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ibid. 19, 320 (1994); H. H. H. Coring and J. D. 
Terwilliger, in preparation. 

18. Pedigree members who tested positive for the dis- 
ease in either the clinical or the radiological test were 
coded as affected, and those testing negative in both 
tests were coded as unaffected. Individuals who were 
only examined by one method (clinical or radiologi- 
cal) and were found t o  be normal were coded as 
having unknown phenotypic status. Unexamined in- 
dividuals, including married-in spouses and deceased 
individuals from earlier generations, were likewise 
coded as unknown in their phenotype. 

19. Z, = log [L (&) i~ (6  = 0.5)] is a test for linkage. [L(6) 
denotes the likelihood as a function of the recombi- 
nation fraction B.] The allele frequencies of the ob- 
served polymorphism were treated as nuisance pa- 
rameters using "profile" likelihoods [R. Royall, Statis- 
tical Evidence: A Likelihood Paradigm (Chapman & 
Hall, London, 1997), pp. 158-161]: that is, the like- 
lihood was maximized over these allele frequencies 
independently under the null hypothesis of no link- 
age and under the alternative hypothesis of linkage 
[(25), pp. 186-187; H. H. H. Coring and J. D. Terwil- 
liger, in preparation]. A lod score of 3 is generally 
considered t o  be significant [N. E. Morton, Am. J. 
Hum. Genet. 7 ,  277 [1955)1 and asvm~tot ical lv  cor- 
responds t o  a pointwise P value of 6.0001 [J. &otai, 
Ann. Hum. Genet. 48, 359 (1984)l. 

20. Affecteds-only analysis provides only l i t t le evidence 
for linkage (lod score 0.5), whereas the linkage dis- 
equilibrium results conditional on linkage remain sig- 
nificant (lod score 6.3) (data not  shown). I t  is not that 
surprising, however, that the linkage lod score is 
reduced, because much linkage information is provid- 
ed by unaffected individuals when the disease is 
dominant with high penetrance. To avoid spurious re- 
sults, we only coded pedigree members as unaffected 
when they were found to be normal in two different 
diagnostic schemes, as mentioned above. 

21. Z, = log[L(6, $ ) i i (& ,  6 = 0)]  is a test for linkage 
disequilibrium conditional on linkage, 8 here de- 
notes linkage disequilibrium. In the denominator 
[identical t o  the numerator of Z, (ZO), only wr i t ten 
differently], the likelihood is maximized over the 
marker allele frequencies using ILINK, as before. In 
the numerator, the likelihood is maximized over 
the disease-marker haplotype frequencies, keeping 
the marginal frequency of the disease-predisposing 
allele constant. This maximization was performed 
w i th  the EH program [(25), pp. 200-2031 using 
only unrelated individuals, as ILlNK would have 
changed the marginal disease-allele frequency 
also. Although the haplotype frequencies estimat- 
ed w i th  the EH program may no t  be the maximum 
likelihood estimates, this procedure is conservative 
in that  the t rue maximum likelihood estimates are 
used in the denominator. This lod score has t w o  
degrees of freedom. (There are five free parame- 
ters in the numerator: B and four haplotype fre- 
quencies, the frequencies of the t w o  remaining 
haplotypes being constrained by the marginal al- 
lele frequencies of the disease locus. There are 
three free parameters in the denominator: I9 and 
t w o  allele frequencies, w i th  the frequency of the 
remaining allele being constrained because the 
allele frequencies need t o  sum t o  1.) For interpre- 
tation, the P value for the observed lod score is 
given in the text. 
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frequencies among cases (6 of 314 chromosomes) 
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disease-predisposing allele was kept constant, and 
the likelihood was maximized over the remaining 
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Prevention of Graft Versus Host 
Disease by Inactivation of Host 

Antigen-Presenting Cells 
Warren D. Shlomchik,' Matthew S. Couzens,' Cheng Bi ~ang , '  

Jennifer M ~ N i f f , ~  Marie E. R ~ b e r t , ~  Jinli L ~ U , ~ . ~  
Mark J. Sh l~mchik ,~ ,~ *  Stephen G. Emers~n' ,~*f  

Graft versus host disease, an alloimmune attack on host tissues mounted by 
donor T cells, is the most important toxicity of allogeneic bone marrow trans- 
plantation. The mechanism by which allogeneic T cells are initially stimulated 
is unknown. In a murine allogeneic bone marrow transplantation model it was 
found that, despite the presence of numerous donor antigen-presenting cells, 
only host-derived antigen-presenting cells initiated graft versus host disease. 
Thus, strategies for preventinggraft versus host disease could be developed that 
are based on inactivating host antigen-presenting cells. Such strategies could 
expand the safety and application of allogeneic bone marrow transplantation 
in treatment of common genetic and neoplastic diseases. 

Allogeneic bone marrow transplantation (al- 
loBMT) has revolutionized the treatment of 
hematopoietic malignancies. inherited he- 
rnatopoietic disorders, and aplastic aaemia. 
Unfortunately, graft versus host disease 
(GVHD) remains a major toxicity that great- 
ly limits the application and efficacy of 
alloBMT (1) .  Most patients who undergo 
alloBMT receive stem cells from major his- 
tocoinpatibility complex (MHC)-identical 
donors. In these patients, GVHD is initiated 

by donor T cells that recognize a subset of 
host peptides, called minor histoco~npatibility 
antigens (miHAs). which are derived from 
the expression of polymorphic genes that dis- 
tinguish host from donor (2). Presently, ther- 
apy for GVHD is limited to immunosuppres- 
sion directed largely against T cells (3). 

T cell responses are initiated on antigen- 
presenting cells (APCs). In alloBMT the un- 
usual situation arises in which both host- and 
donor-derived APCs are present. We there- 
fore examined the roles of host- and donor- 

,Department of Hematology and Oncology derived APCs in initiating GVHD with the 
Division, 'Department o f  Pediatrics, University o f  goal of identifying another target for GVHD 
Pennsylvania School o f  Medicine, Philadelphia, PA vrevention 14-6).  Because recivient hemato- ~, 
19104, USA. 3Department o f  Dermatology, 'Depart- poiesis is ablated by cytotoxic'tllerapies be- 
ment  o f  Pathology, 'Department o f  Laboratory Med- 
icine, 6Department of Immunobiology, Yale Universi- 

fore the transplant. and more intensive radi- 

t y  School o f  Medicine, N e w  Haven, CT 06510, USA. ation augments GVHD, donor APCs might 

*These authors contributed equally t o  this work. 
be crucial (7). On the other hand, peptides 

?To w h o m  correspondence should be addressed. E- presented to CDgt T cells by MHC class I 
mail: emersons@mail.med.upenn.edu molecules are derived primarily from endog- 
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Days after second transplant 

Days atter second transplant 

Fig. 1. (A) Percent weight loss. Average percent 
weight change versus time is plotted. Croups are 
(squares) B6-B6 recipients of C3H.SW Tdepl~~; 
(circles) P2M-'-+B6 recipients of C3H.SW Tde- 
ptBM; (triangles) B6+B6 recipients of C3H.SW 
TdeplBM plus lo6 CD8+ T cells; and diamonds) 
P2M-'--B6 recipients of C3H.SW J q l B M  plus 
lo6 CD8+ cells. (B) Survival P2M-I--B6 and 
B6+B6 chimeras were reirradiated and received 
C3H.SW T d e p ' ~ ~  with or without purified C3H.SW 
CD8+ T cells. Groups are (closed squares) B6-B6 
recipients of T&P'BM; (closed circles) 86-86 re- 
cipients of T~~P 'BM plus lo6 CD8+ cells; (closed 

(o n triangles) P M-'--B~ recipients of 
$BM plus 2 X log CD8+ cells. 

enously expressed genes (8), so host APCs 
might be essential. However, extracellular 
antigens can be "cross-presented" on class I, 
thereby "cross-priming" donor T cells (9, 10). 

Using a MHC-identical, multiple miHA 
mismatched murine model of alloBMT anal- 
ogous to most human alloBMTs, we exarn- 
ined whether host mice with APCs unable to 
present class I-restricted peptides would de- 
velop GVHD. We generated bone marrow 
chimeric mice without class I on their APCs 
but with class I on target tissues (11). Wild- 
type C57BL16 (B6; H-2b) hosts received 
1000 cGy of ionizing radiation to eradicate 
host hematopoiesis, including APCs, fol- 
lowed by reconstitution with T cell-depleted 
bone marrow (Tdep'BM) from B6 P2-micro- 
globulin knock out mice (P2M-I-). P2M-/- 
cells do not express class I and therefore 
cannot present peptide antigens to CD8+ 
T cells (12). After waiting 4 months for 
P2M-/- hematopoietic engraftment and APC 

Fig. 2. P2M-'-+B6 bone marrow chimeras are resistant t o  CVHD induction. Histology from 
P2M-'-+B6 (B, D, and F) and B6-86 (A, C, E, G, and H) recipients of C3H.SW Tdep'B~ and CD8+ 
T cells are shown: (A and B) liver, (C and D) small intestine, and (E and F) skin. Periportal 
mononuclear infiltrates are present in (A); apoptotic cells are found in small bowel crypts in (C) 
(arrow); and mononuclear cell infiltrate, fibrosis, epidermal maturation disarray, and necrotic 
keratinocytes (arrow) are visible in (E). These changes were absent in P,M-'--B~ recipients. (C) 
Horseradish peroxidase immunohistochemistry for CD8+ cells. Note CD8+ cells invading follicles 
(lower left) and epidermis (arrows). (H) lmmunohistochemical staining for CD4' cells from the 
same mouse as in (G). Note the absence of CD4+ cells in epidermis. Diffuse red staining in the 
dermis is background. (For all panels, 1 mm = 6.5 pm.) 

Table 1. Histologic scoring of CVHD. Formalin-fixed, paraffin-embedded sections were stained with 
hematoxylin and eosin, randomized, and read blindly by experienced pathologists. Findings were scored 
and given an overall interpretation of positive (+), indefinite (+I-), or negative (-) for CVHD. N, 
number of mice analyzed. 

Liver Intestine Tongue Ear Skin 
Croup N 

+ +/- - + +/- - + +/- - + +I- - + +I- - 

repopulation, we used these chimeras (des- ras were reirradiated and then injected with T 
ignated P2MP'-+B6) as recipients in a cell-depleted C3H.SW (H-2b) bone marrow 
-GVHD-inducing alloBMT (11). The chime- (C3H.SW Tdq'BM) (13) with or without lo6 
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or 2 X 106 purified C3H.SW CD8+ T cells 
(14). As controls, B6+B6 syngeneic chime- 
ras were treated identically. 

In each of three experiments, the P2MP'- 
+B6 recipients of C3H.SW Td'plBM p l ~ s  
CD8+ T cells were resistant to GVHD induc- 
tion. In contrast, the B6+B6 recipients of 
C3H.SW TdeplBM plus CD8+ cells developed 
severe GVHD manifested by hunched posture. 
skin and ear erythema, alopecia, weight loss 
(Fig. 1A). and death. Only 1 of 30 tissue sam- 
ples kom P2MP -+B6 CD8 recipients 
showed evidence of GVHD, in contrast to 25 of 
30 tissue samples fiom B6+B6 CD8 recipients 
(Fig. 2 and Table 1). CD8+ but not CD4+ T 
cells were detected in slun lesions, confirming 
the pathogenic role of CD8+ T cells (Fig. 2, G 
and H). 

In a second experiment, P 2 M P + B 6  and 
B6+B6 chimeras received C3H.SW CD8+ 
cells and \Irere monitored for susvival (Fig. 1B). 
Six of eight B6+B6 recipients of lo6 C3H.SW 
CD8+ cells and 8 of 8 recipients of 2 X 106 
CD8+ cells died with clinical GVHD, whereas 
only hvo deaths occurred 111 the 24 P2M-'- 
+B6 chimeric recipients of C3H.SW CD8+ 
cells (P = 0.0024, Fisher's exact test; comnpar- 
ison between all B6+B6 and P2MP'-+B6 
CD8+ T cell recipients). In a third experiment 
in \vhich all mice received 2 X 106 CD8+ T 
cells, GVHD was again inhibited in the 
P 2 M P '  +B6 C3H.SW CD8 recipients. Ho\v- 
ever. in this case, delayed (40% longer mean 
time to onset) and less severe (46% less mean 

weight loss) GVHD was observed among 3 of 
8 mice compared with 7 of 8 B6+B6 C3H.SW 
CD8 recipients. 

The finding of nlilder and delayed GVHD 
anlong 4 of 38 P2MP'-+B6 CD8+ T cell 
recipients over three experiments suggested that 
either replacement of host APCs with P2MP'- 
APCs was variably incomplete, or that in a 
minority of mice. donor-derived APCs cross- 
pruned donor T cells. To quantitate host APC 
replacement. we analyzed spleen and lymph 
node cells from P 2 M  + B 6  chimeras by 
flow cytometry before the second transplant 
(Fig. 3). The range of residual host dendritic 
cells (0.2 to 17.8%) suggests that "break- 
through" GVHD was due to variable APC 
turnover and that complete depletion of class 
I+ APCs may not be required for protection 
from GVHD. The greater degree of host mac- 
rophage persistence (3 to 30%) suggests that 
they may not be important APCs in these 
experiments. 

The failure of the P2MP'-+B6 recipients 
of C3H.SW CD8+ T cells to develop GVHD 
was not due to rejection of donor CD8+ T cells 
or bone marrow. Using antibodies specific for 
an allelic foinl of the T cell marker CD5 ex- 
pressed on C3H.SW but not on B6 T cells, we 
obsenred C3H.SW CD8+ T cells in the 
P 2 M  + I 3 6  chimeras. Nearly all of the 
CDl lb+ and CDl lcf cells in the P2MP'-+ 
B6 chimeras that undeswent the second trans- 
plant were class I+. confhning donor C3H.SW 
APC engraftment (1.5). 

A 
Spleen spleen 

104- 18-1 

CDl lc  PerCP i 

lo0 10' 10"03 104 
Class l FITC 

Although cross-priming occurs in a vari- 
ety of experimental situations (9, 10). in the 
P ? M  +B6 chimeras described here. cross- 
p~'esentation of host antigens by donor APCs 
was insufficient to generate GVHD. Therefore. 
either host APCs are more efficient than donor 
APCs in cross-presenting exogenous antigens. 
cross-presentation does not induce GVHD, or 
both. To test whether host-derived -4PCs could 
cross-present exogenous antigens, we next used 
C3H.SW+B6 bone marrow chinleras as recip- 
ients for an alloBMT with C3H.SW T'lep'BM 
and CD8+ T cells. For these mice to develop 
GVHD, resident C3H.SW APCs \vould need to 
cross-present B6 antigens. However. such 
C3H.SW+B6 chimeras were conlpletely resis- 
tant to GVHD (Fig. 4). Thus, when APCs are 
limited to the cross-presentatioi~ of exoge- 
nous antigens, they cannot induce clinical 
GVHD even when resident in a chimeric host 
for a long period. Although dendritic cells 
can efficiently cross-present antigens from 
apoptotic cells (10). which are in abundance 
after irradiation, this was insufficient to in- 
duce GVHD. Therefore, either cross-presen- 
tation is inefficient or apoptotic bodies are 
rapidly cleared by other mechanisms, thereby 
limiting their exposure to dendritic cells. These 
data also suggest that initial target antigens 
for CD8+ T cells in GVHD are restricted to 
proteins expressed by host APCs. 

Suppressor cells have been proposed as 
mediators of resistance to GVHD (6, 16). but 
appear unlikely to explain the present data. 
The simplest explanation for the resistance of 
both the P,M-'-+B6 and the C3H.SW+ 
B6 chimeras is the absence of APCs capable Lymph Node 
of presenting host antigens via the endoge- 
nous pathway. If suppressor cells were re- 
sponsible for the absence of GVHD, they 

Fig. 3. Class I expression on dendritic cells, macrophages, and B cells. (A) Class I expression by dendritic 
cells. Dendritic cells were isolated by digesting spleens and lymph nodes with collagenase, 
followed by centrifugation through 30% bovine serum albumin. Dendritic cells were identified by 
four-color flow cytometry. Cells staining with a multilineage mixture of phycoerythrin-conjugated 
antibodies to Thyl.2 (T cells), Cr-I  (granulocytes), TERR 119 (erythroid), and CD45R (6220; B cells) 
were excluded. Class I expression on CDl l c t  cells is shown. FITC, fluorescein isothiocyanate; PerCP, 
peridinin chlorophyll protein. (B) Class I expression by dendritic cells (DC), macrophages, and B cells 
in lymph nodes and spleens of P,M-'--B6 chimeras. Circles, individual mouse; dashes, median. 
Twelve mice were analyzed for splenic and lymph node dendritic cell chimerism; seven mice were 
analyzed for macrophage and B cell chimerism. 

0 \ 5 1 ' 0  1 ' 5  25 30 3540' 45 50 55' 
Days after second transplant 

Fig. 4. C3H.SW-06 bone marrow chimeras 
are resistant to CVHD induction. B6 mice re- 
ceived two 500-cCy fractions then were recon- 
stituted with 7 X l o 6  C3H.SW or 86 T~'P~BM. 
Four months later, the chimeras were reirradi- 
ated with two 375-cCy fractions and received 
C3H.SW Tdep'BM with or without 2 X l o 6  
C3H.SW CD8+ T cells. Croups are (triangles) 
B 6 j B 6  recipients of C3H.SW Tdep'BM; (circles) 
B6+B6 recipients of C3H.SW Tdep'~M plus 
CD8+ T cells; (closed squares) C3H.SW-06 
recipients of C3H.SW Tdep'~M; and (open 
squares) C3H.SW-06 recipients of C3H.SW 
Tdep'BM plus C3H.SW CD8+ T cells. 
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foundatioll for a different strategy for reduc- 10. M. L. Albert, B. Sauter, N. Bhardwaj, Nature 392, 86 would have to have developed only in the 
P,M-' ,+B6 and C 3 H . S W j B 6  chimeras, 
and not In the B6+B6 controls. In any event. 
if suppressor cells were involved. host APCs 
would be required for their development. 

These results contsast with those of Sprent 
and colleagues (4). They found that in a CD8+ 
T cell-dependent MHC-compatible but miHA- 
incolllpatible GVHD nlodel donor-host bone 
mal-ro\l7 chimeras that were reil-radiated and 
injected with donor bone marrow and lymph 
node cells developed GVHD. They suggested 
that either the chimeras were not devoid of 
host APCs because of insufficient radiation. 
or that host antigens were processed by donor 
marrow cells. Our data suppost the former 
explanation. Sprent and colleagues also found 
that heavily irradiated allogeneic parent-F, 
bone mall-ow chimeras developed GVHD in 
response to very high doses of parental T 
cells (up to 8 X lo7 T cells per recipient) and 
concluded that nonhematopoietic cells fimc- 
tioned as APCs. Given the increased precur- 
sor frequency of T cells recognizing allo- 
geneic MHC molecules in comparisoll to 
miHA on self MHC and the large dose of T 
cells used. they may have unnlasked the pres- 
ence of snlall numbers of residual host APCs. 
Alternatively. nonhematopoietic cells a h e n  
challenged \vith very large nunlbers of 
allogeneic T cells may cause T cell activation 
sufficient to induce GVHD. 

Our results suggest that depleting host 
APCs before the conditioning regimen should 
abrogate GVHD \vithout the need for pro- 
longed T cell-targeted i~~lin~~~losuppressioa. 
Such an approach, perhaps using toxin-conju- 
gated or radiolabeled antibodies, could ex- 
pand the range of diseases treated with 
alloBMT. To test the feasibility of in vivo 
antibody-mediated depletion of host dendritic 
cells, we injected mice a i th  N418, a hamster 
monoclonal antibody to the P integrin CDl l c  
expressed on lnurine dendritic cells ( 1  7). The 
injected anti-CDl l c  bound to all CDl lc-ex- 
pressing dendritic cells in both lymph node 
and spleen ( l j ) ,  supposting the feasibility of 
antibody-mediated APC depletion. 

A subset of alloBMT recipients have self- 
limited GVHD. \vhich was presulned to reflect 
acquired T cell tolerance. Our data suggest 
another explanation: replacenlent of host with 
donor APCs abrogates T cell activation. Infu- 
sions of T cells fro111 original bone marrow 
donors given to relapsed leukenlia patients 
months to years after the initial alloBMT 
(18) cause less GVHD than has been ob- 
served when T cells are given at the time of 
transplantation (19). Although there may be 
other explanations (20). we suggest that the 
replacement of host with donor APCs reduces 
the chance of a donor CD8+ T cell interact- 
ing a i th  a GVHD-inducing host APC. In 
addition to suggesting explanations for these 
clnlical observations. our data provide the 

(1998). GVHD-llost 
11. 86 mice received 200 p.g of antibody t o  NK1.l (anti- 

proach may avoid the problenls associated NK1.ll on consecutive davs 1271 followed bv two 500- , ~ ,  
with T cell depletion of mall-ow allografts: cCy frictions and injection with l o 7  T ~ ~ P I B M  cells from 

failure of engraftlllellt, poor immune recon- 86 P2M-I- or 86 mice. Four months later, chimeras 
were reirradiated with two 375-cCy fractions, then 

stitutioll, and lack of inmlunoreactivity against injected with 7 x l o 6  C3H.SW TdeplBM cells with or 
the tmnor. 
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Generation of a Widespread 
Drosophila Inversion by a 

Transposable Element 
Mario Caceres,'.'" Jose Maria Ranz,' Antonio Barbadilla,' 

Manyuan Long,' Alfredo ~ u i z '  

Although polymorphic inversions in Drosophila are very common, the origin of 
these chromosomal rearrangements is unclear. The breakpoints of the cosmo- 
politan inversion 2j of D. buzzatii were cloned and sequenced. Both breakpoints 
contain large insertions corresponding to a transposable element. It appears 
that the two pairs of target site duplications generated upon insertion were 
exchanged during the inversion event, and that the inversion arose by ectopic 
recombination between two copies of the transposon that were in opposite 
orientations. This is apparently the mechanism by which transposable elements 
generate natural inversions in Drosophila. 

Most Di.osophila species are naturally poly- 
morphic for inversions in one or more chromo- 
somes (I. 2), but little is known about the 
nlolecular mechanisms ullderlying the geaera- 
tion of these inversions. Indirect evidence sug- 
gests that transposable elements (TEs) cause 
Drosophiiu inversions: TEs mediated cluoino- 
soma1 rearrangements in laboratory populations 
(3),  and in situ hybridization studies detected 
the tsansposon 11000 around the breakpoints of 
four endemic inversions of D. 1,7elrlzogtrster 

(4). However, in D. sz~0oOsczrr.u and D. 
psezl~looDsc~~lzr there \\.as no cytological asso- 
ciation between middle repetitive sequences 
and in~ersion breakpoints (I. 2), and the two 
direct studies that seq~~eaced the breakpoints of 
naturally occurring inversions did not detect 
any TE (5 ) .  

The species D. b~~zcrrii belongs to the 
D. repletir group of the Drosopiiilu subgen~~s 
(6 ) .  Two chromoson~al arrangenlents are com- 
monly obselved in cluomosome 2 of D. b ~ r z u -  
tii: the ancestral one or 2 stui7clui.d ( 2 4 ,  and the 
2j. which derived from the 2st by inversion 2j 
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