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Summary

A set of transgenic mouse lines carrying EX genes
with promoter region deletions was created in an at-
tempt to compartmentalize MHC class Il gene expres-
sion. Fine immunohistological analyses established
that one transgenic line is essentially devoid of E com-
plex in the thymic cortex, another displays almost
no E in the thymic medulla or on peripheral macro-
phages, and two lines display no E on >98% of B cells.
We have assayed these mice for immune function:
E-dependent tolerance, antigen presentation, T cell
priming, and antibody response. Certain of the find-
ings are difficult to reconcile with currently popular
hypotheses, e.g., tolerance induction to E molecules
in the virtual absence of E complex in the thymic
medulla and efficient antibody responses to E-restricted
antigens when almost all B cells are E".

introduction

Class Il molecules of the major histocompatibility complex
(MHC) play a key role in regulating and restricting the im-
mune response (Schwartz, 1984). Two distinct murine
class Il (or ia) complexes have been identified: the A com-
plex, consisting of the A, and Ag chains; and the E com-
plex, compsed of E, and Eg. The expression of these

heterodimeric cell-surface molecules is elaborately con-
trolled, being confined essentially to cells that function in
various compartments of the immune system.

In the thymus, la molecules occur on epithelial cells of
the cortex, and more abundantly on interdigitating reticu-
lar cells and epithelial cells of the medulla. It is in these
thymus areas that “education” of T lymphocytes takes
place, shaping the repertoire toward recognition of foreign
antigens in association with self-MHC (MHGC restriction)
and away from reactivity against self-MHC alone (MHC
tolerance) (Zinkernagel et al., 1978; Fink and Bevan, 1579;
Longo and Schwartz, 1980; Singer et al., 1982; Kruisbeek
et al., 1984, 1985; Kappler et al., 1987a). The identity and
anatomic iocalization of the thymic cells that impart MHC
restriction and MHC tolerance remain somewhat con-
troversial. Based on reconstitution experiments in nude or
irradiated animals, the prevalent view is that the epithelial
cells in the cortex dictate MHC restriction, while hemato-
poetic cells in the medulla are responsible for tolerance
induction (Ready et al., 1984; Lo and Sprent, 1986; Von
Boehmer and Hafen, 1986; Ron et al., 1986). However, this
interpretation is not supported by certain results obtained
using murine or avian systems (Longo and Davis, 1983;
Longo et al., 1985; Jordan et al., 1985; Ohki et al., 1987).

In the periphery, class Il molecules occur essentially on
B cells and antigen presenting cells (APCs). la expression
on B cells has been purported to direct T-B cell collabora-
tion during the antibody response (Sprent, 1978). Expres-
sion on APCs is required for MHC-restricted T cell activa-
tion. Macrophages (M), interdigitating celis (IDC), and B
lymphocytes all express la antigens and each has been
shown to be capable of antigen presentation in vitro (Un-
anue and Allen, 1987; Inaba et al., 1983; Chestnut and
Grey, 1981; Kappler et al., 1982; Rock et al., 1984; Malynn
and Wortis, 1984; Lanzavecchia, 1985); the relative contri-
bution of these diverse cell types to presentation in vivo
has been harder 1o assess. It does appear that T cell re-
sponses are defective in mice rendered B cell-deficient by
treatment with anti-p antibodies from birth (Ron et al.,
1981; Hayglass et al., 1986; Ron and Sprent, 1987, and
references therein).

The experimental strategies used to study the role of la
molecules in these immunological events have often en-
tailed severe manipulations of the immune system: strong
irradiation, in vitro culture of organs in the presence of
cytotoxic deoxyguanosine, and depletion of B cells by mul-
tiple anti-immunoglobulin treatments. It wouid seem valu-
able to reassess some of the observations under less
drastic experimental conditions. Transgenic mice may of-
fer this potential, since the immune system of such
animals is manipulated from within (Benoist et al., 1986).
We and others have reported the establishment of trans-
genic lines after the injection of the wiild-type E, gene into
embryos of genetically E,-deficient mice {Le Meur et al.,
1985; Yamamura et al., 1985; Pinkert et ai., 1985). Expres-
sion of the E, transgene in such lines is subject to all an-
ticipated cell-type-specific controls, including responsive-
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ness to inducing agents like gamma-interferon (y-IFN) or
interleukin-4 (IL-4). As a consequence, E-restricted im-
mune responses are bestowed on the recipient strain.

By further exploiting the potential offered by transgenic
mice, it may be possible to evaluate the role of the E complex
in various compartments of the immune system. Our ap-
proach has been to preclude expression in specific cell types
by injecting E, genes carrying deletions in promoter/en-
hancer elements. That it is possible to create mutations
that influence transcription of E, in a cell-type-specific
fashion has already been reported (Dorn et al., 1987; Dorn
et al., submitted; Widera et al., 1987). We present here a
detailed characterization of E, expression in selected
transgenic lines, as well as a multiparameter analysis of
the effect of deficient E compiex expression on the opera-
tion of the immune system.

Results

Our transgenic lines derive from C57BI/6 x SJL (i.e., B x
S) F2 embryos injected with various E, gene fragments.
The recipient strain has silent E, genes due to a deletion
in the promoter region (Mathis et al., 1983); these mice do,
however, synthesize normal Eg. The transgenic animals
are maintained as heterozygotes and have been propagated
by backcrossing to C57Bl/6 mice for several generations.
All experiments include negative littermate controls, i.e.,
transgene-negative animals from the same litter as the
transgenic offspring under examination. We can, then,
with some confidence, attribute differences in experimen-
tal behavior to the presence or absence of the EX trans-
gene, neglecting the influence of residual genetic mate-
rial from the original SJL background.

The transgenic strains discussed herein are:
—E,16 and WE32-25: two “wild-type” (WT) transgenic
strains that carry approximately ten and five copies,
respectively, of a Bgil fragment from the EX gene (posi-
tion —2170 to +6800). In both these strains, transcription
of the EK transgene is efficient, accurate, and cell-type-
specific (Le Meur et al., 1985; Dorn et al., 1987).
—Sma65 and Sma58: two lines obtained by injection of a
shorter EX fragment, spanning positions —1178 to +6800
(Dorn et al., submitted). Transcription is initiated ac-
curately and efficiently in the thymus and in y-IFN-induced
Meos, but the transgenes lack the ~2 kb to —1 kb “B cell
control region” and so expression is absent in practically
all B cells (Dorn et al., submitted). This phenotype seems
similar to that of the —1.4 kb EZ (V~) transgenic mice de-
scribed by Widera et al. (1987).
—WEAX21.16 and WEAY301.54 (AX and AY): lines that
carry multiple copies of the —2170 to +6800 Bgll fragment
bearing a clean deletion of either the X or Y box—short
motifs whose sequence and relative positions are con-
served among murine and human class Il genes (for refer-
ences see Dorn et al., 1987). These deletions result in in-
efficient and aberrantly initiated transcription, although
the tissue specificity of expression seems normal. y-IFN
has no effect on E, expression in macrophages from AY
mice, but does induce E, transcription in AX macro-
phages. Flow cytometric analysis shows that most B cells

are E* in AX transgenic mice; but that only 20%-50%
are E™ in AY animals (Dorn et al., 1987).

These analyses at the RNA level demonstrated the in-
fluence of diverse sequence elements on the regulation of
MHC class |l gene expression in different cell types. To
further document the differential expression patterns, we
undertook a thorough immunohistological investigation.

Thymic Expression

Serial cryostat sections of thymuses from young trans-
genic animals were stained with monoclonal antibodies
(mAbs) that recognize either the endogenous A,:A; or
the transgenic E,:Ep class Il complexes; typical thymic
sections are shown in Figure 1. In all cases, the anti-A re-
agent identifies two distinct areas (Figures 1A, 1C, 1E, and
1G): in the central medullary region (m), very strong stain-
ing (quasi-confluent) represents MHC class Il molecutes
on interdigitating reticular and medullary epithelial cells;
in the cortex (c), staining is more subtie, decorating the
fine network of epithelium that radiates from the medulla
out to the capsule. The same pattern is seen when an anti-
E reagent is used to stain thymus sections from the wild-
type transgenics WE32.25 and E,16 (Figure 1B, and data
not shown), a C57BL/10 x AM (B x A) positive control
(data not shown) or the Sma58 and Smas65 transgenic
mice (Figure 1D). AX and AY animals show a strikingly
different E complex expression pattern. On AX sections
(Figure 1F), there is virtually no staining of the cortex, but
the medulla is strongly reactive. A reciprocal image ap-
pears on AY sections (Figure 1H): easily detectable E
complex on the cortical network, but an essentially blank
medulla. There are only a few E* cells in the medullary
regions and they are brightly stained.

Double-labeling experiments (data not shown) were
performed to establish the identity of the E* cells in the
AX and AY thymuses (see Experimental Procedures and
van Vliet et al. (1984) for a description of the mAbs). In AX
animals, E complex expression in the medulla coincides
with the distribution of ER-TR5 and ER-TR6 determinants,
indicating that both medullary epithelial cells and IDCs
are E7, and establishing that AX and wild-type medullas
are closely resemblant. In AY animals, there is coinci-
dence of anti-E and ER-TR4 staining in the cortex, the lat-
ter reagent being specific for cortical epithelial cells. The
rare E* cells in the AY medullas are a subset of inter-
digitating cells, as evidenced by reactivity with ERTR6 but
not ERTRS.

To summarize (see Table 1), Sma58 and Sma65 mice
seem to exhibit a normal E complex distribution in the thy-
mus, AX animals display an essentially E~ cortex, the
reflection of a defect in E,, transgene expression in corti-
cal epithelial cells, and AY mice show an essentially E-
medulla since both the medullary epithelial cells and the
IDCs (except for a rare subset) fail to express the E,
transgene.

Peripheral Expression

The complexity of class 1l gene reguiation in peripheral
cells is well itlustrated by the serial spleen sections from
a positive control B x A animal shown in Figures 2A and
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Figure 1. Immunohistology of the Thymus for Various Transgenic Mice

(A-H) represent pairs of adjacent frozen sections, incubated with an anti-A reagent (2A2; A, C, E, and G) or an anti-E reagent (14.4.4 or TRY; B,

D, F, and H). (A) and (B) show MHC class Il molecule expression in “wild-type” transgenic mice; (C) and (D), Sma transgenics; (E) and (F), AX trans-
genics; (G) and (H), AY transgenics. (objective: 10x) ¢ = cortex; m = medulla.
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Table 1. Summary of E Complex Expression Pafterns in the Different Transgenic Lines

SMA AX AY
Thymus
Cortex Positive Absent Positive
Medulla Positive Positive Absent {except for a
few IDC)
Periphery
Follicular B celis (Sp, Negative All Positive But Some Heterogeneous, only
LN; resting) Heterogeneity 20%-50% of B
cells are positive
Germinal center B cells Positive Positive {dulf) Heterogeneous
{Sp, LN; activated)
T Area IDC (Sp) Positive Positive {low frequency) Positive (low frequency)
Paracortical IDC (LN) Positive Positive Positive (low frequency)
Red pulp Mo(8p) Positive? Positive? Negative

Peritoneal adherent

Positive theterogeneous)

Positive (heterogeneous)

Negative

cells (thiogiycoliate
eficited + y-IFN
treated)

4 |n normal mice, as well as in WT, Sma, or AX transgenics, only a fraction of the macrophages identified by staining with the F4/80 mAb are E*.

2B. E* cells are found in the red pulp (rp; probably recir-
culating B cells) and in the T cell areas of the periarteriolar
lymphoid sheath (p; clearly IDCs), and there is a homoge-
neous distribution of anti-E positivity in B cell areas (f).
The B cell zones are easily identified in Figure 2B by their
reactivity with RA3-6B2, an anti-B-220 mAb that detects
virtually ali B cells (Coffman, 1982). Only the rare splenic
macrophage (F4/80 positive) expresses E complex (data
not shown). ldentical staining patterns were seen on
spleen sections from naturally occurring E* mice and
wild-type transgenics (data not shown).

Expression of the E complex in the other transgenic
lines varies markedly, however. Anti-E labeled spleen sec-
tions from AX mice (Figure 2C) show a near-normal im-
age, although some minor irregularities are apparent.
First, although IDCs in the T cell areas express E mole-
cules, hoth the number and staining intensity of E* cells
appear somewhat lower than expected. Second, staining
of B cell areas is somewhat heterogeneous, and germinal
center B cells appear to express E complex at a slightly
reduced level (the last point is not evident from Figure 2C,
but is inferred from an examination of other AX and WT
slides).

Anti-E labeled AY spleen sections (Figure 2E) reveal a
more limited expression of the E complex. There is evi-
dent, but reduced, E expression in the red pulp, and
IDCs in the T cell areas are E*. Some AY splenic B cells
clearly express E complex, but there is a very heteroge-
neous reactivity. Double-labeling experiments with an
anti-E reagent and F4/80 demonstrate that no splenic
macrophages are E*,

Finally, in Sma transgenics, red pulp cells and IDCs in
the T cell areas appear normally EV (Figure 2G), but
B cell areas do not stain with the anti-E mAb, as antici-
pated from our previous cytofluorimetric data (compare
Figures 2G and 2H; Dorn et al., submitted). We were sur-
prised, however, to find rather strong staining in the germi-
nal centers of these spleens {(arrow in Figure 2G), as well

as in lymph nodes (asterisk in Figure 2i). Several argu-
ments suggest that these E* cells are of the B lympho-
cyte lineage (data not shown). For example, peanut agglu-
tinint (PNA) selectively stains germinal center B cells (Kraal
et al., 1982); serial sections stained with flucrescein isothio-
cyanate (FITC)-labeled PNA and an FITC-labeled anti-E
reagent show superimposable fluorescence. In addition,
two-color cytofluorimetric analysis of cells from the mes-
enteric lymph node reveals that this minor subpopulation
is PNAT, B-220%, slgM~.

This immunohistological data and past cytofluorimetric
results (Dorn et al., submitted) indicated that >98% of B
cells are E- in Sma transgenics. It was of interest {0 es-
tablish whether E complex molecules could be induced in
vitro. Thus, splenocytes from several animals were cul-
tured in the presence of various inducers of class Il gene
expression, and analyzed by cytofluorimetry 24 hr later
{Figure 3). Anti-immunoglobulin (RAMIG) as well as 1L-4
greatly induce E complex expression on B cells from B x
A positive controt mice. A clear induction is also observed
with WT, AX, or AY transgenics {data not shown). No such
effect is seen with splenocytes from Sma transgenics or
B x S negative controls, although induction of the en-
dogeneous A complex (Figure 3, right panels) attests to
the efficacy of the treatment.

To summarize the immunohistological data and past
and presenti cytofiuorimetric findings (Table 1): AX mice
show hear-normal expression of E complex in the periph-
ery; AY animais lack E complex on both splenic and pe-
ripheral Mgs, and show marked heterogeneity in B cell ex-
pression; Sma mice lack E complex on all B cells expect
those residing in germinal centers (i.e., >98%), but show
essentially normal expression elsewhere.

Biochemical Characterization of the E Complexes

Clearly, it was important to verify the structural integrity of
the transgene-encoded E, molecules; in particular, the
aberrantly long transcripts found in AX and AY cells (Dorn
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Figure 2. Immunohistology of Peripheral Lymphoid Organs from Various Transgenic Mice

(A-F) represent pairs of adjacent frozen spieen sections. The sections in (A), (C), and (E) were labeled with TR1, and those in (B3}, (D), and (F) with
RA2-6B2, an anti-B220 reagent. (A) and (B) represent the splenic white pulp of B x A mice; (C) and (D), AX transgenics, (E) and (F), AY transgenics.
The asterisk in (D) indicates a germinal center. rp = red pulp, m = marginal zone, f = follicle, p = periarteriolar lymphoid sheath (T cell zone).
Arrows indicate the splenic central arterioles. (G) and (H) show adjacent frozen spleen sections from a Sma transgenic stained with TR1 (G) or RA2-
6B2 (H). Germinal centers are indicated by arrows. p = periarteriolar lymphoid sheath. () shows a mesenteric lymph node section from a Sma
transgenic, labeled with 14.4.4 ¢ = corona, pc = paracortical area, and asterisk = germinal center.
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Figure 3. Anti-immunoglobutin and interleu-
kin-4 Treatment of Splenocytes

Cultures were established with spleen cells
A from B10 x AM (B x A) positive controls,

+IL-4
Anti-A

Sma58 and Sma65 transgenics, and trans-
gene-negative controls (B x S).1L-4 (a kind gift
from S. Bergstedt and E. Severinson) or af-
finity-purified rabbit anti-mouse immunoglobu-
lin (RAMIG) were added at the beginning of cul-
, ture. Twenty-four hours later, cells were stained
JMY with mAbs recognizing the transgene-encoded

J | E complex (anti-E) or the host-encoded A com-

plex (anti-A). The fiuorescence histograms were
obtained by cytofluorimetry. Unstained or ir-
relevantly stained cells exhibit a profile su-
H perimposable on the anti-E profiles of B x 8
[ mice (data not shown).

Figure 4. Two-Dimensional Polyacrylamide Gel Analysis of E Complexes from Transgenic Mice

[35S]methionine labeled E,:E;, complexes were immunoprecipitated from splenocytes of B10.A(5R) control mice or AX and AY transgenic mice. The
immunoprecipitated material was resolved by two-dimensional polyacrylamide gel electrophoresis (nonequitibrium pH gel electrofocusing in the first
dimension, SDS-polyacrylamide gel electrophoresis in the second [Jones, 1980}), and was visualized by autoradiography. Only the relevant portion
of the autoradiograms is shown. The different E complex components are indicated: the invariant (li} and Eg chains are encoded by the genome
of the host, while EX is a product of the transgenes carried in AX and AY mice. The appearance of several E, and E; spots is due to posttransla-

tional modification (glycosylation).

et al., 1987) could translate into abnormal proteins. Thus,
splenocytes from each line were radioactively labeled and
the E molecules were immunoprecipitated with the 14.4.4
mAb. Figure 4 shows autoradiographs of two-dimensional
(NEPHGE/SDS) gels of immunoprecipitated material from
AX, AY, and control B10.A(5R) mice. The appearance of
the E} and EX spots are identical in all three cases, indi-
cating the correct size and charge.

Tolerance Induction

Since expression of MHC class |l molecules in the thymus
is known to induce tolerance to self-MHC, it was of interest
to determine whether this aspect of T cell education oper-
ates efficiently in the transgenic mice that display only
partial thymic E, expression. The initial assay was a
mixed lymphocyte reaction (MLR; Table 2). Lymph node
T cells from various animals were exposed to stimulator
spleen cells from either an E, 16 transgenic or transgene-
negative littermate. The difference in response to the two
stimulators reflects perception of the E complex; this
difference is tabulated as the EX stimulation index. In

each experiment, responder cells from transgene-negative
littermates were included as positive controls. The re-
sponses of these cells, from mice obviously not tolerized
to the E complex, reproducibly gave stimulation indices
near 2, consistent with the fact that MLRs across singte
MHC class Il molecule barriers are quite inefficient (for
references, see Peck et al., 1980). This value is low, but
it is reproducible in multiple experiments and cannot be
enhanced by any protocol modification we have tried. In
contrast to the negative littermates, none of the responder
cells from transgenic lines (whether wild-type or mutant)
reacted to the E'&:Eg complex on the E, 16 stimulator cells.
Stimuilation indices for these responders were about 1, al-
though they fluctuate somewhat.

A second, more specific, test of tolerance induction was
a determination of the frequency at which the Vy17a vari-
able region occurs on T cell receptors. This variable re-
gion occurs predominantly on T cells alloreactive to the E
molecule (Kappler et al., 1987b). Because of tolerance in-
duction, mice expressing the E complex have very few
mature thymocytes or peripheral T cells that display
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Table 2. EK Tolerance in the Transgenic Lines

Responders? Stimulators® EK Stimulation
Type Animal Number E.16(-) E.16(+) BALB/c Index®
Experiment |
Negative littermates 1 4,310 10,390 114,380 2.40
2 2,490 5,631 43,230 2.26
3 8,070 17,640 172,300 2,18
4 7,460 13,220 90,040 1.77
WT transgenics 1 7,830 8,150 131,600 1.04
2 3,320 3,300 87,140 0.99
AX transgenics 1 6,290 4,860 84,180 0.77
2 6,700 6,050 113,650 0.90
AY transgenics 1 4,240 5,120 67,970 1.20
2 3,180 4,270 58,840 1.34
Experiment i
Negative littermates 1 13,350 35,030 144,400 2.62
2 9,030 14,570 114,100 1.61
3 21,470 42,520 112,800 1.98
4 9,420 20,960 118,930 222
WT transgenics 1 2,160 3,190 68,740 1.47
2 4,110 3,140 81,150 0.76
3 6,360 6,480 114,200 1.01
4 12,890 12,320 139,600 0.95
AX transgenics 1 19,600 20,330 129,200 1.03
2 15,400 15,110 107,800 0.97
3 5,330 7,380 97,400 1.38
AY transgenics 1 5,590 6,460 128,100 1.15
2 7,760 9,060 107,870 1.16

22 x 10% lymph node cells pretreated with anti-Lyt2 plus J11d +C".

4 x 105 X-irradiated spleen cells from an E, 16 transgenic (E, 16[+]), a negative littermate (E, 16{-]), or BALB/c mouse. Values are cpm of in-
corporated [PHithymidine, and are the average of triplicate determinations. Standard deviation was within 10%-20% of the mean.
© Reactivity against the EX transgene product, calculated as the ratio E,16(+ /E,16(~-).

Vp17a, a manifestation of clonal elimination. A greater
number of T cells express this receptor in E~ mice. (Kap-
pler et al., 1987b). Hence, the mAb KJ23, specific for
Vy17a, was used to stain peripheral blood lymphocytes
from our panel of transgenic mice. The experimental
animals actually derive from double backcrosses to SJL
mice, a mating that introduces the SJL T cell receptor p
chain genes (C57BL/6 mice do not carry Vg17a genetic
information; Kappler et al., 1987a). The results, depicted
in Figure 5, clearly demonstrate clonal elimination of
Vpi17a* T cells in all of the E, transgenics. The percen-
tages of KJ23* peripheral T cells in SJL mice and nega-
tive littermates are typically about 8%-10%, while lower
percentages (1%-2%) are observed with the WT or
SmaE, transgenics (which express the E complex nor-
mally in the thymus) and AX and AY animals (which do
not).

Thus, irrespective of their defect in E, expression, all of
the transgenic lines show tolerance to the E compiex,
based on both a general assay (MLR) and a specific one
(frequency of Vg17a expression).

Antigen Presentation
We asked whether the cells from transgenic mice exhibit-
ing aberrant peripheral E complex expression present an-

tigen in an E-restricted fashion. The T hybridoma 2B4—
specific for the 88-103 peptide of moth cytochrome ¢
(MCC) and restricted by the E complex—was cultured with
irradiated spleen cells from various animals in the pres-
ence of increasing amounts of antigen (Schwartz et al.,
1985). Successful MHC-restricted presentation should
provoke 2B4 to produce interleukin-2, which is then quan-
titated using IL-2-dependent CTLL indicator cells. The
results presented in Figure 6 demonstrate two types of re-
sponse. First, the dose-response curves for Sma APCs
are superimposable on those for APCs from wild-type
transgenics or B10.A(5R) mice (WT; Figure €A). On the
other hand, spleen cells from AX and AY transgenics
show a severe defect in presentation of MCC (Figure 6B).
Although some IL-2 is produced, the levels are low and
are measurable only at antigen concentrations ten times
higher than those required for cells from WT or Sma trans-
genics.

The AX and AY defect is not a general antigen presen-
tation problem, since the same spleen cells present KLH
(keyhole limpet hemocyanin) very well to the T hybridoma
BDK11.1, specific for KLH in association with AP (Figure
6C; Roehm et al., 1982). T cell-mediated suppression or
an IL-2 adsorption artifact are probably not invoived either
because similar results were obtained with both T cell-
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% Vﬂ17a poslitive T cells

Figure 5. Clonal Deletion of T Cells that Dis-
play Vg17a as a Consequence of E, Transgene
Expression

Peripheral blood T cells were assayed for the
KJ23 determinant by cytofluorimetry; KJ23 re-
sides on the Vy17a variable region of the T cell
receptor B chain. Cells were stained with biotin-
labeled KJ23 followed by phycoerythrin-avidin,
and with FITC-labeled anti-lyt2 and anti-L.3T4
mAbs. The plotted data derive from two-color
flow cytometric analysis and represent the per-
centage of T cells (FITC-labeled) that are aiso
stained by KJ23. The individual animals derive
from a double-backcross to SJL from the stan-
dard transgenic breeding lines (themselves at
the fifth or sixth backcross to B6). Some of the
offspring are homozygous for the SJL T cell
receptor f chain genes (T.Ry); the others are
heterozygous, carrying one T;R; chromosome
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Figure 6. Antigen Presentation to T Hybridomas by Spleen Cells from Transgenic Mice

The 284 hybridoma recognizes a peptide from moth cytochrome ¢ (MCC 88-103) in the context of the Eq:Eg complex, while BDK11.1 is specific
for keyhole limpet hemacyanin (KLH) presented by A,:AP molecules. The hybridomas were incubated with increasing concentrations of the relevant
antigen in the presence of X-irradiated spleen cells from various mice: WT, either B10.A(5R) mice naturally expressing the Eé:Eg complex, or WE32-
25 mice (M); Sma (), AX () and AY (O) transgenics; transgene-negative littermates (A ). IL-2 was detected using the IL-2-dependent CTLL
cell line (see Experimental Procedures). The data represent the incorporation of [*H]thymidine by CTLL.

depleted and adherent spleen cells. The AX and AY pre-
sentation defect is also seen with lymph node APCs (data
not shown).

In Vivo Immune Responses
B cell-deficient mice show impaired T cell priming, in par-
ticular, poor secondary proliferative responses to antigen
(for references, see Ron and Sprent, 1987). This defect
was first revealed in experiments with mice injected from
birth with anti-u antibody. The Sma transgenics offer the
possibility of verifying these results with animals that have
normal B cells but for their lack of E complex expression.
To assay T cell priming, we injected animals subcutane-
ously with an E-restricted antigen (MCC, or the synthetic
copolymer Glu-Lys-Phe [GLo}), removed cells from the

draining iymph nodes 8 days later, and cultured them in
vitre with or without antigen. For a good proliferative re-
sponse, T cells must have a repertoire capable of recog-
nizing antigen in the context of the E molecule and must
have been primed efficiently in vivo. The results in Figure
7A are a compilation from several experiments with the
E-restricted antigens GL¢ or MCC. Antigen-driven T cell
proliferation, reflected by the stimulation index, is only ob-
served with the wild-type transgenics E, 16 and WE32.25,
and the range of stimulation indices is similar to that ob-
served for normal E* animals. In contrast, Sma, AX, and
AY transgenics show little or no response to MCC or GLo,
and the range of indices is like that of the control
transgene-negative littermates. Proliferation to the puri-
fied protein derivative of M. tuberculosis was found with
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Figure 7. In Vivo Tests of Immune Capacity

(A) T cell priming to E-restricted antigens. Transgenic animals and their transgene-negative littermates were immunized by subcutaneous (footpad)
injection of E-restricted antigens (GLo or MCC peptide). Cells form the draining lymph nodes were placed in culture 1 week later in the presence
or absence of antigen. Proliferation is measured by [*H]thymidine incorporation during a 16 hr pulse after 4 days of culture; the stimulation index
corresponds to the ratio of incorporation for cells cultured with antigen over incorporation for cells without antigen. Each point represents a single
animal. Data are pooled from three different experiments with either GLp or MCC.

(B) Antibody response to E-restricted antigens. Specific anti-GL¢ antibodies were measured by an ELISA assay after secondary intraperitoneal im-
munization (upper panel), or in successive bleedings after a single subcutaneous challenge (lower panel). Plotted values correspond to the average
of duplicate samples, expressed in OD units that are normalized by comparison to a laboratory standard anti-GLop antiserum. in the upper panel,
each bar represents a different animal, and the resuits from two independent experiments are pooled. In the lower panel, each curve represents

a different animal—either WE32-25 (Hl, left), transgene-negative littermates ([, left and right), or Sma transgenics (@, right).

all animals (data not showny); in this control experiment, T
cells are primed by the CFA itself, in an E-unrestricted
manner.

In a final set of experiments, we sought to assay the
whole spectrum of E-controlled events; an in vivo antibody
response should require efficient T cell education, T cell
priming, and T-B interactions. Responses were measured
after two immunization protocols. First, GLp-specific anti-
bodies were titered 7-10 days after a secondary in-
fraperitoneal (ip) injection. The responses of individual
animals are depicted in Figure 7B, upper panel. Healthy
anti-GL titers are seen with the Sma transgenics, similar
{although somewhat lower on average) to those of wild-
type transgenics or normal E} animals. The anti-GLo an-
tibodies are of the IgG class in both WT and Sma animals
{(data not shown). In contrast, AX and AY mice make es-
sentially no anti-GLo antibody response.

In the second protocol, GL¢ was administered in a sin-
gle subcutaneous (sc} injection into the footpad and the
animals bled at regular intervals thereafter. It has been
hypothesized that the key APCs are different in immune
responses that develop in the spleen versus lymph node

(Ron and Sprent, 1987, and references therein). Neverthe-
less, the anti-GLo responses after sc priming did not differ
markedly from those observed after ip priming: iittle or no
response with AX and AY animals (data not shown), but
a significant anti-GL¢ antibody production with Sma
transgenics (Figure 7B, lower panel). With this protocol,
however, there is a delayed onset of anti-GLe antibody
production (except for one animal). Again, antibodies are
essentially of the IgG class (data not shown).

Thus, on the basis of both an in vitro test of antigen
presentation and diverse assays of in vivo immunocompe-
tence, both AX and AY mice show greatly impaired E-re-
stricted immune capabilities. In contrast, Sma mice dis-
play many essentially normal features of an E-restricted
response.

Discussion

Compartmentalization of E, Transgene Expression

The results presented here are a good illustration of the
point that different cis-acting promoter elements are
responsible for the regulation of MHC class Il gene tran-
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scription in different cell types (Dorn et al., 1987, and sub-
mitted; Widera et al., 1987). We have shown a clear dis-
sociation of expression in thymic cortical versus meduilary
cells, in B cells versus non-B cells, and in germinal center
versus follicular B cells.

Transgenic mice that carry the AX and AY mutant
genes show striking differences in thymic expression
pattern. The deleted segments (the X and Y boxes) are
conserved in sequence among all MHC class Il gene
promoters; additionally, the two boxes are separated by an
essentially invariant interval (for references, see Dorn et
al., 1987). This implies that they function in concert, most
likely by binding factors that interact with each other, un-
der tight stereochemical constraints (see Takahashi et al.,
1986). One might then have expected similar phenotypes
to result upon deletion of either box; on the contrary, con-
verse patterns of E, expression were observed in thymus
sections from AX and AY transgenics. Medullary cells are
E* in AX thymuses, while cortical cells are essentiaily
E~. On the other hand, cortical cells are E* in AY
thymuses, while almost all cells in the medulla are E™.

Results from the Sma lines demonstrate that the previ-
ously noted B-cell control region at -2 kb to -1 kb
{Widera et al., 1987; Dorn et al., submitted) is indeed
necessary for E, expression in the vast majority of B
cells. Yet, E, transgenes lacking this region are active in
a small subpopulation of B lymphocytes, namely the ger-
minal center B cells. This subpopulation represents a very
specific stage in the B differentiation pathway: these are
blast cells, actively dividing and undergoing immunoglob-
ulin heavy chain class switching (Kraal et al., 1982).
Clearly, these B cells have turned on a different transcrip-
tional program (i.e., new regulatory factors), which allows
them to transcribe the E, gene in the absence of the up-
stream B cell control region. We have not been able to re-
produce this “turn on” in vitro: anti-lg antibody, IL-4, LPS,
and combinations thereof do not induce E, expression in
bulk lymphocyte cultures from Sma transgenics (Figure 3,
and data not shown). Thus, simple activation is not enough
to induce E, expression in Sma B cells. Although it is
possible that we have simply not found the appropriate
culture conditions and/or inducers, this result suggests
that the micro-environment of the germinal center may be
key to the switch in transcription programs.

Besides allowing conclusions about the role of in-
dividual promoter elements in different tissues, the set of
transgenic lines described here has great potential for
studies on the role of class Il molecules in various com-
partments of the immune system. An important point must
be underlined, a point crucial for the validity of the im-
munological analyses. Since only the expression of E
complex was manipulated, with A complex expression re-
maining untouched, our transgenic lines have healthy im-
mune systems. Lymphoid organs in the different E,
transgenics have a normal structure, and we detect nor-
mal frequencies of B cells and of T cell subsets. This point
is important because in a number of previously described
transgenic lines, gross distortions were observed in the
distribution or frequency of immunocompetent cell popu-
lations, e.g., in transgenics carrying immunoglobulin,

Thy-1 or T cell receptor genes (Herzenberg et al., 1987;
Chen et al., 1987; M. Davis, unpublished data).

Thymic Education

AXand AY transgenics, with their converse expression of
E, in the thymus, are clearly of interest for studying the
imprinting of MHC restriction and MHC tolerance on the
T cell repertoire. Several issues remain unresolved: Are
these biases acquired together or separately? Which
thymocyte population is the target of selection? Which thy-
mic stromal cell(s) is involved? The consensus view is that
class Il molecules on the cortical epithelium dictate MHC
restriction, and that MHC tolerance is imparted by macro-
phages and interdigitating cells of the medulla. T cells
would first be positively selected on the epithelium for hav-
ing some affinity to self-MHC, and then counterselected
in the medulla to eliminate cells with too high an affinity
for self-MHC (to remove autoreactive cells; see Marrack
and Kappler, 1987).

Following this line of reasoning, one might have ex-
pected T cells from AX animals to be tolerant of E mole-
cules yet not restricted by them. Indeed, the phenotype of
the peripheral immune system in these animals is consis-
tent with this hypothesis: tolerance of the E molecules (no
MLR reactivity and low V17a expression), but no E-re-
stricted responses (at the level of T cell proliferation or an-
tibody production). Unfortunately, the antigen presenta-
tion defect revealed by the in vivo presentation assay
clouds this interpretation (Figure 8), since the inability of
AX animals to make E-dependent responses could be
due to poor antigen presentation rather than to faulty
E-restriction. It will be necessary to perform more sophisti-
cated transfer experiments before making solid conclu-
sions about the MHC restriction status of AX T cells.

On the other hand, the thymus in AY animals, with a
normal E* cortex but an essentially E- medulla, shouid
impart MHC restriction but not tolerance. This is clearly
not the case. T cells from AY animals do not react in MLRs
to E,:Ep stimuli, and there is a low frequency of Vy17a us-
age (Table 2; Figure 5). In addition, because animal and
spleen weights for AY transgenics and their negative lit-
termates are similar, it does not appear that nontolerant T
cells emigrating from a AY thymus into an E* periphery
respond to E as an alioantigen (as in a graft-versus-host
reaction). Thus, AY mice are tolerant of E molecules.

In theory, this tolerance could be imprinted in the thy-
mus and/or periphery, but preliminary results suggest that
it is at least partially thymus acquired. Low V17a fre-
quencies are detected in mature thymocytes, prior to ex-
posure to peripheral E complexes (data not shown). Two
types of thymic cells could be involved in this thymic toler-
ance induction: the E* cortical epithelial network, or the
very few E* medullary cells. The first hypothesis directly
contradicts data from reconstitution experiments with
deoxyguanosine-treated thymic rudiments (Ready et al.,
1984; Lo and Sprent, 1986; von Boehmer and Hafen,
1986). One possible source of this discrepancy is that the
deoxyguanosine-treated explant developing in a nude
mouse may hot fully regenerate a thymic structure, and is
thus not competent to impart tolerance; the E* cortex in
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a AY mouse has a normal structure, and might have this
capacity. Such an explanation is supported by embryo
transplantation experiments in which thymic epithelial
grafts induced tolerance to donor MHC (Ohki et al., 1987).
The second possibility, namely that E tolerance in AY
mice is induced by the rare E* medullary IDCs, is more
consistent with currently popular hypotheses. This in-
terpretation implies that a very few medullary cells suffice
for tolerance induction, and if correct, urges that our data
be considered in the interpretation of results from radia-
tion chimeras.

Antigen Presentation and T-B Cell Interactions

The restriction of antigen presentation by MHC class |l
molecules is the second major issue addressed by these
studies. Two distinct defects in E-restricted presentation
have been observed with our transgenic lines. The first
anomaly is that manifested by AXand AY spleen or lymph
node cells, which present only inefficiently a short anti-
genic peptide to the 2B4 hybridoma. The faulty presenter
is probably an adherent cell, since the defect in presenta-
tion is aiso apparent when adherent cells are used as
APCs. That B cells do not play much of a role in the in vitro
stimulation of T hybridomas by spleen APCs is supported
by the efficient E-restricted antigen presentation shown by
Sma spleen cells, and is in accord with previous observa-
tions (Cowing and Chapdelaine, 1983; Krieger et al.,
1985). It was not possible to identify more explicitly the af-
fected cell from our immunohistological analyses, since
there are clearly E* IDCs in the T cell areas of both AX
and AY lymphoid organs and E* macrophages in at least
the AX spleen. Our current hypothesis is that presentation
to 2B4 involves a subpopulation of IDCs that we cannot
yet distinguish. Unfortunately, we cannot evaluate with
certainty the impact of this defect on E-restricted immune
function in vivo; doubts concerning the restriction status
of AX and AY T celis prevent a firm conclusion. However,
if one assumes that T cells are E-restricted in at least one
of these two lines, the inference must be that the defective
antigen presentation pathway is of major importance: AX
and AY show essentially no T cell proliferation and no an-
tibody responses to MCC or GLg.

The second antigen presentation defect is that ob-
served with Sma transgenics. In the absence of E com-
plex on most B cells, little or no T cell priming takes place
after subcutaneous immunization, as measured by the
standard T cell proliferation assay. Furthermore, we have
found that efficient T cell priming can be reconstituted in
Sma transgenics by prior administration of E* B cells
from E,16 (Y. R., unpublished data). The lack of T cell
proliferative responses is in full agreement with similar
data from mice rendered B cell-deficient by anti-u treat-
ment from birth (Ron et al., 1981; Hayglass et al., 1986;
Ron and Sprent, 1987). Nevertheless, we are placed in
what appears, at least superficially, to be a paradoxical sit-
uation: Sma transgenics make good E-controlled antibody
responses in the absence of helper T cell priming. Two
points must be considered in resolving this apparent
dilemma. First, the T cell proliferation assay may be in-
sensitive, showing a high threshold before a measurable

response. Indeed, it has previously been reported that sig-
nificant (although much reduced) priming of helper activ-
ity can be detected in anti-u treated mice by employing a
sensitive in vivo assay (Ron and Sprent, 1987). The other
point is that the priming APCs in Sma transgenics (limited
to Mes and/or IDCs) may differentially activate distinct
subsets of T lymphocytes, one of which could be geared
toward B cell help and the other toward proliferative re-
sponses. This kind of partitioning is known to exist among
L3T4* T cell clones (Kim et al., 1985; Mosmann et al.,
1986), and there is also precedent for differential activa-
tion of T cell functions by different APCs (Ramila et al.,
1985).

Another apparent paradox is how the E- B cells in Sma
transgenic mice obtain T cell heip for E-restricted re-
sponses. Numerous studies have shown T-B interactions
to be MHC restricted (Katz et al., 1975; Sprent, 1978; Kap-
pler etal., 1982), although the generality of this phenome-
non has been questioned (for review, see Singer and
Hodes, 1983). Possibly, anti-GL¢ antibody production is
due to the Lyb5* subpopulation of B cells, whose activa-
tion can bypass MHC restriction (Singer and Hodes,
1983). Alternatively, considering the delayed kinetics of
the anti-GLo response in Sma transgenics, one could
hypothesize that help is inefficient at first, but improves as
GLg-specific, E™ follicular B cells move into the germinal
centers and become E*.

In conclusion, we have created a set of transgenic mice
of significant interest. Aside from clearly illustrating the
role of different promoter elements in regulating E, ex-
pression in different cell-types, experiments with these
mice shed light on several important immunological ques-
tions. More elaborate experiments are required to fully ex-
ploit the potential of these animals, but the results reported
here already offer tantalizing suggestions that accepted
dogmas may have to be modified.

Experimental Procedures

Mice

Transgenic lines derive from C57B1/6 x SJL F2 embryos injected with
various E, gene fragments, as described (Le Meur et al., 1985). The
transgene positives were propagated as heterozygotes by repeated
backcrossing to C57BL/64J inbred mice. In each generation, positive
animals were identified by Southern blotting of tail DNA (Le Meur et
al., 1985).

The E, 16 line carries the wild-type E gene (Le Meur et al., 1985).
The “pseudo-wild-type” transgenic line WE32.25 bears essentially the
same EX DNA fragment as E,16; only a few bases have been changed
dus to the transformation of restriction enzyme sites (Dorn et al., 1987).
These minor modifications appear to be innocuous because the E,
gene carried in WE32.25 behaves exactly like the wild-type E gene.
The creation of and transcriptional analysis of transgenic lines bearing
mutant EX genes has been described elsewhere: WEAX21.16 and
WEAY301.54 (Dorn et al., 1987) Sma58 and Sma 65 (Dorn et al., sub-
mitted).

The animals used in various experiments spanned several genera-
tions: E, 16, generations VIII or IX (corresponding to the seventh or
eighth backcross to B6); WE32.25, generations i} to V; WEAX21.16
and WEAY301.54, generations Il to VI; and Sma58 and Smaé5, gener-
ations IV to V1. Both Sma58 and Sma65 individuals were used in the
experiments reported here, and they behaved identically. E,16 and
WE32.25 animals were also used interchangeably as “wild-type” trans-
genics, unless otherwise specified.



Cell
368

Antigens

The antigens used in this study were: MCC, the 81-103 or 88-103 pep-
tides from hornworm moth cytochrome ¢ (kind gifts from Y. Patterson
and H. Grey, respectively); GLO, the synthetic copolymer Glu-Lys-Phe
(a kind gift from H. McDevitt); OVA, chicken ovalbumin (Sigma); and
PPD, purified protein derivative from M. tuberculosis (Welicome, UK).

Immunohistology

The mAbs used in this study were: 14.4.4 (anti-EX; Ozato et al., 1980);
2A2 (anti-A° Beck et al., 1986); 3G2 (anti-AP; Beck et al., 1986), ER-
TR1 (anti-E; van Vliet et al., 1984); ERTR4 (thymic cortical epithelial
cells; van Vliet et al., 1984); ER-TRS5 (thymic medullary epithelial cells;
van Vliet et al., 1984); ERTR6 (thymic interdigitating reticular cells; van
Viietet al., 1984); RA3.6B82 (B lymphocytes, B220; Coffman, 1982); and
F4/80 (macrophages; Austin and Gordon, 1981).

Lymphoid organs were removed from 6 to 10 week old mice, collec-
tively embedded in Tissue-tek on specimen stubbs, frozen on solid
CO,, and stored at —35°C. Six micron frozen sections were cut on a
Leitz cryostat and collected on microscope slides precoated with a so-
lution containing 0.1% gelatin and 0.01% chromium-potassium sulfate.
The tissue was gently fixed by dipping the slide for 1 sec in acetone.
Slides were stored at —20°C for no longer than 1 week before use. Be-
fore incubation with various antibodies, sections were soaked in PBS
supplemented with 0.5% horse serum (HS) and 0.01% Tween 20 (PBS-
HSTw) for 30 min to remove the embedding medium. Sodium azide
was omitted from the rinsing buffers because this preservative was
found to reduce the enzyme activity of horse radish peroxidase. Next,
sections were overlaid with 100 pi of the first stage antibody and in-
cubated for 30 min at room temperature; during incubation, they were
kept in maist chambers to prevent air drying. After rinsing in PBS-HS-
Tw, sections were incubated with 50 pl anti-immunoglobulin horserad-
ish peroxidase conjugate (Dako, P162) for 30 min at room temperature.
After rinsing in PBS for 30 min, the conjugate was visualized by incuba-
tion of the sections in diaminobenzidene (DAB; Sigma Chemical, St.
Louis, MO) according to Graham and Karnovsky (1966). The sections
were then briefly washed, postfixed in 1% glutaraldehyde in PBS, de-
hydrated, and coverslipped. Photographs were recorded on liford Pan
F films with Zeiss plan-apo objectives; the contrast of the image was
enhanced with a Schott interference filter at 490 nm (Schott, IL490).

For fluorescence studies, frozen sections were incubated with 100
wl of purified FITC-labeled monoclonal anti-E (clone 14.4.4; 10 pg/mi
diluted in PBS-HS) and with undiluted culture supernatant of ciones
ER-TR4, ERTRS or ERTTR6, and F4/80. Binding of these rat mAbs was
detected with 100 ul Texas Red (TxR)-labeled Ig fraction of goat anti-rat
Ig antiserum (Southern Biotechnology Assoc., diluted at 20 ug/mi in
PBS-HS). Stained and washed slides were fixed in 1% paraformalde-
hyde in PBS and mounted in glycerol/PBS (9:1) containing 1 mg
phenyiene-diamine/ml, to prevent fading of the fluorochromes (John-
son and Nogueira Aranjo, 1981). Micrographs were recorded with a
Leitz Orthoplan, equipped with a Leitz Ploemopak 2 illumination sys-
temn, a 100 W HBO mercury lamp, a Leitz Vario orthomat camera and
a25x PL APO (251.4 Oel Phaco) with 12 (Leitz) filter combination for
evaluation of FITC, and N2 filter combination for evaluation of Texas
Red. Micrographs were recorded on 400 ASA Kodacolor films.

Flow Cytometry
Assays of E:Ej surface expression by staining cell suspensions with
fluorescent reagents and visualizing them on an ODAM ATC3000 fiow
cytometer were performed as previously described (Le Meur et al.,
1985). Cell populations were analyzed and gated for size by forward
small angle light scatter as well as by direct size estimate from im-
pedance measurement, both amptified on linear scales. Fluorescence
signals were amplified on logarithmic scales. To detect A complexes,
we used mAb 3G2, affinity purified on Protein A (Beck et al., 1986); the
anti-E reagent 14.4.4S was used as a first step either in purified, uncon-
jugated form, or after conjugation to biotin (Ozato et al., 1980). Second
step reagents were either an FITC-labeled goat F(ab’}2 anti-mouse
IgGi(Fc) (Jackson Immunoresearch Labs) or phycoerythrin-avidin (Bio-
meda). In some experiments, cell populations were counterstained
with FITC-conjugated goat anti-mouse IgM (Southern Biotechnology
Associates) or peanut agglutinin.

The frequency of T celis expressing the Vg17a T cell receptor vari-
able region was determined as previously described (Kappler et al.,

1987a). Briefly, peripheral blood T cells were enriched by red blood cell
lysis in Gey’s solution (Gey and Gey, 1936) and nylon wool column frac-
tionation. They were then stained with biotinylated KJ23a mAb (spe-
cific for a Vg17a encoded determinant; Kappler et al., 1987b) and
phycoerythrinavidin, along with FITC-labeled mAbs GK15 and 2.43
(anti-L3T4 and anti-Lyt2, respectively; Dialynas et al., 1983; Sarmiento
et al., 1982). Two-color cytofluorimetric analysis allowed a determina-
tion of the percentage of mature cells (Lyt2 or L3T4 positive) that were
also KJ23*. The experimental animals derived from a double-
backcross of the transgene-positive individuals to SJi. mice. Some
animals still carried a T cell receptor chromosome that does not code
for the V17a region from the B6 parent. These heterozygotes were
identified by reactivity of a subset of T cells with KJ16, a mAb specific
for the V;8 family. (The V38 region is missing from the SJL genome.)
With such heterozygotes, the measured KJ23a* percentages were
multiplied by two to correct for allelic exclusion.

To test for the induction of la expression during B cell activation,
splenocytes were cultured for 24 hr in RPMI, 10% FCS, 50 uM 2-mer-
captoethanol supplemented with affinity purified rabbit anti-mouse Ig
(2 ug/ml) or with mouse 1l-4. The latter was added as a culture superna-
tant from a HeLa cell line transfected with an expressible IL-4 cDNA
clone; the supernatant (a kind gift from Drs. Bergstedt and Severin-
son) was added to a 1% final concentration.

Immunoprecipitation and Two-Dimensional Polyacrylamide

Gel Electrophoresis

Splenocytes from B10.A(5R) mice or from transgenic animals were la-
beled by culturing them in the presence of [**S]methionine. EXES
molecules were precipitated from splenocyte NP-40 extracts using the
mAb 14.4.4. Immunoprecipitates were electrophoresed on two-dimen-
sional (NEPHGE/SDS) gels and visualized by autoradiography. All
procedures are essentiafly as detailed by Jones (1980).

Mixed Lymphocyte Reactions

Responder ceils were lymph node celis treated with compiement in the
presence of the anti-B cell mAb J11d (Bruce et al., 1981). Stimulator
cells were total spleen cells X-irradiated. Three types of mice were em-
ployed as a source of stimulators. Two littermates from generation VIIi
of the E,16 line, one positive for the EX transgene and one negative,
were used to calculate the stimulation index; the differential response
to these two stimulators signifies recognition of the E§:E} complex.
The third stimulator, from an H-2 incompatible mouse (BALB/c), served
as a positive control of responsiveness. Cultures were set up in tripli-
cate in a 96 well plate in RPMI, 10% FCS, 50 uM 2-mercaptoethanol,
2 mM glutamine, 50 uM indomethacine, with 2 x 10° responder and
4 x 105 stimulator cells [*H]thymidine was added in the last 12 hr of
a 96 hr culture period, and incorporated radioactivity was measured
by liquid scintillation counting after automatic harvesting (PHD Har-
vester).

T Ceil Proliferation Assays

Mice were primed with GLe or MCC in CFA in the hind footpad or the
tail base. After 8 days, cell suspensions were prepared from draining
lymph nodes. In 96 well plates, 4 x 10° cells per well were cultured
in triplicate for 96 hr in RPMI, 50 uM 2-mercaptoethanol supplemented
with 194 fresh mouse serum and various concentrations of the relevant
antigens. MCC was usualty used at 100 pg/mi, GLo at 150 ng/mi, and
PPD at 50 pg/ml. Cultures were harvested on day 4, with a [PH]thymi-
dine pulse in the last 16 hr. The stimulation index is defined as the ratio
(cpm in cultures with antigen per cpm in cuitures lacking antigen).

T Hybridoma Stimulation

The T cell hybridoma 2B4 (Schwartz et al., 1985, a kind gift from R.
Schwartz) recognizes the moth cytochrome G peptide 81-103 in the
context of the E5:Ef molecule; BK11.1 reacts to KLH in association
with AS:A2 complexes (Roehm et al., 1982). Antigen presentation was
tested by coculturing 5 x 10* hybridoma cells per well with variable
numbers (usually 25 x 10%) of X-irradiated splenocytes and various
quantities of antigen, as specified for each experiment. Cultures were
set up in 200 wi of RPMI, 10% FCS, 50 uM 2-mercaptoethanol. Fifty
microliters of supernatant were removed after 24 hr and tested for IL-2,
using the I1L.-2 dependent T cell line CTLL (5000 cells/well). These cells
were starved of IL-2 for 6-8 hr, then added to the supernatants to be
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tested. Cultures were incubated for 16 hr in the presence of [3H]thymi-
dine, harvested, and the incorporated radioactivity determined by lig-
uid scintillation counting.

Antibody Responses
Intraperitoneal priming: mice were injected ip with 25 ug of GLy in
CFA, and were boosted 3 weeks later with 20 ng of GLg in phosphate-
buffered saline. They were bled 7 days later, and GlLe-specific anti-
bodies were detected in an ELISA assay as described (Le Meur et al.,
1985). The developing reagent in most experiments was a polyvalent
antibody (goat anti-mouse IgG + IgM [H + L] coupled to alkaline phos-
phatase [Jackson Immunoresearch Labs]). The data presented in this
paper regroup mice from several independent experiments, and are
normalized to arbitrary units by comparison to a laboratory standard
anti-GL¢ serum.

Subcutaneous priming: mice were given a single injection of GL¢
in CFA (25 p1g) in one footpad. They were bled at regular intervals there-
after, and sera tested for anti-GLg antibodies as described above.
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