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Introduction

Summary

Graft-versus-host disease (GVHD) is a life-threatening complication of
human allogeneic haematopoietic stem cell transplantation. Non-obese dia-
betic (NOD)-scid IL2ry"™" (NSG) mice injected with human peripheral blood
mononuclear cells (PBMC) engraft at high levels and develop a robust xeno-
geneic (xeno)-GVHD, which reproduces many aspects of the clinical disease.
Here we show that enriched and purified human CD4 T cells engraft readily in
NSG mice and mediate xeno-GVHD, although with slower kinetics compared
to injection of whole PBMC. Moreover, purified human CD4 T cells engraft
but do not induce a GVHD in NSG mice that lack murine MHC class II
(NSG-H2-Ab1"™¢™" NSG-ADb’), demonstrating the importance of murine
major histocompatibility complex (MHC) class II in the CD4-mediated xeno-
response. Injection of purified human CD4 T cells from a DR4-negative donor
into a newly developed NSG mouse strain that expresses human leucocyte
antigen D-related 4 (HLA-DR4) but not murine class II (NSG-Ab’ DR4)
induces an allogeneic GVHD characterized by weight loss, fur loss, infiltration
of human cells in skin, lung and liver and a high level of mortality. The ability
of human CD4 T cells to mediate an allo-GVHD in NSG-Ab’ DR4 mice
suggests that this model will be useful to investigate acute allo-GVHD patho-
genesis and to evaluate human specific therapies.
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and chemotherapy [9]. These regimens stimulate the release
of proinflammatory cytokines such as interleukin (IL)-1

Allogeneic haematopoietic stem cell transplantation (allo-
HSCT) is an important therapeutic option for the treatment
of human malignancies and genetic disorders, including
neuroblastoma, lymphoma, leukaemia, multiple myeloma,
solid tumours and sickle cell disease [1-3]. However, the
beneficial effects of allo-HSCT are limited by the develop-
ment of graft-versus-host disease (GVHD), which is medi-
ated by donor immune cells responding to host antigens and
occurs even in the presence of immune suppression [4—6].
The GVHD response in humans is mediated by both innate
and adaptive immune cells, but mature donor T cells resid-
ing within the transplanted tissues are considered the
primary effector populations [7]. Ironically, inclusion of
T cells with allo-HSCT promotes overall engraftment and
reconstitution of protective immunity and, in cases of malig-
nancy, provides a beneficial anti-tumour response [8].
GVHD is initiated by the cytoreductive conditioning regi-
mens required for allo-HSCT, including radiation therapy
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and tumour necrosis factor (TNF) and induce damage in
the gastrointestinal tract, resulting in exposure to micro-
bial products such as lipopolysaccharide (LPS) [10-13].
The induced inflammatory response triggers increased
expression of major histocompatibility complex (MHC),
co-stimulatory molecules, adhesion molecules and chemok-
ines that promote the activation of donor immune cells [6].
As a component of GVHD, donor T cells recognize host
antigens through both direct and indirect antigen presenta-
tion mechanisms, and the secondary signals provided by the
initial inflammation augment their expansion and differen-
tiation [4,5]. The activated host-reactive donor T cells then
traffic to specific sites, including gut, skin, liver and lung, and
mediate damage indirectly by the release of cytokines and
directly by cytolysis through release of cytotoxic granules
and CD95-CD95L (FAS-FASL) pathways [14]. Much of our
knowledge on the complex disease course and immuno-
biology of GVHD is based on studies conducted with
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non-human cells in animal models, and questions remain
regarding the relevance of these findings to the human
disease [15].

The use of humanized models to study the ability of
human T cells to mediate xenogeneic GVHD (xeno-GVHD)
is an exciting approach to investigate the disease process
[16]. Early attempts to study xeno-GVHD used CB17-scid
mice or non-obese diabetic (NOD)-scid mice as recipients of
human peripheral blood mononuclear cells (PBMC), but
were unsuccessful due to suboptimal and highly variable
levels of human cell engraftment [17-23]. Numerous strat-
egies have been employed to increase engraftment of human
PBMC in immunodeficient mice and trigger the develop-
ment of xeno-GVHD, including elimination of host natural
killer (NK) cells by antibody depletion and genetic mutation,
irradiation preconditioning and the depletion of macro-
phages by injection of chlodronate-containing liposomes
[24-34]. While these strategies increased the engraftment of
human PBMC, the induction of xeno-GVHD was variable
and often required the injection of large numbers of human
PBMC (30-50 x 10°).

The major advancement that dramatically enhanced the
engraftment of human PBMC was the development of scid,
Ragl™" or Rag2™" mouse stocks bearing mutations in the
IL-2 receptor common Y-chain (IL-2ry chain) [32,35-39].
The IL-2ry chain is critical for high-affinity signalling
through the IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 recep-
tors, and deficiencies in this gene result in significant
defects in both adaptive and innate immunity, including
the complete elimination of mature NK cells [35,40]. We
have recently developed a robust model of xeno-GVHD
using the NOD-scid IL2ry"" (NSG) mouse stock [35-37].
In this system, injection of as few as 5 x 10° human PBMC
into lightly irradiated (2 Gy) NSG mice supports high levels
of engraftment and results in 100% lethality within 30 days
[36]. Moreover, this model of xeno-GVHD has been used
to evaluate therapeutic strategies to prevent disease [36,41—
43], demonstrating its potential utility for the study of
GVHD and for the targeted identification of the underlying
mechanisms.

Here we test the ability of human CD4 T cells to induce
GVHD. We first show that both enriched and purified
human CD4 T cells engraft in NSG mice and mediate a
xeno-GVHD. We next extend these data to describe a novel
model that now permits study of allo-GVHD mediated by
human CD4" T cells in a new stock of NSG mice. For these
studies, we developed a NSG mouse stock that lacks murine
MHC class I but expresses HLA-DRB1-0401 [44] (NSG-Ab’
DR4 mice). Injection of purified human DR4-negative CD4*
T cells into NSG-Ab" DR4 transgenic mice results in the
development of an allo-GVHD in the absence of a xeno-
GVHD. These findings indicate that the NSG mouse models
can be used to dissect the immunobiology of both xeno- and
allo-GVHD and will allow the in vivo testing of novel thera-
peutic agents targeting human CD4 T cells.

270

Materials and methods

Animals

NOD.Cg-Prkdc112rg™"/Sz] (NOD-scid IL2ry™,
NSG), NOD.Cg-Prkdc“II2rg™"""H2-Ab1""'“"/Sz (NOD-scid
IL2ry""  Ab’, NSG-Ab) and NOD.Cg-PrkdcII2rg™™!
H2-Ab1"™“*/Tg(HLA-DRB1)31Dmz/Sz [NOD-scid IL2ry™"
Ab’ Tg(HLA-DR4), NSG-Ab’ DR4] mice were obtained from
colonies developed and maintained by L.D.S. at The Jackson
Laboratory (Bar Harbor, ME, USA). NOD (and NSG) mice
are deficient in the I-E alpha chain but do express transcripts
for the I-E beta chain. NOD mice hemizygous for the
HLA-DR4 (DRB1*0401) transgene were obtained originally
from Dr Linda Wicker at Merck Research Laboratories. The
DR4 transgene was constructed as a chimeric molecule
composed of DR4cl and B1 domains and I-Eo2 and
2 domains. The DR4 transgene was crossed onto the NOD.
Cg-PrkdcI12rg™"""H2-Ab1"“"/Sz background and the
NOD-scid IL2rg"" Ab" Tg(HLA-DRA4 stock) is maintained by
continuous back-cross of the DR4 transgene in the hemizy-
gous state [45].

All animals were housed in a specific pathogen-free
facility in micro-isolator cages, and given autoclaved
food and maintained on acidified autoclaved water and
sulphamethoxazole—trimethoprim-medicated water Gold-
line Laboratories (Fort Lauderdale, FL, USA) 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 collected from healthy volunteers under
signed informed consent in accordance with the Declaration
of Helsinki and approval from the Institutional Review
Board of the University of Massachusetts Medical School.
PBMC were collected in heparin and purified by Ficoll-
Hypaque density centrifugation and suspended in RPMI-
1640 for injection into mice at the cell doses indicated.

HLA-DRB1-04 genotyping

HLA-DRB1-04 (HLA-DR4)-negative individuals were iden-
tified by real-time polymerase chain reaction (PCR) using a
LightCycler (Roche Diagnostics, Indianapolis, IN, USA).
Briefly, DNA was extracted from 1 x 10° donor PBMC using
the High Pure PCR Template Preparation Kit (Roche).
Genomic HLA-DRB1-04 DNA was amplified using the
following forward primer: 5-GTTTCTTGGAGCAGGTT
AAACA-3’ and two reverse primers in the same reaction:
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5’-CTGCACTGTGAAGCTCTCAC-3, 5-CTGCACTGTGA
AGCTCTCCA-3" [46]. The following cycling parameters
were used: after an initial melt of 2 min at 95°C, 40 cycles of
95°C, 10 s; 68°C, 10 s; 72°C, 23 s with a single acquisition per
cycle at 72°C. All temperature transitions were 20°C/s.
Samples were then subjected to a melting curve analysis with
the following conditions: 95°C, 0 s (slope 20°/s); 65°C, 10 s
(slope 20°/s) and then heated to 95°C with a slope of 0-3°/s
using step acquisition. Positive and negative samples were
distinguished by the presence or absence of fluorescence
signal during the PCR reaction and the presence of a melting
peak matching that of the positive control cell lines (~91°C).

Fractionation of human T cells

Ficoll-Hypaque-purified human CD4 T cells were fraction-
ated from whole PBMC using magnetic bead separation
technology (Miltenyi Biotec Inc., Auburn, CA, USA). CD4 T
cells were fractionated by either negative selection to recover
enriched populations (E) or positive selection to recover
purified populations (P). To obtain enriched populations of
CD4 T cells (CD4-E), PBMC were incubated with anti-CD8
microbeads and the flow-through was collected from a LD
column. This approach is successful because human T cells
are the primary populations that survive and engraft in NSG
mice [37]. To obtain purified populations of CD4 T cells
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(CD4-P), PBMC were incubated with anti-CD4 microbeads
and cells retained within a LS column were recovered. The
purity of the recovered populations was confirmed by flow
cytometry (Fig. 1). To inject the corresponding number of
CD4 cells found on average in 10X 10° unfractionated
PBMC, 4 x10° CD4-P or 7 x 10° enriched CD4-E were
injected intravenously into the indicated mice.

For the allo-GVHD experiments, CD4-P cells were gener-
ated by two successive purifications, first by depletion of
CD8* T cells and then a positive selection of CD4* T cells.
This two-step approach led to reproducible recovery of
highly pure CD4 T cell populations (> 99%).

Induction of xeno- and allo-GVHD by human T cells

The induction of xeno-GVHD was performed as described
[36,37]. Briefly, NSG mice were irradiated with 2 Gy and
injected intravenously at least 4 h later with indicated popu-
lations and doses of Ficoll-Hypaque-purified human PBMC.
The induction of allo-GVHD was performed by injecting
purified populations of human CD4 T cells (4 X 10° total
cells) into NSG-Ab" DR4. In all experiments, mice were
weighed two to three times weekly and monitored for the
appearance of xeno-GVHD-like symptoms, including
weight loss, hunched posture, ruffled fur, reduced mobility
and tachypnoea. Mice were euthanized after loss of >20%
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body weight or the loss of 1 g/day over 2 days; this time-
point was recorded as the survival time. We have shown
previously that ~15% of the mice irradiated with 2 Gy do not
survive the irradiation-only treatment, with death occurring
within 10 days [36]. Therefore, irradiated mice that died
within 10 days after injection of human PBMC were
excluded from these studies.

Antibodies and flow cytometry

Tissues including peripheral blood and spleen were col-
lected at specified times and were processed for flow
cytometry analysis. Single-cell suspensions were prepared
from spleen. Red blood cells were lysed using a solution of
hypotonic ammonium chloride [0-83%, supplemented with
1% KHCO; and 1 mMm ethylenediamine tetraacetic acid
(EDTA)] and leucocytes were washed with fluorescence
activated cell sorter (FACS) buffer comprised of phosphate-
buffered saline (PBS) supplemented with 2% Fetalclone
serum (HyClone, Rockford, IL, USA) and 0:02% sodium
azide (Sigma, St. Louis, MO, USA) prior to incubation with
antibodies. Typically, 1 X 10° cells from spleen preparations
or 100 pl of peripheral blood were used for flow cytometry.
Cell suspensions were incubated first with a monoclonal
antibody (mAb) specific for CD16/32 (2-4G2) to block Fc
binding and then with the indicated mAbs, including mAb
directed against murine CD45 (30-F11) and human CD45
(HI30), CD3 (UCHT1), CD4 (RPA-T4), HLA-DR (TU36),
CCR5 (2D7/CCR5) and CD45RO (UCHLI). After label-
ling, spleen and peripheral blood samples were washed in
FACS buffer and fixed using 1% paraformaldehyde (Elec-
tron Microscopy Sciences, PA, USA). Samples containing
residual red blood cells were treated with BD FACS Lysing
Solution (BD Biosciences, San Jose, CA, USA) prior to fixa-
tion. Samples were analysed using either a LSRII (BD) or a
FACSCaliber (BD Biosciences) and analysis performed with
FlowJo software (Tree-Star, Ashland, OR, USA).

In-vitro proliferation of human CD4 T cells

To prepare stimulator cells, mouse splenocytes were recov-
ered from the indicated mouse strains and cultured in RPMI-
1640 (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin G,
100 mg/ml streptomycin sulphate and 2 mm L-glutamine and
in the presence of LPS (15 ug/ml), as described previously
[47]. After 3 days cells were collected, rinsed, irradiated with
30 Gy and frozen at —80°C until used. For effector cells, freshly
isolated human CD4 T cells were labelled with carboxyfluo-
rescein succinimidyl ester (CFSE; Invitrogen). CFSE-labelled
CD4" effector cells (1 x10°) and murine stimulator cells
(4 x 10°) were co-cultured in 96-well plates for 7 days at 37°C
in a humidified atmosphere containing 95% air 5% CO,, after
which time they were harvested and analysed by flow cytom-
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etry for dilution of CFSE labelling. Each sample was cultured
in triplicate.

In-vitro cytokine production assay

Cytokine production was quantified using the BD Cytofix/
Cytoperm Kit Plus GolgiStop (BD Biosciences), according to
the manufacturer’s instructions. Splenocytes were recovered
from mice injected with CD4-P cells and exhibiting symp-
toms of GVHD. Red blood cells were lysed and 1 x 10° cells
were then left unstimulated or stimulated with phorbol
myristate acetate (PMA) (0-5 pg/ml) and ionomycin (0-5 pg/
ml) in the presence of GolgiStop™ (0-1 pug/ml) for 4 h at
37°C in 5% CO,. Cells were then fixed and permeabilized
using Cytofix/Cytoperm solution and stained with mAb to
interferon (IFN)-y (clone 4S.B3, eBioscience) and TNF
(clone MAb11; eBioscience).

Haematological analyses

Blood samples were collected in 1-5 ml Microvette haemato-
logical tubes coated with EDTA (Sarstedt, Newton, NC,
USA) and haematological analyses including haematocrit
(HCT), red blood cell (RBC), platelet (PLT) and haemoglo-
bin (HGB) values, were recorded on a Heska CBC-Diff
Veterinary Hematology analyser (Loveland, CO, USA).

Histological analyses

For histological examination, tissue samples including lung,
skin, liver, small intestine and spleen were recovered,
immersed overnight in 10% neutral buffered formalin and
embedded in paraffin. Bones were decalcified after fixation.
Sections (5 um) were cut and stained with haematoxylin and
eosin. Immunohistochemical staining was performed with
mADbs specific for human CD45 (clone 2B11+PD7/26; Dako,
Glostrup, Denmark) using a DakoCytomation EnVisionDual
Link system implemented on a Dako Autostainer Universal
Staining System (Dako). The results of the immunohis-
tochemistry staining are summarized graphically on a scale of
0-3. The scoring was performed blind using the following
criteria scale: 0 =no infiltrate; 1 = infiltrate accounted for
< 10% total cells with infiltrate only detectable peripherally,
2 = infiltrate accounted for 10-50% total cells and infiltrate
was spread uniformly throughout the section, and 3=
infiltrate accounted for > 50% of cellular content and was
characterized by a dense stain throughout the section.

Statistical analysis

Survival data were analysed by Kaplan—Meier life method
tables using log-rank analysis performed with Graphpad
Prism software (Graphpad Software, San Diego, CA, USA).
All other analysis involved comparison of means using
the independent-samples t-test. Values of P = 0-05 were
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considered statistically significant. Standard error of the
mean is shown for averages of engraftment data.

Results

Human CD4 T cells engraft and survive in NOD-scid
IL2ry™" (NSG) mice

We have recently developed a model of human GVHD using
NSG mice [36,37]. However, the ability of human CD4 T cells
to mediate disease in the absence of CD8 T cells has not been
described. To determine whether human CD4 cells mediate
GVHD, CD4 T cells were fractionated from human PBMC
using either positive or negative magnetic selection. Positive
selection allowed the recovery of CD4 T cell populations
(CD4-P) at greater than 95% purity (Fig. la and data not
shown). Negative selection or enrichment of CD4 T cells was
performed by depletion of CD8" cells (CD4-E). The efficiency
of CD8 depletion is shown in Fig. 1a, with greater than 95% of
remaining CD3" cells expressing CD4. To inject the corre-
sponding number of CD4 cells found on average in 10 X 10°
unfractionated PBMC, 4 x 10° CD4-P or 7 X 10%enriched
CD4-E were injected intravenously into irradiated NSG mice.
Engraftment levels in the peripheral blood were evaluated
2 weeks after injection and expressed as the percentages of
human CD45" cells present (Fig.1b). Both CD4-P and
CD4-E cells were present at high levels in the peripheral
blood at 2 weeks, but CD4-E cells were detected at a signifi-
cantly higher frequency, suggesting that a non-T cell com-
ponent augments the engraftment of CD4 T cells. Moreover,
CD4-E engraftment levels were comparable to the CD4 T cell
levels attained using whole PBMC. The purity of the injected
CD4 populations was confirmed in the blood of recipient
mice at 2 weeks, with the majority of human cells detected
being CD4* (Fig. 1c). The engraftment level with CD4-P
cells was increased when co-injected with CD3 T cell
depleted PBMC, suggesting that the presence of anti-CD4
beads on the CD4 T cells did not decrease survival in vivo
and that there is a non-T cell component that facilitates
human CD4" cell engraftment (Supplementary Fig. S1).

Human CD4 T cells mediate xeno-GVHD in NSG mice

We next tested the ability of human CD4 cells to mediate a
xeno-GVHD in NSG mice. NSG mice injected with unfrac-
tionated human PBMC displayed weightloss as soon as 7 days
post-injection (Fig. 2a). Mice that received CD4-E or CD4-P
cells also lost weight compared to non-engrafted mice, but
with slower kinetics compared to mice engrafted with whole
PBMC. The survival of mice injected with either PBMC,
CD4-E cells or CD4-P cells was reduced significantly com-
pared to non-engrafted recipients, but the death of mice
injected with total PBMC occurred earlier than that observed
following injection of CD4 T cells alone (<20 days, Fig. 2b).

© 2011 The Authors

Mouse model of human allo-GVHD

The induction of xeno-GVHD in mice receiving CD4 T cells
was confirmed by haematological analysis at late-stage
disease, as described [36]. A decrease in platelet counts was
observed in animals receiving whole human PBMC, CD4-E
cells or CD4-P cells (Fig. 2¢). In general, blood analyses at the
end of the experiment showed that CD4-E- and PBMC-
injected mice have similar parameters with respect to HCT,
RBC and HGB values, whereas peripheral blood values in
CD4-P-injected animals were not statistically different from
those in irradiated-only animals (Supplementary Fig. S2). All
organs recovered at the final stage of disease, including blood,
spleen, skin, lung, liver and bone marrow (Figs 2d and 3a,b),
showed a high level of human CD45" cell engraftment and
infiltration in various tissues following injection of human
PBMC, CD4-E cells or CD4-P cells. Moreover, the high purity
of the injected CD4 T cells was maintained in the blood
(Fig. 2e) and spleen (Fig. 2f) of mice that developed xeno-
GVHD. Together these results indicate that both enriched and
purified human CD4 T cells can independently mediate xeno-
GVHD in NSG mice.

Development of novel NSG stocks to study allo-GVHD
mediated by human CD4 T cells

Using NSG mice that lack either murine MHC class I (NSG-
B2m™™") or class IT (NSG-Ab°), we have shown previously that
the murine MHC is a major target of the xeno-GVHD
response [36]. Recently, we have developed a NSG-Ab’
mouse stock that transgenically expresses a chimeric human
HLA-DRB1*0401 (DR4) molecule (NSG-Ab" DR4). This
stock would be predicted to show reduced xeno-GVHD
mediated by human CD4 T cells but permit the development
of allospecific GVHD responses mediated by CD4 T cells
from a DR4-negative donor.

To confirm that human CD4 T cells engraft and survive in
NSG mice that lack murine MHC class II, CD4-P cells
derived from HLA-DR4-negative donors were injected into
NSG-Ab" and NSG-Ab’ DR4 mice. For these experiments,
human CD4 T cells were purified by positive selection to
permit examination of an allospecific GVHD response
resulting from direct antigen presentation. Two weeks after
injection, CD4-P cells were detected in NSG-Ab" and NSG-
Ab’ DR4 mice and engraftment levels were comparable in the
blood of the two strains (Fig. 4a). The engraftment of CD4-P
cells in the blood of irradiated NSG mice is also shown here
to compare overall engraftment. As shown in Fig. 4a, overall
engraftment of CD4-P cells was significantly higher at 2
weeks in NSG mice (22-9 = 3-2%) compared to NSG-Ab’
DR4 mice (12-5 = 2:4%). In all experiments there were some
NSG-ADb’ (5%) and NSG-Ab’ DR4 (40%) mice that did not
engraft with detectable levels (>1%) of CD45" cells and were
excluded from further analysis. These results indicate that
human CD4 T cells engraft and expand in NSG mice lacking
murine class II with or without co-expression of human
HLA-DR4.

273

Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology



L. Covassin et al.

@) — ggll\r}ljgcted ) . .
— CD4_E ’o\ T * 1 T 1
100 — CD4-P & 100 [— o
& g O . 5%
g % p 601+ . i
£ 80 g aoft - P
g é 20 ° :o o 08
0 2IO 4IO 6I0 80 T 0 @I I fIZ QCI) QI/ ‘4;
Days LS 00 LTS
Blood Spleen
Fig. 2. Human CD4 T cells mediate (b) ©)
xenograft-versus-host disease (xeno-GVHD) —
in non-obese diabetic (NOD)-scid IL2ry™" : ggll\r}ljce;ded - % 5
(NSG) mice. Total human peripheral blood — CD4-E )P pr** § g 150 e CD4
mononuclear cells (PBMC), CD4-E or CD4-P . 100 |—"": ) ns g '2 =CD8
cell subsets were injected into irradiated NSG 2 H a » 100 ag -
mice and monitored for the development of 2 5ol : (é 3 ¢
xeno-GVHD, including (a) Weight loss and (b) 2 E_. 5 Er’ 50 &
survival of recipient mice. (c) Platelet counts (% H 8 8 e =
(PLT) were determined for mice that received 0 N=10: €% 0 L1 [ (.
no human lymphocytes (irradiated-only, 0 g 2 PBMC CD4-E CD4-P
measured at 5 months) or injected with whole T
PBMC (10 x 10° total cells), CD4-E (7 x 10°
total cells) or CD4-P cells (4 x 10° total cells). © (f)
(d) Engraftment of human CD45" cells was T . 1 ‘§ =
determined by flow cytometry analysis in the 1500 T —_—— 8 g 150 *CD4
peripheral blood and spleen at the time of R = 1 2 & =CD8
removal from the experiment. The values = 1000 *e R a ﬁ 100 -
shown in (e) and (f) represent the percentage of ?2 ®e® . _,_;_ 9 @ .':;
CD4 or CD8 T cells within the human CD45* 5 500 . oot J: o 501 % " .
population present in the blood and spleen, o ° . 8 2 e *
respectively. Data are representative of at least ol e ole | g (..;_) ol 1 | [
two different PBMC donors. Each symbol O&A @O b‘{o b‘fZ g 2 PBMC CD4-E CD4-P
represents an individual mouse. *P < 0-05; L QQ 00 00 I~
P < 0001, N

Human CD4 T cells mediate an allo-GVHD in
NSG-Ab’ mice expressing human HLA class I1

NSG-Ab" and NSG-Ab’ DR4 transgenic mice injected with
DR4-negative CD4-P cells were monitored for the develop-
ment of xeno- and allo-GVHD, respectively. NSG-Ab" mice
lack expression of murine MHC class I and did not develop
symptoms of xeno-GVHD such as hair loss and weight loss
(Fig. 4b). Most NSG-Ab’ mice injected with CD4-P survived
to the end of the study (Fig. 4c, 100 days), in contrast to NSG
mice expressing both MHC class T and II (Fig. 2b). These
data suggest that expression of murine MHC II is required
for the efficient induction of xeno-GVHD by human CD4-P
in NSG mice.

In contrast to NSG-Ab’ mice, NSG-Ab" DR4 mice injected
with CD4-P cells from DR4-negative donors developed
symptoms of GVHD, as indicated by weight (Fig. 4b) and
hair loss initially on the back and the face and around the
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eyes and nose, as early as 40 days after injection. The NSG-
Ab’ DR4 mice that received CD4-P cells had a significantly
reduced survival compared to NSG-Ab" mice (Fig. 4c). The
weight loss and reduced survival indicate that NSG-Ab’ DR4
mice developed allo-GVHD. The allo-GVHD in NSG-Ab’
DR4 mice (MST =665 days, Fig. 4c) appeared to develop
with slower kinetics as compared to xeno-GVHD in NSG
mice (MST =40 days, Fig. 2b) injected with CD4-P cells,
although this was not significant (P =0-19). Human CD4 T
cells were detected in the peripheral blood and spleen at the
final stages of disease in both NSG-Ab’ and NSG-Ab’ DR4
mice, confirming that CD4-P cells engrafted and survived in
the absence of murine MHC class II (Fig. 4d). This in-vivo
response was confirmed in vitro by demonstrating
that human CD4 T cells proliferated to a significantly higher
level in response to NSG-Ab" DR4 stimulator cells com-
pared to the NSG-Ab’ stimulator cells (Supplementary
Fig. S3).Immunohistochemical staining for human CD45

© 2011 The Authors
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Fig. 3. Mononuclear cell infiltration of tissues
during xenograft-versus-host disease
(xeno-GVHD) in non-obese diabetic
(NOD)-scid IL2ry™" (NSG) mice. Total human
peripheral blood mononuclear cells (PBMC) or
CD4-E or CD4-P T cell subsets were injected
into NSG mice. (a) At the end of the
experiment, human cell infiltrates were
examined in skin, lung, liver, spleen and bone
marrow of NSG mice injected with CD4 T cells
by immunohistochemistry staining using
anti-human CD45 monoclonal antibody
(mAD). Representative haematoxylin and eosin
staining is shown in tissues from mice injected
with CD4-E cells. (b) The results of the
immunohistochemistry staining are
summarized graphically on a scale of 0-3
scored as described in Material and methods.
Each symbol represents an individual mouse.

Fig. 4. Human CD4 T cells induce
allograft-versus-host disease (allo-GVHD) in
non-obese diabetic (NOD)-scid IL2ry"™"
(NSG)-Ab° DR4 mice. CD4-P cells (4 x 10° total
cells) from a DR4-negative human peripheral
blood mononuclear cells (PBMC) donor were
injected into NSG, NSG-Ab’ or NSG-Ab’ DR4
mice, and the recipient mice were monitored
for the development of GVHD. (a) Human
CD45 cell engraftment was evaluated at two
weeks in recipient mice in the peripheral blood.
Data are representative of eight (PBMC) and
four (CD4-P) different PBMC donors. Each
symbol represents an individual mouse. Only
animals demonstrating human CD45
engraftment at 2 weeks of >1% were
monitored and included in the study.

(b) Weight loss shown is an average of two
independent experiments (i.e. two different
PBMC donors) with at least eight mice from
each group and (c) survival of recipient mice.
Data are representative of six independent
experiments (five different PBMC donors) with
n =19 and 25 mice per group. (d) Percentage of
human CD45" cells in the blood and spleen at
the end of the experiment. Each symbol
represents an individual mouse. *P < 0-05;
**P<0-01.

© 2011 The Authors

Skin

Bone marrow

Liver

Spleen

—
Q
=

Human CD45* cells (%)

—
O
~

% original weight

100 -

10

100

90

80

*%

CD4 -E

-+~ NSG Ab°
-u- NSG Ab° DR4

70
0

Survivals (%)

—
o
-

Human CD45" cells (%)

Mouse model of human allo-GVHD

Level of human CD45 infiltration
O = N WO = N WO = N WO = N Wo = N Ww
T

(b)

>

S S I —
O & R
S\ A%
L P
— NSG Ab° )P
--- NSG Ab° DR4
100
N=19
50— B
T N=25
0 | i
0 50 100
Days
I;l
80—
n
60—o .
40_ [ ] ° Il_
20 _.. - —
L]
0 Py .:. T L3
s & S
F F
X A\
& &
Blood Spleen
275

Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Immunology



L. Covassin et al.

(a)

NSGAb°

Skin
ke
%

Bone marrow

Fig. 5. Mononuclear cell infiltration in various
tissues during allograft-versus-host disease
(allo-GVHD). Human CD4-P fractionated

T cells were injected into non-obese diabetic
(NOD)-scid IL2ry"" (NSG)-Ab’ and NSG-Ab’
DR4 mice. (a) At the end of

the experiment, human cell infiltrates were

Lung

examined in skin, bone marrow, lung and
liver by haematoxylin and eosin and

immunohistochemistry following staining

Liver

with anti-human CD45 monoclonal
antibody (mAb). (b) The results of the
immunohistochemistry staining are
summarized graphically on a scale of 0-3
scored as described in Material and methods.
Each symbol represents an individual mouse.
*P < 0-05; **P < 0-01; ***P < 0-001.

demonstrated the infiltration of CD4-P cells in various
organs, including skin, bone marrow, lung and liver in both
NSG-Ab’ and NSG-Ab’ DR4 mice (Fig. 5a,b). Similar cellular
infiltration was observed in tissues from NSG mice injected
with CD4-P cells and undergoing a xeno-GVHD (Fig. 3).
These results suggest that the presence of cellular infiltrates is
not predictive for the development of allo-GVHD in this
model.

We next asked whether the activation profile and the func-
tionality of the CD4-P populations injected into NSG-Ab’
DR4 and NSG-Ab’ mice differ (Fig. 6). At 2 weeks after injec-
tion, human CD4 T cells in the peripheral blood of NSG-Ab’
DR4 mice displayed a strongly activated phenotype, with
higher frequencies of cells expressing HLA-DR (Fig. 6a),
CD45RO (Fig. 6b) and CCRS5 (Fig. 6¢) compared to NSG-
Ab’ mice. By 3 weeks, the CD4 T cells in NSG-Ab’ mice also
started to display an activated phenotype with increased
expression of HLA-DR, CD45RO and CCR5, although still
reduced compared to the expression of these antigens in
NSG-Ab’ DR4 mice. Higher levels of HLA-DR-positive CD4
T cells were also detected in the peripheral blood (Fig. 6d)
and spleens (Fig. 6e) of NSG-Ab" DR4 mice at 9 weeks after
injection, a time-point at which these mice were developing
disease symptoms. The activation profile of CD4 T cells in
NSG-Ab’ mice indicates that these cells are acquiring an
activated phenotype but are not mediating disease. We next
determined whether CD4 T cells maintained in NSG-Ab’
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mice were functional. To test this, splenocytes were recovered
from NSG-Ab" DR4 mice and NSG-Ab’ mice at 9 weeks after
injection with DR4-negative CD4-P cells, stimulated in vitro
with PMA and ionomycin and then assessed for the produc-
tion of IFN-y and TNF using a standard intracellular cytok-
ine assay (Fig. 6f,g). CD4 T cells recovered from either strain
of mice were capable of cytokine production to a similar
extent, suggesting that the cells present within the NSG-Ab’
mice retain functionality but are not mediating disease.
Overall, these results demonstrate that the NSG-Ab" DR4
mouse can be used to simulate a human allo-GVHD follow-
ing engraftment of PBMC from HLA-DR4-negative donors.

Discussion

We have previously developed a model of human GVHD in
the NSG mouse and established the critical role of murine
MHC class I and II in the development of xeno-GVHD [36].
Our present data indicate clearly that enriched and purified
populations of human CD4 T cells will engraft in NSG mice,
and mediate xeno-GVHD. Given the capacity for human
CD4 T cells to mediate GVHD, we used a novel NSG mouse
strain that lacks expression of murine MHC class II, but
transgenically expresses a chimeric HLA-DR4 molecule
(NSG-Ab" DR4) to create a model of CD4-mediated
allo-GVHD. NSG-Ab’ DR4 mice injected with purified CD4
T cells from HLA-DR4-negative donors developed an

© 2011 The Authors
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Fig. 6. Phenotypic and functional
characterization of human CD4 T cells in
non-obese diabetic (NOD)-scid IL2ry"™"
(NSG)-Ab’ and NSG-Ab’ DR4 mice. CD4-P
cells from HLA-DR4-negative donors were
injected into NSG-Ab’ or NSG-Ab’ DR4 mice.
The expression of human leucocyte antigen
D-related (HLA-DR) (a), CD45RO (b) and
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blood (d, percentage) and the spleen (e, total
number of CD4 T cells). Each symbol
represents an individual mouse. *P < 0-05;

**P < 0-01; ***P < 0-001. The ability of human
CD4 T cells from the spleens of recipient mice

T cells

to produce interferon (IFN)-y and tumour
necrosis factor (TNF) was determined at 9
weeks after injection by ex-vivo stimulation
with phorbol myristate acetate (PMA) and

%|FN-y-producing CD4

ionomycin for 5 h and visualized using a
standard intracellular cytokine assay, as
described in Materials and methods (f,g).

allo-GVHD in the absence of xeno-GVHD, displaying
weight loss, pathological changes and higher levels of mor-
tality compared to NSG mice lacking murine MHC class II.
Thus, these results show that by expressing a chimeric HLA-
DR4 in mice that do not express murine MHC class-1I, we
were able to re-establish a human CD4 T cell-mediated
disease process that is driven by a human T cell receptor
(TCR) recognizing the DRB1*0401 peptide binding region.
These findings suggest that this model can be used to inves-
tigate human allo-GVHD in vivo.

While NSG mice provide a sensitive and reliable model
system to study the ability of human immune cells to
mediate xeno- and allo-GVHD and to test novel immuno-
regulatory therapies, the mediators of disease have not been
elucidated clearly [48]. Previous studies have suggested that
human CD3" cells are necessary for induction of disease in
SCID mice and that CD8 as well as CD4 cells become acti-
vated after injection [27,32]. Moreover, the delayed onset of
disease in MHC class I- or class II-deficient NSG mice also
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indicates an important role for both CD4 and CD8 T cells
[36]. Here we show directly that human CD4 T cells engraft
in NSG mice and mediate xeno-GVHD. Interestingly, the
initial engraftment of enriched versus purified CD4 T cells
was different in NSG mice with enriched CD4 T cells detect-
able at higher levels compared to purified CD4 T cells at 2
weeks post-injection. The differences observed for enriched
and purified populations suggest that CD4 T cell engraft-
ment is augmented by the presence of other human cell
populations. This conclusion is consistent with the finding
that purified CD4 T cells readily engraft in NSG mice
bearing human allogeneic skin grafts and that these cells
mediate rejection of the skin [49]. CD3-negative human cells
may enhance the survival of CD4 T cell subsets by providing
either human-specific cytokines or cell contact-dependent
signals. These possibilities are currently being evaluated.
Despite this early difference in engraftment, purified CD4 T
cells induced GVHD with similar kinetics to enriched CD4 T
cells, indicating that CD4 T cells can survive and function
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in NSG mice in the absence of other human immune
cells.

We have demonstrated previously that murine MHC mol-
ecules are potential targets for human T cells in NSG mice
[36]. To show directly that murine MHC is critical to the
xeno-GVH reaction in NSG mice, we injected purified CD4
T cells into NSG mice lacking murine class II (NSG-ADb").
Our results show that the purified human CD4 T cells
engrafted in NSG hosts lacking murine class II, but did not
cause disease in the majority of mice. The survival of human
CD4 T cells in NSG mice lacking MHC class II and the
absence of xeno-GVHD suggests that this mouse model will
be useful to study other aspects of human CD4 T cell func-
tion, such as the rejection of allogeneic skin in the absence of
the confounding effects of xeno-GVHD [49]. We are also
testing whether a CD8-mediated allo-GVHD in the absence
of xeno-GVHD will develop in NSG mice deficient in
murine MHC class I but expressing an allogeneic human
HLA class I molecule.

All previous models of GVHD in immunodeficient mice
have been based on human T cells responding to murine
antigens in a xenoreaction [48]. Injection of purified human
CD4 T cells from HLA-DR4 negative donors into NSG-Ab’
DR4 induced a GVHD response that was not observed in
NSG-Ab" mice, suggesting that the human cells were
responding to the allogeneic HLA-DR4 molecule. Human
cells infiltrated the skin, lung and liver of NSG-Ab’ DR4
mice, reminiscent of the distribution in patients with
GVHD. Moreover, CD4 T cells were activated rapidly follow-
ing injection into NSG-Ab’ DR4 mice, up-regulating expres-
sion of HLA-DR, CCR5 and CD45RO within 2 weeks.
Although the majority of CD4-injected NSG-Ab" mice did
not develop GVHD symptoms, human cells were detected
within the skin, lung and liver and the recovered CD4 T cells
were functional, as determined by the ability to produce
cytokines directly ex vivo. This finding underscores the
requirement of DR4 expression for the induction of allo-
GVHD and suggests that activation phenotypes of human
lymphocytes and histological infiltration are not sufficient
for identifying mice that will develop disease. However, the
kinetics of up-regulation of activation molecules on T cells
may be predictive of the mice that will eventually develop
disease. In addition, the development of GVHD in a small
number of NSG-Ab’ mice suggests that the injected CD4 T
cells may be able to indirectly present mouse antigen and
induce disease at a low level [6]. We are currently evaluating
potential effector mechanisms that CD4 T cells may employ
to mediate disease in the NSG-Ab’ DR4 mice.

The peptides presented by the HLA-DR4 molecule
expressed by the NSG-Ab” DR4 transgenic mice will be of
murine origin. The contribution of specific peptides in the
recognition of non-self MHC (allogeneic or xenogeneic) by
a TCR can vary dramatically [50]. However, recent studies
have suggested that all TCR have a germline encoded affinity
for MHC, both self and non-self, based on evolutionarily
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conserved structure of the MHC [51], and that a single TCR
has the capacity to recognize a non-self MHC presenting
multiple peptides [52]. Therefore, the presentation of
murine peptides in the chimeric HLA-DR4 molecule should
still permit allogeneic recognition in a manner similar to the
presentation of human-derived peptides. Moreover, HLA-
transgenic mice have been used to identify peptides that were
confirmed to be recognized by human T cells [53-55], sug-
gesting that there is a level of similarity between the peptides
presented by HLA in both humans and mice. In addition,
there is a potential for pairing of the endogenous murine IE}
chain with the transgenically expressed HLA-DRAI chain in
these mouse models [45,56]. However, this pairing would be
arandom occurrence and is impossible to predict. To address
this and to improve the model, we are currently crossing the
chimeric DR4 molecule onto a NSG background that com-
pletely lacks all murine class II genes [57].

In summary, we have developed two clinically relevant
mouse models to study the functionality of mature human T
cells. The first model using NSG-Ab’ mice will permit the
in-vivo study of human CD4 T cell-mediated alloimmunity,
autoimmunity and viral immunity in the absence of xeno-
GVHD. The second model using the NSG-Ab" DR4 mice
creates a novel system to study allo-GVHD in which disease
is induced as a result of human CD4 T cells recognizing
allogeneic HLA class II molecules instead of murine MHC,
as occurs in standard NSG mice. Both these mouse strains
will be useful as preclinical models to study in-vivo mecha-
nisms underlying human immune responses.
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Supporting information

Additional supporting information may be found in the
online version of this article.

Fig. S1. Presence of anti-CD4 antibodies does not affect
human CD4 T cell engraftment negatively in non-obese dia-
betic (NOD)-scid IL2ry™" (NSG) mice. Human CD4 T cells
were isolated from peripheral blood mononuclear cells
(PBMC) using microbeads coupled to anti-CD4 or anti-CD8
antibodies. The CD4-P fraction was isolated by positive
selection, and therefore these cells are coated with anti-CD4
microbeads. CD4-E cells were prepared by depleting CD8 T
cells from the PBMC, resulting in a population of CD4 T
cells not coated with microbeads. The CD4-E* anti-CD4
population was obtained by combining CD4-P (microbead-
coated CD4 T cells) and the column flow-through, which
was further depleted of CD8 T cells resulting in a population
of predominantly antigen-presenting cells (APC). The per-
centage of CD4 engraftment in the (a) blood, (a) spleen and
(a) the number of CD4 T cells in the spleen were deter-
mined at 2 weeks post-injection. *P < 0-05; **P < 0-01;
AP <0-001.

Fig. S2. Haematological analyses [a, haemoglobin (HGB); b,
haematocrit (HCT); ¢, red blood cell (RBC) count] at death
or the end of the observation period of non-obese diabetic
(NOD)-scid IL2ry™" (NSG) mice either irradiated only or
injected with the peripheral blood mononuclear cells
(PBMC), CD4-E cells or CD4-P cells. *P < 0-05; **P < 0-01;
P <0-001.

Fig. 3. In-vitro proliferation of human CD4 T cells. A car-
boxyfluorescein succinimidyl ester (CFSE) dilution assay was
used to assess CD4 T cell proliferation in vitro, using sple-
nocytes isolated from non-obese diabetic (NOD)-scid
IL2ry™" (NSG), NSG-Ab’ or NSG-Ab’ DR4 mice as stimula-
tor cells, as described in the Materials and methods. The data
are expressed as the % of CD4 T cells that were CFSE low.
**P<0-01.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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