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Abstract

 

Donor T cell responses to host alloantigen are known pre-
dictors for graft-versus-host disease (GVHD); however, the
effect of donor responsiveness to an inflammatory stimulus
such as lipopolysaccharide (LPS) on GVHD severity has not
been investigated. To examine this, we used mouse strains
that differ in their sensitivity to LPS as donors in an experi-
mental bone marrow transplant (BMT) system. Lethally ir-
radiated (C3FeB6)F1 hosts received BMT from either LPS-
sensitive (LPS-s) C3Heb/Fej, or LPS-resistant (LPS-r) C3H/
Hej donors. Mice receiving LPS-r BMT developed signifi-
cantly less GVHD as measured by mortality and clinical
score compared with recipients of LPS-s BMT, a finding
that was associated with significant decreases in intestinal
histopathology and serum LPS and TNF-

 

a

 

 levels. When do-
nor T cell responses to host antigens were measured, no dif-
ferences in proliferation, serum IFN-

 

g

 

 levels, splenic T cell
expansion, or CTL activity were observed after LPS-r or
LPS-s BMT. Systemic neutralization of TNF-

 

a

 

 from day 

 

2

 

2
to 

 

1

 

6 resulted in decreased intestinal pathology, and serum
LPS levels and increased survival after BMT compared with
control mice receiving Ig. We conclude that donor resis-
tance to endotoxin reduces the development of acute GVHD
by attenuating early intestinal damage mediated by TNF

 

a

 

.
These data suggest that the responsiveness of donor acces-
sory cells to LPS may be an important risk factor for acute
GVHD severity independent of T cell responses to host anti-

 

gens. (

 

J. Clin. Invest.

 

 

 

1998. 102:1882–1891.) Key words: bone
marrow transplantation
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Introduction

 

During the last several decades, allogeneic bone marrow trans-
plantation (BMT)

 

1

 

 has emerged as an important therapy for a
number of malignant and nonmalignant diseases. Unfortu-

nately, the utility of allogeneic BMT is limited by several seri-
ous side effects, the most common of which is graft-versus-host
disease (GVHD). The pathophysiology of acute GVHD is
complex and is believed to involve donor T cell responses to
host antigens, inflammatory cytokine effectors (such as TNF-

 

a

 

and IL-1), and endotoxin (1). Endotoxin or LPS is a compo-
nent of endogenous bowel flora and is a potent enhancer of in-
flammatory cytokine release (2, 3). Translocation of LPS
across a damaged gut mucosa provides access to the systemic
circulation where LPS triggers monocytes and macrophages
primed by the effects of IFN-

 

g

 

 to release cytopathic amounts
of inflammatory cytokines (4). Together with natural killer
(NK) and T cells, these cytokines mediate GVHD target organ
damage (5–8). Recently, we have shown that acute GVHD se-
verity is enhanced after allogeneic BMT by increasing the in-
tensity of total body irradiation conditioning and that this
effect was independent of histocompatibility differences be-
tween donor and host (9). GVHD as measured by survival and
clinical score was associated with elevated serum levels of both
TNF-

 

a

 

 and LPS on day 7 after BMT (9).
In light of the critical role of LPS in the inflammatory cas-

cade of GVHD, we investigated the effect of donor respon-
siveness to LPS on the development of acute GVHD by using
mice known to be sensitive or resistant to the effects of LPS as
bone marrow donors. C3H/Hej and C3Heb/Fej are closely re-
lated substrains of mice, which differ in their response to the
lethal effects of LPS (10). C3Heb/Fej animals exhibit normal
murine sensitivity to LPS challenge, whereas a genetic muta-
tion in C3H/Hej mice has made this strain resistant to LPS. Al-
though the mechanism of resistance in these mice remains un-
resolved, it is thought to involve a genetic mutation within the
LPS response gene located on chromosome 4 leading either to
a defect in signaling or a defect in endocytic uptake of LPS
(11–13). At a cellular level, resistance to LPS involves mac-
rophages and mononuclear cells both of which exhibit de-
creased cytotoxicity and decreased cytokine production when
stimulated with LPS (14). LPS-induced T cell activation is also
absent in LPS-resistant (LPS-r) mice, a defect that can be
overcome by the presence of LPS responsive antigen present-
ing cells (15). These defects are specific to LPS because macro-
phages and B cells can respond to other stimuli and impor-
tantly, T cells from LPS-r mice respond normally to mitogen
(16, 17). Use of these mouse strains as BMT donors thus pro-
vided an opportunity to study the effects of donor responsive-
ness to LPS on acute GVHD while keeping the T cell response

 

to host antigen constant. Using an irradiated parent (P)

 

→

 

F1
hybrid murine BMT model of GVHD, we demonstrate that
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donor responsiveness to LPS is a risk factor of GVHD; resis-
tance to LPS reduces the severity of acute GVHD by attenuat-
ing intestinal damage mediated by TNF-

 

a

 

.

 

Methods

 

Mice.

 

Female C3H/Hej (H-2

 

k

 

), C3Heb/Fej (H-2

 

k

 

), and (C3FeB6)F1
(H-2

 

kxb

 

) mice were purchased from the Jackson Laboratories (Bar
Harbor, ME) and were used for BMT and in vitro experiments be-
tween the ages of 12 and 20 wk. The C3H/Hej and C3Heb/Fej sub-
strains have a common origin. C3Heb/Fej is a result of a transfer of
C3H/HeJ ova to C57BL/6 (eB) performed by Dr. Fekete (Fe) at The
Jackson Laboratory in 1948. Despite their separation of 50 yr, the mice
have very few differences at the DNA level. Histocompatibility be-
tween these substrains has been confirmed by the absence of rejection
during skin grafting experiments (J. Sharp, manuscript in preparation).

 

Bone marrow transplantation.

 

Mice were transplanted according
to a standard protocol as described previously (9, 18). Bone marrow
(BM) was harvested from the femurs and tibias of donor mice and de-
pleted of T cells by using an anti-Thy 1.2 MoAb (American Type Cul-
ture Collection, Rockville, MD) and Low-Tox-M rabbit complement
(Accurate Corp., Westbury, NY). We have previously shown that T
cell depletion with two rounds of anti-Thy 1.2 MoAb and comple-
ment leaves 

 

,

 

 1 in 10

 

4

 

 mitogen-responsive T cells in the BM by limit-
ing dilution assay (19). Cell mixtures of 5 

 

3

 

 10

 

6

 

 T cell–depleted
(TCD) BM cells supplemented with either 1 

 

3

 

 10

 

6

 

 or 0.25 

 

3

 

 10

 

6

 

nylon wool nonadherent splenic T cells from either syngeneic
[(C3FeB6)F1] or allogeneic (C3H/Hej/C3Heb/Fej) donors were re-
suspended in Leibovitz’s L-15 medium (Life Technologies, Grand Is-
land, NY) and transplanted into (C3FeB6)F1 recipients via tail vein
infusion (0.25 ml total volume). Consistent with previous results, 70–
75% of cells obtained after nylon wool passage were positive for CD4
or CD8 surface antigens. In some experiments, (C3FeB6)F1 animals
received TCD BM only from C3Heb/Fej donors. Before transplant,
host mice received 11 Gy of total body irradiation (

 

137

 

Cs source) de-
livered in two fractions separated by 3 h to reduce gastrointestinal
toxicity. Mice were subsequently housed in sterilized microisolator
cages and received normal chow and autoclaved hyperchlorinated
water for the first 2 wk after BMT and filtered water thereafter.

 

Systemic and histopathologic analysis of GVHD.

 

The degree of
systemic GVHD was assessed by a standard scoring system that in-
corporates five clinical parameters: weight loss, posture (hunching),
activity, fur texture, and skin integrity (9, 20). Transplanted mice
were ear punched, and individual weights were obtained and re-
corded on day 0 and weekly thereafter. At the time of analysis, mice
from coded cages were evaluated and graded from 0 to 2 for each cri-
terion. A clinical index was subsequently generated by summation of
the five criteria scores (maximum index 

 

5

 

 10). We have found this in-
dex to be a more sensitive index of GVHD severity than weight loss
alone, a parameter that has been found to be a reliable indicator of
systemic GVHD in multiple murine models (21–23).

Acute GVHD was also assessed by detailed histopathologic anal-
ysis of liver and intestine, two primary GVHD target organs. Small
bowel (distal), large bowel (transverse), and liver (right lobe) were
harvested from animals day 6 after BMT and placed in buffered for-
malin. Specimens were then embedded in paraffin, cut into 5-

 

m

 

m
thick sections, and stained with hematoxylin and eosin for histological
examination. Slides were coded without reference to mouse type or
prior treatment status and examined systematically by a single pa-
thologist (J.M.C.) using a semiquantitative scoring system for abnor-
malities known to be associated with GVHD (24, 25). Specific param-
eters scored included villous blunting, crypt regeneration, crypt
epithelial cell apoptosis, crypt loss, luminal sloughing of cellular de-
bris, lamina propria inflammatory cell infiltrate, and mucosal ulcer-
ation in the small bowel, crypt regeneration, crypt epithelial cell
apoptosis, crypt loss, surface colonocyte vacuolization, surface
colonocyte attenuation, lamina propria inflammatory cell infiltrate,

 

and mucosal ulceration in the large bowel and portal tract expansion
by an inflammatory cell infiltrate, lymphocytic infiltrate of bile ducts,
bile duct epithelial cell apoptosis, bile duct epithelial cell sloughing,
vascular endotheliitis, parenchymal apoptosis, parenchymal microab-
scesses, parenchymal mitotic figures, hepatocellular cholestasis, and
hepatocellular steatosis in the liver. The scoring system for each pa-
rameter that evaluated both the extent and severity of tissue damage
denoted 0 as normal, 0.5 as focal and rare, 1 as focal and mild, 2 as dif-
fuse and mild, 3 as diffuse and moderate, and 4 as diffuse and severe.
The criteria for mild, moderate, and severe damage for these parame-
ters are as previously published for histological studies of human
acute GVHD (26, 27) and as reported previously by our laboratory
(9, 28). Scores were subsequently added to provide a total score for
each specimen.

 

Cell culture, analysis of proliferative response, and cytokine pro-
duction.

 

All culture media reagents were purchased from Gibco
BRL (Gaithersburg, MD). For analysis of proliferative response and
IFN-

 

g

 

 production, splenocytes were harvested from transplanted
mice on day 6 after BMT and pooled within treatment groups (

 

n

 

 

 

5

 

3–4 animals per group). Cells were suspended in 5% FCS/RPMI sup-
plemented with 50 U/ml penicillin, 50 

 

m

 

g/ml streptomycin, 2 mM

 

L

 

-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acid, 0.02 mM 

 

b

 

-mercaptoethanol, and 10 mM HEPES (pH 7.75).
These cells (0.5 

 

3

 

 10

 

5

 

 to 2 

 

3

 

 10

 

5

 

) were cultured in flat-bottomed
96-well Falcon plates (Lincoln Park, NJ) in the presence of irradiated
(2,000 Rad) peritoneal cells lavaged from naive (C3FeB6)F1 (host)
animals at 37

 

8

 

C in a humidified incubator supplemented with 5%
CO

 

2

 

. Supernatants were collected at 48 h for IFN-

 

g

 

 analysis by
ELISA, and proliferative response to host antigen was measured by a
1205 Betaplate reader (Wallac, Turku, Finland) after 72 h by incorpo-
ration of [

 

3

 

H]thymidine (1 

 

m

 

Ci) for the last 24 h of incubation. In ad-
ditional experiments, nylon wool purified T cells were harvested from
naive BMT donors and stimulated with host (C3FeB6)F1 antigens or
Concanavalin A (2.5 

 

m

 

g/ml) and analyzed for proliferative response
and IFN-

 

g

 

 production as above.
For studies of TNF-

 

a

 

 secretion, naive peritoneal cells or spleno-
cytes from transplanted mice 6 d after BMT were suspended in 5%
FCS RPMI supplemented as above and plated at 2 

 

3

 

 10

 

5

 

 (peritoneal
cells) or 4 

 

3

 

 10

 

5

 

 (splenocytes) cells per well in flat-bottomed 96-well
Falcon plates with varying concentrations of LPS. Cell culture was
performed at 37

 

8

 

C in a humidified incubator supplemented with 5%
CO

 

2

 

. Supernatants were collected after 4 h of culture for TNF-

 

a

 

 anal-
ysis by ELISA.

 

51

 

Cr release assays.

 

2 

 

3

 

 10

 

6

 

 P815 (H-2

 

d

 

) or EL4 (H-2

 

b

 

) tumor tar-
gets were labeled with 100 

 

m

 

Cu of 

 

51

 

Cr for 2 h. After washing three
times, labeled targets were plated at 10

 

4

 

 cells per well in U-bottom
plates (Costar, Cambridge, MA). Allogeneic splenocyte preparations
as described above were added to quadruplicate wells at varying ef-
fector (CD4

 

1

 

 plus CD8

 

1

 

) to target ratios and incubated as above.
Maximal and background release was determined by the addition of
Triton-X (Sigma Chemical Co., St. Louis, MO) or media alone to tar-
gets, respectively. 

 

51

 

Cr activity in supernatants taken 5 h later were
determined in a Cobra auto-gamma counter (Meriden, CT), and lysis
was expressed as a percentage of maximum.

 

Cell surface phenotype analysis.

 

To analyze cell surface pheno-
type, splenocytes and peritoneal cells from transplanted mice were
resuspended in PBS and stained with FITC-conjugated MoAbs to
CD4 (PharMingen, San Diego, CA) and F4/80 (Caltag Laboratories,
San Francisco, CA) or phycoerythrin (PE)-conjugated CD8 (Phar-
Mingen, San Diego, CA) for flow cytometric analysis. Cells (0.5 

 

3

 

 10

 

6

 

)
were incubated for 20 min at 4

 

8

 

C with MoAb 2.4G2 to block nonspe-
cific staining via Fc receptors and then with the appropriate FITC- or
PE-conjugated MoAbs for 30 min at 4

 

8

 

C. The cells were subsequently
washed twice with PBS 0.2% BSA before fixation in 1% paraformal-
dehyde. Two-color flow cytometric analysis of 10

 

4

 

 cells was per-
formed using a FACScan (Becton Dickinson, Mountain View, CA).
The FACScan was calibrated using PE- and FITC-conjugated, non-
specific IgG antibodies.
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Cytokine ELISA.

 

Concentrations of TNF-

 

a

 

 and IFN-

 

g

 

 were
measured in serum and cell culture supernatants by sandwich ELISA
by using specific anti-murine MoAbs for capture and detection and
the appropriate standards: IFN-

 

g

 

 (PharMingen) and TNF-

 

a

 

 (Gen-
zyme, Cambridge, MA). Assays were performed according to the
manufacturer’s protocol. Samples were diluted 1:2 to 1:5, and samples
and standards were run in duplicate. The sensitivity of the assays was
16–20 pg/ml for TNF-

 

a

 

 and 0.25 U/ml for IFN-

 

g

 

. ELISA plates were
read at 450 nm by using a microplate reader (Bio-Rad Labs, Her-
cules, CA).

 

Serum LPS determination.

 

For determination of endotoxin con-
centration in serum, the Limulus Amebocyte Lysate (LAL) assay
(Bio Whittaker, Walkersville, MD) was performed according to the
manufacturer’s protocol as previously described (9, 20). In brief, se-
rum samples were collected and analyzed using pyrogen-free materi-
als, diluted 10% (vol/vol) in LAL reagent water and heated to 70

 

8

 

C
for 5 min to remove any nonspecific inhibition to the assay. Samples
were then incubated with equal volumes of LAL for 10 min at 37

 

8

 

C
and developed with equal volumes of substrate solution for 6 min.
The absorbance of the assay plate was read at 405 nm by using the
same microplate reader used in cytokine assays. Samples and stan-
dards were run in duplicate and the lower limit of detection was 0.15
U/ml. All units expressed are relative to the U.S. reference standard
EC-6.

 

rhTNFR:Fc treatment.

 

Recombinant human TNF receptor bound
to the Fc portion of human immunoglobulin (rhTNFR:Fc) was sup-
plied by Immunex (Seattle, WA) (29). Mice were injected intraperi-
toneally with 100 

 

m

 

g of rhTNFR:Fc on days 

 

2

 

2, 

 

2

 

1, 0, 

 

1

 

1, 

 

1

 

2 then
alternate days up to and including day 6 (seven injections total). As
recommended by the manufacturer, rhTNFR:Fc was diluted in nor-
mal saline before injection. Mice from the control group received 100

 

m

 

g of human IgG similarly diluted.

 

Statistical considerations.

 

All values are expressed as the mean

 

6

 

SEM. Statistical comparisons between groups were completed using
the nonparametric, unpaired, Mann-Whitney Test, except for analyz-
ing survival data when the Wilcoxon rank-test was used. 

 

P

 

 

 

,

 

 0.05 is
considered statistically significant.

 

Results

 

Macrophages from naive C3H/Hej mice are resistant to LPS
stimulation, but T cells respond normally to mitogen and al-
loantigens.

 

To determine the effects of donor responsiveness
to LPS on acute GVHD severity, we first measured TNF-

 

a

 

production by naive macrophages from either C3H/Hej or
C3Heb/Fej BMT donors to LPS stimulation in vitro. Perito-
neal macrophages were harvested from LPS-resistant (LPS-r)
(C3H/Hej) and LPS-sensitive (LPS-s) (C3Heb/Fej) mice and
cultured in the presence of increasing concentrations of LPS as
described in Methods. FACS analysis demonstrated that 

 

z

 

 33%
of cells in each group were positive for the macrophage cell
surface marker F4/80. After 4 h, cell culture supernatants were
harvested and subsequently analyzed for TNF-

 

a

 

 by ELISA.
As shown in Fig. 1 

 

A

 

, cells from LPS-s demonstrated normal
responsiveness and produced significant amounts of TNF-

 

a

 

 af-
ter LPS stimulation. By contrast, cells from LPS-r produced lit-
tle or no TNF-

 

a

 

, consistent with the LPS-resistant phenotype
of this mouse strain. Similar findings were seen after LPS stim-
ulation of bone marrow cells from animals in each group (data
not shown). We next investigated the ability of naive T cells
from LPS-s and LPS-r animals to respond to Concanavalin A,
and alloantigens present on (C3FeB6)F1 stimulator cells. As
shown in Fig. 1 

 

B

 

, the proliferative responses of nylon wool
nonadherent splenic T cells from both LPS-s and LPS-r ani-
mals were equivalent, and LPS-r T cells were capable of pro-

 

ducing equal or greater amounts of IFN-

 

g

 

 compared with that
secreted by LPS-s T cells (Fig. 1 

 

C

 

).

 

Transplantation of LPS-resistant donor cells leads to de-
creased TNF-

 

a

 

 production after allogeneic BMT.

 

Use of LPS-r
and LPS-s mice as BMT donors provided an opportunity to
evaluate the effects on donor responsiveness to LPS on acute
GVHD while keeping donor T cell responses to host antigens
constant. Lethally irradiated (C3FeB6)F1 mice received TCD
BM and 1 

 

3

 

 10

 

6

 

 T cells from either allogeneic LPS-r or LPS-s
donors as described in Methods. In initial experiments, recipi-
ents of TCD LPS-s BM only served as negative GVHD con-
trols. Given the difference in naive donor cell response to LPS,
we first analyzed TNF-

 

a

 

 production 6 d after BMT. Spleno-
cytes were harvested from BMT recipients and cultured in
vitro with increasing concentrations of LPS as described in
Methods. As shown in Fig. 2 

 

A

 

, cells from mice transplanted
with LPS-r donor cells produced at least 50% less TNF-

 

a

 

 after
LPS stimulation than splenocytes obtained from recipients

Figure 1. Peritoneal 
macrophage (A) and T 
cell (B and C) responses 
from naive LPS-s (filled 
circles) and LPS-r (open 
circles) BMT donor 
mice. (A) Peritoneal 
macrophage TNF-a 
production to LPS stim-
ulation in vitro. Perito-
neal cells were har-
vested from naive 
animals (two to three 
per group), pooled, and 
cultured with increas-
ing concentrations of 
LPS as described in 
Methods. TNF-a pro-
duction was measured 
by ELISA. Data are ex-
pressed as mean6SEM 
of triplicate wells and 
represent one of two 
similar experiments. 
Values were standard-
ized for percent mac-
rophages present in 
each group as deter-
mined by FACS analy-
sis using F4/80 positiv-
ity. Proliferation (B) 
and IFN-g production 
(C) of naive splenic T 
cells from LPS-s (filled 
bars) and LPS-r (open 
bars) mice to mitogen 
(Con A) and host 
[(C3FeB6)F1] antigens 

in vitro. Nylon wool purified splenic T cells were harvested from na-
ive animals (two per group), pooled, and cultured (200 3 103 re-
sponders per well) with Con A or irradiated host stimulator cells as 
described in Methods. Values for proliferation and IFN-g production 
were normalized for the percent CD4 and CD8 positive T cells 
present in each group as determined by FACS analysis. Data are ex-
pressed as mean6SEM of quadruplicate wells and represent one of 
two similar experiments.
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of LPS-s BMT (P , 0.01), although significant amounts of
TNF-a were produced compared with naive LPS-r macro-
phages (Fig. 1 A). Since the percentage of macrophages in day
16 spleens was less than that present in naive peritoneal cells
(22 vs. 33%), the probable mechanism for this increased sensi-
tivity of LPS-r cells after allogeneic BMT is the large amount
of IFN-g produced early during GVHD. IFN-g can prime mac-
rophages for TNF-a production and partially overcome the re-
sistance to LPS in the LPS-r donors (30). The decrease of
TNF-a production in vitro correlated well with in vivo results;
animals transplanted with LPS-r cells had significantly lower
serum TNF-a compared with mice receiving LPS-s BMT (Fig.
2 B, P , 0.05). TNF-a levels in serum obtained from TCD
BMT recipients were 10–15-fold less than either allogeneic
BMT group (P , 0.01).

Donor resistance to LPS reduces the severity of acute
GVHD after allogeneic BMT. Because LPS is a potent stimu-
lus for TNF-a, a known inflammatory effector of acute GVHD
morbidity and mortality (4, 9, 31–33), we next evaluated the ef-
fects of donor response to LPS on survival and clinical GVHD
score after BMT. As shown in Fig. 3 A, survival in recipients of
LPS-r BMT at two T cell doses (1.0 and 0.25 3 106) was signif-
icantly increased compared with mice receiving LPS-s cells

(P , 0.01). Surviving animals receiving LPS-r BMT with 0.25 3
106 T cells were also analyzed weekly for the development of
GVHD by using a clinical scoring system described in Meth-
ods. Recipients of LPS-r BMT had significantly less severe
GVHD at weeks 2, 4, and 5 than mice transplanted with LPS-s
donor cells (Fig. 3 B, P , 0.01).

Effects of donor responsiveness to LPS on GVHD are inde-
pendent of donor T cell reactivity to host antigens. Induction of
GVHD fundamentally depends on T cell reactivity to host al-
loantigens (1), and TNF-a has been shown to enhance the acti-
vation, expansion, and survival of T cells, both in vivo and in
vitro (34, 35). It was possible, therefore, that decreased GVHD
severity seen after LPS-r BMT could be mediated by dimin-
ished donor T cell alloreactivity despite the equivalent re-
sponses of naive LPS-r and LPS-s T cells to host antigens (Fig.
1). We thus examined the effects of donor responsiveness to
LPS on T cell responses to host antigens after BMT by evaluat-
ing T cell expansion and IFN-g production in vivo and T cell
proliferation, cytokine production, and CTL activity in vitro. In
these experiments, recipients of syngeneic (C3FeB6)F1 BMT
served as negative GVHD controls. As shown in Table I, no
differences in serum IFN-g levels were observed after LPS-r or
LPS-s BMT; however, levels in both groups were significantly

Figure 2. Recipients of LPS-s BMT produce signif-
icantly more TNF-a both in vitro (A) and in vivo 
(B) compared with recipients of LPS-r BMT. 
(C3FeB6)F1 mice received allogeneic LPS-s BMT 
(filled circles and bars) or LPS-r BMT (shaded cir-
cles and bars) as described in Methods. Negative 
GVHD controls received TCD LPS-s BM alone 
(open circles and bars). (A) Day 6 after BMT, sple-
nocytes were harvested from transplanted mice 
(four per group), pooled, and cultured with increas-
ing concentrations of LPS described in Methods. 
TNF-a was measured by ELISA. Data are ex-
pressed as mean6SEM of triplicate wells, shaded 
vs. filled circles. *P , 0.01. (B) Day 6 after BMT, 
mice were bled, and serum was analyzed for TNF-a 
by ELISA. Data are expressed as mean6SEM. 
Shaded vs. filled bars; *P , 0.01. (Allogeneic, n 5 7 
to eight per group; TCD, n 5 4).

Figure 3. BMT with LPS-r donor 
cells reduces GVHD related mortal-
ity (A) and clinical score (B) after 
BMT. (C3FeB6)F1 mice received 
allogeneic LPS-s BMT (filled circle, 
1 3 106 T, n 5 15; filled squares, 
0.25 3 106 T, n 5 22) or LPS-r BMT 
(shaded circles, 1 3 106 T, n 5 20; 
shaded squares, 0.25 3 106 T, n 5 
25), and negative GVHD controls 
received TCD LPS-s BM alone 
(open triangle, n 5 8) as described in 
Fig. 2. (A) Percent survival at two T 
cell doses: shaded vs. filled circles; 
shaded vs. filled squares. Asterisks 
indicate P , 0.01 by Wilcoxon 
signed rank-test. (B) GVHD score 

of surviving animals receiving LPS-s (filled square) and LPS-r (shaded square) BMT with 0.25 3 106 T cells or TCD LPS-s BM alone (open trian-
gle): shaded vs. filled squares; *P , 0.01. T, T cells. Results represent a combination of three separate experiments.
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higher compared with syngeneic controls (P , 0.01). Similarly,
no differences in the in vivo expansion of CD41 or CD81

splenic T cell populations were seen between allogeneic BMT
groups. Donor T cells from recipients of either LPS-r or LPS-s
BMT also showed equal proliferation and IFN-g production
when stimulated with host antigens in vitro as shown in Fig. 4
A. Similar findings were seen with respect to CTL activity (Fig.
4 B); splenocytes harvested after LPS-r or LPS-s BMT demon-
strated equivalent lysis of host type EL-4 (H-2b) tumor targets.
The significant lysis of donor type p 210 (H-2k) tumor targets
suggests NK cell activity as previously described during BMT
(5, 36). Thus, transplantation of cells from LPS-r donors led to
a reduction in GVHD despite equivalent donor T cell reactiv-
ity to host antigens both before and after allogeneic BMT. To
investigate the relationship between T cells and accessory cells
in the donor graft with respect to GVHD severity, irradiated
F1 mice received LPS-s BM together with T cells from either
LPS-s or LPS-r donors. A second group received LPS-r BM
and either LPS-r or LPS-s T cells. As shown in Table II, recipi-

ents of LPS-r BM had increased survival (50 vs. 20%; P 5
0.01) and less severe systemic GVHD (4.160.5 vs. 6.960.8;
P , 0.01) irrespective of donor T cell type. Furthermore, no
differences in GVHD severity were seen after transplantation
with LPS-r BM and T cells compared with BMT with LPS-r
BM, and LPS-s T cells. Taken together, these data demon-
strate that the effects of donor responsiveness to LPS on
GVHD severity reside in the accessory cell compartment of
the donor grafts and are independent of donor T cell responses
to host antigens.

Transplantation of LPS-resistant donor cells results in re-
duced intestinal injury and decreased serum LPS levels after
BMT. Having established equivalent donor T cell responses
to host antigens, we next investigated the mechanism by which
the donor response to LPS might regulate the severity of

Table I. Splenic T Cell Expansion and Serum IFN-g Levels 
Day 6 after BMT

Splenic T cells 3 106

Serum IFN-gCD41 CD81 Total

BMT Group
LPS-s→F1
(allogeneic) n 5 8 1.560.5 7.662.5 9.262.6 64.9612.1
LPS-r→F1
(allogeneic) n 5 8 2.060.4 9.662.8 11.763.1 76.7618.7
F1→F1
(syngeneic) n 5 4 0.960.1* 0.360.1‡ 1.260.1‡ , 0.25‡

Splenocytes and serum were harvested day 6 after LPS-s and LPS-r
BMT and analyzed for T cell surface markers by FACS analysis and
IFN-g by ELISA, respectively, as described in Methods. Recipients of
syngeneic BMT served as negative GVHD controls. Data are expressed
as mean6SD. *P 5 0.02, ‡P 5 0.01; syngeneic vs. both allogeneic groups.

Table II. Donor Accessory Cell Responsiveness to LPS 
Predicts GVHD Severity

TCD BM T cells Survival (d 135) Clinical score (d 135)

LPS-s LPS-s 2/10 7.060.5
LPS-r 2/10 6.860.8
Total/Average 4/20 6.960.4

LPS-r LPS-s 5/10 4.860.6
LPS-r 5/10 3.360.6
Total/Average 10/20* 4.160.5*

(C3F2B6)F1 animals were transplanted as in Fig. 2 and received either
TCD LPS-s or LPS-r BM (n 5 20). Half of each BM group received
splenic T cells from LPS-s donors (n 5 10) and half from LPS-r donors
(n 5 10). Animals were subsequently monitored weekly for survival and
clinical score. Recipients of syngeneic BMT (n 5 4) all survived and
showed no evidence of GVHD at day 35 (data not shown). *P 5 0.01,
recipients of LPS-r BM vs. LPS-s BM.

Figure 4. In vitro T cell responses to host antigens (A) and tumor tar-
gets (B) are equivalent after LPS-s and LPS-r BMT. (C3FeB6)F1 
mice received BMT as in Fig. 2 (filled circle, LPS-s BM 1 T; shaded 
circle, LPS-r BM 1 T; open circle, syngeneic BMT). Splenocytes were 
harvested 6 d after BMT from transplanted animals (four per group), 
pooled, and cultured with irradiated host stimulator cells (A) or tu-
mor targets (B) as described in Methods. (A) Proliferation and IFN-g 
production of splenic T cells to (C3FeB6)F1 antigens in vitro. Values 
for proliferation and IFN-g concentration were normalized for the 
percentage of T cells present in each group as in Fig. 1. IFN-g levels 
were measured at maximum proliferative response (200 3 103 re-
sponders per well). Data are expressed as mean6SEM of triplicate 
wells and represent one of three similar experiments. (B) CTL re-
sponses to host type (circles, EL-4) and donor type (triangles, p210) 
tumor cell lines by chromium release assay. Data are expressed as 
mean6SEM of quadruplicate wells.
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GVHD. Because TNF-a production to LPS was decreased
both in vivo and in vitro, and because TNF-a is known to be an
important inflammatory mediator of gastrointestinal (GI)
GVHD (31, 37), we analyzed whether systemic TNF-a levels
correlated with GI pathology after BMT. As shown in Fig. 5,
A and B, small bowel samples from recipients of TCD BMT
demonstrate reestablishment of normal intestinal architecture
by day 6 after BMT. Low power microscopy (3200) of an H &
E stained section shows normal appearing intestinal villi and
crypts (Fig. 5 A) and higher magnification (3400) demon-
strates normal epithelial cytology and the absence of cellular
infiltrates (Fig. 5 B). By contrast, recipients of LPS-s bone
marrow and T cells developed severe gastrointestinal toxicity.

This injury involved disruptions of the intestinal architecture
including surface erosion, villous blunting, and crypt destruc-
tion (Fig. 5 C) as well as alterations in epithelial cytology such
as single-cell apoptosis and an intense cellular infiltration into
the lamina propria (Fig. 5 D). These findings were incorpo-
rated into a semiquantitative scoring system as described in
Methods. As shown in Fig. 6 A, the mean small bowel pathol-
ogy index was significantly lower day 6 after BMT in mice
transplanted with LPS-r cells compared with animals trans-
planted with cells from LPS-s donors (P , 0.01). Similar differ-
ences between groups were also noted in the large bowel (Fig.
6 B, P , 0.01). Since injury to the intestinal mucosa is critical
for the translocation of LPS into the systemic circulation (9),
we next measured serum endotoxin levels in these same ani-
mals at day 6 after BMT. Recipients of LPS-r BMT had signif-
icantly lower serum endotoxin levels compared with animals
receiving LPS-s BMT (Fig. 6 C, P 5 0.02) underscoring the
functional consequence of the intestinal damage. Endotoxin
was not detected in the serum of animals after TCD BMT con-
sistent with the lack of intestinal pathology observed in these
animals. Regression analysis demonstrated a direct correlation
of serum LPS levels with small bowel damage (Fig. 6 D, P ,
0.01) as well as large bowel injury (data not shown, P , 0.01).
When hepatic injury was evaluated at day 6 after BMT, mean
pathology scores did not differ after LPS-s or LPS-r BMT con-
firming the centrality of GI pathology to overall GVHD sever-
ity. Scores were, however, significantly greater in mice receiv-
ing allogeneic BMT compared with TCD BMT recipients.
(LPS-s 2.360.9 vs. LPS-r 2.861.5 vs. TCD 1.060.1, P 5 0.05).

TNF-a is a significant effector of early intestinal toxicity and
GVHD mortality after BMT. To confirm the role of TNF-a in
the development of intestinal toxicity and systemic GVHD in
this model, we studied the effect of TNF-a neutralization early
in the time course of BMT. Recombinant human TNF recep-
tor:Fc (TNFR:Fc) is a bivalent, soluble form of the TNF-a re-
ceptor bound to the heavy portion of human Ig molecule.
rhTNFR:Fc was administered to (C3FeB6)F1 at a daily dose of
100 mg intraperitoneally on days 22, 21, 0, 11, 12, and then
on alternate days up to and including day 6. The serum half-
life of this agent has been shown to be . 20 h in mice after in-
travenous administration permitting alternate day treatment
(38). Similarly transplanted mice received human IgG as a
control. We assessed the effects of TNF-a blockade on gut
damage, LPS levels, and GVHD mortality after LPS-r BMT
with 1 3 106 T cells. As shown in Fig. 7, A and B, the mean pa-
thology scores in both the small and large bowel were signifi-
cantly lower in mice receiving TNF-a blockade compared with
those generated from similarly transplanted animals receiving
control Ig (P , 0.01). This protective effect of rhTNFR:Fc on
the intestinal mucosa was associated with a significant de-
crease in serum LPS levels (Fig. 7 C, P , 0.05) and translated
into improved survival after BMT with either LPS-r or LPS-s
donor cells (Fig. 8, A and B, P 5 0.01).

Discussion

We have examined the effects of donor responsiveness to LPS
on the development of acute GVHD in an irradiated P→F1
murine BMT system. Our data demonstrate that BMT with
LPS-r donor cells leads to decreased TNF-a production both
in vivo and in vitro (Fig. 2) and ultimately results in a signifi-
cant reduction in systemic GVHD severity (Fig. 3) despite

Figure 5. BMT with LPS-s donor cells results in severe GI tract 
GVHD day 6 after BMT, whereas recipients of TCD BMT demon-
strate reestablishment of normal intestinal architecture. Small bowel 
samples from TCD BMT recipients (A and B) show normal appear-
ing villi and crypts (A) and normal epithelial cytology without cellular 
infiltrates (B). By contrast, recipients of LPS-s BM and T cells devel-
oped severe intestinal toxicity including surface erosion, villous blunt-
ing, and crypt destruction (C) as well as alterations in epithelial cytol-
ogy such as an intense cellular infiltration into the lamina propria (D) 
and single-cell apoptosis (arrows). Original magnification: (A and B) 
3200; (C and D) 3400.



1888 Cooke et al.

equal donor T cell responses to host antigens both before and
after LPS-r or LPS-s BMT (Figs. 1 and 4, Table I). Further-
more, recipients of LPS-r BMT demonstrated decreased intes-
tinal histopathology in both the small and large bowel, a find-
ing that translated into significantly reduced systemic levels of
LPS (Fig. 6). The results of mixing experiments in which LPS-r
T cells were added to BM from LPS-s donors and vice versa
highlighted the importance of donor accessory cells in predict-
ing GVHD severity (Table II). The relationship between LPS,
TNF-a, and GVHD was confirmed by direct cytokine neutral-
ization; TNF-a blockade early in the time course of LPS-r
BMT effectively reduced gut toxicity, serum LPS levels, and
GVHD related mortality (Figs. 7 and 8). Taken together, these
findings demonstrate that donor responsiveness to LPS regu-
lates the severity acute GVHD. This effect is independent of
donor T cell responses to host antigens and is mediated by
TNF-a–induced injury of the GI tract.

Acute GVHD is a frequent and severe complication of al-
logeneic BMT that is dependent upon the ability of donor T

cells to recognize and react to antigenic disparities present in
an immunocompromised host (39). Accordingly, classic risk
factors for GVHD including HLA disparity between donor
and host, sex mismatch, and donor parity all are related to the
T cell component of this process (40, 41). In this light, a num-
ber of in vitro assays have been developed in an effort to pre-
dict the likelihood of developing GVHD (42–45). Host-spe-
cific CTLs have been identified in patients with acute GVHD,
but their presence does not consistently predict GVHD across
minor H antigens (46–48). By contrast, limiting dilution assays
of host-specific precursor CTL- and IL-2–producing p HTL
frequencies have successfully predicted the incidence and se-
verity of acute GVHD after both HLA-matched sibling and
unrelated donor BMT, respectively (43, 49, 50).

The importance of inflammatory cytokine cascades in the
pathogenesis of both clinical and experimental GVHD is now
well accepted (9, 32, 51–53). In particular, TNF-a has been as-
sociated with tissue damage resulting from both BMT-condi-
tioning regimens and the development of acute GVHD (32,

Figure 6. Transplantation of LPS-r donor cells 
results in decreased intestinal damage (A and B) 
and serum LPS levels (C) day 6 after BMT. 
(C3FeB6)F1 mice received BMT with 1 3 106 T 
cells from LPS-s (filled bars) or LPS-r (shaded 
bars) donors as in Fig. 2. Samples of small (A) 
and large (B) bowel were harvested from trans-
planted animals and analyzed using the semi-
quantitative scoring system described in Meth-
ods. Serum was obtained from transplanted 
animals and analyzed for LPS (C) as described 
in Methods. Data are expressed as mean6SEM. 
*P , 0.01. (Gut histopathology, n 57 per group; 
serum LPS, n 5 12 to 14 per group.) (D) Corre-
lation of small bowel histopathology with serum 
LPS levels after LPS-s (n 5 6) and LPS-r (n 5 7) 
BMT. Data points represent path indices vs. se-
rum LPS levels for individual animals.

Figure 7. Neutralization of systemic 
TNF-a from day 22 to day 16 re-
duces intestinal pathology (A and 
B) and serum LPS levels (C) day 6 
after LPS-r BMT. (C3FeB6)F1 mice 
received LPS-r BM with 1 3 106 T 
cells and either rhTNFR:Fc (striped 
bars) or control Ig (shaded bars) as 
described in Methods. Samples of 
small bowel (A) and large bowel (B) 
were harvested from transplanted 
animals and analyzed using the 

semiquantitative scoring system as described in Fig. 6. Serum was obtained from transplanted animals and analyzed for LPS as described in Fig. 
6 (C). Data are expressed as mean6SEM. *P , 0.02, **P , 0.05. (n 5 8 to 13 per group).
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33, 53, 54). Holler et al. (55) have demonstrated that host-
related secretion of TNF-a during pretransplant conditioning
correlated with the subsequent development of severe GVHD
and mortality after BMT. Analysis of clinical risk factors for
enhanced TNF-a responses suggested a role for endogenous
endotoxin and immunogenetic determinants of cytokine acti-
vation (55). The gene encoding TNF-a is located within the
MHC locus on chromosome 6 (56), and inducibility of TNF-a
has been associated with certain HLA class II genotypes (57)
suggesting the existence of inherently high or low TNF-a pro-
ducers within the general population. Recently, a biallelic
polymorphism strongly associated with HLA-DR3 has been
identified in the promoter region of the TNF-a gene (the -308
[G/A] polymorphism of an AP-2 transcription factor binding
site) with the rare TNF-2 (A) allele correlating with enhanced
gene expression (58). When allelic distribution of this poly-
morphism was analyzed in 72 BMT recipients, a clear associa-
tion of the TNF-2 (A) allele with enhanced in vitro TNF-a
production to LPS and the subsequent development of acute
GVHD was noted (59). These reports implicate a role for
TNF-a production by the recipient in predicting the develop-
ment of GVHD; however, studies investigating inflammatory
responses of donor accessory cells in this regard have not been
reported. Using mice that differ genetically in their sensitivity
to LPS as BMT donors, our data demonstrate for the first time
that LPS responsiveness of donor accessory cells can predict
GVHD severity and suggest that TNF-a production to LPS
simulation by donor cells may be a risk factor for the develop-
ment of GVHD independent of donor T cell responses to host
antigens.

The current findings underscore the role of LPS in the
pathogenesis of acute GVHD as suggested by several groups
(4, 9, 60, 61). During acute GVHD, gut epithelial damage in-
duced first by the effects of BMT conditioning and subse-
quently by alloreactive donor T cells allows passage of LPS
from the gut lumen into the circulation. Interestingly, endo-
toxin within the gut lumen can induce local GI epithelial apop-
tosis after irradiation (62). Macrophages primed by IFN-g pro-
duced by activated donor T cells during GVHD release
cytopathic amounts of inflammatory mediators when stimu-
lated by small and normally physiologically insignificant

amounts of LPS (4). TNF-a directly damages the gut epithe-
lium (31, 37) and increased systemic TNF-a levels may amplify
local intestinal injury resulting from activation of gut-associ-
ated lymphocytes and macrophages by LPS (63). These in-
flammatory mechanisms, combined with T cell and NK cell
effectors of allogeneic damage (5, 64, 65), may perpetuate
mucosal damage and the subsequent passage of LPS into the
circulation thus establishing a positive feedback loop for pro-
gressive target organ injury and dysfunction. Our data demon-
strate that a diminished response of donor accessory cells to
LPS reduces the development of GVHD by suppressing this
feedback loop and attenuating the intestinal toxicity mediated
by TNF-a.

These results also suggest that methods that modify or pre-
vent early LPS–macrophage interaction may effectively de-
crease GVHD toxicity after BMT. Several laboratories have
demonstrated that maneuvers, which alter the cytokine pro-
duction by donor cells to host alloantigens, can prevent the en-
hanced macrophage sensitivity to LPS and the associated mor-
tality that occurs during experimental acute GVHD (4, 18, 66).
Similarly, agents such as IL-11, which reduce the inflammatory
response of activated macrophages to LPS (67), can have ben-
eficial effects when used during allogeneic BMT (68). Data
from both experimental and clinical studies examining the ef-
fects of gut decontamination on GVHD also support the criti-
cal role of LPS to the inflammation of GVHD (69–72). In the
clinical setting, gram-negative gut decontamination, a current
practice in a large number of transplant centers, has been
shown to reduce GVHD (71, 72). The magnitude of this effect
is small, however, and limited by issues of poor patient compli-
ance and organism resistance to antibiotics; endotoxemia re-
mains common after BMT, even with gut decontamination,
and occurs in association with biochemical parameters of gut
damage (73). Alternatively, preservation of GI tract integrity
by administration of cytokines such as IL-11 early in the time
course of allogeneic BMT effectively reduced systemic LPS
levels and significantly attenuated GVHD severity in an exper-
imental model (68).

In conclusion, we have found that donor resistance to LPS
significantly reduces the severity of acute GVHD after alloge-
neic BMT and that attenuation of early, TNF-a–mediated, in-

Figure 8. Neutralization of systemic 
TNF-a from day 22 to day 16 im-
proves survival after LPS-r (A) or 
LPS-s (B) BMT. (A) (C3FeB6)F1 
mice received LPS-r BM with 1 3 
106 T cells and either rhTNFR:Fc 
(striped circles), n 5 10 or control Ig 
(shaded circles), n 5 8, and (B) 
(C3FeB6)F1 mice received LPS-s 
BM with 1 3 106 T cells and either 
rhTNFR:Fc (striped circles), n 5 10 
or control Ig (filled circles), n 5 8 as 
described in Fig. 7. Negative GVHD 
controls received TCD LPS-s BM 
alone and control Ig (triangles), n 5 
4. Striped vs. shaded circles and 
striped vs. filled circles, P 5 0.01 by 
Wilcoxon signed rank-test.
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testinal toxicity is responsible for this effect. Our data suggest
that the responsiveness of donor accessory cells to LPS can
predict the severity of experimental GVHD and may have at
least two potential clinical applications. First, extension of
these experimental studies to the clinic could provide func-
tional data, which when combined with other predictors of
GVHD, may prove useful in generating a composite GVHD
risk score for each BMT donor-recipient pair. Second, novel
methods that reduce cellular responses to LPS may be effec-
tive adjuncts to standard GVHD prophylaxis. The efficacy of
systemic LPS inactivation by neutralizing proteins has been
demonstrated in other inflammatory systems (74–77) and
should now be studied in GVHD. Experiments are planned
that will examine the effects of such soluble LPS antagonists in
this system. In either case, the ability to predict and or attenu-
ate inflammatory cytokine profiles during BMT could allow
investigators to reduce GVHD by limiting the antigen nonspe-
cific inflammatory component of GVHD without interfering
with the antigen-specific response; thus, eventual separation of
the beneficial graft-versus-leukemia effect from the toxicities
of acute GVHD may be achieved.
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