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It is well accepted that cytotoxic lymphocytes specific for viruses (1), haptens (2), 
and minor histocompatibility antigens (HA) 1 (3, 4) recognize antigen in an H-2- 
restricted fashion during the effector phase. Precisely how the precursors of these cells 
respond to antigen during the induction phase, however, is poorly understood. In the 
case of skin graft rejection (5-9) and delayed-type hypersensitivity (10) to minor HA, 
mice can be primed with antigen presented on H-2-incompatible cells. Likewise, H-2 
heterozygous mice primed with minor HA on cells of one parental strain develop 
cytolytic activity for target cells of both parental haplotyes (1 1, 12). This effect of 
cross-priming suggests either that certain aspects of the response to minor HA are not 
H-2 restricted or, conversely, that the antigens are processed by host cells and then 
presented in association with host H-2 determinants in a restricted fashion (12). 

To at tempt to clarify this question and, in particular, to gain information on the 
early stages of the cytotoxic T-cell response, we have studied the requirements for 
inducing negative and positive selection to minor HA in vivo. Previous work with this 
selection model has established that within 1 d of T-cell confrontation with such 
antigens as heterologous erythrocytes (13, 14) or foreign H-2 determinants (13-16) 
the responding T cells leave the circulation (undergo negative selection) and become 
selectively sequestered in the lymphoid tissues. Here, the cells proliferate extensively 
before reentering the circulation in expanded numbers after 2-3 d (positive selection). 
In the case ofT-helper  cells for heterologous erythrocytes, T-cell selection appears not 
to involve a response to free antigen but rather to antigen that has been processed by 
macrophages or related cells (17). The present studies suggest that, at least in certain 
situations, a similar requirement for antigen processing applies to the induction of 
cytotoxic lymphocytes specific for minor HA. 

* Supported by grants AI-10961, AI-15393, and CA-15822 from the U. S. Public Health Service. 
i Abbreviations used in this paper." CML, cell-mediated lympholysis; HA, histocompatibility antigen (s); LU, 

lytic units; MR, maximum release of radioactivity; SR, spontaneous release; TDL, thoracic duct lympho- 
cytes. 
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M a t e r i a l s  a n d  M e t h o d s  

Mice. CBA/J(H-2k),  BIO.BR/SgSn(H-2k), C57BL/lOJ(H-2b)(BlO), BIO.D2(H-2 d) 
BIO.A(H-2a), and (BALB/c[H-2 ] X A/J[H-2 ])F1 mice were obtained from The Jackson 
Laboratory, Bar Harbor, Maine. B10.K(H-2k), B I04.AQR(H-2 yl) (fourth backcross genera- 
tion), B 10.T(6R) (H-2~2), and B 10.S(9R) (H-2 t4) mice were a gift from W. L. Elkins, University 
of Pennsylvania (Philadelphia, Pa.). B 10.OL(H-2 °a) mice were provided by C. David, Mayo 
Clinic, Rochester, Minn. B IO.Q(H-2 q) mice were given by D. Gasser, University of Pennsylvania 
(Philadelphia, Pa.), and BI0.A(4R)(H-2 h4) and B10.HTT(H-2 t3) mice were donated by P. 
Doherty, Wistar Institute, Philadelphia, Pa. (B 10.A X B 10.OL)Fx mice were bred in our colony. 

Media. RPMI-1640 (Microbiological Associates, Walkersville, Md.) supplemented with 10% 
fetal calf serum, 10 -5 M 2-mercaptoethanol, and 40 /xg/ml Garamycin (Schering Corp., 
Kenilworth, N.J.) was used in all experiments. 

Preparation of Cells. Spleen cells were obtained by shearing the organs with a tissue grinder 
(Pyrex, Arthur H. Thomas Co., Philadelphia, Pa.) in cold medium. Clumps were removed by 
passage over cotton filters, and the suspended cells were washed twice by centrifugation. Cell 
viability was assessed by dye exclusion. 

Injection. All cell suspensions were given intravenously in volumes of I ml unless stated 
otherwise. 

Selection to minor HA. The technique used was essentially similar to that described previously 
for inducing selection to H-2 determinants (16). In brief, CBA mice were injected intravenously 
with large doses of spleen cells taken from normal syngeneic or minor HA-different allogeneic 
mice. To study negative selection, thoracic duct cannulae were inserted in the recipients ~ 18 h 
later and thoracic duct lymphocytes (TDL) were collected under sterile conditions between 22 
and 40 h after spleen cell injection; other groups of mice were used to provide spleen and 
lymph node cells, these cells being harvested at 40 h after spleen-cell injection. For positive 
selection, the injected mice were cannulated at day 4 or 5 postinjection and TDL were collected 
overnight. 

Priming to Minor HA In Vivo. All host mice used for selection were immunized intraperito- 
neally 3-6 wk before with 2 × 10 7 viable BI0.BR spleen cells. 

Irradiation of Cells. Cells were exposed to 2,000 rad of 137Cs y-irradiation at a dose of 102 
rad/min and then incubated at 37°C for 3-4"h (16). The cells were then washed twice before 
injection. The viability of the injected cells was 70-80%. 

Disruption of Cells. Spleen cells were resuspended to 2 × 108/mt in round-bottom plastic 
tubes and subjected to high frequency sonication (Branson Sonifier [Branson Sonic Power Co., 
Danbury, Conn.], 6 A, 30 s) at 4°C. No intact cells remained when the sonicates were viewed 
microscopically. 

Treatment of Cells with Glutaraldehyde. Spleen cells were first resuspended in low ionic strength 
buffer and passaged over cotton filters to remove dead cells (18). In a modification of the 
method of Bubbers and Henney (19), cells were then washed once and resuspended at room 
temperature in 10 ml 0.002% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, 
Pa.) diluted in buffered saline (pH 7.1). Fixation was stopped after 30 s by addition of 30 ml 
0.15 M glyeine (diluted in buffered saline). The cells were then washed twice in cold 0.15 M 
glycine and resuspended to a final concentration of 120 × 106/ml for injection. Viability of the 
cells at the time of injection was -->96%. 

Generation ofCytotoxic Lymphocytes In Vitro. Aliquots of 1-2 × 107 TDL were washed twice 
and placed in plastic tissue culture flasks (Corning Glass Works, Science Products Div., Corning, 
N.Y.) in 20 ml of medium and stimulated with 2 × 107 irradiated (1,200 rad) B10.BR, B10.K, 
or third-party H-2-different spleen cells. Cultures were incubated for 6 d at 37°C in 8% CO2. 
Cells were then harvested, washed twice, counted, and resuspended to appropriate concentra- 
tions for assaying cell-mediated lympholysis (CML). 

Target Cells for CML. To prepare target cells, 4 × 106 lymph node cells were stimulated for 
2-3 d with 2 ~tg/ml of concanavalin A (Calbiochem-Behring Corp., American Hoechst Corp., 
San Diego, Calif.) in 2-ml Linbro plates (Linbro Chemical Co., Hamden, Conn.). Blasts were 
labeled during the final 18 h with 20 ~Ci of 51Cr-sodium chromate (New England Nuclear, 
Boston, Mass.). After labeling, the cells were washed three times and resuspended to 2 × 105/ 
mt. 
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CML Assay. In a modification of the method of Brunner et al. (20), 100 ~1 of serially diluted 
effector cells together with 104 5aCr-labeled target cells in 50 #1 were placed in triplicate in V- 
bottom microtiter plates (Linbro Chemical Co.), centrifuged gently (400 rpm for 4 min), and 
then incubated for 5 h at 37°C. After centrifugation, 100/LI of the supernates were removed to 
measure radioactivity in an Intertechnique y-spectrometer. Maximum release of radioactivity 
(MR) and spontaneous release (SR) were determined with respect to radioactive counts released 
after incubation with centrimide-saline and medium, respectively; SR ranged from 15 to 35% 
of MR. The percent specific lysis was calculated by the formula: (experimental release - SR/  
MR - SR) X 100; CML obtained on the syngenic CBA targets was invariably <7%. 

Calculation of Lytic Units of CML Activity. To compare the relative levels of CML in the 
experimental groups vs. the control group, lytic units (LU) of CML activity were calculated by 
a modification of the method of Cerottini and Brunner (21). LU were defined arbitrarily in 
terms of the number of effector cells required to exert 25% CML (LU 25%). LU 25% were 
calculated from dose-response linear regression lines plotted with respect to CML observed with 
three different killer:target ratios; correlation coefficients for linearity were generally >0.95. 
The lytic activity of each experimental group of effector cells compared with the control group 
was calculated by the formula: (LU 25% control/LU 25% experimental) X 100. 

Resu l t s  

Experimental Design. T he  basic aim was to examine the requirements for inducing 
CBA(H-2 k) T cells to exert cytotoxic responses against the multiple minor  H A  on H- 
2-compatible B 10.BR target cells (CBA and B 10.BR differ at a m in imum of  six minor  
HA loci [22]). To study selection to these antigens, CBA mice were injected intrave- 
nously with large doses of  spleen cells tape from mice of  the B 10 congenic lines, e.g., 
B10.BR, B10(H-2b), or B10.D2(H-2d); these strains all express the same minor  H A  
foreign to CBA but  have differing H-2 haplotypes. T D L ,  spleen, or lymph node cells 
were harvested from the recipients at day 1 (negative selection) or day 5 (positive 
selection) posttransfer and cultured in vitro for 6 d with H-2-compatible  B 10.BR or 
B 10.K stimulator cells; these stimulators were used irrespective of  the H-2 haplotype 
of  the cells used to produce selection. C M L  (~lCr release) was then tested on a variety 
of  target cells. 

Prel iminary studies established that  the effector cells in the CBA anti-B10.BR 
C M L  responses were T (Thy-l.2-positive) cells (data not shown). Because pr imary  
C M L  responses to minor H A  in vitro are very low, the CBA T D L  donors were primed 
with B10.BR spleen cells 3-6 wk before inducing selection. At this time, T D L  from 
the primed donors were not directly cytotoxic even at high (300:1) killer:target cell 
ratios (data not shown) and hence were probably  typical circulating memory  cells. 

To  facilitate comparison of  levels of  cytotoxic activity, the d a t a  in most of  the tables 
are shown first in terms of  specific 51Cr release observed with different killer:target 
cell ratios, and second as the percent lytic activity established with respect to the 
control cells, i.e., cells from CBA mice preinjected with syngeneic spleen cells (Mate- 
rials and Methods). 

Specificity of the CML Response of CBA T Cells Cultured with BIO.BR Stimulators: Genetic 
Mapping Studies. Before s tudying selection it was first necessary to prove that the 
CBA anti-B10.BR C M L  response was indeed H-2 restricted, i.e., as reported for other 
anti-minor H A  responses (3, 4). 

The  cytolytic activity of  unselected CBA T D L  (TDL from recipients of  syngeneic 
spleen cells) cultured in vitro with B10.BR stimulators is shown in the left-hand 
column of  Table  I. As expected, C M L  was high with the st imulat ing populat ion 
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TABLE I 

Genetic Mapping of CML Activity of CBA TDL Stimulated In Vitro with B I O.BR Spleen: Effect of 
Negatively Selecting Responder Cells Against Qa-l" Determinants on (BALB/c × A/J)FI (CAFl) 

Spleen Cells 

SlCr-labeled target H-2 haplotype Qa-I 
cells allele* 

CML activity of CBA 
TDL cultured in vitro 
with BI0.BR spleen:~ 
Percent specific lysis 
with killer:target cell 

ratios of 25:1/12:1/2:1 

K I-A I-B I-J I-E I-C S D CBA-csA CBA-cAF~ 
TDL TDL 

CBA k k k k k k k k b 6/5/0 0/0/0 
B10.BR k k k k k k k k a 80/81/57 64/57/28 
BI0.K k k k k k k k k b 58/50/24 41/38/18 
B 10 b b b b b b b b b 7/0/0 0/0/0 
B10.D2 d d d d d d d d b 0/0/0 0/0/0 
B10.Q q q q q q q q q ? 0/0/0 0/0/0 
B10.A k k k k k d d d a 69/57/20 44/33/12 
BI0.OL d d d d d d k k ) 36/38/14 36/34/12 
B10.A(4R) k k b b b b b b b 30/31/4 38/22/8 
B 10.T(6R) q q q q q q q d a 56/43/16 9/6/0 
B10.SOR ) s s s k k d d d a 49/51/19 9/0/0 
B 10.HTT s s s s k k k d b 0/0/0 0/0/0 
B 104.AQR§ q k k k k d d d a 40/31/0 0/0/0 

* Information from Klein et al. (23) and L. Flaherty (Personal communication.). Although there is some 
uncertainty in the literature on the identity of the T region-linked antigens that evoke H-2-unrestricted 
CML (24-28), the prevailing opinion at present is that the determinants are probably encoded by genes 
closely linked to the Qa-1 locus adjacent to the Tla locus (L. Flaherty. Personal communication.). 

:~ TDL from CBA mice injected intravenously 1 d before with 1 × 10 a irradiated CBA spleen (CBA-cBA 
TDL) or (BALB/c × A/J)F1 (Qa-I b X Qa-la) spleen (CBA-cAF, TDL). TDL donors primed 4 wk before 
with B10.BR spleen. 

§ Although these mice were only of the fourth backcross generation, they contain >94% of the B10 
background genome. 

(B10.BR) a n d  the  closely r e l a t ed  s t ra in ,  B10.K,  bu t  was no t  d e t e c t a b l e  w i t h  th ree  H-  

2-di f ferent  t a rge t  cells t ha t  expressed  the  m i n o r  H A  o f  B I 0 . B R ,  i.e., B10, B10.D2,  a n d  

B IO.Q(H-2q). A l t h o u g h  these  d a t a  i m p l i e d  tha t  C M L  was H-2  res t r ic ted,  good  k i l l ing  

was surpr i s ing ly  obse rved  wi th  B 10 .T(6R)  (qqqqqqqd) ta rgets ,  i.e., cells l ack ing  the  H -  

2 h alleles o f  t he  C B A  responders .  M o r e o v e r ,  C M L  was also a p p a r e n t  aga ins t  two  

s t ra ins  possessing H-2 k alleles on ly  in the  I region,  i.e., B10 .S(9R)  (ssskkddd) a n d  

B 1 0 4 . A Q R  (qkkkkddd) ( T a b l e  I, footnote) .  It  is e v i d e n t  f rom T a b l e  I t ha t  these th ree  

strains,  t oge the r  w i t h  the  s t i m u l a t i n g  p o p u l a t i o n  B10 .BR,  all  d i f fer  w i t h  respect  to 

the  r e sponde r  cells at t he  Qa-1 locus: C B A  m i c e  are  Qa-1 b, whereas  t he  o t h e r  four  

s t ra ins  a re  Qa-l". O n  this po in t  several  g roups  h a v e  s h o w n  tha t  d e t e r m i n a n t s  e n c o d e d  

by  genes m a p p i n g  to t he  r igh t  o f  t he  H-2 c o m p l e x  in or  n e a r  the  Qa-1 locus ( T a b l e  I, 

footnote)  l ead  to h igh  cy to tox ic  responses  tha t  do not  show H-2  res t r ic t ion  (24-28).  

T h e  effect o f  d e p l e t i n g  C B A  T cells o f  r eac t i v i t y  to Qa-1  a d e t e r m i n a n t s  is shown  in 

t he  r i g h t - h a n d  c o l u m n  o f  T a b l e  I. T o  i n d u c e  n e g a t i v e  se lec t ion  to these d e t e r m i n a n t s ,  

T D L  were  co l lec ted  f rom C B A  m i c e  tha t  h a d  been  in jec ted  1 d p rev ious ly  xOith large  

doses (108) o f  i r r a d i a t e d  ( B A L B / c  × A / J ) F 1  spleen cells, i.e., cells t ha t  express  t he  

foreign Qa-1  a d e t e r m i n a n t s  o f  B 10.BR b u t  l ack ing  the  m a j o r i t y  o f  t he  m i n o r  H A  o f  
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TAm.E II 

Negative and Positive Selection of CBA Response to B I O. BR Minor H Determinants: CML-Precursor 

Reactivity of Lymphoid Cells from CBA Mice Injected with Irradiated BIO.BR Spleen cells I or 5 d 

Before 

CML activity of CBA 
lymphoid cells cultured in 

vitro with BI0.K stimulators 

Irradiated spleen CBA lymphoid cells tested 
cells given to Dose of spleen cells Percent specific Percent 

donors of CBA injected* (time after spleen cell injec- 
lymphoid cells tion) lysiStargetsOn B10.BRwith lytiCtivityaC- 

killer:target compared 
cell ratios of with con- 

30:1/15:1/3:1 trol cells:~ 

CBA 2 × 108 TDL (day 1) 62/55/17 - -  
B10.BR 2 × 108 TDL (day 1) 19/0/0 2§ 
BI0.BR 1 × 10 s TDL (day 1 0/0/0 <1§ 
B10.BR 0.5 × 10 s TDL (day 1) 65/58/19 111 
CBA 2 × 10 s spleen (day 1) 60/39/8 - -  
BI0.BR 2 X l0 s spleen (day 1) 81/65/23 212 
CBA 2 X 10 s lymph node (day 1) 86/72/46 - -  
B10.BR 2 X 108 lymph node (day 1) 80/73/42 84 
CBA 2 x 10 s TDL (day 5) 84/69/34 - -  
BI0.BR 2 × l0 s TDL (day 5) 87/85/49 288 

* Spleen cells exposed to 2,000 rad and then cultured for 4 h in vitro before injection; dose refers to number 
of viable cells injected. 

:~ CML activity of cells from mice injected with B 10.BR spleen compared with control mice given syngeneic 
spleen (Materials and Methods). 

§ Culture of these cells with third-party (BALB/c × B6)FI (H-2 a X H-2 h) stimulators led to high CML 
against B 10 (H-2 b) and B lO.D2(H-2 a) target cells, i.e., >40% lysis at killer:target cell ratios of 15:1. 

this s t ra in .  It  is ev iden t  t ha t  this  p r o c e d u r e  v i r tua l ly  abo l i shed  the  a n o m a l o u s  lysis 

agains t  B10 .T(6R) ,  B 10.S(9R) a n d  B 104.AQR ta rge t  cells bu t  on ly  m a r g i n a l l y  a f fec ted  

lysis o f  o the r  targets .  H o w e v e r ,  the  po in t  to be  e m p h a s i z e d  is tha t  the  specif ic i ty  o f  

C M L  was n o w  in accord  w i t h  the  results o f  o t h e r  workers  (3, 4), i.e., C M L  to the  

m i n o r  H A  o f  the  s t i m u l a t o r  s t ra in  was res t r ic ted  to ta rge t  cells tha t  were  c o m p a t i b l e  

w i th  the  r e sponde r  s t ra in  at e i the r  the  K- or  D - e n d  of  the  H-2  complex .  T h e r e  was no 

lysis o f  t a rge t  cells tha t  were  H - 2  c o m p a t i b l e  on ly  in the  I region.  

T h e  d a t a  in T a b l e  I i m p l y  tha t  C M L  to Qa-1  a d e t e r m i n a n t s  w o u l d  be  a v o i d e d  if  

B10 .K ( Q a - l ~  cells r a the r  t h a n  B 1 0 . B R  cells were  used as s t imula tors .  Th i s  was 

i ndeed  the  case, i.e., in o the r  e x p e r i m e n t s  (da ta  not  shown) ,  the  C M L  specif ic i ty  o f  

C B A  T D L  s t i m u l a t e d  wi th  B 10.K cells was v i r t ua l l y  iden t ica l  to tha t  seen in T a b l e  

I w i th  C B A - c ^ v ,  T D L  c u l t u r e d  wi th  B 1 0 . B R  cells. H e n c e  to p r even t  the  c o m p l i c a t i o n  

o f  g e n e r a t i n g  an t i -Qa-1  a ac t iv i ty ,  2 most  o f  the  e x p e r i m e n t s  to be  cons ide red  be low 

e m p l o y e d  B10 .K  cells as s t imula to r s  a n d / o r  ta rge t  cells. B10 .K  mice  were  in short  

supp ly  a n d  hence  cou ld  not  be  used in all  expe r imen t s .  All  o f  the  e x p e r i m e n t s  in the  

tables  be low were  r e p e a t e d  at least once  a n d  n o r m a l l y  2 -3  t imes.  

Negative Selection to Minor H A  Induced with Irradiated H-2-Compatible Spleen Cells. T o  

induce  select ion,  C B A  mice  were  in jec ted  i n t r a v e n o u s l y  w i t h  large doses o f  C B A  or  

2 It is worth mentioning that the anti-Q a- 1 CML apparent in Table I tended to be variable in magnitude 
and on occasions was virtually undetectable (Table III, footnote). 
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TABLE III 

Negative Selection of CBA Response to B I O. BR Minor H Determinants 

Induced by Injection of lrradiated B I O.BR, B I O, or B I O.D2 Spleen Cells 

CML activity ofCBA TDL cultured in 
vitro with B 10.BR or SJL stimulators 

Irradiated 
spleen cells 

(2 X l0 s) H-2 haplotype 
given to of injected 

donors of CBA spleen cells 
TDL 1 d 
before* 

Stimulation with BI0.BR 
Stimulation 

with SJL 

Percent 
Percent spe- lytic Percent specific 
cific lysis on activity lysis on SJL 

BIO.BR 
targets with com- target with 

pared killer:target 
killer:target with cell ratios of 
cell ratios of 

control 20:1/5:1/1:1:~ 
20:1/5:1/1:1~: cells§ 

CBA H-2 ~ 52/33/5 - -  NDll 
B 10.BR 11-2 ~ 4/0/0 < 1 58/38/9 
BI0 H-2 b 0/0/0¶ <1 67/36/14 
B 10.D2 H-2 a 2/0/0¶ < l 63/40/13 

* Spleen cells were irradiated and cultured in vitro before injection as in Table 
II. 
In other experiments, CML tested on B10.K target cells gave similar results. 

§ See Table II. 
[1 Not done. 
¶ According to the data presented in Table I, selection against B10 or B10.D2 

cells (both Qa-I o) should have led to only a partial reduction in the response 
to B 10.BR targets, the residual activity being directed to Qa-1" determinants. 
The fact that there was near-total unresponsiveness towards B 10.BR targets 
in the experiments illustrated (and also in one other experiment) is thus 
surprising. However, it should be mentioned that in other experiments 
injection of BI0.D2 cells did lead to the expected incomplete reduction in 
the response to BI0.BR (Qa-I") targets but complete unresponsiveness to 
B10.K (Qa-I b) targets. We attribute this variability in the degree of unre- 
sponsiveness to B10.BR targets to the fact that, at times, anti-Q.a-1 killing 
forms only a minor component of the CBA/J anti-B 10.BR response. 2 It is to 
be emphasized that in all three experiments in which B10.K targets were 
used to monitor selection (data not shown), prior injection of CBA/J mice 
with B 10.BR, B 10, or B 10.D2 cells all led to almost total unresponsiveness to 
BI0.K targets (<1% lyric activity). 

B 1 0 . B R  sp leen  cells; t hese  cells we re  h e a v i l y  i r r a d i a t e d  be fo re  i n j e c t i o n  to p r e v e n t  

r e c i r c u l a t i o n  a n d  e n t r y  i n to  t h e  c e n t r a l  l y m p h  (16). L y m p h o i d  cells were  h a r v e s t e d  

f r o m  t he  r e c i p i e n t s  1 or  5 d la ter ,  s t i m u l a t e d  in v i t ro  w i t h  B 10.K cells, a n d  t h e n  t e s t ed  

for t h e i r  c a p a c i t y  to  exer t  C M L  a g a i n s t  B 10 .BR t a r g e t s  ( E x p e r i m e n t a l  Des ign) .  

T h e  resu l t s  o f  a t y p i c a l  e x p e r i m e n t  a re  s h o w n  in T a b l e  II. I t  c a n  b e  seen  t h a t  T D L  

f rom C B A  m i c e  g i v e n  B 1 0 . B R  s p l e e n  cells in  l a rge  doses 1 d be fo re  were  u n a b l e  to  

g e n e r a t e  C M L  a g a i n s t  B 1 0 . B R  ta rge t s .  Se l ec t i on  was  specif ic  b e c a u s e  s t i m u l a t i o n  o f  

t he  T D L  w i t h  t h i r d - p a r t y  H - 2 - d i f f e r e n t  cells g a v e  h i g h  levels  o f  lysis ( T a b l e  II ,  

f oo tno t e ;  a n d  l a t e r  t ab les ) .  T h e  e x t e n t  o f  s e l ec t ion  a g a i n s t  B 10 .BR was  dose  d e p e n d e n t :  

2 × l0  s a n d  l0  s cells u s u a l l y  c a u s e d  n e a r - c o m p l e t e  u n r e s p o n s i v e n e s s ,  w h e r e a s  se l ec t ion  

was  m i n i m a l  w i t h  s m a l l e r  cell doses.  

In  c o n t r a s t  to  t he  u n r e s p o n s i v e n e s s  o f  T D L ,  sp l een  cells t a k e n  a t  1 d a f t e r  B 1 0 . B R  

sp leen  cell i n j e c t i o n  c o n t a i n e d  n o r m a l  or  e n r i c h e d  n u m b e r s  o f  B 1 0 . B R - r e a c t i v e  cells 
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TABLE IV 
Negative and Positive Selection of CBA Response to B I O.BR Minor H Determinants Induced by Injection of 

Sonicated BIO.BR, BIO, or BIO.D2 Spleen Cells 

Sonicates of spleen 
cells (2 × l0 s) given 

to donors of CBA 
lymphoid cells* 

CBA lymphoid cells tested 
(time after spleen cell 

injection) 

CML activity ofCBA TDL cultured in vitro with 
B10.BR or SJL stimulators 

Stimulation with BIO.BR Stimulation with 
SJL 

Percent specific Percent Percent specific 
lysis on B 10.BR lyric activ- lysis on SJL 

targets with ity corn- targets with 
killer:target pared with killer:target 
cell ratios of control cell ratios of 

25:1/12:1/2: l cells:~ 25:1/12:1/2:1 

CBA TDL (day 1) 78/74/46 - -  ND§ 
B10.BR TDL (day 1) 7/9/0 <1 68/56/12 
BI0 TDL (day 1) 19/10/4 <1 68/52/10 
B10.D2 TDL (day 1) 0/0/0 <1 58/58/10 
CBA spleen (day 1) 78/65/42 -- ND 
BI0.BR spleen (day 1) 86/67/48 140 ND 
B10 spleen (day 1) 61/48/26 32 ND 
B10.D2 spleen (day 1) 70/70/33 58 ND 
B10.BR TDL (day 5) 74/61/37 42 ND 

* See Materials and Methods for preparation of sonicates; sonicates given intravenously. To remove 
reactivity to Qa-1 ~ determinants, the CBA lymphoid donors were also injected with irradiated CAFj 
spleen cells, i.e., as in Table I. 

~: See Table II. 
§ Not done. 

(Table  II). W i t h  l y m p h  node cells the  response was ei ther  unchanged  or modera t e ly  
reduced.  W h e n  T D L  were harves ted  at 5 d post t ransfer  ra ther  than  at day  1, ant i -  
B 10.BR responses were usual ly  enhanced .  

Collectively,  these d a t a  imply  that ,  as with o ther  antigens,  T cells that  encounter  
minor  H A  in vivo rap id ly  become sequestered in the l ympho id  tissues, pa r t i cu la r ly  in 
the spleen, and  then reenter  the c i rcula t ion several days  la ter  after clonal  expansion.  

Negative Selection with Irradiated H-2-Incompatible Spleen Cells. Fur the r  studies showed 
that  the H-2 hap lo type  of  the minor  H A - b e a r i n g  spleen cells given to the donors of  
CBA T D L  had  no appa ren t  effect on the  degree of  selection to B10.BR minor  H A  
determinants .  Thus ,  irrespective of  whe ther  the  injected spleen cells were H-2 com- 
pa t ib le  (B10.BR) or H-2 different (B10 or B10.D2) wi th  respect to the responding  T 
cells, react ivi ty  to B10.BR targets  (Table  III) or B 10.K targets  (da ta  not shown) was 
vi r tual ly  undetec table ;  again,  responsiveness to th i rd -pa r ty  ant igens  was un impa i r e d  
(Table  III). 

Negative Selection with Disrupted Spleen Cells. Because heavi ly  i r r ad ia ted  cells die 
within a few hours of  injection (29), the above  d a t a  raised the possibi l i ty that  an t igen  
selection was in i t ia ted  not by  intact  cells but  by cell fragments.  Accord ing  to this 
possibility, d i s rupt ing  the spleen cells before injection would  not impa i r  selection. 
Indeed,  as shown in Tab le  IV the inject ion of  extensively sonicated B10.BR, B10, or 
B10.D2 spleen cells all led, 1 d later ,  to comple te  unresponsiveness of  T D L  against  
B10.BR targets.  As with inject ion o f  intact  i r rad ia ted  cells, spleen cells taken at t d 
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TABLE V 
Negative Selection of CBA Responses to B IO.K Minor H Determinants 

Induced by Injection of Glutaraldehyde-treated Spleen Cells: Selection Induced 
with BIO.BR Spleen but not with BIO, BIO.D2, or BIO. Q Spleen 

Glutaralde- 
hyde-treated 

spleen cells (1.2 
× l0 s) given to 
donors of CBA 
TDL 1 d be- 

fore* 

CML activity ofCBA TDL cultured in vitro with 
BI0.BR or (BALB/c X B6)F1 stimulators 

Stimulation with 
B10.BR 

Stimulation with (BALB/c × 
B6)F1 (H-2 d × H-2 b) 

Percent Percent spe- Percent spe- 
Percent spe- lytic ac- cific lysis on 
cific lysis on cific lysis on BIO.D2(H_2 a) 

B 10.K targets tivity B 10(H-2 b) 
targets with 

with killer:tar- c o r n -  targets with killer:target 
get cell ratios pared killer:target with cell 
of 20:1/10:1/ control cell ratios of ratios of 

2:1 20:1/10:1/2:1 cells:~ 20:1/10:1/2:1 

CBA 74/72/34 - -  ND§ ND 
BI0.BR 10/5/0 <1 71/57/21 83/64/27 
B 10 67/62/31 84 ND ND 
B10.D2 58/52/22 49 67/56/16 6/3/0 
B10.Q 77/63/39 127 ND ND 

* See Materials and Methods for glutaraldehyde treatment. 
:~ See Table II. 
§ Not done. 

after  inject ion of  sonica ted  cells gave high responses and  the react iv i ty  of  T D L  
re tu rned  toward  no rma l  levels by  d a y  5 post transfer .  

Negative Selection with Glutaraldehyde-treated Spleen Cells. T h e  simplest  in te rp re ta t ion  
of  the above  d a t a  is tha t ,  a t  least in H-2 - incompa t ib l e  s i tuat ions,  T-cell  selection 
depended  upon  the minor  H A  on the in jected spleen cells be ing  processed in some 
way by  host cells, e.g., by  mac rophages  or  re la ted  cells. I f  so, mi ld  f ixation of  the 
injected spleen cells might  impa i r  an t igen  processing and  thereby  block selection. To  
examine  this poin t  the  injected spleen cells were t rea ted  l ight ly  wi th  g lu t a ra ldehyde  
(0.002% for 30 s [Mater ia ls  and  Methods]) .  This  t r ea tmen t  had  no immed ia t e  effect 
on cell v iabi l i ty  as assessed by  dye exclusion,  and  mCr- label ing  studies ind ica ted  tha t  
the  cells homed  norma l ly  to the spleen af ter  in t ravenous  inject ion (da ta  not shown). 

T h e  effects of  g lu t a r a ldehyde - t r ea t i ng  the selecting cells is shown in T a b l e  V. In 
the  case of  inject ing H-2 -compa t ib l e  B 10.BR cells, negat ive  selection was as marked  
with  g lu t a r a ldehyde - t r ea t ed  cells as wi th  in tac t  i r r ad ia t ed  cells (compare  wi th  T a b l e  
II). W i t h  H-2-different  B10, BI0 .D2,  or B10.Q cells, by  contrast ,  g lu t a ra ldehyde  
t r ea tment  a lmost  comple te ly  abol i shed  selection, i.e., T D L  from mice pre in jec ted  with 
these cells genera ted  nea r -norma l  levels of  C M L  agains t  e i ther  B10.K targets  (Table  
V) or B10.BR targets  (da ta  not  shown).  

Al though  H-2-different  g lu t a r a ldehyde - t r ea t ed  cells failed to induce negat ive  selec- 
t ion to minor  HA,  inject ion of  these cells d id  lead to effective selection against  the  H- 
2 de te rminan t s  on the cells. For  example ,  when CBA T D L  from recipients  of  
g lu t a ra ldehyde - t r ea t ed  B lO.D2(H-2 u) cells were s t imula ted  in vi tro wi th  (BALB/c  × 
B6)Fx(H-2 a × H - 2 ~  ceils, C M L  was low or absent  aga ins t  BI0 .D2 targets  bu t  was 
high against  the t h i rd -pa r ty  B 10(H-2 t') targets  (Table  V). 
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TABLE VI 
Negative Selection to Minor H Determinants Induced by Injecting CBA Mice with Glutaraldehyde- 

treated Spleen Cells from Mice of the B IO Recombinant Strains 

CML activity ofCBA TDL cultured in vitro with BI0.K stimula- 
tors. Killer:target cell ratios of 25:1/12:1/2:1 

Glut araldehyde-treated 
spleen cells (1.2 x 10 a) Percent Percent Percent 
given to donors of CBA specific Percent specific Percent specific Percent 

TDL l d before* lysis on lytic ac- lysis on lytic ac- lysis on lyric ac- 
B10.K tar- tivity B10.A tar- tivity B10.OL tivity 

gets gets targets 

CBA (kkkkkkkk) 49/41/22 49/42/17 - -  34/28/13 - -  
B 10.OL (ddddddkk) 31/27/7 22 41/28/9 46 8/3/0 <l 
B 10.A (kkkkkddd) 0/0/0 < 1 0/0/0 < 1 0/0/0 < 1 
(BI0.A X B10.OL)F~ 9/1/0 <1 9/7/0 <1 0/0/0 <I 
B 104.AQR (qkkkkddd) 0/0/0 < 1 0/0/0 < 1 0/0/0 < 1 

* See Table V. 

Negative Selection with Glutaraldehyde-treated Cells from H-2  Recombinant Mice. To 
a t t empt  to m a p  the appa ren t  H-2 restr ict ion of  selection observed with g lu ta ra lde-  
hyde- t rea ted  cells, selection was s tudied  in CBA mice given g lu ta ra ldehyde- t r ea t ed  
cells from mice of  the B10 recombinan t  strains. W h e n  B10.OL (ddddddkk) cells were 
used for selection, cul ture  of  the recipient  CBA T D L  with  B10.K s t imula tors  led to 
effective lysis against  B10.A (kkkkkddd) targets  but  not against  B10.OL targets  (Table  
VI). These da t a  impl ied  that  selection affected T cells specific for de te rminan t s  
m a p p i n g  in the D-end of  the H-2  complex  but  d id  not  involve K-end-specif ic  T cells. 
Reciprocal  f indings were expected when B 10.A cells were used for selection. Curiously,  
however,  this was not the case: Select ion with B 10.A cells led to unresponsiveness not 
only against  B 10.A targets bu t  also against  B I0 .OL targets,  i.e., as for selection with 
(B10.A × B10.OL)F1 cells. Ident ica l  f indings app l i ed  to selection with B104.AQR 
(qkkkkddd) cells, i.e., cells that  were H-2 compa t ib l e  with the host only  in the I region. 
Three  other  exper iments  gave compa ra b l e  findings. In two of  these exper iments ,  as a 
specificity control,  the cells selected against  B 10.A and  B 104.AQR cells were tested for 
their  capac i ty  to generate  C M L  against  t h i rd -pa r ty  H-2 b target  cells. High  levels of  
lysis were ob ta ined  (da ta  not shown). 

D i s c u s s i o n  

Most  of  the evidence on cross-pr iming to minor  H A  has come from studies on the 
long-term effects of  immun iz ing  mice with H-2-different  cells. O u r  findings that  
negat ive selection to minor  H A  can be induced  with  i r r ad ia ted  or d i s rupted  H-2- 
different cells implies that  cross-pr iming can occur very rapid ly ,  i.e., wi th in  1 d. As 
with other  examples  of  cross-priming,  these d a t a  per  se might  e i ther  reflect processing 
of  ant igen by host cells (thus enab l ing  the ant igen to become associated with self H- 
2 determinants)  or a l te rna t ive ly  signify a lack of  H-2 restr ict ion dur ing  T-cell  
induct ion.  T h e  exper iments  on the effects of  using g lu ta ra ldehyde- t r ea t ed  cells for 
selection were designed to d i scr imina te  between these two possibilities. 

The  ra t ionale  here was tha t  if  cross-pr iming resulted from ant igen  processing, 
t rea tment  of  the an t igen-bear ing  cells with a fixative such as g l u t a r a l d e h y d e  might  
interfere wi th  this phenomenon  and  thereby impa i r  the capac i ty  of  the cells to induce 
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selection across H-2 barriers. Indeed, testing this prediction showed that negative 
selection to minor HA induced by H-2-different cells was low or undetectable when 
the cells were treated briefly with low concentrations of glutaraldehyde before 
injection. Significantly, glutaraldehyde treatment did not affect selection in H-2- 
compatible situations, i.e., in contrast to irradiated or sonicated cells, selection with 
glutaraldehyde-treated cells was H-2 restricted. 

In interpreting these data it should first be stressed that the precise mechanism of 
action of glutaraldehyde treatment in the selection assay is unknown. Because 
glutaraldehyde cross-links proteins (30), our working hypothesis is that treatment with 
this reagent retards destruction of the antigen-bearing cells and/or  interferes with 
antigen processing by host cells, e.g., by somehow preventing moieties of antigen from 
forming an immunogenic association with host H-2 determinants. Although this is 
largely speculation it is difficult to offer an alternative explanation that fits the data. 
The fact that glutaraldehyde-treated cells remained immunogenic in H-2-compatible 
situations makes it unlikely that the antigenicity of the minor HA on the selecting 
cells was impaired. Likewise, the H-2 determinants on the cells seemed to remain 
intact because effective selection was observed against the H-2 determinants on 
glutaraldehyde-treated cells (Table V). Indeed there appears to be general agreement 
in the literature that glutaraldehyde treatment does not denature cell surface com- 
ponents (19, 31, 32), at least under the mild conditions used in this study. It may also 
be mentioned that in our hands glutaraldehyde treatment does not prevent long-term 
cross-priming, i.e., CBA mice injected several weeks before with glutaraldehyde- 
treated B10.D2 spleen cells give typical secondary responses to B10.K cells in vitro 
(R. Korngold and J. Sprent. Unpublished data.). 

Whatever the exact consequences of treating cells with glutaraldehyde, the fact that 
selection to minor HA was H-2 restricted would seem to exclude the possibility that 
selection reflected an H-2-unrestricted response to antigen. 3 Can one conclude there- 
fore that cytotoxic T-cell induction depends upon some form of antigen processing? 
In the case of cross-priming (presentation of antigen on H-2-different cells), the data 
on the immunogenicity of irradiated and disrupted cells vs. glutaraldehyde-treated 
cells in the selection assay are strongly in favor of this viewpoint. The precise 
mechanism of induction to minor HA, however, is far from clear. Because the 
specificity of the effector cells was directed to K- and D-end H-2 determinants (Table 
I), it is tempting to extrapolate from the induction of I region-restricted T cells 
involved in T-B collaboration and argue that cytotoxic precursor cells are triggered 
by contact with antigen that becomes associated with K / D  determinants on macro- 
phages or related cells. Although appealing from the point of view of symmetry, this 
notion has to be viewed with caution for the following reasons: (a) The recent evidence 
that I region-restricted T-helper cells control responses to minor HA (33-36) adds a 
new dimension to the problem of cytotoxic T-cell induction and implies that, in 
addition to K / D  determinants, the antigen-presenting cells might also have to express 
Ia determinants. (b) There is no direct evidence that macrophages or accessory cells 
play other than a nonspecific role in cytotoxic T-cell induction in vitro (37). For in 

Although primed mice were used in these experiments, recent studies in which unprimed T cells were 
primed to antigen on adoptive transfer after selection to glutaraldehyde-treated cells have given similar 
findings. 
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vivo responses, the only direct evidence that a specific class of antigen-presenting cells 
is required for C M L  induction is the finding of Zinkernagel et al. (38) that H-2- 
compatible cells of bone marrow origin are needed for generating C M L  to virus- 
infected cells; whether these cells belong to the macrophage lineage is unknown. (c) If  
typical macrophages do control antigen presentation, it remains to be explained why 
cross-priming is easily demonstrable in vivo but not in vitro (12). For these reasons 
the case that cytotoxic T-cell induction is simply a reflection of T-macrophage 
interaction and closely resembles the induction of T cells involved in T-B collabora- 
tion is far from being proved. 

The conclusion that antigen processing is a prerequisite for inducing responses to 
minor HA across H-2 barriers does not necessarily imply that processing is mandatory 
in H-2-compatible situations. Indeed the argument that glutaraldehyde treatment 
impairs antigen processing rests on the assumption that the selection to minor HA 
observed with H-2-compatible glutaraldehyde-treated cells reflects a response to the 
injected cells per se. This latter finding was predictable because virtually all of the 
injected spleen cells presumably expressed the requisite combination of minor HA 
plus self K / D  determinants. Nevertheless it is conceivable that, even in this situation, 
the capacity to present antigen is unique to a particular class of cells. This question 
is currently under investigation. 

Finally, comment should be made on the paradoxical effects of inducing selection 
with glutaraldehyde-treated cells from mice of the B 10 recombinant strains. Because 
there is general agreement that H-2K- and H-2D-restricted C M L  is mediated by 
distinct subgroups of T cells, the expectation was that these subgroups could be 
separated by inducing selection with minor HA-bearing cells that were compatible 
with the host at only one end of the H-2 complex. The results of selecting CBA(H-2 k) 
mice against glutaraldehyde-treated B 10.OL (ddddddkk) cells were consistent with this 
prediction, i.e., selection with these cells abolished C M L  to B10.OL target cells but 
only minimally impaired the response to B 10.A (kkkkkddd) targets. Reciprocal selection 
with B 10.A cells, by contrast, led to unresponsiveness against both B 10.A and B 10.OL 
targets. In interpreting these data it may be relevant that in the case of  B10.A cells, 
the cells used for selection shared Ia antigens with the host. Hence, negative selection 
with B 10.A cells might remove not only K-end-restricted cytotoxic precursors but also 
I region-restricted T-helper cells critical for facilitating differentiation in vitro of the 
unsetected D-end-restricted cells (36). Accordingly, selection with cells that were H-2 
compatible with the host only in the I region would be expected to have a similar 
effect. This was indeed found to be the case, i.e., selection of CBA mice with 
glutaraldehyde-treated B104.AQR (qkkkkddd) cells led to marked unresponsiveness 
against both B10.A and B10.OL targets (Table VI). 

Which particular H-2Isubregion(s) must be matched to obtain selection is currently 
under investigation. Preliminary studies have shown unexpectedly that selection of 
the CBA anti-B10.K response can be induced with either B10.A(4R) (kkbbbbbb) cells 
or B10.HTT (sssskkkd) cells, i.e., cells that are H-2I compatible with the host only at 
the I-A and I-E/C subregions, respectively. Such findings are not easily interpreted. 
Proving the participation of I region-restricted T-helper ceils in this system, however, 
will require demonstrating that addition of these cells in culture can reconstitute the 
cytotoxic activity of the supposedly T-helper cell-deficient selected T cells. Such 
studies are in progress. 
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S u m m a r y  

Intravenous injection of  CBA mice with H-2-compatible  irradiated B10.BR spleen 
cells led to a sequence of  negative and positive selection of  the host T-cell response 
against the multiple foreign minor  histocompatibil i ty antigens (HA) on the injected 
cells. By 1 d posttransfer, thoracic duct  lymphocytes  (TDL) of  the host had lost the 
capacity to differentiate in vitro into cytotoxic cells specific for the injected minor  
HA; spleen and lymph node cells, by  contrast, gave normal  or enriched responses at 
this time. By 5 d posttransfer, T D L  were hyperresponsive to the injected antigens. 
Selection with disrupted (sonicated) cells gave similar findings. 

With  injection of  either irradiated or disrupted spleen cells, the H-2 haplotype of  
the minor  HA-bear ing  cells had no apparent  effect on the magni tude  of  selection. By 
contrast, t reatment  of  spleen cells with glutaraldehyde before injection led to H-2 
restriction of  selection, i.e., negative selection of  the CBA response to B10.BR was 
marked with injection of  glutaraldehyde-treated H-2-compatible  B10.BR cells but  
was minimal  with H-2-different B10 or B 10.D2 cells. These data  are taken to imply 
that,  at least in H-2-incompatible situations, the minor  HA-bear ing  cells must be 
processed by host cells, i.e., to allow the antigens to become associated with self H-2 
determinants.  

Circumstantial  evidence from studies on the specificity of  selection induced with 
glutaraldehyde-treated cells from mice of  the B 10 recombinant  strains suggested that 
I region-restricted T cells may  control the induction of  H-2K,  D-restricted cytotoxic 
precursor cells. 
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