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The H-2 antigen is the only one of the mouse histocom-
patibility antigens that can readily be detected on red blood
cells by hemagglutination with isoantisera. As Gorer has
shown, injection (or grafting) of tissues between strains
differing at the H-2 locus results in the production, by the
recipient, of hemagglutinins for the donor strain erythro-
cytes (1). With the aid of a developing agent, such as hu-
man serum and dextran (which Gorer used) or polyvinyl-
pyrrolidone (Stimpfling method) (2), reproducible titers
in the order of 1/5000 or more are routinely observed with
hyperimmune serum.

The presence of an H-2 antigen on cells other than eryth-
rocytes, or in purified tissue fractions, can be demonstrated
by incubating these materials with appropriate isoanti-
serum and observing the decrease in hemagglutinin titer
when the absorbed serum is then tested with the corre-
sponding red cells (3, 4, 5).

The application of the absorption method is shown in
Table I. The decrease in hemagglutinin titer after ab-

* This work supported by grant C-4681 (C1), United States Public
Health Service.
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TABLE 1
Absorption of Hemagglutining* by Membrane Fraction

M, (Membrane Antiserum Dilution (After Absorption)
Fraction)

Mg Protein 1/20 1/40 1/80 1/160 1/320 1/640 1/1280 1/2560

4.0 1 1
3.0 1
2.0 2
1.0 2
0.5 3
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2Antiserum used: H-2° anti H-24; 0.2 ml of serum was absorbed at
1/20 dilution for 30 minutes at 8° C.

sorption of an antiserum with an extract of mouse liver
cells is roughly proportional to the amount of absorbing
material. Absorption is carried on for 30 minutes at
8° C, and the titering of the absorbed sera requires another
30 minutes incubation, this time at room temperature.
However, it is essential that a control of the specificity of
absorption be used along with this test.

Fortunately, the extensive knowledge of the cross reac-
tions of the various H-2 antigens makes this control easy to
devise. Table II shows a recent summary by Snell and
Stimpfling of the immunogenetics of the H-2 locus, garnergd
from their own work (2, 6) as well as that of others, includ-
ing Amos (7), Gorer (8) and Dr. Hoecker (9) who is here
today. On the left is a list of the known alleles, that is,
alternate forms of the gene, H-2. In the body of the table
are listed the serologically distinguishable antigenic com-
ponents for each allele. (These components are really the
conceptual units which indicate that sera have been found



MSYV Z- §S-- - - --DHDJad-0

s6~H
I dTAM/ITIE -X - -3 -H--d-iD 3-H
X019 4Nd18/0 1/vdd --0--W- —~----4d-D- v3-H
aN'HED d iddd --d -- - - 49-2V a3-H
Ls/d - N--r H dd--V oug-H
WiV - W H--d-0 wd-H
18/1 A ---f - d---- 13-H
H0 LS 49 AW/VIN VIN IS'Id vdD THD 89D

Po/ddL50 B/HALED AIVEANV UMV XHED HED ZX~--=- - - A --H- - dxdDV x3-HI0x2H
18/31¢ A - - == --g---- (&-H
(q2-H/=2-H) 4 woig A-  INWI ~-d43do 13-H
(q@-H/=2-H) *q woxg -- (N-M- H- d ddOVv 43-H
(¢3-H/p3-H) 'd worg A- N -- --JdpHqd-- s6-H
wWoravo'v zZ- --- - ITHDME ~- yo-H
I'IoLS ZX ---d449 -0 23-H
IM/99X 9 TdA n - dpd AD p3-H
HM 91°1LS 3/vdd 2Q01d 89/71d.80 °/q'Ivd Z----- NW - f-H- dpd AD - v3-H
0'1d - - - - ®ad 2&-H

63T dT'1d d7T MSHED 190
9/1dL80 X401d dT0Td 01/1dL80 XAV Z-A--- N-d----d Hd- - o%-H
AYIVV ZA~---NWIr-H- 4T dAOV «3-H
suren§ pad4Ay, sjuauoduro)) otuadnuy PV
¢H

(63) (Surpdwrlg pus [[PU§ I93y8) SN0 g-H dY3 Jo sjuouoduro) ualdrjuy
II 3'19VL



~ ™~

368 LEONARD A. HERZENBERG

TABLE III
Relevant H-2 Components and Expectation of Antibody
Specificities (6).

Relevant Erythrocytes
Serum Strain H-2 allele Antigenic Agglutinated
Components

C57B1/6 H-2P -DPE F-- -NZ 5
DBA/2 H-2¢ CD E‘FHIMNZ

H-2" anti H-2¢ antiCD ES-HJM - - ‘ H-2¢, H-2*
C3H H-2x cC- --H--~---

H-2 anti H-2¢ awti -DE4--JM~- - H-2¢

absorbed with H-2k

which can detect as many differences as there are compo-
nents assigned.) The inbred strains which carry each
allele are presented on the right. I would like to empha-
size that this chart represents a detailed analysis of just
the H-2 locus, and that other histocompatible loci, of which
there are probably upwards of 14 in the mouse (10), may
be equally complex.

In Table III, I have abstracted a portion of the last table
to indicate one specificity test which we use. Serum pre-
pared in a strain carrying the H-2" allele against tissues of
an H-2? strain agglutinates H-2¢ erythrocytes and also H-2*
erythrocytes, due to the presence of components C and H in
the H-2* allele. Absorption of this serum with materials
containing H-2* antigenic activity removes agglutinating
activity (that is for components C and H) against red cells
of the absorbing type, H-2%, but leaves hemagglutinins for
H-2? red cells. Thus, in a single tube the test and control
absorptions are performed.

Figure 1 shows our procedure for obtaining a 50-100-
fold purification of H-2 antigen from mouse liver, using
hemagglutinin absorption to evaluate the alternative pro-
cedures tried (5).

In fractionation, we find the bulk of the H-2 antigen of
mouse liver is associated with the cell membrane fraction,
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Liver (0.2 g)*
homogenize twice in 5 vol
n
wash twice .] volumes 0.25 M sucrose, M/T5 phosphate, pH' 7
centrifuge 3 minutes at 250 x g
Supernate
P (k :
(Discard) 1 (44 mg) pellet containing whole nuclei, cell membranes and debris
wash three times in 5 volumes M/75 phosphate, pH T
centrifuge 3 minutes at 1,100 x g
Supernate
(piscard) Py (25 mg) nuclear ghosts, cell membranes, debris
suspend in KBr solution of density 1.22 9 ™!
(approximately 2.7 M)
centrifuge 3 hours at 60,000 x g
' 1
Flotsam Supernate PZ’
(piscard)
wash twice wash twice
resuspend in PBS resuspend in PBS
#, (5 mg) Py (2.6 mg)

Fig. 1. Isolation flow sheet. The figures in parentheses give
protein content expressed per g fresh weight of liver.

which appears to be mainly lipoprotein. Analysis of the
liver membrane fraction shows it to contain about 60% pro-
tein, 40% lipid, 0.7% total carbohydrates, and less than
0.2% hexosamine. We have obtained a similar fraction
from mouse spleen, ascites tumor (L-1210) and in vitro
cultured cells (ML-388) and in all cases find H-2 activity
concentrated there.

On attempting further purification and characteriza-
tion of the H-2 antigen from the membrane fraction, using
hemagglutinin absorption to follow the antigen, we were
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severely limited by certain factors. The physical state of
the material greatly influences the detection of the anti-
genic activity by absorption. Heavily clumped materials
don’t absorb well, whereas finely divided and soluble sub-
stances cannot be separated from the antiserum.
Discovery that after disruption of the membranes by
sonication, antigen can be measured by a simple, one-step

inhibition test, enabled us to develop a hemagglutination _

inhibition assay for this system. For the assay, serial di-
lutions of a test fraction are mixed with antiserum at ¢
constant dilution and then erythrocytes are added. Tt
lowest dilution of a fraction which prevents agglutinati
defines its antigenic activity. To control for nonspec’
inhibitors each fraction is checked for inhibition of herr -
glutination in an H-2 system which does not cross-react
with the antigen. Table IV shows that the antigen weight
and units of antibody in the final inhibited tube are roughly
constant. (A unit is that amount of antiserum which is
present in the last positive tube of a serum titration.) At
present, with our most active fractions, one pg of protein
inhibits 10-20 hemagglutinin units.

TABLE IV
Inhibition of Hemagglutination by Sonicated Membranes. Serum:
C3H.SW anti-C3H/Sn (H-2* anti-H-2%¥). Erythrocytes: DBA/2J
(H-29). Membranes: DBA/2J (H-29), from liver.
Serum ug of membranes per tube

Dilution 64 32 16 8 4 2 1 o

o

None

1/50 + + + + + + + + +
1/100 =+ + + + + + + + +
1/200 * - - - + + + + +
1/400 * - - - - * + + +
1/800 + — - - - - + + +
1/1600 = - - - — * + + +
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The purification and characterization of homograft anti-
gens have been proceeding in several laboratories since the
definitive dispelling by Billingham, Brent and Medawar
(11) in 1958 of the then current, neovitalist idea that these
antigens exist only in living cells. These workers' employed
the straightforward procedure of injecting tissue homoge-
nates, or separated fractions therefrom, from one mouse
strain into a second strain and subsequently grafting skin
of the donor strain to the pretreated animals. The pres-
ence of a transplant antigen in the injected material was
evidenced by an accelerated graft rejection compared to
similar grafts placed on control individuals.

The directness of this assay for histocompatibility anti-
gens is unfortunately compensated for by its lack of specifi-
city and difficulty in its quantification. The chief difficulty
with the transplantation test is that one antigen can-
not be distinguished from another with the usual laboratory
strains. This becomes evident from the fact that there are
at least 15 histocompatibility loei in the mouse, many of
which will be detected in a transplantation test. For puri-
fication purposes, it is clear that a test specific for a single
genetically, and therefore chemically, distinct transplant
antigen must be used. A direct test for transplant anti-
gens by induction of a second set (accelerated) homograft
rejection is specific when mice are used from pairs of iso-
genic resistant lines such as Snell’s (6) which differ from
each other only by the allele carried at one histocompatibil-
ity locus.

Skin grafting does remain, however, a laborious and
time-consuming procedure which, even with large numbers
of test animals, is at best a semi-quantitative assay for anti-
gen. For this reason, other direct or grafting assays have
been devised which are more quantitative and appear to be
extremely sensitive (12).
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Another method of measuring the immunogenic potency
of H-2 preparations which we have tried to use depends on
the elimination of labeled erythrocytes from the circulation
of an animal immunized against the H-2 type of the eryth-
rocytes. However, as Figure 2 shows, even in a model
situation, using passive immunization with a hyperimmune
serum, immune elimination of Cr*-labeled red cells is only
partial. Furthermore, there is considerable variation in
the extent and kinetics of elimination in different animals.
In all our experience, whether with passively or actively im-

i
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Fig. 2. Immunological Clearance of Labeled Erythrocytes. Crsi-
labeled B10:D2 H-2¢ erythrocytes were injected (i.p.) into B10
H-2* mice 24 hours before the start of the experiment. At time 0,
0.2 ml of normal mouse serum or H-2 anti H-2¢ hyperimmune erum
diluted with saline to 1 ml was injected into each of five animals in
each group. The per cent of radioactivity remaining was obtained
from 10 x] samples of blood obtained from the tip of the tail. At
48 hours, 0.2 ml of the same hyperimmune serum was again given to
two animals as indicated by the arrows.
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munized animals, with newly matured erythrocytes or with
different labeling techniques, we have always observed a
fraction of from 20%-50% of the red cells resistant to im-
mune elimination (13).

There appears to be a direct parallel here with the ob-
servation of others on immune cytotoxicity in vitro with
lymphomas or normal lymphoid cells (14). I do not know
of any cytotoxicity system where isoimmune sera and com-
plement kill 100% of the cells. As a good example, con-
sider some recent work carried on by Dr. Howard Cann in
our laboratory. We were interested in using the H-2 anti-
gens as cellular genetic markers on cells cultured in vitro
for carrying out studies on somatic cell genetics. We
showed by hemagglutinin absorption that a lymphoma, ML
388 (15), cultured in vitro since 1956, retains the H-2¢
antigens of the DBA/2 strain from which it was derived.
In order to determine whether a small number of non-H-2¢
cells existed in the population tested, we exposed the culture
to an anti-H-2° isoantiserum and guinea pig complement.
When specific killing was completed, we plated the survivors
in growth medium. Contrary to what would be expected
if the survivors were genetically non-H-2¢ their progeny
were neither more nor less sensitive to anti-H-2¢ serum
than the population from which the survivors were select-
ed. Asa matter of fact, 6 or 7 such cyclings did not change
the sensitivity of the population at all.*

If partial resistance to isoimmune destruction seems to
be a general phenomenon in the mouse cell, one can’t help
but be curious as to why. Is the antigen masked, not ex-
pressed phenotypically, not reacting with antibody in such
a way as to bring about cell death? With the data avail-

able, there is little to choose between one hypothesis and
another.

*After 14 cyclings, resistance to the cytotoxicity of this antiserum
did develop.
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I would like to return now to studies of the immunogen-
icity of purified H-2 preparations. Enhancement of the
growth of tumors in mice has been used as a very sensitive
test for a strain specific antigen which may well be the
H-2 (16, 17). We have used, as evidence of H-2 antigen
in a preparation, the development of specific H-2 hemag-
glutinins upon homologous injection. The data in Table V
(18) show that a membrane fraction containing H-2* anti-
gen elicits the formation of antibodies which agglutinate

H-2* (A/J) erythrocytes.

TABLE V

Immunogenicity of Memrane Fraction. C3H/Sn Recipients Were
Injected IP with Membranes Prepared from B6AF,/J Livers.

: Reciprocal of Hemagglutinin
Membranes Injected (mg) Titer with A/J Erythrocytes

Day 0 Day 21 Day 35
Group I 2 3 <4, <4, 4, 256, 512
1024, 1024, >2048, >2048
Group II 0.2 0.2 <4, <4, <4, <4, <4

As yet, we have not tested the transplant-antigen activ-
ity of the concentrated H-2 materials by the accelerated
homograft reaction. We hope to do so soon using an H-2
isogenic-resistant pair.

One of the major hopes for medicine in general, and in
the treatment of radiation injury in particular, is the de-
velopment of means to insure the long-term survival of
grafts of normal tissues between genetically non-identical
individuals. In recent years, as we all know, Owen, Meda-
war, Burnet and others have shown that, in spite of the
basic law of transplantation that a graft will be rejected
if it contains one or more antigens not represented in the
tissues of the recipient, under certain restricted conditions
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grafts between genetically non-identical individuals will be
accepted.

Owen first recognized that natural grafts of hemato-
poetic tissues occur between cattle twins in utero (19).
Two types of red blood cells were found to be circulating in
adult cattle twins, one type determined by the genotype
of one twin, and the other by the genotype of the second
twin. The presence of both erythrocyte types in these
adults with no apparent immune response against either
was correctly interpreted by Owen as meaning that a
genetically different graft is accepted by a fetus although
it would be rejected by the matured individual.

The elaboration of the self-marker theory by Burnet and
Fenner (20) gave a working hypothesis to explain perma-
nent acceptance of foreign tissue grafted to an immature
individual. They proposed that the developing immuno-
logical system of an animal acquires, as it matures, the es-
sential information as to which antigens are “self” and
against which it should not react later in life. Any anti-
gen present at the critical time in development when this
acquisition of information occurs is then considered to be
“self”. The hematopoetic grafts studied by Owen thus
were accepted as “self” by the recipient individuals and
therefore persisted without encountering a homograft re-
action.

Medawar brilliantly predicted and performed the experi-
ment to prove that Owen’s chimeric cattle twins would
accept skin grafts from their fetal partners (21, 22). He
then went on to show in other species that immunological
tolerance could be experimentally produced by the injection
of lymphoid tissue into fetuses in utero or into newborns
(28). These animals at maturity accept skin grafts which
have the same genetic constitution as the donor of the pre-
viously injected lymphoid cells.
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It was soon found that immunological tolerance could be
produced in adults (24). Animals which have been sub-
jected to a lethal dose of irradiation and saved by hemato-
poetic grafts subsequently accept skin transplants of the
same genetic constitution as the hematopoetic graft.

Immune tolerance, or as it is now more appropriately
called, immunological unresponsiveness, can be produced
for non-living antigens as well. Perhaps the most excit-
ing example of this is the recent finding of Mitchison that
soluble bovine serum albumin injected into adult mice does
not elicit an immune response, but rather makes these mice
immunologically unresponsive to a subsequent injection of
the same antigen in a form which does immunize previous-
ly untreated mice (25).

The truly significant finding in this work is that unre-
sponsiveness is produced by merely introducing the antigen
in a non-immunizing form. In Mitchison’s experiment, as
well as in all the other examples of immunological toler-
ance, the antigen is always present in the unresponsive
animal.Once that antigen disappears from the body, the
state of immunological responsiveness is simultaneously
lost (26).

The homograft problem, then, can be stated in a manner
which suggests its own solution : how to introduce, prior to
grafting, the histocompatibility antigens in such fashion
as not to immunize the recipient, but rather to render him
unresponsive to those antigens and, hence, tolerant to the
graft.

We have made some progress in purification and concen-
tration of H-2 antigen, and with this material it may be
possible to induce graft tolerance in H-2 IR strains. The
general solution of the homograft problem may depend on
purification, or at least the concentration, of several other
antigens as well.
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Fortunately, it may not be necessary to achieve 3 prior
state of unresponsiveness to all histocompatibility antigens
which differ between graft and host. Recent work of Lin-
der (27) in Klein’s laboratory at the Karolinska Institute
and of Elizabeth Russell (28) at Bar Harbor, shows that in
mice it is possible to successfully homograft ovaries and
hematopoetic tissues when some weak histocompatibility
gene differences exist, providing there are no strong ones,
like H-2. Future work will have to determine which other,

if any, histocompatibility antigens will have to be purified
to allow interstrain grafting.
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