
Proc. Natl. Acad. Sci. USA
Vol. 77, No. 4, pp. 2178-2182, April 1980
Immunology

In vivo or in vitro treatments with anti-I-J alloantisera abolish
immunity to AKR leukemia

(Ir genes/T cells/humoral responsiveness/H-2-linked loci/tumor cells)

DANIEL MERUELO*, NANETTE FLIEGER*, DAWN SMITH*, AND HUGH 0. MCDEVITTt
*Department of Pathology, Irvington House Institute, New York University Medical Center, 550 First Avenue, New York, New York 10016; and tDepartment
of Medicine, Division of Immunology, Stanford University School of Medicine, Stanford, California 94086

Contributed by Hugh 0. McDevitt, November 30,1979

ABSTRACT This paper provides evidence for the involve-
ment of immune mechanisms in conferring resistance to a
spontaneous AKR leukemia. It is shown that genes in the B, J,
or E subregions of the H-2 complex confer resistance to a
spontaneously arisen, tissue culture-adapted AKR thymoma,
BW5147. A direct correlation is demonstrated between survival
to injected BW5147 cells and humoral responsiveness in various
hybrids obtained from crosses of AKR mice and C57BL/10 or
C3H/DiSn derived congeneic strains differing at H-2. Cellular
immunity appears to play no role in resistance to the prolifer-
ation of tumor cells. It is further established that development
of effective humoral immunity depends on B cells and Ly-1+,
2-, 3- helper T-cells bearing the I-Jk phenotype. These findings
seem directly applicable to the spontaneous disease, and results
of studies using transformed cells from an overtly leukemic AKR
mouse parallel those obtained using BW1547 cells.

The involvement of the major histocompatibility complex, H-2,
in resistance or susceptibility to virus-induced leukemogenesis
was first demonstrated experimentally by Lilly and his co-
workers (1) and subsequently extended by numerous investi-
gators (2). The mechanisms of action of H-2-linked loci in
disease associations are unknown. Some investigators (3-7) have
suggested that H-2-linked resistance to virus-induced leuke-
mogenesis may result from genetically controlled variation in
immune responses to virus-induced antigens (8). The present
communication provides evidence for the involvement of im-
mune mechanisms in conferring resistance to a spontaneous
AKR leukemia and defines the humoral response involved,
including the involvement of an I-J+, Ly-1+, 2-, 3- T cell.

MATERIALS AND METHODS
Mice. All mice used in the present studies were bred at New

York University Medical Center from animals derived from
H.O.M.'s colony at Stanford University School of Medicine.

Cells. BW5147 cells were originally obtained from the Salk
Institute (La Jolla, CA) and have been maintained indepen-
dently since 1975. Their karyotype and growth conditions have
been described (9).

Antisera. Antisera were produced by published protocols
(10-12). The following antisera were utilized: a Thy 1.2
(AKR/J anti-AKR/Cum); a jk ([BALB.B X B1O.A(3R)]Fl
anti-B10.A(5R)); aAk ([BlO.S(9R) X A.TFR5]F1 anti-A-TL)
aAkBkjkEkCkSkGk (see ref. 13 regarding potential contami-
nants) (A.TH anti-A.TL); aAsBsJsEsCsSsGs (A.TL anti-A.TH);
caAkBkjk [(B1O.HTT X A.TH)F1 anti-A.TL]; aDk [(A.TL X
B10.A)Fi anti-B10.BR]; aKk [A.TL X C3H.OL)F1 anti-C3H];

aEkCkSkGk [B10.S(7R) anti-B1O.HTT]. Anti-Dq [B10.A X
LP.RIII)F1 anti-B10.AKM] was kindly provided by John G.
Ray, Jr. (Research Resources Branch, National Institutes of
Health, Bethesda, MD). Rabbit anti-mouse IgG was purchased
from Antibodies, Inc. (Davis, CA). Anti-Ly 1.2 [(C3H X B6/Ly
1.1)F1 anti-CE/J or anti-C57BL/6] and anti Ly-2.1 antisera
[(BALB.K X C57BL/6)F1 anti CE/J] were prepared and
screened as recommended by Shen et al. (10).

Purification on Nylon Wood. Purification of T cells was
done on nylon wool columns according to the method of Julius
et al. (14).
Antiserum-Plus-Complement-Mediated Cytotoxicity.

Antiserum-plus-complement-mediated cytotoxicity was done
as described (15) except that unabsorbed rabbit complement
(Dutchland) was used at a 1:8 dilution.

Cell-Binding Radioimmunoassay. Immunoglobulin levels
in various antisera were determined either by the binding of
antibodies to antigens bound in solid phase (to microtiter plates)
as described by Klinman et al. (16) or by a modification of
cell-binding assays (17). After a 30-min incubation with anti-
sera, cells were washed once and resuspended in 50 Ml of a 1:100
dilution of '25I-labeled protein A. After 30 min, the cells were
washed thrice and transferred to a counting tube for determi-
nation of bound radioactivity in a Beckman Biogamma 4000
counter.

Radioiodination of Protein A. Protein A extracted from
Staphylococcus aureus, Cowan I strain (Pharmacia), was la-
beled by a modification of the chloramine-T method (18).

Preparation of Effector Cells, 51Cr-Labeled Target Cells,
and Assay for Cell-Mediated Cytotoxicity. Cells were pre-
pared and cell-mediated lympholysis activity was measured
as described (9).

Absorption Studies. The expression of H-2 or murine leu-
kemia virus antigens on the surface of lymphocytes was de-
termined as described (17) by measuring the ability of these
cells to adsorb the antibody activity(ies) in question.

Irradiation of Mice and Transfers of Cells. Recipient mice
were exposed to 600 rads (6 grays) early on the day of transfer
(or on the previous day) from a cesium-137 source (model M
Gammator, Radiation Machinery, Parsippany, NJ). This ma-
chine delivers radiation at a rate of 630 rads/min when the
dosage rate is set at 100%. Mice were then reconstituted with
immune or nonimmune lymphocytes as described in the
text.

Intravenous Injection of Alloantisera. Generally mice re-
ceived 0.5 ml of the appropriate alloantisera (at 1:50 dilution).
Unanesthetized mice were heated for a few minutes under a
heat lamp (Fisher Infra-Radiator), inserted into a restraining

Abbreviation: MCA, methylcholanthene.
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FIG. 1. Humoral immune response of various mice injected 10 days prior with 5 X 106 BW5147 cells, as detected by radioimmunoassay.
(A) Tested against BW5147 cells; (B) tested against supernatants ofAKR murine leukemia virus-infected HII6A cells (the radioimmunoassay
was done by first letting a solution of disrupted AKR murine leukemia virus adsorb onto disposable microcytotoxicity plates so that the virus
was attached to a solid substrate) [for A and B: *-*, (AKR X B10.6)F1; A----A, (AKR x B1O.BR)F1]. (C) Progeny of an (AKR X B1O.G)F1
X AKR backcross were typed for their H-2 types [nine H-2k/k (-A- - -A) and seven H-2k/q (u--)] and their humoral response was measured
against BW5147 cells.

holder, and injected through the tail vein by using a 1-ml dis-
posable syringe fitted with a 27-gauge needle.

RESULTS
Gene(s) in the B, J, or E Subregions of the H-2I Region

Confer Resistance to Malignant AKR Cells. In previous
studies (9), AKR mice were crossed with animals of various H-2
congeneic strains on the C57BL/10 or C3H genetic background
and the hybrid mice were injected intraperitoneally with

Table 1. Mapping of tumor resistance to the B, J, or E
subregion of H-2I

H-2 haplotype of
% survival non-AKR parent

Strain (day 43) KABJ E C SGD

Exp. 1
(BlO.D2 X AKR)Fl 67 d d d d d d d d d
(BlO.A(5R) X AKR)Fj 0 b b b k kid d d d
(BlO.A(3R) X AKR)F1 0 b b b btld d d d
B1O.BR X AKR 0 k k k k k k k k k
B10xAKR 0 b b b b b b b b b

Exp. 2
(BlO.G X AKR)Fj 90 q q q q q q q q q
(B1O.AQRXAKR)Fj 0 qftk k k d d d d
(B1O.AXAKR)Fj 0 k k k kId d d d
(B1O.3R x AKR)Fj 0 k k k k k k k k k

Exp. 3
(C3H.Q X AKR)Fj 80 q q q q q q q q q
(CKB X AKR)Fj 0 k k k k k k k k k
(B1O.BR X AKR)Fj 0 kk k k k k k k k

Exp. 4
(D2GD X AKR)Fj 0 d d b b b b b b b
(BlO.D2 X AIR)Fj 31* dd d d d d d d d
(BlO.G X AKR)Fj 73 qq q q q q q q q
(B1O.BR X AKR)Fj 0 kk k k k k k k k

* Repeats of this experiment indicate that (BlO.D2 X AKR)Fl are
consistently more resistant than all other F1 mice except (BlO.G X
AKR)Fj, and a significant number usually survive tumor inocula-
tion.

BW5147 AKR thymoma cells. Comparison of the cell-mediated
immune response of hybrid mice differing in their H-2 geno-
type showed a genetically controlled immune response dif-
ference. The present study showed that hybrids unable to
mount a vigorous CML response to the injected tumor cells
[namely, H-2q/k mice (B1O.G X AKR)FI and (C3H.Q X
AKR)F1] survive longer than do hybrids capable of responding
in a cell-mediated assay [primarily H-2k/k mice (CKB X
AKR)F1 and (B1O.BR X AKR)FI]. The results of four inde-
pendent experiments in which various hybrid mice received
5 X 106 BW5147 cells intraperitoneally and were followed for
at least 43 days are shown in Table 1. Analysis of the H-2 hap-
lotypes of the F1 hybrids demonstrates that gene(s) mapping
in the B, J, or E subregion of the I region confer resistance or
susceptibility to BW5147 cells. Thus, only hybrids carrying at
least one copy of the q or d allele in these three subregions
survived beyond 43 days to any significant degree. These studies
were repeated numerous times with the same results each time.

Table 2. Effect of intravenous injection of antisera on survival of
(AKR X B1O.G)FI receiving 5 X 106 BW5147 cells

Antiserum*

Dk
AkBkJkEkCkSkGk
Kk
Ak
Jk

None

AkBkJkEkCkSkGk
Ak
AkBkJk
EkCk
AsBsJsEsCs
None

Mean (+ SEM)
survival,
days

Exp. I
73.1 + 12.2
87.1 ± 13.0
87.2 + 12.1

114.8 + 5.3
51.1 ± 13.2

105.5 + 8.9
Exp. II
79.9 ± 20.3
97.8 + 16.5
36.9 + 12.3
76.3 ± 16.8
81.3 + 19.7
89.5 + 16.3

% survival
at end

of experiment

* Defined on basis of antigen potentially recognized.

50
67
58
87.5
0

75

57
75
0

63
57
62
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Table 3. Effect of intravenous injection of various antisera on survival and humoral immunity of
(AKR X B1O.G)F1 injected with 5 X 106 BW5147 cells

% reduction in
Mean (+ SEM) survival, % survival at end titer of a BW5147

Antiserum* days of experiments serumt

Dq 48.2 + 6.3 67 5
Dk 54.0+6.8 75 7
Ak 51.3 6.5 67 8
Jk 30.9 ± 5.7 22 69
AkBkJk 34.4 ± 6.1 25 50
AkBkjkt 37.7 ± 7.6 28 53
Ly-1.2 38.8 + 4.6 36 69
Ly-2.1 52.8 + 6.4 64 10
OC3H 37.0 4.9 33 54
None 56.4 ±6.7 66 0

* Defined on basis of antigen potentially recognized.
t At 90 days. For correlation of % survival with % reduction in titer, coefficient =-0.94; for n = 10, P
< 0.01.
Absorbed with BW5147 cells.

The lack of additional recombinants does not permit more
precise assignment of the gene(s) involved in either B, J, or
E.

Importance of the Humoral Response and Effects of
Passive Antiserum Treatments. Although a reciprocal corre-
lation was found between CML responsiveness and survival,
a direct relationship was found between the latter and humoral
responsiveness (Fig. 1A). (B10.G X AKR)F1 mice (H-2q/k)
showed a stronger response to an intraperitoneal injection of
BW5147 cells than did (BIO.BR X AKR)F1 mice (H-2k/k). The
humoral response was measurable equally well with BW5147
cells or AKR virus (Fig. 1 A and B). Linkage of the humoral
response to H-2 was readily demonstrable in a backcross seg-
regation analysis of (B1O.G X AKR)F1 X AKR progeny (Fig.
1C).
To study the role of suppression in this system, experiments

patterned after those of Greene et al. (19) were carried out.
Greene et al. (19) have shown that daily injections of anti I-Jk
antiserum inhibited growth in mvo of two different methyl-
cholanthrene (MCA)-induced sarcomas, S1509a and Sa-I,
presumably by abolishing tumor-specific suppressor cells. When
resistant [(B1O.G X AKR)FI] (Table 2) and susceptible [(B1O.BR
X AKR)F1] mice were injected every other day with 10 ,l of
one of various antisera, no effect of anti-I-Jk antiserum could
be detected on survival of susceptible mice (data not shown).
In fact, a contrary result was obtained: resistant mice receiving
injections of anti-I-Jk showed decreased resistance to the tumor.
This effect on resistant mice was examined in a second exper-
iment and similar results were obtained.

A more extensive analysis of the effect of antiserum treat-
ment on resistant mice (B10.G X AKR)F1 is shown in Table 3.
It can be seen from this experiment that: (i) treatment with
antibodies to AkBkjk or Ly-1.2 or Thy 1.2 markedly decreased
mean survival time and final survival incidence; (ii) absorption
of anti-AkBkJk antiserum with BW5147 cells did not affect the
serum's activity; and (iii) decreased resistance to the injected
tumor cells was always associated with a decrease in the anti-
viral or antitumor humoral response.
Mouse alloantisera directed against H-2 determinants often

contain antibodies to virus determinants (20). To ensure against
a role of these possible conta nts in the effects observed, the
various antisera used in these studies were tested for their re-
activity with BW5147 cells. Although significant activity was
detected in some antisera, no correlation could be found be-
tween this activity and an effect on survival of (B10.G X
AKR)F1 mice (data not shown).

Effect of Various Antisera in Cell Transfer Experiments.
To ensure that effects seen with serum injections indeed re-
flected an effect on lymphocytes involved in the humoral re-
sponse, a series of cell transfer experiments were carried out.
These experiments demonstrated the following. (i) Transfer
of nonimmune (C3H.Q X AKR)F1 (resistant) spleen cells to
syngeneic, lethally irradiated recipients did not reconstitute the
humoral response (Fig. 2 Right) although it resulted in a cellular
immune response, not normally seen in H_2klq mice (Fig. 3),
and rendered the mice completely unable to resist tumor
growth (Fig. 2 Left). (ii) On the other hand, when reconstitu-
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FIG. 2. Transfer of survival of humoral immunity to BW5147 by
syngeneic immune lymphocytes. (AKR X C3H.Q)F1 mice were un-
treated (bar 1) irradiated and reconstituted with immune cells (bar
2), or irradiated and reconstituted with nonimmune cells (bar 3). Bar
4 shows (AKR x CKB)F1 mice. (Left) Survival after tumor inocula-
tion. (Right) Humoral immunity 10 days after challenge with 5 x 106
BW5147 cells.
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FIG. 3. Cell-mediated immune response of normal responder
(H-2k/k; & - - -A) and nonresponder mice (H-2qk/; 0---0) as well as
irradiated nonresponder mice (A-A) 10 days after injection of 5
X 106 BW5147 cells.
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FIG. 4. Role of immune T and B cells in transfer of survival (Left)
and humoral immunity (Right) to an inoculation of 5 X 106 BW5147
cells. Irradiated (AKR X BlO.G) mice were reconstituted with: im-
mune whole spleen (bar 1); nonimmune whole spleen (bar 2); non-
immune B cells/immune T cells (bar 3); immune B cells (bar 4); im-
mune B cells/immune T cells (bar 5).

tion of irradiated (AKR X G3H.Q)Fl mice was carried out with
immune, syngeneic spleen cells, the humoral response was equal
to that of normal hosts (Fig. 2 Right) and rendered the mice
completely resistant to tumor growth (Fig. 2 Left). (iii) The
requirement that transferred cells be preimmune applied only
to T cells (Fig. 4). When immune or normal T and B cells were
transferred, normal B cells functioned to protect the host in the
presence of immune but not nonimmune T cells (Fig. 4 Left).
A similar finding was obtained with respect to the humoral
response (Fig. 4 Right).
When immune T cells were treated with antiserum to either

I-Jk or Ly-1.2 plus complement prior to their transfer into ir-
radiated syngeneic recipients, the capacity of the transferred
immune T cells to reconstitute the host's humoral response (Fig.
5 Right) or its ability to survive the tumor inoculation (Fig. 5
Left) were completely abolished. On the other hand, treatment
with anti-Ly-2.1 antiserum plus complement inexactly thesame
fashion had no effect on the transferred cells.
Only JkPositive Helper T Cells Are Required for Effective

Humoral Antitumor Immunity. Because anti-AkBkjk was as

effective as antiI-J'k, one possibility that needed analysis was
that two T cells (for example, one Ak-positive and one Jk-posi_
tive) were required to help T-dependent B cells make an ef-
fective humoral response. Elimination of either one would be
sufficient to abolish humoral immunity and resistance to
BW5147 cells. Under this assumption, anti-I-Jk would work by
abolishing I-J-positive T cells, and anti-AkBkJk would work by
abolishing I-Jk-positive or I-Ak-positive cells. To test this hy-
pothesis, anti-AkBkJk was absorbed with B1O.A(4R)
(kkbbbbbbb), B1O.A(SR) (bbbbkdddd), or B1O.A(5R)
(bbbkkdddd) cells. Absorption with B1O.A(4R), which removed
all anti-Ak activity, rendered the antiserum even more powerful
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FIG. 5. Effect of various antisera on the capacity of immune T
cells to transfer survival (Left) and humoral immunity (Right) to an
inoculum of 5 X 106 BW5147 cells. Antisera: bar 1, a 0 + C; bar 2, a
Ly-1 + C; bar 3, a I-Jk + C; bar 4, untreated; bar 5, a Ly-2 + C; bar
6, normal mouse serum + C.

Table 4. Result of various absorptions on the effect of anti-
AkBkJ1' on survival of (AKR X B1O.G)F1 mice after inoculation

of 5 X 106 BW5147 cells
Cells used Mean (± SEM)
to absorb* survival, days

None 35 + 6
B10.A(5R) 75 + 10
BlO.A(3R) 38 ± 3
B1O.A(4R) 26 : 5

* Each 50 gl of antiserum was absorbed with 200 X 106 cells for 1 hr
at 40C.

in abolishing resistance to growth of BW5147 cells (Table 4).
In fact, this absorbed antiserum showed the strongest activity
of any antiserum tested in the current experiments. Absorption
with B1O.A(5R), which removed anti-Jk reactivity, rendered
the antiserum ineffective in abolishing resistance. Absorption
with B1O.A(3R) did not alter the antiserum's behavior, as would
be expected. Therefore, all the helper T cell(s) involved in re-
sistance to the tumor must display the I-Jk phenotype.

Relevance of Findings to the Spontaneous AKR Leukemia.
Malignant AKR cells were extracted from the thymus and
spleen of an overtly (spontaneously) leukemic AKR mouse and
injected into (B1O.G X AKR)F1 mice being given 10 yl of an-
tiserum every other day. The effect on survival for each anti-
serum was similar to that obtained in mice receiving BW5147
cells (Table 5).

DISCUSSION
The experiments reported here indicate that a T cell expressing
the I-Jk, Ly-1+, 2-, 3- phenotype is crucial for the development
of a humoral response capable of rendering mice resistant to
the growth of spontaneously developing malignant cells of AKR
origin.
The present results differ from several other published re-

ports. For example, Greene et al. (19) concluded that injection
of anti-I-Jk antiserum inhibits growth of MCA-induced sarco-
mas in A/J mice by abolishing tumor-specific suppressor T cells
and thus permitting a strong immune response in the host.
Similarly, Fujimoto et al. (21, 22) have found that suppression
by splenic T cells of in vivo or in vitro cell-mediated immunity
against a homologous tumor can be eliminated by treatment
of the suppressor T cells with anti-I-J antiserum. However, not
all of the published data on immunity to autologous tumor cells
indicate a key role for Ia-positive suppressor T cells. For ex-
ample, Frelinger et al. (23) have shown that determinants coded
in the A, B, or J subregions are expressed on T cells which are
necessary for the adoptive transfer of syngeneic tumor immu-
nity. Additional work since the original definition of the I-J
region (24-26) has shown more functions associated with this
subregion than were originally attributable to it. In addition to
being found in suppressor cells and suppressor factors, I-J de-
terminants are also found on macrophages (27) and helper T
cells (28).

Several obvious differences exist between the present studies
and those of Greene et al. (19): the size of the tumor inoculum,

Table 5. Survival of (AKR X B1O.G)F, mice after receiving 107
spontaneous AKR leukemia cells intraperitoneally

Antiserum Mean (: SEM) Mortality on
treatment survival, days day 43, %

aAk 66 + 10 17
aAkBkJk 45 + 7 75
ajk 44 + 3 67

;i
-,a

.- --o- - -
'd 1

--O- --43,-
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the type of tumor used, the route of administration, and the
magnitude of the final effect. For example, when MCA-in-
duced sarcoma cells were injected intramuscularly rather than
subcutaneously, the regimen of passive antibody transfer re-

sulted in enhanced growth of the tumor, in a fashion similar to
the one reported here for mice receiving BW5147 cells.

Collaborative efforts between our laboratories have indicated
that serum effective in eliminating suppressor cells (allowing
growth of MCA-induced sarcomas) was also effective in abol-
ishing resistance to BW5147 cells. The simplest conclusion from
these experiments is that I-J determinants may be found on

helper and suppressor subpopulations of T cells and that their
effect will depend on the immunocytes activated by a given
tumor challenge.

Several antisera were used in the present studies. Although
those having activity only against I-jk abolished resistance,

others potentially directed against the I.jk region (e.g., anti-
AkBkJkEkCkSkGk) did not. This is not surprising because pro-

duction of alloantibodies does not always lead to activity against
all possible antigenic determinants.

Suppression does not seem to play a role in resistance to
BW5147 by H-2q/k mice (treatment with anti-Ly-2.I, which
would be expected to eliminate suppressor cells, had no effect),
but it does seem to play a role in rendering H-2k/k mice sus-

ceptible to tumor growth. Repeated injections of anti-Ly-2. 1
antiserum doubled the mean survival time of (AKR X

B1O.BR)F, mice (data not shown). The role of suppression in
H-2k/k mice needs further study.

In view of the effect of anti-I-Jk antiserum on tumor prolif-
eration in AKR mice, even when a primary tumor is used, it
would appear that AKR mice could overcome the spontaneous
disease if they could be brought to make the appropriate im-
mune response. [The importance of humoral immunity in re-

sistance to virus-induced leukemogenesis has also been recently
demonstrated by Doig and Chesebro (29). ] To achieve this ex-
perimentally, it would be required that the antigen(s) recog-
nized by the humoral response be clearly identified and that
unresponsive H-2k/k mice be made to respond.
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