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Summary

Immunodeficient non-obese diabetic (NOD)-severe combined immune-
deficient (scid) mice bearing a targeted mutation in the gene encoding the
interleukin (IL)-2 receptor gamma chain gene (IL2ry™") engraft readily with
human peripheral blood mononuclear cells (PBMC). Here, we report a robust
model of xenogeneic graft-versus-host-like disease (GVHD) based on intrave-
nous injection of human PBMC into 2 Gy conditioned NOD-scid IL2ry™"
mice. These mice develop xenogeneic GVHD consistently (100%) following
injection of as few as 5 X 10° PBMGC, regardless of the PBMC donor used. As in
human disease, the development of xenogeneic GVHD is highly dependent on
expression of host major histocompatibility complex class I and class II mol-
ecules and is associated with severely depressed haematopoiesis. Interrupting
the tumour necrosis factor-¢. signalling cascade with etanercept, a therapeutic
drug in clinical trials for the treatment of human GVHD, delays the onset and
progression of disease. This model now provides the opportunity to investi-
gate in vivo mechanisms of xenogeneic GVHD as well as to assess the efficacy
of therapeutic agents rapidly.
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Introduction

Transplantation of haematopoietic stem cells (HSC) is a
potential curative therapy for a variety of human diseases,
including hereditable diseases of the blood, metabolic disor-
ders, autoimmune diseases and cancer [1-5]. Although HSC
transplantation has been used successfully for treatment of
these disorders, it is not without risk. The most common
complication is the development of graft-versus-host disease
(GVHD) [6]. The development of acute GVHD is the most
prevalent cause of morbidity in allogeneic HSC transplant
recipients and accounts for up to 40% of the mortality in
these patients. Additionally, up to 50% of surviving HSC-
transplant patients will be affected by chronic GVHD [7].
A small animal model that mimics accurately the clinical
presentation of GVHD would aid in the development of
improved therapeutics and provide a tool for investi-
gating the underlying mechanisms involved in disease
pathogenesis.

Creating a small animal model of the human immune
system by injecting human peripheral blood mononuclear
cells (PBMC) into immunodeficient mice based on the

CB17-severe combined immunedeficient (scid) mouse was
first reported in 1988, but engraftment was low (reviewed in
[8]). Although the non-obese diabetic (NOD)-scid mouse
described in 1995 led to improved human cell engraftment,
the level of engrafted human cells following intraperitoneal
injection remained suboptimal (typically 0-1-5%), highly
variable, and only poor engraftment was observed following
intravenous injection of PBMC [9]. Neither CB17- nor
NOD-scid mice engrafted with human PBMC provided a
reproducible model of xenogeneic GVHD.

To improve human PBMC engraftment several groups
have targeted natural killer (NK) cells, which are a major
obstacle to human PBMC engraftment [10-13]. An H2¢
mouse deficient in both the recombination activating 2 gene
(Rag2™") and an interleukin-2 receptor Y common chain
targeted mutation (IL2ry™"), which completely ablates NK
cell activity [8], showed improved engraftment compared
with NOD-scid mice. However, even extensive precondition-
ing of the recipient with total body irradiation and macroph-
age depletion using chlodronate-containing liposomes did
not eliminate the variability in human PBMC engraftment
and the development of xenogeneic GVHD [12].
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A second approach to inhibit the maturation of NK cells
was based on NOD-scid mice genetically deficient in beta-2
microglobulin (f2m™") [13]. In the absence of 2m, no
host major histocompatibility complex (MHC) class I is
expressed and NK cell numbers as well as activity are severely
depressed [13]. NOD-scid 32m™" mice support higher levels
of human PBMC engraftment and develop symptoms of
xenogeneic GVHD without the requirement for macrophage
depletion. However, retro-orbital injection of human T lym-
phocytes into lightly irradiated NOD-scid f2m"™" mice pro-
duced xenogeneic GVHD in only 59% of the animals,
whereas PBMC injected intravenously (i.v.) via the tail vein
resulted in only transient engraftment and failed to induce
xenogeneic GVHD [13]. A third approach has used C57BL/
6-Rag2"" IL2ry™" mice treated with clondronate-containing
liposomes and 4 Gy irradiation, and this model system has
been used to examine the in vivo function of human regula-
tory T cells [14].

We have reported recently the development of NOD-scid
IL2ry™" mice [15]. A deficiency in the IL2ry gene leads to
severe defects in innate immunity [15] and a complete lack
of NK cells [16]. We demonstrated recently that NOD-scid
IL2ry™" mice engraft readily with high numbers of human
PBMC following intravenous injection of as few as
5-10 x 10° cells [17]. These PBMC were capable of rejecting
human islet allografts within 7-15 days, but between 30 and
45 days after PBMC transfusion we observed the develop-
ment of GVHD-like symptoms [17].

Here, we report a human into mouse model of xenogeneic
GVHD based on intravenous injection of human PBMC into
lightly irradiated NOD-scid IL2ry™" mice. These mice
develop xenogeneic GVHD consistently (100%) following
injection of as few as 5 x 10° PBMC, regardless of the PBMC
donor used. The development of xenogeneic GVHD in this
model is highly dependent on host expression of MHC and
is associated with severely depressed haematopoiesis. Inter-
rupting the tumour necrosis factor (TNF)-o signalling
cascade with etanercept, a therapeutic drug in clinical trials
for human GVHD, delays the onset and progression of
disease.

Materials and methods

Animals

NOD.CBI17-Prkdc* (NOD-scid), NOD.Cg-
PrkdceI2rg™"/Sz] ~ (NOD-scid ~ IL2ry™"), NOD.Cg-
PrkdcI12rg™™1B2m"™ V" (NOD-scid  IL2ry™"'B2m™"),

NOD.Cg-PrkdcI12rg" " H2-Ab1"""/Sz  (NOD-scid Ab°
IL2ry™"), NOD.Cg-Prkdc™ B2m"™'V* (NOD-scid f2m™"),
NOD.Cg-Prkdc® H2-Ab1"<"/Sz, (NOD-scid Ab°) and
NOD.Cg-Prkdc®  B2m"™V*  H2-Ab1"™“"/Sz (NOD-scid
B2m™" AB™") mice were obtained from colonies developed
and maintained by L. D. S. at The Jackson Laboratory (Bar
Harbor, ME, USA).

GVHD in Hu-PBL-NOD-scid IL2ry™" mice

The NOD.Cg-Prkdc“II2rg™ " " B2m"™"/Sz (NOD-scid
IL2ry™"B2m ™"y genetic stock was developed by first crossing
NOD-scid/scid IL2ry™" females with NOD-scid/scid B2m™"
males. All the F, male offspring from this cross were NOD-
scid IL2ry™"/Y +/B2m™". These F, males were then back-
crossed to NOD-scid/scid IL2ry™" females. The NOD-scid/
scid IL2ry™" +/B2m™" female offspring were crossed to their
NOD-scid/scid IL2ry™"/Y +/B2m™" siblings. The NOD-scid/
scid IL2ry™" B2m™" offspring were intercrossed to establish
this strain.

The NOD.Cg-PrkdcI12rg" " H2-Ab1""1“*/Sz (NOD-scid
Ab° IL2ry™") genetic stock was developed by first crossing
NOD-scid/scid IL2ry™" females with NOD-scid/scid Ab°
males. All the F; male offspring from this cross were NOD-
scid/scid IL2ry™"/Y +/Ab°. These F, males were then back-
crossed to NOD-scid/scid IL2ry™" females. The NOD-scid/
scid IL2ry™" +/Ab° female offspring were crossed to their
NOD-scid/scid IL2ry™"/y +/Ab° siblings. The NOD-scid/scid
IL2ry™" Ab° offspring were intercrossed to establish this
strain.

All animals were housed in a specific pathogen-free
facility in microisolator cages, given autoclaved food
and maintained on acidified autoclaved water and
sulphamethoxazole—trimethoprim medicated water (Gold-
line Laboratories, Fort Lauderdale, FL, USA) [18] provided
on alternate weeks. All animal use was in accordance with the
guidelines of the Animal Care and Use Committee of the
University of Massachusetts Medical School and The Jackson
Laboratory and conformed to the recommendations in the
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Council,
National Academy of Sciences, 1996).

Collection of human PBMC

Human PBMC were obtained from healthy volunteers and
blood donors under signed informed consent in accordance
with the Declaration of Helsinki and approval from the
Institutional Review Board of the University of Massachu-
setts Medical School. PBMC were collected in heparin and
purified by Ficoll-Hypaque density centrifugation and sus-
pended in RPMI-1640 for injection into mice at the cell
doses indicated.

Xenogeneic GVHD protocol

The NOD-scid IL2ry™" mice were irradiated with 2 Gy
unless indicated otherwise and injected i.v. 4 h later with
various doses of PBMC. In all experiments, mice were
weighed two to three times weekly, and the appearance of
xenogeneic GVHD-like symptoms including weight loss
(>15%), hunched posture, ruffled fur, reduced mobility and
tachypnoea was used to determine time of euthanasia and is
indicated as time of survival.
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Antibodies and flow cytometry

Fluorescein isothiocyanate-conjugated anti-human CD8
(clone HIT8a), phycoerythrin-conjugated anti-human
CD4 (clone RPA-T4), peridinin chlorophyll-conjugated
anti-mouse Ly5 (clone 30-F11), allophycocyanin-conjugated
anti-human CD45 (clone H130), Alexa Fluor 700-conjugated
anti-human CD3 (clone UCHT1) and anti-mouse CD16/32
(clone 2.4G2) monoclonal antibody (mAb) were obtained
from BD Pharmingen (San Jose, CA, USA). Alexa Fluor 405-
conjugated anti-human CD20 (clone 2H7) was obtained
from AbD-Serotec (Oxford, UK).

At times indicated in the text, single-cell suspensions of
spleens or bone marrow flushed from the femurs and tibias
were prepared in RPMI-1640 and washed in phosphate-
buffered saline containing 0-1% sodium azide (Sigma-
Aldrich, St Louis, MO, USA) and 1% fetal bovine serum
(HyClone, Logan, UT, USA). Blood was collected into ethyl-
enediamine tetraacetic acid.

Blood or single-cell suspensions of splenocytes or bone
marrow were incubated with anti-CD16/32 for 5 min at
4°C to block non-specific Fc binding. Antibodies at the
appropriate dilutions, as determined by previous titration
against human or mouse lymphocytes, were incubated with
10° spleen or bone marrow cells or 100 ul of blood
for 30 min at 4°C. Labelled spleen or bone marrow cells
were washed and fixed with 1% paraformaldehyde (Poly-
sciences, Warrington, PA, USA) in phosphate-buffered
saline. Blood samples were processed with fluorescence
activated cell sorter lysing solution (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s protocol.
At least 20 000 events were acquired with an LSRII instru-
ment (BD Biosciences, San José, CA, USA) and analysed
using FlowJo Software (Mac version 8-2; Tree Star, Ashland,
OR, USA).

For all analyses, anti-mouse CD45 staining was performed
to exclude murine host cells from analysis, and only human
CD45" cells that were mouse CD45-negative were included
in the analyses [19]. Matching isotype antibodies were used
as negative controls, and the reported values have been cor-
rected using these isotype control values [20]. Levels of
human CD457 cells reaching =0-1% in the blood and =1-0%
in the spleen at 4 weeks were considered as successfully
engrafted mice [18,20-22].

Human cytokine production

The NOD-scid IL2ry™" mice received 2 Gy total body irra-
diation using a Gammacell 40 (Atomic Energy of Canada,
Ottawa, Canada) 4 h prior to receiving intravenous injec-
tions via the tail vein of 20 x 10° human PBMC. Plasma
samples were prepared from blood collected in ethylenedi-
amine tetraacetic acid 1, 4 and 24 h after PBMC injection.
Plasma samples were stored at —80°C until use. The Human
Inflammatory Cytokine Cytometric Bead Array kit (BD

Bioscience) was used to determine the plasma concentration
of human cytokines.

Mixed lymphocyte culture

Single-cell suspensions of spleens were recovered from
NOD-scid, NOD-scid-f2m™", NOD-scid Ab° or NOD-scid
B2m™" Ab° mice. Red blood cells were lysed with hypotonic
ammonium chloride lysing solution, and the cells were
washed, suspended at 10 x 10° cells/ml, exposed to 20 Gy
Cs radiation using a Gammacell 40 (Atomic Energy of
Canada) and used as stimulator cells.

Murine stimulator cells (5 x 10° in 500 pl) were added to
each well of a 24-well tissue culture plate (Falcon, Becton
Dickinson Labware, Lincoln Park, NJ, USA). Responder
human PBMC were labelled with 1 um carboxyfluorescein
succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR,
USA) [23]. Labelled responder cells (1 x 10° in 500 ul of
medium) were added to triplicate wells containing murine
stimulator cells, and the plates were incubated for 7 days at
37°C in a humidified atmosphere of 95% air and 5% CO,.
Cells were harvested, stained for cell surface markers and
analysed with an LSRII instrument (BD Biosciences). Mod-
Fit software (Verity, Topsham, ME, USA) was used to deter-
mine precursor frequency.

Haematological analyses

Haematological analyses of peripheral blood collected in
heparin were performed on three cohorts of NOD-scid
IL2ry™" mice: (i) untreated mice, (ii) mice given only 2 Gy
16-17 days prior to analysis; and (iii) mice given 2 Gy and
injected i.v. with 5 x 10° human PBMC 1617 days prior to
analysis. All analyses were performed on a CBC-Diff Veteri-
nary Hematology System (Heska, Fort Collins, CO, USA).

Histopathological analyses

Tissues were recovered from mice at necropsy, fixed in
10% buffered formalin and processed for histology and
immunohistology, as described previously [24]. Bones were
decalcified and histological sections were prepared. Immu-
nohistochemical staining was performed with mAbs specific
for human CD45 using a DakoCytomation EnVision Dual
Link system implemented on a Dako Autostainer Universal
Staining System (Dako, Glostrup, Denmark). The sections
were counterstained with haematoxylin.

Statistics

All measures of variance are presented as standard deviation.
Significance of difference of independent means was assumed
for P-values of <0-05. Comparisons of two means used the
independent samples t-test and comparisons of three or more
means used one-way analyses of variance. Survival curves
were generated by the Kaplan—-Meier method. The equality of
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allograft survival distributions for animals in different treat-
ment groups was tested using the log rank statistic. Duration
of survival is presented as the median. All statistical analysis
was performed using GraphPad Prism software (Graphpad
Software, San Diego, CA, USA), and values of P < 0-05 are
considered to indicate statistical significance.

Results

Low-dose irradiation accelerates xenogeneic GVHD in
NOD-scid IL2ry"" mice injected with human PBMC

The NOD-scid IL2ry™" mice engrafted with human PBMC
develop a gradual weight loss and exhibit hunched posture,
anaemia, decreased mobility and ruffled fur, symptoms that
are consistent with xenogeneic GVHD [25]. A recently
reported human PBMC into H2¢-Rag2™" IL2ry™" mouse
model required total body irradiation and host macrophage
depletion for expression of xenogeneic GVHD [26]. Because
unconditioned NOD-scid IL2ry™" mice engraft at higher
levels with human PBMC than do BALB/c-Ragl™" IL2ry™"
mice [27] and eventually develop xenogeneic GVHD [17],
we first asked whether low-dose irradiation would accelerate
the onset and progression of xenogeneic GVHD in NOD-
scid IL2ry™" mice.

The NOD-scid IL2ry™" mice given 2 Gy of total body
irradiation and injected i.v. via the tail vein with 20 x 10°
human PBMC develop accelerated weight loss and xenoge-
neic GVHD leading to decreased survival compared with
mice that received PBMC in the absence of irradiation pre-
conditioning [Fig. 1a; median survival time (MST) = 11 days
versus MST = 34 days respectively; P < 0-0001]. As expected,
2 Gy irradiation had no effect on survival of mice not
injected with human PBMC (Fig. 1a). To determine if weight
loss was a sensitive predictor of xenogeneic GVHD, irradi-
ated and non-irradiated NOD-scid IL2ry™" mice were
injected with 20 X 10° human PBMC and weighed three
times weekly for approximately 6 weeks. We found that
weight loss was correlated strongly with poor survival in
mice engrafted with human PBMC (Fig. 1b).

We next determined if the increased weight loss and accel-
erated development of xenogeneic GVHD in irradiated hosts
was due to increased human T cell engraftment. We observed
that 2 Gy irradiation increased significantly the percentage of
human CD45" cells in the bone marrow, spleen and blood of
NOD-scid IL2ry™" mice when analysed at 13 or 14 days after
PBMC injection (Fig. 2a—c). Although the percentages of
human T cells were increased in irradiated hosts compared
with non-irradiated hosts, only slight alterations in the ratio
of CD4 : CD8 T cells was observed (Fig. 3a—c).

Infiltration of human CD45* cells in peripheral tissues

Previous reports have described infiltration of human cells
into various tissues of immunodeficient mice developing

GVHD in Hu-PBL-NOD-scid IL2ry™" mice
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Fig. 1. Sublethal irradiation accelerates xenogeneic graft-versus-host
disease (GVHD) in Hu-peripheral blood mononuclear cells (PBMC)
non-obese diabetic (NOD)-severe combined immunedeficient (scid)
IL2ry"™" mice. NOD-scid IL2ry™" mice received either 2 Gy irradiation
(solid line, n = 7), 20 X 10° human PBMC intravenously (i.v.) [dashed
line, median survival time (MST) = 34 days, n =8, 3 PBMC donors]
or 2 Gy irradiation followed by PBMC (dotted line, MST =11, n =13,
three PBMC donors). (a) Survival of irradiated, PBMC-injected mice
was significantly shorter than that of non-irradiated mice receiving
PBMC (P < 0:0001). (b) The average weight is shown as a percentage
of starting weight. Each data point represents the mean = 1 standard
deviation. The numbers on the graph indicate the number of mice
remaining alive in the irradiation, PBMC treatment group at each

time-point.

xenogeneic GVHD-like symptoms [12]. We next examined
histologically the spleen, lung, liver, duodenum, skin and
tongue of mice developing clinical symptoms of xenogeneic
GVHD. Human CD45" cells were detected in the spleen,
lung, liver and duodenum (Fig. 4), with lower numbers
detected in the tongue and skin (data not shown). The spleen
exhibited extensive infiltration of human CD45" mono-
nuclear cells. In the liver there are multifocal aggregates of
human CD45" mononuclear cells, primarily within peripor-
tal regions but also scattered throughout the hepatic
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Fig. 2. Sublethal irradiation facilitates engraftment of human
peripheral blood mononuclear cells (PBMC) in Hu-PBMC non-obese
diabetic (NOD)-severe combined immunedeficient (scid) IL2ry™"
mice. NOD-scid IL2ry™" mice received were either non-irradiated or
treated with 2 Gy irradiation 4 h prior to intravenous injection of 5,
10 or 20 million PBMC performed as described in Materials and
methods. The percentage of human CD45" cells in the bond marrow
(a), spleen (b) and peripheral blood (c) is shown. Significant
differences are noted in the figures. Each symbol represents an
individual mouse. Results are compiled from three different
experiments using three different PBMC donors. Horizontal lines
represent the median of the values for each group. *P < 0-01;

**P < 0-001; ***P < 0-0001.

parenchyma. Occasionally, these aggregates were associated
with piecemeal hepatocellular necrosis. The lungs showed
minimal multifocal aggregates of CD45" human mono-
nuclear cells expanding the alveolar septa. The lamina
propria of the duodenum was expanded mildly by infiltrates
of CD45" human mononuclear cells (Fig. 4).

No mononuclear infiltrates were seen in mice that were
treated with 2 Gy radiation only (Fig. 4b, upper panels). In
contrast, in one long-term surviving mouse treated with
etanercept (see Materials and methods), a loss of fur was
observed and there was a bandlike infiltrate along the
dermal-epidermal junction comprised of human CD45*
mononuclear cells (Fig. 4b, lower panels).
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Fig. 3. Sublethal irradiation induces only slight alterations in the
CD4: CD8 T cell ratios of the cells that engraft in Hu-peripheral
blood mononuclear cells (PBMC) non-obese diabetic (NOD)-severe
combined immunedeficient (scid) IL2ry"™" mice. NOD-scid IL2ry™"
mice shown in Fig. 2 were analysed for the percentages of CD4 and
CD8 T cells by flow cytometry, as described in Materials and methods.
The ratio of human CD4 : CD8 T cells in the bond marrow (a), spleen
(b) and peripheral blood (c) is shown. Significant differences are
noted in the figures. Each symbol represents an individual mouse.
Results are compiled from three different experiments using three
different PBMC donors. Horizontal lines represent the median of the
values for each group. **P < 0-001; ***P < 0-0001.
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Fig. 4. Infiltration of tissues with human cells in peripheral blood
mononuclear cells (PBMC)-engrafted non-obese diabetic
(NOD)-severe combined immunedeficient (scid) IL2ry™" mice. (a)
Human CD45" cells were detected in the spleen, lung, liver and small
intestine of NOD-scid IL2ry"™" mice that were treated with 2Gy
irradiation followed by intravenous injection of 5 x 10° human
PBMC, 400x. (b) Upper panels: truncal skin from NOD-scid IL2ry™"
mice 50 days after treatment with 2 Gy only. The skin shows normal
structure. There were no human CD45" mononuclear cells present.
Lower panels: truncal skin from NOD-scid IL2ry"" mouse 63 days
after irradiation with 2 Gy, injection with 5 x 10° human PBMC, and
repeated doses of etanercept as described in Materials and methods.
Infiltrate of lymphocytes is present at the dermal epidermal junction.
Arrows point to human cell infiltration.

Kinetics of xenogeneic GVHD development is
dependent on inoculum cell dose

We have observed previously that as few as 5 x 10° PBMC
result consistently in engraftment in non-irradiated NOD-
scid IL2ry™" mice [17]. To determine the effect of cell dose
on disease development, we injected 5x 105 10X 10° or
20 x 10° human PBMC i.v. into 2 Gy irradiated mice. There

GVHD in Hu-PBL-NOD-scid IL2ry™" mice

was a strong correlation between the MST and cell dose
(Fig. 5; MST = 22 days, 17 days and 12 days respectively). All
cohorts of mice given even low dose of 5% 10° PBMC from
different donors developed xenogeneic GVHD.

Haematopoietic hypoplasia in PBMC-engrafted mice
developing xenogeneic GVHD

Haematopoietic hypoplasia has been observed in mice
[28-30] and humans [31] that develop GVHD. To determine
if haematopoietic hypoplasia also occurred in NOD-scid
IL2ry™" mice developing xenogeneic GVHD following
engraftment of human PBMC, haematological analyses were
performed on peripheral blood. In untreated mice, the hae-
matocrit, haemoglobin, red blood cell count and platelet
counts were within normal range and were slightly but sig-
nificantly higher than values observed in mice treated with
only 2 Gy irradiation 16-17 days earlier (Fig. 6). In contrast,
by day 16 after irradiation and injection of 5 10° human
PBMC, severely depressed haematopoiesis was readily appar-
ent (Fig. 6).

Histologically, mice irradiated with 2 Gy and engrafted
with human PBMC showed widespread diffuse necrosis of
haematopoietic tissue in the medullary cavity of femurs
(Fig. 7a), ribs and vertebral bodies (not shown). Haemato-
poietic tissue in the bone marrow cavities was replaced by
microhaemorrhages, abundant fibrin strands and necrotic
debris. Remaining erythroid and myeloid cells often had
pyknotic nuclei and were undergoing necrosis with occa-
sional intact mononuclear cells admixed within the necrotic
debris. Human CD45" staining of the femur showed numer-
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Fig. 5. Xenogeneic graft-versus-host disease (GVHD) progression is
dependent on peripheral blood mononuclear cells (PBMC) cell dose.
Survival of non-obese diabetic (NOD)-severe combined
immunedeficient (scid) IL2ry™" mice that received 2 Gy irradiation
prior to injection of 20 X 10° [solid line, median survival time
(MST) = 12 days, n = 18, four PBMC donors], 10 x 10° (dashed line,
MST = 17 days, n = 11, four PBMC donors) or 5 x 10° (dotted line,
MST =22 days, n = 8, three PBMC donors), human PBMC
intravenously (i.v.).
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ous intact positive staining mononuclear cells scattered
throughout the medullary cavity (Fig. 7b). Mice treated with
2 Gy of irradiation alone (Fig. 7c and d) and untreated mice
(Fig. 7e and f) showed normal bone marrow morphology.
No cells staining with anti-human CD45 antibody were
present within the medullary cavity of mice not injected with
PBMC.

Murine MHC stimulates human PBMC proliferation
in vitro

It has been hypothesized that human CD4" T cell expansion
in immunodeficient mice is driven by human anti-mouse
MHC class II reactivity [32]. However, in previous models
using CB17-scid or NOD-scid mice, CD8" rather than CD4"
T cells predominate in the engrafted recipient [20-22], sug-
gesting a strong reactivity to host MHC class I. Both CD4*
and CD8" T cells engraft at high levels in NOD-scid IL2ry™"
mice [17], suggesting that reactivity to mouse MHC class I as
well as class II may occur.

To investigate the role of host MHC in the development of
xenogeneic GVHD in mice given human PBMC, we first
determined the percentage of human T cells that proliferate
in vitro in response to murine MHC class I and class II
molecules using a CFSE-based assay that analysed human T
cell proliferation in response to cells from NOD-scid mice
that were genetically deficient in MHC class I or class II
molecules.

As expected [32], a lower proportion of human CD4" cells
proliferated in response to NOD-scid Ab° and NOD-scid
B2m™" Ab° (both MHC class II-deficient) splenocytes com-
pared with NOD-scid splenocytes (P =0-025 and 0-05
respectively, Fig. 8a, left panel). In contrast, a lower propor-
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tion of human CD8" cells proliferated in response to NOD-
scid B2m™" and NOD-scid f2m™" Ab* (both MHC class
I-deficient) splenocytes compared with NOD-scid spleno-
cytes (both P=0-025, Fig. 8a, right panel). These data
suggest that much but not all proliferation of human T cells
engrafted into immunodeficient NOD-scid mice is in
response to stimulation by host MHC class I and class II
molecules.

Recognition of host MHC drives the development of
xenogeneic GVHD

Based on this observation, we hypothesized that NOD-scid
IL2ry™" mice lacking MHC class I or class II expression
would exhibit delayed development of xenogeneic GVHD.
To test this, MHC class I-deficient NOD-scid IL2ry""B2m"™"
or MHC class II-deficient NOD-scid IL2ry™" Ab° mice were
irradiated with 2 Gy and injected with 5x 10° human
PBMC. NOD-scid-IL2ry™" Ab* mice appeared to be highly
susceptible to GVHD, although disease progression was
slightly but significantly delayed compared with that
observed in NOD-scid IL2ry™" mice expressing both MHC
molecules (Fig. 8b, MST =22 versus 21 days respectively,
P=0-02). In contrast, NOD-scid IL2ry"™"B2m"™" mice were
relatively resistant to disease development (MST = 44 days),
a survival time which was significantly longer than that
observed in NOD-scid IL2ry™" Ab° (P=0-001) and NOD-
scid IL2ry™" (P < 0-0001) mice.

We next analysed the levels of human CD45" cell engraft-
ment in the blood at the time of euthanasia in animals exhib-
iting xenogeneic GVHD. Decreased human CD45" cell
engraftment was observed in both NOD-scid IL2ry""B2m"™"
mice (13:9 * 6:9%, P<0-01) and NOD-scid IL2ry™" Ab°
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Fig. 7. Femur medullary cavities of human peripheral blood

mononuclear cells (PBMC) recipients and control mice. Histological
analyses of bone marrow from non-irradiated non-obese diabetic
(NOD)-severe combined immunedeficient (scid) IL2ry™" mice, or
from mice necropsied at 16-17 days after treatment with either 2 Gy
irradiation alone or 2 Gy irradiation followed by an intravenous
injection of 5 x 10° PBMC as described in Materials and methods.
(a,c,e) Haematoxylin and eosin; (b,d,f) human CD45
immunoperoxidase staining, x400. (a,b) Mouse treated with 2 Gy and
injected with human PBMC. Bone marrow shows diffuse severe
necrosis of haematopoietic components. Human CD45" cells are
present throughout the medullary cavity. (c,d) Mouse treated with 2
Gy without PBMC engraftment. Bone marrow medullary
compartment appears largely intact. No human CD45" cells are
present. (e,f) Untreated mouse exhibiting normal bone marrow. No
human CD45" cells are present.

mice (181 = 8:3%, P < 0-01) compared with mice express-
ing both MHC molecules (53:6 = 4-4%, Fig. 8c). Surpris-
ingly, levels of human CD45" cell engraftment between the
mice deficient in MHC class I and MHC class II were not
significantly different (P = not significant). As expected, we
observed that NOD-scid IL2ry™" B2m™" mice have signifi-
cantly higher CD4: CD8 ratios in spleen (P=0-02) and
bone marrow (P < 0-01) than the other two strains (Fig. 8d).

Soluble TNF-o. receptor delays progression of
xenogeneic GVHD

The TNF-o. has been reported to have an important role in
the pathogenesis of GVHD [33-36]. In Phases I and II clini-
cal trials, anti-TNF-o. antibody treatment decreased the
severity of disease [37]. Similarly, blocking TNF-o. with etan-
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ercept (Enbrel®, Immunex Corp., Thousand Oaks, CA, USA;
a soluble TNF-o decoy receptor) as part of a GVHD treat-
ment regimen was shown to be efficacious [38].

To determine if etanercept would delay or prevent xenoge-
neic GVHD in our model system, we first treated NOD-scid
IL2ry™" mice with two doses of etanercept injected intra-
peritoneally prior to irradiation and intravenous injection
of 20 x 10° human PBMC. Pretreatment with etanercept
increased significantly the survival of mice from a MST of
12-16 days, with one mouse surviving to day 41 (Fig. 9a,
P <0-001). To determine if a more aggressive drug regimen
would prolong survival further, mice were injected with etan-
ercept every 3 days following injection of 20 X 10° human
PBMC in addition to the pretreatment dosing. This dosing
regimen increased survival (MST =23 days) significantly
over the two-dose regimen (Fig. 9a, P = 0-01). For all groups,
weight loss correlated consistently with disease progression
(Fig. 9b).

Etanercept-dependent disease prevention at lower
PBMC doses

Injection of 20 x 10° human PBMC leads consistently to a
robust xenogeneic GVHD, with no mouse surviving past day
25 (Fig. 9a). Although there was no significant improvement
in survival with the two-dose etanercept pretreatment, the
repeated-dose etanercept treatment increased survival sig-
nificantly compared with mice receiving only 5 x 10° PBMC
(P <0-001) or the two-dose treatment (Fig. 10a, P = 0-034).
Interestingly, three of 25 mice that were pretreated with the
two doses of etanercept as well as six of 24 mice that received
repeat doses of etanercept survived to the end of the observa-
tion period.

One possible mechanism by which etanercept could
delay disease development would be to reduce human
PBMC engraftment. We observed that the percentage of
human CD45" cells 14 days after irradiation with 2 Gy and
injection of 5x 10° human PBMC was decreased signifi-
cantly in the peripheral blood (P <0:0001), spleen
(P<0-0001) and bone marrow (P < 0-0001) in mice given
either etanercept dosing regimen compared with non-drug-
treated mice (Fig. 10b).

A second possible mechanism by which etanercept modu-
lates xenogeneic GVHD in this model could be the reduction
of bioavailable human TNF-o. Plasma levels of human
TNF-0. in mice that received PBMC alone were low
(Fig. 10c). Human TNF-a. levels in mice treated with etan-
ercept were not statistically different from mice given
PBMC without drug treatment at 1 (12:7 = 12-4 versus
7-2 = 6-4 pg/ml; n =6, P =0-39) or 4 h post-PBMC injection
(22-4 * 14-8 versus 9-5 = 14-6 pg/ml; P = 0-2). Surprisingly,
24 h after PBMC injection, plasma levels of human TNF-o
were increased significantly in etanercept-treated mice com-
pared with mice that received PBMC alone (33-9 * 151
versus 9-4 * 16-0 pg/ml; P < 0-05, Fig. 10c).
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Fig. 8. Human peripheral blood mononuclear cells (PBMC) xenoreactivity to mice deficient in major histocompatibility complex (MHC) class I
and class II. (a) Carboxyfluorescein succinimidyl ester (CFSE)-labelled human PBMC were cultured alone or in the presence of antigen-presenting
cell splenocytes obtained from non-obese diabetic (NOD)-severe combined immunedeficient (scid) , NOD-scid 2m™", NOD-scid AB™" or
NOD-scid B2m™" AB"™" mice for 7 days. The precursor frequency index is shown of one experiment representative of three independent
experiments (= 1 standard deviation). (b) Survival of NOD-scid IL2ry"" [dashed line, median survival time MST = 21 days, n = 21, six PBMC
donors], NOD-scid IL2ry""AB™" (solid line, MST = 22 days, n = 23, six PBMC donors) and NOD-scid IL2ry""B2m™" (dotted line, MST = 465 days,
n =10, four PBMC donors) following 2 Gy irradiation and intravenous injection of 5 X 10° cells. (c) Engraftment of human CD45" cells in the
peripheral blood of mice at time of killing. (d) Ratio of the percentage of human CD4": human CD8" cells recovered from the peripheral blood,
spleen and bone marrow of mice at time of killing. Each symbol represents an individual mouse. Horizontal lines represent the mean of the values
of each group.
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Discussion

In this study, we have developed a robust model of xenoge-
neic GVHD based on the NOD-scid IL2ry™" strain of mice.
NOD-scid IL2ry™" mice given a low dose of irradiation
develop xenogeneic GVHD consistently, following intrave-
nous injection of as few as 5 x 10° PBMC. Disease was asso-
ciated with weight loss, anaemia and decreased platelet
counts. Using this model, we documented the relative con-
tribution of host MHC class I and class II to human cell
engraftment and disease expression using unique newly gen-
erated stocks of MHC-deficient NOD-scid IL2ry™" mice.
This new model of xenogeneic GVHD was then used to
demonstrate that etanercept mediates its protective effect in

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 157: 104-118

part by decreasing the engraftment of human PBMC and in
part by neutralizing TNF-cL.

The clinical relevance of this model system is documented
by our observation, in vitro and in vivo, that the majority of
the “xenoreactivity’ in this GVHD model system is directed
against host MHC class I and class II of the host, i.e. similar
to the MHC reactivity observed in alloresponses in human
GVHD [6]. The therapeutic relevance of this model system is
shown by the ability of TNF blockade to block xenogeneic
GVHD, similar to the clinical observation of the utility of
TNF blockade as a therapeutic for allogeneic GVHD in mice
[39-41] and humans [38,42].

We have shown NOD-scid IL2ry"™" mice previously to be
superior hosts in their ability to support human PBMC

113



M. A. King et al.

(a)
100 p====
~ 8 LT
R
S 1 PBL+multiple treatments
g 60 0-034 with etanercept
g _, P=00003 | (1=24)
Swor T PL
£ |
8 T
20 |- PBL alone o
(n=15) PBL + pretreatments
with etanercept
o . . . ___(n=25)
0 10 20 30 40 50 60 70
Days
(b)
80 80r 80
Q P<0-.0001 Blood P<0-0001 Spleen P <0-0001 Bone marrow
S 6ol P=0-0017 60/ *JP=0-002 60  <IP<0-0001
g . n.s. —oe n.s. - P=0-023
8 a0} —+ 4p | 40 °
§ . - .
E20r . . 20t : _& 20t oo
* o = : > e
0 d 0 e 0
& & 0(‘\@ & & QJ(‘\@ & & Q,C\@
P S P R P &
& & & & K & & & &
o & & o < <$ o < $
< ] \& < ] & < \@
&K &\\Q K
(©)
A PBL P=0-02
m PBL + pretreatment with etanercept |_|
60 - e No treatment u
= P02 P=0-1
D 40t |_|- -
= - B "
w "
= . =
20 A B
: !
- Sm ~ -
0r A
N: 3 5 6 6 6 6 5
1h 4h 24h

Fig. 10. Etanercept-dependent prevention of xenogeneic graft-versus-host disease (GVHD) at lower peripheral blood mononuclear cells (PBMC)
cell doses. (a) Survival of non-obese diabetic (NOD)-severe combined immunedeficient (scid) IL2ry™" mice given 5 x 10° PBMC intravenously
(i.v.). Four h after 2 Gy irradiation [solid line, median survival time (MST) = 22 days, n = 15, seven PBMC donors], with etanercept pretreatment

of 100 pg/injection on days —3 and —1 prior to injection of PBMC (dashed line, MST = 28 days, n = 25, seven PBMC donors) or etanercept
pretreatment plus additional 100 pg etanercept injections every 3 days (dotted line, MST = 47 days, n = 24, seven PBMC donors). (b) Mice received
2 Gy irradiation 4 h prior to 5 x 10° PBMC; 14 days later, human CD45" cell engraftment in the blood (left panel), spleen (middle panel) and bone
marrow (right panel) was evaluated by flow cytometry. Etanercept treatment decreased human CD45" engraftment in all three tissues tested.
Horizontal lines represent the median of the values of each group. (c) Levels of human tumour necrosis factor (TNF)-c in plasma samples collected
from untreated or etanercept-pretreated mice 1, 4 and 24 h after PBMC injection. All mice received 2 Gy irradiation 4 h prior to intravenous (i.v.)
injection of 5 x 10° PBMC from one of two PBMC donors. Each symbol represents an individual mouse.
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engraftment relative to NOD-scid mice or BALB/c-Ragl™
IL2ry™" mice [17,27]. In unconditioned NOD-scid IL2ry"™"
mice injected i.v. with 20 X 10° human PBMC, we observed
the gradual development of phenotypic changes consistent
with xenogeneic GVHD over the course of 48 weeks, similar
to recently reported results following injection of 10 X 10°
human PBMC into unconditioned NOD-scid IL2ry™" mice
[25]. To investigate whether we could optimize this model
for the study of xenogeneic GVHD, we first determined the
effects of preconditioning with low-dose irradiation. It has
been reported that the development of xenogeneic GVHD in
other model systems is enhanced by administration of sub-
lethal whole body irradiation [12,13,26]. However, in those
models [12,26], GVHD was observed following only very
specific injection routes, high cell doses [13] or macrophage
depletion [12]. For example, a xenogeneic GVHD model
based on NOD-scid B2m™" recipient mouse exhibited disease
only after retro-orbital but not tail vein injection of human
PBMC [13]. Furthermore, a minimum inoculum of 10 x 10°
purified T cells was required for mice given 2-5 Gy of irra-
diation, and then only about 60% of the mice developed the
disease. In contrast, we observed that 100% of NOD-scid
IL2ry™" mice treated with only 2 Gy irradiation and injected
with 20 X 10° human PBMC developed xenogeneic GVHD
rapidly and consistently. Furthermore, we observed that
100% of mice developed xenogeneic GVHD following intra-
venous injection with as few as 5 x 10° PBMC obtained from
multiple different donors.

Using this optimized model, we investigated the mecha-
nism driving the development of xenogeneic GVHD. We
observed that a severe anaemia and thrombocytopenia
developed rapidly following injection of PBMC and that
these deficiencies were observed prior to the appearance of
clinical symptoms of GVHD. Haematopoietic hypoplasia has
been observed in mice [28-30] and humans [31] that
develop GVHD, although these abnormalities cannot be
used in isolation to establish the diagnosis of GVHD [39].
However, thrombocytopenia at the time of GVHD diagnosis
in the clinic has been associated with a poor prognosis [39].
The rapid development of anaemia and thrombocytopenia
was not due entirely to the irradiation conditioning, as mice
given 2 Gy irradiation but no PBMC exhibited slight
anaemia and somewhat depressed platelet cell counts. This
rapid onset of anaemia in mice injected with PBMC could be
due to internal bleeding or severely depressed haematopoie-
sis in the marrow. To begin to investigate this, histological
analyses of bone from 2 Gy-treated mice with or without
injection of PBMC revealed a severe reduction in marrow
haematopoiesis in mice given PBMC but not in mice treated
with irradiation alone. Furthermore, although no gross
evidence of internal bleeding was observed on necropsy,
additional analyses are being performed to address this
possibility.

It has been suggested previously that the development of
xenogeneic GVHD in immunodeficient mice is dependent
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on the relative engraftment of human T lymphocytes which
is probably driven by recognition of host MHC [40]. In
murine allo-GVHD models, mice deficient in MHC class I or
class II develop delayed CD8" or CD4" mediated disease
respectively [41], suggesting that alloreactivity to both host
MHC alleles is important in disease pathogenesis. In
human-mouse xenoreactive models, early experiments
evaluating human T cells isolated from CB17-scid mice dem-
onstrated that human CD4" T cells recovered from engrafted
mice were specific for murine MHC class II [32]. However,
the predominance of CD8" cells in all models of human
PBMC engraftment suggests that a strong reactivity against
host MHC class I is also present [20-22]. Furthermore, the
high levels of engraftment of both CD4" and CD8" human
cells observed in PBMC-engrafted NOD-scid IL2ry™" mice
[17] suggest that reactivity to both host MHC class I and
class IT may occur.

To investigate the relative role of murine host MHC class
I and class II in human cell proliferation, we first stimulated
human PBMC in vitro with murine splenocytes isolated
from mice genetically deficient in each of these molecules. As
expected [32], a lower precursor frequency of human CD8*
cells was observed following stimulation by splenocytes defi-
cient in murine MHC class I, and lower precursor frequency
of human CD4" cells was observed following stimulation by
splenocytes deficient in murine MHC class II. In vivo, the
delay in xenogeneic GVHD observed in human PBMC-
engrafted mice lacking MHC class I or class II was also
consistent with host MHC playing a major role in triggering
disease development. Comparison of human cell engraft-
ment in these strains revealed a decrease in human CD45*
cells in both MHC class I- or class II-deficient mice com-
pared with NOD-scid IL2ry™" mice that express both sets of
molecules. We observed significant differences in the level of
PBMC engraftment in irradiated versus unirradiated recipi-
ents, but the differences in engraftment induced only slight
alterations in the CD4 : CD8 T cell ratios of the cells that
engrafted. Surprisingly, however, there was no difference in
the levels of CD45" cell engraftment between MHC class I-
and class II-deficient recipients even though there was a
significant difference in the kinetics of xenogeneic GVHD
development. This observation suggests that human CD45*
cell engraftment is not the only determinant of xenogeneic
GVHD expression and that the engraftment and activation
of CD8" cells appear to play a primary role in the
pathogenesis. This is also reflected in the CD4*: CD8" ratio,
which was highly skewed towards CD4 cells in the MHC
class I-deficient mice that exhibited delayed development of
xenogeneic GVHD.

The role of the inflammatory cytokines, particularly
TNF-o in GVHD pathogenesis, has been investigated both in
experimental systems and in the clinic. Murine studies of
GVHD have shown that TNF-a has a key role in intestinal
damage [42—44] and skin pathology [45,46]. Clinical data
have shown that high levels of TNF-a production during
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conditioning regimens prior to allogeneic HSC transplanta-
tion were highly predictive of the subsequent severity
of acute GVHD [47-49]. Neutralizing TNF-o. activity
decreased pathology in target organs and improved
survival in murine models of allogeneic GVHD [41-43].
Similarly, clinical trials in which etanercept was used to neu-
tralize TNF-o in patients with acute GVHD have proved this
approach efficacious when used in conjunction with meth-
ylprednisone [38,50].

In agreement with published studies in murine models of
GVHD [41-43], treatment with etanercept, a soluble TNF-o.
decoy receptor, was able to delay progression of xenogeneic
GVHD in our humanized mouse model system. This may be
due in part to the induction of TNF-a by irradiation [51],
leading to the enhancement of recognition of host MHC and
minor antigens by the infused PBMC, effectively inducing a
more robust xenogeneic GVHD. Furthermore, we observed
that etanercept mediates its effects in part by reducing the
engraftment of human CD45" cells, a sensitive indicator of
GVHD. Surprisingly, despite the efficacy of etanercept in
preventing xenogeneic GVHD, we were unable to detect
TNF-o in the serum of mice not treated with etanercept,
whereas readily detectable levels of serum TNF-o were
detected in mice treated with etanercept. Although counter-
intuitive, elevated levels of TNF-o have been reported pre-
viously in patients treated with etanercept [52-54] and
in mouse model systems [55] where drug therapy was
beneficial. These data suggest that although etanercept binds
to and neutralizes the biological activity of TNF-o, it also
prolongs its half-life in the serum. The detection of TNF-otin
the enzyme-linked immunosorbent assay (ELISA) assay in
etanercept-treated mice may be due to the ability of TNF-a
to dissociate rapidly from etanercept [55-57], and it has been
suggested that a high affinity and irreversible binding of
etanercept with the anti-TNF-o antibody used in the ELISA
assay competes effectively in vitro for the TNF-a [52].

In summary, we have developed a robust model of xeno-
geneic GVHD disease based on the injection of human
PBMC into NOD-scid IL2ry™" mice. Our data highlight the
‘proof of principle’ concept of using this model system to
determine rapidly whether proposed therapeutics for GVHD
are efficacious in vivo and will permit the underlying mecha-
nism of drug action to be investigated. This model system
represents a powerful tool for understanding mechanisms of
disease pathogenesis in human GVHD and for evaluating
potential therapeutic interventions on a human immune
system in a preclinical setting.
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