives -

(CD4"8~ and CD478%),

As shown in Fig. 2 the CD478~ thymocytes
were mainly CD3™ (immature, or non-T lineage)
but with a small proportion of CD3"e" cells; some
of the latter were presumably ¥§ T cells. As expec-
ted for the immature cortical thymocyte popula-
tion the CD4"8" thymocytes expressed- either
very low or moderate levels of CD3. The major-
ity of thymic single positives expressed high levels
of CD3, like peripheral T cells, as expected of ma-
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ture meduilary thymocytes. However, a small pro-
portion of CD4"8 (but not of CD478") thy-
mocytes were CD3 ™, suggesting these were imma-
ture cells. This correlated with the expression on a
small proportion of CD4%8~ (but not of
CD478%) thymocytes of low levels of class I
MHC, rather than the high levels characteristic
of mature T cells. These CD4* 873~ thymocytes
were of larger size than mature thymocytes, as in-
dicated by light scatter measurements (not
shown). Immature single positives have been well
characterised in the mouse thymus, as cells in
transition between the CD4"8~ and CD4*8"
stages (reviewed in 25). In most mouse strains
there are more CD4~8" than CD4*8~ imma-
ture “single positives, but in somec strains the
CD4*8~ form dominates. Qur results suggest
that CD4 "8~ is the main immature single posi-
tive transition form in the human, in agreement
with the work of others [26, 27).

The expression of T lineage surface antigens on
CD47 8~ thymocytes is of interest in attempts to
define a developmental sequence within this
group. Most CD478~ thymocytes, and all other
thymocytes, were shown to express CD7 (Fig. 2).
It was not clear whether the CD7~ CD478" thy-
mocytes were early cells, or simply non-T' lineage

PBL

100 1000
Co8 :

Fig. 1. The distribution of CD4 and CD8 on cclls of infant human thymus and adult peripheral blood TBL. The broken lines give the
gates used for subsequent analysis ot subpopulations. In PDL only the CD4* 8~ and CD4 ~8* T-cell fractions were used for analysis.
Further details are in text.

103




Class1 MHC

(.

g ey

o8

T

Thymocytes

(nerg”

(D& 8*

. : - T
| ,:'| i .‘I", .:",
L i i P i
o é i A Fot H i
2 PSSR il SR W LY W g Ly
[=3 n A A
c i H i
a3 i i i
Qg P ] -‘[\ i
[] H v 7y
o ; ,-""._"_ ",- !
1 1 e . i L 3 R LY
Fluorescence

Fig. 2. The level of various surface antigens on subpopulations of human thymocyies and PBL. Results arc from a single donor in

each case but arc representative of the results from most donors. Cells Were stained in three fluorescent colours for CD4, CD® and the

antigen being studicd, a separate sample being stained-for each surface antigen listed. The samples were then gated for CD4 and CD8

expression, as in Fig. 1; the distribution of the third surface antigen on the gated populaticns is presented. The dotted lines give the

background staining, representing samples stained normally for CD4 and CD8 but omitting the third antibody and using the second
stage alone. The backgroundiwas also gated as in Fig. 1.

cells. CD478~ thymocytes expressed high levels
of class I MHC and some expressed very high le-
vels of CD44, both expected characteristics which
distinguish early T lineage cells from most cortical
- thymocytes. Most CD47 87 thymocytes expressed
CD2, but only some expressed the higher level of
CD1 characteristic of cortical thymocyles. These
results are in line with a sequential acquisition of
markers, first CD7 then CD2 then CDI, during
T-cell development. The major thymus popula-
tion, the CD4%8™" cortical thymocytes were
CD1%2*7%, CD44'¥, class 1 MHC"Y, and ex-
prossed low and medium levels of CD3. In gener-
al these results agree with previous findings and
with the developmental sequence proposed by

104/

others [1, 2, 4; reviewed in 3, 4].

Some unexpected results were seen on compar-
ing mature T cells from PBL with the ‘mature’
single positive thymocytes (omitting from consid-
eration the CD3~ class I MHC™Y ‘immature’ sin-
gle positives discussed above). The first was the
existence of a smalleproportion of CD7~ T cells
amongst PBL, but not amongst mature thymo-
cytes; these were clearly T cells, being either
CD4" or CD8%, and expressing CD3 (Fig. 2).
We have not examined these further, but they
could be either T cells of extrathymic origin (e.g.,
¥ T cells) or could be more mature forms such as
memory T cells.

A more striking result was the presence of high
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Fig. 3. The level of CDla on mature thymocytes. The results

are similar to Fig. 2, but represent an individual and less repre-

sentative infant thymus sample where a proportion of the sin-
gle positives were CD1a™.

levels of CDla on most CD478"3% or
CD4%8-3* thymocytes, which contrasted with
the absence of CDla on PBL T cells (Fig. 2).
This result was not in accordance with current
models of T-ceil development [reviewed in 3]. The
level of CD1a expression varicd somewhat from
thymus donor to donor. Fig. 3 gives a less fre-
quent example where a proportion of mature thy-

mocytes were CDla™, although even in this case,--
as in all other samples studied, the majority were

CD1a* with a spread from low to Tigh expres-
sion. One problem with the comparison is the age
discrepancy between the donors of PBL (1855
years) and of thymus samples (I month-15
years). However, we do not believe this is the rea-
son for the differences between PBL T cells and
mature thymocytes, since results similar to Fig. 2
were obtained comparing the thymus cells from
15 year old donors with PBL from 18 year old do-
nors; neither set of results appeared to be age de-
pendent. We suspect that this difference between
mature thymocytes and peripheral T cells had
not been noted previously simply because a direct
comparison, using direct, thiee-colour immuno-
fluorescent staining, had not been performed.
These results suggest that CDI is initially main-
tained on human thymocytes during positive se-
lection, despite the upregulation of the TCR-CD3
complex and the down-regulation of either CD4
or CD8. Loss of CD/{ appears Lo be a later devel-

opmental event, occurring just before or during
the time of migration of cells from the thymus to
the periphery. It may serve as a useful marker of
this post-selection step in the life-histery of T
cells. .
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Assessment of CD4 Expression by Early T Precursor Cells
and by Dendritic Cells in the Human Thymus'

Frank Sotzik,* Yvonne Rosenberg,’ Andrew W. Boyd,* Margo Honeyman,*
Donald Metcalf,* Roland Scollay,* Li Wu,* and Ken Shortman®*

*The Walter and Eliza Hall Institute of Medical Research, Melbourne, Victoria 3050, Australia; and 'The Henry M. Jackson
Research Foundation, Rockville, MD 20850

The adult mouse thymus contains a minute population of early lymphoid precursor cells that express moderate
levels of CD4. We searched for a corresponding population of early T precursors in the infant human thymus, by first
depleting the majority of more mature thymocytes, then using immunofluorescence and flow cytometry io analyze cells
bearing a range of early T lineage markers. No discrete population of early T precursors expressing CD4 was observed,
in contrast to the murine thymus. Most putative very early human thymocytes were CD4~8 371~ 2"°44*34* 7" class
I MHC" class Il MHC ~. However, a distinct population of human thymic dendritic cells expressing high levels of CD4
was isolated. These were CD4"8 37172 "44*34~ 7~ class | MHC class Il MHC™, and lacked markers of B cells, NK
cells, or myeloid cells. They were large cells that exhibited dendritic morphology after brief periods of culture, a d they
were efficient stimulators of allogeneic T cells. The biologic implications of CD4 expression by thymic dendritic cells
are discussed. Journal of Immunology, 1994, 152: 3370.

cortical thymocytes, and thence CD4*873* and

CD4 783" mature T cells, arc generally considered
to be within the CD4 ™87 3 (““iriple ncgative’’) population,
representing approximately 3% of all thymocytes (1-6).
However, our laboratory has recently described an carlier and
less frequent precursor population in the adult mouse thymus,
and this very carly precursor cxpresses moderate levels of
CD4 (7). We have sought a similar, CD4-bearing very carly
precursor in the humean thymus, motivated in part by the pos-
sibility that it could be a target for HIV infection.

In terms of surface markers common io mcuse and hu-
man lymphoid cells, the “‘low CD4 precursor’” population
of the adult mouse thymus has the surface phenotype
CD4"* 8~ 37 27 257 44™, Thy 1", class I MHC™ class
I MHC™ (7). It is similar to bone marrow hemopoietic
stem cells (BMSC)® in most but not all surface markers,

T he intrathymic precursor cells that gencrate CD4*8*
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and is likely to represent the immediate progeny of the
cells that sced the thymus from bone marrow (7-10). It is
clearly distinct from the CD4*8 73~ *‘immature single
positives,”” which are later intcrmediates one step removed
from CD4*8* cortical thymocytes (11-13). As with
BMSC, the low CD4 precursor has TCR and ig genes in
germ-line state (7). Unlike BMSC, this thymic precursor
population is unable to form erythroid or myeloid cells,
but it does give rise to dendritic cells as well as T cells in
the thymus, and has the capacity to form B cells in the
appropriate environment (8, 9).

In scarching for an cquivalent cell in the human thymus,
we first depleted cells bearing surfuce markers that shoutd
appear later in T cell development (CD3, CD8, CDI, and
perhaps CD2), thea analyzed for cells bearing positive
markers cquivalent to those on the murine carly precursors
(CD4, CD44, class I MHC), We also analyzed for cells
bearing certain markers unique to the human system,
namely CD7 (to mark T lincage cells (3-5)) and CD34 (to
mark carly T lincage cells and hemopoictic stem cells (5,
6)). In contrast to the adult mouse thymus we found few if
any putative carly T precursors expressing CD4. However,
in the course of our work we isolated a buman thymic
dendritic cell expressing high levels of CD4.

FOS; RPMIE T640-1% £CS, RPMI 1640 medium, bufered with additional HEPES
at pH 7.2 and vontaining 1% FCS; P propidium iodide; SCF, stem cell tactor,

0022-176744/$02.00
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Table I. mADb used for thymocyte characterization®

Surface Ag Hybridoma Clone Reference/Source
CDla OKTé6 15
cD2 Lym-1 16
CD3 OKT3 17
CD4 MT310; OKT4 Dako; 17
CcD7 3A1 18
CD8« OKT8 15
CD14 FMC17; FMC33 19
CD16 HuNK-2 Silenus
CD19 FMC63 20
CD34 HPCA-2 Becten Dickinson
CD44 Hermes-3 21
CD56 NKH-1 Coulter
Class | MHC W6/32 22
(HLA-A,B,C)
Class It MHC 2.06 23
(HLA-DR)

* The commercially purchased reagents were obtained from Dako (Carpin-
teria, CA); Silenus (Hawthom, Victoria, Australia); Becton Dickinson (San Jose,
CA); or Coulter (Hiateah, FL).

Materials and Methods
Thymus tissue

The thymus tissuc was removed in the course of routine thoracic surgery
on children with congenital heart abnormalitics, The ages of the donors
ranged from severul days to 15 yr.

Thymocyte suspensions

The suspension medium was a pH 7.2 HEPES-buffered BSS containing
2% FCS (BSS-FCS). A portion of thymus tissue (1.5 cm®) was chopped
with scissors then forced through a stainless-steel mesh into BSS-FCS.
Cells were washed with BSS-FCS and resuspended in RPMI 1640 me-
dium, buffered with additional HEPES at pH 7.2, and containing 1% FCS
(RPMI 1640-1% FCS). All procedures were performed at 0 to 4°C.

Isolation procedure for putative early thymocytes

The general procedure was first to deplete a thymocyte suspension of the
bulk of more developed cells and non-T lincage cells, by successive
cvtotoxic and immunomagnetic bead procedures. This procedure was
used to produce one of two populations, either CD2~3 78~ thymocyles
or CD1 "378  class I MHC ~ thymocytes. These were then positively
selected by immunofluorescent labeling and cell sorting, gencrally on the
basis of CD4 and class 1 MHC expression. The detailed sieps were as
follows.

Cytoioxic Ab depletion

This was used only with Ab giving cffective and extensive bulk deple-
tion; anti-CD3 was avoided at this stage because of the possibility of
capping rather than killing celis (14). Anti-CD2 and anti-CD8 (for
CD2 8 3 )oranti-CD8 and anti-class [I MHC (for CD1 "3 "8 ~ class
11 MHC ) were used to coat the cells. See Table 1 for details of the mAb.
The complement was young rabbit serum, absorbed with human thymeo-
cyles and erythrocytes, titrated, and stored frozen at — 70°C. Thyiaocytes
(4 %X 10%) were suspended ir 30 m) RPM1 1640-1% FCS, concenirated
mAb were added to titrated levels and the suspension was incubated 40
min at 0 to 4°C. Complement (9.5 ml serum) was added directly to the
cell and Ab suspension, along with DNase (0.5 ml 0.1%). and mixed
thoroughly. The mixture was then incubated in a 37°C waler bath for 40
min after the time taken to warm up 10 36°C. At intervals, samples of the
cells were checked by cosin exclusion to ensure the killing was cffective.
The cells were then recovered by centrifugation, and dead and damaged
cells removed by a density cut (24). Viable cells were sclected as those
that fleated after centrifugation at 170 X g for 10 min at 4°C in 1.086
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g/em® Nycodenz (Mycomed. Oslo, Norway). The visble cells were
washed, suspended in BSS-FCS, and counted.

Immunomagnetic bead depletion

The mAb used for depletion were prepared as premixed mixtures of
pretitrated concentration in BSS-FCS and stored at — 70°C. Both mix-
tures contained anti-CD3, anti-CD8, anti-CD14, and anii-CD19 (se¢ Ta-
ble 1), For CD27 38~ the mixture also contained anti-CD2: for
CD1 73787 class Il MHC™, it also contained anti-CD1 and anti-class II
MHC. Cells were spun down, resuspended in 10 pul of the mAb mixture
per 10° cells. then incubated 40 min at 0 to 4°C. Sheep anti-mouse Ig-
coated Dynabeads (Dynal. Oslo, Norway) were washed then added to the
cells at an 8 beads:1 cell ratio, in a volume of 30 ul RPMI 1640-10%
FCS, and the slurry incubated for 4°C on a rolling rack for 30 min. The
slurry was diluted and the beads and bound cells removed with a magnet
(MPC-1, Dynal). The cells were recovered by centrifugation and the bead
depletion repeated with several cycles of final bead removal with the
magnet. The cells were recovered and counted, and this depleted prep-
aration used for further sorting or analysis.

Immunofluorescent staining and flow cytometry

Thymocytes were usually subjected to a two stage staining procedure,
The first stage was typically fluorescein-conjugated anti-class | MHC
together with phycoerythrin-conjugated anti-CD4 and a biotin-conju-
gated third Ab. Ab-treated cells were incubated for 20 min on ice. Cells
were washed with BSS-FCS underlain with FCS. The sccond stage was
typically Texas Red-streptavidin (Caltag Laboratorics, South San Fran-
cisco, CA), Propidium iodide (PI) (1 ug/ml) was included in the final cell
suspension. 8ix parameter flow cytometty was then carried out to deter-
mine forward and side light scatter, Pl staining, and the three imniun-
ofluorescent stains using a FACStar™ (Becton Dickinson, Mountain
View, CA). Forward scatter and Pl staining gates were set to exclude
deud cells, debris, and crythrocytes. Negative controls were included us-
ing isotype-matched irrelevant Ab,

Cytochemical staining

Staining for mycloperoxidase and dual esterase (chloroacetate esterase
and a-naptholacetate ¢sterase) was carricd out by the Cell Biology Lab-
oratory of the Royal Melbourne Hospital, Cytospun preparations of cclls
were stained using protocols modificd from earlier work (25. 26).

Giemsa staining

Cytospun preparations were fixed in methanol-acetic acid then stained for
30 min with freshly mixed Giemsa (50 ml pH 7 citiate-phosphate buffer,
3 ml methanol, and 5§ mil stock Giemsa stain).

Colony formation in agar

The cells were cultured in agar medium (AIMDM with 20% FCS and
0.3% agar) at a concentration of 300 cells/1 ml culture, in 35-mm petri
dishes (27). Quadraplicate cultures were prepared with the following
combinations of stimuli: 1500 U recombinant human granulocyte mac-
rophage-CSF; 500 U recombinant human granulocyte-CSF; 1K) ng re-
combinant human SCF: 1 U recombinant human Epo; 100 ng human
SCF + 500 U granulocyte-CSF; 10{) ng human SCF + 1 U Epo: 500 ng
human rlL-6; S(X) ng human rlL-6 + 100 ng SCF. Cultures were incu-
bated at 37°C in 4 humidified atmosphere of 10% CQO, in air and analyzed
after 4. 7. and 14 days of incubation, Cultures were scored for colonies
(clones >49 cells) or clusters (clones >2 cells).

Assessment of dendritic cell morphology

Cells (300) were sorted direetly into 13 ul RPMI 1640-10% FCS medium
in the wells of Terasaki trays, then incubated at 37°C for 2 h in an
atmosphere of (0% CO, in air, The cells were then obscrved under in-
verted phase-contrast microscopy, 200-fold magnification. and scored for
dendritic morphology (irregular shape with veils or processes).




3372

Allogeneic MLR assays

Blood samples were obtained from healthy adult volunteers. Blood (10
mi) was diluted 1/1 with RPMI 1640 containing 0% freshly filiered
human serum, Jayercd over 10 ml Ficoll-Paque (Pharmacia Fine Chem-
icals, Piscataway, NJ) and spun at 500 X g for 20 min at room temper-
ature. The upper leucocyte layer was diluted and washed twice before
being resuspended in RPMI 1640-20% filtered human serum and § X
10~ * M 2-ME to produce the sample of PBL. MLC were set up in 0.2 ml
medium (RPMI 1640-20% human scrum) in round bottom wells of 96-
well trays. The stimulatov cells were either putative thymic dendritic cells
(10°=10%/well) or PBL (10*—10"/weli), cach given 30 gray (Gy) v irra-
diation. The responder cclls were PBLs from a different donor, 5 X
10%well. The cultures were incubated at 37°C in a moist 5% CO,-in-air
atmosphere for 6 days. Each culture was pulsed for 8 h with 8.25 uCi
[methyl-*H]thymidine (67 Ci/mmol; ICN Biomedicals, Irvine, CA). The
cells were then harvested onto glass microfiber shecting, washed with
water, dried, and placed in vials for liquid scintillation counting.

Results
Analysis of CD2~ 378~ thymocytes

Our strategy for isolating the earliest T precursors in the
thymus was first to deplete most of the more developed T
lineage cells, then to sort for cells bearing likely markers
of early developmental stages. On the basis of our expe-
rience with murine thymocytes, we avoided depletion with
anti-CD4. Based on ecarlier studies by others on human
thymus (reviewed in Refs. 3 and 4) and on our awn ex-
perience with murine thymus, we initially assumed deple-
tion with anti-CD2 would spare the carliest precursor cells.
After cytotoxic and immunomagnetic bead depletion of
infant human thymocyte suspensions to climinate cells
bearing CD2, CD3, and CD8 (and also bearing many
non-T lincage markers), we recovered approXimately
0.2% of thymocytes, less than 0.5% of which bore normal
levels of the depleted markers. These depleted thymocytes
were then analyzed for cxpression of CD4 and of class |
MHC, seeking for a CD4™" class I MHC" population
resembling the murine *‘low CD4”’ precursor (7). Typical
results are shown in Figure 1, in which the four popula-
tions used for further analysis are outlined. Many of the
cells expressing high levels of class I MHC did express
CDd, but at leveis as high as on cortical thymocytes or
CD4* T cells, rather than at the intermnediate levels on the
early murine T precursor. Both anti-CD4 mAb (MT310
and OKT4) gave the same bright staining,

However, these CD4™ class | MHC" cells scemed un-
likely to be very early precersors, because they lacked
CD34 expression (Fig. 2). They aiso did not seem tobe T
lincage cells, because cxpression of CD7 and CD1 was
marginal. They expressed CD44, which is present not only
on carly and activated T lincage cells, but also on myeloid
cells. The CD4 "~ class I MHC" fraction sce ned more
likely to include the early T lineage cells, because it in-
cluded celis expressing CD34, CD7, and CD44, but lack-
ing CD1 (Fig. 2). The cells expressing the lower levels of
class I MHC scemed likely to be more developed T lin-
cage cells. In particular the CD4" class | MHC" popula-
tion, which cxpressed CD1 and CD7 but little CD34 or

CD4 ON HUMAN THYMIC DENDRITIC CELLS
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FIGURE 1. The distribution of CD4 and class | MHC on

human thymocytes depleted of cells bearing CD2, CD3, and
CD8. Further details of the preparation are in Materials and
Methods. The regions used for subsequent subpopulation
analysis are outlined by fine lines. These results on an indi-
vidual thymus sample were typical of 12 such experiments.

CD44, had many of the properties of more mature thymo-
cytes, despite the apparent absence of CD2 or CD3. The
recovery of this population was highly variable, so we
suspect it represented the tiny fraction of late thymocytes
that escaped the depletion procedures.

Nature of the CD4" class | MFIC" population

It scemed the CD4™ class | MHC™ population (other
markers CD1727378734744%) might not be T lineage
cells, despite our attempts to deplete other minor thymic
lineages. In particular, its very high forward and side light
scatter characteristics indicated it did not consist of lym-
phoid cells. Accordingly we analyzed the population for
markers of monocytes or macrophages (CD14), NK cells
(CD16, CD56), and B cells (CD19). In these studies the
lineage-specific mAb werc omitted from the depletion pro-
cedure, in case these markers were merely blocked or
capped off. However, the cells were clearly negative for all
of these markers (Fig. 3). Further evidence that these were
not myeloid cells came from histologic staining of the
scrted cells. All cells were negative for a-naptholacetate
csterase and for-myeloperoxidase, and only 1 to 2% were
positive for chloroacetate esterase. Finally, to determine if
these cells were immature precursors of the myeloid or
erythroid lincages, they were cultured in agar with various
mixtures of cytokines, under conditions allowing growth
and differentiation of precursor cells. However, no colo-
nies or cven clusters of ceils grew in the agar plates.
The one positive surface marker giving a clue to the
naturc of thesc CD4"™ cells was their expression of very
high levels of class I MHC. This, together with their ex-
pression of high levels of class I MHC and iheir large size,
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FIGURE 2. The levels of various T cell differentiation Ag on subpopulations of human CD2 ~3 78~ thymocytes. The four
regions analyzed correspond to those outlined in Figure 1. The CD27 378~ thymocytes were stained in three fluorescent
colors for CD4, class | MHC, and the Ag heading each column, a separate sample being stained for each marker listed. The
samples were then gated for CD4 and class | MHC expression, as in Figure 1. The broken lines give the background staining,
representing samples stained for CD4 and class | MHC and second stage reagents, omitting only the third Ab; background
distributions were also gated as in Figure 1. Results are for an individual thymus sample but were typical of three such analyses.

suggested they were dendritic cells. This was not imme-
diately apparent from Giemsa-stained cytospin prepara-
tions, in which most celis appeared round, although some
showed cytoplasmic extensions (Fig. 4). In the main the
cells were large, usually with extensive pale staining cy-
toplasm, often with vacuoles but with no signs of phago-
cytic activity. Nuclear shape varied from round ‘o elipti-
cal. Because thesc cells had been subjected to a long
isolation procedure, much of it in the cold, they were in-
cubated for severa! hours at 37°C in culture medium to
recover normal morphology, then examined by phase-con-
trast microscopy (Fig. 5). A high proportion (50-70%)
then assumed an irregular shape, with cytoplasmic pro-
cesses and ‘‘veils”’ typical of dendritic cells.

Dendritic cells are extremely efficient stimulators of al-
logeneic T cells in an MLC (28). Accordingly, these CD4"
MHC" thymic cells were compared with PBLs in their
ability to stimulate allogeneic PBLs. The extent of re-
sponder lymphocyte proliferation was similar to that seen
with PBL stimulators, but 10- to 100-fold fewer cells werc
required for peak stimulation (Fig. 6). This functional as-
say suggested they were indeed dendritic cells.

Surface phenotype of putative early T precursors

Inasmuch as the CD2737 8" fraction of infant human
thymus included no obvious subgroup of CD4-bearing
early T precursors, and because some recent studies have

suggested even the earliest human thymocytes express
CD2 (5), we considered the possibility that we had de-
pleted the earlier precursors from our preparations. Ac-
cordingly, we used anti-CD1 instead of anti-CD2 to remove
the more developed T lineage cells, and used additional de-
pletion with anti-class 11 MHC to remove the CD4-bearing
dendritic cells. The analysis of thesc CD1737 8" class Il
MHC ™ thymocytes (approximately 0.5% of original thymo-
cytes) is shown in Figure 7. The class | MHC™ fraction now
included no cells expressing CD4. The class 1 MHCY cells
included cells expressing CD4, but as before the recovery of
these was variable. Because these cells expressed CD7, but
no CD34 or class I MHC, it seemed likely that, as before,
they were more mature T lineage cells that had evaded the
depletion procedure.

It seemed from this analysis that the putative earliest T
lineage cells in the thymus did not express CD4. To assess
this more thoroughly, the CD1737 8~ class II MHC™
fraction was gated on the basis of anti-CD34 fluorescent
staining, using CD34 expression as a criterion to define the
earliest precursor cells (5, 6, 13). As shown in Figure 8,
the CD34"* cells all expressed high levels of CD7, sug-
gesting that they were all T lineage cells and that we had
now succecded in depleting all other lineages from the
preparation. These putative early T lincage cells also ex-
pressed CD2, although at lower levels than most thymo-
cytes. However, they were all clearly CD4 7, in contrast to
cells in the CD34 " fraction.
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FIGURE 3. Expression of various non-T lineage markers on
subpopulations of CD2~3 "8 -, CD4™ class | MHCM thymo-
cytes. The cells analyzed correspond to region 1 of Figure 1.
In the preparation of CD2 3 "8 ~ thymocytes for these anal-
yses, depletion of cells bearing CD14 and CD19 was omit-
ted. The histograms are derived from three color staining for
CD4, for class | MHC and for the marker of interest, with
gating for the CD4™ class | MHCM group, as in Figure 2. The
broken line gives the background fluorescence for the gated
subpopulation, as in Figure 2. Results are from an individual
thymus sample but were typical of two to three such
analyses.

We also checked to see if low levels of CD8, rather than
CD4, might be present on the earliest T precursors i the
human thymus. In these experiments the depletion proce-
durcs were similar, but anti-CD4 was substituted for anti-
CD8. Howcver, analysis of these CD173747 class 1l
MHC ™ preparations gave no evidence for a CD8-bearing
class | MHC" CD7* CD34* population (data not shown).
Overall the putative earliest T precursor populations in the
infant human thymus appeared 1o be CD478".

Discussion

The carliest T precursor cells in the thymus would be ex-
pected to represent less than 0.1% of all thymocytes (7), a

CD4 ON HUMAN THYMIC DENDRITIC CELLS

FIGURE 4. The morphological appearance of the freshly
separated CDZ ~3 "8 -, CD4™ class | MHC"™ cells. Cells cor-
responding to region 1 of Figure 1 were sorted, cvtospin
preparations made and stained with Giemsa. Magnification is
1700-fold. Most cells were large but showed a range of mor-
phologic appearances, from round cells with round nuclei, to
cells with eiiptical nuclei and cells with cytoplasmic exten-
sions. Three experiments gave similar results.

level similar to that of many minor non-T cell lincages,
including dendritic cells. Qur study serves to emphasize
the need to control for non-T lincage cells when isolating
carly thymocytes, because our initial scarch for the carliest
T precursors led to the isolation of a dendritic cell. This
was in part due to the use of anti-CD2 in the initial de-
pletion procedure, which enriched for dendritic cells but
excluded many carly precursors. Most human thymic carly
T precursor cells appear to express CD2 (5), in contrast to
mouse thymic carly T precursors (29). Human thymic den-
dritic cells do not express CD2 (30), again in contrast with
mouse thymic dendritic cells (31). Our results indicate that
for the human thymus, the more developed T lineage thy-
mocytes should be depleted using Ab against the later sur-
face markers CD1, CD3, CD4, and CD§, but not against
CD2. To deplete non-T lineage cells not ¢nly should Ab
against B cells, macrophages, granulocytes, NK ceils, and
erythrocytes be included, but also Ab against class I
MHC, to eliminate dendritic ccells.

Our primary objective in this study was to determine
whether the earliest T lineage cells in the human thymus
express CD4, as we have found for the adult mousc thy-
mus (7). Lacking a suitablc functional assay we have iden-
tified putative carly T precursors both by analogy with
murine thymic T precursors, and on the basis of markers
expressed by human BMSCs. We reasoned that human
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FIGURE 5. The morphologic  ap-
pearance of the CD2 3 8 CD4™
class | MHC™ cells, after culture for 3
1o 5 h. Cells equivalent to region 1 ot
Figwre 1 were sorted and incubated at
37°C in simple culture medium, They
were then examined under phase-con-
rast microscopy. 2, A typical example
after 3 h incubation, Magnification is
1000-fold. b, A maore florid example
apparent at 5 h, along with increasing
cell death. Magnification is 700-fold. -
Five experiments gave similar results. a '
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FIGURE 6. Stimulation ol allopencic PBL with the putative

dendritic cells isolated as region 1 of Figwre 1, The simula-
tion achieved is compared (o that given by PBL throken line).
Results are presented as absolute counis above the back-
ground (A cpmAvell) and as a ratio ol stimulated to unstimu-
lated cultures (aimulation indes). A second experiment gave
sitnilar osults.

thvmic carly T precursor eells are likely to express CD34,
CD7. CD44, and high levels of ¢lass 1 MHC, but should

not express CD1 oor surface CD3 (3-6). On the basis of

this identification. we find most of these putative carly
thvmocyles do express CD2, in agreement with Terstap-

pen et al, (3). although at lewer levels than on the majority

of thymocytes. However, we have not found a significant
subpopulation of the CD34*7*1 "3 class [ MHC * thy-
mocytes that expresses cither CD4 or CDS, so the carliest
thymic precursors appear to be CD4 8 as most current
maodels suggest (3-6). We doubt if this difference from the
mouse thymus is simply due to the age of the thymus
donors, since the **low CD4 precursor™ population is dis-
cernible in the young adult mousce and our human thymus
samples came from infants up to 18 yr old.

The absence ot detectable CD4 on these carly human
thymocytes seems to be in some conflict with the results of
Schnittiman et al. (32). who found a low level of CD4
expression even on “CD4 8 3 ™ human thymocytes, a
level sufticient for infection with HIV virus, Their prepa-
rations may have included some non-T lincage cells. How-
ever. the results are not necessarily in conflict because
CD4 8 3 thymoceytes later than those we were select-
ing, namely those that are CD34  and CD17 and close to
the CD4'8* state, may well express low levels of CD4.
Human thymocytes appear to express (D4 before CDR
during development, resulting in a discrete CD4°8 - **im-
mature single positive™ subpopulation as a precursor of
CD4*8" thymocytes (12, 13). However, this relatively late
CD4-expressing human T precursor cell is quite distinet
from the very carly CD4" precursor cell found in the adult
mouse thymus,

The surprising resuit of our study is the identification of
a population of CD4" celis as thymic dendritic celis.
These cells displayed dendritic morphology after brief pe-
riods of culture. They were effective stimulators of allo-
geneic T cells. a hallmark of dendritic cells. These large
cells lacked the characteristic markers of T or B lympho-
evies, NK cells, monoeytes, or granulocytes, Their surface
phenotype was CDIM8 3 1 2 7 34 44 class |
MHC™ class 1T MHCY, Certain thymic medullary den-
dritic cells have been reported to he CDI1'L as are skin
Langerhans™ cells (3). although others have reported
CD1 thymic DC (30). The CD4™ thymic dendritic cell
population we have isolated is CD1 . Qur separation pro-
cedure, not originaily designed for dendritic cell isolation.,
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FIGURE 7. The expression of various markers on subpopu-
lations of CD1~378~ class Il MHC~ thymocytes, Thymo-
cytes were depleted of cells bearing these markers (and var-
ious non-T lineage tmarkers) as described in Materials and
Methods. They were then stained in three fluorescent colars
for CD4, class | MHC, and either CD7 or CD34. The distri-
bution of CD4 and class | MHC is shown in the upper dia-
gram for direct comparison with Figure 1. The two regions
gated for further analysis of CD7 and CD34 expression are
outlined in fine lines. Note the absence of CD4M class |
MHC" celis. Results are from an individual thymus sample,
typical of three such analyses.

did not produce any CD1* class I MHC* CD7~ dendritic
cells.

At this stage we are not sure if the expression of high
levels of CD4 is a characteristic of all human thymic den-
dritic cells, or only of a special subgroup; we did note
some cells with lower levels of CD4 (Fig. 1). Most pre-
vious reports of human dendritic cells have indicated they
are CD4~ (33), or give only marginal staining with anti-
CD4 (34, 35). However, a recent study indicates that
freshly isolated human blood dendritic cells express CD4,
which is lost on further maturation (36). Some Langer-
hans’ cells (epidermal dendritic cells) are CD4", and their
expression of CD4 can be induced by IFN-y (37). in one
rescarch report human thymic dendritic cells were claimed
to be CD4 ™ (30), although a recent review (38) indicates
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FIGURE 8. The level of C04, CD2, and CD7 on

CD173787 class I MHC™ thymocytes further gated for
CD34 expression, The thymocytes were depleted as in Figure
7, then stained in two fluorescent colors for C034 and either
CD7, CD2, or CD4. The gates used to separate CD34* and
CD34" cells are shown in the upper diagram. Background
fluorescence (CD34 stain and second stage reagent alone) is
given as a broken line. For comparative purposes the level of
peak staining of unfractionated thymocytes is indicated
{(t—1). This single experiment confirmed the resuits of other
muhiparameter staining and cross-correlation experiments.

they are CD4*. Mouse thymic dendritic cells show low
staining with anti-CD4 (31). The striking feature of our
results is that the staining of human thymic dendritic cells
with anti-CD4 is as strong as for thymocytes or T cells.
This expression of T cell markers on thymic dendritic
cclls may be more than coincidental. We have recently
found that the earliest precursor population in the adult
murine thymus, which originally appeared to be lymphoid
restricted (8), gives rise to both T lineage and dendritic cell
progeny when transferred to an irradiated recipient thymus
(9). Within the thymus, dendritic cells and T lineage cells
have a similar lifespan and develop in parallel from what
may be a common precursor cell {9). Either the common
inductive environment, or the common precursor origin,
could be the basis of the shared surface Ag. The biologic
function of these characteristic T cell molecules on the
surface of dendritic cclls is at present obscure. However,
the high levels of CD4 on the human thymic dendritic cell
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does suggest it could be a target for the HIV virus. Ex-
periments to test this possibility are in progress.
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1. Summary

Dendritic cells (DC) from human and mouse thy-
mus were compared, DC from both sources were iso-
lated by digestion with collagenase, disruption of cel-
lular complexes with a chelating agent, selection of
light density cells, immunomagnetic bead depletion
of other cell types (without depletion with anti-CD4
or anti-CD8) and finally sorting for cells expressing
high levels of class I MHC. Yields of DC from hu-
man and mouse thymus were comparable (around |
DC/10* thymocytes), they displayed similar DC mor-
phology, and both showed strong cxpression of
CDllc. DC from the human thymus all expressed
very high levels of CD4 but low levels of CD8. In
contrast, DC from the mouse thymus expressed high
levels of CD8 but only low levels of CD4. Human
thymic DC were also substantially larger than
mouse thymic DC. The biological significance of
CD4 and CDS8 expression by DC is discussed in view
of this major spceies difference and the possibility
that human thym:c DC may be targets for HIV infec-
fion.

2. Introduction

The dendritic cells (DC) found in lymphoid tissues
are specialized for efficient interaction with T lym-
phocytes and -for presentation to them of peptide
antigens [1,2]. The array of molecules on the surface
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cell; Thymic dendritic cell; CD4; CD8
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of DC reflects this functional specialization and in-
cludes high levels of class I and class 11 MHC, many
cell adhesion molecules and molecules which serve as
co-stimulators of T cells {1-4]. DC found within the
thymus are generally believed to effect negative selec-
tion, the elimination of developing T cells potentially
responsive to self-peptides presented on self-MHC
[5.6]. Most DC within the thymus are in a close phy-
sical association with developing T cells and, on re-
lease from the tissue, this association takes the form
of thymic ‘rosettes’, a central DC with 10-15 at-
tached thymocytes [7,8]. Recent studies from this la-
boratory [9] have revealed a close developmental as
well as physical relationship between murine thymic
DC and T-lineage thymocytes, with a possible com-
mon intrathymic precursor. This developmental rela-
tionship may help explain the high incidence of char-
acteristic T-cell surface markers on mouse thymic DC
{10].

One T-cell marker expressed at high levels on a
subgroup of mouse DC is CD8 [10-14]. We have
demonstrated that this is formed by the DC them-
selves and consists mainly of the o homodimer
rather than the «f heterodimer characteristic of most
T cells [10]. Most mouse thymic DC express CDS§
[10]. In contrast, we have recently isolated a popula-
tion of DC from the human thymus which expresses
high levels of CD4 [15]. This is in conflict with an
carlier report suggesting human thymic DC are
CD4~ 116].

It seemed that such differences might simply result
‘rom different isolation procedures selecting different
subpopulations of DC, as we have demonstrated pre-
viously [10]. Even in our own studies suggesting a
species difference, very different procedures had
been used for isolating mouse [10] or human [15] thy-
mic DC. Accordingly we have made a side-by-side




comparison of mouse and human thymic DC. using
basically the same isolation procedurc. The proce-
dure used was designed to extract a high proportion
cf all thymic DC, to release DC from rosette com-
plexes. and to avoid any presclection for CD4 or
CDS8 expression. The results indicate that there is in-
deed a fundamental species difference. Most mouse
thymic DC express high levels of CD8 but low levels
of CD4 whercas most human thymic DC express
high levels of CD4 but low levels of CDS8.

3. Materials and Methods
3.1, Mouse thymus tissue

Thymuses were removed from inbred specific-
pathogen-free C57BL/6J Wehi mice bred at The Wal-
ter and Eliza Hall Institute animal facility. Most sam-
ples were from 6-week-old mice but 4-week-old mice
were also used where indicated,

320 Lhuman thymus tissue

Thymus tissue was removed during routine thor-
acic surgery on children with congenital heart ab-
normalities. Most samples came from children aged
4 days to 2 years. but tissue from a child aged (0
years was also studied.

3.3, Suspension media

Media tor use with murine cells were at *mousc
osmolarity’. 308 m.osmol or cquivalent to 0.168 M
NaCl. Media for use with human cells were at *hu-
man osmolarity’, 209 m.osmol or cquivalent to 0.147
M NaCl For use with human cells fetal calf serum

(FCS) was first diluted with 15 ml of H-0O/100 ml of

FFCS to produce ‘human osmolarity’. For the initial
tissue dispersal and digestion the medium was RPMI-
1640 with udditionat pH 7.2 HEPES buffer, and con-
taining 2% FCS (RPMI-1640- FCS). To avoid any
reassociation of BT with T cells in the later stages
of separation the basic medium lacked divalent me-
tals and consisted of NaCl and KCI (molar ratio.
40:1). with pH 7.2 HEPES buffer and including 5
mM EDTA (EDTA BSS). To this was normally
added 5% FCS which had divalent metals chelated
by the addition of 1 ml of 0.1 M EDTA (pH 7.2):10
mi of scrum (EDTA BSS FCS). The media for den-
sity separation of DC were prepared by diluting stock
solutions made from solid Metrizamide or Nycodeny,
(both from Nycomed Pharma, Oslo. Norway) in
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water (0.308 M for mouse cells; 0.294 M for human
cells), with EDTA-BSS (of mouse or human osmo-
larity). The final density of the separation media at
4'C was 1.071 g/em® Metrizamide for mouse DC.
1.065 g/em® Nycodenz for human DC, verified by
weighing in a calibrated weighing bottle. The actual
measured osmolarity obtained by this oversimplified
approach was 276 m.osmol for ‘mouse osmolarity’
Metrizamide, 256 m.osmol for ‘human osmolarity’
Nycodenz: density separation was carried out using
these slightly hypotonic media, rather than attempt-
ing to adjust the media to the ‘correct’ osmolarity.
After separation and staining of the cells, the final
suspension medium was a full balanced salt solution
(Na/K/Ca/Mg in the molar ratio 121:3:2:1) buffered
to pH 7.2 with HEPES und containing 5% FCS$
(BSS FCS).

3.4. Isolation of mouse thymic DC

The procedure was similar to that published pre-
viously [10]. All media used were iso-osmotic with
mouse serum. About 15 thymuses, free of extrancous
tissue, were cut into very small fragments with sharp
scissors. Instead of washing out tree lymphoid cells
prior to digestion as in our normal procedure [10].
the fragments were directly suspended in [0 ml of
RPMI-1640 FCS containing collagenase (I mg/ml;
type I, Worthington Biochemicals, Frechold. NJ)
and DNAse (0.02 mg/ml grade 11 bovinc pancreatic
DNAse I, Bochringer-Mannheim, Mannheim, Ger-
many). The fragments were digested with coatinuous
agitation for 20 30 min at room temperature (22 C);
pipetting in and out of a wide-bore Pasteur pipette
was used to help release cells from the fragments.
Mast fragments broke down but, although the DC
were released, many small stromal fragments, includ-
ing most epithelial cells, remained undigested. To dis-
sociate thymic rosettes, EDTA was added (1.0 m! of
0.1 M EDTA, pH 7.2) and incubation with agitition
continued for 5 min, Undigested stromal fragments
were then removed by passing through a fine sicve,
All remaining procedures were at 0 4 C. The cells
were recovered from the digest by centrifugation at
500 g for 7 min. The cell pellet was immediately dis-
persed in 1074 giem® Metrizamide medium and a
low-density fraction selected after centrifugation for
10 min at 1700 g. according to the density cut proce-
dure described in detail elsewhere [17]. The low-den-
sity cells (3 4.5% of the original thymocytes) were
diluted in EDTA BSS FCS and recovered by centri-
fugation. The cells were then incubated for 30 min at
0 4 C with g cocktail of mAb consisting of: anti-




CD3, KT3-1.1; anti-Thy-1.2, 30-H12; anti-IL-2Ra,
PC61; anti-Gr-1, RB68CS5; anti-Mac-1a, M1/70.15;
anti-macrophage, F4/80; anti-B220, RA36B2; anti-
erythrocyte, TER119; anti-FcRI1i, 2.4G2. Full details
of the mAb are given elsewhere [10]. Note that this
cocktail did not include anti-CD4, usually included
to prepare DC [10], nor did it include anti-CD8. The
mAb were all pre-titrated and most were used at
minimal saturating levels (as for immunofluorescent
staining); however, anti-Thy-1, anti-Mac-1a and anti-
FcRII, which are expressed at low levels on DC, wzre
used at a subsaturating level (40% of the normal
staining level) to prevent depletion of DC bearing
low levels of these antigens. After incubation the
cells were washed by layering over and spinning
through FCS-EDTA. The ceils were then depleted
twice with anti-ig-coated magnetic beads, using a 1:1
mixture of anti-rat Ig and anti-mouse Ig beads (Dy-
nabeads, Dynal, Oslo), first at a 7:1 then at a 3:1
bead-to-cell ratio. The bead and cell mix was in the
form of a concentrated slurry in EDTA-BSS--FCS,
and was incubated at 4°C for 20 min with continu-
ous slow rotation in a small sealed tube. The mix
was then diluted with S ml of EDTA-BSS--FCS and
the beads with attached cells removed magnetically,
using 3 removal cycles after the final bead treatment.
This final preparation contained 29-55% DC as de-
{ined by high levels of class Il MHC. together with
some immature DC expressing lower levels of class
II MHC. Pure DC were then derived from this by
cell sorting, or were analyzed by selective gating, for
cells with high forward light scatter (> 1.4 x the peak
value for mouse thymocytes). and high side light scat-
ter, and expression of high levels of class [ MHC, as
detailed previously [9.10].

3.5. Isolation of human thymic DC

The procedure followed closely that for mouse
thymic DC, but using media iso-osmotic with hu-
man rather than mouse serum. The thymus tissue
was carefully dissected free of the fibrous capsule
and then cut into small fragments with sharp scis-
sors. The fragments were digested with collagenase-
DNAsc in RPMI-1640-FCS medium as for the
mouse thymus preparation, but using 2 mg/m! of col-
lagenase. Complexes of DC with T cells were broken
up by EDTA treatment, as for the mouse thymic DC
preparation. Light density cells were selected with a
Nycodenz density cut, using medium of density 1.065
giem® at 4°C; 6-8% of the original thymocytes were

in this fraction. Immunomagnetic bead depletion of

non-DC was then carricd out as for mouse thymic

DC, but using the following mAb: anti-CD3, OKT3;
anti-CD7, 3Al; anti-CD2, LYM-I; anti-CDI19,
FMC63; anti-CD14, FMC33. Full details of the
mAb are given elsewhere {I5]. Note that neither
anti-CD4 nor anti-CD8 was used for depletion in
these experiments, although anti-CD§ (OKTS8)
would usually be included to improve DC purity.
Since all mAb were of mouse origin, only anti-mouse
Ig-coated Dynabeads were used to remove the coated
cells, following the procedure for mouse thymic DC.
The final preparation contained 24-72% DC with
high levels of class Il MHC, together with some im-
mature DC expressing lower levels. Pure DC were
then either isolated by cell sorting, or were analyzed
by selective gating, for cells with high forward light
scatter (> 1.8 x the peak value for human thymo-
cytes), and high side light scatter, and expressing
high levels of class II MHC as detailed previously
for mouse DC [9,10].

3.6. Imnmunofluorescent staining

Full details of immunofluorescent staining proce-
dures and the mAb used have been given elsewhere
[10,15]. Human DC were usually pre-incubated with
mouse immunoglobulin to reduce non-specific stain-
ing: this was not necessary for the mouse DC pre-
parations. Human DC were stained with fluorescein
isothiocyanate (FITC)-conjugated anti-class 11 MHC
{2.06) together with either phycoerythrin (PE)-conju-
gated anti-CD1l1c (Leu-MS), or PE-conjugated anti-
CD4 (MT310). or biotin-conjugated anti-CD4
(OKT4), or biotin-conjugated anti-CD8 (OKT8). the
biotin conjugates were then followed by a second
stuge PE-avidin stain. Mouse DC were stained with
either FITC-conjugated or an allophycocyanin
(APC)-conjugated anti-class 1 MHC (MS5/114 for
C57BL/6 mice). together with either PE-conjugated
anti-CD4 (GK 1.5}, or PE-conjugated anti-CD8a (53-
6.7), or FITC-conjugated anti-CDI1lc (N413). The
other mAb used were as described previously [10,15].
Propidium iodide (PI). | mg/ml. was included in the
final ccll wash to label any dead cells.

3.7. Flow cyrometry and cell sorting

Flow cytometric analysis was carried out either on
a FACScan (Becton Dickinson, San Jose, CA) using
channels FL-1 for FITC, FL-2 for PE and FL-3 for
exclusion of Pl-positive cells, or on a FACStar Plus
(Becton Dickinson, San Jose. CA) using FL-1 for
FITC. FL-2 for PE. FL-4 for APC, and FL-3 for
exclusion of Pl-positive cells. Cell sorting was car-
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ried out using the FACStar Plus instrument.

3.8. Phase-conirast microscopy

Putative DC were sorted on the basis of high class
II MHC expression and light-scatter characteristics,
and then incubated at 2.5x 10° cells/m! in RPMI-
1640-FCS (10%) medium in a siliconized glass tube
for 1-3 h at 37°C, in an atmosphere of 10% CO, in
air, to allow the DC to recover their typical morphol-
ogy [10,15]. The cells were then mixed and the sus-
pension placed in prewarmed slide chambers. The
chambers were prepared by fastening square cover-
siips to microscope slides by double-sided adhesive
tupe on two opposite edges; after filling the cham-
bers the remaining edges were sealed with nail pol-
ish. The chambers were kept warm in the incubator
until examination under phase-contrast microscopy
using a 40 x objective.

4. Results and Discussion

In order to allow a direct comparison of thymic
DC from human and mouse, the DC enrichment pro-
cedure was designed to isolate as many DC as possi-
ble from thymic tissue without presciection of parti-
cular DC subpopulations, Thus we used a mild col-
lagenase digestion to release bound DC from stromal
fragments, but we also included the free DC in the
preparation, We also used EDTA treatment to re-
lease DC from complexes with thymocytes. Our pro-
cedure avoided any adherence step involving incuba-
tion at 37°C, since this can bias the preparation to
particular DC subpopulations and lead to changes
in surface phenotype {10]. Normally during the im-
munomagnetic bead depletion step we would treat
murine DC preparations with anti-CD4 and human
DC preparations with anti-CD8, to ensure maximum
DC purity and minimum T-cell contamination. How-
ever, in the present study we avoided any depletion
with anti-CD4 or anti-CD8. to ensure the compari-
son of human and murine DC was anbiased in this
respect. Using this modified procedure as described
in Materials and Methods, the average yield of class
i1 MHC™ DC from human thymus was 2.1 (0.5--4.0)
per 10” original thymocytes. This yield was about 3-
fold higher than in our earlier study of human thymic
DC [15] and the procedurc was 2-3 h shorter, so it
represented a significant improvement. From the
mouse thymus the average yield of class 11 MHCY
DC was 0.7 (0.2 -2.8) per 10° original thymocytes.

Afler sorting or gating for large-sized cclls expres-
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Fig. 1. The expression of CDllc by mouse thymus and human
thymus DC. The DC were isoluted as described in Materials and
Mcthods then stained in 2 fluorescent colors for class i1 MHC
(blue APC fluorescence for mouse or green FITC fluorescence for
human) and for CD1 ¢ {green FITC Nuorescence for mouse and red
PE fluorescence for human). The samples were gated for PI fluores-
cence to exclude dead or damaged cells, and gated to include cells
with very high class II MHC fluorescence together with high for-
ward and side scatter. The fluorescence distribution of CD1lc on
these gated cells is shown us a solid line. The dotted line is the
background fluorescence omitting only the CD2 Ic reagent. Results
are typical of 20 such experiments for mouse DC, 4 experiments
with human DC,

sing high levels of class I MHC, the cells purified
from both mouse and human thymus had the sur-
face antigenic phenotype expected for thymic DC.
As shown in Fig. 1, the class II MHCY cells from
the mouse thymus were more than 96% positive for
the DC marker CDI1lc (N418) [18]. which was ex-
pressed at high levels. The class 11" cells from the
human thymus were more than 85% positive tor the
equivalent CD1lc¢ marker; however, the level of ex-
pression ranged from moderate to high, so did not
provide as clear a distinction from other cell types as
was obtained with the mouse DC. Nevertheless, with
both sources 2-color sorting for cells bearing high
levels of both class I MHC and CDI I¢ was an effec-
tive means of ensuring high DC purity, although
probably with selection for the most mature DC.
The putative DC from the mouse thymus were also
class 1 MHCY, CD44™, and expressed moderate le-
vels of Thy-1 (data not shown), as described pre-
viously [10]). The putative DC from human thymus
were also class 1 MHCM, CD44', B7/BB-1',




CD1727377147167197347 56 (data not shown)
exactly as we had found using our previous isolation
procedure [15]. In this previous study such cells were
shown to be efficieat stimulators of allogeneic peri-
pheral blood T cells [15].

The isolated celis did not immediately exkibit a
DC appearance, since most had rounded up during
the long isolation at 4°C. After 1-5 h of culture in
simple media to recover normal surface configura-
tion, about 85% of the high class 11 MHC cells iso-
lated from the human thymus, and about 40% of the
corresponding cells isolated from the mouse thymus,
exhibited clear DC morphology, with cytoplasmic ex-
tensions and a convoluted shape (Fig. 2). Many of
the cells which remained round may have cxhibited
DC morphology with longer culture periods. but
after 4 h many of the cells began to disintegrate. The
cells from the human thymus always exhibited a
more florid DC morphology with many more cylo-
plasmic extensions., They also appeared larger than
the mouse thymic DC (Fig. 2). This was confirmed
by light scatter measurements, Using as a control a
thymocyte suspension of the sume species in the ap-
propriate iso-osmotic medium, sct at 50 forward light
scatter units, the modal value of forward light scatter
was 80 for mouse thymic DC, 105 for human thymic
DC. Thus human thymic DC were lavger both in
absolute terms and in rclation to their own thymo-
cytes.

The DC f{rom mousc and human thymus differed
markedly in their pattern of CD4 and CD8 expres-
sion, despite the use of similar isolation procedures
which lacked any obvious subpopulation selection
bias. Most mouse thymic DC expressed CD8, with a
major group showing levels as high as on T cells or
thymocytes (Fig. 3). confirming our carlier findings

[1Q]. Qur recent irradiated thymus reconstitution stu-
dies indicate that the cells expressing lower levels of
CDS8 are carly, less mature DC, so it is likely that all
mouse thymic DC will eventually express high levels
of CD8 (Wu and Shortman, unpublished). Although
most mousc thymus DC were cleariy positive for
CD4 when a high-sensitivity detection system was
used, as in Fig. 3, the level of expression was 30-fold
lower than on T cells and so would be considered
‘low CD4'. By contrast most human thymic DC ex-
pressed very high levels of CD4, even higlier than on
T cells or thymocytes (Fig. 3). Two different anti-
CD4 mAb gave similar high staining. Human thymic
DC did appear to express some CD8, although it was
only a little above the non-specific binding back-
ground and was about 30-fold lower in fluorescence
intensity than on T cells or thymocytes. At this stage
we do not know if the low level of CD4 on mouse
DC, and of CD8 on human DC, was produced by
the DC themselves or was passively acquired from
previously adherent thymocytes.

These differences in CD4 and CD8 expression ap-
peared to represent a species difference, rather than
reflecting a difference in physiological age between
the young adult mice (6 week) and infunt humans
(usually <2 years). Identical results to Fig. 2 were
obtained with thymuses from 4-week-old mice, and
with one thymus sample from a [0-ycar-old child
(data not shown). In addition, using our previous
less efficient isolation procedurc, thymus tissue from
a 15-year-old child yiclded CD4" DC.

The expression on DC of very high levels of a sur-
face molecule such as CD4 or CD8 would normally
suggest the molecule is physiologically important.
However the marked species difference in expression
between thymic DC of mouse and man now argues

Fig. 2. The appearance of isolated thymic DC. The DC were isolated from thymus tissue then sorted as class 1 MHC™ cells, us in Materials
and Methods. They were then incubated for 15 hin simple culture medium, then placed in a microscope chamber and examined under phase
contrast. Magaification is 1500-Told. Sample (a) i1s mouse thymus DC, sumple (b) human thymus DC.




Fig. 3. The expression of CD4 and CD8 by mouse and human
thymus DC. DC were isoluted as described in Materials and Meth-
ods then stained in 2 fluorescent colors for class II MHC (gicen
FITC fluorescence) and cither CD4 or CD8 (red PE (luorescence).
Samples were Pl gated to exclude any dead or damaged cells, and
gated 1o include cells with very high class 1I MHC expression to-
gether with high forward and side light scatter. The red fluores-
cence distribution of these gated DC is shown. The solid line is
the fluorescence distribudion of CD4 or CDY. The dotted line is
the background autofluorescence. omitting only the PE-conju-
gated reagent. The dashed line is the fluorescence obtained with
un isotype-tnatched irrelevant control mAb. For the human thy-
mic DC, A and B represent separate prepardtions, sample B being
stained alter pre-incubation of the DC with mouse immunoglobu-
lin to reduce the non-specific staining background, Such Ig block-
age made no differenee o the mouse thymic DC where non-
specific binding was negligible. The bar insert represents the peak
staining fluorescence obtained with whole thymocytes to provide a
comparison with DC. Results are typical of 8 such experiments
with mouse DC, S with human DC.

against some general functional role, uidess the same
basic function can be served by cither CD4 or CDS.
It could be argued that surface expression of these
characteristic T cell surface components is no more
than an accident, due to the development of DC in
the same inductive environment as T cells, and that it
serves no useful function at all. Or it could be argued
that these molecules arc serving as simple adhesion
molecules via their interaction with class II or class |
MHC, their role being a small part of a complex
mosaic of multiple adhesion molecule interactions
connecting thymic DC 10 both thymocytes and other
thymic stromal elements. We have previously sug-
gested a very specific role for CD8 on certain murine
DC, namely to make a DC into ‘veto’ cell giving
negative rather than positive signals to interacting T
cclls [9,10]. This proposal was based on a cell culture
model where transfection of an antigen-presenting
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cell (APC) with CD8 caused apoptosis of interacting
murine T cells [20]. Our hypothesis is now substan-
tially weakened by the very low levels of CD8 now
found on the corresponding DC from the human
thymus, although it is conceivable that CD4 rather
than CD8 on the APC could transmit such negative
signals to human T cells.

Regardless of the normal physiological role of
these molecules on DC, the finding that almost all
human thymic DC express very high levels of CD4,
a receptor for human immunodeficiency virus (HIV),
may be of significance in the ctiology of AIDS. The
role of bone marrow-derived DC in the transmission
of HIV to T cells, and the question of whether DC
can themselves be infecied with the virus, has been
controversial [21,22]. Recently it has been shown
that most human blood DC isolated without culture
express CD4, although this is rapidly lost during cui-
ture in the presence of monocytes or macrophages
{23). These CD4-bearing blood DC are being consid-
cred as targets for HIV infection. Since virtually all
human thymic DC express even higher levels of CD4,
these DC must also be considered as likely targets of
HIV-1 infection. Several recent studies where HIV-1
has been inoculated into fetal thymic implants in
SCID-hu mice indicate efficient replication and pro-
gressive damage to the thymic microenvironment
[24-26). Monkey thymus is an carly site of SIV infec-
tion, and this is followed by extensive thymus disrup-
tion [27]. The procedure we have used for isolating
human thymic DC provides a ready source of CD4™
DC for cxperimental tests of their susceptibility to
HIV infection.

Acknowledgements

We thank Dr. Frank Battye, Ralph Rossi and Ro-
byn Muir for assistance with flow cytometry, and Dr.
Barbara Moscicki for her help in developing techni-
gues for disrupting thymic tissue. This work was sup-
ported by grants from the Australian Commonwealth
AIDS Research Project Grant, and from the US
Army Medical Rescarch and Development Com-
mand.

References

[1]) Swinman. R.M. (1991) Annu. Rev. Immunol. 9, 271.

[2] Knight, $.C. and Stagg. A.J. (1993} Curr. Opin. Immunol. 5.
374.

[3] Larsen, C.P., Ritchie, 8.C.. Pearson. T.C.. Linsley, P.S. and
Lowry, R.P. (1992) J. Exp. Med. 176, 1215.




[4] Young, J.W.. Koulova, L., Soergel. S.A., Clark, E.A.,
Steinman, R.M. and Dupont, B. (1992) J. Clin. Invest. 90, 229.

[5} Jenkinson, E.J., Jhittay, P., Kingston, R. and Owen, J.J.T.
(1985) Transplantation (Baltimore) 39, 331.

[6] Fairchild, P.J. and Austyn, J.M. (1990) Intern. Rev. Immunol.
6. 187.

[7] Kyewski, B.A., Rouse, R.V. and Kaplan, H.S. (1982) Proc.
Natl. Acad. Sci. USA 79, 5646.

[8] Shortman, K. and Vremec, D. (1991) Dev. Immunol. 1, 225.

[9] Ardavin, C.. Wu, L., Li, C.-L. and Shortman, K. (1993)
Nature 362, 761.

{10] Vremee, D., Zorbas. M., Scollay, R., Saunders. D.J.. Ardavin,
C.F., Wu, L. and Shortman, K. (1992) J. Exp. Med. 176, 47.

[11] Ardavin, C. and Shortman, K. (1992 Eur. J. Immunol. 22,
859.

[12] Crowley, M., Inaba, K., Witmer-Pack, M. and Steinman,
R.M. (1989) Cell. Immunol. 118, 108.

[13] Nusscnzweig, M.C., Steinman, R.M., Unkeless, M.D.,
Witmer, M.D., Gutchinov, 8. and Cohn, Z.A. (1981) J. Exp.
Med. 154, 168.

[14] Chaux, ., Hammann, A., Martin, F. and Martin, M. (1993)
Eur. J. Immunol. 23, 25i17.

[15] Sotzik, F.. Roseaberg, Y., Boyd. A.W.. Honeyman, M.,
Metcalf, D., Scollay, R.. Wu, L. and Shortman, K. (1994) J.
Immunol., in press.

[16]) Lafontaine, M.. Landis, D. and Montplaisir. S. (1992) Cell.
Immunol. 142, 238,

[17) Shortman. K. (1984) in: Methods of Enzy.nnlogy (G.
DiSabato, J.J. Langone and H. van Vunakis, eds.) pp. 102-
117, Academic Press, New York.

[18] Metlay, J.P., Witmar-Pack, M.D., Agger, R., Crowley, M.T.,
De Lawless, S. and Steinman, R.M. (1990) J. Exp. Med. 171,
1753.

[19] Kraal, G., Breel, M., Janse, M. and Bruin. G. (1986) J. Exp.
Med. 163, 981.

[20] Sambhara, S.R. and Miller, R.G. (1991) Science 252. 1424.

[21] Patterson, S. and Kaight, S.C. (1987) J. Gen. Virol. 68. 1177.

[22) Cameron, P.U., Freudenthal, P.S., Barker, J.M., Gezelter, S.,
Inaba, K. and Steinman, R.M. (1992) Science 257, 383.

[23] O’Doherty, U., Steinman, R.M., Peng, M., Cameron, P.U.,
Gezelter, S.. Kopeloff, I.. Swiggard. W.J., Pope. M. and
Bhardwag, N. (1993) J. Exp. Med. 178, 1067.

[24] Stanley, S.K., McCunc, J.M., Kaneshima, H., Justement. J.S.,
Sullivan, M., Boone, E., Bascler, M., Adelsberger, J..
Bonyhadi, M., Orenstein, J, Fox, C.H. and Fauci, A.S.
(1993} J. Exp. Med. 178, 1151.

[25] Bonyhadi, M.L., Rabin, L., Salimi, S., Brown, D.A.. Kosek,
J.. McCune, J.M. and Kaneshima, H. (1993) Nature 363, 728,

{26] Aldrovandi, G.M., Feuer, G., Gao, L., Jamieson, B., Kristcva,
M., Chen, 1.S.Y. and Zack. J.A. (1993) Nature 363, 732.

[27] Miilier, J.G., Krenn, V.. Schindler, C., Czub. S.. Stahl-Hennig,
C. Coulibuly, C.. Hunsmann, G.. Knertz, C.. Kerkav. T.,
Rethwilm, A., ter Meulen. V. and Miiller-Hernelink, H.K.
(1993) An1. J. Pathol. 143, 699,




ouncement
the Publisher

ELSEVIER SCIENCE

prefers the submission of electronic manuscripts

Electronic manuscripts have the advantage that there is no need for the rekeying of text,
thereby avoiding the possibility of introducing errors and resulting in reliable and fast
delivery of proofs.

The preferred storage medium is a 5; or 3; inch disk in MS-
DOS format, although other systems are welcome, e.g.
Macintosh.

After final acceptance, your disk plus one final, printed and
exactly matching version (as a printout) should be submitted
together to the accepting editor. It is important that the file
on disk and the printout are identical. Both will then be
forwarded by the editor to Elsevier.

Please follow the general instructions on style/arrangement
and, in particular, the reference style of this journal as given
in ‘Instructions to Authors’.

Please label the disk with your name, the software &
hardware used and the name of the file to be processed.

Further information can be found under ‘Instructions to
Authors - Electronic manuscripts’.

ict the Publisher
yrther information.

ELSEVIER SCIENCE B.V.

P.O. Box 1527, 1000 BM Amsierdam
The Netherlands

Fax: (+31-20) 5803454

411410783




APPENDIX (d)

Bvidence for infection of thymic dendritic cells with
macrophage-trophic strains of HIV-1.

a. PCR analysis with gag-specific primers.

Controls Macs DC CEM

- DQa

- gag

01234 12 12 12

The controls are 8E5 cells containing known copy numbers of HIV-1, 1In
the tests dendritic cells (DC) are compared with macrophages (Macs) and
a lymphoid cell line (CEM). Lane 1 is from cells infected with IIIb (a

T-cell trophir isolate), Lane 2 from cells infected with Ba-L (a
macrophage trophic isolate).

b. Immunoperoxidase staining with antibody against p24

DC infected with Ba-L were cultured for 5 days, then stained for HLA-DR
(to demonstrate DC survival) and p24 (toc demonstrate HIV-1 infection).




