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19h

registration in the course room
of the institute

Flow-cytometric instrumentation
V.Kachel: FLUVO-METRICELL
A.Raffael: FACS-STAR, FACS-ANALYZER
F.0tto: PARTEC flow-cytometer
H.Steen:  SKATRON flow-cytometer

Cell biochemistry
J.Watson: Oncogen-products
lunch

practical work

F.0tto: Chromosomes
Th.Hinig: Cell Proliferation
A.Radbruch: Cell sorting

lunch

practical work

D.Recktenwald: Monoclonal
Antibodies

G.Valet: Functional Cell Stains
H.Steen: Bacteria

1unch

practical work

G.Valet: Clinical Flow-Cytometry, Auto-
mated Diagnosis
G.Valet/V.Kachel/D.,Recktenwald: Automation
General Discussion

lunch

practical work

Bavarian Buffet in the cafeteria




Friday: 9-12h practical work
12-13h funch
departure

Breakfast and lunch are taken in the cafeteria of the
institute. Supper for those participants staving in the
guest house or the hotels will be prepared at 17.30h in the
cafeteria. The meals are included in the tuition fee.

Additional food and beverages can be bought in the cafe-
teria between 8am and 3pm. Thereafter, food and beverages

are avallable to a limited extent through vending machines
in the cafeteria,
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Lecturers_and groups on Monday, June 29, 1987:

Lecturer: Group:
Hiinig I
0tto II
Radbruch ITI
Recktenwald IV
Steen V

Valet/Kahle/0ser VI

Kachel//Rothe/Falk  VII

Watson VIII

Subject:
T-cell immunology

chromosomes

cell sorting, immunogenetics
monoclonal antibodies/blood
cels/data processing
bacteria
pH/glutathione/cytostatic
drug assay/automated diagnosis
instrumentation//
granulocytes/bone marrow/
phagocytosis/free radicals
oncogene products

Sign up sheets for the groups on the following days will be
avallable in the course room for the following days



4, MARTINSRIED FLOW-CYTOMETRY COURSE

June 28 - July 3., 1987

The purpose of the flow-cytometry course is to provide a
practical possibility for learning modern flow cytometric me-
thods. Basic-research oriented analysis of cell proliferation.
oncogenes., chromosomes and bacteria are covered as well as clini-
cal methods for tumor cell identification, cell characterization

by antibodies,

functional cell stains and cytostatic drug te-

sting. In addition, new apparative developments, cell sorting and

automated data

Th,HUNIG
V.KACHEL

i

F.0TTO
A.RADBRUCH

D.RECKTENWALD-
H.STEEN -
G.VALET

J.WATSON

analysis will be presented.

Max~-Planck-Institut f.Biochemie., Martinsried
T-cell immunology

Max-Planck-Institut f.Biochemie, Martinsried
Instrumentation

Fraunhofer-Institut f.Toxikologie, Schmallenberg
Chromosomes

Institut f.Genetik., KOln

Immunogenetics, Cell Sorting

Becton Dickinson, Mountain View

Monoclonal Antibodies., Data Analysis

Norsk Hydros Inst.f.Cancer Research, 0slo
Bacteria '
Max-Planck-Institut f.Biochemie, Martinsried
Functional Cell Stains., Clinical Flow-Cytometry,
Automated Data-Analysis and Diagnosis

MRC Clin.Oncology Unit, Cambridge

Oncogenes

PARTICIPATING COMPANIES: Ahrens-MeBtechnik, Becton-Dickinson.

COURSE:

LOCATION:
REGISTRATION:

HEKA-Elektronik, ORTHO-Diagnostics., PAESEL.

PARTEC., SKATRON

Arrival: June 28,1987, Tuition fee: 450 DM (hotel,
3meals, course materials)., single room: +30DM/
night, without hotel: 135DM, Maximum of 25 parti-
cipants., Payment: Deutsche Bank Munich, Grossha-
dern, Acc: 5707575  (Bank number: 70070010).
Indicate: "flow-cytometry-course”

Course-room,  Max-Planck-Institut flir Biochemie,
D-8033 Martinsried :

Prof.Dr.G.Valet, Mildred-Scheel-Labor fir Krebs-
zellforschung, Max-Planck-Institut fur Biochemie,
D-8033 Martinsried, FRG, Tel: 089/8578-2518 or 2525
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T-CELL IMMUNOLOGY
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4th Martinsried Flow Cytometry Course, 1987

Analysis of Murine T-cell and Thymocyte |
Subpopulations Using Monoclonal Antibodies to
Cell Surface Antigens and Two Colour
Flow-Microfluorometry

Thomas Hiinig and Alexandra Lawetzky



introduction.

In the thymus, bone-marrow or fetal liver-derived precursor cells
differentiate via a series of intermediary steps to yield the functionally
mature T-lymphocytes that migrate to the periphery. Both the immature
and the mature T-cells can be subdivided into several subpopulations with
regard to function and serologically detectable cell surface markers.

For example, mature T-lymphocytes as found in the periphery of the
immune system (spleen, lymphnodes, blood, lymph) can be subdivided into

two major subpopulations:

Table |
Designation: Helper T-Cell (Ty4) Cytotoxic T-Cell (CTL)
Function: + regulation of B,CTL resp., lysis of infected and trans-
lymphokine production formed cells, suppresion?
MHC restriction: Class 1 Class |
Surface phenotype: Thy1¥ Lyt2" L3T4% Thytt, Lyt2*, L3T4"
Fraction of T-cells: 65-80% 20-35%

Thus, functionally distinct subpopulations of cells can be distinguished
(and, of course, separated) using cell surface antigens which are,

nowadays, defined by monoclonal antibodies (mAbs). Indeed, the "Markers”

recognized by these mAbs often detect cell surface structures with

suspected or proven physiological functions characteristic of a given




subset. E.g., the correlation between L3T4 expression and class Il MHC
restriction on the one hand and Lyt2 expression and class | MHC restriction

on the other hand has led to the proposal that L3T4 and Lyi2 are receptors

for monomorphic structures on the MHC antigens.

Another importan application of mAbs directed at T-cell surface markers
is the study of lineage relationships between the various subpopulations
of the immature thymocytes. On the basis of the above-mentioned markers,
4 major subpopulations of thymocytes may be distinguished, all of them

bearing the "pan-T-cell'marker Thy1.

1. The "double postitive celis" coexpress Lyt2 and L3T4. They represent
around 70-80% of adult thymocytes. They are located in the cortex of the
thymus and represent a functionally immature stage (or rather encompass
several such stages) of T-cell differentiation. Some of these cells express
the T-cell antigen receptor, although at only about 1/25 of the density
found on mature T-cells.

2. The "double negative" thymocytes, expressing neither Lyt2 nor L3T4
contain the most immature thymocyte subset as judged by their
appearance in ontogeny before the other subsets and their ability to
repopulate a thymus depleted of lymphoid cells, giving rise to all the other
subpopulations.They make up about 5% of cells in the adult thymus. They
are found mostly as subcapsular cells in the cortex. An additional
characteristic of these cells is the expression of the Interleukin-2 (IL2)
receptor and of low levels of the antigen Lyl as compared to the strongly

positive more mature subsets. The "double negative" thymocytes have



recently been further subdivided into sub- and sub-sub-populations
differering also in their capacity to repopulate the thymus. This, however,
is beyond the scope of this course.

3. "Single positive" L3T4% cells, found in the medulla, make up 10-15% of
thymocytes. They are functionally indistinguishable from the Ty found in

the periphery of the immune system.

4. Similarly, "Single positive" Lyt2% cells make up about 5% of thymocytes,

are functional CTL-precursors and are confined io the medulla.

Populations 3 and 4 express the antigenreceptor at levels characteristic

of peripheral T-cells.




Aim of experiments to be carried out.
We will visualize the major subpopulations of murine T-lymphocytes and

thymocytes by two-colour flow cytometry using a number of mAbs to cell

surface markers.

Animals and cell suspensions.

Young adult Balb/c mice will be used.

Cell suspensions from thymus and spleen will be prepared in balanced salt
solution (BSS). Spleen cells will be depleted of red blood cells by lysis in
TRIS-buffered .83% ammonium chloride and passed over a nyion wool
column (to enrich for T-cells) in the presence of 5% fetal calf serum. The
thymocyte suspension and the nylon-wool passed spleen cells will be
handed out.

The buffer to be used for all further steps is Phosphate-buffered saline

(PBS) containing .2% BSA and .02% sodium azide.

Monoclonal Antibodies and second step reagents.
Anti-Thy1.2-FITC (B/D)

Anti-Lyt2-FITC (B/D)

Anti-Lyt2-biotin (B/D)

Anti-L3T4-PE (B/D)

*F23.1 (anti TcRVBB)-biotin (Hybridoma from Drs. Staerz and Bevan)
Streptavidin-PE (B/D)

Streptavidin-FITC (Amersham)

Mouse-IgG-FITC (B/D) as a negative control

*The mAb F23.1 is specific for the three members of the Vg subfamily

that make up about 25-30% of murine VB T-cell receptor segments used in

most strains, including Balb/c.



Experimental procedure.

1. Count the cells under the microscope at an appropriate dilution in
PBS/.04% Trypan blue to determine the density and fraction of viable cells.
2. Number tubes suited for the FACSCAN (Falcon Nr. 2052) from 1P to 16P
(for "periphery") and from 1T to 16T ({(for “"thymus").

3. Dilute your cell suspensions so that 2.5x10° cells are in 0.1 ml and
distribute this amount into each tube. Add 10ul of each "first step reagent"
according to Table Il, using a fresh plastic tip for each tube.

4. Incubate all groups containing F23.1-biotin at 37°C (for some reason,
this antibody reacts better at this temperature). All other groups are kept
on ice for 30 min.

5. Add 2 ml buffer to each tube, avoiding cross-contamination, and vortex
briefly. Spin 1500 rpm, 5min., decant supernatant and, without reversing

the tubes, put them head-down for a few seconds onto paper tissue. Repeat

step 5.

6. Add .1 ml buffer, then 10ui of each second step reagent according to
Table !I, taking the same precautions as in 3. Vortex briefly. From now on
protect cells from light.

7. Keep on ice for 30 min.

8. Wash twice as in step 5.

9. Resuspend in 0.5 ml buffer and keep on ice until analysis. (Cells can also

be fixed in 1% paraformaldehyde in PBS if analysis cannot be performed on

the same day).




Sample
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Table

First step reagent

F23.1-bio
F23.1-bio

Lyt2-bio
Lyt2-bio
F23.1-bio
F23.1-bio
F23.1-bio
Lyt2-bio

Second step reagent

Avidin-PE

Avidin-FITC

MigG-FITC

Avidin-PE

Avidin-FITC

anti-Thy1.2-FITC
anti-Lyt2-FITC

anti-L.3T4-PE

anti-Lyt2-FITC plus anti-L3T4-PE
anti-Thy1.2-FITC/anti-L3T4-PE
Avidin-PE

Avidin-PE plus anti-Thy1.2-FITC
Avidin-PE plus anti-Thy1.2-FITC
Avidin-PE plus anti-Lyt2-FITC
Avidin-FITC plus L3T4-PE
Avidin-PE, anti-L3T4-PE plus
anti-Thy1.2-FITC



Analysis using the FACSCAN.

1. Load the FACSCAN program.

2. Set Threshold to FSC, setting 20.

3. Set FL1 (green) to Log, the detector gain to 650.

4. Set FL2 (red) to Log, the detector gain to 450.

5. Choose "Set gates" from the menu, and select a dot plot displaying FSC
on the horizontal and FL1 on the vertical axis for gating.

6. Run sample 6 (anti-Thy1.2-FITC). Since all cells of interest should be
fluorescent, a size gate can now easily be set (Make sure to gate on FSC
only!). Activate the gate.

7. From the menue, select as a single dot diagram FL1 vs FL2. Turn on the
block "Compensation" on the FACSCAN. Run some more cells from sample 6.
Pull the clowd of dots down towards the FL1-axis using the "FL2-%FL1"
compensation, until it appears within the first logarithmic decade of FL2.
8. Run sample 8 (anti-L3T4-PE). If the cloud of dots positive for FL2 is not
already within the first logarithmic decade of FL1, bring it there using the
"FL1-%FL2" compensation.

8. Run a negative control sample (e.g. number 1). The cells should appear as
a cloud of dots within the first logarithmic decade. If not, adjust the
detector gains of FL1 and FL2. Then go back to check compensation as in
steps 7 and 8.

9. Select the number of events to be recorded, the storage volume etc. from
the menue.

10. Start collecting data, taking care to let about 5 drops of sheath fluid
drip out from the needle between each measurement and to press
"RESTART" after your new sample has run a few seconds. This eliminates
the danger of collecting some signals from the previous sample.

10. The two-colour fluorescence data can be printed and analysed as a dot
diagram directly from the FACSCAN menue, or can be transferred for

contour plots to the C30 analysis program.




Example: Peripheral Balb/c T-lymphocytes.

[} ?j 11 Lu
- L
. t
. N
] b
W 02
——t : . \L
] i 4 Conclusion: all L3T4+ cells
_| are Thyl+, i.e.
a3 T-cells.
3 3
w5
] . o
N ” ¥
ST A
D L d [RERLEL K]
o 3 I 13 i ] 1] LBEBLL i; IR
1o 16t 1e® in 1@7
FLt
—*77’\7/‘1-2’$/7_C.
b =3 .
a = 2 LLL
1 4
m = N
Conclusion: all Lyt2+ cells 23 ~-
are T cells 3 <I‘
(1
fo 3 o
. ? |
& 3
D 1 1 illjil-- L E'Illlli "_;-_ IIE 1 R LR
1l 16! 1o oY 1t
\u 12-FITC
'fc g s 3 & Tﬂy
- 3 t
. NS
. b
| oo
5 3 ~
- 3 A )
7 Conclusion: L3T4 and Lyt2
oy i are expressed on
d“b'? separate subsets
3 g
-‘U —2 -:-.-.-—:“ 1 —:—F-"
- Y =0l
. 2:' ‘{
2 AT
~ R U
I i
] T .=H-1| | lllli.l T T 1||:|1§ T 1 LITiif
2
1nE ek s 1o 1?
FL1

—> /Nt 2-FITC




T =
3 ] 1 e t{k
: + QT' 9
1 ™ o
lul ] \‘"7;0%5
W]
) ” ~ g .
v L Conclusion: all Thyl+ cells
o - * are either L3T4+
gdre T or LytZ+
3 B
L:I: i t ll'[{i% [ Tt ‘i 3 Ilil(](i 1 T+ TTiit
139 ot 197 Tk tat
[
S 3 ; " LK
T Q
4 \
Conclusion: all F23.1+ cells ] ey
are T cells & 3 L\‘:z
o] A
'_;I-U —
. g 3
ERE
i
=
1Y
i t
R b ™
| ) .
mF A4 Conclusion: F23.1+ cells are
- 3 - present in both the
T ) \ Lyt2+ and the L3T4+
o ¥ ",,_-__,". {r‘.ﬁ_‘_.z'_-;, A (the Lyt2-=) subpopulatif
ﬁ("x;j "g.' . L ]
"]
= d
KEs
."r"::'t",'l
IlT?ii\lI 1l|IiJ|li IR LELELAL
s 17 1ot
s




-tedweamsiy Jofew QI fepou ydwiA] N1 tutngojFoununui ‘S] (PIRUIdSIIONY '] HwUR
-£30110ST LIISAUONY “I L[] 'PAIOS [[22 PIIBANDR DDUIISIONY ‘I $NADOWAY) JurISISal
auosiIon [y ‘uaapds ur jun Fuwio) Kuojed ‘s-Nd4 waws|dwod ' SUCHRIAIQY

RI[ENSTY ‘(50 BUOIIA qundsoH
AUIROGIPN [RAOY DU 1504 “UYDImISay) [BOIPDIA JO IMINSUL [[RE] AL PUT 151 BM JUL

$a1K00LWAYT AJIssR]0 Jayan} 01 diy YoM suoBHUR U0 $IEPRIS JUad3I 210w Judsald
usyp pur (ggG] URUNIOYS 7 ABIODS UI [IRI9P UL PIMIIARI) S[[90 Ale|npawr pue
[PO1I0D ysIPunsp 01 pasn susfnue uo NIom JIHIRD Jo AJBUILINS ¥ (M urdaq
aAA “susdnuw JowpNS (|90 I, ISUlEd paloalip SOIPOGHUR [RUOIDOUOW JUISH SUOTIR]
-ndodqns 91A50WAY} JO BOTHUYIP 911 UO JI0M UMO IO ASAINS 9M MIIAST ST U]

“BuoIM g 1SNW SAWAYDS I91IED 2yl Jo Auew jeyl Suieq juaweaide jo jured Auo
a1 Aemyind [puswdopasp v ul suonemdodgns 959y} Jo BULIPIO BY1 UO NS
-URSHO0 YONS OU SI 253y 12A3M0H (F861 WS AQ PAmOIAST) SILIOTRIOGR] JUAISID
utamIag URIAR Jo oa1dap Suunsseal v paonpoid sary Kem sip ur salkoowAl)
Apissnpy 01 sidwone juadey suonrmdodgns snwiAYl duyap 01 Pasn Uq dARY
a521] PUB ‘SAAIOWAL JO TLINS 2] UO A|[RIUAIIPIP passaidxa aie susgnue a2
1 weiay Aemiped juswdopaasp [0 I owukyienuy ay Sunuasoidal asudnbos
v o sdnosf asay) Japto udyl pue ‘suorimndodqns 1ounNSIp ojul SNAIOWAL
£nssepd 01 ajqussod 9g pinoys 1 s12u9) 95yl 0) Suipioooy uawdojaasp jo sadels
SNOLIBA 10 §[[20 [ 2Injuwiwil 3q 01 paadiaq are sypfooydwiA] snuky], snwiy)
st urgnm 2omyd oxey Juawdo[paap {20 J, UT S1U2A9 £33 o1 Jo (j[e sdeytad) Aurjy

NOILONAOW.LNI

NVINIUOHS NIY % LLTTLMVE A¥ddd “AVTI0NS aNV10Y

SIUBISIW 01 S[[9)) J0SINdald

A1rer wody justudoaadg Sumnp

TVTd Pue $LET TAT SUaSnUY 0BLINS
1) JO uoIssaIdxy oy} ul saury)) SNWAYT,
QULINTA 1[NPY 9y Ul JudwdopRad(d 19D L

{s}soyine a1 wol) uorssituad UMM Inoga ssanoad Lur Ag pronpordas aq Arw und ong
yarwuagy ‘uadequadoyy ‘prerdsyuniy &g paysiqnd

T8 "ON ‘$8GE smaaay pudojoumting

-

TEpY AN TRoITE[ E ,_wﬁ:d.:u& ] afimsod SRRy prosas I i ol uoieatddy

RS ) S
1 do1) 2R HUIpnEsus woLRMY YUION S0 aoud uONAURFgRS [RIUIY IR syadryuado y taprdoy anos
B pruonuuimug prmdsyiny Ay Lppmonng pasggnd SESACTECRL IV OIDe HONAINR

pastas

‘ungporany Fuipaput s IO [V 00°0+00SE PRGGATSOT0 0L610 VIN WALEG TINANG SRAIEUY
‘0 01 Apoanp pred §) Adoo sad (¢S Jo aaf aseq AT AT paptaord ‘amasag Fuaoday (Ruonavsor
{DDD) taiua) uRIwdD WFuddoy 2yl yum parmsiliag 51050 S0 puI SALTIQL 0 PE SIS,
[ruonruin] prnedsyuniy g paturai st siua gl ads o osn [puosiad o rusann .::,,_: AN pMUOS T
10 (e Jof swan Adosojotd 01 uoNBZHOINY P17 SIASHGR [EUOUPLING] pIedsun]y peal




80
SCOLLAY ET AL.

by deve sryin] «t- o . 4

.;VE:r._”“.s._wﬁr_m_:;_ status and linenxge commitment. We also persist in attempts t

.Er_i _...Mr rm groups into a developmental sequence, attempts that may wn .
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in the thymus, so the developmental models are more concordant

however, in the following: {1) recent advances in flow-

with the overall balance sheet.

CELL DYNAMICS IN THE THYMUS

Lym / ion i
ymphocyte production in the thymus has been reviewed in detail elsewhere
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day. Yet this proliferative activity 18 restricted to a blast population (predomi-
nantly cortical) constituting only 15-25% of thymocyles, the majority of thymo-
cyles are non-dividing products of this inlense activity. Daty illustrating the
restriction of cell division to the larger thymocytes is included in Tuble 1. The
majority of the small non-dividing and vﬂnaoB.S..S:v. cortical thymocytes die in
the thymus within 3 d of birth (Metcalf 1966, McPhee et al. 1979, Scollay et al.
1980a). The reason for this high rate of attrition is still unknown, but it means
that the majority of thymocytes could be on & «dead-end” pathway, not neces:
sarily part of the developmental stream leading to peripheral T cells (Shortman &
Jackson 1974). However, some of the cells formed in the thymus do exit 10
replenish the peripheral T cell compartment (Scoliay €t al. 1980a). The 1% per
d rate of cell exit i small enough to come from a minor intrathymic pool, and
it would require only 2 modest proliferation rate 10 generate this number of
emigrants. The overall conclusion is that the developmental stream eading (o
mature T cells may be difficult to discern, the relevant subpopulations being
swamped by the rapidly turning-over cells destined for intrathymic death.

TABLE I
Relative size and division rate of thymocyte subpopulations
Relative division rate
{*H-TdR labeling
pereent)

Relalive size
(Relative modal
low-angie light scalter)

Subpopulation

All thymocytes 100 1L0+1.3
Small thymocyles 100 0.6+0.3
Large thymocyles 150 43.0+3.0
All PNA*Y 100 12.4+0.4
Small PNA* 100 0.1

Large PNA* 150 39.0

All PNA- 119 39403
B2A2- 135 1.§+0.5
Ly2- L3T4- 150 312407

16-wk-old male CBA mice were injected intravencously with 200:Ci (6-'H) TdR and the
thymuses removed 1 h later. Cell suspensions were prepared and scparated on the FACS
(light scatter of PNA+and PNA-)or by killing with oplimum concentralions of monoclonal
antibodies and rabbit complement (B2A2- or Ly2~ L3T4-), followed by damaged celk
removal, as described by Scolluay & Shortman {1983). Size separation was based on low
angle light scaller, using Lhe following galings compared to the typical small thymocyte
modal scatter peak of 100: small thymocyles 80 -105; large thymocyies = pE0; small PNA?
80-115; larpe PNAY = 135. Alter separation, cytocentrifuge preparations were made, dipped
in Kodak NTB 2 emulsion, exposed for 6-7 d, developed and stained with Giemsa. The
percent tabeiled cells was determined from counts of at least 200 cells, on duplicate slides.
LZach result with standard errors is the mean of 1wo Lo three experiments cach on 3 animals.

The results without standard crrors are from & single experiment.
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TABLL 11
Bune marrow CFU<s and pre-thymoeytes are B2A2

CFU-s* Prc-thymocyies?
% Thy 1.2+ cells in thymus

Cell  Contend per  Total Day 12 Day 16
Bone marrow survival 10tceils  recovery
Lreatment Y injected Yo a0+ 108 106 qtoe 105 100
Unireated 100 3.3 100 MN.D. N.D.
B2A2+CP 5 98 140 16 8 0 91 40 5
C’ alone 9% 4.0 114 9 1 0 38 10 0

+The assay for colony forming units in spleen (CFU-s) was performed cssentially as
described by Till & McCulloch (1961). Colonies were assessed at 8 d, following intravenous
injection of CBA bone marrow cells into adull CBA recipients that had received 850 rads
of whole body irradiation 24 h previously. Results are the means of 6 animals.

s Cells were incubated for 30° at O°C with B2A2 monoclonal antibedy supernatant diluted
1:10 at 2 cell concentration of 3 x 10%/ml. Spleen-absorbed baby rabbit complement (C')
was then added to a final dilution of 1:20 and the cells incubated for 457 at 37°C. Cell
viability was assessed by eosin dye exclusion.

< The pre-thymocyte assay involved the injection of CBA (Thy 1.2) bone marrow cells into
AKR mice (Thy 1.1} irradisted with 650 rads. The thymus was removed at 12 and 16 d
post injection and a single cell preparation made which was subsequently stained with a
monoclonal anti-Thy 1.2 antibody (30-H12, Ledbetter & Herzenberg 1979) and fluorescein
conjugated sheep anti-mouse antibody. The number of positive cells was determined using
a Leitz fluorescent microscope with epi-iliumination. Results are means of 3 animals.

¢ Number of bone marrow cells injected.

et al. 1982). Cells of cortical phenotype, and in particular the typical small cortical
thymocytes. seem completely devoid of immunological responsiveness, even when
mature T cell growth factors such as [L-2 are added. Whether this is due 1o lack
of the T cell receptor, lack of growth factor receptors, or other reasons, is still
not clear. In contrast, most, but not all thymocytes of medullary phenotype can
respond in assays measuring proliferative responses. In addition, the Ly 2+ cells
which proliferate form cytolytic clones (Chen et al. 1983a). Medullary thymocytes
are thus nearly as competent as peripheral T cells, but they may contain &
proportion of cells not yet sufficiently mature to respond.

E. Interrelationship between cortical and medullary thymocytes

The relationship between cortical and medullary thymocytes in the T cell develop-
mental pathway has been reviewed in more detail elsewhere (Shortman & Scollay
1984). Unfortunately, the earlier, reasonable and simple view that the non-
functional, phenotypically-unique small cortical thymocytes were immature cells
about to mature into the functionally and phenotypically mature medullary
thymocytes is not substantiated by kinetic studies. Labelling studies with *H-TdR

$
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1 [ m

Thymocytes
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Figure 3. The differential sensitivity of thymoceytes and peripheral T cells to B2A2 monoclo-
nal antibody and tabbit complement. Full details of the cylotoxic assay conditions are
given in Scollay and Shortman {(1983). The cylotexicity resulting from incubation with
complement alone is given as NIL antiserum. PNA thymocytes werc isolated afler fabelling
with fluoresceinated PNA and FACS sorting. The resulls [or recent thymus migrants, {the
fluorescent cells found in the periphery 3 h post-intrathymic injeclion of FITC) are meuns
of several experiments given in detail in Scollay et al. (I984b}).
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thymocyte subpopulations because of its sequential appearance then disappear-
ance in the course of T cell development. The antigen has not been characterized
biochemically. The initial studies (Bartlett & Boyd 1984) indicated that it was
absgent on hemopoietic stem cells, present on most thymocytes, and. absent on
peripheral T celis. The antigen, or at least the determinant recognized by the
monoclonal antibody, is not unique to the T lincage since the antibody binds to
and mediates complement lysis of most hemopoietic cells, including B cells,
macrophages, polymorphs and erythrocytes. The reactivity pattern is similar 10
that of the monocional J11d (Bruce et al. 1981). The fact that B2A2 and com-
plement spares most mature peripheral T cells means that these can be extensively
enriched by killing other cells in spleen or lymph nodes, followed by damaged
cell removal.

Flow cytometric techniques have since demonstrated that some antigen is
present on most peripheral T cells, but despite this they are resistant to B2A2
and complement. Cytotoxic procedures with this antibody seem to give much
clearer subset disdrimination than immunofluorescence, a situation that is excep-
tional in our experience, and is unrelated to the susceptibility of the cells to
complement lysis mediated by other antibodies (Scollay & Shortman 1983). For
this practical reason we employ B2A2 as a cytotoxic reagent in all subsequent
experiments, and the terms B2A2- and B2A2* are to be understood in terms of
susceptibility in a cytotoxic assay, not as an absolute measure of the presence or
absence of the antigenic determinant.

B, The effect of B2A2 antibody and complement on stem cells and pre-thymocytes

The hybridoma B2A2 was isolated during attempts to produce hemopoietic stem
cell specific monoclonal antibodies. Rats were immunized with AKR mouse
brain, a protocol which Golub (1972) has shown to induce anti-stem cell (CFU-
s) antibodies, and their spleens fused with the HAT-sensitive myeloma NSI to
produce hybridomas (Bartlett & Boyd 1984). However, the resultant antibody
was quite the opposite of stem celi specific, since it spared hemopoietic stem cells
in a complement mediated lysis system, while eliminating most of the mature or
close 1o mature hemopoietic cells in bone marrow. This selective cytotoxicity
provides a simple procedure for enriching many types of stem cells and early
precursor cells. An example is given in Table 11, where despite the elimination of
95% of bone marrow cells with B2A2 and complement, all the CFU-s activity
remained. In fact, as shown in Table II, the CFU-s recovery after treatment was
greater than that in the initial bone marrow inoculum. This increase may indicate
a greater seeding efficiency or relate to removal of inhibitory cells in the popu-
lation.

The bone marrow cells able to repopuiate an irradiated thymus (pre-thymocy-
tes) are also enriched by this procedure, and are thus B2A2- (Table 11). The assay
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Figure 5. Ly2 and L3T4 expression on thymocytes and cortisone resistant thymocyles
(CRT). CRT (vield, 4%) were taken 48 h after intraperitoneal injection of 2.5 mg hydrocorti-
sone acetate. Reagents, staining, plotting etc. all as for Fig. 4. Animais were 6-wk-old CBA
males, 4 animals per group.

for pre-thymocytes involved repopulation of irradiated AKR mice (Thy 1.1) with
bone marrow cells from CBA mice (Thy 1.2), so the donor cell derived population
could be distinguished from the endogenous thymus repopulation by the use of
the Thy 1 surface antigenic marker. On a cell for cell basis the 5% of bone
marrow cells surviving treatment with B2A2 and complement were around 10-
fold more effective than the untreated bone marrow. [t is of interest that the few
donor-type cells that could be detected early (6-8 d post reconstitution) in the
reconstituted thymus were mainly B2A2-, but after this time B2A2+ cells began
to predominate. This suggests that the intrathymic developmental stages immedi-
ately after B2A2- pre-thymocytes seed the thymus are themselves B2AZ.

C. B2A2 antigen expression on thymocyle subpopulations

B2A2 antigen is mainly expressed during the intrathymic phase of T cell develop-
ment and most thymocytes are B2A2¢. The relative level of expression can be
assessed using a differential cytotoxic assay, as described elsewhere (Scollay &
Shortman 1983, Scollay et al. 1984b). As shown in Fig. 3, three subpopulations
can be discerned by treatment with various dilutions of B2A2 and complement.
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The intermediate sensitivity of migrants to B2A2 and complement also sup-
ports the view that the immediate intrathymic precursor of migrants is of medul-
lary-phenotype, rather than being a typical cortical-phenotype cell. The low angle
light scatter and buoyant density characteristics of migrants also emphasize their
similarity to medullary thymocytes (Scollay et al. 1984b),

LY2 and L3T4 EXPRESSION DURING T CELL DEVELOPMENT
A. The antigens Ly2 and L3T4

The murine markers Ly2 and 1.3T4 which define the major T cell subsets are by
now well known. Like the human homologues Leu2/T8 and Leu3/T4, respectively,
their expression on mature T cells is mutually exclusive (Dialynas et al. 1983a,b).
Ly2 is a disulphide linked heterodimer of Mr 60-65,000 (see for example Jay et
al. 1982), while L3T4 is a monomer of Mr 52,000 (Dialynus et al. 1983a,b).
In general, Ly2+ cells interact with antigen in association with class I MHC
determinants (Swain 1981; reviewed in Bluestone & Hodes 1983) while L3T4!
cells interact with antigens in association with class 11 MHC determinants (Wilde
et al. 1983, Swain et al. 1984). There arc some interesting exceptions to this
peneral rule (reviewed in Pawelec et al. 1983) and the exact function of Ly2 and
L3T4 in restricted interactions 18 not entirely clear.

TABLE 1V
Ly2 and L3T4 on thymus migrants

Estimated percentage of subpopulations

All spleen Spleen migrants All LN LN migranis
Ly2+ L3T4- 3 0 3 0
Ly2- L3T4+ 17 62 40 63
Ly2- L3T4 8 31 20 34
Ly2- L3T4- 724 7 37 3

Four (C57BL/6 x BALB/c)F1 female mice, aged 5 wk, were injected intrathymically with
FITC. 4 h later, pools of thymus, spleen or lymph node cetls were prepared and counterstai-
ned with anti-Ly2-biotin, anti-L3T4-biotin, or # mixture of the two, lollowed by PE-avidin.
The red fluorescence profiles of FITC positive cells in spleen and lymph node were used to
determine the values shown above. 40% of thymocyles were flucrescein positive after FITC
injection. Thymus migrants (i.e., fluorescein positive cells) occurred at a frequency of 0.11%
and 0.12%; respectively in spleen and lymph nodes. Analysis was done on the FACS and
cach profile ineluded data from at Jeast 1000 migrants. Spleens from animals not injected
with FITC contiined J.ut2%s “migrants™; {i.c.. machine background). Data are Irom a
single evperiment with LIT4 but the Ly2 data have been reproduced many times, Ad-
Jitional Lyv2 data and more details of the technique for FACS analysis of thymus migrants
can he found elsewhere (Scollay et al. 1978, Scollay & Weissman 1980, Scollay 1982).

« These valoes include all the non-T cells in spleen and lymph node. All migrants are Thy
|- (references as above).
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Since these two markers are involved in mature T cell functions and since
they define two major, relatively stable T cell lineages, we have examined their
distribution in more detail. Fig, 4 shows a two-color FACS profile of g lymph
node (LN} cells, stained with anti-Ly2 and anti-L3T4. The results confirm the
observations of Dialynas et al. (1983a,b). In the example shown in Fig. 4, 67%
of Ig~ LN cells are Ly2- L3T4*, while 30% are Ly2' L3T4-, Double positive
and double negative cells each appear to make up about 1.5%. However, no
petfect background control can be done for these groups and our estimated
double positive background (based on extrapolation from 2 single-color controls)
is about 1%, so the presence of a very smatl number of double positives in
peripheral tissues cannot be confirmed or denied. They almost certainly represent
less than 1% of T cells. The same applies to the double negatives, but this group
would include the few “null” cells found in lymph node. Results for spleen cells
are very similar (data not shown) with an Ly2:1.3T4 ratio of about 2:1, und very
low numbers (if any) of double positive cells.

In summary, most T cells express Ly2 or L3T4; few, if any, express both.
L3T4+ cells outnumber Ly2+ cells by about 2:1 in the strains used {CBA and
[CS7BL/6 x BALB/c]F1), but see Kraal el al. (1983).

B. Distribution of Ly2 and L3T4 on thymocyte subpopulations

In contrast to mature T cells, Ly2 and L3T4 are expressed together on most
thymocytes {Dialynas et al. 1983a,b, Ceredig et al. 1983), us are their human
homologues Leu2/T8 and Leu3/T4 (Reinherz et al. 1980). Amongst thymocytes
there are known to be a few Ly2- L3T4- cells, and CRT ure mainly Ly2* L3T4
or Ly2- L3T4+ (Dialynas et al. 1983a,b, Ceredig et al. 1983). However, the
exact proportions of these populations and their correlation with other antigenic
markers have not been described.

The fluorescence distribution of normal thymocytes stained with anti-Ly2 and
anti-L3T4 can be seen in Figs. 4, 5 and 6. Thymocytes fall clearly into four
subpopulations, and the proportions of each are shown in column 1 of Table 111
The double positive cells are the major subpopulation and, from the numbers
alone, they must include most of the typical smali cortical cells; low angle light
scatter measurements indicate that, as well as the small cells, they include most
of the thymic blast population (15-25% of thymocytes). The two groups of single
positive cells (Ly2- L3T4* and Ly2* L3T4-) have a size profile (forward light
scatter) the same as that of medullary thymaocytes (PNA  or CRT, sce Scollay &
Shortman 1983). The double negative cells are predominantly blasts and will he
discussed in more detail below.

Although these data make it clear that most cortical cells are double positive
and some medullary cells are single positive, they left open the possibility that
some double positive cells might be found in the medulla, or that substantial
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expression of Ly2 and L3T4 on fluorescent thymic migrant cells in spleen and
Jq:wr nodes, 4 h after injection of a fluorescent label into the thymus of adult
mice. Clearly the vast majority of migrants are single positives, with the Ly2-
L3T4+: _.lw@. L3T4- ratio being around 2:1, as we found for Enaz_,_mQ thymocytes
and peripheral 1" cells. No double positive, cortical-like cells were detectable
,_,:mﬂ may be a few double negative cells among the migrants, but the mmmamnwnnm
of this population cannot be assessed because of limits to the resolution of the
system.

Thus, thymus migrants in the adult mouse are clearly already divided into
Ly2 L3T4r and Ly2+ L3T4  subsets, suggesting that commitment to a T-cell

functional lineage occurs during (or before) the intrathymic stages of develop-
ment.

CARLY THYMOCYTLES
A. Definition by lack of T cell antigen expression

Z.Ec,, subpopulations suspected of being early cells in the intrathymic differenti-
ation pathway have been reported previously. We have described an outer cortical
Lyl- Ly2- PNAmemeue biast population, constituting 2-4% of the thymocytes
w.E .E:n: more prominent in the embryonic thymus (Scollay & Shortman 1983)
w:.m_r: cells lacking Ly antigen expression have been seen in the wacnmmmc_ma.
region by van Ewijk et al. (1981) and Raedler et al. (1982). An Lyl¥* Ly2-
w2.>_=§=a:a subpopulation was defined by Mathieson, Fowlkes and colleagues
E:.m volume), and shown to contain precursor cells able to repopulate an ir-
radiation depleted thymus, as described elsewhere in this volume. The Ly2-
L3T4- blast subpopulation corresponding to the one we now describe has been
reported by Ceredig et al. (1983).

In this study we have used two different criteria for identifying likely early
precursor cells in the thymus, namely the absence of B2A2 expression, indicating
similarity to the hemopoietic stem cell compartment, and absence cm. both Ly2
and L3T4, indicating a lack of the function-associated antigens characteristic of
the more mature T cell sublineages. It might be expected that these different
markers, as well as those published previously, would lead to the same post-
ster cell. early intrathymic precursor subset. Indeed, all criteria lead to minor
subpopulations of lurger sized blast-like cells. However, in our study the numbers
alone suggest the subpopulations cannot be identical, since there are 1-3% B2A2-
n.n:w but 2-6% Ly2- L3T4~ cells. And although there is considerable overlap, the
light-scatter characteristics of the two subpopulations differ (Table I). We E.n.:w-
fore compared these subpopulations using other criteria,
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B. Location of B2A2- and Ly2~ L3T4 subsels

Since the putative early subpopulations described previously were concentrated
in the subcapsular region, we checked to see if both subsets we identified were 50
located. We used the technique of dipping the thymus in fluorescein isothiocyanate
(FITC) to selectively lubel the outer cortex (Scolkay et al. 1980b), then checked
for the representation of these fluorescein-labelled outer cortical cells within the
subpopulations defined by lack of our antigenic markers (Table V). There was a
selective enrichment bf fluorescein positive cells amongst the Ly2- L3T4 subset,
indicating that many of these were of outer cortica! location; yet the enrichment
was not that expected in a purely sub-capsular subpopulation and even with
extended dipping times not all of the Ly2~ L3T4- cells became labelled. The
results with the B2A2- celis were quite the opposité, a relative depletion of
fluorescein positive cells being obtained, suggesting a location further within the
thymus, perchaps in the medulla. Yet again the results were nol clear-cul, since a
proportion of the B2A2- cells were labelled even with short dipping times,
suggesting that some could be in the subcapsular region. We conclude that the
two putative early subsets are mainly in different regions of the thymus, probubly
with some overlap.

C. Cell division rate within the B2A2~ and Ly2+ L3T4- subsets, compared to other
blast cells

The putative early thymocyte subpopulations are large cells, and thus are subsets
of the thymic blast population. They would be expected on this basis to be cycling
cells. Their actual division rate could not be predicted from their proposed
precursor role, however, since most of the intrathymic cell generation could be
the function of the more numerous surface-antigen positive blast cells a stage
later in the developmental pathway. A measure of their relative division rate in
vivo was made by injecting CBA mice with *H-TdR, waiting 1 h, isolating the
different subpopulations, then counting by radiocautography the proportion which
were labelied, S-phase cells (Table 1).

Around 11% of all thymocytes were labelled by this procedure, suggesting
about 22% were dividing cells, since only about half of 2 dividing population
would be in S phase at any time. Virtually no small thymocytes were fubelled.
Of the large thymocytes 43% were labelled, suggesting most were dividing cells.
Most of these dividing cells were within the major PNA* or cortical cell popu-
lation. The labelling index in PNA - or medullary-type cells was much lower,
although still quite positive. The Ly2- L3T4 subset showed a high labclling
index, below that of PNA* cortical blasts, but nevertheless indicating a rapidly
dividing population. In contrast the B2A2- cells showed a low, albeit still positive,
labelling index, even lower than PNA- cells. Thus by these criteria there was a
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by negative criteria may be misleading, and the pre-thymic cells might arrive
already in distinct subgroups, committed to one or another functional lineage,
or already commitled to a cortical or meduilary stream (Ezine et al. 1984,
Jotereau & Le Douarin 1982). Certainly, a little {urther down our proposed
pathway (Fig. 7) we find B2A2- cells apparently committed to the medullary
streams and B2A2* but Ly2- L3T4- cells apparently committed to the cortical
slream.

These early cells require more detailed study, a task which is difficult since
they are swamped by more mature elements, but which is now possible with flow-
eytometric procedures. However, it is very important not to oversimplify and
cluss them as a single “early precursor”™ population, since they are clearly hetero-
geneous in surface antigen expression, and the key developmental events in the
thymus that have so far escaped elucidation may well be discovered within these
numerically minor subsets.
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