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Abstract
Objective—Graft-versus-host disease (GVHD) is the major cause of morbidity and mortality
following allogeneic hematopoietic stem cell transplantation. Models of immunodeficient mice that
consistently and efficiently reconstitute with xenoreactive human T cells would be a valuable tool
for the in vivo study of GVHD, as well as other human immune responses.

Materials and Methods—We developed a consistent and sensitive model of human GVHD by
retro-orbitally injecting purified human T cells into sublethally irradiated NOD/SCID-β2mnull

recipients. In addition, we characterized for the first time the trafficking patterns and expansion
profiles of xenoreactive human T cells in NOD/SCID-β2mnull recipients using in vivo
bioluminescence imaging.

Results—All NOD/SCID-β2mnull mice conditioned with 300 cGy of total body irradiation and
injected with 1 × 107 human T cells exhibited human T cell engraftment, activation, and expansion,
with infiltration of multiple target tissues and a subsequent greater than 20% loss of pretransplant
body weight. Importantly, histological examination of the GVHD target tissues revealed changes
consistent with human GVHD. Furthermore, we also showed by in vivo bioluminescence imaging
that the development of lethal GVHD in the NOD/SCID-β2mnull recipients was dependent upon the
initial retention and early expansion of human T cells in the retroorbital sinus cavity.

Conclusion—Our NOD/SCID-β2mnull mouse model provides a system to study the
pathophysiology of acute GVHD induced by human T cells and aids in the development of more
effective therapies for human GVHD.
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Introduction
Graft-versus-host disease (GVHD)1 remains a major cause of morbidity and mortality
following allogeneic hematopoietic stem cell transplantation (HSCT) and donor lymphocyte
infusion [1]. Many of the therapeutic strategies that are being developed to control GVHD
while maintaining the beneficial graft-versus-leukemia and/or graft-versus-infection effects
provided by donor lymphocyte infusion after allogeneic HSCT require ex vivo T cell
stimulation and expansion. Unfortunately, multiple preclinical and clinical studies have
demonstrated that these ex vivo expanded T cells exhibit decreased survival and function in
vivo, including reduced alloreactivity and GVHD potential [2–6]. Recently, others and we
described an ex vivo method for expansion of human T (huT) cells, using anti-CD3 and anti-
CD28 monoclonal antibodies that are covalently attached to superparamagnetic microbeads
(CD3/CD28 beads) [7,8]. Autologous T cells expanded from patients with HIV infections and
a variety of cancers using this CD3/CD28 bead activation technology have been well-tolerated;
infusion of these activated T cells demonstrated preliminary evidence of therapeutic effects in
initial clinical trials [9–13]. However, it remains unknown whether allogeneic huT cells
polyclonally expanded with CD3/CD28 beads promote engraftment, induce GVHD and
provide a graft-versus-leukemia effect.

Models of immunodeficient mice that consistently and efficiently reconstitute with
xenoreactive huT cells would be a valuable tool for the development of more effective therapies
for GVHD and to study the pathophysiology of the disease. In most xenograft models, huT
cells are deleted or, if present, are tolerant or anergic due, presumably, to their continuous
stimulation by mouse xenoantigens [14–16]. Initial experiments using SCID mice, which lack
functional T and B-cells, demonstrated that anywhere from 1% to 20% of unconditioned SCID
mice could develop xenogeneic GVHD (X-GVHD) following intraperitoneal (i.p.) injection
of extremely high numbers (50–100 × 106) of human peripheral blood mononuclear cells
(huPBMCs) [14,17–23]. Nonobese diabetic (NOD)/SCID mice exhibit reduced NK activity,
macrophage function and serum hemolytic complement activity in addition to the deficit in
mature T and B cells [24,25]. Although increased huT cell engraftment levels and X-GVHD
have been reported for NOD/SCID mice, these mice are still constrained by the presence of
residual NK cell activity and poor human CD4+ T cell engraftment [23,24,26–30]. Recently,
this residual NK cell activity was virtually eliminated by backcrossing the β2-microglobulin-
null (β2mnull) allele onto the NOD/SCID background [31]. Compared to NOD/SCID controls,
unconditioned NOD/SCID-β2mnull mice injected i.p. with huPBMCs exhibit similar [30], or
increased [31], huT cell engraftment with 6- to 7-fold higher numbers of CD4+ T cells [31].
However, <20% of unconditioned NOD/SCID-β2mnull recipients injected i.p. with huPBMCs
develop X-GVHD [30,31].

Multiple strategies have been explored to increase huT cell engraftment and the incidence of
lethal X-GVHD in immunodeficient mice, including: (i.) pretransplant conditioning with
sublethal irradiation [19,23,26,32–40], (ii.) targeted reduction of murine natural killer (NK)
cell activity with antibodies directed towards specific cell membrane markers (anti-asialo-GM1
[19,33–35] or anti-CD122 [23,36,39]), (iii.) targeted reduction of murine macrophages with
clodronate–containing liposomes [37], (iv.) using newborn mice which lack a fully developed
innate immune system [32], (v.) administration of interleukin-15 (IL-15) [38,40], and/or (vi.)
generating new mouse strains with additional defects in the innate immune system [37]. In
general, these protocols have significantly improved huT cell engraftment and thereby,

1Abbreviations used in this paper: GVHD, graft vs host disease; HSCT, hematopoietic stem cell transplantation; huT, human T cells; X-
GVHD, xenogeneic GVHD; huPBMCs, human peripheral blood mononuclear cells; β2mnull, β2-microglobulin-null; TBI, total body
irradiation; r.o., retro-orbital; CBRluc, Click Beetle Red luciferase; EGFP, enhanced green fluorescent protein; BLI, bioluminescence
imaging; EDTA, ethylenediaminetetraacetic acid.
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increased the incidence of lethal X-GVHD to anywhere from 50% to 100%. In the present
report, we developed a consistent and sensitive model of human GVHD that does not require
the use of depleting antibodies, clodronate–containing liposomes, or the administration of
human cytokines. We show that all NOD/SCID-β2-m−/− mice conditioned with 300 cGy of
total body irradiation (TBI) developed lethal X-GVHD following retroorbital (r.o.)
administration of purified huT cells. Consistent with X-GVHD, these mice exhibited huT cell
engraftment, activation, and expansion, with infiltration of multiple target tissues and a
subsequent >20% loss of pretransplant body weight. Importantly, histological examination of
the GVHD target tissues revealed changes consistent with human GVHD.

Materials and methods
Mice and conditioning regimen

NOD/SCID-β2mnull [31,41,42] were obtained from Taconic Farms (Germantown, NY, USA)
or from The Jackson Laboratory (Bar Harbor, ME, USA). Animals were fed autoclaved food
and water, and all manipulations were performed on a laminar flow bench. Animal used were
8 to 14 weeks old. Animal care and euthanasia were approved by the Washington University
Medical School Animal Studies Committee. Mice received 250 or 300 cGy of total body
irradiation (TBI), using a Shepard Mark IV Cesium 137 irradiator, between 4 to 24 hours prior
to the human cell injection. Control mice were irradiated but did not receive human cells.

Human cell isolation and transplantation
Heparinized whole blood samples were obtained from healthy volunteers (n=5). PBMCs were
isolated by density centrifugation on Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA),
washed twice, counted and resuspended in PBS/0.1% human serum albumin. HuT cells were
isolated from PBMCs by depletion of non-T cells (negative selection) using the human Pan T
Cell Isolation Kit II (Miltenyi Biotech, Auburn, CA, USA) in combination with an AutoMACS
cell separation device (Miltenyi). Cell suspensions containing 5 × 106 or 10 × 106 huT cells in
0.2 mL of PBS were injected intravenously via the tail vein or into the retro-orbital (r.o.) space
[43] in the irradiated mice.

Construction of CBRluc-egfp Retroviral Vector
Click Beetle Red luciferase (CBRluc) was modified from pCBR (Promega Corporation,
Madison, WI, USA) by PCR to add ΔU3 vector sequence and a Kozak sequence to the 5′ end
(Forward, 5′-
GGCTAGCGTAGACGGCATCGCAGCTTGGATACACGCCGCCCACGTGAAGGCT
GCCGACCCCGGGGTGGACCATCCTCTAGACTGCCATGGTAAAGCGTGAG-3′). The
3′end of pCBR was modified to eliminate the stop codon of CBRluc and introduce a gly-gly-
ser linker and a BamHI restriction site (Reverse, 5′-
CGGTGGATCCGATCCTCCTCCACCGCCGGCCTTCAC-3′). The modified pCBR
product was then digested with Acc1 and BamH1 and the insert was ligated to the pEGFP-N1
(Clontech, Palo Alto, CA, USA) vector to generate pCBR-eGFP-N1. To construct retroviral
vector, the ΔU3ΔCD34-tk75 vector [44] was digested with Acc1 and Not1 to remove ΔCD34-
tk75 and ligated to a Acc1/Not1 fragment of pCBR-eGFP-N1 to generate ΔU3CBRluc-
enhanced green fluorescent protein (EGFP). Vesicular stomatitis virus G envelope protein
pseudotyped viruses were prepared by packaging the ΔU3CBRluc-EGFP retroviral vectors in
293GPG cells as previously described. [44]

Ex-vivo activation, transduction, and expansion of human T cells
PBMCs were washed twice in HBSS and inoculated into 300 ml Lifecell tissue culture bags
(Baxter, Deerfield, IL, USA) at a concentration of 1×106 cells per ml in serum-free Stemline
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T cell medium (Sigma-Aldrich) supplemented with L-Glu. CD3/CD28 antibody-coated
magnetic beads (Xcyte™Dynabeads®, Xcyte Therapies, Inc., Seattle, WA, USA) [8] were
washed once in HBSS and added at a ratio of 3 beads per one cell. After 24 hours at 37 °C, 50
U/ml IL-2 (Sigma) was added. Culture bags were incubated for 3 to 7 days without a change
of medium. On day 4 or 8, cells were completely removed from the culture bags and magnetic
beads were removed by bead immobilization using a strong magnetic field. A 96% to 99%
bead reduction could be achieved routinely. Human T cells were genetically modified with
CBRluc/egfp by adding ΔU3CBRluc-EGFP retrovirus 48 hours after CD3/CD28 bead
stimulation.

GVHD evaluation
Mice were labeled as having developed lethal GVHD only if they had severe weight loss
(>20%), hunched posture, ruffled fur, reduced mobility, tachypnea, high engraftment of huT
cells in blood, huT cell infiltration in target tissues (fluorescence-activated cell sorter (FACS),
histology and immunohistochemistry), and high serum levels of human cytokines. Mice were
bled from the r.o. sinus under anesthesia two days after the human cell injection, and later once
per week. Blood was collected in EDTA-coated tubes and analyzed for huT cell subsets using
FACS. Plasma was isolated from the remaining blood and stored at −80°C for later
determination of human cytokines. At the time of sacrifice, tissues (bone marrow, spleen, liver,
lung and kidney) were harvested and divided into two parts. For histology and
immunohistochemistry staining the organs were fixed immediately in 10% buffered formalin
and then embedded in paraffin. For flow cytometry analysis, single cell suspensions were
prepared as we previously described. [45] Briefly, the spleen, liver, lung and kidney were
pressed through nylon mesh with the blunt end of a syringe and erythrocytes were removed by
hypotonic lysis with 154 mmol/L ammonium chloride, 10 mmol/L potassium bicarbonate, and
0.1 mmol/L ethylenediaminetetraacetic acid (EDTA). Cell suspensions were centrifuged at
500 × g for 15 minutes, filtered through a 70-μm cell strainer, and resuspended in PBS
containing 0.5% bovine serum albumin and 1 mmol/L EDTA. The bone marrow was harvested
by flushing the femurs and tibias with PBS. The resulting cell pellet was then depleted of
erythrocytes, filtered, and resuspended as described above.

Flow cytometry analysis for the detection of engraftment
Single-cell suspensions from the peripheral blood, spleen, bone marrow, liver, lung, and kidney
were incubated with fluorescently labeled monoclonal antibodies, then 5-color FACS analysis
of human antigens was performed on an FC-500 flow cytometer (Becton Dickinson, San Jose,
CA, USA) and data were analyzed using FLOWJO software (Tree Star, San Carlos, CA, USA).
All samples were blocked first with purified anti-mouse CD16/CD32 (FcR III/II Receptor) and
human FcR-Blocking. The mouse antibodies used were biotin anti-mouse CD45 (LCA, Ly-5,
30-F11) (pan-murine leukocytes) and streptavidin-PE-Texas Red. The human antibodies used
were CD45-allophycocyanin (APC)(pan-human leukocytes), CD3-cyanin 7 (Cy7)(pan-T
cells), CD4-phycoerythrin (PE)(T-helper), CD8-fluorescein isothiocyanate (FITC)(T-
cytotoxic), CD25-PE (IL-2R), CD30- (FITC)(Ki-1), and CD69-FITC. All antibodies were
purchased from BD Pharmingen (San Diego, CA, USA). The proportion of human cells was
calculated as follows: % huCD45+ = [huCD45+ / (huCD45+ + mCD45+)] × 100%.

Histology and immunohistochemistry
Paraffin-embedded sections (5 μm) were cut and stained with hematoxylin-eosin for histology.
Selected sections were also immunohistochemically stained with anti-human CD3, CD8 and
CD45 antibodies purchased from Dako (Carpinteria, CA, USA) and anti-human CD4 antibody
purchased from BioGenex (San Ramon, CA, USA) using DAKO EnVision™ system. Slides
were coded and read by a pathologist expert in human GVHD, using a blinded technique. A
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semiquantitative scoring system was used to assess abnormalities associated with GVHD or
allograft rejection. [46]

Bioluminescence Imaging of Animals
Human T cell trafficking in NOD/SCID-β2mnull recipients was assessed non-invasively by
bioluminescence with an IVIS 100 CCD camera (Xenogen, Alameda, CA, USA) as described.
[47,48] Briefly, mice were injected i.p. with D-luciferin (150 μg/g in PBS) and imaged 10 min
later with the IVIS (1–60 sec exposure, binning 8, f-stop 1, FOV 15 cm). Anesthesia was
induced and maintained during imaging by vaporizer delivery of 2–2.5% isofluorane. Total
photon flux (photons/sec) was quantified on images using a rectangular region of interest
encompassing the entire abdomen and thorax. Specific identification of tissues and organs was
based on location and imaging characteristics of each tissue type. Due to the desire to
repetitively image the animals over time, we did not dissect tissues for specific verification in
each animal. However, based on extensive experience and other dissection protocols, we are
reasonably confident that these foci indeed represent lymph nodes or other tissues as noted.

Measurement of human cytokines
Mouse serum was analyzed for human IFN-γ TNF-α IL-2, IL-4, IL-6, and IL-10 with a
cytometric bead array combined with flow cytometry assay (Human Th1/Th2 Cytokine CBA-
II, Becton Dickinson).

Statistical analysis
Values are expressed as mean ± standard deviation (SD). Comparison between groups was
performed using unpaired Student’s t test, two tailed, 95% confidence intervals, or analysis of
variance (ANOVA). Kaplan-Meier survival curves were compared using the log-rank test. P
values < 0.05 were considered as statistically significant. All statistical analyses were
performed using StatView software (Abacus Concepts, Berkeley, CA, USA).

Results
Development of a xenogeneic model of human GVHD

To evaluate whether we could induce lethal X-GVHD in NOD/SCID-β2mnull mice, we
sublethally irradiated animals with 250 cGy of TBI and injected them intravenously, either
through the lateral tail vein (i.v.) or retro-orbitally (r.o.), the following day, with 5 × 106 or 10
× 106 huT cells. Following injection, we assessed huT cell engraftment and the development
of X-GVHD by performing weekly FACS analyses of the peripheral blood and recording body
weights every 3 to 4 days. NOD/SCID-β2mnull mice that were injected with huT through the
lateral tail vein exhibited only small and transient huT cell engraftment and failed to develop
lethal X-GVHD, irrespective of the huT cell dose (Fig. 1A,B). We found a similar failure of
the huT cells to engraft and induce X-GVHD when 5 × 106 huT cells were injected r.o. In
contrast, we observed significantly increased huT cell engraftment (P < 0.0007 compared to
other conditions; Fig. 1A) and lethal X-GVHD (P < 0.0002 compared to other conditions; Fig.
1B) when NOD/SCID-β2mnull mice were injected r.o. with 10 × 106 huT cells. Overall, 20 of
34 NOD/SCID-β2mnull mice conditioned with 250 cGy of TBI and injected with 10 × 106 huT
cells r.o. developed lethal X-GVHD (Fig. 1B), with a median survival time of 22 days.

We found several significant differences between the NOD/SCID-β2mnull mice that developed
lethal X-GVHD and those that survived long term without evidence of GVHD. Compared to
animals that failed to develop lethal X-GVHD, NOD/SCID-β2mnull mice with lethal X-GVHD
exhibited significantly increased: i.) weight loss (P < 0.05 from day 4 onward; Fig. 2A), ii.)
huT engraftment in the peripheral blood (P = 0.0004 at day 24 post-transplantation; Fig. 2B),
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iii.) expansion of human CD4+ and human CD8+ T cells in the peripheral blood (Fig. 2C), iv.)
up-regulation of the T cell activation markers CD25 and CD30 on huT in the peripheral blood
(P < 0.01 at days 10 and 20 post-transplantation; Fig. 2D), and v.) human IFN-γ serum levels
(P < 0.05 at days 10 and 20 post-transplantation; Fig. 2E). In addition to these differences,
NOD/SCID-β2mnull mice with lethal X-GVHD also displayed several clinical signs of GVHD
including hunched posture, ruffled fur, reduced activity, tachypnea, and anemia. These
symptoms were not evident in mice that failed to develop GVHD (data not shown).
Furthermore, we detected no significant quantities of human IL-2, IL-4, IL-6, IL-10, or
TNFα in the serum of any of the NOD/SCID-β2mnull mice examined (data not shown). In
summary, we found that 59% of NOD/SCID-β2mnull mice developed lethal X-GVHD if they
were conditioned with 250 cGy and retro-orbitally injected the following day with 10 × 106

huT cells.

In vivo bioluminescence imaging of human T cell trafficking in NOD/SCID-β2mnull mice
To evaluate why the route of huT cell administration affected huT cell engraftment and the
development of lethal X-GVHD in NOD/SCID-β2mnull mice, we performed in vivo
bioluminescence imaging (BLI) studies using huT cells that were genetically modified with a
click beetle red luciferase/enhanced green fluorescent protein (CBRluc/egfp) dual function
reporter gene (huTCBRluc/EGFP). In these studies, we transduced CD3/CD28 bead activated
PBMCs with a CBRluc/egfp retrovirus (30% huT cell transduction efficiency; data not shown)
and injected 10 × 106 huTCBRluc/EGFP cells either through the lateral tail vein (i.v.) or r.o. into
sublethally (250 cGy) irradiated NOD/SCID-β2mnull mice. Similar to the results we obtained
with naïve (unmanipulated) huT cells (Fig. 1B), NOD/SCID-β2mnull mice injected with
huTCBRluc/EGFP cells through the lateral tail vein failed to develop lethal X-GVHD, whereas
3 of 5 mice that were injected with huTCBRluc/EGFP cells r.o. developed lethal X-GVHD (Fig.
3A). Furthermore, as before, mice injected r.o. exhibited significantly increased weight loss
(Fig. 3B; p < 0.02) and huT cell engraftment in the peripheral blood (Fig. 3C; p<0.04 and 0.02
on days 7 and 14) compared to mice that were injected i.v. with huTCBRluc/EGFP cells. It is
important to note that the standard deviations presented in Fig. 3B and C are small because
one of the two mice that received huT cells r.o. but did not develop lethal X-GVHD had
significant weight loss (~ 10%) and huT cell engraftment (14% at day 14).

Serial whole body BLI revealed very different trafficking patterns and expansion profiles
between the i.v. and r.o. routes of huT cell administration. As shown in Figure 3D–G,
huTCBRluc/EGFP cells injected through the lateral tail vein immediately trafficked to the lungs
and failed to expand during the first two weeks after infusion. In contrast, we observed that a
significant portion of the r.o.-injected cells remained in the retroorbital sinus cavity and
trafficked to secondary lymphoid organs during the first 7 days after huTCBRluc/EGFP cell
infusion (Fig. 3D). This altered trafficking of the r.o.-injected cells was associated with a greater
than 10-fold increase in the CBRluc/EGFP BLI signal during the first 2 weeks after huT cell
infusion (Fig. 3F–G), with the huTCBRluc/EGFP cells accumulating in the skin, lymph nodes
and gut. This homing pattern and strong BLI signal of the r.o.-injected huTCBRluc/EGFP cells
remained until death from GVHD. Surprisingly, the CBRluc/EGFP BLI signal of the i.v.-
injected huT cells increased greater than 1 order of magnitude between days 14 and 28 after
huTCBRluc/EGFP cells infusion. However, this late expansion of the huTCBRluc/EGFP cells was
not associated with the development of X-GVHD (n=0/5). Interestingly, we observed that the
2 r.o.-injected animals that failed to develop lethal X-GVHD exhibited huTCBRluc/EGFP cell
trafficking patterns and expansion profiles that were identical to the i.v.-injected
huTCBRluc/EGFP cells (data not shown). This observation suggests that lethal X-GVHD will
not develop when r.o.-injected huTCBRluc/EGFP cells arrive directly into the blood stream.
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Organ distribution and phenotype of huT in NOD/SCID-β2mnull mice that developed lethal X-
GVHD

To more thoroughly characterize the X-GVHD induced by huT cells following r.o. injection
of 10 × 106 huT cells into 250 cGy conditioned NOD/SCID-β2mnull mice, we used flow
cytometry to analyze the presence and phenotype of huT cells in organs obtained from animals
that developed lethal GVHD. In all flow cytometry analyses, we used normal human PBMCs
as controls to establish consistent gating criteria (Fig. 4A). We detected significant amounts
of both CD4+ and CD8+ huT cells in the blood, spleen, liver, lung, kidney, and bone marrow
(BM) of NOD/SCID-β2mnull mice that developed lethal X-GVHD (Fig. 4B). The percentage
of hematopoietic cells that were huT cells (either CD4+ or CD8+ T cells) ranged from 10% in
the BM to approximately 60% in the liver, lung, and kidney (Fig. 4B). Additionally, although
both CD4+ and CD8+ huT cells were present in the organs of animals that developed lethal X-
GVHD, we observed a skewing of the CD4+ to CD8+ T cell ratio towards CD4+ T cells in the
tissues, particularly the lung and kidney.

In addition to evaluating the CD4+ and CD8+ T cell subset composition in the organs of NOD/
SCID-β2mnull mice with lethal X-GVHD, we also analyzed the expression of the T cell
activation markers CD25, CD30, and CD69. Similar to huT cells that were detected in the
blood of mice that developed lethal X-GVHD (Fig 2D), we observed increased expression of
all three activation markers on huT cells present in the various organs tested (Fig 4C). On
average, anywhere from 5% to >35% of the huT cells present in the various organs displayed
an activated phenotype. Taken together, these flow cytometry analyses clearly demonstrate
that activated CD4+ and CD8+ huT cells infiltrate multiple organs in NOD/SCID-β2mnull mice
that developed lethal X-GVHD.

Increased lethal X-GVHD in NOD/SCID-β2mnull mice conditioned with 300 cGy TBI
Since only 59% of the NOD/SCID-β2mnull mice developed lethal X-GVHD when they were
conditioned with 250 cGy and injected r.o. the following day with 10 × 106 huT cells, we
evaluated whether increasing the irradiation dose to 300 cGy TBI and reducing the time
between conditioning and huT cell injection from 24 hours to less than 6 hours would increase
the incidence of lethal X-GVHD. All (8/8) NOD/SCID-β2mnull mice that were conditioned
with 300 cGy TBI and injected with 10 × 106 huT cells developed lethal X-GVHD, with a
median survival time of 15 days (Fig. 5A). Consistent with the X-GVHD observed in animals
conditioned with 250 cGy of TBI, NOD/SCID-β2mnull mice conditioned with 300 cGy of TBI
exhibited weight loss (Fig. 5B), huT engraftment in the peripheral blood (Fig. 5C), a preserved
CD4+/CD8+ ratio (Fig. 5D,6B), increased human IFN-γ serum levels (Fig. 5E), and up-
regulation of CD25 (Fig. 5F,6C), CD30 (Fig. 6D), and CD69 (data not shown) on a significant
percentage of huT cells in the blood, spleen, liver, lung, kidney, and BM.

Retention of X-GVHD-inducing potential following ex vivo activation of huT cells
In addition to evaluating the effect of the irradiation dose and timing of huT administration on
the development of lethal X-GVHD, we also examined, in the same set of experiments, the
consequence of ex vivo activation on the X-GVHD-inducing potential of huT cells in NOD/
SCID-β2mnull mice. To prepare activated huT cells, we cultured human PBMCs for 4- or 8-
days in media supplemented with 50 U/ml IL-2 and CD3/CD28 beads. After 4- or 8-days, the
CD3/CD28 bead activated huT cells expanded 5-fold and 12-fold, respectively. Furthermore,
the CD4+ to CD8+ T cell ratio changed from 1.6 ± 0.5 at the start of the activation protocol to
1.7 ± 0.4 at 4-days post-activation and 1.1 ± 0.2 at 8-days post-activation (average from 3
experiments with different donors; p = NS).

To evaluate the X-GVHD-inducing potential of the CD3/CD28-bead-activated huT cells, we
conditioned NOD/SCID-β2mnull mice with 300 cGy of TBI and injected them r.o., within 6
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hours, with 10 × 106 naive or activated huT cells. Similar to animals that received naive huT
cells, NOD/SCID-β2mnull mice that received activated huT cells developed lethal X-GVHD
with a median survival (Fig. 5A) and weight loss (Fig. 5B) that were not significantly different
than animals that received naive huT cells. Interestingly, NOD/SCID-β2mnull mice injected
with 4-day activated huT cells exhibited percentages of huT cells in the blood, spleen, liver,
and lung (Fig. 5C, 6A), as well as human IFN-γ serum levels (Fig. 5E) that were all significantly
increased compared to animals that received either naive or 8-day activated huT cells.

In addition to evaluating huT cell engraftment and organ infiltration, we also compared the
activation status of the naive and activated huT cells present in the peripheral blood and tissues
of the NOD/SCID-β2mnull mice. On the day of injection, <2% of the naive huT cells expressed
CD25, CD30, or CD69. However, all 3 of these T cell activation markers were up-regulated
following injection of the naive huT cells into the NOD/SCID-β2mnull mice. Overall, the
percentage of huT cells in the peripheral blood that expressed CD25, CD30, and CD69
increased from <2% at day 3 to 28% ± 20%, 32% ± 21%, and 39% ± 14%, respectively, by
day 16 after injection of naive huT cells (Fig. 5F and data not shown). At the time of sacrifice,
anywhere from 10% to >80% of the injected naive huT cells present in the spleen, liver, lung,
kidney, and BM expressed CD25, CD30, and CD69 (Fig. 6C,D; data not shown for CD69).
These data further demonstrate that naive huT cells become activated and infiltrate multiple
organs following injection into NOD/SCID-β2mnull mice.

In contrast to the naive huT cells, 95%, 43%, and 75% of the 4-day activated and 100%, 9%,
and 78% of the 8-day activated huT cells expressed CD25, CD30, and CD69, respectively, at
the time of injection (data not shown). Within 3 days after injection, however, 6.3 ± 3.1% of
the 4-day activated and 50.7 ± 9.4% of the 8-day activated huT cells expressed CD25 in the
peripheral blood, and 3.9 ± 2% and 7.4 ±2.9, respectively, expressed CD30. From day 3
onwards, the percentage of 4-day activated huT cells in the peripheral blood that expressed
CD25, CD30, or CD69 increased at a rate that was similar to mice that received naive huT
cells. In contrast, the percentage of 8-day activated huT cells in the peripheral blood that
expressed CD25, CD30, or CD69 remained at a level that was similar to mice that received 4-
day activated huT cells. Furthermore, similar to mice that received naive huT cells, we observed
increased expression of all three T cell activation markers on huT cells present in the spleen,
liver, lung, and kidney of mice injected with activated huT cells (Fig. 6C,D). In summary,
although we observed several differences in the phenotype and engraftment of the activated
cells as compared to naive huT cells after injection into NOD/SCID-β2mnull mice, these studies
clearly demonstrated that huT cells retain their X-GVHD-inducing potential following ex
vivo activation and expansion with CD3/CD28 beads and low levels of IL-2.

Histopathology of NOD/SCID-β2mnull mouse X-GVHD
Histopathologic and immunohistochemical analyses were performed on the liver, skin, gut,
lung, kidney and salivary glands obtained from NOD/SCID-β2mnull mice that developed lethal
GVHD induced by naive or activated huT cells. The histologic features of acute GVHD
observed in the liver, skin and gut were very similar to those seen in human GVHD disease
(Fig. 7). In the liver, the characteristic findings included portal lymphocytic infiltration (Fig.
7B), endotheliitis and hepatocyte apoptosis (Fig. 7C). A variable degree of bile duct damage
with intraepithelial lymphocytic infiltration was also noted. This was in marked contrast to
mice that did not develop GVHD, in which none of these histologic findings in the liver was
evident (Fig. 7A). In the skin, acute GVHD manifested as apoptosis and basal vacuolar damage
of the keratinocytes in the epidermis and hair follicles (Fig. 7E). Lymphocytic infiltration was
noted in both epidermis and superficial dermis. The injury secondary to GVHD in the gut was
relatively milder than that seen in other organs, and was evidenced by the presence of apoptotic
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enterocytes in the mucosa (Fig. 7F). Ulceration and significant crypt dropout were not
observed.

The major histologic findings in the lung were perivascular, peribronchiolar and interstitial
lymphocytic infiltration (Fig. 7D), accompanied by endotheliitis and bronchial epithelial
apoptosis. Alveolar damage with intraalveolar edema was observed in some of the mice.
Perivascular and interstitial lymphocytic infiltration was also prominent in the kidney (Fig.
7G), with a variable degree of tubulitis, epithelial apoptosis and endotheliitis. Although acute
GVHD has not been well described in human lung and kidney, the histologic observations in
the NOD/SCID-β2mnull mice were believed to represent acute GVHD because they
recapitulated those seen in acute lung and kidney allograft rejection in humans. It has been
well established that acute hepatic GVHD in humans shares major histologic features with
acute allograft rejection. In addition, acute GVHD was noted in the salivary gland, which was
also characterized by perivascular and interstitial lymphocytic infiltration, endotheliitis and
apoptosis. Necrotizing vasculitis with thrombosis was present in some of the mice (data not
shown). Immunohistochemical stains demonstrated that the infiltrative lymphocytes in various
organs were huT cells that coexpressed CD45 and CD3 (Fig. 7H). They were composed of
both CD4 (Fig. 7I) and CD8 (Fig. 7J) positive cells.

We developed a new scale to characterize X-GVHD in this model, following the same
alterations observed in different target tissues in human GVHD. We evaluated different tissues
from mice that developed lethal GVHD, and we showed that there is no significant difference
in the damage observed originated by naive (n=8) or 4-day activated (n=9) huT cells (Fig. 8).
Interestingly, however, we found significantly less damage to the liver, lung, skin, and kidney
of mice that received 8-day activated huT cells compared to animals that received either naïve
or 4-day activated huT cells. As controls, a group of mice were used that received a sub-lethal
conditioning regimen and later were injected with huT cells, but did not develop lethal GVHD
(n=8). This control group did not present the typical features observed in lethal GVHD
(p<0.005).

Discussion
Human acute GVHD is believed to occur in 3 phases: (phase 1) recipient conditioning, (phase
2) donor T cell activation, and (phase 3) effector cells mediating GVHD [49]. In this study, we
found evidence that all three of these phases were replicated in the development of lethal X-
GVHD in NOD/SCID-β2mnull mice injected with huT cells.

Studies in both humans and animals have demonstrated that acute GVHD is closely associated
with the intensity and toxicity of the recipient conditioning regimen [49]. In this study, we
found that TBI (phase 1) was essential to consistently induce lethal acute X-GVHD in NOD/
SCID-β2mnull recipients injected with huT cells. Although we did not evaluate the development
of X-GVHD in the absence of pre-transplant irradiation, others have reported no [31] or little
[30] lethal X-GVHD following injection of huT into unconditioned NOD/SCID-β2mnull mice.
In contrast, lethal X-GVHD is observed following administration of huT and human IL-15 to
nonirradiated SCID recipients pre-treated with a monoclonal antibody to murine CD122 (to
deplete residual host NK cells) [38]. In this study, we found that 20 of 34 (59%) NOD/SCID-
β2mnull recipients developed lethal X-GVHD following pre-transplant conditioning with 250
cGy of TBI and r.o. injection of 10 × 106 purified huT the following day. Importantly, we
increased the incidence of lethal X-GVHD in these mice to 100% (8/8) by increasing the TBI
dose to 300 cGy and by decreasing the time between irradiation and huT cell injection to < 6
h. Therefore, our studies indicate that 300 cGy of TBI and retroorbital injection of huT cells
within 6 h is required to attain consistent lethal X-GHVD in NOD/SCID-β2mnull recipients.
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In addition to the requirement for pretransplant irradiation, we also found that the development
of lethal X-GVHD in NOD/SCID-β2mnull recipients was dependent upon the route of human
T cell administration. When 107 human T cells were injected via the lateral tail vein into 250
cGy NOD/SCID-β2mnull mice no lethal X-GVHD developed. However, when we administered
the same cells through the retroorbital venous plexus they induced lethal X-GVHD in 59% of
the similarly conditioned recipients and in all recipients irradiated with 300 cGy of TBI.
Previously, Price et. al. [50] reported no biologically significant differences in the organ
distribution patterns and blood decay profiles between the lateral tail vein and retroorbital
routes of i.v. administration when radiolabeled chemicals (sodium pertechnetate), antibodies,
or cells (thymocytes or melanoma cells) were injected into unconditioned mice. Since it was
unclear why there was such a dramatic difference in the incidence of lethal X-GVHD in our
studies, we used in vivo BLI to compare the trafficking patterns and expansion profiles of
luciferase-modified human T cells following lateral tail vein or retroorbital injection. These
studies clearly revealed that the development of lethal X-GVHD in NOD/SCID-β2mnull

recipients was dependent upon the initial retention and early expansion of huT in the retroorbital
sinus cavity and local regional draining lymph nodes. This profile of engraftment and early
expansion was observed in all mice that were r.o.-injected with huT and developed lethal X-
GVHD. In contrast, all recipients that received huT through the lateral tail vein, as well as r.o.-
injected mice that failed to develop lethal X-GVHD, showed initial huT migration to the lungs
and no huT expansion during the first two weeks after infusion. Interestingly, although these
recipients failed to develop lethal X-GVHD, we did observe a dramatic expansion of the
transferred huT cells between two and three weeks after infusion. This late huT cell expansion
without the development of lethal X-GVHD may be attributed to the absence of irradiation-
induced inflammatory changes that contribute to GVHD pathophysiology. [49] In murine
allogeneic transplant models, others and we have shown that the severity of GVHD is reduced
or abolished following delayed infusion of alloreactive donor T cells. [45,51–54]

The mechanism/s by which pre-transplant irradiation of NOD/SCID-β2mnull recipients
increases the incidence of lethal X-GVHD induced by huT cells remains unknown. One
possibility is that TBI provides additional immunosuppression, thereby permitting increased
huT cell engraftment and subsequent development of lethal X-GVHD [23]. Consistent with
this hypothesis, we found significantly increased huT cell engraftment in the peripheral blood
of NOD/SCID-β2mnull mice after increasing the TBI dose from 250 cGy to 300 cGy and
decreasing the time between irradiation and huT cell injection from 24 h to <6 h. A second
possibility is that the pre-transplant irradiation prompts massive cytokine induction, also
known as the “cytokine storm”, which promotes huT cell engraftment, activation and
development of lethal X-GVHD [49]. In allogeneic transplantation, the TBI-induced release
of TNF-α, IL-1, IL-6, and lipopolysaccharide (LPS) promotes the development of acute GVHD
through the activation of host antigen presenting cells (APC) and up-regulation of MHC
antigens [55–57]. Furthermore, it is interesting to note that in human/murine mixed lymphocyte
cultures performed in the absence of human APCs, only activated, but not resting, murine APCs
can stimulate resting huT cells [58]. This inability of huT cells to interact effectively with
resting murine APCs may explain why TBI, and the subsequent activation of murine APCs, is
required to induce lethal X-GVHD in NOD/SCID-β2mnull recipients. One final factor likely
contributing to the development of lethal X-GVHD in irradiated NOD/SCID-β2mnull mice is
the probable increased trafficking of xenoreactive huT cells to GVHD target tissues following
total body irradiation. Indeed, Chakraverty et al [59] recently showed in a murine allogeneic
transplant model that irradiation-induced tissue inflammation is a prerequisite for the migration
of alloreactive T cells to GVHD target tissues and the induction of GVHD.

During the second phase of human acute GVHD, allogeneic donor T cells become activated
by encountering residual host APCs or donor-derived APCs, which cross present host
alloantigens [49]. Although this allo-response is believed to be mediated primarily by dendritic
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cells (DCs), other nonprofessional APCs, including B cells, macrophages and non-
hematopoietic cells, may play a role. We report here that both human CD4+ and CD8+ T cells
become activated following r.o. injection into irradiated NOD/SCID-β2mnull mice. The up-
regulation of the early T cell activation markers CD25, CD30, and CD69 and the secretion of
large quantities of human IFN-γ characterize the huT cell activation. Interestingly, both CD25
and CD30 up-regulation, as well as serum levels of human IFN-γ, served as useful predictors
for which mice will develop lethal X-GVHD following the injection of huT cells. Future
experiments will determine whether therapies targeting these markers will mitigate X-GVHD
induced by huT cells in the NOD/SCID-β2mnull mice.

Because we injected cell populations that were >99% CD3+, the xenoreactive human CD4+

and CD8+ T cells were most likely stimulated by murine APCs. However, it remains unknown
which specific murine APC population mediated this activation in the NOD/SCID-β2mnull

mice. In fact, the abundance and function of DCs, as well as other APC subsets, in NOD/SCID-
β2mnull mice and most other immunodeficient mouse strains have not been evaluated.
Determining the lineage and function of APCs that mediate the graft-versus-host reaction in
the NOD/SCID-β2mnull X-GVHD model should help elucidate the pathophysiology of human
acute GVHD at the cellular and molecular levels.

Another interesting question that arises from our studies is the mechanism by which human
CD8+ T cells become activated in the irradiated NOD/SCID-β2mnull recipients. Previous
studies by others have established that human CD4+ T cells can recognize and become activated
by xenoantigens presented via murine MHC class II molecules [60,61]. Since NOD/SCID-
β2mnull mice have normal MHC class II function, they should retain their ability to present
xenoantigens to human CD4+ T cells. However, because of the lack of β2m, which is important
for the assembly of stable MHC I molecules, NOD/SCID-β2mnull mice are considered to be
MHC class I deficient and therefore, residual APCs in these mice should be poor stimulators
of human CD8+ T cells. One possible explanation for our detection of activated human
CD8+ T cells in irradiated NOD/SCID-β2mnull mice may reside in the fact that functional class
I molecules can assemble in the absence of β2m [62,63]. Alternatively, it may be that the human
CD8+ T cells are displaying an activated phenotype because of homeostatic proliferation or by
the recognition of xenoantigens being cross-presented by activated human CD4+ cells present
in the graft.

During the final phase of human acute GVHD, effector donor T cells mediate tissue injury in
various organs through direct cytotoxic activity or the production of inflammatory cytokines
[49]. In this study, we demonstrated high numbers of activated huT cells in the spleen, liver,
lung, kidney and bone marrow of NOD/SCID-β2mnull mice that developed lethal X-GVHD
by flow cytometry and immunohistochemistry. However, the most significant finding was that
the histopathology of X-GVHD induced by huT cells in the NOD/SCID-β2mnull mice closely
resembled what is observed in human acute GVHD.

Data from both mouse and human allogeneic studies have shown that donor T cells exhibit
decreased allo-reactivity and GVHD potential following ex vivo activation and expansion [2–
6]. This loss of allo-reactivity is extremely undesirable because both the conversion to full
donor chimerism and the anti-leukemia effect after allogeneic HSCT are mediated, at least in
part, by alloreactive donor T cells. We chose to evaluate the CD3/CD28 bead method of T cell
stimulation because several recent studies by others have demonstrated that huT cells activated
and expanded by CD3/CD28 beads maintain a broad T cell repertoire with retention of antigen
specific CD4 and CD8 cells, are capable of reactivation upon re-stimulation, and survive long
term following infusion into patients with HIV infections or a variety of cancers [9–12]. Unique
to our protocol, however, is the use of low concentrations of IL-2 (50 U/ml) added only 24
hours after culture initiation. Using this activation protocol, we can report that CD3/CD28
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bead-activated huT cells retain the capacity to recognize antigen, proliferate, and induce lethal
X-GVHD in NOD/SCID-β2mnull recipients. In fact, compared to mice injected with naive huT
cells, NOD/SCID-β2mnull recipients injected with 4-day CD3/CD28 bead activated T cells
displayed increased engraftment and serum IFN-γ levels, with similar weight loss, histological
GVHD scores, and induction of lethal X-GVHD. Interestingly, although the X-GVHD-
inducing potential of 4- and 8-day activated huT cells were similar, we found that the
engraftment, in-vivo expansion, and tissue infiltration of 8-day activated huT cells was
significantly decreased compared to cells that were cultured for only 4 days. This decreased
huT cell engraftment and expansion following prolonged ex-vivo activation may explain why
Bondaza et al [39] observed decreased lethal X-GVHD following the i.p. injection of 12-day
CD3/CD28 bead activated huT into anti-CD122 treated and irradiated NOD/SCID recipients
(58% lethal X-GVHD for 12-day activated huT versus 100% for non-activated huT). In
summary, our findings further illustrate the preservation of huT cell function following CD3/
CD28 bead stimulation and will allow us to evaluate the efficacy of GVHD prevention
strategies, such as suicide gene therapy [39], requiring ex vivo T cell activation and expansion.

The present study describes the conditions that allow the induction of acute X-GVHD in NOD/
SCID-β2mnull recipient mice following injection of purified huT cells. Importantly, the
pathogenesis of this acute X-GVHD was very similar to human allogeneic acute GVHD. The
xenoreactive huT cells initiated a rapidly progressing illness characterized by tissue injury in
various organs, including the gut, liver and skin. Therefore, this NOD/SCID-β2mnull model
provides a system to study the pathophysiology of acute GVHD induced by huT cells and aids
in the development of therapeutic strategies for GVHD.
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Figure 1.
Human T cell engraftment and development of lethal X-GVHD in NOD/SCID-β2mnull mice.
NOD/SCID-β2mnull mice (n = 59) were sublethally irradiated with 250 cGy of TBI and injected
through the lateral tail vein (i.v.) or retro-orbital (r.o.) venous plexus with 5 × 106 or 10 ×
106 naive purified huT cells the following day. (A) Human T cell engraftment. Peripheral blood
samples collected from mice that developed (GVHD; open circles) or did not develop (No
GVHD; closed circles) lethal GVHD were labeled with mAbs specific for human and murine
CD45 and analyzed by flow cytometry. The proportion of human cells in the peripheral blood
was calculated as follows: % huCD45+ = [huCD45+ / (huCD45+ + mCD45+)] × 100%.
Maximum huT cell engraftment is shown for each mouse and typically occurred between 2
and 3 weeks after huT injection. (B) Kaplan-Meier survival analysis. Lethal X-GVHD was
only observed when 10 × 106 huT cell were injected r.o. Results are pooled from four separate
experiments with different donors.
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Figure 2.
Characterization of mice that developed or did not develop lethal X-GVHD. NOD/SCID-
β2mnull mice (n=34) were sublethally irradiated with 250cGy of TBI and injected r.o. with 10
× 106 naive purified huT cells. Mice that developed lethal X-GVHD (n = 20; open bars) were
then compared to animals that failed to develop lethal X-GVHD (n=14; closed bars). (A)
Percent change in pretransplant body weight. (B) Kinetics of huT cell engraftment in the
peripheral blood. The proportion of human cells in the peripheral blood was determined by
flow cytometry as described in the legend to Fig. 1. (C) CD4+/CD8+ huT cell ratio. The
percentage of human CD45+CD3+ T cells in the peripheral blood that expressed CD4 or CD8
was determined by flow cytometry. (D) Expression of T cell activation markers. The percentage
of human CD45+CD3+ T cells in the peripheral blood that expressed CD25, CD30, or CD69
at 10 or 20 days after huT cell injection was determined by flow cytometry. Normal human
PBMCs were used as controls in all analyses to establish consistent gating criteria for CD25,
CD30, and CD69. (E) Human IFN-γ serum levels. Serum was obtained from peripheral blood
samples collected at the indicated times after huT cell injection and human IFN-γ levels were
determined using a cytometric bead assay (BD Biosciences). Values of p indicate statistically
significant differences between the two groups. NS indicates differences were not statistically
significant.
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Figure 3.
In vivo BLI of huT cells following i.v. or r.o. administration. NOD/SCID-β2mnull mice were
sublethally irradiated with 250 cGy of TBI and injected through the lateral tail vein (i.v.; n =
5) or retro-orbital (r.o.; n = 5) venous plexus with 10 × 106 CBRluc/egfp transduced huT
(huTCBRluc/EGFP) cells the following day. (A) Kaplan-Meier survival analysis. Lethal X-
GVHD was only observed when huTCBRluc/EGFP cells were injected r.o. (B) Percent change
in pretransplant body weight. (C) Kinetics of huT cell engraftment in the peripheral blood. The
proportion of human cells in the peripheral blood was determined by flow cytometry as
described in the legend to Fig. 1. (D–G) BLI of luciferase activity. The trafficking and
expansion of huTCBRluc/EGFP cells following i.v. or r.o. injection was assessed in the dorsal
(D) and ventral positions (E) by BLI (1h: 1 hour, 1d: 1 day, 4d: 4 days, 7d: 7 days, 14d: 14
days, 21d: 21 days post huT injection). One representative animal for each group is shown over
time. Photon flux is indicated in the color scale bar. Overall quantifications of emitted photons
in the dorsal (F) and ventral (G) positions are shown graphically.
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Figure 4.
Human T cell infiltration and phenotype in tissues of NOD/SCID-β2mnull mice that develop
lethal GVHD. NOD/SCID-β2mnull mice (n=34) were sublethally irradiated with 250cGy of
TBI and injected r.o. with 10 × 106 naive purified huT cells. When possible, moribund animals
with X-GVHD were euthanized and portions of blood, spleen, liver, lung, kidney and bone
marrow (BM) were analyzed by flow cytometry. (A) Representative FACS analysis of blood,
spleen, and liver harvested from a NOD/SCID-β2mnull mouse that developed lethal X-GVHD.
In all FACS analyses, normal human PBMCs were used as controls to establish consistent
gating criteria. (B) Human T cell subset composition. The percentage of human
CD45+CD3+ T cells in the indicated tissues that expressed CD4 or CD8 was determined by
flow cytometry. (C) Expression of T cell activation markers. The percentage of human
CD45+CD3+ T cells in the indicated tissues that expressed CD25, CD30, or CD69 was
determined by flow cytometry
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Figure 5.
Retention of X-GVHD-inducing potential following ex vivo activation of human T cells. NOD/
SCID-β2mnull mice were sublethally irradiated with 300 cGy of TBI and left untreated (control;
n = 4) or injected r.o. with 10 × 106 naive (n = 8; open bars) 4-day activated (n = 9; closed
bars), or 8-day activated (n = 5; hatched bars) huT cells. Activated T cells were prepared by
incubating human PBMCs with CD3/CD28 beads at a ratio of 3 beads per cell in the presence
of IL-2 (50 U/mL) for 4 or 8 days. (A) Kaplan-Meier survival analysis. Mice injected with
naive or activated huT cells displayed similar overall survivals that were significantly
decreased compared to the untreated control. (B) Kinetics of huT cell engraftment in the
peripheral blood. The proportion of huT cells in the peripheral blood was determined by flow
cytometry as described in the legend to Fig. 1. (C) Percent change in pretransplant body weight.
(D) CD4+/CD8+ huT cell ratio. The percentage of human CD45+CD3+ T cells in the peripheral
blood that expressed CD4 or CD8 was determined by flow cytometry. (E) Human IFN-γ serum
levels. Serum was obtained from peripheral blood samples collected at the indicated times after
huT cell injection and human IFN-γ levels were determined using a cytometric bead assay (BD
Biosciences). (F) Kinetics of CD25 expression on naive and activated huT cells. The percentage
of human CD45+CD3+ T cells in the peripheral blood that expressed CD25 was determined
by flow cytometry. Normal human PBMCs were used as controls in all analyses to establish
consistent gating criteria for CD25. Values of p in (C–F) indicate statistically significant
differences between the naive and activated huT cell groups. NS indicates differences were
not statistically significant.
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Figure 6.
Tissue infiltration of naive and activated human T cells in NOD/SCID-β2mnull mice. NOD/
SCID-β2mnull mice were sublethally irradiated with 300 cGy of TBI and left untreated (control;
n = 4) or injected r.o. with 10 × 106 naive (n = 8; open bars) 4-day activated (n = 9; closed
bars), or 8-day activated (n = 5; hatched bars) huT cells. Activated T cells were prepared by
incubating human PBMCs with CD3/CD28 beads at a ratio of 3 beads per cell in the presence
of IL-2 (50 U/mL) for 4 or 8 days. Moribund animals with X-GVHD were euthanized and
portions of blood, spleen, liver, lung, and kidney were analyzed by flow cytometry. (A) Human
T cell infiltration of different tissues. The percentage of human CD45+CD3+ T cells in the
indicated tissues was determined by flow cytometry. (B) CD4+/CD8+ huT cell ratio. The
percentage of human CD45+CD3+ T cells in the peripheral blood that expressed CD4 or CD8
was determined by flow cytometry. (C,D) Expression of T cell activation markers. The
percentage of human CD45+CD3+ T cells in the indicated tissues that expressed CD25 and
CD30 was determined by flow cytometry. Normal human PBMCs were used as controls in all
analyses to establish consistent gating criteria for CD25 and CD30. Values of p in indicate
statistically significant differences between the naive and activated huT cell groups. NS
indicates differences were not statistically significant.
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Figure 7.
Histopathologic and immunohistochemical analysis of X-GVHD in NOD/SCID-β2mnull mice.
NOD/SCID-β2mnull mice were sublethally irradiated with 300 cGy of TBI and injected r.o.
with 10 × 106 naive or 10 × 106 activated huT cells. Moribund animals with X-GVHD were
euthanized and portions of skin, liver, small intestine, colon, lung, kidney, salivary gland and
spleen were saved for histopathologic and immunohistochemical analyses. (A) Liver from a
mouse that did not show clinical or histological signs of X-GVHD following injection of huT.
This liver shows an unremarkable portal tract and healthy hepatocytes. (B,C) X-GVHD in the
liver characterized by (B) dense lymphocytic infiltrates in the portal tract and hepatocyte
apoptosis, and (C) endotheliitis (head arrows). (D) X-GVHD in the lung showing perivascular
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and interstitial lymphocytic infiltration. (E) X-GVHD in the skin showing apoptosis and basal
vacuolar damage of the keratinocytes. (F) X-GVHD in the colon showing apoptosis in the
mucosa. (G) X-GVHD in the kidney showing prominent perivascular lymphocytic infiltration.
(H) An example of immunohistochemical stains showing huT cells in X-GVHD expressing
human CD45 in the spleen, (I,J) portal lymphocytes in liver X-GVHD consisting of huT
lymphocytes expressing either human CD4 (I) or human CD8 (J). Slides in panels B–G were
obtained from mice that received activated huT cells. Slides in panels A and H–J were obtained
from mice that received naive huT cells. There were no significant differences in the pathologic
damage originated by naive or activated huT cells. Black arrows indicate apoptotic cells.

Nervi et al. Page 24

Exp Hematol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
X-GVHD score. NOD/SCID-β2mnull mice were sublethally irradiated with 300 cGy of TBI
and injected r.o. with 10 × 106 naive (n = 8; open bars) 4-day activated (n = 9; closed bars), or
8-day activated (n = 5; hatched bars) huT cells. Moribund animals with X-GVHD were
euthanized and portions of skin, liver, small intestine, colon, lung, kidney, and salivary gland
were saved for histopathologic analysis. Tissues were scored for pathologic damage as
described in the Materials and Methods. NOD/SCID-β2mnull mice that received 250 cGy of
TBI and were injected r.o. with 10 × 106 naive huT cells but did not develop lethal X-GVHD
served as no X-GVHD controls. Data represent mean ± SD.
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Table 1
X-GVHD histopathologic scoring system.

Organ Histologic findings Organ Histologic findings

Small bowel Villous blunting
Luminal sloughing cellular debris

Crypt cell apoptosis
Crypt regeneration

Outright crypt destruction (loss)
Lamina propria lymphocytic infiltrate

Mucosal ulceration

Colon Surface colonocyte vacuolation
Surface colonocyte attentuation Crypt cell

apoptosis
Crypt regeneration

Outright crypt destruction (loss)
Lamina propria lymphocytic infiltrate

Mucosal ulceration
Lung Perivascular lymphocytic infiltrate

Interstitial lymphocytic infiltrate
Peribronchiolar lymphocytic infiltrate

Endotheliitis
Bronchial epithelial apoptosis

Bronchial epithelial detachment
Alveolar edema
Alveolar debris

Alveolar damage

Kidney Perivascular lymphocytic infiltrate
Interstitial lymphocytic infiltrate

Tubulitis
Vasculitis

Glomerulitis
Interstitial fibrosis
Tubular atrophy

Glomerular sclerosis
Apoptosis

Salivary gland Perivascular lymphocytic infiltrate
Interstitial lymphocytic infiltrate

Vasculitis
Epithelial apoptosis

Regeneration
Luminal debris

Loss of duct or acinus
Necrosis

Liver Portal lymphocytic infiltrate
Bile duct lymphocytic infiltrate
Bile duct epithelial apoptosis
Bile duct epithelial sloughing

Endotheliitis
Hepatocyte apoptosis

Microabscess
Hepatocyte mitosis

Cholestasis
Steatosis

Skin Basal vacuolar damage
Epidermal lymphocytic infiltrate
Apoptosis in epidermis/follicle
Dermal lymphocytic infiltrate

Cleft and microvesicle formation
Separation epidermis from dermis

Spleen Splenomegaly
Structural damage

Fibrosis
Vasculitis

A semiquantitative scoring system was used to assess abnormalities associated with GVHD or allograft rejection. The scoring system designated 0 as
normal, 0.5 as focal and rare, 1.0 as focal and mild, 2.0 as diffuse and mild, 3.0 as diffuse and moderate, and 4.0 as diffuse and severe. Scores were added
to provide a total score for each specimen.
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