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The role of the major histocompatibility complex (MHC) 1 in the control of specific 
immune responsiveness has been a controversial issue among immunologists for the 
past 10 years. Particularly enigmatic has been the mode of action of immune response 
(Ir) genes which, in the mouse, have been generally mapped within the I region of the 

H-2 complex. The initial findings that these genes apparently controlled the response of 
T cells to specific T-dependent antigens led to the suggestion that somehow the products 
of these genes were involved in the structure of the T-cell receptor for antigen (reviewed 
in references 1, 2). However, more recent experiments, initiated by the work of Katz 
and co-workers (3-5) studying T-cell/B-cell cooperation, and Rosenthal and Shevach (6, 7) 
studying macrophage (MCp)fr-cell cooperation, have led to the conclusion that T-cell 
interactions with antigen can be controlled by MHC ~enes expressed in cells other than 
T cells, namely in B cells and/or MO. 

The control of helper T-cell function by MHC genes has been studied for the most part 
in vivo under conditions where it has been difficult to precisely determine which cell 
types express the gene function. Part  of the difficulty of studying these phenomena in 
vitro has been that  the most widely used antigens the responses to which are under Ir- 
gene control have not been particularly good immunogens in vitro. 

In  th is  pape r  we repor t  the  exis tence of an  I r  gene(s) control l ing the  response  
of he lper  T cells to sheep e ry th rocy tes  (SRBC), a n  an t igen  widely  used in in 
vi t ro sys tems.  The  I r -gene  control was  detected whi le  s tudy ing  the  cross- 
react ion  of SRBC-pr imed  he lper  T cells wi th  bur ro  e ry th rocy tes  (BRBC) (8, 9). 
The  ex ten t  of  cross-react ion was  found to va ry  a m o n g  mouse  s t ra ins  according 
to  H - 2  haplotype.  In  expe r imen t s  in which  T and  B cells and  Mop of var ious  H-  
2 hap lo types  were  combined in vitro,  we demons t r a t ed  the  express ion of the  I r  
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gene(s) in B cells, although expression in MoP and in T cells was not excluded 
as a possibility. 

We interpret these and our previous findings (10, 11) to support the view 
that MHC gene products are recognized by helper T cells simultaneously with 
antigen on the surface of B cells and MoP. 

Materials and Methods 
Mice. With the following exception, all mice were purchased from The Jackson Laboratory, 

Bar  Harbor, Maine. B10.AM(S) (H-2 s) mice were bred in our own colony from breeding pairs 
kindly provided by Dr. Jack  Stimpling, McLaughlin Inst i tute ,  Grea t  Falls,  Mont. 

Cultures. Mouse spleen cells were cultured by the methods of Mishell  and Dutton (12) with  
the following modifications. Eagle's minimal  essential  medium (modified F-14) for suspension 
culture wi thout  g lu tamine  or NaHCO3 was purchased in powdered form from Grand Island 
Biological Co., Grand Island, N.Y. During preparat ion the medium was supplemented with 
nonessential  amino acids (12), sodium pyruvate  (12), and 2.2 g NaHCO3/liter. I t  was then  
sterilized by f i l t ra t ion and  stored at  4°C. J u s t  before use the medium was supplemented with 30 
mg glutamine/ l i ter ,  50,000 U penicillin/liter,  50 mg streptomycin/li ter,  50 ml of fetal calf  serum 
(FCS)/liter, and 2-mercaptoethanol to a final concentrat ion of 5 × 10 -5 M (13). The medium was 
then  used within 24 h. In the present  study FCS lot 90092 purchased from Microbiological 
Associates, Bethesda, Md., was used throughout.  Cultures  were incubated at  37°C in an  atmos- 
phere of 10% COj90% air  on a rocking platform (Bellco Glass, Inc., Vineland,  N. J.). Cells were 
cultured in 0.5 ml in Linbro FB16-24TC culture t rays  (Linbro Chemical  Co., New Haven, Conn.) 
a t  concentrations of 3-6 × 10 e cells/culture well. Cultures  were fed daily with 0.1 vol nu t r i en t  
cocktail (12). 

Antigens. SRBC from a single animal  were obtained from Bel lwhether  Farms, Palmyra,  N. 
Y. BRBC and horse RBC (HRBC) from single an imals  were purchased from the Colorado Serum 
Co., Denver, Colo. Tr in i t rophenyla ted  (TNP) RBC were prepared by the  method of Rit tenberg 
and Pra t t  (14) as modified by Ke t tman  and Dutton (15). Heavily conjugated RBC were used as 
the immunogen in culture and l ightly conjugated RBC, as the  an t igen  in the  hemolytic plaque 
assay. 

Immunizations. Mice were primed by int ravenous injection with 8-20 × 10 ~ SRBC in balanced 
sal t  solution (BSS) (8, 9, 16). Spleens were removed 4 days la te r  as a source of SRBC-primed 
helper T cells. In vitro immunizat ions  were 2 x 10 e TNP-RBC/ml culture medium. 

Preparation of T Cells. Splenic T cells were prepared using nylon fiber columns by modifica- 
t ion of the methods of Greenwal t  et  al. (17), Ju l ius  et  al. (18), and Greaves and Brown (19). 
Nylon staple fiber (3.0 denier,  11/2 inch, type 200) was a generous gift from E. I. Du Pont de 
Nemours & Co., Wilmington,  Del. Before use the fiber was washed for 1 h in a solution of 1% 
Liqui-Nox (Alconox Inc., New York) a t  80°C (60 g of fiber/liter). After thorough washing with 
distilled water,  the  fiber was soaked in 1 N HCI for 1 h at  room tempera ture  and washed 
thoroughly wi th  distilled water.  The fiber was then  dried and ,carded using hand  wool carders 
(Eager Weavers, Rochester, N. Y). The carded fiber was placed in columns made from disposable 
syringes (120 mg/ml). 5 ml of bed volume was used for each 1-1.5 x l0 s spleen cells (approximately 
one spleen) to be prepared. After steri l ization by autoclaving the columns were soaked in 5% 
FCS in BSS at  37°C and incubated for at  least  30 min at  37°C. After  washing wi th  one column 
volume of 5% FCS in BSS at  37°C, spleen cells were applied to the  column in two-thirds column 
volume of the  same buffer. After an  additional 30 min at  37°C the  nonadheren t  cells were eluted 
from the column in two column volumes of 5% in BSS at  37°C. Routinely, 12-15% of the applied 
cells was recovered. These cells were 90-100% T cells as judged by lysis with  anti-T-cell serum 
and complement and  accounted for ~ 50% of the  applied T cells. They were severly depleted of 
functional M e  and  B cells (see Table I). 

In some experiments,  double-sized columns were prepared. In these cases the  spleen cells were 
loaded in one-third the column volume, moved far ther  into the  column after  30 min  using 
another  one-third column volume of 5% FCS in BSS, and finally after  an  additional 30 min, 
eluted wi th  one column volume of 5% FCS in BSS. Recoveries were comparable to those above 
and the isolated T cells had properties indis t inguishable  from those of T cells passed through 
single-sized columns. 
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TABLE I 

Presence of Functional Mdp in Adherent Peritoneal Cells and in Irradiated, Anti-T-Cell 
Serum Plus C'-Treated Normal Spleen Cells 

Source of MoP 

Irradiated,  
B10.A Perito- anti-T-cell se- 

Exp. B cells* T cells$ neal  cells (ad- rum + C'- Antigen 

herent  frac- t reated nor- 
tion) real B10.A 

spleen cells 

Anti-TNP 
PFC/cul- 
ture  (day 

4) 

4.0 x 10 e 1 x 10 s - - T N P - S R B C  20 +- 5§ 

- 1 x l 0  s 1 x 10 ~ - T N P - S R B C  < 2  

4.0 x I06 I x I0  s 1 x I05 - T N P - S R B C  220 -+ 15 

2.5 x i06 1 x l 0  s - - T N P - S R B C  40 -+ 10 

- 1 x l 0  s - 2.5 x 10 s T N P - S R B C  < 2  

2.5 x 10 s i x l 0  s - 2.5 x i06 T N P - S R B C  270 -* 30 

* Anti-T-cell serum plus C'-treated Sephadex G-10-purified B10.A spleen cells. 
Nylon-purified SRBC-primed CAF, spleen cells. 

§ SEM. 

Depletion of T Cells. Spleen cells were depleted of T cells as previously described using anti-  
T serum and complement (20). These preparat ions were used as a source of B cells and MoP. 

Mdp-Depleted B Cells. Spleen cells were depleted of MoP and T cells by passage over Sephadex 
G-10 columns by the method of Ly and Mishell  (21) followed by a t r ea tmen t  wi th  anti-T serum 
and  complement as above. Such preparat ions contained functional B cells. 

Sources of Mdp. Two sources of MoP were used. Adherent  peritoneal cells were used in most 
cases. The peri toneal  cavities of normal mice were washed with cold 5% FCS in BSS to remove 
peritoneal cells. Individual  cultures received 105 cells in 0.5 ml of medium. After  24 h, 
nonadherent  cells were removed by aspirat ion and spleen cells cultured on the  remain ing  
macrophages which were uniformly distr ibuted in the culture well. In  one experiment  splenic 
Mdp were used. They were obtained from spleen cell suspensions which were depleted of T-cell 
activity by t r ea tmen t  with  anti-T-cell serum and  complement and of B-cell activity by irradiat ion 
(1,000 rads from a s°Co source). 

Both the spleen and the  peritoneal cavity have been t radi t ional  sources of functional Mdp for 
in vitro antibody responses (21-24). In the  case of peritoneal Mdp, we have previously demon- 
s t rated the i r  abili ty (in our hands) to restore in vitro concanavalin A responsiveness to adherent  
cell-depleted splenic T cells (25) and have shown in several studies (10, 11) t ha t  these cells, when 
pulsed with ant igen,  can be used to prime in vivo antigen-specific, H-2-restricted helper T cells. 

As an  additional check on the  immunological capabilities of our Mdp preparations,  perhaps 
more re levant  to the  present  study, we tested the i r  abili ty (in our hands)  to restore the in vitro 
response of MoP-depleted T and B cells to the antigen,  TNP-SRBC. The resul ts  of these 
experiments are shown in Table I. Adherent  cell-depleted T and B cells made li t t le or no 
response to TNP-SRBC. The addition of e i ther  the  adherent  fraction of peritoneal cells or 
irradiated, anti-T-cell serum plus complement-treated normal  spleen cells as a source of M<P 
restored the response. It  should be noted t ha t  in these and in all experiments  reported here the 
culture medium was supplemented with 2-mercapteethanol, so tha t ,  whatever  the  function of 
M~ in this  response, i t  is not a function which can be performed by 2-mercapteethanol. 

Plaque-Forming Cell (PFC) Assay. After 4 days of culture, three  identical cul ture wells were 
pooled and assayed in duplicate for PFC using the  slide modification (12) of the  Jerne  hemolytic 
plaque assay (26). Paral lel  determinat ions  were made using TNP-HRBC and HRBC, and the 
difference recorded as the  number  of ant i -TNP PFC. 

Assay of Helper T-Cell Activity. Helper T-cell activity was t i t ra ted  as previously described 
(9). Briefly, cultures were prepared which contained a constant  number  of B cells and Mdp and 
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varying numbers of SRBC-primed helper T cells. The cultures were immunized with either TNP- 
SRBC or TNP-BRBC, and after 4 days, the number of anti-TNP PFC/culture determined. A plot 
of anti-TNP PFC/culture vs. the number of helper cells added yielded a titration with an initially 
linear slope. The least squares line was fitted to the initial points and the slope of this line was 
taken as the activity of the helper population. To compare the cross-reactivity of SRBC-primed 
helper cells with BRBC, a comparison of slopes obtained with the two TNP-RBC was made (see 
Fig. 1). 

Since in all these determinations we were interested only in the helper activity present as a 
result of SRBC priming, some correction had to be made to take into account the "background" 
helper activity specific for most RBC antigens present in unimmunized animals. This was 
accomplished in two ways. 

When measurements were to be made with totally syngeneic cells, cultures were constructed 
to contain various portions of normal and primed unseparated spleen cells keeping the total cell 
number per culture constant. In this way all cultures contained constant number of TNP-specific 
B cells and background helper activity but varying numbers of primed helper cells. Thus, the 
titration slopes reflected only the activity of the primed helper cells (9). 

When measurements were made using F~ T cells with B cells and M4) carrying parental H-2 
haplotypes, it was necessary to remove T cells from the B cell/MoP preparation to avoid an 
allogeneic interaction with the FIT cells. Likewise, B cells and MoP had to be removed from the 
FI T cells to prevent their contribution to the response. In this case varying numbers of F~ T cells 
were added to a constant number of B cells and Mob. Thus, the background helper activity 
contaminating the primed F~ T cells was also a variable and contributed to the total activity 
seen. To correct for this activity, parallel titrations were performed with unprimed F~ T cells and 
the difference between this activity and that seen with primed FIT cells calculated as the helper 
activity due to priming (Figs. 3, 4, 6). 

Results 
Genetic Control of  the Response of  Helper T Cells to RBC Antigens. In a 

large number of experiments various mouse strains, including H-2 congenic 
strains of the B10 or C3H background, were immunized with SRBC. After 4 
days, the SRBC-primed spleen cells were titrated for primed helper activity as 
described in the Materials and Methods using both TNP-SRBC and TNP- 
BRBC as antigens. Three representative pairs of titrations are shown in Fig. 1. 
Titrations were initially linear so that their slopes were indications of the 
relative activities of the primed helper cells. In each case helper activity was 
detected using TNP-SRBC as the antigen; however, these SRBC-primed helper 
cells did not cross-react equally well in all cases with TNP-BRBC. A cross- 
reaction with TNP-BRBC of ~ 50% was seen in DBAJ2 mice; the cross-reaction 
was only 28% in C3H.SW mice and virtually absent in B10.A(2R) mice. 

Fig. 2 summarizes the results of 40 pairs of titrations similar to those in Fig. 
1, utilizing 12 mouse strains. The average cross-reactivity of SRBC-primed 
helper cells with TNP-BRBC observed in each strain is shown. The strains fell 
roughly into three groups: (a) those showing little (0-15%) cross-reactivity: 
B10.A, B10.A(2R), C3H/He, and CBA; (b) those showing intermediate (15- 
30%) cross-reactivity: C57BL/6, C57BL/10(B10), C3H.SW, and DBA; and (c) 
those showing high (>30%) cross-reactivity: DBA/2, BALB/c, B10.D2, and 
B10.AM(S). 

The data demonstrate that the degree of cross-reaction is controlled by a 
gene(s) linked to the H-2 complex since: (a) strains of the same H-2 type show 
approximately the same level of cross-reaction; and (b) strains congenic at H-2 
of the B10 and C3H background show different levels of cross-reaction depending 
on H-2 haplotype. Therefore, we concluded that in the mouse the ability of 
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FIG. 1. Titration of SRBC-primed helper activity using TNP-SRBC and TNP-BRBC. 
Groups of two B10.A(2R), C3H.SW, and DBA/2 mice were primed with SRBC. After 4 
days, a pooled spleen cell suspension was prepared from each group and t i t rated in vitro 
for helper activity as described in the Materials and Methods using either TNP-SRBC (O) 
or TNP-BRBC (©) as the antigen and a cell concentration of 5 x 106/culture. The number 
of anti-TNP PFC/culture was determined on day 4 and plotted vs. the number of SRBC- 
primed cells/culture. The least squares method was used to determine the initial slope -+ 
SE of the titration line. The percent cross-reactivity of SRBC-primed helper cells with 
BRBC was calculated as the slope obtained with TNP-BRBC as antigen divided by the 
slope obtained with TNP-SRBC as antigen × 100. 

helper T cells to respond to a determinant(s) shared between SRBC and BRBC 
was controlled by an H-2-1inked immune response ( Ir)  gene(s). H - 2  a, H - 2  h2, 
and  H - 2  k determined low responsiveness; H - 2  ° and H-2 q determined intermedi- 
ate responsiveness; and H - 2  d and H - 2  ~ determined high responsiveness. 

Since the study included two strains which had recombinant H - 2  haplotypes, 
it was possible to tentatively map the Ir gene(s) within the H - 2  complex. Table 
II lists the H-2-subregion types of the congenic strains of the B10 background 
used in these experiments. The high response seen in B10.D2 mice and the low 
response in B10.A mice would tentatively map the gene(s) controlling high 
responsiveness in H - 2  d mice to the K through I - E  end of the H - 2  complex. 
Likewise, the intermediate response in B10 mice and the low response in 
B10.A(2R) mice would tentatively eliminate D as the site of the gene(s) 
controlling intermediate responsiveness in H - 2  b mice. 

Mapping on the basis of such limited distribution data is, however, risky at 
best, especially in light of the recent discoveries that  in some cases I r  
phenotypes may be the result of interacting I r  genes which map in different 
subregions of the H - 2  complex (27, 28). 

One point which became clear in these studies was that  in order to observe 
this H - 2  control, especially when noncongenic mice were used, it was necessary 
to compare the activity of SRBC-primed helper cells with TNP-SRBC and with 
TNP-BRBC rather than simply to determine their activity with TNP-BRBC 
alone. This was because the absolute level of helper activity measured after 
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Fig. 2. An H-2-linked Ir  gene(s) controlling cross-reaction of SRBC-primed helper  cells 
wi th  BRBC. 40 pairs of t i t ra t ions  were performed as in Fig. 1 using 12 different s t ra ins  of 
mice. Cross-reactivity of SRBC-primed helper cells with BRBC was calculated as in Fig. 1. 
Shown are the average cross-reactivities _+ SEM of three  to four separate determinat ions  
with each strain.  Dotted lines arbi t rar i ly  divide the s t ra ins  into low, intermediate,  and 
high responders to the  shared determinant(s)  on SRBC and BRBC. 

SRBC priming varied considerably among the strains. This variation was not a 
function of H-2-1inked genes as seen in Table HI. When the absolute helper 
activities measured in three H-2 d strains (DBA]2, BALB/c, and B10.D2) were 
compared, the highest activity was consistently seen in DBA/2 and the lowest 
in BALB/c with B10.D2 as the intermediate. Nevertheless, a comparison of the 
activities measured with TNP-SRBC and TNP-BRBC in the three strains 
allowed one to classify all three as high responders to the shared RBC 
determinant(s). 

Of the strains listed in Fig. 2, highest absolute responses were seen in DBA/ 
1 and DBA/2. Intermediate responses were generally seen in B10 and C3H 
congenics and in CBA, and BALB/c consistently gave the lowest activity. 

Expression o f  the Ir Gene(s) in B cells. Having demonstrated Ir gene(s) 
controlling the response of helper T cells to the shared determinant(s) on SRBC 
and BRBC, we wished to determine in which cell type(s) the gene(s) was 
expressed: T cells, B cells, or MoP. The simplest approach to this question 
would have been to mix T cells, B cells, and M~P from high, intermediate, and 
low responder mice in various combinations in vitro. This was impossible since 
such experiments would mean the unavoidable mixing ofT cells with allogeneic 
B cells and MoP. The resulting allogeneic interactions (both positive and 
negative) would certainly have obscured the results. 

As an alternate approach we prepared T cells from F1 animals of parents 
with different Ir types. The two FI mice which were used were C57BL/6 x 
DBA/2 (BDF~) (intermediate, H-2 b, x high, H-2 d, responder) and BALB/c x 
A/J (CAF1) (high, H-2 d, x low, H-2 a, responder). Normal and SRBC-primed F1 
T cells were tested for helper activity using TNP-SRBC and TNP-BRBC. T 
cell-depleted spleen cells from H-2-congenic mice of the B10 background 
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TABLE II 

Mapping of Ir-Genes(s) 

Stra in  
H-2 Subregions  

K I-A I-B I-J I-E I-C S G 
Cross-reactivity 

D 

B10.D2 d d d d d d d d 
B10.A k h h k k d d d 
B10.A(2R) k k k k k d d ? 
B10 b b b b b b b b 
BIO.AM(S) s s s s s s s s 

% 

d 64 ± 4* 
d 12 ~ 75 
b 3 ± 45 
b 21 • 35 
s 75 ± 20* 

* Average ± SEM of four separate  determinat ions .  
5 Average _+ SEM of three  separa te  determinat ions .  

TABLE I H  

Non-H-2 Influence on SRBC-Specific Helper Activity 

Strain 

SRBC-specific 
helper  activity 

(PFC/culture/106 
pr imed cells)* 

BRBC Cross-react- 
ing helper activity Cross-reactiv- 
(PFC/culture/10 6 ity* 
primed cells)* 

% 

DBA/2 956 -+ 200 350 _+ 49 39 -+ 7 
B10.D2 240 -+ 43 151 + 19 64 -+ 4 
BALB/c 135 -+ 21 52 +_ 20 39 +- 20 

* Average -+ SEM of four separate determinations. 

carrying one or the other parental H-2 haplotypes were used as a source of B 
cells and MoP in the helper cell assay. 

Thus, allogeneic interactions were avoided since the F1 T cells were incapable 
of recognizing either the H-2 antigens or in this case the Mls antigens of the B 
cells and Me.  (C57BL/6, C57BL/10, BALB/c, B10.A, and B10.D2 are identical 
at Mls. ) 

We predicted that  if the lr  gene(s) was expressed only in T cells, then the F1 
T cells would cross-react equally well with BRBC using B cells and M~ of 
either parental H-2 haplotype. However, if the gene(s) was expressed in B cells 
and/or McP, then the extent of cross-reaction would be a reflection of the H-2 
haplotype of the B cells and M e  used. 

The results of two experiments of this type are summarized in Figs. 3 and 4. 
In Fig. 3, when BDF1 T cells were tested with B10 B cells and Me,  intermediate 
cross-reaction of SRBC-primed T cells with BRBC was seen. However, high 
cross-reaction was seen when B10.D2 B cells and MoP were used. In Fig. 4, 
CAF1 T cells showed high cross-reaction when tested with B10.D2 B cells and 
McP, but low cross-reaction with B10.A B cells and MoP. Each of these 
experiments was repeated twice with similar results. The results for the six 
experiments are summarized in Fig. 5, where the average cross-reactivity for 
each cell combination is shown. 

We concluded from these experiments that  for a given SRBC-primed F1 cell 
preparation, the extent of cross-reaction observed with BRBC was predicted by 
the Ir type of the B cell and/or McP present in the helper cell assay. 
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FIG. 3. Expression of the  Ir  gene(s) in B cells and/or M¢: BDF1 cells tested on B10 and 
B10.D2 cells and M~P. T cells were isolated from the  spleens of groups of three  SRBC- 
primed (hatched bars) or normal  (open bars) BDF~ (H-2 b x H-2 d) mice. These T cells were 
t i t ra ted  (0-2 x 106/culture) in vitro for helper  activity using B cells and M~P (4 × 10s/ 
culture) prepared from ei ther  B10 (H-2 b) or B10.D2 (1-1-2 d) spleen cells. Both TNP-SRBC 
and TNP-BRBC were used as antigens.  For each t i t ra t ion  the number  of ant i -TNP PFC/ 
culture was plotted vs. the number  of T cells added and the  init ial  l inear  slope determined 
by the  least  squares method. This  slope -+ SE is shown for each t i t rat ion.  The percent 
cross-reaction of SRBC-primed helper cells with  BRBC was calculated as: (slope obtained 
wi th  primed T cells minus  the  slope obtained with normal  T cells when TNP-BRBC was 
the  antigen) divided by (slope obtained with primed T cells minus  the slope obtained with 
normal  T cells when TNP-SRBC was the antigen) x 100. 

In an at tempt to determine whether  the Ir-gene control was expressed in the 
in vitro helper T-cell assay in the B cells, the MoP, or both, we performed 
experiments, such as those illustrated in Fig. 6. CAF1 T cells were t i trated for 
helper activity using B10.A (low responder) B cells and MoP and either TNP- 
SRBC or TNP-BRBC as antigen. The assay cultures contained, in addition, the 
adherent cells (M~) from 10 5 peritoneal cells from either B10.A (low responder) 
or B10.D2 (high responder) mice. If the Ir gene(s) was expressed in M e  but not 
B cells, then the low cross-reactivity seen with B10.A B cells and MoP should 
change to high cross-reactivity with the addition of B10.D2 MoP. The results 
showed that  regardless of the type of additional MoP present in the assay 
cultures, low cross-reactivity was seen between SRBC-primed T cells and 
BRBC. This experiment was repeated twice. The average cross-reactivity 
observed in the three experiments with additional B10.A MoP was 10 _+ 4% and 
with B10.D2 M e  13 +_ 2%. 

In a fourth experiment ra ther  than using peritoneal cells as the source of 
M~P, we used B10.A or B10.D2 splenic MoP prepared as described in the 
Material and Methods by irradiation of T cell-depleted splenic B cells and M¢. 
Cultures contained 2.5 x 10 8 B10.A B cells and M¢ plus 2.5 x l0 s of either 
irradiated preparation. The cross-reactivity was 9 +_ 2% with irradiated B10.A 
cells and 12 _+ 3% with B10.D2 cells. 
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FzG. 5. Expression of Ir gene(s) in B cells and/or M~b: Summary. The experiments 
described in Figs. 3 and 4 were each performed a total of three times. The average cross- 
reactivities +__ SEM are shown for each cell combination. 

We concluded from these experiments that the Ir-gene control of this response 
was not simply at the level of T-cell/Me interaction, since if this were so, the 
addition of B10.D2 MoP to the CAF~ T cell/B10.A B cell and Mdp cultures should 
have increased the cross-reactivity observed. Although these experiments do 
not eliminate the possibility that the Ir gene(s) is expressed in the 
M ¢  (or the T cell), they do indicate that at least some other cell type must also 
obligatorily express the Ir gene(s) in order for cross-reactivity to be observed. It 
would appear that the responding B cell is the only likely candidate for this 
cell type. 
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FIG. 6. Expression of the Ir gene(s) in B cells at least. SRBC-primed (hatched bars) and 
normal (open bars) CAFI cells were t i t rated for helper activity as in Fig. 3 using TNP- 
SRBC and TNP-BRBC as antigens and B10.A B cells and M¢. However, cultures contained 
in addition the adherent  portion of 10 5 peritoneal cells from either B10.A or B10.D2 mice. 
Slopes of the t i tration lines are shown. The cross-reactivities were calculated as in Fig. 3. 

Discuss ion  
In many species it appears to be a general phenomenon that genes (Ir genes) 

within the MHC can control the immune response to specific antigens (12). 
Although much controversy concerning the mode of action of Ir  genes still 
exists, there seems to be a consensus on at least two points. Firstly, there is 
apparent antigen specificity in the effects of these genes. Secondly, the ultimate 
effect of an Ir gene is on the expression of the activity of T cells. 

Originally, the simplest hypothesis to explain these observations was the 
involvement of MHC gene products, particularly those of the I region, in the 
structure of the T-cell receptor for antigen, i.e., the expression of l r  genes in T 
cells. This view was given further support by the difficulty of demonstrating 
immunoglobulin on T cells (29), the inhibition of T-cell proliferation in vitro 
with anti-Ia sera (30), and the demonstration of an Ia-pesitive, T cell-derived, 
antigen-specific factor (31). 

However, over the years evidence steadily appeared, which argued against 
this simple hypothesis. The first was the surprising finding that products of 
the I region were detected easily on B cells but  only with great difficulty on T 
cells (32, 33). At about the same time, Katz and co-workers (3-5) and Rosenthal 
and Shevach (6, 7) demonstrated that  the ability of in vivo-primed T cells to 
collaborate with either B cells or M¢,  respectively, apparently required MHC 
identity between the collaborating cells. These studies included experiments 
which showed that for antigens the response to which was under Ir-gene 
control, antigen-primed T cells from FI animals of high x low responder 
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parents collaborated only with B cells or MoP from the high responder, not the 
low responder parent. These experiments clearly demonstrated the expression 
of Ir  genes in cells other than T cells and were originally interpreted to mean 
that  in order for effective collaboration to take place the cells involved must 
share and express certain MHC genes. 

However, even this conclusion had to be modified in light of experiments 
which appeared concerning the recognition of antigenic targets by cytotoxic T 
cells. The conclusion reached in a large number of laboratories (34-37) was 
that  cytotoxic T cells recognized target antigens in combination with products 
of the MHC. In the mouse these products were primarily of the K and/or D 
regions. Thus, when T cells were immunized with antigen associated with a 
particular MHC type, the effectors generated were capable of killing effectively 
only antigen-bearing targets of the same MHC type. These results quickly led 
to a reinterpretation of the T-cell/B-cell and T-cell/MoP experiments. Since in 
all these experiments T cells had been primed in a syngeneic environment, it 
was possible that  they had been selected for their ability to recognize the 
antigen in association with their own MHC gene products. This selection 
might account for their inability to collaborate with cells of other MHC types. 
For Ir  gene-controlled responses the control might be at the level of the 
formation or recognition of an Ir-gene product/antigen complex. Indeed, re- 
cently several reports have appeared in which T cells primed in a semi- 
allogeneic or allogeneic environment were shown capable of collaborating with 
allogeneic B cells or MoP (38-41). 

Although attention has focussed in turn on each of these interpretations of 
the mode of action of MHC-linked I r  genes, at present, none can be eliminated 
from consideration. Reports continue to appear of antigen-specific T-cell prod- 
ucts bearing MHC alloantigens (42-45). In addition, there are numerous recent 
reports in which it appears that  in order for effective interactions to take place 
between T and B cells, MoP, or other T cells, the interacting cells must be 
genetically related (43, 44, 46-50). And yet simultaneously, experiments are 
being reported which are most easily explained by the conclusion that  T cells 
are restricted to recognizing cell-bound antigen in association with products of 
the MHC (51, 52, and reviewed in 53). It may be that  given the size and 
complexity of the MHC there is room for contributions from all three mecha- 
nisms to the immune response. 

As stated above, the approach that  we and others have taken in an attempt 
to distinguish among these mechanisms has been to determine which cell types 
need express the relevant MHC genes in order for the MHC control to be 
observed. In previous studies (10, 11) we have shown that  F1 mice whose 
parents differed at H-2 could be primed with keyhole limpet hemacyanin 
(KLH) bound to Me-bearing parental H-2 haplotypes. The resulting primed F1 
helper T cells were shown to cooperate preferentially in vitro with B cells and 
MoP bearing the same parental H-2 haplotype as the original priming Me.  In 
the present study we demonstrated that  the response of mice to determinants 
shared between SRBC and BRBC was under the control of an H-2-1inked Ir  
gene(s). When helper T cells from F1 animals whose parents had different I r  
types were tested in vitro with B cells and M e  of parental I r  types, the extent 
of response to the SRBC/BRBC-cross-reacting determinants was predicted by 



J O H N  W.  KAPPLER AND P H I L I P P A  MARRACK 1759 

the Ir type of the responding B cells and Me  (Fig. 5). 
These results established tha t  H-2-1inked genes can control helper T-cell 

activity although they are expressed in non-T cells, and would apparently 
eliminate the possibility that  the only site of action of these genes is in the 
helper T-cell antigen receptor. In this respect our results are in agreement 
with those of several other laboratories (3-7, 41, 46, 49-52). However, a more 
controversial point has been the question of which non-T cells express the 
genes. Can B cells express the genes during T cell/B cell interactions or can all 
of the observed phenomena be explained on the basis of the expression of the 
genes in MoP during T cell/MoP interactions? 

The work of Shevach and co-workers (6, 7, 51, 52), Erb and Feldmann (46), 
Pierce et al. (41), and ourselves (10, 11), has established that  T-cell interaction 
with antigen bound to the MoP surface is under the control of MHC-linked 
genes expressed in the MoP. In at least one of these studies (41) all of the 
control was shown to be at  the level of helper T-cell/Mdp interactions, with the 
MHC type of the responding B cell irrelevant. In addition, Bechtol et al. (38) 
have reported that  in the response to (T,G)AL in tetraparental mice produced 
from responder and nonresponder parents, B cells of nonresponder origin 
respond well. Experiments of this type have led some to conclude that  MHC 
control of helper T-cell activity is not evident at the level of T-cell/B-cell 
interactions, but only at the level of T-cell/MoP interactions. 

On the other side of the argument the strongest evidence for the expression 
in B cells of MHC-linked genes controlling helper T-cell function has come 
from the work of Katz and co-workers (3-5, 49, 50) and Taussig, Munro, and co- 
workers (31, 54). In the first study, T and B cells from mice which differed at 
the I region of H-2 were shown to fail to cooperate in irradiated F~ recipients. 
In the second study, Ir genes determining the response to (T,G)AL were shown 
to be expressed in B cells and control the ability of the B cells to respond in 
irradiated recipients to an antigen-specific helper factor. However, both of 
these studies were performed in vivo where the contribution of MoP to the 
response was difficult to quantitate. The possibility has been raised that  T cell/ 
MoP interactions rather than T-cell/B-cell interactions may have in some 
undetected way contributed to the results observed. 

Our experiments have been performed in vitro where one might expect to 
have more control over the types of cells participating in the response. In 
neither this (Fig. 6) nor our previous (10, 11) studies have we been able to 
circumvent MHC control of T-cell/B-cell interaction by the addition of Mdp of 
the appropriate H-2 (Ir) type to the cultures. In the present work both splenic 
and peritoneal MoP were used and control experiments were performed to 
assure that  these MoP were functional in this in vitro response. Therefore, we 
interpret our results to support the view that  MHC-linked genes expressed in 
B cells can control T-cell/B-cell interaction. 

Our experiments do not, however, exclude the possibility that  MHC-linked 
genes expressed in M¢ are important not only in the initial priming of helper 
T cells in vivo, but also in the subsequent interaction of the primed helper cells 
with antigen in vitro. The responses to the antigens which we have studied 
thus far, (TNP-KLH, TNP-RBC) are certainly MoP dependent in vitro even in 
the presence of 2-mercaptoethanol (e.g., Table I). It is possible and perhaps 
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even probable that  M@-bound antigen serves to restimulate the primed helper 
T cells before their interaction with B cells. If so, it seems likely that  H-2 
genes expressed in the MOp would control this restimulation. We are currently 
testing this possibility. 

Our experiments also do not exclude the direct expression of H-2 genes in 
helper T cells, as has been suggested by the work of Katz and co-workers (3-5, 
49, 50). Since in all of the experiments we have reported thus far, F1 mice have 
been used as the source of helper T cells, we have not directly addressed the 
question of the expression of these genes in T cells. However, if such were the 
case, our results indicating separate subpopulations of F1 T cells interacting 
with B cells and MOP of parental H-2 haplotypes, would suggest that  a 
phenomenon similar to allelic exclusion must be occurring in the F1 T cells 
resulting in selective expression of H-2 genes in different subpopulations of T 
cells. 

In summary, we feel the simplest interpretation of our results is asfollows. 
Helper T cells respond only to cell-bound antigen. Their initial interaction with 
antigen takes place on the surface of MO (and perhaps other cell types) where 
they are clonally selected on the basis of their ability to recognize both the 
antigen and products of the MHC expressed on the Mop surface. This recognition 
may be through a single or separate receptors on the T cells and may involve 
MHC genes expressed in the T cell, For large multideterminant antigens such 
as KLH presumably many MHC gene products can be involved. For structurally 
restricted antigens the response to which is under Ir-gene control, a single or 
small number of MHC genes are involved. After selection and clonal expansion, 
primed helper T cells function only when they recognize simultaneously both 
the antigen and the MHC gene products involved in their original selection. 
This recognition may take place on a Mop, but  for an effective B-cell response, 
the simultaneous recognition must at least take place on the B-cell surface. 

As stated above this interpretation is not consistent with all of the data 
reported in the literature. Moreover, modifications may be required as new 
information comes to light. It does, however, represent our current working 
hypothesis and will be useful in the design of future experiments. 

S u m m a r y  

The ability of murine helper T cells primed to the antigen, sheep erythrocytes 
(SRBC) to cross-react with burro erythrocytes (BRBC) in the in vitro anti- 
trinitrophenol (TNP) response to TNP-RBC was shown to be under genetic 
control. Although non-H-2 genes were shown to influence the absolute level of 
helper activity assayed aider SRBC priming, the extent of cross-reaction of 
SRBC-primed helpers with BRBC was shown to be controlled by an H-2-1inked 
Ir gene(s). H-2 haplotypes were identified which determined high, intermediate, 
or low response to the cross-reacting determinants and the gene(s) controlling 
the cross-reaction tentatively mapped to the K through I-E end of the H-2 
complex. 

Helpers primed in F1 mice of high x intermediate or high x low respender 
parents were tested for cross-reaction using B cells and macrophages (M~P) of 
parental haplotypes. In each case the extent of cross-reaction was predicted by 
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the  H-2 hap lo type  of the  B cells and  M(P, es tab l i sh ing  the  express ion of  the  I r  
gene(s) in B cells and/or  MoP a t  least ,  bu t  not  ru l ing  out  i ts  express ion in T 
cells as well.  The  low cross-react ion seen  w h e n  T cells f rom F1 mice  of h igh  × 
low responder  p a r e n t s  were  tes ted  on low responder  B cells and  Mq5 was  not  
increased by  the  presence  of  h igh  responder  M ~ ,  ind ica t ing  the  I r  gene(s) is 
expressed  in the  B cell a t  leas t  a l t hough  i t  m a y  be expressed  in M ~  as well.  
These  and  our  p rev ious ly  repor ted  expe r imen t s  a re  consis tent  wi th  the  hypoth-  
esis t ha t  he lper  T cells recognize an t igen  bound to the  surface  of B cells and  
M~P in associa t ion wi th  the  product(s)  o f I r  gene(s) expressed  on the  B cell and  
MoP. 
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