
28. M~tochondria were isolated from transformants pre- 
cultured n galactose-conta~n~ng select~ve medium 
and then inoculated Into select~ve medlum contan- 
n g  0.3% yeast extract. Mitochondria (3 mg of pro- 
tein) were suspended In 150 wl of 50 mM Na,HPO,, 
0.9% NaCI, and 1 mM EDTAand were solubilzed by 
addt~on of 100 w1 of 10% Na-choate (pH 7.8) for 15 
mln on ice. After centr~fugat~on at 100,000g for 15 
m n  at 4% the supernatant was d~v~ded Into 40.~1 
al~quots and Incubated for 30 m n  on ice w~th trypsin 
(0, 5, 10, 100, or 250 wg/ml). After additon of PMSF 
to afina concentration of 1 .2 mM and incubaton for 
10 mn,  0.45 m of reducng sample buffer (2x1 was 
added to each aquot. A 60.~1 port~on of each sam- 
ple was analyzed by SDS-PAGE followed by Immu- 

noblottng w~th antlsera to Cox subunits. The immu- 
noblot was developed by "51-labeled proten A and 
autoradography. 

29. For assessment of the assembly state of the F,F, 
ATPase, m~tochondr~a isolated from the varlous 
transformants (400 wg) were suspended In 40 w1 of 
0.75 M 6-amnocaproic acd, 50 mM bstrs-HC (pH 
7.01, and 1 mM PMSF and were solublized by addl- 
tlon of 7.5 IJ. of 10% auryl matoside. After centr~fu- 
gat~on at 100,000g for 15 mln at 4"C, the superna- 
tant was m~xed w~th 2.5 wl of 5% S e ~ a  blue G and 
electrophoresed on a 5 to 12% nondenaturng poy- 
acrylamde gel (22). After electrophores~s, the gel 
was Incubated for 30 mln w~th 50 mM bistris-HCI and 
15 mM tr~cne-HC (pH 7.0) The separated protens 

Requirement for Invariant Chain in 
B Cell Maturation and Function 

ldit Shachar and Richard A. Flavell* 

Previously the role of invariant chain (li) had been described only as a chaperone that 
facilitates folding and transport of major histocompatability complex class II molecules; 
here it is shown that li is required for B cell development. B cells from mice lacking li were 
found to have a low response to T-independent type II antigen and could not proliferate 
after the mice were injected with antigen. Study of cell surface markers revealed a 
developmental arrest that prevented immature virgin B cells from becoming mature B 
cells in the periphery. This block was independent of major histocompatability complex 
class II expression and was an intrinsic feature of B cells that correlated with the amount 
of li. Thus, li participates by an unknown mechanism in B cell maturation. 

M a j o r  histocompatability complex (MHC) 
class I1 molecules associate with trimers of I i  
during biosynthesis. I i  facilitates folding of 
class I1 molecules, interferes with their asso- 
ciation with peptides, and is involved in 
MHC class I1 transport ( I ) .  Furthermore, 
elimination of the I i  gene by gene targeting 
greatly diminishes the ability of antigen-pre- 
senting cells (APCs) to present exogenous 
protein antigen in a class 11-restricted fash- 
ion and impairs the maturation of CD4+ T 
cells in the thymus (2-4). The assembly, 
transport, and function of MHC class I1 have 
been studied in detail in mice lacking I i  
(2-4). There has not, however, been a rig- 
orous examination of the functional capabil- 
ity of B cells. We therefore analyzed the 
function of B cells lacking Ii. 

T o  examine the function of B cells lack- 
ing Ii ( I ip) ,  we measured B cell response 
both to the type I1 thymic-independent 
(TI)  antigen NP-Ficoll and to NP-CGG, a 
thymic-dependent (TD) antigen (Fig. 1).  
Both T D  and TI responses were markedly 
reduced in the I i p  mice. The  I i p  mice have 
reduced numbers of CD4+ T cells, which 
predicts that these mice should have weak 
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responses to T D  antigen. However, unlike 
the response in class IILdeficient mice (5, 
6) ,  6 days after immunization, concentra- 
tions of immunoglobulin M (IgM) to N P  
were low, suggesting that the primary re- 
sponse of B cells was also impaired. This 
observation is consistent -71th the defective 
primary antibody response by the I i  mice 
after keyhole limpet hemocyanin (KLH) 
injection (2) .  In response to NP-Ficoll, B 
cells lacking I i  produced little IgM both 6 
and 14 days after injection. Thus, the B 
cells In I i  mice were unable to respond 
normally to TI antigen (Fig. 1 ). 

Equivalent numbers of B220+ B cells 
were found In the periphery of the control 
mice, I ip  mice, and two lines of transgenic 11 
mice that express low amounts of one of the 
two isoforms of Ii, p31 and p41 (designated 
Iip3 1 I<> and Iip4"", respectively) (7, 8). T o  

determine the ability of these B cells to 
respond to antigen in viva after stimulation, 
we immunized mice with KLH and exam- 
ined draining lymph node B cells 9 days 
later. In the draining lymph nodes of control 
mice, the B220+ B cell population had pro- 
liferated and increased to 54.3 ? 6.8% of the 
total cells from 13.75%. In the absence of Ii 
or in the presence of low amounts of p31 or 
p41 Ii, however, the B cell population ex- 
panded to only 26.6 ? 3.2% (9,  10). Because 
in both Iip3'l" and Iip4"" mice CD4+ T cells 
are present in normal amounts (7 ) ,  this low 

were analyzed by imrnunoblott~ng with antisera to 
the a, p, and 7 subunts of F, ATPase and to mlto- 
chondrial hsp60. For quantitaton, different amounts 
of proten were loaded to ensure that measurements 
were wthin the linear range; these different samples 
were prepared from 800, 400, and 200 wg of mito- 
chondria prote~n. 
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proliferation cannot be attr~buted to the 
CD4+ T cell deficiency. Thus, the low num- 
ber of B cells found after immunization with 
protein antigen could be explained by a de- 
fect in the B cell response or by the rapid 
death of these cells. B cells from I i  mice 
proliferated as well in vitro as did wild-type 
cells in the presence of lipopolysaccharide 
(LPS) (1 1). 

B cell development occurs independently 
of MHC class I1 expression (5, 6). T o  ana- 
lyze B cell maturation in the absence of Ii, 
we compared spleen cells from control and I i  
knockout mice (Iip) using a panel of anti- 
bodies to B cell markers. Unlike B cells from 
control mice, the I i  B cells expressed lower 

0 a d  a d  
-TI antigen- -TD antigen- 

Fig. 1. lmmunoglobul~n M response to TD and TI 
antgens. 1 1 -  (circles) or wild-type Ittermates (trian- 
gles) were challenged wlth the type Il-TI antgen 
NP,,-FICO or wlth the TD antgen NP,,-CGG. At 
the indicated times after injection, blood was 
drawn and IgM tters were quantitated by enzyme- 
Inked immunosorbent assay (21). The concentra- 
tion of antbodles at time zero In the absence of 
immunzation probably represents basal concen- 
tratons of low-affnty IgM, although t IS not clear 
why this amount is higher In the I micethan in the 
control mce. Mean titers (micrograms per mlliliter) 
were as follows. Day 0: control, 1.41 5 t 0.96 (n = 

6); I - ,  10.7 ? 7 9 (n = 7). Day 6: control, 50.6 2 
14.6 (n = 6); l i - ,  17.2 -t 7.06 (n = 10). Day 14: 
control, 43.8 2 7.5 (n = 6); 1 1  , 19.85 i 7 75 (n = 

7). The symbol that appears sold represents two 
I mlce wlth dentcal antlbody concentrations. 
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Fig. 2. Cytofluorometric analy- 
sis of different maturation mark- 
ers on 8220 cells. (A) Control 
and lit splenocytes were dou- 
ble-stained with antibody to 
8220 (anti-B220) and anti-lgM, 
anti-HSA, or anti-023. Histo- 
grams show expression of 
these molecules on 8220 cells 
(79). (B) Nine days after KLH in- 
jection, lymph node cells from 
6- to 8-week-old control and li- 
mice were harvested and were 
stained by FACS for anti-6220 
and anti-lgM, anti-HSA, or anti- 
CD23. FACS analysis of the dif- 
ferent markers on 8220' cells is 

r) 

C li- 

S; lo. 

lo0 10' 1 lo3 lo4 
-4 lgM 
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1 of' 
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shown (79, 20). (C) Control, lit, IgM 
MHC , or CllTA mice were tri- 
ple-stained with anti-B220, anti-lgM, and either anti-CD23 or anti-lgD. The stateconcentrationsof ti. The li p31 and p41 isoforms are indicated (22). Con, 
FACS analysis shows the different markers on B220' cells (79). (D) Steady control. 
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Fig. 3. (A) Cytofluorometric analysis of different maturation markers on chimeric mice after fetal liver cell transfer. B6 (B6c) (panels a, e, i, d, h, and I) or 
B220+ cells in bone marrow. Bone marrow cells from control and l i  animals li- (lic-) (panels b, f, j, c, g, and k) fetal liver cells were transferred to B6 (B6m) 
were triple-stained with anti-B220, anti-lgM, anti-CD23, anti-CD43, or anti- (panels a, b, e, f, i, and j) or li- (lim-) (panels c, d, g, h, k, and I) irradiated mice 
I-Ab. The FACS analysis shows the different markers on B220+ cells (79). (B) (23). Lymph node T cells (panels a to d) and B cells (panels e to I) were prepared 
T cell (top row) and B cell (middle and bottom rows) profiles from and stained with antibodies to B220, CD4, CD8, IgM, IgD, and CD23. 
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amounts of CD23 and higher amounts of 
IgM and heat-stable antigen (HSA) (Fig. 
2A). Thus, peripheral B cells in the absence 
of I i  were immature. Analysis of B cells in 
the per~phery of the Iil'"'" and Ii'411'' trans- 
genic mice revealed that the low amounts of 
I i  that could restore T cell-positive selection 
(7, 12) could not lnediate full B cell matu- 
ration in the periphery (1 3). Cell surface 
markers expressed on these B cells remained 
~lnchanged 9 days after KLH injection (Fig. 
2B). Thus, B cells in the absence or presence 
of low amounts of I i  remained of an imma- 
ture phenotype. B cells that could proliferate 
in vitro after LPS stimulation remained im- 
mature as well (14). 

T o  investigate whether the absence of 
conventional MHC class I1 was responsible 
for this B cell lnat~~ration defect, we exam- 
ined maturation markers on B cells fro111 
class II-deficient mice. B cells from mice 
lacking MHC class I1 (MHCp)  (5, 6) and 
from mice lacking the MHC class I1 trans- 
activator (CIITAp) ('15) had only slightly 
lower numbers of CD23lU, IgM"", and IgD'" 
than did cells from wild-type mice (Fig. 2C). 
Therefore, the low n~unbers of CD23lU, 
IgD1", and IgM";' cells in the periphery of the 
lip B cells were not due to less conventional 
MHC class I1 expression or CD4+ T cells, 
but to the lack of Ii itself or perhaps a 
secondary consequence of a lack of Ii. Spleen 
cell lysates from the different mice were an- 
alyzed for I i  chain, and the p31 and p41 
transgenic mice expressed low amounts of Ii 
(7). However, because CIITA deficiency 
only partially reduced I i  mRNA levels, the 
C I I T A  cells expressed about 80% of the Ii 
of cells from control mice (Fig. 2D). There- 
fore, the invariant chain, rather than MHC 
class 11, deternlined the degree of maturation 
of virgin B cells to mature cells. 

T o  detern~ine the role of Ii in early B cell 
development, we examined hone marrow 
from lip and control mice cytofl~~orometri- 
cally for the expression of surface antigens 
that correlate with specific stages in B cell 
ontogeny. The  percentage of B220f cells 
appeared to be slightly lower and the rela- 
tive proportion of CD43+B220t cells 
slightly higher in bone marrow of lip mice. 
As expected fro111 their absence in the pe- 
riphery, B220fCD23+ cells were absent 
from Iip bone marrow. This CD23+ popu- 
lation might be cells that recirculate fro111 
the periphery to this compartment. This 
places the developmental block between 
the immature CD231°, IgM1", IgD1", HSA1" 
stage and the lllatLlre CD23IM, IgMLnr, IgD1", 
HSA"" stages (Fig. 3A).  

To  determine if the lack of llnat~~ration 
was due to an intrinsic B cell defect or if the 
bone marrow epithelial or peripheral stro- 
lnal cells failed to provide the signals re- 
quired for B cell maturation, we isolated day 

17 fetal liver cells from either control or lip 
embryos and transferred them Into irradiat- 
ed control or lip recipients. In control chi- 
meric mice in which the recipients and the 
donors were I i f ,  peripheral CD4+ and 
CD8+ T cells were reconstituted at normal 
levels and a mature normal B cell popula- 
tion was detected as expected (Fig. 3B, 
panels a, e, and i). In contrast, the irradiat- 
ed lip recipient mice that received control 
( l i t )  fetal liver cells reconstituted low 
amounts of CD4+ T cells (Fig. 3B, panel d) .  
However, their B cells recovered a mature 
phenotype (Fig. 3B, panels 11 and 1). Normal 
mice that were reconstituted with I i p  cells 
showed a normal CD4+ T cell population 
(16, 17) (Fig. 3B, panel b) ,  but their B cell 
pop~llation remained immature (Fig. 3B, 
panels f and j ) ,  showing the same pheno- 
type as B cells of lip mice (Fig. 3B, panels g 
and k)  (10). Thus, unlike T cells, the in- 
ability of lip B cells to mature is an intrinsic 
feature. Furthermore, B cells from CD4- 
deficient or interleuki11-4 (IL-4)-deficient 
Illice lnat~lred normally. Therefore, B cell 
maturation could progress in the absence of 
CD4+ T cells and IL-4, suggesting that 
these features do not explain the B cell 
defect seen in I ip  mice (18). 

Thus, we have shown that Ii is critical 
for B cell maturation. Until now I i  was 
characterized as a chaperone that partici- 
pates in antigen processing by allowing 
MHC class I1 folding, maturation, and 
transport. We now show that the develop- 
ment from immature to mature B cells is a 
controlled process that needs a signal to 
occur. This step is controlled by Ii, and in 
the absence of this chain, B cells cannot 
mature or participate efficiently in the im- 
mune response. 
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