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ABSTRACT

THE ROLE OF THYMIC NURSE CELLS IN T CELL DEVELOPMENT

Deborah D. Philp

A d visor Dr. Jerry C. G uyden

Thym ic nu rse  cells (TNCs) are strom al ep ithe lia l cells located in  the 

thym ic cortex. A  sing le  TN C m ay contain  as m an y  as 200 thym ocytes in 

specialized in tra-thym ic vacuoles. Very little is k now n  about the process of 

thym ocyte in te rnaliza tion  o r  the phenotypic  a n d  m olecular changes 

occurring in develop ing  thym ocytes as a function  of their interaction w ith  

TNCs. The thym ocyte-TN C  interaction has been  difficult to study  because 

TNCs can only be iden tified  and  isolated after th e ir  interaction w ith  

thym ocytes in the thym us. Freshly isolated T N C s lack thym ocyte 

in te rnaliza tion  capab ilities  in vitro.

The goal of th is s tu d y  w as to determ ine th e  role p layed by TNCs in  T 

cell developm ent. T he im m ortalization  and  d ev e lo p m en t of TNC lines, 

using  SV40 virus (stra in  PH911) and a tem p era tu re  sensitive m u tan t of the  

SV40 v iru s (tsA58), p ro v id ed  an  ideal m odel sy stem  for study ing  the function  

of TN Cs in the th y m u s an d  their role in  T cell developm ent. Previous 

stud ies have described functions that are  u n iq u e  to TNCs and have show n  

that freshly  isolated T N C s an d  im m ortalized T N C  lines possess sim ilar 

qualities. Electron m icroscopy and long-term  v id eo  m icroscopy w ere u sed  to 

show  th a t the thym ocyte-T N C  interaction occu rred  v ia  m em brane ruffling
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an d  is a selective process. This interactive p o p u la tio n  d isp layed  a pheno type 

identical to tha t o f thym ocytes prior to M HC restriction; TCRloCD4+CD8+C D 69\ 

A select sub p o p u la tio n  of these thym ocytes w ere rescued  from  apoptosis as a 

function of this in teraction . The rescued p o p u la tio n  d isp layed  phenotyp ic  

changes characteristic  o f positive selection and  m atu ra tio n . The resu lting  

thym ocyte p o p u la tio n  d isp layed  a phenotype th a t is identical to cells tha t 

have su rv ived  thym ic  education . The costim ulatory  effects o f the 

lym phokine IL -lp  w ere  required  for m atu ration  o f the rescued thym ocyte 

population . Blocking stud ies against M HC class I a n d  class II show ed th a t the 

MHC-TCR in teraction  betw een  these tw o cell types w as also required  for 

thym ocyte rescue. T he non-in teractive thym ocyte  p o p u la tio n  u n d erw en t 

apoptosis. A  p o p u la tio n  o f cells that w ere no t re leased  from  the TNCs 

u nderw en t apop to sis  w ith in  the TN C 's specialized  vacuoles. C om parable 

events w ere occu rring  in vivo suggesting  tha t TN C s m ay  be involved in 

selection and  p lay  a crucial role in thym ic education .
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1

INTRODUCTION

T cell developm ent is a  m ultistep  process. T cells, like B cells, are bone 

m arrow -derived  in  origin (Adkins, et.al., 1987). The site chosen  for T cell 

m a tu ra tio n  sets these cells a p a rt from  o th er cells of the im m une  system . The 

thym us is th e  p rim ary  site of T lym phocyte developm ent a n d  p lays a crucial 

role in  the  m atu ration , education a n d  selection of develop ing  lym phocytes. It 

coord inates th e  release of com peten t T cells into the  p e rip h e ry  (Paul, 1993).

T cell p ro g en ito rs  m igrate from  the bone m arrow  to the  thym us w here 

thym ocyte pro liferation  and  d ifferen tiation  occur (Ford, et.al., 1966; Le 

D ouarin  a n d  Jotereau, 1975; M oore a n d  O w en, 1967). The selective m igration 

of pre-T  cells w ith in  the thym us d u rin g  the m aturation  p rocess has rem ained 

a topic of debate . Precursor cells th a t have  the  potential to becom e a ji T cells, 

y8 T cells, n a tu ra l killer (NK) cells, a n d  dendritic  cells have  all been  found in 

the th y m u s (A nderson, et.al., 1996; A rdav in , et.al., 1993). P o ten tia l B cells 

and  m acrophages have also been de tected  in  fetal thym ocyte cu ltu res (Peault, 

et.al., 1994). It is w ith in  this specialized  m icroenvironm ent th a t developing 

lym phocytes undergo  phenotypic changes th a t are identified  by  d istinct 

expression p a tte rn s  of various cell-surface proteins (M iller a n d  O soba, 1967; 

M iller, 1994). Positive and  negative selection of develop ing  thym ocytes also 

occur d u rin g  th is time. T cell recep to r gene rearrangem ent an d  the selection 

process a re  w h a t shape the organization  of the m ature T cell receptor. A 

fraction o f these  developing T cells w ill ultim ately  d ifferen tiate  into 

functional cells th a t will be released from  the thym us into th e  peripheral 

im m une sy s tem .

The thym us is a lym phoid o rg an  located in the an te rio r reg ion  of the 

thoracic cav ity  (Paul, 1993). It consists o f bilaterally sym m etrical lobes that are
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2

located a t the m id line  of the body resting o n  the  surface o f the pericard ium . 

During the fetal a n d  in fan t stages of developm ent, the thym us contains m any  

developing T cells em bedded in the thym ic strom a. This ne tw ork  o f 

epithelium  p ro v id es  the p roper m icroenv ironm ent for T cell d ev e lo p m en t 

(Janeway, 1996). The thym us is com posed of bone m arrow -derived  

m acrophages, d en d ritic  cells and  non-lym phoid  epithelial cells d e riv ed  from  

the pharyngeal reg ion  (Crouse, Turpen, a n d  Sharp, 1985). F ibroblasts an d  

m atrix m olecules perm eate  this entire ne tw ork . M esenchym al cells th a t are  

of neural crest cell orig in  (Bockman and  K irby, 1984) su rro u n d  the  thym ic 

prim ordium . T hese m esenchym al cells a p p ea r to play an  im p o rtan t role in  

developm ent of the  thym us. In mice, the  thym ic rudim ent, o r thym ic 

anlage, is form ed from  a com bination of ectoderm al and  end o d erm al tissue 

from the th ird  brachial pouch and cleft sta rting  a t day  9 of fetal gesta tion  

(W eissman, 1985). By day  11 of gestation, the  thym ic anlage is form ed. The 

ectoderm  of the th ird  brachial cleft form s the  cortical region and  the  

endoderm  of the  p o uch  forms the m edulla. The cortex contains m ore  

im m ature thym ocytes along w ith cortical ep ithelial cells an d  a few  scattered  

m acrophages. T he m edullary  region of the  thym us is believed to con ta in  

m ore m ature  nonpro liferating  thym ocytes, a long  w ith  dendritic  cells, 

m acrophages, m edu llary  epithelial cells an d  HassalTs corpuscles (Janew ay, 

1996). W hile in  th e  cortex, thymocytes are  believed to be p ro liferating  

(Wekerle, and  K etelson, 1980). W hen passed  in to  the m edulla, cell d iv ision  

is thought to cease and  cell m aturation begins. W hen thym ocytes trave l 

through the th y m u s from  the cortex to the  m edulla , they encoun ter a 

num ber of the strom al cell types that are th o u g h t to play a p a rt in th e  

developm ent process. D uring this in tra thym ic  m igration, the m ajo rity  of 

im m ature cells a re  killed before reaching th e  m edulla. O nly  1% of the  total
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3

thym ocyte population su rv ive  a n d  become the m atu re  TCR expressing 

helper (CD4+) and cytotoxic (CD8+) T lym phocytes th a t a re  released into the 

periphery  (Andrews, et.al., 1985; Scollay, et.al., 1984). A lthough the o rd er an d  

du ra tion  o f these thym ocyte-strom al cell interactions a re  n o t fully 

understood , it can be said  th a t these  interactions a re  requ ired  for thym ic 

education  and  the pro liferation  and  m aturation  of th e  develop ing  T cell 

(Haynes, 1984).

Cell proliferation, p rog ram m ed  cell death  and  a lte ra tion  o f surface p ro te in  

expression are required processes in  T cell ontogeny (Scollay and  G odfrey, 

1995). The thym us is the m ajor site for the d ifferen tiation  of m ature T cell 

from  their hem atopoietic p recu rso rs  (Miller, 1994; C an to r and  W eissm an, 

1976; H aynes, 1984; Sprent, et.al., 1990). In mice, developm en t in the absence 

of the thym us w ould resu lt in a  m arked lym phocyte deficiency, increased 

susceptibility  to infection and  random  acceptance of foreign  grafts. As a resu lt 

of the influence received from  interactions betw een thym ocytes and the 

thym ic strom a in tha t specia lized  thym ic m icroenvironm ent, antigen 

receptors that are unique to each  m ature T cell are  p ro d u ced  (Miller, 1967).

The diverse T lym phocyte subpopu la tion  found w ith in  the  thym us suggest 

tha t this interactive process is q u ite  complex. C ontact betw een developing 

thym ocytes and thymic ep ithelia l cells is necessary for all stages of thym ocyte 

m aturation . If the develop ing  thym us either lacks d ifferen tia ted  thym ic 

ep ithelium , as seen in  n u d e  m ice (Pritchard and  M icklem , 1973; Nhels, et.al., 

1994), or has defective receptor gene recom bination, a s  in  SCID mice (Fulop 

and  Phillips, 1989), m atu re  T cells fail to develop.

M ature T cells are d iv id e d  into two subsets b ased  o n  their function in  

an  im m une response. These subsets are capable of cytotoxic (CD8+) and
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helper (CD4+) activity. The possible existence of a th ird  subse t th a t has the 

ability to su p p re ss  o r control the im m une response has been  specu la ted . 

H ow ever, no  suppresso r cell clones have ever been isolated. M any  cellular 

im m unologists believe that a  sub p o p u la tio n  of the CD8+ lym phocy tes is 

responsible for th is  suppressor function. The existence of m ore  th a n  one 

functional cell type  adds fu rther d ifficulty  to understand ing  th e  sequence of 

the d ifferen tia tion  steps occurring in the  thym us. The d ev e lo p m en t o f the 

fluorescence activated  cell so rte r (FACS) and  T cell-specific m onoclonal 

antibodies h a s  supp lied  the tools necessary  to characterize the  T cells 

subpo p u la tio n s found  w ith in  the th ym us an d  prov ided  in sigh t in to  the  

processes invo lved  in T cell m aturation .

O nce inside  the thym us, develop ing  T cells proliferate  a n d  undergo  

gene rea rran g em en t producing  one of tw o cell lineages: the a(3 an d  y§ T cell 

antigen recep to r (TCR) pathw ays (Fig. 1).

(Mtiun)
I t  c«iufl

Figure 1. A  detailed schematic of cell fate during T cell development in the thymus.

A lthough th e  signals required to in itiate  the decision for these p recu rso r cells 

to follow e ith e r of the two developm ental pathw ays are n o t ye t fully  

understood , recen t studies have show n  that expression o f N o tch  gene  m ay act
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5

in conjunction w ith  the newly form ed TCR to influence the  aP  vs. yd T  cell 

lineage decision  (W ashburn, et.al., 1997). These studies im ply  th a t reduced  

Notch expression  w ill favor yd T cell fate  and  increased expression  w ill 

influence T cells to ad o p t the a p  lineage. yd cells m ake up  20% o f the  en tire  

DN thym ocyte p o p u la tio n  found in  the  thym us and  appear capable  of 

developing in  th e  absence of a functioning  thym us. These cells trave l 

th rough  a n d  leave the thym us expressing  a D N  phenotype. A lth o u g h  the 

precise function  o f yd cells is no t know n , they  hom e specifically to  dendritic  

epithelial cells o f the  epiderm is and  the  ep ithelial layers of the rep roductive  

tract (Haas an d  Tonegaw a, 1992; Itohara, et.al., 1989; Livak, et.al., 1995; Raulet, 

et. al., 1991). T he expression of N otch w ith in  the thym us has also been  

show n to con tro l the  fate of developing CD4 an d  CD8 cells (Robey, 1999).

W hen activated , N otch  expression causes a change in the fate of D P cells from 

a CD4 lineage to  a CD8 lineage. This im plies tha t Notch signaling  m ay  be 

regulated by  the  recognition of MHC class I and  II by developing thym ocyte 

receptors.

The s tu d ies  for this thesis project focus on  the aP  TCR developm en ta l 

pathw ay. In tra thym ic  proliferation p lays an  im portan t role in  p ro v id in g  a 

sufficient n u m b er of apTC R +-expressing cells upon  w hich the selection 

process can opera te . Prior to entering th e  thym us, thym ocytes a re  considered  

triple negative; they  are  T hy-l+CD5low CD4‘ C D 8' CD3'a(3TCR‘ p ro g en ito r cells 

(Fowlkes, et.al., 1985). In mice, im m atu re  lym phocytes expressing  th is 

phenotype are  fo u n d  in the cortex of the  thym us as early as 11 days of 

gestation (at th e  sam e tim e that the an lage is form ed) (Janeway, 1996). These 

cells also lack th e  ability  to respond to an tigen  and  can no t perfo rm  effector 

functions (Li, et.al., 1991). U pon en te ring  the  thym us, this ph en o ty p e  of these 

cells quickly changes. First, rearrangem ent of the  TCR occurs resu lting  in
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expression  of P TCR. Follow ing this, further rearrangem en t occurs resu lting  

in  expression of bo th  CD 4 an d  CD8 along w ith  low  level expression of a P  

TCR. It is a t this p o in t th a t thym ocytes are considered  double positive (DP), 

C D 4+CD 8+ interm ediate cells. These DN and  early  DP cells are actively 

pro liferating  cells an d  a re  located in the thym ic cortex. These cells next 

encoun ter thym ic education . The fate of these cells is determ ined d u rin g  this 

restrictive process. A  su b se t o f positively selected CD4+CD8+aPTCRto 

thym ocytes appear in  the  thym us a t day 15-16 of gestation  (Ohashi, et.aL,

1990). A considerable am o u n t of cell death  also occurs in  the cortical reg ion  of 

the thym us. This d ea th  w ill ensure that only  self-to lerant, M H C-restricted T 

lym phocytes w ill exit th e  thym us. The rem ain ing  cells m igrate th rough  the 

thym us and  will u ltim ately  be released into the p e rip h e ry  as functional 

he lper (CD4+) or cytotoxic (CD8+) T lymphocytes.

The thym ic m icroenv ironm ent is un ique  a n d  efficient in su p p o rtin g  

the developm ent of functional T lymphocytes. The establishm ent of the  T 

cell repertoire of m atu re  T cells is dependent on  the restriction process a n d  

self-tolerance (Raulet, 1987). Thymic education is the  process by  w hich T cells 

learn  to d istinguish  w h a t is self and  w hat is foreign (antigen) in the body.

The selection process d u rin g  thym ic education is qu ite  intricate and  occurs a t 

the DP stage of T cell developm ent. Thymocytes m u st survive positive an d  

negative  selection in o rd e r  to m ature (Kisielow a n d  von  Boehmer, 1995). 

D eveloping  thym ocytes recognize self pep tide  in  the  context of major 

histocom patibility  com plex  (MHC) antigen on the  surface of thym ic ep ithelial 

cells, m acrophages and  dendritic  cells (M arrack an d  K appler, 1988; W ekerle 

an d  Ketelson, N ature , 1980). T cell progenitors have  the potential to express 

TCRs tha t can recognize b o th  self and  foreign an tigens associated w ith  an y  

M H C molecule. Positive and  negative selection m odify  the profile of these
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cells. Positive selection kills all im m atu re  T cells tha t can  n o t b in d  to self 

MHCs th a t are  p resenting  antigen. N egative selection e lim ina tes potentially  

autoreactive clones. This w ill en su re  th a t the m ature  cell th a t a re  released 

into the p e rip h e ry  are self-tolerant and  able to see self in  th e  context of foreign 

antigen. U nderstand ing  the n a tu re  of th a t interaction is co n sid ered  crucial in  

thym ic educa tion . This process is believed to involve a n  in te rac tion  betw een 

the TCR o n  the surface of the develop ing  thym ocyte an d  the  M H C antigen 

com plex o n  the  surface of a  thym ic epithelial cell in  the  th y m u s  (Penninger 

and W ick 1992). The binding affin ity  betw een the M HC a n d  the  TCR will 

determ ine th e  fate of the develop ing  lym phocyte. The m o st tested  hypothesis 

proposes th a t thym ocytes p ro ducing  a TCR that either b in d s  tigh tly  to or lacks 

the ability to  identify  self p ep tide  in  the context of M HC an tig en  are  not 

allow ed to m atu re  to the single positive  phenotype an d  a re  selectively 

deleted. O nly  those thym ocytes th a t p roduce  a TCR th a t m o dera te ly  binds self 

peptide in the  context of M HC are  allow ed to m ature  to th e  single positive 

phenotype an d  are  released from  the thym us as functional T cells. Functional 

T cells th a t are foreign antigen specific, self MHC restric ted  a n d  self tolerant 

are selected in the  thym us. C u rren t im m unological s tu d ies  a re  focused on 

identify ing the various thym ic ep ithelia l cell types an d  d e te rm in in g  their 

function d u rin g  restriction.

The s tu d y  of the in teraction betw een  thym ocytes a n d  the  thym ic 

strom a has greatly  enhanced ou r know ledge of T cell developm en t. In the 

process of T lym phocyte differentiation, contact betw een T cell p rogenitors 

thymic strom al cells is though t necessary  for T cell m a tu ra tio n  a n d  thym ic 

education  (W ekerle and Ketelson, 1980 N ature; van  V liet, M elis, and  van 

Ewijk, 1984). O ne cell type believed to be  im portant in  th e  developm en t of T 

cells is the thym ic nurse cell (TNC). TNCs are large, keratin -expressing  cells
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located in  th e  subcapsu lar cortical o f the  thym us (W ekerle, K etelson  an d  

Ernst, 1980-J. Exp. Med.). These cells d isp lay  a unique re la tionsh ip  w ith  

thym ocytes. U pon  isolation, a  single TN C can  contain as m an y  as 200 

pro lifera ting  thym ocytes w ith in  its cy toplasm . These thym ocytes w ere  

enclosed in  specialized  vacuoles. TN Cs can  be easily d ifferen tiated  from  other 

cells in th e  th y m u s b y  their un ique  m ulticellu lar structure. T his un iq u e  

cellular com plex  has been found  in  a  w ide  variety  o f species inc lud ing  mice 

(W ekerle, a n d  K etelsen, 1980-Nature), rats, goats, sheep, ch ickens (Boyd, et. 

al., 1984; R ieker, et. al., 1995) and  h u m an s (Ritter, Sauvage a n d  C otm ore,

1981). Since the ir discovery in 1980 (W ekerle, Ketelson, and  E rnst, 1980-J. Exp. 

M ed.), very  little inform ation has been  reported  about TNCs. This is d u e  in 

p a rt to the fact th a t these cells are fragile an d  in  lim ited n u m b er (1X105 cells 

per thym us) w h en  recovered from  th e  thym us. As a result, v e ry  little is 

know n a b o u t the interaction be tw een  these developing thym ocytes a n d  their 

TNC host o r  the  m olecular changes th a t occur as a function o f  this event.

Also, it h as been  im possible to s tu d y  the entire  thym ocy te/T N C  interaction 

because T N C s can  on ly  be identified  an d  isolated follow ing in te rac tion  w ith 

thym ocytes in  the thym us. Freshly iso lated  TNCs do not take u p  thym ocytes 

in vitro.

TN Cs express both class I and  class II MHC on their surfaces, an d  on the 

m em branes o f the  specialized vacuoles su rro u n d in g  in te rnalized  thym ocytes 

(Lorenz a n d  A llen, 1989a). This characteristic  is atypical to ep ithe lia l cells. 

TNCs also d isp lay  the ability to p resen t self antigens to develop ing  T cells 

(Lorenz a n d  A llen, 1989b). This suggests th a t TNCs m ay be invo lved  in 

thym ic education . The process of thym ic education is believed  to occur at the 

DP stage o f thym ocyte developm ent. The M HC m olecules a re  n o t believed to 

be invo lved  in  the  b ind ing  and  in te rnaliza tion  event occu rring  be tw een
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thym ocytes and  TN C s (Grukowski, et.al., 1985). To date, m olecules th a t 

m ediate the in terac tion  betw een TNCs and  thym ocytes have n o t been  

defined. These cells h ave  also been show n to express the cortex specific 

m arkers ER-TR5 an d  6C3 (van Vliet, et. al., 1984; W hitlock, et. al., 1987; 

A dkins, T idm arsh  a n d  W eissman, 1988).

Focus of Study

The goal o f th is  thesis w ork  has been  to  determ ine the functional role 

of thymic nu rse  cells (TNCs) in  T cell developm ent. In  an a ttem p t to  increase 

TNC num bers and  v iab ility  for study, ou r laboratory  infected fresh ly  isolated 

TNCs w ith  SV40 v iru s  (Pezzano, et. al., 1991). W ith this accom plishm ent, w e 

w ere able to im m ortalize cells for fu ture stud ies an d  increase the p o p u la tio n  

of TNCs being s tu d ied . These studies show ed the epithelial na tu re  o f TNCs. 

They also dem onstra ted  tha t thymocytes w ere  com pletely in ternalized  by  

these cells and  sep ara ted  from  the m icroenvironm ent of the thym us by  TNC 

plasm a m em brane (Philp , et. al., 1993). TNCs w ere show n to express bo th  

m ajor h istocom patib ility  com plex (MHC) class I an d  class II an tigens o n  their 

surfaces, b u t no lym phocyte-specific m arkers (such as Thy-1, CD5, CD4 or 

CD8). Studies have suggested  that interactions betw een thym ic s trom al cells 

and  thym ocytes are essen tia l for thymocyte education  during  T-cell 

developm ent (H aynes, 1984). That is, the process of learning abou t se lf 

involves specific in teractions betw een M HC p ro te ins on  strom al cells a n d  T 

cell antigen receptor (TCR) on  thymocytes. It is believed that self an tigen  

presentation to thym ocytes by  strom al cells p lays an  im portant role in  the 

selection process.

In o rder to exam ine thym ocyte fate as a  function of thym ocy te /T N C  

interaction, cell lines w ere  im m ortalized w ith  a tem pera tu re  sensitive
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m utan t o f the SV40 v irus, tsA58. The m odel system  u se d  in  these stud ies w as 

a TNC line (tsTNC-14) th a t has been  im m ortalized w ith  a  tem perature  

sensitive m u tan t o f the SV40 virus, tsA58 (Tagm eyer a n d  O zer, 1971).

Previous stud ies in  o u r laboratory  have described som e o f  the functions th a t 

are un ique to TNCs (Pezzano, et. al., 1991; Li, et. al., 1992). M HC restriction, o r  

thym ic education , is invo lved  in  positive and negative  selection. D uring  th is  

process, the self pep tide  presen ting  MHC located on  the  surface of the an tigen  

presenting  cell interacts w ith  the T cell antigen recep tor (TCR) on  the surface 

of thym ocytes d isplaying a  a(3TCRloCD4+CD8+CD69* p h en o ty p e  (Penninger 

and W ick, 1992). Positive and  negative selection occur b ased  on  MHC-TCR 

com plex recognition an d  b ind ing  affinity. TNCs b in d  a n d  internalize a select 

subpopu la tion  of thym ocytes that display an identical ph en o ty p e  to those cells 

involved in M HC restriction. A subset of this in teractive thym ocyte 

subpopulation  is believed to be apoptotic while the rem a in in g  fraction is 

rescued from  program m ed cell death. A subset of these rescued  thym ocytes 

are believed to be m atu ring  through  the process o f th y m ic  education. Thym ic 

nurse cells are believed to p lay  a crucial role in this ed u ca tio n  process. To 

date, there is an  ongoing debate regarding the au then tic ity , location, and  

function of TNCs.

Studies have suggested  that interaction betw een  thym ic  strom al cells 

and  thym ocytes are essential for thymocyte education  d u r in g  T cell 

developm ent; that is, the process o f learning abou t self involves specific 

interactions betw een M H C proteins on strom al cells a n d  TCR on thym ocytes.

It is believed that self an tigen  presentation by strom al cells to thym ocytes 

plays an  im portan t role in  the selection process (Lorenz a n d  Allen, 1989a).

The role of TNCs in the process of MHC restriction is su ggested  in this study .
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The w o rk  p resen ted  in  th is thesis has been  d iv id e d  in to  three chapters. 

The first ch ap ter (published in  the journal C ellu lar Im m u n o lo g y . 1993), 

establishes the  m echanism  invo lved  in  the b in d in g  a n d  in te rnaliza tion  

events occurring  as a function  of the thym ocyte/T N C  in teraction . Phenotypic 

m arkers of TNCs w ere also estab lished  as well as the p h en o ty p e  an d  viability 

of the T N C -interactive thym ocyte population. The cell line  u sed  in  these 

studies (SVT-II2) w as im m ortalized  w ith  SV-40 virus. C u ltu re d  studies w ere  

perform ed u sin g  N ew m arsk i a n d  electron  m icroscopy.

The second chap ter is focuses on  the ability of T N C s to  rescue early 

CD4+C D 8+ thym ocytes from  apoptosis. These stud ies w ere  pub lished  in the 

journal C ellu lar and  M olecular Biology (1995). T hym ocyte  activation, 

selection a n d  m atu ra tion  w ere  all exam ined w ith  re la tion  to the 

thym ocy te/T N C  interaction. The TNC line used  in  these  stud ies (tsTNC-1), 

was developed  using  a tem perature-sensitive  m u tan t o f  the  SV-40 virus.

MHC class I an d  class II involvem ent in  thym ocyte rescue w ere  also explored.

In the final chapter, thym ocyte  fate as a function o f an  encounter w ith  

TNCs and  the  costim ulatory  effects of IL-ip on  thym ocyte rescue and  

m atu ra tion  w ere  exam ined (C ellu lar Im m unology. 1996). The cell line 

tsTNC-1 w as u sed  in these cocultures. These stud ies w ere  perform ed 

com paratively  w ith  freshly iso lated  TNCs. FACS analyses w ere perform ed on  

TN C -interactive thym ocytes to  look for changes in  exp ression  of the 

follow ing m arkers: Bcl-2, apTC R , CD69, HSA and  PN A r. The occurrence of 

apoptosis w as determ ined  u s in g  a m odified TUNEL assay . C om parative 

studies w ere perform ed to investigate  the necessity of th e  lym phokine IL -ip  

for thym ocyte m atu ra tion  a n d  rescue.
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CHAPTER 1
Title: The Binding, Internalization, and Release of Thymocytes

by Thymic Nurse Cells

C ondensed
Title: Thym ocyte In ternalization  by  T hym ic N urse Cells

A u th o rs: Deborah P h ilp , M ark Pezzano, Y ang Li, Coral Om ene,
W illiam Boto and  Jerry G uyden

D epartm ent o f Biology, The C ity  C ollege of New York, 
New York, N ew  York 10031, Tel.: (212) 650-8449, Fax: (212) 
650-8585

(R eproduced  w ith  perm ission o f the  publisher)

Abstract

Recent s tu d ie s  in  our laboratory  have described the developm ent of the SV40- 

transfo rm ed  thym ic nurse cell (TNC) line SVT-II2, th a t  m aintains the  ab ility  

to in te rna lize  thym ocytes in vitro. SVT-II2 cells w ere  show n  to bind and  

in ternalize a subset of the ocp TCR+, CD4+CD8+ thym ocyte  population 

exclusively. A lso, SVT-II2 cells express cell surface class I and  class II M H C 

antigens. T hese data are consisten t w ith  reports th a t suggest TNCs m ay have 

a role in  thym ic  education. In th is report, w e used  scann ing  electron 

m icroscopy, transm ission electron  m icroscopy, an d  lo n g  term  video 

m icroscopy to s tudy  binding, in ternalization , an d  re lease  of thymocytes b y  

TNCs. T he resu lts of these experim ents show ed th e  in ternalization even t to 

be selective an d  dynamic. The process appears to invo lve  program m ed
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coopera tion  betw een the tw o cell types th a t term inates w ith  the release o f 

selected thym ocytes. A lthough no  changes in thym ocyte cell surface 

ph en o ty p e  w ere  detected as a resu lt o f their in teraction w ith  TNCs in vitro, 4- 

11% o f th e  in ternalized  cells w as selectively killed.

1. Abbreviations used: TNC, thym ic nurse cell; SVT-II2, an SV40- 

im m orta lized  thym ic nurse cell line; TCR, T cell an tigen  receptor; M HC, 

m ajor h istocom patib ility  com plex.

Introduction

V ery  few  m am m alian cells have  the  capacity to  in ternalize other 

m am m alian  cells. The in vitro endocy tosis of m am m alian  cells has been 

described for m acrophages only (A ggeler and  W erb, 1982). Dam aged or 

senescent cells a re  selectively taken  up  an d  destroyed b y  this phagocyte in  a 

receptor m ed ia ted  fashion (Griffin e t al., 1976). Sertoli cells are  believed to 

take u p  im m atu re  sperm  cells d u rin g  sperm atogenesis (Russell, 1980). The 

rela tionsh ip  betw een Sertoli cells an d  developing sp e rm  cells is presently  

being s tu d ie d  (Russell and Peterson, 1985). Thymic n u rse  cells take up 

thym ocytes, b u t the purpose of the ir up take  and the in ternalization  

m echanism  are  unknow n. This is the first report describ ing  the  m echanism  

em ployed  by  TNCs to establish the ir m ulticellular struc tu re .

For o v e r ten  years scientists have  been  lim ited to on ly  descriptive analyses 

of thym ic n u rse  cells (TNCs) because it w as difficult to ob tain  the large 

num ber o f cells needed for their extensive exam ination. Thym ic nurse cells 

contain  from  20-200 d iv id ing  lym phocytes w ith in  th e ir cytoplasm ic
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m em brane (W ekerle and  K etelson, 1980; W ekerle e t al., 1980). Thym ocytes in  

th is com plex are  trypsin  insensitive, an d  electron m icroscopic stud ies show  

them  to be com pletely enclosed  w ith in  the TNC m em brane  vacuoles.

Because o f the ir m ulticellu lar n a tu re , TNCs can be experim entally  separa ted  

from  o ther cells of the thym us as a function o f their d en sity  (W ekerle e t al., 

1980; K yew ski e t al., 1982). H ow ever, the m axim um  recovery  efficiency p e r 

m ouse th y m u s is only 1(P cells using  the  density  g rad ien t m ethod. T here are 

tw o ad d itio n a l problem s w ith  the  use of this isolation p ro ced u re . First, it is 

im possib le  to definitively de te rm ine  the  phenotype o f in ternalized  

thym ocytes because unenclosed  thym ocytes con tam inate  the  TNC fraction. 

Secondly, the  initial in teraction  betw een TNCs an d  th e ir res id en t thym ocytes 

m ust occur before their isolation if the density  g rad ien t p ro ced u re  is to be 

exploited , m aking  an  analysis of the  form ation of this u n iq u e  cell-to-cell 

com plex im possible. In an  a ttem p t to im prove experim ental p rocedures for 

im m unological studies of the  role of TNCs in thym ocyte developm ent, w e 

im m ortalized  TNCs using  the  SV40 virus, and  developed  severa l cell lines 

(Pezzano e t al., 1991). O ur recen t reports verified tha t th e  thym ic epithelial 

cells im m ortalized  by the SV40 v irus w ere nurse cells, a n d  show ed the 

thym ocytes th a t interact w ith  TNCs to express both  CD4 an d  CD8 on their cell 

surfaces (Pezzano et al., 1991; Li et al., 1992). Fortunately , these im m ortalized 

TNCs m ain tained  the ability  to in ternalize bound  doub le  positive  

lym phocytes. Here, w e used  various microscopic p ro ced u res  to show  the 

actual up take  of thym ocytes by  TNCs. Bound thym ocytes w ere  show n to 

p roduce  filam entous projections for attachm ent to the ex ternal surface o f the  

TNC p lasm a m em brane. TNC m em brane ruffling resu lted  in  w aves of 

m oving m em brane. A ttached thym ocytes m oved a lo n g  w ith  the  m em brane, 

an d  in ternalization  w as in itia ted  w hen  the leading edge  of the w ave of
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m em brane m oved  over b o u n d  thym ocy tes from one side. T he TNC 

m em brane th en  fused to itself a fte r  covering  trapped  thym ocytes. Thym ocyte 

m ovem ent con tinued  im m ed ia te ly  afte r en try  into the  TN C. This 

m ovem ent is believed to be d irec tiona lly  controlled because cy toplasm ic 

channels becam e visible w ith in  th e  TNC sim ultaneous to th e  in itia tion  of 

in ternalization . In ternalized  thym ocy tes w ere show n to m ove in to  and  

w ith in  these channels a sh o rt tim e  after their uptake.

Thym ic educa tion  is  believed to  occur a t the double  positive  stage o f T cell 

developm ent (M arrack and  K appler, 1988; Schwartz, 1989). T he b ind ing  

specificity of TN Cs for a subset o f the  CD4+CD8+ thym ocyte p o p u la tio n  

suggests th a t th is in teraction m ay  p lay  a role in thym ic education . The 

process of thym ic education  is be lieved  to involve an  in terac tion  betw een  the 

TCR on the cell surface of thym ocytes and  the MHC an tigen  com plex  on the 

surface of thym ic epithelial cells. TN Cs have been show n to express bo th  

class I and  class II M HC antigens o n  their cell surfaces, as w ell as on  the 

m em branes o f th e  specialized vacuo les su rround ing  in te rnalized  thym ocytes 

(W ekerle and  K etelson, 1980; D e W aal M aleifijt e t al., 1986). F u rther, Lorenz 

and A llen (1989 a, 1989 b) rep o rted  TNCs to have an tigen  p resen tin g  

capabilities. In th is study , specia lized  contact structures are sh o w n  to form  

betw een  in ternalized  thym ocytes a n d  TNCs w ithin cytoplasm ic vacuoles in 

vitro. M em brane contact is req u ired  to facilitate the TCR-M HC interaction. 

We also show  selected thym ocytes to be released into the ex tracellu lar 

environm ent. A lthough  cell su rface  changes were no t de tec ted  w ith in  the 

in ternalized  thym ocyte p o p u la tio n  over the  life of these cells in  cu ltu re , 4-11 

percent of in ternalized  cells are  selectively  killed w ith in  vacuoles.
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Materials and M ethods

C ells . Thym ocytes w ere  isolated from  2 w eek to 1 m onth o ld  C57B1/6 mice 

and  su spended  in  cu ltu re  by  m echanical dispersion. The cells w ere  w ashed  

once w ith  Gey’s C om plete  Salts so lu tion  to  rem ove erythrocytes a n d  exposed  

to m onolayers of the SV40-im m ortalized TNC line term ed SVT-II2 (Li e t al., 

1992). 2X1()6 thym ocytes w ere p la ted  in  35 m m  tissue cu ltu re  d ishes 

con tain ing  a m onolayer of SVT-II2 cells (initial concentration of T N C s w as 

1X10^ cells/d ish ). TN Cs w ere su spended  in  grow th m edia con ta in ing  RPMI- 

1640 (Gibco, G rand  Island , NY), 2% N u  Serum  (Collaborative R esearch, 

Boston, MA), 0.01% 2-m ercaptoethanol (Sigm a), 1% each of gen tam icin  

(Gibco) and L-glutam ine (Grand Island Biologicals, G rand Island, NY), and  

10% fetal calf serum  (Sigma). After the app rop ria te  incubation period , 

thym ocytes w ere rem oved  from  tissue cu ltu re , w ashed and  sta ined  w ith  

antibodies m ade against CD4 (an anti-CD 4-phycoerythrin (PE) conjugate) and  

CD8 (an anti-CD8-fluorescein (FITC) conjugate). Both of these an tibod ies 

w ere ob tained  from  Boehringer M annheim . The stained cells w ere  analyzed  

using  a Zeiss fluorescence m icroscope eq u ip p ed  w ith ep i-illum ination . 

V iability of thym ocytes w as assayed using  p rop id ium  iodide (5 f ig /m l) . 

P rop id ium  iodide w as incubated w ith  TN Cs containing b ound  o r cytoplasm ic 

thym ocytes for 30 m inutes a t room  tem peratu re . Each sam ple w as w ashed  

five tim es before v iew ing  w ith  the Zeiss fluorescence m icroscope.

Long T erm  V ideo M icroscopy. Thym ocytes co-incubated w ith  SVT-II2 cells as 

described  above w ere v iew ed using  a N ikon  D iaphat Inverted  M icroscope 

w ith  a H offm an M odula tion  C ontrast System . The m icroscope w as a ttached  

to a N ikon  CCD-72 cam era. The sam ples w ere visualized on  a  Sony 19 inch
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color m onito r coupled to a JVC 1 /2  inch VCR. The tissue culture flasks w ere  

bubb led  w ith  CC>2 and capped  tightly. The m icroscopy w as perform ed in  a

w arm  room  a t 37°C.

T ran sm iss io n  Electron M icroscopy. Thym ocytes w ere co-incubated w ith  SVT- 

132 cells for 1, 2 ,4, 5 and  6 hours. U nbound thym ocytes were rem oved b y  

w ash ing  3X w ith  PBS. TNCs w ere  fixed w ith  2% gluteraldehyde m ade in  IX  

PBS for 1 hour a t 4°C. The cells w ere then  w ashed  tw ice w ith  IX  PBS, a n d  

trea ted  w ith  the secondary fixative, 1% osm ium  tetroxide, at room  

tem p era tu re  for 30 m inutes. The cells w ere rew ashed  in IX PBS, rem oved  

from  their surface and pelleted. D ehydration steps w ere done in ascend ing  

percen tages of ethyl alcohol for five m inutes each  term inating in  th ree 10 

m inu te  treatm ents in 100% ethy l alcohol. A 1:1 d ilu tion  of 100% ethy l 

alcohol an d  propylene oxide w as added  to the pellet for 10 m inutes, fo llow ed 

by a 30 m inute incubation in 100% propylene oxide a t room  tem peratu re .

The cell pellets were then transferred  to beam  capsules and incubated in  a  1:1 

d ilu tio n  of propylene oxide and  epon  812 resin for 1 hour at room  

tem p era tu re  followed by an  overn igh t incubation  in 100% resin m ixed w ith  

the po lym erizer DMP-30. Each specim en block w as then  polym erized a t 65°C  

o v e rn ig h t.

The specim en block w as m oun ted  in the LKB MT-2 m icrotom e an d  

sections w ere obtained using a b lade angle of approxim ately  3°. U ltra-th in  

sections w ere collected using copper grids tha t w ere  pre-w ashed in  acetone.

The sections were stained using  a  heavy m etal double staining techn ique 

w ith  5% urany l acetate and lead  citrate. The g rid s w ere view ed using  the  

Phillips 300 Transm ission Electron M icroscope a t a  voltage of 60 V  an d  

p h o to g rap h s were taken using  Technical Pan  film.
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S cann ing  E lec tron  M icroscopy. A gain, thym ocytes w ere  co-incubated w ith  

SVT-H2 cells for 1, 2, 4, 5 and  6 hours. Cell sam ples w ere  taken  and  fixed a t 

4°C  for o n e  h o u r  in  2% g lu teraldehyde m ade in  IX PBS. W ashes w ere done 

twice in  IX  PBS p rio r to a 30 m inute  incubation of the  cells in  the  secondary 

fixative, 1% osm ium  tetroxide. Each p la te  was w ashed  3 tim es w ith  IX PBS 

and  then  d e h y d ra te d  in ascending percentages of e thy l alcohol a t 10 m inutes 

each. T hree  trea tm en ts w ith  100% e th y l alcohol w ere  d o n e  im m ediately  

follow ed b y  critical poin t d ry ing  using  a  CPD 030 critical p o in t dryer. The 

sam ples w e re  m o un ted  on  stubs using  silver pa in t a n d  d ried  overn igh t a t 

60°C. The s tu b s w ere then spu tter coated  in gold a t a  th ickness of 10 nm . A 

Zeiss Scanning  Electron M icroscope, a t 15 kv, w as u sed  to  v iew  sam ples. 

P ho tog raphs w ere  taken using  K odak 4415 film.

R esu lts

B ind ing  a n d  In te rn a liza tio n  of T hym ocytes by  TN Cs

In an  a tte m p t to  visualize the dynam ics of the process o f in ternalization , 

thym ocytes b o u n d  to a m onolayer of the  SV 40-transform ed TNC line, SVT- 

112, w ere  an a ly zed  using  long term  v ideo  m icroscopy (Fig- 1)- Photographs 

taken from  the  v ideo  m onitor show  the  in ternalization  o f the  thym ocyte 

m arked X. Each photograph, from  left to right, rep resen ts an  increase in  tim e 

(the last d ig it  in  each frame num ber represents e lapsed  tim e in  seconds). The 

thym ocytes labeled  1, 2, and  3 are  reference points for each  photograph. It is 

im portan t to  no te  tha t a channel (arrow s, fram e 778) is visible in  the
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cytoplasm  of the  TNC before the in itiation  o f  internalization. A s the  

thym ocyte m arked  X m oves into the m em brane it becom es p h a se  d a rk  

(frames 801, 804, 807,809, 813, 816). In ternalization  is com pleted  in  fram e 822. 

The in ternalized  thym ocyte (X) m oves u n d e r  the thym ocytes labe led  1, 2, and 

3, (these th ree  thym ocytes rem ain b ound  to the external cell su rface  o f the 

TNC, fram es 822, 835, 853) and  into the p refo rm ed  channel (fram e 873, 

arrow s). The in ternalized  thym ocyte con tinues to m ove in a d irec tiona l 

m anner w ith in  th e  channel (fram es 889 a n d  897). M uch h ig h er 

m agnifications a re  needed  to determ ine the TNC m em brane ac tiv ity  d u rin g  

the in te rnaliza tion  event. To visualize th is process a t h igher m agnifications, 

thym ocytes w ere  exposed to m onolayers o f SVT-II2 cells and  p re p a re d  for 

scanning electron  m icroscopy after incubation  periods o f 1, 2, 4, 5, a n d  6 

hours. T hym ocyte b ind ing  w as detected a fte r the initial one h o u r  incubation  

period (Fig. 2A, B, and  C). Thymocytes b o u n d  to the external su rface  o f the 

TNC plasm a m em brane produce finger like projections th a t a p p e a r  to a id  in 

their a ttachm ent. Thym ocytes are show n to m ove a round  the  su rface  o f the 

TNC as a function  of their attachm ent to the TNC m em brane (Fig. 2D a n d  E, 

arrow s, an d  Fig. 4, fram es 3743-4108, cells labeled A and  B). The b o u n d  

thym ocytes ap p ea r to be carried along w ith  a w ave of TNC m em b ran e  (Fig. 2D 

and E, arrow s) as it slides over itself p roducing  layers. T hym ocyte 

in ternalization  beg ins w hen  the leading  edge of the slid ing  T N C  m em brane 

m oves over the top  of b ound  thym ocytes (Fig. 2F). The TNC m em b ran e  

m oves above a ttached  cells from one side. A fter com pletely covering  trapped  

thym ocytes, the TN C  m em brane fuses to itself in  an  area o n  the  o th e r side  of 

the cells be ing  in ternalized . A ttachm ent an d  fusion po in ts a re  sh o w n  in 

Figure 2F (arrow s). The initiation of the in ternalization  process w as detected  

in sam ples taken a t 2 hours (Fig. 2D, E, F). A t 4-6 hours m any thym ocytes
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w ere com pletely in ternalized  (Fig. 2G-0). In ternalization  w as show n  to  be  

specific to a subpopu la tion  of bound  thym ocytes because some cells w ere  

show n to be selectively excluded  from  the process (Fig. 2H, arrow s). It sh o u ld  

be noted that the TNC m em brane above and  below  the trapped  thym ocytes 

d isp layed different characteristics in the 4 hour sam ple  (Fig. 2H  and  I). T he 

m em brane beneath  (labeled b in  Fig. 2H and  I) the thym ocytes h ad  m an y  

microvilli, b u t the m em brane above these cells (labeled a in Fig. 2H a n d  I) w as 

sm ooth. These surfaces a re  different m em brane areas o f the  sam e TNC. A t 6 

hours, a second layer o f TN C  m em brane w as show n to m ove over p rev io u s ly  

trapped  thym ocytes (Fig. 2N  an d  O, arrows).

T he Interactions betw een  the Internalized Thymocytes and the Cytoplasm  of

TNCs

To obtain a cytoplasm ic v iew  of thym ocytes after in ternalization, cells 

form ing the TN C -thym ocyte com plex w ere sectioned an d  p repared  for 

transm ission electron m icroscopy. M icrographs show  TNC vacuoles to 

contain one (Fig. 3B, C, an d  D) to several (Fig. 3E-H) thym ocytes. Several 

specialized contact s truc tu res w ere detected betw een m em branes of enclosed  

thym ocytes and  TNCs (Figures 3D, and inserts 3F and  3H). Contact b e tw een  

ind iv idual thym ocytes w ith in  the vacuole is show n in  Figure 3G. T im e lapse 

video m icroscopy show ed  thym ocytes w ith in  these m ulti-popu la ted  vacuo les 

to m ove around  each o th er in  a  p rogram m ed fashion (Fig. 4). T hat is, the  

thym ocytes labeled 1, 2, 3, 4 an d  5 m oved w ith in  the vacuole in  a  circu lar 

pa ttern  before lining u p  w ith  o ther internalized cells. The purpose of th is  

type of thym ocyte m ovem ent, and  the cellular m achinery  responsible fo r th is 

unusua l activ ity  are u n k n o w n .
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Thym ocyte Release

Release o f an  in ternalized thym ocyte  is dem onstrated  in F igure  5. The 

thym ocyte u n d e r investigation is m arked  w ith an X. To sh o w  th a t the TNC 

m em brane separates the in ternalized  thym ocytes from  those b o u n d  to the 

external surface, thym ocyte X can  be  seen  m oving u n d e r tw o  externally  

bound thym ocytes, labeled 1 an d  2, to the  opposite side of these  cells (frames 

0007-0067). The internalized thym ocyte travels tow ard  the edge  of the  TNC, 

and is even tually  released. C om plete  separation  of the thym ocyte  from  the 

TNC can  be seen in  frame 0744 (arrow s). A lthough release o f  thym ocytes can 

be v isua lized  after thorough analysis of video tape, it is im practical to isolate 

released thym ocytes aw ay from  o ther cells in these cu ltu res in  the  quantities 

necessary for analyses. In an  a ttem p t to determ ine the effect of TNC 

in ternalization  on  thym ocyte expression  of CD4 and  CD8, in ternalized  cells 

were s ta ined  w ith  antibodies m ade  against CD4 and CD8 after incubation 

periods o f 12, 24, 36 and 48 hours. In an  earlier report, w e show ed  TNCs to 

exclusively b ind  and  internalize a subset of im m ature a(5 TCR+ , CD4+CD8+ 

thym ocytes (Li e t al., 1992). H ere, w e determ ined the cell surface phenotype of 

in ternalized  thym ocytes over the life of these cells in cu ltu re  (Table IA). 95- 

96% of in ternalized  thym ocytes w ere double positive. N o CD 4 nor CD8 single 

positive thym ocytes w ere de tected  in  the internalized p o p u la tio n  over the 

period tested . The internalized cells that d id  not stain w ith  e ith e r CD4 or CD8 

(4-5%) ap p ea red  dead. U nstained thym ocytes d isplayed irreg u lar shapes w ith  

deform ed nuclei. In sim ilar experim ents, we used  p ro p id iu m  iod ide  to 

d istingu ish  betw een live and  d e ad  thym ocytes after in ternaliza tion  (Fig. 6). 

A lthough d e ad  thym ocytes do  no t b ind  TNCs, betw een 4-11 percen t of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

in ternalized cells sta ined  brightly  w ith  p ro p id iu m  iodide (Table IB) d u rin g  

the 48 h o u r incubation  period.

D iscussion

Rarely d o  m am m alian  cells pass th ro u g h  the cytoplasm  o f a n o th e r cell 

d u ring  their d e v e lo p m e n t Sertoli cells a n d  thym ic nu rse  cells a re  the  only 

m am m alian  cell types know n to p ro d u ce  structures that com plete ly  enclose 

develop ing  cells w ith in  cytoplasm ic com partm ents. Details of sperm atogon ia  

up take by Sertoli cells have not been  repo rted . How ever, in  th is s tu d y  w e 

have described the  process used  by TN C s to internalize im m atu re  thym ocytes. 

W e show ed thym ocyte  binding to be essentia l b u t insufficient fo r 

in ternalization  to  occur. O ur earlier s tu d ies  show ed TNC b in d in g  to  be 

specific for a su b se t of the cc(5 TCR+, CD4+CD8+ thym ocyte p o p u la tio n  (Li et 

al., 1992). The b in d in g  specificity of TN C s for this double positive  su b se t 

suggests th a t th e  interaction is recep to r m ediated , a lthough the  m o lecu lar 

com ponents invo lved  have no t been  iden tified . M ovem ent o f b o u n d  

thym ocytes ap p ea rs  to be facilitated th ro u g h  their attachm ent to th e  TN C 

plasm a m em brane. The TNC p lasm a m em brane is very dynam ic  a n d  

attached thym ocytes are  pushed  or p u lled  a long its surface v ia  m em brane  

ruffling. TNC m em brane ruffling creates w aves in the lip id  b ilay er th a t 

m ove along the  surface of the cell (Fig. 7). The cellular m echan ism  u sed  to 

generate  TN C m em brane  m ovem ent is unknow n. In terna liza tion  is 

initiated  w hen  the  leading  edge of the  ruffled  m em brane slides o v e r b ound  

thym ocytes. W e believe that the  s tru c tu re  form ed around  these thym ocytes 

creates a channel to  facilitate their m ovem en t w ithin  the TNC. T he
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cytoplasm ic struc tu res invo lved  in channel fo rm ation  have no t been 

iden tified .

T ransm ission e lec tron  m icroscopic s tu d ies  revealed th a t in te rnalized  

cells reside in  vacuoles. These vacuoles con ta in  one to several thym ocytes. 

W e have n o t de te rm ined  if m ulti-populated  vacuoles resu lt from  the  fu sion  

of m any  vacuoles, each con tain ing  a single thym ocyte, or from  the 

in ternaliza tion  of several thym ocytes into one vacuole. O ur m icroscopic 

s tu d ies  have  p roduced  ev idence  for the  occurrence of bo th  events.

Specialized contact s tru c tu res  develop betw een  the m em brane of the 

in ternalized  thym ocyte a n d  tha t of the vacuole su rround ing  it. C ontact is 

im portan t if this in terac tion  p lays a role in thym ic education. Penninger an d  

W ick (1992) have recently  show n  TNC thym ocytes to have self-M HC 

reactivity. These d a ta  a lo n g  w ith  experim ents th a t show  TNCs to have the  

ability  to p resen t an tigen  (Lorenz and  Allen, 1989 a, b) suggest that they  m ay  

have a function in M H C restriction. H ow ever, is in ternalization of 

thym ocytes requ ired  for th is selective process to  occur? We show ed b in d in g  

of the  TCR to the self-M H C complex no t to be a  requirem ent for 

in ternalization  to occur (Li e t al., 1992). The experim ents by Lorenz an d  A llen

(1989) show ing TNCs to have  the capacity to p resen t antigen d id  no t requ ire  

thym ocyte in ternalization . A lso, earlier reports show ed  TNCs to express b o th  

class I and  class II M H C antigens on their p lasm a m em brane as well as o n  the  

m em branes form ing th e ir specialized cytoplasm ic vacuoles (W ekerle and  

Ketelson, 1980; De W aal M alefijt e t al., 1986). I t  is possible for the in teraction  

betw een  the M HC an tigens expressed on  the cell surface of TNCs and  the TCR 

on  the surface of thym ocytes to occur in the absence of internalization. W hat 

th en  is the function of the  in ternalization  event? O ne obvious b u t 

hypothetical exp lanation  for the  function of thym ocyte  in ternalization is th a t
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the specia lized  TNC vacuole p rov ides a com partm ent th a t is intim ately 

associated  w ith  the cytoplasm  of the TNC w hich p roduces a stable 

m icroenv ironm ent for the  p resen tation  of a large n u m b er of self antigens to 

selectively enclosed thym ocytes. Positive selection of in te rnalized  thym ocytes 

w ou ld  re su lt in  their release to continue the developm ental process, w hile 

thym ocytes selected against w ould  be killed. In  this s tudy , TNCs w ere show n 

to have the  ability  to selectively release or destroy in ternalized  thym ocytes. 

The thym ocytes involved in  th is  interaction m ain tain  th e ir d o u b le  positive 

p h eno type  th roughou t the  co-incubation period. These d a ta  are  consistent 

w ith  s tud ies  show ing changes from  the CD4+CD8+ pheno type to either CD4 

or CD8 sing le  positives to occur only  after thym ocyte in teraction  w ith  strom al 

cells of the  m edulla (Teh e t  al., 1988; H ugo and  Potw orow ski, 1990; O hashi et 

al., 1990). TNCs are cortical cells and  their interaction w ith  thym ocytes is 

believed to precede that o f m edullary  epithelial cells in the  T cell 

developm ental pathw ay (Kyewski et al., 1989; reviews, S pent e t al., 1988; 

Fowlkes an d  Pardoll, 1989). Also, it has been proposed  th a t negative selection 

occurs w ith in  two thym ocyte subpopulations. Ceils th a t do  no t recognize self 

at all, a n d  cells that strongly  recognize self are deleted (rev iew ed in  Kourilsky 

and  C laverie, 1989; Schw artz, 1989). The cytoplasm ic vacuoles of TNCs are 

ideal s tru c tu re s  to p rov ide  the p ro p er m icroenvironm ent for the 

iden tification , isolation, a n d  elim ination of unw an ted  cells.

A lthough  m uch w o rk  rem ains before TNC function  is defined, these 

data  strong ly  suggest th a t selected thym ocytes are com pletely enclosed w ith in  

the thym ic nu rse  cell cytoplasm ic m em brane. M uch debate  has been 

generated  over the last decade abou t the natu re  of the in terac tion  betw een 

TNCs a n d  thym ocytes. It has been difficult to defin itively  dem onstrate  that 

the s tru c tu re  su rround ing  thym ocytes is the m em brane o f a cell. It has been
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suggested  th a t the  m ulticellular s tru c tu res , term ed thym ic n u rse  cells, are 

aggregates o f cells produced from  incom plete  enzym atic d igestion  d u rin g  the 

isolation p rocedu re . In the experim en ts reported  here, cells from  a TN C line, 

SVT-EI2, are  m ain tained  in cu ltu re  d ev o id  of cytoplasm ic thym ocytes. The 

m ulticellu lar s truc tu re  characteristic o f TNCs develops o n ly  afte r exposure of 

these cells to  freshly  isolated thym ocytes. Furtherm ore, w e  conclusively  

show  trap p ed  thym ocytes to be com plete ly  m em brane enclosed  a fte r the  

in te rn a liza tio n  even t.

This w ork  w as supported  by the NSF g ran t DCB-8714987, a n d  N IH  gran ts 

RR3060, and  RR-08168.
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Fig. 1. The D ynam ics of Thym ocyte Internalization . Freshly iso la ted  
thym ocytes w ere  a d d ed  to m onolayers of SVT-II2 cells and  incubated  
overnight. U nattached  thym ocytes w ere rem oved  by  w ashing, an d  the  
resu lting  cu ltu res  w ere  observed using  a N ik o n  D iaphat Inverted  M icroscope 
w ith  H offm an M odu la tion  C ontrast System. The m icroscope w as a tta c h ed  to 
a N ikon CCD-72 cam era. The sam ples w ere v isualized  on a Sony 19 inch  
color m onito r coup led  to a JVC 1 /2  inch VCR. The thym ocytes labeled  1, 2 
and 3 are  b o u n d  to the  external surface of a  TNC. The nucleus o f th e  TNC is 
labeled N. The thym ocyte labeled X is in ternalized  in  the series of 
m icrographs. T he a rrow s show  a cytoplasm ic channel that form s befo re  the 
in itiation  of in te rna liza tion .
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Fig. 2. SEM of Thymocyte Internalization . Thym ocytes w ere  centrifuged  on to  
m onolayers o f SVT-II2 cells a n d  p rep ared  for scann ing  e lectron  m icroscopy 
after incubation  periods of 1 h o u r  (A-C), 2 hours (D-F), 4 ho u rs  (G-I), 5 hours 
(J-L), a n d  6 hours (M-O). A rrow s (D an d  E) show  a w av e  o f  TNC m em brane 
a ttached  to bound  thym ocytes. A rrow s (F) show  a ttach m en t an d  fusion o f the 
TNC cytoplasm ic m em brane a fte r trapp ing  b ound  thym ocytes. A rrow s (H) 
show  b o u n d  thym ocytes th a t a re  selectively excluded from  th e  in ternalization  
process. In  Figures H  and  I th e  TNC m em brane above trap p e d  thym ocytes is 
labeled (a), and  the TNC benea th  trapped  thym ocytes is labeled (b). A rrow s (N 
and  O) show  a second layer o f  TNC m em brane covering  in ternalized  
thym ocytes.
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Fig. 3. TEM of In ternalized  Thymocytes. Thym ocytes w ere cen trifuged  on to  
m onolayers o f SVT-II2 cells and  incubated  overn igh t before being  p re p a re d  
for transm ission electron  microscopy. (A) A n SVT-II2 TNC before ex posu re  
to thym ocytes. (B-D) M icrographs o f a  TN C  containing one in te rnalized  
thym ocyte a t increasing  m agnifications. M agnifications (A) 6.8X10^ (B) 
3.3X10^, (C) 5.6X10^, and  (D) 10^. A nother thym ocyte can be seen o u tsid e  o f 
the TNC cytoplasm . (E-H) M icrographs o f a  TNC containing three 
in ternalized  thym ocytes a t increasing m agnifications. M agnifications (E) 
3.9X103, (F) 4.6X103, (G) 5.6X103, and  (H) 8.2X103. Inserts in  G an d  H  sh o w  
specialized con tact struc tu res betw een the in ternalized  thym ocytes a n d  the  
TNC. (c) C ontact po in ts betw een thym ocytes. (In) Area show n in insert.
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Fig. 4. T hym ocyte  M ovem ent W ith in  TN C  Vacuoles. T im e lap se  v ideo  of a 
SVT-II2 T N C  con ta in ing  several b o u n d  an d  in ternalized thym ocy tes. The 
thym ocytes labeled 1-5 are in ternalized . Internalized cells can  be  
d is tin g u ish ed  from  bo u n d  cells because  they  are phase dark . M ovem ent of 
these thym ocytes is dem onstra ted  b y  changes of the location o f ind iv idua l 
thym ocytes rela tive  to one ano ther w ith  increasing fram e n u m b ers  (fram es 
1136-2550). The thym ocytes labeled A  an d  B are show n to b in d  to the  TNC in 
fram e 3743. These cells are then  m o v ed  a long  the TNC cell su rface  tow ard  
the  cen ter o f  the  cell. TNC m em brane  m ovem ent can be seen  im m ediate ly  
above thym ocytes labeled A  an d  B (3506-3543).
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Fig. 5. Thym ocyte Release. Thymocytes in ternalized  into SVT-II2 cells w ere  
analyzed w ith  long  te rm  video m icroscopy. The cell m arked X is re leased  in  
the series o f m icrographs. The cells labeled 1 and  2 are bound  to  the  ex ternal 
surface of the TNC. The cell labeled X is sh o w n  to be com pletely sep ara ted  
from  the TNC in  fram e 0744 (arrows).
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Table 1. (A.) Phenotype. Freshly iso lated  thym ocytes from  2-w eek- to 1- 
m onth-o ld  m ice w ere cocultivated  w ith  m onolayers o f SVT-II2. The 
thym ocytes w ere  allow ed to  b in d  a n d  internalize. U na ttached  cells w ere 
rem oved b y  w ashing . The percen tage o f  each in ternalized  thym ocyte  subset 
w as d e te rm ined  after staining w ith  antibodies to both  CD4 a n d  CD8. (B.) 
Viability. A gain , freshly isolated thym ocytes w ere cocu ltiva ted  w ith  
m onolayers o f SVT-II2. The thym ocytes w ere allow ed to  b in d  and  
internalize. U nattached cells w ere  rem oved  by w ashing. T he n um ber and  
percentage o f d ead  cells in bo th  th e  b o u n d  and in ternalized  popu lations w ere  
de te rm ined  afte r stain ing w ith  p ro p id iu m  iodide. As a con tro l, freshly 
isolated thym ocytes w ere cen trifuged  on to  m onolayers of SVT-II2 cells and  
unbound  cells w ere rem oved w ith  w ash ing  , as described above. The bound  
cells w ere th en  rem oved w ith  v igorous w ashing and  p laced  in  cu ltu re  for 48 
h r w ith o u t TNCs. A t Time 0, 2.1% of the  thym ocites w ere  P.I.+. A  12-hr tim e 
poin t w as n o t done. At 24 h r 37.3% w ere  P.I.+, and  a t 48 h r  69% w ere P.I.+. O f 
these cells, 96.2% w ere cellsurface CD4+CD8+ at Time 0. A s ano ther control, 
w e so rted  double-positive cells. T hese double-positive thym ocytes w ere also 
incubated in  g row th  m edia w ith o u t SVT-II2 cells. The percen tage  death  w as 
as follows: TimeO, 2.3%; 24 hr, 36.2%; 48 hr, 79.3%. P.I., p ro p id iu m  iodide.
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TABLE 1

Phenotype and Viability of Internalized Thymocytes

Time
(hr)

No.
Number CD4+CD8+ 
Internalized (%)

No.
CD4-CD8-
(%)

CD4+ CD8+

A. Phenotype

12 409 393(96) 16(4) 0 0
24 432 412 (95.4) 20 (4.6) 0 0
36 518 491 (94.8) 27 (5.2) 0 0
48 357 342 (95.7) 15 (4.3) 0 0

Total no. No. internalized No. Bound
cells No. Internalized P.I. positive No. bound P.I. positive

B. Viability

12 486 241 11 (4.6) 245 0
24 659 370 19 (5.1) 289 1 (.03)
36 583 326 31 (10.5) 257 1 (0.4)
48 106 78 3 (3.8) 28 0

4̂



Fig. 6. V iability  o f  In ternalized  T hym ocytes. TNCs incubated  
w ith  fresh ly  iso la ted  thym ocytes w ere w ash ed  and exposed  
to propid ium  io d id e  (phase, A and C, flurescen se , B and D , 
respectively). The n u c le i o f dead ce lls  sta in  brightly (arrows). 
T he n u cle i o f SVT-II2 TN C s, and th ose  o f  v iab le  internalized  
thym ocytes are sh o w n  to be unstained.
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Fig. 7. M odel o f Thym ocyte In ternalization  by TNCs. Both the  dorsal a n d  

la tera l v iew s show  waves o f m em brane to develop a fte r thym ocyte 

b ind ing . The w ave of m em brane m oves to the  area  o f the  bound  

thym ocytes. Bound thym ocyte m ove w ith  the w ave a long  the  external 

su rface o f the  TNC. In ternalization  occurs w hen  th e  TNC m em brane 

m oves over the top of b ound  thym ocytes, and  fuses to  itself in  an area  on  

the o th e r  side  of the trapped  cell. Thym ocyte m ovem en t inside of the TN C 

is p ro p o se d  to occur w ith in  channels form ed from  th e  overlaying 

m e m b ra n e .
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CHAPTER 2

Title: Thymic Nurse C ell Rescue of Early CD4+CD8+
Thymocytes From A poptosis

A utho rs: Mark Pezzano, Yang Li, Deborah Philp, Coral O m ene,
Mary Cantey, Gregory Saunders, and Jerry C. G uyden

D epartm ent of Biology, The City College of N ew  York, 
138th St at C onvent Ave, N ew  York, N ew  York, 10031.

(R eproduced w ith  perm ission  of the publisher)

A bstract

We have n o w  developed  tem perature sensitive lines of thym ic n u rse  cells 

(TNCs), u sing  the SV40 viral m utan t tsA58, that m aintain the ab ility  to 

selectively in ternalize a subpopulation  of ocp TCR+CD4+CD 8+ th ym ocy tes  

in vitro. O ne line, tsTNC-1, was show n  to be able to rescue a su b se t of 

CD4+CD8+ thym ocytes from program m ed cell death a t 32°C, the  

tem perature  a t w hich  b ind ing  and  in ternalization  w ere detected . Rescue 

was greatly  d im in ished  a t 38°C, the tem pera tu re  at w hich thym ocyte 

b ind ing  w as n o t observed. The rescued  population  of thym ocytes show ed  a 

reduced level of apop tosis as m easured  by  the DNA fragm entation  assay. 

TNC rescue resu lted  in  a shift of CD4+ C D 8+ thym ocytes from  im m atu re  

TCR1°w  P N A rh igh  cells to the m ore m atu re  T C R ^t PNAr^ow  p h e n o ty p e  

bu t no changes in  cell surface levels o f HSA nor CD69 w ere detected . The
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rescue activity of tsTNC-1 cells a t 32°C w as drastically  reduced  w ith  the 

addition  of antibodies to either class I o r class II M H C antigens. These 

results suggest th a t TNC rescue is facilitated th ro u g h  an  in teraction  

betw een the TCR an d  the  M HC, and  tha t the resu lting  su rv ivors m a tu re  to 

a  phenotype w ith in  the  double  positive stage of developm en t th a t is 

indicative of positive  selection.

Key words

Thymic nurse  cells, A poptosis, Positive selection, T em peratu re  sensitive  

SV40, Double positive thym ocytes.

Introduction

Thymic n u rse  cells are unusual because they  contain  h u n d re d s  of 

thym ocytes in specialized  vacuoles com pletely enclosed w ith in  th e ir 

cytoplasm ic m em brane (W ekerle and Ketelson, 1980; W ekerle e t al., 1980; 

A ndrew  and  Boyd, 1985). The function of this un iq u e  m ulticellu lar 

structure is unknow n  b u t several reports suggest th a t TNCs p lay  a  ro le in  

thym ic education (De W aal Malefijt et al., 1986; L orenz and  A llen, 1989a 

and  b). It has been difficult to study TNCs because only about 10^ cells can 

be isolated per m ouse thym us. Further, TNCs are fragile and  m any  lyse 

du ring  their isolation. These experim ental lim ita tions have p rev e n ted  a 

conclusive identification of the TNC thym ocyte population(s). I t is
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im portan t to no te  th a t the  TNC m ulticellular p h e n o ty p e  is the on ly  

characteristic u se d  for th e ir identification, w hich  p recludes experim en ts 

designed to s tu d y  com plex  form ation. U sing TN C lines developed  in  o u r  

laboratory, w e h ave  been  able to describe the in ternaliza tion  process (Philp  

e t al., 1993) and  to  show  th a t a  subset of the afJ TCR+CD 4+CD8+ thym ocyte  

popu lation  is exclusively  b o u n d  by and  in ternalized  in to  TNCs (Li e t a l.,

1992). These resu lts  suggest that the interaction betw een  the tw o cell types 

is specific and  m ay  b e  im p o rtan t to the process o f  thym ic education.

H ere, w e re p o rt the developm ent of tem p era tu re  sensitive lines of 

TNCs using  tsA58, a tem pera tu re  sensitive m u ta n t of the SV40 v iru s (Lai 

et al., 1975). O ne cell line, tsTNC-1, w as used to  investigate the function  of 

TNCs in T cell developm en t. TsTNC-1 cells b in d  an d  in ternalize d o u b le  

positive thym ocytes a t 32°C , b u t a t 38°C, b ind ing  w as reduced to 

background levels a n d  in ternalization  w as undetectab le . From  p rev io u s  

studies w e d iscovered  th a t TNC binding was restric ted  to viable 

thym ocytes, w hile  b o th  live and  dead  cells w ere  detectable w ith in  th e ir 

specialized cy toplasm ic vacuoles (Li e t al., 1992). Also, single positive 

thym ocytes w ere  n o t fo u n d  in association w ith  TNCs. To determ ine  TN C  

function d u rin g  T cell developm ent, we perfo rm ed  com parative s tu d ies  of 

CD4+CD8+ thym ocytes ob tained  after co-incubation w ith  tsTNC-1 cells a t 

32°C versus those collected from  cultures g row n  a t  38°C. The resu lts of 

these experim ents show  TNCs to have the capacity  to rescue a selected  

double positive su b se t from  program m ed cell d ea th , w hile inducing  

apoptosis in the rem ain in g  fraction. The rescued  thym ocyte p o p u la tio n  

rem ained viable for over 4 days in cultures con ta in ing  TNCs. A lth o u g h  

TNCs b ind  d o u b le  positives that show ed im m atu re  expression levels o f the  

TCR and  the P N A r (TCRl°w  P N A r^ g h ^  the rescued  subset expressed  a
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m ore m a tu re  TCRi*1* PNAr^ow  phenotype. Rescued thym ocytes also 

expressed  h igh  levels of cell surface CD4 and CD8 b u t cell surface levels of 

both  H SA  an d  CD69 (Bendelac e t al., 1992; Swain e t al., 1988; N ikolic Z ugic  

e t al., 1990) rem ained unchanged . The rescue activity o f tsTNC-1 cells w as 

no t o bserved  a t 38°C, th e  tem p era tu re  at which b in d in g  an d  

in te rnaliza tion  w ere undetectab le . Rescue w as g ready  d im in ished  in  co­

incubation  experim ents a t  32°C  in  the presence of an tibod ies against e ith e r 

class I o r  class II M HC pro teins. O u r results suggest th a t TN Cs p lay  a ro le  in  

the rescue  of double positive  thym ocytes du ring  selection, and  the su rv iv a l 

of selected  CD4+CD8+ thym ocytes requires b ind ing  to TN Cs and  an  

in terac tion  betw een the TCR and  the MHC complex. TN C -rescued 

thym ocytes m ature  from  TCRlow  P N A r^ g h  CD 4 low C D 8 1ow  to TCRin t 

P N A rl°w  CD4 *u ghCD 8 h ig h  expressing cells, a  stage w ith in  the doub le  

positive w indow  that p recedes HSA and CD69 expression  level changes.

M aterials and Methods 

Isolation o f  Thymic N urse C ells

Thym ic n u rse  cells w ere iso la ted  using  fetal calf se rum  density  g rad ien ts  as 

described  b y  W erkele (1980). TNCs w ere allowed to release enclosed 

thym ocytes an d  to form  m onolayers before exposure to tsA58 (originally  

ob tained  from  Dr. P. T egtm eyer) a t a multiplicity of 10 P F U /ce ll a t 

app rox im ate ly  5 X 10^ c e lls /m l in RPMI plus 2 f ig /m l polybrene. A fter an  

a d so rp tio n  period  of 30 m inu tes, the  cells w ere d ilu ted  w ith  g row th  m ed ia  

and  m ain ta in ed  in cu ltu re  a t  32°C  before cloning u sin g  lim iting  d ilu tion .
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Binding A ssay

The b ind ing  assay  w as previously described in  Pezzano e t al. (1991). Briefly, 

2 X 10^ thym ocytes w ere added  to a m onolayer of 1 X 10^ TNCs. After an 

overn igh t incubation  period, una ttached  lym phocytes w ere rem oved  by 

three w ashes w ith  PBS. All o f the thym ocytes collected in  the w ash  w ere 

pooled a n d  counted . The percentage o f bound  cells w as de te rm ined  as a 

function o f the  difference betw een the  to tal num ber of cells a d d ed  and  the 

num ber of una ttached  cells d iv ided  by  th e  total num ber of cells added  

times 100.

G row th  C urve

TsTNC-1 cells w ere seeded in 35-mm dishes a t a  density of 1 X 10^ 

cells /p la te . M ultiple plates w ere p repared . H alf of the cultures w ere 

incubated a t 32°C and  the o ther ha lf w ere placed at 38°C. Cell counts w ere 

perform ed a t 24 h o u r intervals using  a hem acytom eter. V iability w as 

determ ined  by  T rypan blue exclusion. Each point represents the  average 

cell count o f th ree  plates.

C oculture E xperim ents

Thym ocytes w ere isolated from  2 w eek  to 1 m onth old C57BL/6 mice and 

suspended  in  cu ltu re  by m echanical dispersion. The cells w ere w ashed  

once w ith  G ey's Com plete Salts so lu tion  to  rem ove erythrocytes an d  then 

stained w ith  bo th  anti-CD4 PE an d  anti-CD8 FITC (Boehringer M annheim ) 

in p repara tion  for FACS sorting. Thym ocytes were resuspended  a t 5 X 10^ 

ce lls /m l an d  CD4 CD8 double positive thymocytes w ere sorted  (> 97 % 

pure) u sing  a C olter Epics Elite (m odel F09102). 5 X 10^ sorted  thym ocytes 

w ere incubated  w ith  2 X 10^ tsTNC-1 cells, or 3T3 cells for e ither 48 or 96
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hours a t the ap p ro p ria te  tem perature. A fter incubation  the thym ocytes 

w ere rem oved a n d  w ashed  three tim es w ith  RPMI. The cells w ere  s ta in ed  

again as described  above and  reanalyzed u sing  the FACS. For the 

inhibition stud ies , an tibody  and thym ocytes w ere  ad d ed  sim ultaneously . 

A ntibody p rep a ra tio n s w ere  added  daily  in  concentrations identical to 

those used  for sta in ing . Experim ents designed  to exam ine TN C -interactive 

thym ocytes exclusively  w ere  perform ed u sin g  thym ocytes tha t rem ained  

bound  to TN Cs a fte r v igorous w ashing.

Scanning E lectron  M icroscopy

M onolayers of tsTNC-1 cells were g row n to a n  appropria te  density  a t 32°C  

in tissue cu ltu re  d ishes. H alf of the dishes w ere  then  shifted to 38°C  and  

incubated for an  ad d itio n a l 48 hours. The cells w ere  then  w ashed  w ith  

RPMI and  fixed a t  4°C  for one hour in  2% g lu teraldehyde m ade in  1 X PBS. 

The sam ples w ere  w ashed  twice in 1 X PBS p rio r to a 30 m inute  incubation  

in 1% osm ium  tetroxide. Each plate w as w ashed  3 tim es w ith  1 X PBS and  

dehydra ted  in ascend ing  percentages of e thy l alcohol. The sam ples w ere 

treated three tim es w ith  100% ethyl alcohol fo llow ed by  critical p o in t 

d ry ing  using  a CPD  030 critical po in t dryer. The sam ples w ere m o u n ted  on  

stubs using  silver p a in t and  dried overn igh t a t 60°C. The stubs w ere  then  

spu tter coated w ith  gold  a t a thickness of 10 nm . A  Zeiss Scanning E lectron 

M icroscope w as u sed  to view  sam ples. Photographs w ere taken using  

K odak 4415 film.

D N A  F ragm en ta tion  A ssay

Thym ocytes (3 X 10^) w ere suspended in 0.5 m l o f lysis buffer (10 m M  

EDTA, 50 m M  T ris (pH  8.0), 0.5 % Triton X-100 w ith  0.5 m g /m l of
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pro teinase  K) an d  incubated  for 1.5 h r  a t 50°C. T he sam ples were extracted 

th ree  tim es w ith  phenol-chloroform  and  p rec ip ita ted  w ith  ethanol. A n  

equal concentra tion  o f each sam ple w as resu sp en d ed  in  TE after d ry ing  

an d  loaded  onto 2% agarose gels containing 0.05 m g /m l e th id ium  b rom ide 

(Sentm an, e t al. 1991). A poptosis w as induced  in  contro l cu ltures by  

exposing  freshly iso la ted  thym ocytes to 10 m M  h y d ro g en  peroxide for 2 

h ou rs  before the req u ired  incubation period. P ho tog raphs w ere taken 

u n d e r  UV ligh t u s in g  Polaro id  film.

Northern Blot A n alysis

Total cellu lar RNA w as isolated from  tsTNC-1 cells w ith  4 M guanid ine 

th iocyanate and cen trifuged  in  a CsCl gradient. M RN A w as isolated using  

oligo-dT  colum ns. 10 fig of whole cell RNA w as subjected  to 

electrophoresis o n  a  1% agarose gel containing fo rm aldehyde  in 0.2 M 

m orpho linopropanesu lfon ic  acid-acetate and  10 m M  EDTA for 560 volt 

hours. A fter transfer to nitrocellulose, each b lo t w as hybrid ized  using  a 

2.7Kb Bam H I to Bgl I fragm ent of the SV40 genom e tha t spans the early  

region genes as a  p ro b e  for large T an tigen  expression.

Results

D evelopm ent and Characterization o f Temperature Sensitive Thymic 

Nurse Cell Lines

Fresh thym ic n u rse  cells w ere isolated from  C 57B L/6 m ice and  purified  on  

fetal calf serum  d en sity  gradients. The resu lting  cells w ere allow ed to 

adhere  to cu ltu re  d ish es an d  form ed m onolayers a t  37°C. The m onolayers
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w ere infected w ith  tsA58 and  th en  p laced  a t 32°C, the perm issive 

tem pera tu re  for viral replication. G row ing  cells w ere passed  several tim es 

and  then  c loned  by  lim iting d ilu tion . O ne of the resu lting  clones, tsTNC-1, 

w as found  to express tem pera tu re  sensitive variations in  m orphology and  

grow th. W hen  tsTNC-1 cells w ere  m aintained at 32°C, the cells were 

sm aller (Figure 1A) and had  a h ig h er g row th  rate (Figure 1C) than  those 

analyzed afte r 48 hours a t 38°C. A t the higher tem pera tu re  these cells 

becam e v e ry  large and  flat, tak ing  on  a m orphology th a t resem bles freshly 

isolated TN C s (Figure IB). Loss o f the transform ed pheno type  upo n  the 

shift to 38°C  is concurrent w ith  the  loss of SV40 early  reg ion  gene 

expression w hich  contains the large T antigen sequence (Figure ID). After 

about 48 h o u rs  a t 38°C, m RNA for large T antigen w as undetectable. These 

data  strong ly  suggest that the im m ortalization of tsTNC-1 cells is a function 

of tsA58 infection. To further characterize tsTNC-1 cells, sam ples were 

stained w ith  a panel of m onoclonal antibodies w hich a re  know n to be 

expressed b y  TNCs. TsTNC-1 cells sta ined  positively for class I (H2K^) and 

class II M H C (la*5), cytokeratin, an d  A2B5 (Geenen et al., 1988), a 

neuroendocrine  cell m arker w hich  has been show n to b e  expressed 

exclusively by  TNCs in the thym us (Table 1). TsTNC-1 cells also expressed 

the cortical m arker ER-TR-4, b u t w ere  negative for ER-TR-5, an  antibody 

that recognizes a thymic m edu llary  antigen  (van Vliet e t al., 1985).

Temperature Sensitive Binding and Internalization of D ouble Positive 

Thymocytes

We have p rev iously  dem onstra ted  tha t our SV 40-transform ed thym ic 

nurse cell lines m aintain  the ab ility  to bo th  bind and  in ternalize  a 

subpopu la tion  of the afl TCR+C D 4+CD 8+ thymocytes (Li e t al., 1992).
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Binding assays w ere  perform ed using  tsTNC-1 cells a t both  32°C  a n d  38°C. 

TsTNC-1 cells m ain tained  the ability to b ind  and  internalize fre sh  

thym ocytes a t 32°C , b u t not at 38°C (Figure 2A). The w ild  type  SV40- 

transform ed TN C line MP5 show ed equ ivalen t binding efficiencies a t bo th  

tem peratures. A  thym ocyte in ternalized into a specialized T N C  vacuole at 

32°C is show n in  Figure 2B.

TsTNC-1 Rescue o f  D ouble Positive Thymocytes from A poptosis

To determ ine the  effect of TNCs on  thym ocyte developm ent in  vitro, co­

incubation experim ents were perform ed using  FACS-sorted d o u b le  

positive thym ocytes. Sorted double positive thymocytes, a t a  p u r i ty  of over 

97%, w ere p laced  on m onolayers of tsTNC-1 cells a t either 32°C  o r  38°C , 

and reanalyzed after 48 (Figure 3A) or 96 hours (Figure 3B) u s in g  forw ard  

scatter. The ra tio  of viable to nonviable thym ocytes detected in  tsTNC-1 

cultures g row n a t 32°C (74 % viability) w as m uch higher than  th a t  

observed in tsTNC-1 cultures at 38°C (22 % viability) or 3T3 c u ltu re s  (54 % 

viability) after a 48 ho u r co-incubation period . By day 4, su rv iv o rs  w ere 

sparse in control sam ples (1.9 % viability o f thymocytes w ith  3T3; 0.5 % 

viability w ith  tsTNC-1 a t 38°C) bu t the ratio  of live to dead  thym ocy tes 

rem ained relatively  h igh  in sam ples g row n  a t 32°C in the p resence  of 

tsTNC-1 cells (55 % viability). Analyses o f the CD 4/CD 8 p h en o ty p e  of 

thym ocytes ob tained  from  day 4 cu ltu res revealed that the n o n v iab le  

thym ocytes p roduced  a reduced level o f CD4 and  CD8 stain ing  u n d e r  all 

incubation conditions (Figure 3, th ird  h istogram  in each set, o p e n  gates). 

These data  are  consistent w ith those pub lished  by Swat e t al. (1991) w hich 

show ed double  positive thymocytes w ith  very  low expression levels o f 

both CD4 and  CD8 to be apoptotic. Viable double positives in  tsTN C-1
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cultures a t 32°C expressed  higher levels of b o th  CD4 and  CD8 th an  those  

detected in control sam ples (Figure 3C, panels 1 and  2). The expression  

level of bo th  CD4 a n d  CD8 on rescued thym ocytes w as h igher th an  the  

m ajority of double  positives obtained in freshly  isolated sam ples. The 

subset of double  positives that express CD4 an d  CD8 levels equ iva len t to 

that found  on  T N C -rescued thym ocytes rep resen ts 20.5 % of the total 

popu lation  in freshly  isolated sam ples (Figure 3C, panel 3).

U pon  close exam ination , it appears th a t cu ltu res containing tsTNC-1 

cells a t 32°C p ro d u ce  an  increased num ber o f  b o th  CD4 and  CD8 single 

positives. If this rep resen ted  an actual sh ift from  double positives to  sing le  

positives, the  ratio o f  viable double positives to single positives w ith in  th is  

closed system  w o u ld  decrease over tim e in  com parison  to contro l cu ltu res . 

H ow ever, a com parison  of the percentage o f viable thym ocytes w ith in  each  

pheno type q u a d ra n t reveals that the ratio o f  doub le  positives to single 

positives in  tsTNC-1 cu ltu res at 32°C rem ains relatively  unchanged  from  

48 to 96 hours (Figure 3A and  B). By day  4, the ratio of double positives to 

single positives decreased  drastically in  contro l cu ltu res as a resu lt o f d e a th  

w ith in  the double  positive  population. W e in te rp re t these d a ta  to m ean  

that the appearance o f single positives in  tsTNC-1 cultures a t 32°C resu lted  

from  a fixed n u m ber o f sorted  double positive  thym ocytes tha t w ere 

preselected to shift in vivo. The size of the single positive thym ocyte 

popu la tion  reflects the  longevity of all rescued  thym ocytes and  no t a n  in  

vitro  shift from  doub le  to single positives. F urther, single positive 

thym ocytes are no t fo u n d  w ithin  the TNC com plex  (Li et al., 1992).

A  recent s tu d y  from  o u r laboratory show ed  TN C binding  to be  restric ted  

to viable thym ocytes, b u t  bo th  live and  p reapop to tic  double positives w ere  

detected w ith in  TN C vacuoles (Li e t al., 1992). A poptotic thym ocytes a re
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sm all cells w ith  irregular shapes and  condensed ch ro m atin  in  the nucleus. 

These d a ta  suggest that d ea th  o f a  selected double positive  subset occurs 

w ith in  TN Cs. Is thym ocyte d e a th  a function of apoptosis?  Enzym atic 

in tranucleosom al DNA d eg rad a tio n  produces detectab le  fragm ents d u rin g  

the p rocess of program m ed cell d ea th  (Wyllie, 1980). T he DN A  

fragm en ta tion  assay w as exp lo ited  for this investigation  (Figure 4). Viable 

versus nonviab le  thym ocytes w ere  sorted using fo rw ard  scatter after co­

incubation  w ith  TNCs a n d  3T3 cells. It is im portan t to  no te  that this 

experim en t w as designed to  analyze TN C-interactive thym ocytes 

exclusively. The thym ocytes analyzed  were all T N C -adheren t because 

n o n a d h e ren t double positives w ere  rem oved after a  sh o rt incubation  

period  (2 hours). The resu lting  thym ocytes w ere collected and  sorted  after 4 

days in to  viable versus nonviable subsets using fo rw ard  scatter (see gates in 

4 day  fo rw ard  scatter h istogram  for tsTNC-1 at 32°C  in F igure 3). 

F ragm entation  w as undetectab le  in  thymocytes so rted  u n d e r the viable 

gates a fte r a 96 hour coculture w ith  tsTNC-1 cells a t 32°C  (Figure 4A, lane 

4). Several attem pts w ere m ad e  to recover DNA from  the nonviable 

p o p u la tio n  (Figure 4A, lane 5) an d  as m any as 6 X 10^ even ts w ere collected 

and  an a ly zed  b u t resolvable concentrations w ere n ev er obtained. U pon 

visual exam ination , a large percen tage of the cells (so rted  u n d e r the 

nonv iab le  gates) was com pletely  destroyed. We in te rp re t these results to 

m ean th a t bo th  live and  d ead  cells result from  the T N C -adheren t 

p o p u la tio n , an d  m any of the  thym ocytes, term ed nonv iab le , d isin tegrate  

w ith  tim e in  culture due  to the  process of apoptosis. T he live subset exist 

as a function  of a reduced level o f apoptosis. W e th en  exam ined 

cocu ltu red  thym ocytes sep ara ted  into bound versus u n b o u n d  fractions. 

U nlike th e  experim ent rep o rted  in  Figure 4A, w h ich  on ly  exam ined the
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TN C -interactive population , this experim en t w as designed to analyze  the 

effect of cocu ltu re  on  the entire doub le  positive population. FACS -sorted 

double positives w ere exposed to cocultures as described above in  F igure 3, 

and  the thym ocytes resulting from  1 an d  2 day  cultures w ere analyzed  

using the D N A  fragm entation assay. F igure 4B show s DNA fragm enta tion  

to be greatly  reduced  in  the T N C -bound fraction a t 32°C w hen  com pared  to 

unbound  popu la tions found in  the sam e cultu res at 32°C, in tsTNC-1 

cultures g ro w n  a t 38°C, o r in 3T3 cultures- Collectively, these d a ta  suggest 

that the 4 d a y  viable thymocyte subset resu lts from  the T N C -bound 

population , how ever, both viable and  apopto tic  cells exist w ith in  the  TNC- 

in teractive p o p u la tio n .

Cell Surface Phenotype of Rescued Thymocytes

TN C -interactive thym ocytes w ere exam ined to determ ine the effect o f this 

activity on thym ocyte differentiation. Because antibody trea tm en t of 

double positive  thym ocytes w ith  CD4 resu lts in an increased expression  of 

cell surface TCR (M cCarthy et al., 1988), TNC-interactive doub le  positive 

thym ocytes w ere  selected as a function o f their b ind ing  capacity. Bound 

thym ocytes w ere  recovered after an  in itial b ind ing  period o f 2 ho u rs  and  

com pared w ith  those collected from 48 h o u r cultures. A nalysis of the  

thym ocytes b o u n d  to TNCs at 32°C show ed  the initial b ind ing  pheno type  

to be restricted  to the a(3 TCR^ow  doub le  positive population (F igure 5A). 

At 48 hours, a  shift to the a(3 TCR*11* pheno type  w as detected in  the  rescued 

population  o f tsTNC-1 cultures a t 32°C (Figure 5A and C). A gain, the 

percentage o f  su rv iv ing  thym ocytes w as  m uch  higher in TNC cu ltu res 

than tha t de tected  in  control cultures (Figure 5A).
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Recent repo rts  suggest that the shift to the TCR*11* phenotype is 

indicative of positive  selection th rough  an  in terac tion  betw een the  TCR 

and the M HC com plex  antigens (O hashi e t al., 1990). W e reported  in  an  

earlier s tudy  tha t an tibodies against M HC class I a n d /o r  class II an tigens d o  

not interfere w ith  th e  b inding  function betw een  these tw o cell types (Li e t 

al., 1992). These fram ew ork  antibody p repara tions w ere  used to d e te rm in e  

their effect on  rescue. As seen in Figure 6, the  percen t rescue w as reduced  

in tsTNC-1 cu ltu res a t  32°C  containing antibodies against either 

determ inant (Figure 6C and  D), suggesting th a t any  disturbance of o r 

interference w ith  th e  TCR /M H C  interaction can  reduce the rescue activ ity .

U sing identical experim ental conditions, the  cell surface phenotype for 

the PN A r (Chan e t al., 1993; W agner et al., 1980 a and  b), HSA an d  CD69 of 

rescued thym ocytes w as characterized. TNC b ind ing  capacity w as only  

found w ith in  the  im m atu re  PN A rhigh pheno type , w hile the rescued  

thym ocyte subse t d isp layed  the m ore m atu re  PNAr^ow  cell surface p ro file  

after a 48 h o u r incubation  period (Figure 7A). N o differences betw een  the  

initial b ind ing  p o p u la tio n  and rescued thym ocytes w ere detected in  the  cell 

surface expression  o f  the early activator m arker CD69 no r HSA (Figure 7B). 

These data  are consisten t w ith reports that show  the sh ift to the m ore 

m ature HSA^ow  p h eno type  to occur only  after thym ocytes becom e sing le  

positives (Bendelac e t  al., 1992). In  that sam e s tu d y , CD69 was show n to b e  

initially expressed  o n  a sm all (3 %) subset of T C R k w /m l double positive  

thym ocytes, w hile  m axim al expression w as detected  o n  TCR^igh doub le  

positives. It ap p ea rs  tha t the thym ocyte in teraction  w ith  TNCs causes a 

shift to a stage w ith in  the  double positive phase  th a t precedes CD69 

expression. To sum m arize  the results described above, the phenotype o f 

the thym ocyte su b se t th a t binds TNCs is a(i TCR^ow C D 4+CD8+P N A r^ S ^ L,
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w hile  the  rescued p o p u la tio n  released from  this in te rac tion  is aP  

TCRintC D 4h ighCD8h igh P N A rlow  thym ocytes.

Discussion

The process of restric tion  during  T cell d ev e lopm en t has been 

rep o rted  to involve the  a ttachm en t of thym ocytes to  s trom al cells of the  

cortex (Fowlkes, et al. 1989). Several stud ies rep o rt thym ocyte selection 

d u rin g  restriction to be  facilitated  through an  in te rac tion  betw een the  TCR 

on  the  surface of develop ing  thym ocytes and  M H C  pro teins presen ted  o n  

cortical cells (Sprent, 1978; M arrack et al., 1988; Z uniga-Pflucker e t al., 1989; 

Sha e t al., 1988; Teh e t al., 1988; Berg et al., 1989; K aye et al., 1989). A lthough  

the  thym ocytes partic ipa ting  in  this in teraction h av e  been  exam ined 

extensively , the characteriza tion  o f their strom al c o u n te rp a rts  is 

p re lim inary  at best. Thym ic nu rse  cells are  un ique  strom al cells found  in a 

m ultice llu lar com plex w ith  doub le  positive thym ocytes in  the  subcapsu lar 

reg ion  of the thymic cortex  (W ekerle and  Ketelson., 1980; W ekerle e t al., 

1980; A ndrew  et al., 1985). TNCs are unusual because they  are M HC class II- 

expressing  epithelial cells, a n d  have the capacity  to  in ternalize  aP  

TCR+C D 4+CD8+ thym ocytes in to  specialized cytoplasm ic vacuoles (Li e t 

al., 1992). Unique contact s truc tu res have been  sh o w n  to exist betw een the  

m em branes of enclosed thym ocytes and the  cy toplasm ic vacuoles (Philp  e t 

al., 1993). A lthough th e  function  of this in terac tion  rem ains unknow n, 

these da ta  suggest a  role for TNCs in the process o f thym ic education.

The results of our earlie r rep o rt show ed that TN Cs to b in d  20 % of the  

doub le  positive popu la tion  (Li e t al., 1992). T hat s tu d y  also revealed th a t
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b in d in g  an d  in ternalization  w ere  restricted to live cells, b u t 11% of 

cap tu red  thym ocytes d ie  w ith in  TNC cytoplasmic vacuoles (Philp e t al.,

1993). W hen double positive  thym ocytes w ere exam ined  in  cultures no t 

con ta in ing  TNCs, 80% of th e  cells d ie w ithin  48 hou rs. These results 

suggest th a t thym ocyte d ea th  is reduced as a function o f the  TNC 

in teraction . In this s tud ies rep o rted  here, w e developed  tem perature  

sensitive  lines to verify th a t con tact betw een the TN C an d  its in teractive 

doub le  positive subset is req u ire d  for survival d in in g  th is  stage of 

developm ent. A t 38°C, tsTNC-1 cells do not b ind  thym ocytes and  99.5% of 

the thym ocytes die after 4 day s in  culture (Fig. 3). O n  the o ther hand, 

apop tosis was show n to be reduced  in the TNC- in teractive  thym ocyte 

p o p u la tio n  at 32°C. TNC rescue  w as consistently de tec ted  in  all of the 

assays reported in this s tu d y  (See Figures 3, 5, 6 and  7). A  subset of the 

thym ocytes rem ained v iab le  th roughou t the incubation  period  in cu ltu res 

con ta in ing  tsTNC-1 a t 32°C , the  tem perature at w h ich  thym ocyte b ind ing  

an d  in ternalization  w as observed  (Fig. 3B). For these  reasons we believe 

TN Cs have the ability  to se lect a subpopulation  of thym ocytes to continue 

the  developm ental process, w hile  selecting another su b se t to die th rough  

the process of apoptosis. T hese d a ta  are consistent w ith  stud ies that repo rt 

positive  an d  negative selection  to occur w ith in  the sam e thym ic of 

apop tosis . These d a ta  are consisten t w ith studies th a t rep o rt positive and 

negative  selection to occur w ith in  the sam e thym ic stro m al epithelial cell 

type (H ugo et al., 1994). O u r results also support the  p roposed  idea tha t 

clonal deletion can occur a t an y  tim e during  the do u b le  positive stage, and  

need  n o t follow positive selection  (Spain and  Berg, 1992).

The characterization o f the  TN C -bound doub le  positive  subset 

show s b ind ing  to be restric ted  to the im m ature TCRJo w  P N A r ^ i g h .
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expressing phenotype (Fig. 6 ,7). The viable thym ocytes released from this 

in teraction  m aintained th e ir double  positive pheno type  b u t expressed cell 

surface TCR and PN A r levels indicative of a  shift to a  m ore m ature 

pheno type  w ith in  the doub le  positive stage. Previous repo rts show ed 

doub le  positives to be hom ogeneously  high expressors of the  PNAr, and 

the sw itch  to the PNAr*o w  pheno type to occur u p o n  transition  to the 

single positive phenotype (Bendelac e t al., 1992). O ur d a ta  show  a decrease 

in  the PN A r expression level to occur w ithin the doub le  positive  w indow . 

Also, rescued thym ocytes expressed  high levels of cell surface CD4 and CD8 

(Fig. 3). H igh level expression of bo th  CD4 and CD8 can  be in terpreted two 

w ays. E ither the in teraction  w ith  TNCs induces high  level expression of 

CD4 and  CD8, or thym ocytes that express high levels o f CD4 an d  CD8 are 

selectively rescued. The resu lts of the  experim ent repo rted  in Figure 3 

show  the initial T N C -interactive double positive subset to express lower 

levels o f bo th  CD4 and  CD8 w hen  com pared to the rescued  population. 

These d a ta  support the idea  tha t the thym ocyte/TN C  in teraction  results in 

a sh ift o f the rescued subset from  CD 4l°wCD8^ow  cells to the 

C D 4^ighC D 8^igh phenotype. In  either case, rescue w as show n to be 

associated w ith  a shift to th e  TCRin t PNAr^ow  pheno type  a long  w ith high 

level expression of bo th  CD 4 and  CD8. The thym ocyte in teraction w ith 

TNCs appears not to p ro v id e  the stim uli required for the  sh ift to the single 

positive stage of developm en t concom itant w ith  h igh  TCR expression 

levels, how ever, the sw itch  to the TCRm t phenotype in  the rescued 

popu la tion  is indicative of positive  selection (Ohashi e t  al., 1990). Upon 

closer exam ination, it ap p ea rs  th a t cultures containing tsTNC-1 cells a t 

32oC produce  an increased nu m b er of both CD4 and CD8 single positives.

If th is represents an  actual sh ift from  double positives to single positives,
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the  ratio  of viable double  positives to single positives w ith in  th is  closed 

system  w ou ld  decrease over tim e in  com parison  w ith  th a t o f con tro l 

cu ltu res. H ow ever, a com parison o f  th e  percentage of viable thym ocytes 

w ith in  each  pheno type  q uad ran t reveals th a t the ratio o f d o u b le  positives 

in  tsTNC-1 cu ltu res a t 32°C rem ains rela tively  unchanged from  48 to  96 hrs. 

(Figs 3A,3B). By d ay  4, the ratio of doub le  positives to single positives 

decreased  drastically  in  control cu ltu res  as a result of d ea th  w ith in  the  

doub le  positive  population . W e in te rp re t these da ta  to m ean  th a t the  

appearance  of single positives in  tsTNC-1 cultures a t 32oC resu lted  from  a 

fixed n u m ber of so rted  double positive  thym ocytes that w ere  p rese lec ted  to 

sh ift in vivo. The size of the single positive  thym ocyte p o p u la tio n  reflects 

the  longevity  of all rescued thym ocytes an d  not an  in vitro sh if t from  

doub le  to single positives. Further, single positive thym ocytes a re  n o t 

found  w ith in  the TNC complex (Li e t al., 1992).

Positive selection involves the T C R /M H C  interaction (Berg e t al., 1989; 

M arrack et al., 1989; Sha et al, 1988; Spren t, 1978; The e t al, 1988; Z uniga- 

Pflucker et al., 1989). We show ed p rev iously  that antibodies to  M H C class I 

or class II an tigens d id  not interfere w ith  the TNC b ind ing  activ ity  (Li e t al, 

1992). These sam e an tibody p rep a ra tio n s w ere show n to in h ib it the  TNC 

rescue activ ity  (Fig. 4). We believe these  results to m ean th a t n a  in teraction 

betw een  the TCR and  the M HC is req u ired  for TNC rescue ac tiv ity  b u t  not 

for the b in d in g  of thym ocytes to thym ic nu rse  cells. Such a m o d e l h as been 

p ro p o sed  for o ther cortical ep ithelial cells th a t require in teg rin s for b ind ing  

of doub le  positive thym ocytes to facilitate the  TC R /M H C  in terac tion  

(Salom on et al., 1994).

In conclusion, o u r in vitro m odel system  has been used  to sh o w  th a t 

thym ocytes b ind ing  to TNCs is req u ired  for rescue from  p ro g ram m ed  cell
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death . Rescue involves an  interaction be tw een  th e  TCR on dev elo p in g  

thym ocytes an d  the  M H C  antigens on  TNCs. We also show  th a t w ith in  the  

TN C -interactive p o p u la tio n , there a re  b o th  viable and apoptotic 

thym ocytes. F inally , a  subset o f the su rv iv in g  thym ocytes m atu res w ith in  

the double positive  w in d o w  of developm ent.
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Figure 1. The C haracteristics of tsTNC-1 Cells
Scanning electron m icrograph  o f tsTNC-1 cells a t  (A) 32°C / and  (B) 38°C .
(C) G row th  curve. TsTNC-1 cells w ere seeded  a t  1 X 10^ cells per 35-m m  
plate and  m ain tained  a t e ither 32°C or 38°C. Cells w ere  trypsin ized  a n d  
counted  a t 24 h o u r in tervals. Each point rep resen ts a n  average of three 
plates.
(D) N orthern  Blot A nalysis of Large T Ag E xpression. TsTNC-1 cells g ro w n  
at 32°C, Lane 1, tsTNC-1 cells shifted to 38°C  for 24 hou rs, Lane 2, 48 h ou rs, 
Lane 3, 72 hours, Lane 4, an d  96 hours, Lane 5. The b lo t w as then  s tr ip p ed  
and  rehybrid ized  u s in g  an  actin  probe as a con tro l for RN A  concentration.
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Fig. 2. B inding A ssay
(A) M onolayers of tsTNC-1 cells g row n a t 32°C and 38°C w ere  incubated 
overnight w ith  2 X 10^ freshly isolated thymocytes. U nbound  thym ocytes 
were recovered an d  counted. The percentage of bound  cells w as determ ined 
as a function o f the  rem aining thym ocyte population.
(B) A transm ission  electron m icrograph  of a freshly iso lated  thym ocyte 
internalized in to  the  specialized cytoplasm ic vacuole of a thym ic nurse cell 
after an overn igh t incubation a t 32°C. M agnification: top m icrograph 10,000 
X, bottom  m icrograph  20,000 X.
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Fig. 3. C o-incubation Experim ents
Freshly isolated thym ocytes w ere stained w ith  an tibodies aga in st CD4 an d  
CD8 and  sorted  to a  p u rity  of over 97%. 5 X 10^ so rted  thym ocytes w ere  
incubated w ith  2 X 10^ tsTNC-1 a t 32°C o r 38°C , o r  w ith  2 X 10^ 3T3 cells. 
C ocultures w ere m ain tained  for either 48 hours (A), o r 96 ho u rs  (B) a t the 
app rop ria te  tem perature  before FACS reanalyses o f recovered thym ocytes. 
The num bers w ith in  the h istogram  represen t the percentage o f th e  to tal 
num ber of cells in  that q u a d ra n t or gate. The first h istogram  o f each  set 
d isplays the gates for v iab le  thym ocytes, the m id d le  h istogram  show s the  
C D 4/C D 8 profile of gated  viable thym ocytes, a n d  the  third h istog ram  show s 
C D 4/C D 8 stain ing  of the  to ta l thym ocyte popu lation .
(C) O verlays of C o-incubation Data
The results obtained  from  four day co-incubation experim ents p resen ted  in 
Figure 3B w ere  used to com pare the C D 4/C D 8 cell surface expression  levels 
on  thym ocytes recovered from  tsTNC-1 cu ltu res a t  32°C  w ith  those  of 
thym ocytes obtained from  cocultures w ith  3T3 cells a t 32°C (panel 1), 
tsTNC-1 cells a t 38°C (panel 2) or freshly isolated thym ocytes (panel 3).
Panel 3 is a histogram  o f freshly  isolated thym ocytes stained w ith  CD4 and  
CD8. The rectangular ga te  w ith in  q uad ran t 2 w as se t a round  rescued  double 
positive thym ocytes cocu ltu red  w ith tsTNC-1 cells a t 32°C for 4 d ays (Fig. 
3B). 20.5% o f the freshly isolated thym ocyte p o p u la tio n  show  th e  
equivalen t h igh  level expression of CD4 and  CD8.
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Fig. 4 The effect o f  class I or class 11 MHC antibodies on thymocyte rescue. Thymocytes were rcsuspended at 
5x10“ cells/ml and CD4 CDS double positive thymocytes were sorted using a FACS Colter (model Elite) as described 
above. Sorted thymocytes (5 x 10“) were incubated with 2 x 105 tsTNC-1. Co-cultures were maintained for 48 hrs. at 
32CC without antibody (A), or with antibody to (B) rat IgG. (C) H2Kbor(D) tah before analysis for viability using FACS 
forward scatter. The numbers represent the percentage o f cells under the viable gale.

A1 2 3 4 5 B 1 2 3 4 5 6 7  1 2 3 4 5 6 7

24 Hrs. 48 Hrs.
Fig. 5 DNA fragmentation assay. A) DMA recovered from TNC-adherenl thymocytes after co-incubation for 4 
days with tsTNC-1 cells at 32°C. Thymocytes were FACS-sorted into viable and non-viabie populations before 
analysis using the DNA fragmentation assay. Lane 2: freshly isolated thymocytes treated for 2 hrs. with 10 mM 
hydrogen peroxide. Lane 3: freshly isolated thymocytes. Lane 4: viable double positive thymocytes obtained from 4 
day cultures with tsTNC-1 cells at 32°C. Lane 5: non-viable double positive thymocytes obtained from 4 day cultures 
with tsTNC-1 cells at 32°C. B) Fragmentation analysis of DNA isolated from bound versus unbound fractions after 
24 or 48 hrs. FACS-sorted double positives were exposed to monolayers of TNCs or 3T3 cells as described in the 
coculture section o f  the Materials and Methods. The bound thymocyte subset remained attached to TNCs after three 
washes with PBS. The unbound fractions collected in the wash were pooled before analysis, and the bound fraction 
was obtained only after vigorous shaking. Lane 2: freshly isolated thymocytes treated for 2 hrs. with 10 mM hydrogen 
peroxide. Lane 3: freshly isolated thymocytes. Lanc4: bound thymocytes recovered from tsTNC-1 cells at 32°C. Lane 
5: unbound thymocytes recovered from tsTNC-l cells at 32°C. Lane 6: thymocytes collected from lsTNC-1 cells at 
38°C. Lane 7: thymocytes collected from 3T3 cells at 32°C. Lane I contains the molecular weight marker for each gel.
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Fig. 6. Cell su rface  a(3 TCR Expression
(A) Freshly iso la ted  thym ocytes w ere exposed to m onolayers o f tsTNC-1 
cells for 2 hours. N onadheren t thym ocytes w ere  rem oved afte r w ash in g  
w ith  PBS and  th e  b o u n d  population w as recovered  and analyzed  for a(3 TCR 
expression after a  2 h o u r incubation period  o r afte r 2 days in  cu ltu re . The 
TCR expression level obtained from  these sam ples w ere co m pared  to th a t 
detected o n  fresh ly  isolated thym ocytes and  thym ocytes recovered  from  
cocultures w ith  CO S7 cells.
(B) A n overlay o f  the  TCR expression level on  freshly isolated thym ocytes 
and  thym ocytes b o u n d  to TNCs after 2 hours.
(C) An overlay  o f  the  TCR expression level o n  freshly isolated thym ocytes 
and thym ocytes from  TNC cocultures after 2 days.
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Fig. 7. Cell Surface C haracteristics o f Rescued Thym ocytes
(A) PNArtogh thym ocytes w ere  sorted  using a  FACS. 5 X 10^ sorted  
thym ocytes w ere incubated  w ith  2 X 10^ tsTNC-1 an d  allow ed to bind. 
U nbound cells w ere  rem oved  by  w ashing. The rem ain ing  thym ocytes w ere  
recovered an d  analyzed for initial b inders (2 hours) o r after 72 hours a t  
32°C. C ontrol cu ltu res con ta ined  no TNCs.
(B) CD69low thym ocytes w ere  sorted  using a FACS. 5 X 10^ sorted  thym ocytes 
w ere incubated w ith  2 X 10^ tsTNC-1. Thymocytes w ere  recovered an d  
analyzed after 2 hours o r 72 hours a t 32°C. T N C -adherent thym ocytes w ere  
analyzed  for HSA expression  levels using a  FACS after 2 h o u rs  o r 72 h o u rs  a t 
32°C.
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Abstract

A tem p era tu re  sensitive line o f thym ic nurse cells (tsTNC-1) th a t m aintains 

the ab ility  to selectively in ternalize  im m ature a(3TCRloC D 4+C D 8+ thym ocytes 

in vitro w a s  u sed  in long term  co-incubation experim en ts to de term ine  n u rse  

cell function  d u rin g  the process o f M H C restriction. The thym ocyte subset 

released from  its association w ith  TNCs contained bo th  v iab le  and  apopto tic
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cells. T he cells th a t rem ained w ith in  intra-cytoplasm ic vacuoles d ied  th ro u g h  

the p rocess of program m ed cell death . Surviving or rescued thym ocytes in  th e  

released p o p u la tio n  displayed a n  increase in  Bcl-2 p ro tein  expression. The 

rescue ac tiv ity  of TNCs w as drastically  reduced  w ith  the a d d itio n  of an tibod ies 

against e ith e r class I or class II M H C antigens to cocultures. A  subset o f the 

T N C -rescued population  m atu red  from  the aPTCRIoCD 69' p h eno type  to 

apTC R h,CD 69+-expressing cells on ly  w h en  IL -ip was ad d ed  to  cocultures.

These resu lts  suggest that TNC rescue  o f early  double positive  thym ocytes 

from  ap o p to s is  is associated w ith  an  in teraction betw een the  TCR and  the 

M HC a n d  the  onset of Bcl-2 expression . M aturation of thym ocytes w ith in  the 

T N C -rescued population  requires the  costim ulatory  effects o f IL-ip.

INTRODUCTION

T hym ic nurse  cells are u n u su a l because they con tain  u p  to tw o h u n d re d  

thym ocytes in  specialized vacuoles com pletely  enclosed w ith in  their 

cy toplasm ic m em brane (1, 2, 3). T he function  of this un ique  m ulticellu lar 

s truc tu re  is unknow n bu t several rep o rts  suggest tha t TNCs have a role in  the 

MHC restric tion  process during  thym ocyte  developm ent (4, 5, 6). S tudies of 

TNC function  have been problem atic because only about 10° cells can be 

isolated p e r  m ouse thym us and  m an y  TNCs lyse d u rin g  th e ir isolation, 

m aking  a conclusive identification o f the  TNC thym ocyte population(s) 

difficult. C urren tly , TNCs can on ly  be identified by  their m ulticellu lar 

s truc tu re , w hich  precludes experim ents designed  to s tu d y  com plex  form ation . 

TNCs a re  M H C class I and H positive  cortical epithelial cells th a t have been  

show n to h ave  antigen presenting  capabilities (6, 7, 8). U sing  TNC lines
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developed in  o u r  laboratory, w e p rev iously  described the in ternalization  

process a n d  have  show n a subset o f apT C R loCD4+CD8+ thym ocytes to  be  the 

interactive p o p u la tio n  (9, 10). Long te rm  co-incubation experim ents in  ou r 

laboratory revealed  that TNCs p roduce  viable and  apoptotic thym ocyte subsets. 

These d a ta  w ere  consistent w ith  stud ies th a t reported  the potential for bo th  

positive a n d  negative  selection to occur w ith in  the sam e thym ic strom al 

epithelial cell type  (11). It is im p o rtan t to no te  th a t m aturation  w ith in  the  

su rv iv ing  T N C  thym ocyte p o p u la tio n  h a s  y e t to  be dem onstrated.

The p resen ta tion  of self m olecules b y  M H C proteins expressed on  

specialized an tigen  presenting cells w ith in  the thym us is essential for 

thym ocyte m atu ra tio n  as well as the  dele tion  of self reactive clones. The 

m echanism  o f an tigen  presentation by  thym ic nurse  cells w as in itially  show n 

to be sim ilar to tha t of thymic m acrophages and  m edullary dendritic  cells (5).

A subsequen t repo rt show ed TNCs to requ ire  the lym phokine IL -ip  to 

facilitate effective antigen p resen ta tion  (6). A ntigen presenting  cells transm it 

their deve lopm en ta l signals via an  in terac tion  w ith  the aPTCR expressed  on 

the cell surface of developing thym ocytes (12, 13). It has been p roposed  that 

the exclusive engagem ent of the aPTC R  produces a signal for clonal 

inactivation, b u t additional in p u t from  co-stim ulatory m olecules m ay  a lter 

the signal a n d  resu lt in clonal activation  (6, 14, 15). The experim ents tha t 

dem onstra ted  the IL -ip  requirem ent for com plete TNC function w ere  

perform ed u sin g  IL-2 release from  m atu re  T cell clones as an  indication  of 

antigen specific activation (6). The ro le  of IL -lp in  thym ocyte d ifferen tiation  

was then a n d  continues to be im plied  by  these results b u t no t verified  

experim entally . Experim ental resu lts ob tained  in  this s tudy  su p p o rt prev ious 

reports w h ich  suggest that IL -ip is req u ired  for effective antigen p resen ta tion  

by TNCs d u rin g  thym ocyte developm ent. W e show  TNCs to be capable  of
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interacting w ith  im m atu re  a(5TCRl0C D 69' double  positive thym ocytes- A 

subset o f the  TN C-interactive popu la tion  w as rescued from  apoptosis an d  the  

rescue activity  w as show n  to be associated w ith  the onset of Bcl-2 expression. 

W ithin the TN C-rescued popu lation , a subset m atu red  to the  apT C R hiC D 69+ 

phenotype only  in  the presence of IL -ip . These data  suggest tha t TN Cs m ay  

provide signals required  fo r thym ocyte rescue an d  m atu ration  w ith in  the  

double positive stage of developm ent. W e p ropose that Bcl-2 expression is 

initiated th rough  the  thym ocyte in teraction  w ith  TNCs a t the  a^T C R 10 s tag e  of 

developm ent an d  tha t its expression m ay  be necessary to m ain tain  the 

viability of trip le  positive thym ocytes w ith  po ten tial for positive selection.

MATERIALS A N D  METHODS

Isolation o f Thymic Nurse Cells.

Thymi w ere rem oved from  2 w eek to  1 m on th  o ld  C57BL/6 mice. Thym ic 

nurse cells w ere isolated using  fetal calf serum  density  gradients as described  

by W erkele an d  Ketelson (1980). TN Cs w ere allow ed to release enclosed 

thym ocytes an d  to form  m onolayers before exposure to tsA58 (originally 

obtained from  Dr. P. Tegtm eyer) a t a  m ultip licity  of 10 PFU /cell a t 

approxim ately 5 X 104 c e lls /m l in  RPM I p lus 2 p g /m l polybrene. A fter an  

adsorption  period  of 30 m inutes, the cells w ere d ilu ted  w ith  grow th  m edia  an d  

m aintained in  cu ltu re  a t 32°C  before cloning by  lim iting dilution.

Transmission Electron Microscopy.

Freshly isolated thym ocytes w ere co-incubated w ith  a m onolayer of tsTN C- 

1 cells overnight. The u n b ound  thym ocyte popu lation  w as rem oved a n d  the
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rem ain ing  cells were fixed w ith  2% g lu teraldehyde m ad e  in  IX  phosphate  

buffered  saline (PBS) for 1 h o u r a t  4°C . The cells w ere  then  w ashed  tw ice 

w ith  IX  PBS, an d  treated w ith  th e  secondary fixative, 1% osm ium  tetroxide, a t  

room  tem pera tu re  for 30 m inu tes. The cells w ere rew ashed  in  IX PBS, 

rem oved  from  their surface a n d  pelleted . D ehydration  steps w ere done  in  

ascend ing  percentages o f e thy l a lcohol for five m inu tes, each  term inating  in  

th ree  10 m inu te  treatm ents in  100% ethyl alcohol. A  1:1 d ilu tion  of 100% 

e th y l alcohol an d  propylene ox id e  w as added  to th e  pelle t for 10 m inutes, 

follow ed by  a 30 m inute incubation  in 100% propy lene  oxide a t room  

tem pera tu re . The cell pellets w ere  then  transferred  to beam  capsules and  

incubated  in  a 1:1 d ilu tion of p ropy lene  oxide and  e p o n  812 resin for 1 h o u r a t  

room  tem peratu re , follow ed b y  a n  overn igh t incubation  in  100% resin  m ixed  

w ith  the polym erizer DMP-30. Each specim en b lock w as then  polym erized a t  

65°C  overn igh t.

The specim en block w as m o u n ted  in  the LKB MT-2 m icrotom e and 

sections w ere  obtained using  a b lad e  angle of approx im ate ly  3°. U ltra-thin 

sections w ere collected using  co p p er grids that w ere p re-w ashed  in acetone. 

T he sections w ere stained u sing  a heavy  m etal doub le  s ta in ing  technique 

w ith  5% u ran y l acetate an d  lead  citrate. The grids w ere  v iew ed  using  the 

Phillips 300 Transm ission E lectron M icroscope a t a  vo ltage  of 60V and  

p h o to g rap h s w ere taken using  K odak  Technical P an  film.

Rescue A ssay and FACS Analysis

Thym ocytes were isolated from  2 w eek to 1 m o n th  o ld  C57BL/6 mice and  

su sp en d e d  in  culture by  m echanical dispersion. T he cells w ere  w ashed once 

w ith  G ey's Com plete Salts so lu tio n  to rem ove ery th rocy tes a n d  then  sta ined  

w ith  b o th  anti-CD4 PE and  anti-C D 8 FITC (Boehringer M annheim ) in
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p rep ara tio n  for FACS sorting. T hym ocytes w ere resuspended  a t  5 X 106 

ce lls /m l 3H  and  CD4 CD8 double  positive thymocytes w ere  sorted  (> 97 % 

pure) u s in g  a C olter Epics Elite (m odel F09102). 5 X 106 so rted  thym ocytes w ere 

incubated w ith  2 X 105 tsTNC-1 cells, o r  3T3 cells for e ither 48 o r 96 hours a t the 

ap p ro p ria te  tem perature. A fter incubation  the thym ocytes w ere  rem oved and  

w ashed th ree  tim es w ith RPMI, a n d  analyzed for viability  using  forw ard
L L

versus s id e  scatter. The cell surface phenotype for aPTCR, CD69, H 2 and  la 

an tigens w ere  also determ ined u s in g  the FACS. For the  inh ib ition  studies, 

an tibody  a n d  thym ocytes w ere a d d e d  sim ultaneously. A ntibody  preparations 

were a d d e d  daily  in  concentrations identical to those used  for staining. 

E xperim ents designed exclusively to  exam ine TN C -interactive thym ocytes 

were p e rfo rm ed  using thym ocytes th a t rem ained bound  to TNCs after 

v igorous w ash ing .

Proliferation A ssay

The experim en tal group consisted  of an  equal concentration  o f fresh 

unso rted  thym ocytes cu ltu red  in  flasks containing a m onolayer o f tsTNC-1 

cells. T he TNCs w ere grow n o v ern igh t a t a  concentration of 1 X 105 cells/flask . 

Each tim e p o in t consisted of th ree  flasks. After 3 hours o f co-incubation all 

unbound  cells in  suspension w ere  rem oved  w ith  careful w ashes. A t the end  

of each incubation  period b ound  cells w ere rem oved w ith  v igorous w ashes
6 3and coun ted . 1 X 10 cells w ere labeled  p e r sam ple w ith  5 fil o f H -thym id ine. 

Control sam ples consisted o f thym ocytes alone in culture. Three replicate
■j

flasks w ere  p repared  for each set o f  conditions. H -thym idine w as added  to 

three flasks an d  w ashed im m ediately  as a control for background  counts. To 

each sam p le  5 m l of scintillation flu id  w as added  and  resuspended  well.

Counts p e r  m inu te  were ob tained  u sing  a Wallac Rack Beta counter.
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Proliferating Cell Nuclear Antigen (PCNA) Experiment

For each tim e period  freshly isolated thym ocytes (1 X 106 ce lls /m l) w ere 

added  to m onolayers of tsTNC-1 cells (1 X 105 cells/flask). All u n b o u n d  

thym ocytes w ere  rem oved w ith  carefu l w ashes after 3 hours. The rem ain ing  

cells w ere co-incubated for 12, 24 or 48 hours. A t the end of each incubation  

period thym ocytes w ere rem oved an d  sta ined  w ith  anti-Proliferating Cell 

N uclear A ntigen  (PCNA). Briefly, cells w ere  collected and  w ashed  once w ith  

IX PBS. Cells w ere  then  fixed on ice u sin g  IX  PBS containing 2% 

parafo rm aldehyde for 1-2 hours. Cells w ere w ashed w ith  IX PBS a n d  pelleted. 

Fixed cells w ere  resuspended  in 2 ml o f perm eabilization m ed ium  for 10-15 

m inutes on  ice. Perm eabilization m ed iu m  consisted of 5 mM  H epes a t  a  pH  

7.5, 150 m M  N aC l, 4% PBS and 0.1% T riton  X-100. Cells w ere s ta ined  for 1-2 

hours on  ice in  200 p i of IX PBS con tain ing  RNase A (0.5 m g /m l)  a n d  anti- 

PC N A -fluorescein conjugated at a concentration  of 1:100. Cells w ere  w ashed  3 

times and  analyzed  using  the FACS. T he controls consisted of thym ocytes 

incubated alone a t a  concentration of 1 X 106 cells/m l and thym ocytes isolated 

the day  of the FACS analysis.

Bcl-2 Staining

For each tim e period  freshly isolated thym ocytes (1 X 106 c e lls /m l in  5 ml) 

were added  to m onolayers of tsTNC-1 cells (1 X 105 cells/flask). A ll u n bound  

thym ocytes w ere  rem oved w ith carefu l w ashes after 3 hours. T he rem ain ing  

cells w ere co-incubated for the app rop ria te  tim e. Thymocytes ob ta ined  from  

these cocultu res w ere  w ashed three tim es w ith  IX PBS prior to sta in ing , and  

spun  a t 3000 rp m  in a table top centrifuge. The cells w ere then  p laced  o n  ice in 

the residual vo lum e o f PBS. Cells w ere  resuspended in  1 m l of ice cold
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stain ing  buffer [SB] (1% BSA, 0.1% sapon in  in  IX  PBS, pH  7.4) an d  in cu b a ted  

for 15 m inutes on  ice. The sam ples w ere s p u n  a t 3000 rpm  in  a tab le  top  

centrifuge before rem oving  SB. A gain the  cells w ere resuspended  in  re s id u a l 

volum e. A nti-Bd-2 an tibody  (3F11 at 1 p i /  106 cells) was added  an d  in cu b a ted  

w ith  cells for 45 m inu tes o n  ice, m ixing cells every  10 m inutes. The cells w ere  

w ashed 3 tim es in  SB before add ing  the  F1TC conjugated secondary an tib o d y  

(1:1000 d ilu tion  of an ti-ham ster F1TC) a n d  incubated  for 45 m inu tes o n  ice. 

Finally, the  sam ples w ere  w ashed 3 tim es in  SB follow ed by 1 w ash  w ith  1% 

BSA in IX PBS an d  resuspended  in  1 m l IX  PBS for FACS analysis.

TUNEL Assay

The TUNEL assay w as perform ed accord ing  to the "In Situ Cell D ea th  Kit, 

AP" by Boehringer M annheim . T N C /th y m o cy te  com plexes w ere  w a sh e d  w ith  

IX PBS and  fixed w ith  4% paraform aldehyde an d  0.1% Triton X-100 o n  ice for 2 

m inutes. 5 p i of TdT an d  45 pi of fluorescein-labeled dUTP w ere a d d e d  to  the  

sam ple and  incubated  a t 37°C for 60 m inu tes. The sam ples w ere w ash ed  w ith  

IX  PBS before analysis w ith  a fluorescence m icroscope. The sam ples w ere  

then treated  w ith  50 p i of anti-fluorescein a n tib o d y  conjugated w ith  a lka line  

phosphatase. After the  substrate reaction, th e  cells w ere analyzed w ith  a ligh t 

m icroscope. A poptotic  thym ocytes inco rpora ted  the stain  in the  nuc leus. O n 

slides, in ternal contro ls w ere  the nuclei o f th e  unsta ined  thym ocytes a n d  th a t 

o f the TNC. The sam ples w ere p repared  o n  slides for v isualization w ith  a 

fluorescence m icroscope o r in  suspension  fo r analysis using the FACS.
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RESULTS

Internalization and Rescue o f  a f}T C R +Double Positive Thymocytes

W e have  previously  d em o n stra ted  that ou r tem p era tu re  sensitive SV40- 

tran sfo rm ed  thymic nu rse  cell lines m aintain the  ab ility  to  bo th  b ind and  

in te rnalize  a  subpopulation  o f the  aPTC R loCD4+CD8 thym ocytes a t 32°C b u t 

n o t a t 38°C  (16). A  transm ission  electron m icrograph o f apT C R + doub le  

p o s itiv e  thym ocytes in te rnalized  in vitro at 32°C by  a  cell of the  tem pera tu re  

sen sitiv e  line tsTNC-1 is sh o w n  in  Fig. 1A. To de te rm ine  the developm ental 

fu n c tio n  of the thym ocy te /T N C  interaction, co-incubation  experim ents w ere  

p e rfo rm ed  using  FACS-sorted doub le  positive thym ocytes. D ouble positive 

thym ocytes w ere sorted to a p u r ity  of over 97% and p laced  o n  m onolayers of 

tsTNC-1 cells at either 32°C o r 38°C , and  reanalyzed afte r 48 o r 96 hours u sin g  

fo rw ard  versus side scatter to de term ine  viability (Fig. IB). Survivors w ere 

sp a rse  in  control sam ples afte r 96 hours of cu lture (3% viability  of thym ocytes 

w ith  3T3; 0.7% viability w ith  tsTNC-1 a t 38°C) b u t a relatively  high frequency 

of v iab le  cells was detectable in  sam ples grow n at 32°C  in  the presence of 

tsTNC-1 cells (43% viability). In  a prev ious study, w e show ed  that 

app rox im ate ly  20 % of all doub le  positive thym ocytes b in d  TNCs. A ssum ing 

d o u b le  positives m ake up  85 % o f the  total thym ocyte population , 20 % b in d  

an d  40 % of those rem ain viable, then  only abou t 6.8 % o f the total p o p u la tio n  

o r 8 % of the  double positive p o p u la tio n  rem ain viable after incubation w ith  

TN C s.

Selection during  M HC restric tion  involves an  in terac tion  betw een the 

aPT C R  and  MHC antigens (12, 13). A n earlier s tu d y  revealed  that antibodies 

ag a in st M H C class I a n d /o r  class II antigens do  no t in terfere w ith  the b ind ing  

p rocess betw een double positive  thym ocytes and  TN Cs (10). To determ ine
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w hether a n  interaction betw een th e  a|3TCR and MHC an tigens is required  for 

the rescue activity  described above, an tibodies against bo th  M H C antigens w ere 

used in  lo n g  term  T N C /thym ocyte  cocultures. Before cocu ltu re , the  level of 

expression o f class I a n d /o r  class II M HC by tsTNC-1 cells w as analyzed  (Fig. 

2A). H ig h  level expression of bo th  M HC class I a n d /o r  class II an tigens w as 

detected o n  the cell surface tsTNC-1 cells. These sam e an tibody  preparations 

w ere th en  u sed  in long term  co-incubation  experim ents to de te rm ine  their 

effect o n  T N C  rescue activity. As seen  in  Fig. 2B, the percen t rescue w as 

drastically  reduced  in tsTNC-1 cu ltu res a t 32°C containing an tibod ies against 

either class I o r class II determ inants. Rescue was reduced to  a g reater extent 

w hen an tibod ies to both class I a n d  class II antigens w ere u sed  sim ultaneously.

Since th e ir discovery in 1981, TN C thym ocytes have been  described as 

p ro life ra ting  cells w hen analyzed from  in vivo p reparations (1, 2). To 

determ ine  the  cell cycle status of th e  TNC-interactive thym ocyte  popu lation  in 

our in vitro system , we perform ed proliferation  assays u sing  H -thym id ine .

Fig. 3A dem onstra tes that there is a subset of dividing cells am ong  freshly 

isolated thym ocytes and the popu la tion  of cells that b ind  thym ic nu rse  cells as 

ev idenced b y  the com parable levels o f ^H-TdR CPM observed  a t 3 hours. W ith 

increasing  tim e in  culture the T N C -interactive population  con tinues to 

p ro liferate  w hile  thym ocytes alone d id  not. This observation  is fu rther 

su p p o rted  b y  the relative increase in  the num ber of PCNA expressing  

thym ocytes in  the  TNC containing cu ltu res over tim e (Fig. 3B). PC N A  is 

activated a n d  required during  D N A  replication (24). T aken alone the change 

in PC N A  expression  could represen t an  increase in the n u m b er of d iv id ing  

cells. H ow ever, given that the 3H -T dR  up take  rem ains c o n stan t th roughou t 

the course  of the  experim ent the m ore  likely in terpretation  is th a t TNCs
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prevent the dea th  o f the proliferating CD4+ CD8+ thym ocytes w hile  the  

nond iv id ing  cells die.

Apoptosis o f TNC-Thymocytes

Both live and  d ead  double positive thym ocytes have been detected  w ith in  

TNC vacuoles (10, 17). In those earlier s tu d ies , apoptosis w as defined  using  

p rop id ium  iodide, DN A  fragm entation la d d e rs  o r m icroscopic pheno typ ic  

characteristics (chrom atin  condensation) as m arkers for death . N one  o f these  

m ethods are  defin itive assays for de te rm in ing  apoptotic death . W e u sed  the 

new ly developed  TUNEL assay, w hich re su lts  in  term inal deoxynucleo tidy l 

transferase-m ediated  labeling of DNA w ith  num erous strand  breaks as a n  

indication of apoptosis. W hen the in te rnalized  population  w as exam ined  

after an  overn igh t incubation, both viable a n d  apoptotic thym ocytes w ere  

detected (Fig. 4A and  B). The internalized p o p u la tio n  was analyzed  a t 24 h o u r 

intervals for 96 h o u rs  (Fig. 4C-F). W ith increasing  time in culture, apop to tic  

thym ocytes w ith in  the  specialized TNC vacuoles began to lyse u n til the 

structure  of in tact cells w as no longer d iscernible. DNA fragm ents released  

from lysed thym ocytes were then detected in  a linear arrangem ent w ith in  the 

cytoplasm  of the TNC indicating total d estruc tion  of enclosed thym ocytes and  

release from  the specialized TNC vacuoles (Kg- 4F).

We then  used  the  TUNEL assay to exam ine cocultured thym ocytes released 

from their association w ith  tsTNC-1 cells. U n like the experim ent rep o rted  in 

Fig. 4, w hich  only  exam ined the T N C -in tem alized  population, th is 

experim ent w as designed  to analyze the effect of coculture on  the en tire  TNC- 

interactive population . FACS-sorted d o u b le  positives were exposed  to 

cocultures as described above in Fig. 1. A fter a three hour b ind ing  period , 

unattached  thym ocytes w ere rem oved. T he  thym ocytes rem ain ing  in
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suspension  after 3 days w ere  reanalyzed using  th e  TUNEL assay an d  FACS 

analysis. Fig. 5A show s apoptosis to be g reatly  reduced  in  the T N C -bound 

fraction a t 32°C w h en  com pared  to the p o p u la tio n  recovered from  tsTNC-1 

cu ltu res g row n  a t 38°C , the tem perature a t w h ich  b ind ing  does no t occur, an d  

in  control 3T3 cocultures.

Bcl-2 Expression in TNC-interactive Thymocytes

To determ ine  the  rela tionsh ip  betw een the  thym ocy te/T N C  in te rac tion  a n d  

Bcl-2 expression, w e ana lyzed  thym ocytes o b ta in ed  from  co-incubations a fte r 

sta in ing  w ith  3F11 an tibody  (Fig. 6). Bcl-2 expression  w as detectable in  a  subset 

o f the  TN C -bound p o p u la tio n  w ithin  24 hou rs (6.7%) o f culture. A t 72 hou rs, 

m ost of the viable thym ocytes cocultured w ith  tsTNC-1 cells a t 32°C  express 

the  Bcl-2 p ro te in  (50.7%). Recent studies su g g est th a t the expression o f Bcl-2 

perm its  increased longev ity  of developing thym ocytes b u t cannot o v e rrid e  

negative selection (18). W e analyzed thym ocytes released from the TN C 

in teraction  for bo th  Bcl-2 expression and  apop to sis  u sing  the TUNEL assay  

(Fig. 5B). The results o f th is experim ent show  a  subset of the BcA2 expressing  

popu la tion  to be TUNEL positive as well (Fig. 5B, q u ad ran t 2).

Cell Surface Phenotype o f  Rescued Thymocytes

TNC interactive thym ocytes w ere exam ined to determ ine the effect o f th is 

activ ity  on  thym ocyte differentiation. Because an tib o d y  treatm ent of d o u b le  

positive  thym ocytes w ith  CD4 results in an  increased  expression of cell surface 

TCR, TN C-interactive doub le  positive thym ocytes w ere selected as a  function  

of their b ind ing  capacity  (19). Bound thym ocytes w ere recovered after a n  

in itial b ind ing  period  o f 3 hours and  com pared  w ith  those collected from  48 

h o u r  cultures. A nalysis of the  thym ocytes b o u n d  to TNCs at 32°C sh o w ed  the
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initial b in d in g  phenotype to be restric ted  to the a(3TCRIoC D 69' double  positive 

p o p u la tio n  (Fig. 7). A t 48 h ou rs, a  shift to the aPTCRmt p h en o ty p e  was 

de tected  in  the rescued p o p u la tio n  o f tsTNC-1 cultures a t  32°C  (Fig. 7A). A n 

in te rm ed ia te  increase in  CD69 expression levels was also detected  (Fig. 7B). 

H ow ever, aPTCRhiCD69hl cells w ere  no t observed. As s ta ted  above, a previous 

s tu d y  reported  TNCs to be deficient for complete an tigen  p resen ta tion  alone, 

b u t the deficiency could be corrected in  the presence of the  cytokine IL-lp (6). 

U sing  identical experim ental cond itions described above w ith  the  add ition  of 

IL -ip , a  subset of aPTCRw (Fig. 7A) an d  CD69hl (Fig. 7B) thym ocytes w ere 

clearly  visible at 48 hours in  TNC. Thym ocytes w ith  in te rm ed iate  to h igh 

expression  levels of both  the apTC R  (Fig. 7C) and  CD69 (Fig. 7D) w ere 

detectab le  w ith in  freshly iso la ted  TNCs as well.

DISCUSSION

The resu lts of the data  rep o rted  here  suggest that TNCs p lay  a role in the 

process of thymic education . A n  increased viability o r rescue from  

p ro g ram m ed  cell death  w as detected  in  the TN C-interactive thym ocyte 

popu la tion . The surv iv ing  p o p u la tio n  w as show n to be pro liferative (Fig. 3). 

U sing  the TUNEL assay, it w as show n  that the death  of TN C thym ocytes 

resu lts specifically from  the process o f apoptosis (Fig. 4 a n d  5). Thym ocytes 

th a t w ere  n o t released from  the  specialized TNC vacuoles becam e apoptotic 

w ith  tim e. These cells w ere  destroyed  and the cellular fragm ents appeared  to 

be d igested  w ithin TNCs by  a y e t to be described m echanism . These data  are 

consisten t w ith  earlier repo rts w hich  suggest that TNCs have  the ability to 

m ain ta in  o r increase the v iab ility  of a  subset of its in teractive thym ocyte
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population , w h ile  selecting another su b se t to die th rough  the process of 

program m ed cell death  (16).

A lthough earlier studies show ed TN Cs to  be capable of ex tend ing  the life of 

a subset of its in teractive population, this activity w as no t associated w ith  cell 

surface changes indicative of positive  selection (16). Positive selection is 

defined by  a n  in teraction betw een the  TCR and  the M HC th a t allow s 

lym phocytes to  continue differentiation (11, 12). Here, w e show ed  the  TNC 

rescue activ ity  to  involve an in teraction betw een the  TCR a n d  the  M H C (Fig. 

2). In the absence of IL-ip, rescue w as detectable, bu t su rv iv ing  thym ocytes 

m aintained th e  im m ature a(iTCRloC D 4+CD 8+CD69~ pheno type (16). It is clear 

from these d a ta  th a t the rescue activity  of TNCs does no t requ ire  IL -ip. D uring 

this IL -ip -independen t interaction, rescued  thym ocytes began  to express the 

Bcl-2 p ro te in  (Fig. 6). The num ber of Bcl-2 expressing cells increased w ithin  

the rescued p o pu la tion  for up  72 hours of culture. These resu lts d raw  a strong 

correlation betw een  Bcl-2 expression and  the rescue activity o f  tsTNC-1 cells.

In an  earlie r report, IL -ip-independent survivors w ere sh o w n  to express 

high levels of bo th  CD4 and CD8 (16). CD4hlCD8hl expressing cells have been 

show n by  o thers to be associated w ith  increased viability (11, 20). A 

CD4h,CD 8h,Bcl-2+ thym ocyte subset w as show n to exist in  the norm al m ouse 

thym us, b u t th e ir  developm ental po ten tia l rem ains unclear (21). S tudies of 

this transitional phase  during  the doub le  positive w indow  o f developm ent, 

from low  th ro u g h  the interm ediate stage to h igh level expression  of the 

aPTCR, have been  difficult to perform  in vitro because it is accom panied  by 

m assive cell d ea th , antibodies to the aPTC R  alone induce the  sh ift to the 

aPTCRhl pheno type , and  only the aP T C R hl popu lation  have developm ental 

potential in  cu ltu re  (22). Analyses o f th is transitional phase h ave  been  

im proved recen tly  using  thymocytes isolated from bcl-2 transgenic m ice (23).
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W hile thym ocytes isolated from  norm al an im als die quickly in  cu ltu re  

(w ithin 48 hours), so rted  double positive  subsets isolated from  bcl-2 transgenic 

mice rem ained  viable from  4 to 6 days in  cu ltu re  (a lifespan th a t is equ ivalen t 

to that found  in  association w ith tsTNC-1 cells in culture, ref. 16). A 

com parative s tu d y  o f the in vitro d ifferen tiation  potential of aP T C R 10 and  

ot(3TCRhi d oub le  positive subsets iso lated  from  bcl-2 transgenic m ice show ed 

only the aP T C R hi population  to have  th e  capacity  to give rise to m a tu re  single 

positive thym ocytes. The bcl-2 transgenic aPTC R 10 double p o sitiv e  popu la tion  

was show n  to b e  capable of m atu ration  on ly  after in trathym ic in jection into 

sem i-congenic recipients, suggesting a n eed  for unknow n thym ic 

requirem ents n o t p resen t in the in vitro system . It is possible th a t TNCs 

supply  the requ irem ents needed for a  selected subset of doub le  positive  

thym ocytes to su rv ive  from  the apT C R 10 to the a|3TCRhi stage  o f developm en t 

while selectively  inducing  apoptosis in  the  rem aining fraction.

O ur da ta  suggest tha t the rescue signal p rov ided  by TNCs includes the 

activation of Bcl-2 expression (Fig. 6). W e show ed a subset of the  TN C-rescued 

popu lation  to increase the level of expression  of both the aPT C R  an d  CD69 to 

becom e aPT C R hlCD69hl expressing cells (Fig. 7). A lthough in te rm ed ia te  

increases o f b o th  apTC R  and  CD69 w ere  observed w ithout the  a d d itio n  of IL- 

lp , m atu ration  to the aPTCRhlCD69hi pheno type  was show n to  be dependen t 

on  the presence of IL -ip  (Fig. 7A an d  B). Interm ediate to h ig h  expression  

levels of bo th  apT C R  and  CD69 w ere also detected on  thym ocytes obtained 

from freshly iso lated  TNCs (Fig. 7C a n d  D). W e propose tha t Bcl-2 expression 

m ay be in itia ted  th ro u g h  the thym ocyte interaction w ith  TN C s a t the aPT C R to 

stage of developm ent, an d  that its expression  m ay be necessary  to  m ain tain  the 

viability of thym ocytes w ith  potential for positive selection d u r in g  M HC 

restriction (Fig. 8). O n  the other hand , TNC activation of Bcl-2 expression  and
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expression of the  TCRhiCD69hi p h eno type  does no t p reven t (Fig. 5B) negative 

selection n o r d o  they  ensure  m atu ra tion  in to  the single positive  s tag e  of 

d e v e lo p m e n t.
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Fig. 1. (A) T ransm ission electron m icrograph  of a thym ocy te /tsT N C -1  cell 
com plex a t 32°C , (t) labels one of th e  internalized thym ocytes a n d  (n) is 

placed o v e r the  nucleus in a tsTNC-1 cell. (B) TNC Rescue A ssay . Freshly 
isolated thym ocytes w ere stained  w ith  antibodies against CD 4 a n d  CD8 and 
sorted  to a  p u rity  o f over 97%. Sorted  doub le  positive thym ocytes (5 X 10^) 
w ere incubated  w ith  2 X 10^ tsTNC-1 a t 32°C o r 38°C, o r w ith  2 X 10^ 3T3 

cells a t 32°C . Cocultures w ere m ain ta in ed  for either 48 h ou rs o r  96 h o u rs  at 
the a p p ro p ria te  tem perature. All rem ain ing  thym ocytes e ith e r  b o u n d  o r in 
suspension  w ere  recovered and  reanalyzed  for viability u sin g  FACS forw ard  

versus side  scatter. The percen tage  reported  is the  average  o f  th ree  
in d ep en d en t experim ents. Less th a n  1% o f the thym ocyte p o p u la tio n  w ere 
viable a fte r 96 h ou rs of culture in  w h ich  3.0 pm  cyclopore m em b ran es  w ere 
used to p rev e n t contact of thym ocytes w ith  TNCs at 32°C  (d a ta  n o t show n).

3T3 cultures w ere  incubated  at 32°C.
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Fig. 2. (A) TsTNC-1 cells w ere stained w ith  an tibody  preparations ag a in st 
M HC class I (H2K^) an d  class II (lab) before FACS C olter (m odel Elite) 
analysis. (B) Thym ocytes w ere resuspended a t 5 X 10^ ce lls /m l and  d o u b le  
positive thym ocytes w e re  sorted  using a FACS as described above. Sorted  
thym ocytes (5 X 10^) w ere  co-incubated w ith  2 X 10^ tsTNC-1. C ocultures 
w ere  m aintained for 48 h o u rs  a t 32°C w ithou t an tibody  o r w ith  the a n tib o d y  
preparation  show n  b e n e a th  each colum n. All rem ain ing  thym ocytes e ith e r  
bound  or in suspension  w ere  recovered and  reanalyzed  for viability u s in g  
FACS forw ard versus s id e  scatter. The num bers rep resen t the percen tage  o f 
cells w ith in  the viable ga te . A nother control inc luded  an tibody  to e ith e r 
class I or class II M HC an tigens in  thym ocyte on ly  cultures. No effect o n  
thym ocyte surv ival w as detected .
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Fig. 3. (A) Thym ocytes w ere recovered from  tsTNC-1 cocultu res an d  labeled 
w ith  3H -thym id ine a t the app ropria te  tim es. The percen t u p tak e  o f tritium  
w as determ ined  in  cultures contain ing  thym ocytes alone (thy  alone), or 
cocultures of thym ocytes and  tsTNC-1 cells (thy  + TNC) a t 32°C. The control 
g roup  consisted o f fresh  unsorted  thym ocytes alone to w h ich  3H -th y m id in e  
w as ad d ed  and  w ashed  aw ay im m ediately. (B) For each tim e period  freshly 
isolated thym ocytes w ere added  to flasks containing 1 X 105 TN Cs and  pre­
incubated  for 3 hours. All unbound  thym ocytes w ere th en  rem oved  w ith  
careful w ashes. A  sam ple of thym ocytes w h ich  had been  incubated  w ithou t 
tsTNC-1 cells as w ell as the bound  p o p u la tio n  from one flask  incubated  w ith  
tsTNC-1 w ere analyzed  a t three hours to de term ine  the in itial expression  of 
Proliferating Cell N uclear A ntigen (PCNA). The rem ain ing  cu ltu res  w ere 
co-incubated for 12, 24 or 48 hours. A t the  en d  of each incubation  period 
bound  cells w ere rem oved and  sta ined  w ith  F1TC conjugated  anti-PCN A .
The thym ocytes w ere  then analyzed u sin g  FACS. The con tro ls consisted  of 
thym ocytes incubated  alone (thy alone) o v e r the time listed  a n d  fresh 
thym ocytes isolated the day of FACS analysis (fresh thy).
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Fig. 4. T he fluorescence TUNEL assay  w as perform ed u sin g  sam ples iso la ted  
from  cocultures of thym ocytes a n d  tsTNC-1 cells a fte r an  overn igh t 
incuba tion  period . The thym ocytes th a t rem ained in te rnalized  after 
th o ro u g h  w ashings w ere v isua lized  u sing  a fluorescence m icroscope, (A) 
phase  a n d  (B) fluorescence m icrographs. C ocultures w ere  th en  allow ed to 
incubate  for (C) 24, (D) 48, (E) 72 o r  (F) 96 hours before analysis using the 
HRP-TUNEL assay.
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Fig. 5. (A) FA CS-sorted double positives w ere  exposed to cu ltu res o f tsTNC- 
1 cells as described  in  the M aterials an d  M ethod section. A fter a  th ree  h o u r 
b inding  period , una ttached  thym ocytes w ere  rem oved. Thym ocytes 
obtained after th ree  days of coculture w ith  tsTNC-1 cells w ere s ta in ed  u sing  
the fluorescence TUNEL m ethod and  analyzed  w ith  the FACS. T hym ocytes 
w ere cu ltu red  w ith  (Thymocytes bound  to TNCs) or w ithout (Thym ocytes 
w ith 3T3s a t 32°C) a m onolayer of tsTNC-1 cells, or incubated w ith  tsTNC-1 
cells a t 38°C (Thym ocytes w ithout d irect con tact w ith  TNCs). S ta ined  cells 
fall to the righ t o f the + gate. (B) Thym ocytes collected after 72 h o u r  
coculture w ith  tsTNC-1 cells w ere sta ined  w ith  3F11 antibody a n d  p rep a red  
using the  fluorescence TUNEL assay before FACS analysis.
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Fig. 6. T hym ocytes alone in  cu ltu re  (thy alone), thym ocytes cocu ltu red  w ith  
3T3 cells a t  32°C  (3T3), u n b o u n d  thym ocytes rem oved after a th ree  hou r 
b ind ing  p e rio d  and  placed in  cu ltu re  alone (unbound thy) an d  thym ocytes 
that rem a in ed  in  association w ith  tsTNC-1 cells after these initial w ashes 
(TNC b o u n d ) w ere stained w ith  the  3F11 antibody before analysis w ith  the 
FACS. A ll recoverable thym ocytes w ere  analyzed after 6, 24, 48 o r 72 hours 
of incubation . F IT C  sam ples w ere  incubated  w ith  fluoresceinated second 
an tibody  only.
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Fig. 7. F reshly  isolated thym ocytes w ere exposed to m onolayers o f tsTNC-1 
cells for 3 hou rs. N onadherent thym ocytes were rem oved b y  w ashing  w ith  
PBS and  the  b o u n d  population w as recovered and analyzed for the cell 
surface expression  levels of the aPT C R  and  CD69 after a 48 h o u r  incubation 
period. (A) FACS analysis of apT C R  levels on  thym ocytes o b ta in ed  from 
tsTNC-1 cocu ltu res w ith or w ith o u t the add ition  of IL -ip . O ne  control 
consisted of thym ocytes bound  to  tsTNC-1 cells and  analyzed  after the initial 
three h o u r b in d in g  period (thym ocytes initially bound). FITC" sam ples w ere 
incubated w ith  fluoresceinated second antibody only. (B) FACS analysis of 
CD69 levels o n  thym ocytes ob tained  from  tsTNC-1 cocultures w ith  or 
w ithout the  ad d itio n  of IL-ip. O ne control consisted of thym ocytes bound  to 
tsTNC-1 cells an d  analyzed after the  initial three hour b in d in g  period  
(thym ocytes initially  bound). FITC” sam ples were incubated w ith  
fluoresceinated second antibody only. (C) FACS analysis of aPTC R  levels 
on the cell surfaces of thym ocytes released from freshly iso lated  TNC. The 
control sam p le  is representative o f the  entire thym ocyte popu la tion . (D) 
FACS analysis of CD69 levels on  the  cell surfaces of thym ocytes released 
from freshly  isolated TNC. The con tro l sam ple is rep resen ta tive  of the 
entire thym ocy te  population.
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Fig. 8. A d iag ram  o f the T cell developm en ta l pathw ay w hich  includes 
processes th a t  resu lt from the th y m o cy te /T N C  interaction.
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CONCLUSIONS

The goal of th is  s tu d y  has been to de te rm ine  the functional role of 

TNCs in T cell developm ent. TNCs are one o f  tw o know n m am m alian cell 

types that p roduce  structu res that com pletely enclose developing cells w ith in  

cytoplasm ic com partm ents during their developm ent; the o ther being Serto li 

cells involved in  sperm atogonia uptake in sp e rm  cell developm ent (Russell, 

LD, 1980; Russell, LD an d  Peterson, RN, 1985}- The developm ent of 

im m ortalized TNC lines provided an  ideal m o d e l system  to s tu d y  how  the  

internalization even t occurs, the selective n a tu re  of the thym ocyte-TNC 

interaction and  cell fate as a function of this interaction.

As described in  chapters 1 and 2, thym ocyte binding  and  in ternalization  

by TNCs occurs via m em brane ruffling and  is a  selective process. Using long­

term  video and  scanning  electron m icroscopy, the b ind ing  and 

internalization process w as shown to occur w ith in  a 6 h r period  and  resu lts in  

thym ocytes that are  in ternalized in vacuoles w ith in  the cytoplasm  of the 

TNC. Until recently, a ttem pts at blocking th is  event were unsuccessful (Li, et. 

al., 1992). Thym ocyte interaction w ith TNCs ap p ears  to involve a m em brane- 

bound peptide th a t is TNC-spedfic. Recent s tu d ies  in  our laboratory have 

show n that such a p ro te in  (47 kd in size) is invo lved  in the identification o f 

TNC interactive thym ocytes (Pezzano, et. al., 1998). The developm ent of the  

first TNC specific an tibody  allowed us to iden tify  and  isolate this p ro tein  fo r 

future study.

The thym ocyte \  TNC interaction has b e en  show n to involve a 

subpopulation of im m atu re  thymocytes that d isp lay  a CD4+CD8+a(3TCR+ 

phenotype; a pheno type  identical to that of cells involved in M HC restriction. 

The creation an d  developm en t of tem perature-sensitive  (ts) TNC lines
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p ro v id ed  the necessary con tro ls for studying  cell fate  as a function of their 

in terac tion  w ith  TNCs. E xam ination  of thym ocyte v iab ility  an d  the 

expression  of early activation  m arkers revealed th a t, a t  the  perm issive 

tem pera tu re  for viral rep lication , only a fraction o f these  thym ocytes w ere 

rescued  from  apoptosis. Thym ocytes in  that rescued p o p u la tio n  also show ed 

shifts in  expression of early  m atu ra tion  m arkers ind ica tive  o f cell m aturation . 

A ntibody  blocking studies perfo rm ed  w ith M HC class I an d  class II on  the 

TNC su rface  d id  no t p rev en t thym ocyte\T N C  in te rac tions from  occurring. It 

d id , how ever, im pede thym ocyte  rescue thereby d em o n stra tin g  the necessity 

of the M HC-TCR in teraction  for rescue. The su rv iv in g  cell popu lation  

d isp layed  a phenotype identical to th a t of thym ocytes fo llow ing MHC 

restriction. W ith this ev idence in  hand , it can be sa id  th a t TNCs play an 

im p o rtan t role in M HC restriction .

F u rth e r suppo rt of th is theory  is show n in c h ap te r 3. D eveloping 

thym ocytes show  changes in  the  expression of the cell su rface  m arkers CD69 

and  P N A r an d  receptor a(3TCR w hen  the lym phokine IL -ip  is presen t d u rin g  

their in te rac tion  w ith TNCs. Full antigen expression o n  the  surface of TNCs 

is req u ired  for thym ocytes to  d isp lay  a m ore m atu re  p h en o ty p e  as a resu lt of 

M HC restriction . A lthough th e  presence or absence o f IL -ip  in  cocultures had  

no effect o n  thym ocyte rescue, it w as required for an  increased  level of m ature 

expression  of thym ocytes in  the  rescued cell popu la tion . T he results seen  in 

the p resence  of this lym phok ine  m irro r those seen  in vivo.

R egardless of the presence o r absence of IL -ip  in  cocultures, Bcl-2 

expression  w as initiated th ro u g h  interaction of TN Cs w ith  DP thym ocytes 

that h av e  low  level expression of b o th  aPTCR an d  CD69. In  spite  of its know  

capabilities for prolonging th e  life of select thym ocytes, the  expression of Bcl-2 

does n o t p rev en t negative selection  from  occurring (G ratiot-D eans, et. al.,
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1993; Strasser, et. al., 1994; Veis, et. al., 1993). It also does n o t guaran tee  the 

m atu ra tion  o f thym ocytes into SP cells. U pon closer exam ination  of the 

know n expression  pathw ay follow ed by  Bcl-2 d u rin g  T cell developm ent in 

the thym us, o u r  findings p resen t ye t ano ther avenue o f th o u g h t on  w hat is 

know n to occu r a t  the DP stage in  developm ent. It is k n o w n  th a t Bcl-2 

expression is d o w n  regulated a t th e  DP stage of T cell developm ent. It is up  

regulated d u r in g  positive selection and  persists o f m a tu re  T cells in  the 

periphery  (L inette, e t  al., 1994; Tao, e t  al., 1994). H ow ever, the  d a ta  reported 

in this s tu d y  show  thym ocytes th a t in teract w ith TN Cs d isp lay  a DP 

phenotype, a n d  initiate Bcl-2 expression  a t this stage in  developm ent.

N ot o n ly  are  TNCs responsib le  for thym ocyte rescue  a n d  apoptosis, 

they carry o u t  the unique task d isposing  of apoptotic cells (Pezzano, et. al., 

1996). U sing  a  m odified TUNEL assay, the viability of in te rnalized  

thym ocytes w as m onitored over a  96 h r period. Cells m ark ed  to undergo 

apoptosis rem ain  w ith in  the vacuoles o f the TNCs an d  d e g ra d e  w ithou t ever 

being released. This process clearly  m im ics negative selection. Com parable 

results w ere  show n  in vivo (A ppendix , Fig. A -l, Fig. A-2). Lysosom es were 

found in close proxim ity to these vacuoles (Samms, et. a l., 1999). U sing 

confocal m icroscopy, we show  fusion  of vacuoles con ta in ing  apopto tic  

thym ocytes w ith  lysosomes. W ith  tim e, these apopto tic  cells w ere  show n to 

be degraded.

The research  perform ed in  th is thesis show  thym ic n u rse  cells play an 

im portan t ro le  in  T cell developm ent. The phenotype d isp lay ed  by  

thym ocytes th a t interact w ith  T N C s and  the events th a t occur as a function of 

their in te rac tion  w ith  TNCs suggest th a t these cells co n tribu te  to M HC 

restriction. TN Cs are believed to  be  involved in b o th  positive  an d  negative 

selection. T he developm ent of o u r  TNC lines supp lies a n  idea l m odel system
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for fu rther s tu d ies  of T cell developm ent. Future study  objectives related to 

this project include  the investigation of signal transduction  factors involved 

in the activa tion  of thym ocyte m atu ra tion  and  selection as a re su lt o f the 

thym ocy te \T N C  interaction. A tho rough  investigation o f the  apopto tic  

events occu rring  w ith in  the vacuoles o f the TNCs w ou ld  also prove  

inform ative. A no ther useful s tu d y  w ou ld  be to investigate the  effects the 

add ition  of T N C s to a T N C -defident o r auto im m une m ouse. E xam ining the 

contributions o f  TN Cs in  anim als th a t d isp lay  au to im m unity  a  crucial s tudy  

to determ ine th e  tru e  role of TNC in T cell developm ent.

I
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Fig. A -l. Thymic n u rse  cells w ere  isolated after m echanical d ispersion  of th e  

m ouse  thym us. The resu lting  TNCs w ere ana lyzed  u sing  the  TUNEL assay  to  

detect apoptotic thym ocytes w ith in  the TNC cytop lasm . Freshly isolated 

TN Cs are  show n using  p h ase  m icroscopy in  the  left panel and  fluorescence 

m icroscopy in the  rig h t panel. The sam e cell sh o w n  in  phase  in the left p a n e l 

is sh o w n  under fluorescence in  the right panel. A pop to tic  thym ocytes w ith in  

T N C s show  fluorescence in  the  right panel. Tw o T N C s a re  show n to 

dem onstra te  variability  o f thym ocyte apoptosis b e tw een  TNCs. F luorescein- 

labeled dUTP alone w as a d d ed  to the cells as a con tro l and  is show n in  F igu res 

E an d  F.
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Fig. A-2. TEM of internalized thymocytes. (A) T N C -intem alized thym ocytes. 

The arrow  ind icates an  apoptotic thym ocyte. M agnification 6.8X106. (B) 

Thymic nu rse  cell before exposure to thym ocytes. M agnification 104. (C) 

Cytoplasm ic thym ocytes 2 hours after internalization. M agnification 104. (D) 

Cytoplasm ic thym ocytes 10 hours after internalization. M agnification 104.
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