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Brief Definitive Report
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Graft-versus-host disease (GVHD) in man and animals is associated with immune
dysfunction, which results in significant morbidity and mortality (1). However, the
precise role of graft-versus-host (GVH) reactivity in producing immune dysfunction is difficult to evaluate, because ablation of host immunity is necessary before
GVHD can be induced. Examination of the effects of GVH reactions without
reciprocal reactions of host aganist donor have involved the use of recipients that
are not immunocompetent, such as neonatal mice (2), and adult animals in which
the immune system has been artificially ablated by lethal or sublethal irradiation
(3-6). In addition, GVH reactions have been induced in recipients that are initially
immunocompetent but specifically tolerant ofdonor inocula. For example, GVHD
has been induced by injection of donor lymphocytes into adult rodents neonatally
tolerized to donor antigen (7, 8), and the effects of GVH inocula on immune function have been extensively studied in immunocompetent F1 animals inoculated with
parental lymphocytes (9-13) . Loss of immune responsiveness after inoculation of
Fl recipients with parental lymphocytes has been variably attributed to suppressor
cells (9-11), destruction of recipient lymphocytes (11, 14, 15), and thymic injury (9,
12, 13). However, the contribution of each of these mechanisms has not been well
defined. We have now studied the effects ofGVH reactions on immune responsiveness in animals with otherwise intact immune systems, in which tolerance of recipients
to the donor inoculum is not due to a genetic mechanism, but has instead been induced by lethal irradiation followed by reconstitution with T cell-depleted (TCD)
bone marrow (BM). Comparison of the effects of GVH inocula in fully allogeneic
vs. mixed allogeneic chimeras as well as examination of the effects of host vs. graft
(HVG) inocula have allowed examination ofthe role of recipient lymphohematopoietic
cells, in distinction from the remainder of the animal's tissues, in inducing the immune abnormalities associated with GVH reactions in vivo.
Materials and Methods
Radiation bone marrow chimeras were prepared as previously described (16, 17) . Briefly,
recipient C57BL/10SnJ (B10) or Bl0.D2nSn (B10.D2) mice, 12-14 wk old, received lethal whole
body irradiation and were reconstituted with allogeneic (B10 or B10 .D2) with or without syngeneic (recipient strain) TCD bone marrow. Appropriate levels of chimerism were ascerThe journal of Experimental Medicine " Volume 168 December 1988 2391-2396
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tained in all chimeric responders by H-2 phenotyping of PBL by fluorescence microfluorimetry performed 6-10 wk after bone marrow transplantation (BMT) (18) . Animals receiving
5 x 106 TCD syngeneic plus 1.5 x 10' TCD allogeneic BM cells reconstituted as stable
mixed chimeras, demonstrating 25-75°Jo allogeneic lymphoid chimerism, and are referred
to here as "mixed" chimeras . Animals reconstituted with 1.5 x 107 TCD allogeneic cells alone
are designated "allogeneic" chimeras and demonstrated 94-99 % allogeneic chimerism. Previous
studies have established the presence of specific tolerance to donor and host antigen and permanent, stable chimerism in such animals (16, 17). GVH inocula consisting of 2-3 x 10 7
splenocytes from normal donor-strain mice were administered via the lateral tail vein 10-22
wk after BMT These recipients, as well as uninjected control chimeras, were killed 12 d after
inoculation, and cell-mediated lympholysis (CML) responses of their splenocytes were assessed as previously described (19) .
Results and Discussion

GVH inocula consisting of 2-3 x 10' splenocytes from normal donor-strain mice
were administered to long-term stable chimeras . Fig. 1 (upper panels) shows typical
CML responses of a long-term B10 + B10.D2 -" B10 mixed allogeneic chimera 12
d after inoculation with B10.D2 splenocytes. The uninjected animal was unresponsive to donor (B10 .D2) and host (1310) antigen, but responded normally to third-

Mixed Chimeras

100

B Anti-Donor Response

A Anti-Host Response

C Anti-Third-Party Response

to
80
r
J
U 60

U 40
aa
rn 20
0
Allogeneic Chimeras

100

100

100

} 80

} 80

} 8o

J
U 60

J
U 60
W
W

40

e 20
a

0

J
U 60

40a
~ 20
W

0 __ 0 _ 1
44 :1 22 :1 11 :1 5 .5 :12 .8 :1

W

0-

40

U) 20
44 :1 22 :1 11 :1 5 .5 :12.8 :1

44 :1 22 :1 11 :1 5 .5 :1 2 .8 :1

RESPONDER : TARGET RATIO

FIGURE 1 . Cell-mediated lympholysis (CML) responses of chimeras against (A) host (1310), (B)
donor (B10 .D2), and (C) third-party (B10 .BR) alloantigen 12 d after inoculation with normal
donor-strain (BIO .D2) spleen cells (EI) or in unmanipulated control chimeras (O). Positive control responses (/) of normal (A) B10 .D2 or (B) B10 spleen cells as well as negative control responses ( ") of normal (A) B10, (B) B10.D2, or (C) B10.BR spleen cells are also shown. Irradiated
stimulator cells and target blasts (stimulated with Con A for 2 d in culture) were obtained from
normal B10 mice in A, from B10 .D2 mice in B, and from B10 .BR mice in C. Upper panels show
responses of mixed chimeras (1310 + B10.D2 - B10), and lower panels show responses of an allogeneic chimeras (B10.D2 - B10) given an identical B10 .D2 spleen cell inoculum at the same

time, as well as those of an unmanipulated allogeneic chimera.
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party (B10.BR) alloantigen. The injected chimera, in contrast, was severely hyporesponsive towards third-party alloantigen. Similar anti-third-party CML hyporesponsiveness
has been observed in 17 of 17 mixed chimeras tested from 10 to 28 d after administration ofGVH inocula. Anti-third-party alloresponsiveness was lost between 5 and
10 d after inoculation, and recovered in most animals by 7-12 wk (data not shown) .
Similar to uninjected control chimeras, the injected mixed chimera shown in Fig.
1 was unresponsive to donor antigen. It did, however, demonstrate slight CML reactivity towards host antigen, which was a common but variable finding among injected mixed chimeras .
Alloresponses were studied in 1310.132 - B10 (allogeneic) chimeras after administration of similar GVH inocula, and compared with those of allogeneic chimeras
not receiving GVH inocula. Unlike mixed chimeras given identical inocula in the
same experiments, allogeneic chimeras retained CML responsiveness to third-party
alloantigen (Fig. 1 C, lower panel) . Such responsiveness was maintained at all time
points tested (5, 10, 12, 13, 21, and 28 d after GVH inoculum). Injected allogeneic
chimeras also remained unresponsive to donor antigen, and some demonstrated slight
CML reactivity towards host antigen.
Therefore, these studies demonstrated that mixed chimeras, when inoculated with
nontolerant donor-strain cells, lost the ability to generate CTL in response to thirdparty alloantigen. These results are similar to those described in Fl recipients, in
which administration of parental cells recognizing Fl class I plus class II alloantigens
results in loss of CML responses to third-party alloantigen (10, 11, 14, 20). In contrast, when donor-strain lymphocytes were injected into allogeneic chimeras, CML
responses ofrecipient chimeras to third-party alloantigen were not significantly affected .
These findings suggested that the development of GVH-related immunodeficiency
might depend on the presence of substantial numbers of lymphohematopoietic cells
expressing the recipient phenotype, and that the recognition of such antigen on other
somatic cells of the host was not sufficient to induce immunodeficiency. We reasoned
that ifthis were true, then the presence ofa one-way response to donor-type lymphohematopoietic cells might also be sufficient to lead to immune hyporesponsiveness,
in this case induced by administration of nontolerant recipient-strain lymphocytes
to mixed chimeras (i.e., HVG inocula) . Such mixed chimeras would provide donor
BM-derived lymphohematopoietic cells as a source of stimulating antigen, and should
be tolerant of recipient antigen (16, 17), and therefore, should not react against injected recpient-strain lymphocytes.
To test this hypothesis, 3 x 10' recipient-strain splenocytes were injected into
long-term B10 + 1310.132 -" B10 and B10 + B10.D2 - B10.D2 mixed chimeras . As
a control, additional mixed chimeras of both types received GVH inocula (3 x 10'
donor-strain, B10 or B10.D2 splenocytes) in the same experiment. Representative
anti-third-party alloresponses from such animals 12 d after inoculation are shown
in Fig. 2. Injection ofeither B10 or B10 .D2 splenocytes into mixed chimeras of either
1310 or 1310.132 recipient strains resulted in marked hyporesponsiveness to third-party
alloantigen, irrespective of whether the splenocytes represented a GVH or an HVG
inoculum. Uninjected control animals, in contrast, remained responsive to thirdparty alloantigen. Thus, the presence of a one-way alloresponse to either donor or
host antigen on lymphohematopoietic cells in vivo was sufficient to induce hyporesponsiveness to third-party alloantigen, indicating that induction of unresponsiveness does
not specifically require a GVH reaction . It therefore seems likely that induction of
GVH-related immunodeficiency described in parent into Fi systems (9-12, 15, 20)
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FIGURE 2.

Effects of GVH and HVG
inocula on anti-third-party CML responses in mixed allogeneic chimeras .
Splenocytes were removedfrom mixed
B10 + B10.D2 - B10 (left paneo and
B10 + B10.D2 - B10.D2 (right paneo
chimeras 13 d after inoculation with
B10 (") or B10.D2 (O) lymphocytes,
or after no injection (" ). Curves represent percent specific lysis at various
responder/target ratios of chimeric
splenocytes on B10.BR Con A blasts
after incubation for 5 d with irradiated
B10.BR stimulator cells (see legend to
Fig. 1). Similar results were obtained
in three independent experiments .

might not require a generalized GVH reaction, but instead might reflect a one-way
immune response in vivo to host lymphohematopoietic components.
These results are incompatible with one possible explanation for the immune dysfunction observed in F1 animals inoculated with parental lymphocytes, namely the
destruction of recipient T cells by the donor inoculum (11, 14) with selective overgrowth of host-reactive donor-derived T cells (15). Mixed chimeras contain T cells
derived from both donor and recipient strain BM, and preliminary data indicate
that both types of T cells are capable of mediating CTL responses (unpublished
data). Therefore, those donor- or recipient- BM-derived T cells that are capable
of mediating immune responses against third-party alloantigen but that are not potential targets of GVH- or HVG-reactive cells, respectively, should persist after GVH
or HVG inoculation . The apparent inability of these cells to respond to third-party
alloantigen suggests that they may in some way be inactivated as a result ofthe GVH
reaction. Preliminary studies suggest this may be due to the induction of a G10adherent suppressor cell population (Sykes et al., unpublished data) .
Complete repopulation with allogeneic cells occurred in most mixed chimeras by
30-60 d after administration of GVH inocula . Although such repopulation is evidence for the occurrence of antihost aggressive activity in vivo, these animals survived long-term with no clinical evidence of GVHD. The numbers of donor-strain
lymphocytes administered in GVH inocula in these experiments greatly exceeded
those required to produce lethal GVHD in fresh irradiated animals (21). It is therefore possible that suppressive activity producing the immune hyporesponsiveness
described here may also protect recipients from GVHD. However, tolerance to donor
alloantigen is rapidly broken in recipients ofsimilar HVG inocula to those used here
(22), indicating that the immunosuppression resulting from such inocula is not effective
in preventing the alloreactivity associated with graft rejection . Alternative explanations for the absence ofGVHD in mixed chimeric recipients ofGVH inocula, therefore, also deserve consideration . Induction of clinical GVHD may require factors
in addition to one-way immune responses against host lymphohematopoietic cells
in vivo, such as the acute tissue injury and infections that may follow lethal irradiation (9). It is also possible that a form of alloresistance against donor lymphoid cells
exists in mixed chimeras similar to that which protects FI mice from the induction
of GVH-related effects by parental lymphocytes of certain strains (20).
In summary, the studies presented here suggest a requirement for lymphohematopoietic cells bearing host antigen in the induction ofGVH-related immunosup-
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pression in radiation chimeras . A similar defect in immune responses was found
in mixed chimeras given inocula that attack donor and not recipient antigens . These
findings are most consistent with the interpretation that the immunodeficiency associated with GVH reactions is due to the development of suppressive activity as
a consequence ofa strong one-way alloresponse directed against lymphohematopoietic
cells in vivo, whether this be an HVG or a GVH response. The presence of such
immune suppression in mixed chimeras did not lead to death from infection, and
did not appear to prevent the rapid loss of tolerance to donor antigen in animals
given HVG inocula (22). The apparent discrepancy between the tolerance-breaking
studies (22) and those reported here might either be due to differences in the time
courses of the in vitro and in vivo phenomena, or might indicate that in vitro unresponsiveness does not accurately reflect the in vivo immune status of such recipients .
Further studies will be required to elucidate the in vivo consequences, if any, of the
immune unresponsiveness observed in vitro after administration of HVG and GVH
inocula. One potential consequence to be addressed is the possibility that in vivo
reactivity against injected lymphohematopoietic cells is responsible for the nonspecific
immunosuppression that appears to result after blood transfusion in prospective organ
transplant recipients (23).
Summary
Graft-vs .-host (GVH)-related immunosuppression has previously been demonstrated in Fl rodent recipients of parental lymphoid cells, and has been thought to
result from an immunologic attack of the donor against the host. Since all cells of
such Ft recipients could potentially bear target class I MHC alloantigens, it has not
previously been possible to determine precisely the target tissues responsible for development of GVH-related effects. In the present studies we have used mixed allogeneic chimeras as recipients of host or donor-strain lymphocyte inocula, and have
made the surprising observation that "GVH-induced" immune unresponsiveness does
not require GVH reactivity, per se, but develops in the presence of a one-way alloresponse against lymphohematopoietic cells in either the GVH or the host-versusgraft direction.
We thank Drs. Gene Shearer and Thor Sundt for helpful review ofthe manuscript, and Mrs.
Judy Jaworek for expert secretarial assistance. We also thank Mr. Donald Holt and his staff
for excellent animal care.
Received for publication 4 August 1988.

References
1 . Storb, R., and E. D. Thomas . 1985 . Graft-versus-host disease in dog and man: the Seattle
experience . Immunol. Rev. 88 :215 .
2 . Fiscus, W. G., B. T Morris, J. Session, and j.J. Trentin. 1962 . Specificity, host-age effect,
and pathology ofhomologous disease induced in irradiated F1 hybrid mice by transplantation of parental lymphoid tissue . Ann. NY Acad. Sci. 99 :355 .
3 . Holda, J. H., T Maier, and H. N. Claman . 1985 . Murine graft-versus-host disease across
minor barriers: immunosuppressive aspects ofnatural suppressor cells. Immunol. Rev. 88 :87.
4. Korngold, R., andJ. Sprent. 1983 . Lethal graft-versus-host disease across minor histocompatibility barriers in mice. Clin . Haematol. 12 :681 .
5 . Trentin, J. J. 1956. Mortality and skin transplantability in X-irradiated mice receiving

239 6

SYKES ET AL.

BRIEF DEFINITIVE REPORT

isologous, hematologous or heterologous bone marrow. Proc. Soc. Exp. Biol. Med. 92 :688 .
6 . Tutschka, P J ., R. Teasdall, W. E. Beschorner, and G . W Santos . 1982 . Chronic graftversus-host disease in the rat radiation chimera. II . Immunological disease in long-term
chimeras . Transplantation (Baltimore). 34 :289 .
7 . Martinez, C ., J . M . Smith, and R . A . Good . 1961 . Runt disease in adult tolerant
induced by intravenous injection of immunologically competent cells. Proc. Soc. Exp. Biol.
Med. 106 :572 .
8 . Stastny, P., V. A . Stembridge, and M . Ziff. 1963 . Homologous disease in the rat, a model
for autoimmune disease . I . General features and cutaneous lesions .,j. Exp. Med. 118 :635 .
9 . Lapp, W. S ., T. Ghayur, M . Mendes, M . Seddik, and T. A . Seemayer. 1985 . Th e functional and histological basis for graft-versus-host induced immunosuppression . Immunol.
Rev. 88 :107 .
10 . Moser, M ., T Iwasaki, and G . M . Shearer. 1985 . Cellular interactions in graft-versushost-induced T cell immune deficiency. Immunol. Rev. 88:135 .
11 . Moser, M ., T Mizuochi, S. O. Sharrow, A . Singer, and G . M . Shearer. 1987 . Graft-vshos t reaction limited to a class II MHC difference results in a selective deficiency in
L3T4' but not in Lyt-2' T helper cell function . ,j. Immunol. 138:1355 .
12 . Fukuzawa, M ., and G . M . Shearer. Graft-vs-host mice exhibit a selective thymus-derived
defect in ability to develop MHC self-restricted L3T4 helper cell function . Immunol. Res.
In press .
13 . Seemayer, T. A ., W. S . Lapp, and R . P. Bolande. 1978 . Thymic epithelial injury in graftversus-host reactions following adrenalectomy Am . J. Pathol. 93 :325 .
14 . Via, C . S., S. O. Sharrow, and G . M . Shearer. 1987 . Rol e of cytotoxic T lymphocytes
in the prevention of lupus-like disease occurring in a murine model of graft-vs-host disease. J Immunol. 139 :1840 .
15 . Billingham, R . E . 1968 . The biology of graft-versus-host reactions . Harvey Lect. 62 :21 .
16 . Ildstad, S. T., and D. H . Sachs . 1984. Reconstitution with syngeneic plus allogeneic or
xenogeneic bone marrow leads to specific acceptance of allografts or xenografts . Nature
. 307 :168 .
(Load)
17 . Ildstad, S . T, S . M. Wren, S. A . Barbieri, and D. H . Sachs . 1985 . Characterization of
mixed allogeneic chimeras. Immunocompetence, in vitro reactivity, and genetic specificity
of tolerance. J. Exp. Med. 162 :231 .
18. Ildstad, S . T, S . M . Wren, J . A . Bluestone, S. A . Barbieri, D. Stephany, and D. H . Sachs .
1986 . Effec t of selective depletion of host and/or donor bone marrow on lymphopoietic
repopulation, tolerance, and graft-vs-host disease in mixed allogeneic chimeras (B10+
B10 .D2-1110) . J. Immunol. 136 :28 .
19 . Sykes, M ., A . Eisenthal, and D . H . Sachs . 1988 . Mechanis m of protection from graft-vshost disease in murine mixed allogeneic chimeras . I . Development of a null cell population suppressive of cell-mediated lympholysis responses and derived from the syngeneic
bone marrow component. J Immunol. 140 :2903 .
20 . Shearer, G. M ., and R. P Polisson . 1981 . Mutual recognition
cytes. III . Parental determinants recognized by Fl host mice in re
host-associated immunosuppression map to H-2131 . J Immunol. 126 :545 .
21 . Sykes, M ., C . H . Chester, and D. H . Sachs . 1988 . Protectio n from graft-versus-host disease in fully allogeneic chimeras by prior administration of T cell-depleted bone marrow.
Transplantation (Baltimore). 46 :327 .
22 . Sykes, M ., M . A . Sheard, and D . H . Sachs . 1988 . Effect s of T cell depletion in radiation
bone marrow chimeras . II . Requirement for allogeneic T cells in the reconstituting bone
marrow inoculum for subsequent resistance to breaking of tolerance. J Exp. Med. 168 :661 .
23 . Klatzmann, D., J . C . Gluckman, E Chapuis, C . Foucault, F. Metivier, and J . Rottembourg . 1985. Independent cell-mediated lympholysis and mixed lymphocyte reaction suppression after blood transfusion in humans . Transplant. Proc. 17 :1051 .

