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Progression from Acute to Chronic Disease in a Murine
Parent-into-F, Model of Graft-Versus-Host Disease

Jolynne R. Tschetter,* Edna Mozes| and Gene M. Shearer*

The parent-into-immunocompetent-F_model of graft-vs-host disease (GVHD) induces immune dysregulation, resulting in acute
or chronic GVHD. The disease outcome is thought to be determined by the number of parental antisFCTL precursor cells present

in the inoculum. Injection of C57BL/6 (B6) splenocytes into (B6x DBA/2)F, (B6D2F,) mice (acute model) leads to extensive
parental cell engraftment and early death, whereas injection of DBA/2 cells (chronic model) results in little parental cell engraft-
ment and a lupus-like disease. This study demonstrated that injection of BALB/c splenocytes into (BALB/ B6)F, (CB6F,;) mice
resulted in little engraftment of parental lymphocytes and the development of lupus as expected. Injection of B6 splenocytes into
CB6F, initiated an initial burst of parental cell engraftment similar to that of B6 into B6D2F ,. However, the acute disease resolved,
and the CB6F;, mice went on to develop chronic GVHD with detectable Abs to ssDNA, dsDNA, and extractable nuclear Ags.
Limiting dilution CTL assays determined that B6 splenocytes have CTL precursor frequencies of 1/1000 against both CB§&nd
B6D2F,, whereas DBA/2 and BALB/c splenocytes have a CTL precursor frequency of 1/20,000 for their respectivgs The Th
cell precursor frequency for B6 anti-DBA/2 was 3-fold higher than that for B6 anti-BALB/c determined by limiting dilution
proliferation assays. These results indicate the importance of adequate allospecific helper as well as effector T cells for the
induction and maintenance of acute GVHD in this model, and presents an unexpected model in which initial acute GVHD is
replaced by the chronic form of disease. The Journal of Immunology,2000, 165: 5987-5994.

(GVHD)? provides an example of induced immune dys- onstrated a significant parent anti-€TL precursor frequency dif

regulation that involves both T and B cell effector mech- ference between B6 and DBA/2 anti-B6D2FSpleen cells from
anisms. This model is unique in that immunocompetent adult FB6 mice exhibited CTL precursor frequency of 1/1450 against
mice inoculated with spleen or lymph node cells from one or theB6D2F, cells and induced acute GVHD, whereas DBA/2 spleen o
other parental strains develop very distinct forms of diseasecells had a CTL precursor frequency of 1/13,500 against BGD2F <
C57BL/6 (B6) X DBA/2 F, (B6D2F,) mice injected with B6 cells and induced chronic GVHD (2), indicating a role for CD8
splenocytes resulted in an acute disease associated with the ré-cells in the development of acute GVHD. In further support of
placement of the B6D2Fsplenic lymphocytes with lymphocytes this idea, depletion of CD8T cells from the B6 inoculum ablated
of B6 origin (1, 2). Activated CD8 T cells (2, 3) and Thl cyto  the acute form of GVHD and induced chronic GVHD (17, 18).
kines predominate in this reaction (3-5). Also, CTL can be isolated=urthermore, repeated injection of DBA/2 cells into B6D2fice
from the spleens of mice suffering from acute GVHD that specif-resulted in a shift from chronic to acute disease (19). When con-
ically recognize B6D2F cells and cells expressing H-22, 3,5,  sidered together, these results were interpreted to mean that CTLZ
6). Acute GVHD is also associated with sensitivity to endotoxin, precursor frequencies were responsible for determining the out-
and most animals die within 4 to 8 wk (7, 8). In contrast, B6D2F come for this model of GVHD.
mice injected with DBA/2 splenocytes result in a chronic disease To test the hypothesis that CDST cell precursor frequencies
with a low level of parental cell engraftment consisting primarily determined GVHD outcome in the parent-into-immune-competent
of CD4" cells (1) and a Th2 cytokine profile (4, 9, 10). As a result, F, model, we compared the disease in B6D2#ce injected with
B6D2F, B cells show elevated levels of activity and the production parental cells with the disease in (BALBKB6) F, (CB6F;) mice
of autoantibodies recognizing ssDNA (11, 12), dsDNA (11-15),injected with parental spleen cells. Both are #22F, hybrids,
and extractable nuclear Ag (ENA) (11, 15, 16). This B cell hyper-involving MHC class | and Il disparity, and should result in acute
activity and autoantibody production eventually lead to the devel-disease following injection of B6 cells if the hypothesis that CTL
opment of glomerulonephritis and a lupus-like condition. precursor frequency determines disease outcome is correct. Based
on our definitions of acute vs chronic disease by parental T cell
repopulation, CTL activity, and autoantibody production, we ob-
*Experimental Immunology Branch, National Cancer Institute, National Institutes of served that B6-into-CB6FGVHD was reproducibly detected as

Health, Bethesda, MD 20892; afiBepartment of Immunology, Weizmann Institute : ; ;
of Science, Rehovot, Israel acute disease (weeks 1-3), followed by a shift to chronic GVHD.

T he parent-into-E model of graft-vs-host disease  Earlier work characterizing the B6D2Fnodel of GVHD dem
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with 18 U.S.C. Section 1734 solely to indicate this fact. B6, DBA/2, B6D2FK, BALB/c, and CB6F female mice, 6—8 wk of age,

1 Address correspondence and reprint requests to Dr. Gene M. Shearer, Nationwere purchased from either Animal Production Area (Frederick, MD) or
Cancer Institute, Experimental Immunology Branch, 10 Center Drive, Building 10, Charles River Breeding Laboratories (Wilmington, MA). Animals were
Room 4B36, Bethesda, MD 20892-1360. E-mail address: Gene_Shearer@nih.govcared for in accordance with the guidelines set up by the Institutional
2 Abbreviations used in this paper: GVHD, graft-vs-host disease: B6, C57BL/6;Animal (_Iare and Use Committee. An ar_]lmal protocol for_studyln_g GVHD
B6D2F,, (B6 X DBA/2)F,; CB6F,, (BALB/c x B6) F,; CM, complete medium; ~ was reviewed and approved by the National Cancer Institute Animal Care
ENA, extractable nuclear Ag; DPBS, Dulbecco’s PBS. and Use Committee before starting experiments.
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Preparation of murine cells density and strength of staining with scores ranging from (—)ite-@).

) . L Scores were converted to a numerical value and a mean and SD for each
Single-cell suspensions were prepared from the spleens of mice in D”'Qroup of mice was determined.

becco’'s PBS (DPBS; Life Technologies, Grand Island, NY). Cell suspen-
sions were filtered through a 70m sterile mesh screen (Becton Dickinson CTL assays

Labware, Franklin Lakes, NJ), and the cells were washed. For some ap-

plications, erythrocytes were lysed by using ACK Lysis Buffer (Biowhit- Responding T cells from control and GVHD mice were prepared from
taker, Walkersville, MD), or erythrocytes and dead cells were removed bypooled spleens, filtered, and washed with DPBS. Stimulator cells were
using Lympholyte M (Accurate Chemical and Scientific, Westbury, NY). splenocytes from normal,Fnice treated with ACK lysing buffer and-ir
Cells were suspended in either DPBS or complete medium (CM) comyadiated with 2000 cGy. Final cell concentrations were2.50° respone
prised of RPMI 1640 (Life Technologies) supplemented with 2 mM ing cells/ml and 1.25< 10° stimulators/ml in CM. Cultures were incubated
L-glutamine, penicillin, streptomycin, & 10> M 2-ME (Life Technole at 37°C with 5% CQ for 5 days. Pooled effector cells were harvested and

gies), 100 uM nonessential amino acids (Life Technologies),u$ counted on day 5 for use in the CTL assays. Target cells were P81%) (H-2
HEPES (Life Technologies), and 10% heat-inactivated FBS (HyClone, Lo-and EL-4 (H-2) cell lines labeled with 30Q.Ci 5*Cr for 90 min at 37°C
gan, UT) after the final wash, depending on use. and washed extensively. Target and effector cells were incubated together

Induction of GVHD at 37°C for 4 h at various E:T ratios and compared with target cells and CM
ucton o for spontaneous release and target cells plus 3% Triton X-100 for maxi-

Washed B6, DBA/2, BALB/c, B6D2F and CB6F splenocytes were sus ~ Mum release. Supernatants were harvested using Skatron (Sterling, VA)
pended at 120x 10P viable cells/ml in DPBS. GVHD was induced by the harvesting filters and frames. The percent specific lysis equals [(experi-
injection of 60 X 10° parental cells i.v. into CB6For B6D2F, mice. ~ Mental— spontaneous)/(maximum spontaneous)k 100.

Control mice included uninjected age-matched mice and mice injected i.v. = o

with 60 X 10° syngeneic F splenocytes. To maintain as much homoge Limiting dilution CTL assays

neity between donor cell populations, bothd®mbinations were injected
on the same day using cells processed simultaneously under the same ¢
ditions. Both CB6F and B6D2F mice were injected from the same pool
of B6 splenocytes.

Single-cell suspensions were prepared from the spleens of B6, DBA/2,
®ALB/c, B6D2F,, and CB6F mice. Stimulator cells were CBGFor
B6D2F, splenocytes irradiated with 2000 c¢Gy and used at 10° cells/
well in 96-well round-bottom plates (Costar, Corning, NY). CM was sup-
Flow cytometric analysis of parental cell engraftment plemented with recombinant murine IL-2 (BioSource International, Cam-
arillo, CA) at a final concentration of 20 U/ml for these assays. Cells were

The spleens of GVHD mice were harvested at 1-4, 6, 8, and 12 wk posticyltured for 8 days at 37°C with 5% GOTarget cells were P815 (Hip
noculation. Single-cell suspensions of splenocytes were prepared, and thgd EL-4 (H-2) cell lines labeled as above. Target cells were added to the
number of cells per spleen was counted. Erythrocytes and dead cells wefgniting dilution wells at 3x 10° cells/well. After the addition of target
removed using Lympholyte M. Splenocytes were stained with FITC-con-cells, plates were briefly spun to collect cells at the bottom of wells. Plates
jugated anti-H-2 (clone SK-1.1), PE-conjugated anti-H2Zclone AF6- were incubated for 4 h at 37°C.
88.5) to distinguish parental from, Eells in the presence of the RRlIII Limiting dilution assays using B6 anti-CBgFand B6 anti-B6D2F
clone 2.4G2 to block nonspecific staining. To further identify the spleno-were performed using 2-fold serial dilutions of responding cells in the
cyte populations anti-CD3 (clone 145-2C11), anti-CD4 (clone RM4-5 or range of 1.6x 10* to 125 cells/well. Assays using DBA/2 anti-B6D2&nd
H129.19), anti-CD& (clone 53-6.7), or anti-CD19 (clone 1D3) conjugated BALB/c anti-CB6F,; were set up using 2-fold serial dilutions of responding
to CyChrome or biotin plus streptavidin-CyChrome were used. All MAbs cells in the range of 5 10* to 781.25 cells/well. All cell concentrations
were purchased from PharMingen (San Diego, CA). Data were collectegyere tested using 24 replicates. Spontaneous releaSiCofwas deter
on a FACScan flow cytometer and analyzed with CellQuest Software (Becmined by incubating target cells for 4 h in wells that contained stimulator
ton Dickinson, San Jose, CA). cells stimulated with CM and IL-2 for 8 days. All of the supernatant was

. : harvested as above. Wells were scored positive for CTL activity if the cpm
Autoantibody detection for a well was greater than the mean spontaneous release plus 3 SDs.
ELISAs of serum Abs recognizing ssDNA (20) and dsDNA (21, 22) were  Both CTL precursor frequencies and Th precursor frequencies described o
performed as described previously. Briefly, for sSDNA assays, 96-welloelow were determined by the least squares method using a computer programg
Maxisorp plates (Nalge Nunc International, Roskilde, Denmark) were in-supplied by Dr. Charles Orostz (Ohio State University, Columbus, OH).
cubated with 1Qug/ml methylated BSA (Sigma, St. Louis, MO) for 90 min
at room temperature, followed by incubation of the plates for 2 h with 10Limiting dilution proliferation assays
wg/mi calf thymus DNA (Sigma) that had been heated-80°C for 15 Single-cell suspensions of splenocytes from B6, B6D2Rd CB6F mice

min. Plates were washed and blocked overnight with 5% FBS in DPBS;

Mouse serum was incubated on the plates for 2 h in 5-fold serial dilutionaV€"e Prepared as described above and used as responder cells. Stimulat

from 1:10 to 1:1250. Bound serum Abs were detected using goat anticells were B6, B6D2E or CBGF, splenacytes treated with S@g/ml mi-

) : h N in C (Sigma) per 5 10° cells for 30 min at 37°C. Assays were
mouse 1gG conjugated to HRP (Cappel, Aurora, OH) and visualized usind®mY¢!n & { . :
2,2’-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (Kirkegaard & Perry%onducted in flat-bottom 96-well plates, using X510° stimulator cells/

Laboratories, Gaithersburg, MD) and measuring the OD at 405 nm FoWe" and variable numbers of responder cells in CM. Responder cells were

dsDNA assays, 96-well Maxisorp plates (Nalge Nunc International) wereused in 0.75-fold serial dilutions from X 10° to 7508.5 cells/well in

incubated with 5ug/ml poly--lysine for 2 h at room temperature followed 48-well replicates. Four milliliters of_ responder cell suspension at10°

by incubation with 5ug/ml A phage DNA (Boehringer Mannheim, Indi- cells/ml was added to 2 ml of medium in a fresh tube. The new cell sus-

anapolis, IN) for 2 h at room temperature, then 4°C overnight. Other comPeNsion was mixed thc_)roughly, and 4 ml was r_emoved o a fresh tube

ponents of this assay were performed as described above containing 2 ml of media. This process was continued until eight cell di-
ELISAs to detect the presence of Ab to ENA were peﬁormed usingIutions were ready for use in the assay. One hundred microliters of re-

plates from RELISA ENA single-well screening kits (Immuno Concepts sponder cells and stimulator cells were used per well. Plates were incubated

Sacramento, CA). Each microtiter well is coated with Sm, RNP, SS-Al,fOr 4 Qays at 37°C, pulsed with /J.C|/vv_eI| [H]thymidine, and incubated

SS-B, Scl-70, and Jo-1 autoantigens. Plates were blocked for 2 h at 37°$ve_rn|ght. Plates were harvested using a Tomtec plate washer (Wallac,

Mouse serum was added to the plates in 5-fold serial dilutions from 1:1d>2ithersburg, MD) and counted withfaplate reader (Wallac).

to 1:1250. Bound serum Abs were detected with goat anti-mouse IgG-HRP

(Cappel) and 3,3’_,5.5’-tetramethylbenzidine (Kirkegaard & Perry Labora-Results

tories) stopped with 2 N $80,. OD was measured at 450 nm. Parental cell engraftment in GVHD mice

Detection of Ig complexes in kidney sections It was previously demonstrated that injection of B6 splenocytes

Detection of Ig complexes in kidney sections were performed as previouslynto immunocompetent B6D2Fmice resulted in high levels of
described (23). Briefly, kidneys were removed from mice following eu- parental cell engraftment and a short lethal disease course (2).

thanasia and snap frozen in liquid nitrogen. Six-micrometer sections Wergnjection of DBA/2, the other parent, resulted in a chronic pro-
cut, air dried, and fixed with acetone. Ig deposits were detected usin ' '

FITC-labeled goat anti-mouse 1gG (Sigma) incubated on slides for 30 mirg]reSSIVe dlseasg with little parental Cell.engraﬁment (_2)' Typlcgl
and extensively washed with PBS. A fluorescence microscope was used @graftment profiles for acute and chronic GVHD obtained in this
visualize specific staining. Immune complexes were evaluated according tetudy are shown for this strain combination in Fig.. Injection of
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100 of changes in spleen size and cellularity during the course of dis-
A ease. To obtain a more complete understanding of the changes
80 e GVHD within the spleens of the GVHD mice, the number of parental and
60, o DBA/2 0 BD2F | T F, splenocytes was determined by multiplying the percentage of
-O- B4 info B6D2FY &% each cell type in a given spleen by the total number of cells re-
40/ g covered from that spleen. In acute GVHD there was a drastic de-
® crease in B6D2Fcell number by week 2 (Fig.A). This dramatic
§ 20 decrease seen in host spleen cell numbers was due to the elimina-
= ~ Chronic GVHD tion of B6D2F, CD4", CD8", and CD19 cells (Fig. 4\). Con-
g O'% —a—t— . currently, the B6 cells that were injected into the Ifosts ex
S gl & BALB/C nfo CB4F1 panded and gradually became the major cell population in the F
2 spleens. At 1 wk post-GVHD, there were 1.5610" B6 CD4" T
601 - cells in spleens of B6-into-B6D2Fmice. This number decreased
S to 3.34x 10° cells at 4 wk and rebounded to 3.8210" cells at
404 ) week 8 (Fig. 5A). CD8 T cells of B6 origin followed a similar
201 pattern of expansion, regression, and expansion during acute Y
GVHD (Fig. 5A) with cell numbers ranging from 3.96 1C° to §
0l o909 9o ¢ | 1.21 x 10°. o
0 2 4 6 8 10 12 14 Parental cell engraftment in chronic GVHD remained low %
Weeks throughout the disease course, ranging between 2 and 7% (see Fig=

FIGURE 1. Parental cell engraftment profiles of GVHD. Flow cytom- 1, A andB). Converting this percentage to cell numbers resulted in
etry was used to identify,Fand parental cells in spleens from GVHD mice a similar picture to that seen with percentages. Both DBA/2 and
using H-2- and H-2-specific mAb. The percentage of parental cells in BALB/c parental cells were detected at low levels in their respec- €
each GVHD model is plotted as a function of time after parental cell in-j,e F, hosts throughout all the time points tested (FigB andD).

jection. A, DBA/2- and B6-into-B6D2F mice. B, BALB/C- and B6-into- g harental cells that were detected in the spleens of affected mice
CB6F, mice. Results shown are averages (and SEM) of splenocytes from :

three different mice. Similar results were seen in two other separate exWere predominantly CD4T cells (data not shown) as previously

periments.#, Remaining mice in this group died before data could be r‘?ported 1, 16)_' These CDA4T cells have been_SUQQeSted topro
collected at week 12. vide help for driving host B cells and the autoimmune symptoms

that are manifested later in the disease (16)CB4" and CD8"

T cell levels remained relatively constant over the course of

GVHD, whereas CD19 B cells levels transiently increased during

the initial phase of the disease, returned to normal levels, and then

began to increase again at the later time points (Fig dndD).
B6-into-CB6F, GVHD presents complex cellular interaction

dny wo

BALB/c splenocytes into CB6Fresulted in the engraftment pat
tern expected for chronic GVHD, with little engraftment of paren-
tal lymphocytes (Fig. 1B). Injection of B6 splenocytes into CB6F
resulted in an initial burst of parental cell engraftment similar to
that of B6-into-B6D2F. However, between the third and fourth ! .
week of GVHD, the p(lercentage of parental cells unexpectedly bepatterns not typical of glther of the ot_her two_forms of GVHD. The
gan to decrease. This decline in parental B6 cells continued umEumber of_CBgEcells anrea;sgd d;”ng the f|rstt)2 wk.éb\gramatlc
week 12, at which time the disease mirrored chronic GVHD (Fig. ecrease in the number o 816 elis was observe etween
1B). In contrast to the acute GVHD of B6-into-B6D2fice that weeks 2 and 3, simultaneous with an increase in the number of

die within 4—8 wk (Ref. 7; current study), we have observed Be-Parental B6 cells (Fig. 3C). The loss of CBEEells included
into-CB6F, GVHD mice surviving for>30 wk CD4*, CD8", and CD19 cells (Fig. 4C), whereas the increase in
1 .

B6-into-B6D2F, mice with acute GVHD exhibited a marked B6 cells involved CD4 and CD8' T cells (Fig. 5B). By week 4,
expansion of donor CD%and CD8 lymphocytes with a con these spleens had.decreased in size from a peak at yveek 2 1f 200
comitant decrease in total donor lymphocytes over the 8-wk dist0° t0 60X 10° (Fig. 3C). The continued decrease in spleen cell
ease course. By 8 wk, the spleens of acute GVHD consis88% nqmber betwgen weeks 3 and 4 was due to a decrease in B6 cellg
(+1.9%) donor lymphocytes and 11.29%%.6%) host lympho- (Fig. 5B). BQ-mto-CBGE GVHD continued to diverge from acutg P
cytes. The majority of donor cells in the affected spleens aré>VHD as disease progressed. The spleens reached a_mam_mun%
CD4*, making up 37% of the total cell number (FigAR B6-  Size of 250x 1(° cells by 6 wk postdisease induction. During this =
into-CB6F, mice exhibited a similar pattern of donor/host cell 2-WK period, massive expansion of CB6gells occurred. Both
changes in the spleens of affected mice. Donor lymphocytes exXcP4" and CD19 cells expanded to greater than normal levels,
panded over the first 3 wk of disease, with donor cells peaking ayvhereas the FCD8" T cells returned to normal levels (FigC}

62.2% (+11.7%). Donor CD4T cell numbers increased to 16.5% Concurrently, parental B6 cells underwent a small transitory in-
of the spleen and donor CD8T cell numbers increased to 10.6% Crease in number (Fig. 5B). By 12 wk postdisease induction, the
of the spleen at week 3 (Fig. 2B). spleens in B6-into-CB6FGVHD mice exhibited a cellular cen

Chronic GVHD has a distinctive pattern of donor cell engraft- Sistency that was similar to that of chronic GVHD mice.
ment in the spleen. The only cell population that engrafted was the
donor CD4" T cells at 2-7% of the total spleen cells. This pop . . o
ulation can be detected throughout the entire disease course andi&niting dilution CTL assays
responsible for the secretion of the cytokines that drive the affectett was important to compare the CTL precursor frequencies of B6
mice to a chronic autoimmune disease (data not shown). anti-B6D2F, and B6 anti-CB6F because the B6-into-CBGF
GVHD resulted in the unexpected sequential acute to chronic pat-
tern of GVHD (on the basis of host spleen repopulation and sur-
Although the percent changes in cells give an overview of the celvival patterns), and acute vs chronic GVHD models were associ-
populations over time, they do not take into account the dynamicated with differences in parent antj-ETL precursor frequencies
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FIGURE 2. Detection of CD4 and CD8
cells from mice with B6-into-B6D2FGVHD and
B6-into-CB6F, GVHD. Splenocytes from mice
with GVHD were stained with mAb to H2and
H-2° to determine whether the cells were of host
or donor origin. Abs recognizing either CD4 or
CD8 were used simultaneously to identify the T
cell subsetsA, Staining of CD4 and CD8 T cell
subsets from B6-into-B6D2Fmice at weeks 1, 3,
6, and 12.B, Staining of CD4 and CD8 T cell
subsets from B6-into-CBGFmice at weeks 1, 3,
6, and 12. Similar results were seen in two other
separate experiments.

MURINE PARENT-INTO-F, GVHD MODEL

A. B6-into-B6D2F1

B. B6-into-CB6F1

l-’ CD8

<
o
(&)
L H-2¢

H-2°

(2). Therefore, we repeated and verified the earlier limiting dilu-CB6F, (1/2,370) and BALB/c anti-CB61/19,230) CTL precur

tion experiments indicating that the acute B6-into-B6D&VHD
vs the chronic DBA/2-into-B6D2FGVHD could be accounted for
by differences in parent anti;FCTL precursor frequencies. Our
frequencies were 1/2,295 for B6 anti-B6D2f€ompared with the
earlier 1/1,450), and 1/19,510 for DBA/2 anti-B6D2feompared

sor frequencies (Fig. 6). Despite the differences noted above in the
GVHD profiles of B6-into-B6D2F and B6-into-CB6E (Figs.
1-5), the B6 anti-iF CTL precursor frequencies were indistin
guishable. Furthermore, the CTL precursor frequencies for DBA/2
anti-B6D2F, and BALB/c anti-CB6F were indistinguishable from

with 1/13,500) (2) (Fig. 6). We also simultaneously compared theeach other, although they were 9-fold lower than the B6 apti-F
above parental anti;FCTL precursor frequencies in the B6 anti- frequencies.

300x10°
A —-@- Total splenocytes B -@- Total splenocytes
250x10° 4 -~ B6D2 F1 splenocytes =~ B6D2 F1 splenocytes
-3~ B6 splenocytes -1 DBA/2 splenocytes
200x10°
5
150x10° 1 a
10010° a FIGURE 3. Numbers of parental,,f-and
X 1 1 . .
) total cells in the spleens of;fnice as a func-
@ 5010’ ] tion of time after parental cell injectiorA,
= B6-into-B6D2K (acute) GVHD;B, DBA/2-
o 0 — o o | into-B6D2F, (chronic) GVHD; C, B6-into-
Q -@- Total splenocytes —&- Total splenocytes . . .
& soxiot c -~ CB6 & splen):)cytes D -7~ B6D2 F1 splenocytes CB6F, (sequential acute to chronic) GVHD;
] - B6 splenccytes - DBAZ splenocytes D, BALB/c-into-CB6F; (chronic) GVHD.
200x10° Results shown are averages (and SEM) of
splenocytes from three different mice. Simi-
150x10° T lar results were seen in two other separate
@ experiments.
100x10° c 3
50x10°
03 . e Vi S S i S RO e m]
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14

Weeks
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Anti-H-2 CTL activity in GVHD mice during the first two, but not at the later two, time points (FigC7,
andD). B6D2F, and CB6F mice with chronic GVHD were also
tested at all four time points for the presence of antiftHETL
activity. At no time during the 8 wk was anti-H2ctivity detected
(data not shown).

Acute GVHD is characterized by the expansion of parental CD8
T cells and the ability to isolate anti:and anti-H-2 cytotoxicity
from the spleens of affected mice (2, 3, 5, 23). To further charac
terize the B6-into-CB6F GVHD, spleens were removed at 2-wk
intervals and tested for anti-H!ZCTL activity. At 2 and 4 wk

post-GVHD induction, similar anti-H2 CTL activity was de ) ] ) ] )

tected in spleens from both acute and B6-into-CB6&HD mice Qh_romc GVHD is associated with the production of Abs recog-
(Fig. 7,A andB). This CTL activity could be detected at all time NiZing SSDNA (11, 12), dsDNA (11-15), and ENA (11, 15, 16).
points tested in mice with acute GVHD (Fig. €,andD). Anti- ~ GVHD mice were bled at 16 wk post-GVHD induction, and the
H-2¢ CTL activity could be detected in B6-into-CBERSVHD serum was tested for autoantibody production. B6P@fice in
jected with DBA/2 cells elicited Abs to all Ags tested (Fig. 8,
A-C). The BALB/c-into-CB6E chronic GVHD mice and the B6-
into-CB6F, GVHD mice resulted in Abs being produced to both

Autoimmune characteristics in GVHD mice

60x10°
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A ggg 8B§+$ce“s ssDNA (Fig. 8A) and dsDNA (Fig. 8B) at higher titers than seen
6 + . . . .
50x10° - oots with DBA/2-into-B6D2F,. At 16 wk post-GVHD induction, B6-
40x10° = into-CB6F, and both forms of chronic GVHD produced Abs rec
S ognizing ENA (Fig. 8C). These Abs were not detected in synge-
30x10°1 2 neic injected E controls.
20x10°] At 24 wk post-GVHD induction, the mice were euthanized and
2 the kidneys tested for the presence of Ig deposits. Control animalsﬁ
o 10x10°] ~
Q Q
c N
% 0 . . , N
& B -0~ B6 CD4 T cells 100
© 50x10°1 -¥-B6 CD8 T cells
om
40x10° - 2
L [
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FIGURE 5. Analysis of donor B6 T cell populations during GVHD. Splenocytes/well

CD4* and CD8 cell subsets in the spleens of GVHD mice are plotted as
a function of time after parental cell injectioA, B6-into-B6D2F, (acute) FIGURE 6. Limiting dilution CTL assays. Limiting dilution analysis for
GVHD; B, B6-into-CB6F, mice (sequential acute to chronic) GVHD.-Re B6 anti-B6D2F, B6 anti-CB6F, DBA/2 anti-B6D2F, and BALB/c anti-
sults shown are averages (and SEM) of splenocytes from three differer@B6F, CTL responses. Similar results were seen in two other separate
mice. Similar results were seen in two other separate experiments. experiments.
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FIGURE 7. Anti-H-2¢ CTL activity in the spleens of GVHD mice. it ©
B6D2F, and CB6F mice injected with the B6 parental cells were tested for
anti-H-2' CTL activity at 2 (A), 4 B), 6 (C), and 8 (D) wk after injection. ol
The GVHD spleens were stimulated in vitro with irradiatedspleen cells C
(B6-into-B6D2F, GVHD spleens stimulated with B6D2Feells and B6-
into-CB6F, GVHD spleens stimulated with CBgFells) and assayed on
P815 (H-2) and EL-4 (H-2) target cells 5 days later. Data are shown for @ 2
lysis of P815 targets. Lysis of EL-4 targets wa8.6% (data not shown) = <«
in all assays. Similar results were seen in one other independent F 2
experiment. 14
injected with syngeneic Jcells had no detectable Ig deposits in O.L
the kidneys (B6D2E, Fig. 9A; CB6F,;, Fig. 9C). Both models of 10 100 1000
chronic GVHD, DBA/2-into-B6D2E (Fig. 9B) and BALB/c-into- Serum Dilution

CB6F, (Fig. 9D), had significant Ig deposits. The B6-into-CB6F FIGURE 8. Autoantibody production in GVHD mice. Mice were

GVHD also had significant numbers of Ig deposits within the kid- screened at 16 wk following parental cell injection for production of Abs

neys (Fig. 9E). Eight mice in each group were analyzed for Igrecognizing ssDNA (A-C), dsDNA (D-F), and ENA (G-I) in DBA/2-into-

deposits, and numerical values were assigned to each score to coRBfiD2F, mice (A,D, andG), BALB/c-into-CB6F, mice (B,E, andH), and

pare staining between groups (Table 1). These results indicated th&f-into-CB6R mice (C,F, andl). Results were confirmed at other time

both models of chronic GVHD, DBA/2-into-B6D2Fand BALB/ points in this experiment, and similar results were obtained in four addi-
. - L - - tional independent experiments.

c-into-CB6HF, resulted in very similar kidney-staining patterns and

intensity. B6-into-CB6E mice also had Ig deposits in the kidney,

but the mean score of the group was lower than that seen in either

of the chronic models of GVHD. Because the B6-into-CBfifice ~ tomycin C-treated homozygous BALB/c and DBA/2 stimulator

undergo a period of acute disease before progressing on to chroniells. We observed &3-fold difference in Th precursor frequency

disease, differences seen in kidney-staining patterns might be duesing allogeneic homozygous H-&timulator cells (Fig. 1 B6

to a delay in this group in developing renal pathology. Althoughanti-DBA/2 exhibited a Th precursor frequency of 1/19,420 spleen

the initiating events of chronic and B6-into-CBGEVHD are  cells, whereas B6 anti-BALB/c had a Th precursor frequency of

very different, the end result of these two pathways is an autoim4/65,900.

mune disease similar to lupus.

Discussion

Previous work in the parent-into-GVHD model of GVHD has

Because CTL precursor frequencies alone did not account for theharacterized acute disease as the loss,dffphocytes (1, 2),

differences between acute and B6-into-CBBEVHD, another  repopulation of the Fmyeloid and lymphoid cells with cells of

mechanism must exist. Parental Th cells play a role in driving thedonor origin (1, 2), and the presence of anfi&TL activity in the

F, B cell to hyperactivity in chronic GVHD and are presumed to spleens of affected mice (2, 3, 5, 6). This study demonstrates a

play a supportive role for the CTL in acute GVHD (24). Therefore, model of parent-into-FGVHD that sequentially exhibits charac

it is also possible that differences in the parent antifi cell teristics of acute then chronic GVHD. Over the first few weeks of

frequency contribute to determining the final disease outcomedisease, the CBgGFmice injected with B6 cells exhibit a disease

Limiting dilution proliferation assays were performed to test for similar to that seen in B6D2Fmice injected with B6 cells. There

differences in the B6 response against mitomycin C-treatedare high levels of donor cell engraftment (Figs. 1-3, 5), loss,of F

B6D2F, and CB6F. The Th cell limiting dilution curves for B6 lymphocytes (Figs. 2—4), and detectable parent apiGFL ac

anti-CB6F, and B6 anti-B6D2F were identical and had a fre tivity in the spleens of affected mice (Fig. 7). As the disease con-

quency of 1/79,120 (data not shown). It is possible that these pratnues, distinct differences become apparent between B6-into-

liferative Th cell frequencies are not different or that the stimulat-CB6F, and B6-into-B6D2F mice. In B6-into-B6D2F mice, the

ing alloantigens were limiting onFstimulator cells, resulting in  CTL activity continues to be detectable through week 8 (Fig. 6),

the Th frequencies appearing to be indistinguishable. Thereforeand the level of donor cell engraftment remains high (Figs. 1-3, 5),

these limiting dilution proliferation assays were repeated using micorrelating with data published using other acute parent-into-F

Role of Th in determining disease outcome
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a bone marrow transplant model of GVHD, lethally irradiated B6
recipients can develop symptoms of acute or chronic GVHD de-
pending on the number of LP/J cells used to reconstitute the host
B6 mouse (25). A second model is the injection of C3H spleno-
cytes into (B6X C3H)F, mice. Cell doses of-2 X 10 but <1 X
108 cells result in chronic GVHD and the associated production of
autoantibodies, whereas injection afl x 10° cells results in
acute GVHD (26). The B6-into-CBGFGVHD differs from these
models of GVHD because with the same cell dose B6-into-GB6F
mice exhibit acute and chronic GVHD sequentially. In further sup-
port of a model of GVHD that induces symptoms of both acute and
chronic GVHD, a mixture of pathogenic and nonpathogenic T cell
clones isolated from cyclosporine-induced GVHD in rats when
injected into the footpad of naive rats can cause a localized reac-
tion that exhibits chronological pathological changes of acute and
chronic GVHD (27).

It should be noted that BALB/c-into-CBgFnduced the ex
pected chronic GVHD pattern that was indistinguishable from

L ae L /XN DBA/2-into-B6D2F,. Both of these chronic GVHD models, as

FIGURE 9. Fluorescent Ab detection of murine Ig deposits in kidneys. Well as B6-into-CB6E mice, resulted in production of serum Abs
Chronic and sequential acute-to-chronic GVHD mice were tested for thdo SSDNA, dsDNA, and to ENA. Furthermore, renal g deposits
presence of Ig deposits within the kidneys as a parameter of disease. were detected in all three of these GVHD combinations. Thus, a
representative mouse from each group is shown. Control BéD@écted  |upus-like autoimmune condition was observed in B6-into-CB6F
with syngeneic splenocytes (A), DBA/2-into-B6D2mouse (B), control GVHD, similar to the two H-3-into-H2P F, models. We cannot
CBG6F, injected with syngeneic splenocytes (C), BALB/C-into-CB&B),  exclude the possibility that the acute B6-into-B6Q26VHD
and B6-into-CB6F (E). Representative results are shown from a smgleWould also have resulted in a similar long-term autoimmune dis-
mouse from each group (= 6 per group). ease pattern had they survived their acute disease.

This study demonstrates that similarities in H-2 and in donor
anti-host CTL precursor frequencies do not necessarily predict

proliferate between weeks 4 and 6 (Figs. 2 and 3), resulting in ¥ hetheBrepa;ené—gr;o-fG\él—lgDva/lg _retsug érlljgi;ronlcé olr ?ﬁu:e Ic_i+_st
drastic decrease in the percentage of parental cells in the sple§ioc: 2o Nt 2fan -Into- 1 moders that elicl

(Fig. 1), although the absolute number of B6 cells increases durin cute (1__8) and ch'ronlc GVHD.(l’ 4,9-16), respectively, eXh.'b't
this same time frame. The number of CB&lls increases from 9-fold difference in donor anti-host CTL precursor frequencies.

2.9 x 107 to 1.9 X 10 cells/spleen between weeks 4 and 6 The CTL comparisons also included DBA/2 and BALB/c anti-
. . oo
whereas the number of parental cells increases from<11D’ to H_'Zh refsponses Qnﬂt]heBEG t;g%g}rglﬂrrlid. we obsgrved at_9 ~fold
5.7 X 107 cells/spleen. This results in the percentage of parenta‘1Ig er requency In the B antl-+= response, irespective
cells dropping from 44.8 to 22.4%. The percentage of parenta f whether the H-ga”ele was provided by the DBA/2 .(1/2’295) or
cells continues to decline until week 12, wheri2% of the cells ALBJc (1/2,370) than in the DBA/2 and B.ALB/C anu-H‘_-’? fre- .
are of parental origin. quency .(1/19,51(? and 1/19,230, respectively) (see.Fl.g. 6). This
At later time points, B6-into-CB6FGVHD exhibits character 9-fold d!fference in CTL precursor frequengy was similar to the
istics of chronic GVHD, a lupus-like illness. This condition man- 9-ftc_)lgsdlljff2e':renzce_|[ﬁported ezﬁrllgrdfor tBGt-harltlt-r?Gc?%st DBA./Z B6
ifests itself in the production of autoantibodies recognizing f"“: I-BGDZFl( ).t g?/engsu ;én6 '_C? eCBaFG\e;HIIDerencetIE )
ssDNA, dsDNA, and ENA. But more importantly, the disease Con_lar:cgé)unte d #3“;); parent :thhFH-IZn gl-loge%eic CTLC?)TZ(?urs?)r
. | | hritis with | . . i _FH-
tinues on to a glomerulonephritis with Ig deposits being readlyl‘requencies. Nevertheless, the differences between acute GVHD

detectable in kidneys of both models of chronic GVHD and the . . .
sequential acute to chronic GVHD, B6-into-CB6fFig. 9). and the two examples of parent-intg-¢hronic GVHD (anti-H-2)

Previous reports have involved models of GVHD that can be
manipulated to manifest either signs of acute or chronic GVHD. In

combinations (1). In B6-into-CB6Fmice, the K cells begin to
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Table I. 1g deposition in the kidneys of GVHD mice

0n
Group Ig Deposit§ g
@
Classic B6D2F GVHD 2
B6D2F, injected with B6D2K? 0+0 8
B6D2F, injected with DBA/2 (chronic) 2.3+0.8 2 86 onfidea/2 SN
CB6F, GVHD 2 | O Eeantibabe N\ f= 124370
CB6F, injected with CB6E® 0+0 seggrentne A
CBS6F, injected with BALB/c (chronid) 2.6+05 A\
CB6F, injected B6 (sequential acute to chrofiic) 1.2 + 1.3 100 0 20 30 40 50 80 70 80

3
2 Immune complexes were evaluated according to density and strength of staining. # Splenocytes / Well (X10)

Kidneys were given a score of 0—-3 depending on the density and strength of stainin . - . - - ~
The data is reported as the meanSD of the scores for each group. ¥IGURE 10. Limiting dilution Th assays. Limiting dilution prolifera:

b Group had kidneys from eight mice tested for Ig deposits in a blinded fashion.tion assay analysis for B6 anti-DBA/2 and B6 anti-BALB/c Th responses.
¢ Group had kidneys from six mice tested for Ig deposits in a blinded fashion. Results were confirmed by two additional independent experiments.
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are consistent with the 9-fold difference in parent antiTL 8.

precursor frequencies.
When the precursor frequency experiments were extended to

include parent anti-FTh cell analysis, a>3-fold difference was 9.

observed between B6 anti-DBA/2 and B6 anti-BALB/c (see Fig.
10). It is possible that the 3-fold higher Th precursor frequency of

B6 anti-DBA/2 provided an initial advantage that permitted the 10.

acute disease to develop and be maintained long enough to result
in morbidity by 30 days. Multiple minor histocompatibility differ-
ences exist between DBA/2 and BALBY/c, including differences in
the expression of the Mls Ag.

Mls Ag are superantigens encoded by endogenous murine reil-2
roviruses that stimulate a high proportion of T cells bearing a spe-
cific TCR VB family. DBA/2 cells (and Es on this background)
bear Mls %, a strong Mis Ag that stimulates the TCR3\6 and 8.1
and is not present on BALB/c cells (andsFon this background).

The use of Mls *-bearing cells as stimulator cells in vitro results 14

in the production of a Y3 6°, CD4", Th1l cell responder popula

tion (28). This was confirmed in vivo; furthermore, the develop- 15.
ment of a maximal Th1 response was dependent on the presence of DNA, chromatin core particles and histones in mice with graft-versus-host dis-

endogenously produced IFN{28). Also, CD8 T cells bearing
these same TCR /families can respond to MIs*by producing
IFN-vy (29). It is possible that the strong response of B6 anti-Mls

12 of the DBA/2 is sufficient to initiate and sustain the strong 7.

cytokine response necessary for driving CTL, whereas the weaker
Mis Ag expressed by the BALB/c (MIs]is adequate to initiate
but not sustain the CTL-effected acute disease. In further support
of the possible role of Mls Ag during acute GVHD, studies have
shown that Mls Z-reactive donor V8 6 and 8.1 are expanded dur

ing acute GVHD (30). Studies are in progress to determine the
possible role of Mis for the acute vs sequential acute-to-chronic in
vivo models of GVHD.
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