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NOD/LtSz-RagI™" Mice: An Immunodeficient and
Radioresistant Model for Engraftment of Human
Hematolymphoid Cells, HIV Infection, and Adoptive Transfer
of NOD Mouse Diabetogenic T Cells

Leonard D. Shultz,>* Pamela A. Lang,* Sherri W. Christianson,* Bruce Gott,* Bonnie Lyons,*
Syuji Umeda,* Edward Leiter,* RuthAnn Hesselton," Eric J. Wagar, Jean H. Leif,"
Orit Kollet, ¥ Tsvee Lapidot* and Dale L. Greiner"

Development of a small animal model for the in vivo study of human immunity and infectious disease remains an important goal,
particularly for investigations of HIV vaccine development. NOD/Lt mice homozygous for the severe combined immunodeficiency
(Prkdc®©'d) mutation readily support engraftment with high levels of human hematolymphoid cells. However, NOD/LtSzcid mice
are highly radiosensitive, have short life spans, and a small number develop functional lymphocytes with age. To overcome these
limitations, we have backcrossed theull allele of the recombination-activating gengRag1)for 10 generations onto the NOD/LtSz
strain background. Mice deficient in RAG1 activity are unable to initiate V(D)J recombination in Ig and TCR genes and lack
functional T and B lymphocytes. NOD/LtSz-RagI™" mice have an increased mean life span compared with NOD/LtSgeid mice
due to a later onset of lymphoma development, are radioresistant, and lack serum Ig throughout life. NOD/LtSRag1™" mice
were devoid of mature T or B cells. Cytotoxic assays demonstrated low NK cell activity. NOD/LtSRag™" mice supported high
levels of engraftment with human lymphoid cells and human hemopoietic stem cells. The engrafted human T cells were readily
infected with HIV. Finally, NOD/LtSz- Rag1™" recipients of adoptively transferred spleen cells from diabetic NOD/L#/+ mice
rapidly developed diabetes. These data demonstrate the advantages of NOD/LtBag1™" mice as a radiation and lymphoma-
resistant model for long-term analyses of engrafted human hematolymphoid cells or diabetogenic NOD lymphoid cellsThe
Journal of Immunology, 2000, 164: 2496-2507.
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reconstituting a small animal model is a goal of many engraftment in this model system. 2
workers investigating human immunity and human-spe- We have continued to focus on the NOD/Lt genetic backgrounds
cific infectious agents such as HIV-1 (1-3). Since the first reportsn our attempts to further optimize engraftment with human ceIIs§
of low levels of engraftment of human hematolymphoid cells in because of the numerous defects in innate immunity characterizing
C.B-17 mice homozygous for the severe combined immunodefithis strain. NOD/Lt (and NOD/LtSzcid) mice lack hemolytic &

o

ciency (Prkdc®) mutation (hereafter abbreviated ssid) (3-5),  complement, have defects in myeloid development, display abnorg
we have focused on optimizing this model by manipulating themalities in Ag-presenting function, and have low NK cell activity ‘g
host strain background to increase levels of human cell engraft7). It is unknown which specific innate immune defect, or com- g
ment. We have provided evidence that NOD/L&8#d mice sup-  bination of defects lead to enhanced engraftment with high levels2
port levels of human hematolymphoid engraftment that-afe  of human hematolymphoid cells. Markedly decreased levels of huZ
fold higher than those observed in C.B-4did mice (1, 6-10).  man lymphoid cell engraftment are associated with increased levZ
Recently, we have demonstrated that NOD/L&8i mice ho-  els of innate immunity in other strains séid mice (1, 12). Based §
mozygous for the82-microglobulinnull allele B2nf™") support  on our published data, NODLtSid mice are now the strain of

even higher levels of human cell engraftment than do NOD/LtSzchoice for most laboratories studying engraftment of human he-

scidmice (11). The data support the hypothesis that the host straifhatolymphoid cells in immunodeficient mice (1, 8—10, 13-18).
Despite its ability to support high levels of human cell engraft-
*The Jackson Laboratory, Bar Harbor, ME 0460®epartments of Medicine and ment, numerous !'mltatlons still e.X'St 'r.] this model SySt.em'.Un“ke
Pediatrics, University of Massachusetts Medical Center, Worcester, MA 01605; andNOD/Lt mice, which are very radioresistant, NOD/LtSaid mice
*Department of Immunology, The Weizmann Institute of Science, Rehovot, Israel are highly radiosensitive (9). Furthermore, they become leaky and
Received for publication September 16, 1999. Accepted for publication Decembegenerate mature Iymphocytes with age and develop a high inci-
21, 1999. . ! oon .
o o ) dence of thymic lymphomas at an early age, resulting in a short life
The costs of publication of this article were defrayed in part by the payment of page 7 9 19). Th h teristics h b ibed d
charges. This article must therefore be hereby masddertisemenin accordance ;pan ( v ) else charac er|§ ICS a\{e .een aSF:rI ed predom-
with 18 U.S.C. Section 1734 solely to indicate this fact. inately to the combined defects in adaptive immunity and DNA
L This work was supported in part by U.S. Public Health Service Grants Al30389,repair due to thescid mutation accompanied by deficiencies in

DK57199, DK32520, RRO7068, DK36175, DK2772, AI38757, A24544, DK/ innate immunity caused by the NODJLt strain background.
AI53006, and CA34196; the Hood Foundation; the Balfur Peisner Bone Marrow

Cancer Research Fund (O.K.); and a grant from the Israel Academy of Science (T.L.). Mice defective in either of two additional genes that perform a

2 Address correspondence and reprint requests to Dr. Leonard D. Shultz, The Jacksgﬁltlcal function in Ag receptor gene rearrangements in T and_B
Laboratory, 600 Main Street, Bar Harbor, ME 04609. E-mail address: lds@jax.org cells have been generated by knockout technology (20, 21). Mice

T he establishment of a functional human immune systembackground strongly modulates the level of achievable human ce
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homozygous for thenull allele at the recombination-activating Antibodies

ull At ot
gene-lu" RagT™") _Or the recomblnatlon-actlvgtlng .g.eneTZ The following mAb used for characterization of spleen cells from unma-
(Rag2"") lack functional T and B lymphocytes. Mice deficient in pjpulated 9- to 10-wk-old mice were purchased from PharMingen (San
RAG1 or RAG2 do not become leaky with age due to their com-Diego, CA) as FITC or PE conjugates: anti-CD3, clone 500A2; anti-CD4,
plete inability to initiate V(D)J recombination of Ig or TCR genes. clone RM4-5; anti-lg, clone R5-240; and anti-pan granulocyte (Gr-1),

Previous attempts to engraft human hematolymphoid cells int§'one RB6-8CS5. Additional mAb were generated as ascites, precipitated
with ammonium sulfate, purified by size exclusion chromatography, and

I I i ; ;

F\’_ag:[‘“ .or_RagT“ mice on a mixed genetic background led t0 |apejed with biotin, PE, or FITC. These mAb included: anti-GD8lone
disappointingly low levels of engraftment (22, 23). Based on ours3-6.72 (29); anti-B220, clone RA3-6B2 (30); antipan macrophage, clone
studies on the effect of background-modifying genes on the pheF4/80; Eznti-MaC-l, clone M1/70; anti-MHC class I, clone 28-14-8 (31); and
notype ofscidmice, we hypothesized that the observed low levelsanti--A* that cross-reacts with NOD-MHC class Il 1A clone 10-2.16

of human cell engraftment iRagT" mice were due to effects of

the host strain background and accompanying high level of innat&low cytometry analyses of splenocytes in nonengrafted mice
immune activity in these strains. We further predicted that NOD/Lt . .

. . 19 allele would enaraft with hiah levels of Prepa(atlon of spleen cells for smgle-label an_d dual-labt_el flow cytometry
mice bearing th&kag ) a g g : analysis was performed, as previously described (7). Single cell suspen-
human hematolymphoid cells, do not become leaky with age, andions were kept on ice in FACS medium (PBS containing 5% FBS (Hy-
display a longer life span than do NOD/LtSzidmice. The longer  Clone, Logan, UT) and 0.1% sodium azide) for subsequent staining. Before
life span would be expected due to an anticipated delay or prestaining with fluorochrome-labeled mAb, nonspecific binding was blocked

. . - - . by incubation of the cells with rabbit IgG (100g/1C° cells; Sigma, St.
vention of thymic lymphomas associated with the DNA repair de-LouiS’ MO) (7). Cells (18well) were stained and washed in V-bottom

fect in NOD/LtSzscid mice (24-27). 96-well plates. After staining with mAb for 30 min on ice, cells were
To test this hypothesis, we backcrossed the disrupiag™" washed two times with FACS medium. All samples were incubated with
gene from the (C57BL/6, 129) segregating stock onto the NOD/Lpropidium iodide to allow exclusion of dead cells from the final analysis.

; : ucleated cells were selected by light scatter. Flow cytometry analysis wa:
strain biﬁkground. Al the Nl.o backcross generation, NOD/LIJc\Ionducted on 10to 2 x 10* viab)I/e Igeukocytes using gBectoX Dickiynson
+/RagI™" heterozygotes were intercrossed to produce a homozygacsean (San Jose, CA).
gous NOD/LtSzRagT" genetic stock for study. In this work, we
describe the phenotypic characteristics of NOD/LEgmTY"  Histopathologic analyses
mice and document the ability of these mice to support high levelgyice were euthanized in an atmosphere of 100%,O&illary, brachial,
of engraftment with human T cells and hemopoietic stem cellscervical, and inguinal lymph nodes, thymus, spleen, kidney, liver, brain,&

10" 1ee"s|eulnol;/:dpyUuoly papeojumoq

The human T cells supported infection with HIV-1. We further spinal cord, lungs, pancreas, and femurs were fixed in Bouin's fixative3
document that NOD/LtSRagT™" mice are suitable as hosts for (33): embedded in parafiin, sectioned au, and stained with Mayer's 3
. . - . hematoxylin and eosin (H&B. 5

the adoptive transfer of insulitis and diabetes by spleen cells from 2
spontaneously diabetic NOD/L:t/+ donors. Hematological analyses ‘.;
Blood was collected from the retroorbital plexus of 8- to 10-wk-old mice ?é

) using heparinized capillary tubes. Erythrocytes and leukocytes Were%
Materials and Methods counted using a model ZBI Coulter counter (Hialeah, FL). Blood smearsg
Mice were stained with Wright-Giemsa (Sigma, St. Louis, MO). Assessments of%

w

cell populations in the peripheral blood were conducted by flow cytometry,
NOD/Lt +/+, NOD/LtSzscid C57BL/6scid and C57BL/6RagT" as follows. Approximately 15Qu of heparinized blood was diluted in 1
mice were raised in our research colony at The Jackson Laboratory (BanM EDTA/0.85% saline and washed in HBSS. After lysing of red cells in
Harbor, ME), as previously described (7). TRagT"" mutation on chre ACK (ammonium chloride) lysis buffer, nucleated cells were incubated &
mosome 2 was originally made by insertion of a neomycin-resistance caswith rabbit IgG to block nonspecific staining, as described above. Periph2
sette into a coding region of tiaglgene (20). One copy of this disrupted eral blood cells were then incubated with FITC- or PE-labeled Abs, asg
gene was backcrossed 10 generations from the (C57BL/6, 129) segregatingdicated above for spleen cells. In addition to Abs used on splenocytes‘g
stock onto the NOD/Lt strain background. This backcross was initiated byPE-labeled antinucleated RBC, clone TER-119, was used to identify im-2
mating a (C57BL/6, 129RagT™" female with a NOD/Lt male. The female mature nucleated RBC (34).
F, +/RagT" offspring were backcrossed to NOD/Lt males. For each suc
cessive backcross, the/RagI™" female offspring were identified by PCR  Quantitation of mouse serum Ig
for the neomycin insert. Genomic DNA was prepared from tail snips (28). .
For PCR amplification, the following primers were used: IMR013, 5 Sera were collected from 11 female and 12 male NOD_/LRﬁg-l’U" mice. S
CTTGGGTGGAGAGGCTATTC-3 and IMRO14, 5-AGGTGAGATGA aged 104 to 268 days. Le\_/els of serum Ig were determmed_ frqm individuals
CAGGAGATC-3. This PCR amplifies a 280-bp product. At the tenth MIC€ by ELISA, as previously described (7). For quantitation of total
backcross generation, NOD/bt/RagT"" mice were intercrossed. NOD/ mouse g, goat ant-mouse Ig (heavy and I|ght_ chain spe(_:mc) (Southern
Lt-RagT™" homozygous mice were identified by the lack of serum IgM, as Biotechnology Associates) was used as the first lajékaline phos-
determined by immunodiffusion in micro-Ouchterlony plates (The Binding p_hatase-labeled Ab to mousechain (Southern B|otechno|ogy Asso-
Site, Birmingham, U.K.) using affinity-purified F(8b fraction of rabbit ciates) was used as the second layer. TotaldgGalbiochem, San
anti-mouse IgM (Southern Biotechnology Associates, Birmingham, AL). Diego, CA) s}andard curves were run with each assay, and the Ig levels
The NOD/LtSzRagT"" breeding colony was raised in microisolator boxes were determined from the curves. Absorbances of E_LISA samples were
that were housed in laminar flow hoods. After weaning, the NOD/LtSz-ref'jld at 4.05 nm on an EL312e ELISA plate reader (Bio-Tek Instruments,
RagT"" mice were housed in a conventional specific pathogen-free mousd/inooski, VT).
room that was maintained at 68°F with 14:10 h of light:dark cycle. The
animals were fed NIH-31 6% fat diet and received acidified (HCI; pH
2.8-3.2) water ad libitum. Mice housed under specific pathogen-free conNK cell activity of splenocytes was determined as described (7). Mice of
ditions received acidified water containing sulfamethoxazole-trimethoprimeach genotype (four to five males) were injected at 6—8 wk of age i.p. with
(Goldline Laboratories, Ft. Lauderdale, FL) on 7 consecutive days penoo ug of poly(l:C) (Sigma) 36 h before recovery of spleen cells for anal-
week, every other week, to protect the mice from infection Witleumo-  yses.5Cr-labeled YAC-1 cells (American Type Culture Collection, Ma-
Cystis carinil nassas, VA) were used as targets. Various E:T ratios were set up in trip-

licate in V-bottom 96-well microtiter plates. After a 4-h incubation of

14205144
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NK cell assays

Cumulative percent survival

Twelve female and seven male NOD/LtBagT™" mice were monitored 3 Abbreviations used in this paper: H&E, hematoxylin and eosin; FCC, follicular
weekly from 8 wk of age and necropsied when moribund. center cell; RAG, recombination-activating gene; SCR, SCID-repopulating cell.
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effector and target cells at 37°C, supernatants were recovered and th@lume of 1x 10° cells/ml, stained with directly labeled mAb, and incu

amount of released radioactivity was quantitated using a gamma countebated for 25 min on ice. After staining, cells were washed once in the same

Percent specifié'Cr release was calculated as follows, whire= mean buffer and analyzed on a FACSort (Becton Dickinson). Analysis was per-

experimental release from triplicate wells. Total reled3evas determined  formed using CELLquest software (Becton Dickinson).

from wells receiving®*Cr-labeled YAC-1 target cells and 2% SDS. Spon

taneous releaseS( was determined from wells receiving/Cr-labeled ~ Quantification of human DNA in bone marrow of mice engrafted

YAC-1 targets in growth medium: percent-specific releasg¢(X — S)/ with human cord blood cells

T— X 100.

( o) The levels of human cell engraftment were determined in parallel by quan-

Sensitivity of mice to whole body irradiation tification of human DNA in the marrow of transplanted mice, as previously
. il . described (35). Briefly, high m.w. DNA was obtained from the bone mar-

NOD/LtSZ'SC".j’ NOD/LtSzRagI*, and_ NO.D/.Lt +/+ mice were ex _row of transplanted mice by phenol/chloroform extraction. DNAu@)

posed to varying doses of whole body irradiation at a rate of 165 rad/mi

- h . . Nwvas digested witlEcaRl, subjected to electrophoresis on 0.6% agarose gel,
from a Shepard Mark | irradiator loaded with 10,000 Ci*8fCs (J. L. . blotted onto a nylon membrane, and hybridized with a human chromosome

Shepard 3‘”? sttogia;es'ks"’}“ Fernando, Cg\)a F.Ior life . pan 5‘“‘.’"35’ M 7-specifica satellte probe (p17H8) labeled withP. The intensity of the
Were Irradiated at b—o wk of age, examined daily, and Necropsied Whegl, yq iy the samples was compared with artificial human/mouse DNA

o, To determin et of radton on nenbort e L 9 mxures (0%, 0.1%, 1%, and 100 human DNA) 0 uantly he e

y-0ld pup . . 9€ IO\ A, Multiple exposures of the autoradiographs were taken to ensure
flow cytometry analyses of spleen cell populations and h|stopathologlcsensmvit down 0 0.1% human DNA
analyses of other tissues. Y =70 :

Human PBMC engraftment Quantitation of human Ig levels in mouse serum

eojumoq

é@lood was collected from the retroorbital plexus from individual engrafted
mice at 4 wk postengraftment with human PBMC. Levels of human IgG &
4and IgM were determined in serum samples by nephlometry using a Beck%
man ARRAY 360 CE Serology System (Beckman Instruments, Palo3

, CA). Z

Human PBMC were prepared from normal leukaphoresis donors, as d
scribed (1). Mice were injected i.p. with 20 10° human PBMC within 3 h

of separation by density-gradient centrifugation of heparinized blood. At
wk following injection of human PBMC, peripheral blood leukocytes and
spleen cells from engrafted mice were analyzed for expression of humafit©
CD45" cells by flow cytometry. Mice exhibiting:2% human CD45 cells . - .

in the spleen were excluded from the final analyses of mean percentad—e”\/'1 infection of PBMC-engrafted mice
level of engraftment.
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cytopathic patient isolate (RULDA). This isolate has been well character-3
ized in vitro and in vivo in Hu-PBL-SCID mice (36). Virus stocks were

Human cord blood samples were obtained from full-term deliveries aftef@liquoted, maintained at80°C, and used withi 2 h of thawing. Stock
informed consent and were used in accordance with the procedures apirus was diluted in PBS supplemented with 20% FBS to a concentrationg
proved by the human experimentation and ethics committees of the Weif 20,000 tissue culture-infective dose in 50 ml of medium (TCIDS0/mI, g
mann Institute of Science (Rehovot, Israel). The blood samples were diwhich is approximately a 200 animal infectious dose) (37). Each mous
luted 1/1 in PBS without M§'/Ca2*, supplemented with 10% FBS. Low Was given 0.5 ml of the virus by i.p. injection 2-3 wk after engraftment <
density mononuclear cells were collected after standard separation on F¥ith 20 X 10° human PBMC. Three, 4, and 8 wk after HIV-1 infection,
coll-Paque (Pharmacia Biotech, Uppsala, Sweden), and washed in RPMpice were killed and blood and spleen samples were collected. The sa
with 10% FBS. Some samples were frozen in 10% DMSO, while the othergles were analyzed for percentages of human CDekdls by flow cytom
were used fresh. Enrichment of CD34ells was performed with a mini ~ etry and for the presence of HIV-1 DNA and RNA by PCR, as previously &
MACS separation kit (Miltenyi Biotec, Bergisch Gladbach, Germany), ac- described (1, 36). Spleen cell samples for flow cytometry were analyzedz
cording to the manufacturer's instructions. The purity of the enrichedwith the panel of human mAb used for the PBMC-engrafted mice de-
CD34" cells was 60—80% after one passage. NOD/LRaz " mice at scribed above. Aliquots of 200l of plasma were frozen at80°C within
8 wk of age were irradiated as indicated with a sublethal dose of 750—-85@ h of being drawn from the mice for subsequent quantitative HIV-1 RNA §
rad at 67 rad/min from a cobalt9Co) source 24 h before transplantation. analysis using Amplicor RNA PCR kits (Roche Diagnostic Systems, 3
Human cells were injected into the tail vein of irradiated mice in 0.5 ml of Branchburg, NJ). Samples of 1Q0 of whole blood and 1®spleen cells
RPMI with 10% FBS. Mice were sacrificed 1 mo posttransplantation, andwere processed for DNA and frozen aB0°C. These samples were later
bone marrow cells were harvested. All the experiments were approved bgnalyzed quantitatively (spleen) or qualitatively (blood) using the Ampli-
the Animal Care Committee of the Weizmann Institute. cor PCR Assay system for DNA. Controls were included to ensure that thez
) sensitivity of the assay remained consistent at one to two proviral copieg
Flow cytometry analyses of splenocytes and peripheral blood  per sample.

from mice engrafted with human PBMC

Human umbilical cord blood engraftment
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] Adoptive transfer of diabetes
Spleen and peripheral blood samples were prepared as lysed whole blood

or as cell suspensions of lymphoid tissues in PBS with 0.2% sodium azideSingle cell suspensions of splenocytes obtained from spontaneously dia-
mAb against human CD3, CD4, CD8, CD14, CD19, and CD45 were pur-betic NOD/Lt +/+ female donors were passaged through Nitex 110
chased from PharMingen or Becton Dickinson (San Jose, CA). Phenotypi€Tetko, EImsford, NY) to remove cell clumps. RBC were lysed using 10
analyses of engrafted human PBMC were performed by two- and threeSey’s solution. Spleen cells were washed in HBSS supplemented with
color flow cytometry analyses with anti-human CD45 used to label cells ofHEPES (2.2 g/L; Life Technologies, Grand Island, NY). Viable cells were
human origin. In addition, anti-mouse CD45 (PharMingen) was used tadentified and enumerated by trypan blue exclusion using a hemacytometer.
identify host cells. Dead cells and any remaining erythrocytes were gate@he donor spleen cells (2 10 viable cells) were injected i.v. via the tail
out on the basis of light scattering. A minimum of*i&ells were analyzed  vein into groups of 7-wk-old NOD/LtSRagT™" and NOD/LtSzscid fe-
for each sample. Cells were analyzed in a FACScan Instar (Becton Dickmale mice, as previously described (38). The recipients were monitored
inson), as previously described (1). weekly for urinary glucose using Diastix, kindly provided by Bayer

. (Elkhart, IN), and killed when glucosuria reachec50 mg/dl. At nec-
Flow cytometry analyses of bone marrow from mice engrafted ropsy, blood was collected from the retroorbital sinus, and plasma glucose
with human cord blood cells levels were determined with a Glucose Analyzer Il (Beckman Instruments).

For histopathologic evaluation of insulitic lesions, pancreata from recipient

Human and mouse FcR were blocked by using human plasma (1:50) anghice \ere fixed in Bouin's solution overnight, embedded in paraffin, and
anti-mouse FcR blockers (anti-mouse CD16/CD32 mAb; PharMingen).Stained with H&E for light-microscopic exa?mihation P '

Isotype control mAb were used to exclude false positive staining (Coulter).
The levels of human myeloid CD45cells and lymphoid pre-B CD19 Statistics

cells in the marrow of engrafted mice were detected by double staining

with anti-human CD45 FITC (Immuno Quality Products) together with All measures of variance are presented as SEM. Tests of significance of
anti-human CD19 PE (Coulter) for pre-B cell detection. Cells were washedlifference of independent means were performed with Studete&, and

with PBS supplemented with 1% FBS and 0.02% azide, suspended to significance was assumed fprvalues< 0.05.
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FIGURE 1. Histological sections of lymphoid tissues from 8- to 10-wk-old NOD/LEzgT"", NOD/LtSzscid and NOD/LtSz+/+ mice. A-C,
Thymi. Thymic lobes from NOD/LtSRagT"" (A) and NOD/LtSzscid (C) mice show absence of a defined cortex, while NODAL#+ thymus B) has
normal cortex and medulldD—F, Lymph nodes. Severe reduction in lymphoid cellularity is evident in nodes from NODR#gA2"" (D) and NOD/
LtSz-scid mice (), while lymphoid follicles and normal cellularity are evident in the NODAA+ node E). G-I, Splenic lymphoid follicles. There is
marked reduction in cellularity in follicles from NOD/LtRagT" (G) and NOD/LtSzscid (I) mice in contrast to well-developed normal follicles in
NOD/Lt +/+ mice H) (H&E).

5
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Results associated with later onset of lymphomas. There were also differ
Histology of lymphoid tissues in young adult NOD/LtSz-R44§1  ences between NOD/LtSRagI™" mice and NOD/LtSzcid mice
mice in the cellular composition of lymphomas that developed. Histo-
logical examination of tissues from 15 NOD/LtRagT"" mice
found to be moribund and killed at 26—64 wk of age revealed

96¥2/LEVYLELI9BYTISIVILIP

Histological examination of lymphoid tissues from 8- to 10-wk-old
NOD/LtSzRagT™" mice (1 = 10) showed lack of normal archi

tecture accompanied by severe reduction of lymphoid cellularity
(Fig. 1). Severe depletion of lymphoid cells in the spleen, lymph

€202 ¥snbny | uo jsanb Aq jpd

nodes, and thymus was evident in both NOD/L&zgT" and 100 i
NOD/LtSz-scidmice. In contrast, NOD/Lt-/+ mice showed nor- 1 B 1 N o]

mal lymphoid architecture. % —O— NOD/LiSz-scid pom ™"
Life span of NOD/LtSz-Rag4" mice g

Twelve female and seven male NOD/LtBagT" mice were 3 604

monitored weekly from 8 wk of age to assess longevity. Mice were &

necropsied when they appeared moribund. Tissues were fixed in g,_ 40

Bouin’s solution and prepared for histopathological examination. ¢

There was no significant difference in life span between male and =

female NOD/LtSzRagT"" mice. As shown in Fig. 2the cumu- e ¥

lative survival of NOD/LtSzRagT"" mice was~50% by 46 wk 3

of age compared with 36 wk in NOD/LtSidmice (7) and 24 wk o T

in NOD/LtSzscid B2n"" mice (11). The mean life span of NOD/ 0 100 200 300 400 500
LtSz-RagI™" mice was 319.5- 7.5 days. This was-8 wk longer Age (days)

than the life span .Of NOIZ?JIHUS_zeid mice (7), and-18 wk longer FIGURE 2. Cumulative percent survival of NOD/LtSz-Rdytl mice
than NOD/LtSzscid B2m*™ mice (11). (W), NOD/LtSz-scid mice £), and NOD/LtSzscid B2rA"! mice O) as a
Histology of lymphomas in aged NOD/LtRagT"" mice function of age. Twelve female and seven male NOD/LtSz-Réghice

) ] ] were monitored weekly from 8 wk of age. The survival data for NOD/
The increased life span of NOD/LtSRagT™" mice compared  LtSz-scid mice (7) and NOD/LtSgeid BM ™ mice (11) have been pub
with NOD/LtSzscid and with NOD/LtSzscid B2nf“!" mice was  lished previously.
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FIGURE 3. FCC lymphoma in a NOD/LtSRagT"" mouse.A, Cross section through the spine of a 26-wk-old NOD/LE&g ™" mouse showing
diffuse infiltrate of lymphoma throughout paraspinous skeletal muscles, spinal bone marrow, and epidurd, dpatemagnification of a lymph node
from the same mouse showing lymphoma cells of varying shape and size with slightly cleaved nuclei.
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follicular center cell (FCC) lymphomas in 11 of 15 mice examined.from NOD/LtSzRagT"" mice, similar to that observed in NOD/
These lymphomas were observed in the lymph nodes, spleen, kidtSz-scidmice (7). This lymphoid cell deficiency detected by flow
ney, liver, lung, and occasionally in the thymus. Approximately cytometry was consistent with histological observations (Table I).
50% of the mice with FCC neoplasms developed hind limb paral-There was no significant difference in nucleated spleen cell nu
ysis as a result of metastasis of the lymphoma to the vertebral bongers between NOD/LtSgeid (1.95 + 0.3 X 107) and NOD/LtSz-
marrow and spinal cord (Fig. 3). Two of fifteen mice had lympho- ragru! mice (1.96 = 0.3 x 107). As expected, NOD/LtSz-
blastic lymphomas; one mouse had a mammary tumor; and thRagr! mice did have significantly fewer spleen cells than
remaining mouse showed atrophy of the exocrine cells in the panyop/Lt +/+ control mice (8.63= 1.4 X 107, p < 0.01). The
creas. Pancreatic islets were uniformly free of the insulitis Char'populations of spleen cells in NOD/LtS2agT™! mice also dif
acterlstlc_ of |mmunocompe;t"ent. NOD/Ht/+ mice. Certain lym- fered significantly from those in NOD/Lt/+ control mice in the
phomas in NOD/LtSzRagI‘ mice were classified as FCCs and percentages of cells bearing all surface markers examined (Tab
were found in lymph nodes with no involvement of the thymus ). With the exception of Mac-1 or Gr-1" myeloid cells, all other
(Fig. 4,AandB). In contrast, aged NOD/LtSgeidmice developed ) . ’
lymphoblastic lymphomas in the thymus with metastases to othe?e" populat|.ons were preserlt” on a mugh lower percentage o
organs consistent with previous studies (7, 19) (FigC4ndD). spleep cells in NOD/LtSRagT™" mice th_an in NOD/Lt+/+ con
trol mice. Although NOD/LtSZRagT™" mice lacked mature B and

Phenotype of spleen cell populations T cells, there was a small percentage of CD2.1%) and CD8
The phenotypic profile of spleen cell populations of young adult(0-8%) spleen cells that lacked TCR-associated CD3 molecule
NOD/LtSzRagI™" mice was determined by flow cytometry. These percentages were significantly decreased from the"CD4
There was a severe deficiency of mature lymphocytes in spleens
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Table I. Flow cytometry analyses of spleen cells from 9- to 10-wk-old Réghice*

Clone Specificity NOD/Lt+/+ NOD/LtSzscid NOD/LtSz-RagT"
500A2 CD3 52.1t5.1 1.4+ 05 0.4+ 0.1°
Rm4-5 CD4 33147 6.2+ 0.9 2.1+ 0.3°¢
53-6.72 CD8 17.4- 2.1 24+ 04 0.8+ 0.2
RA3-6B2 B220 33.6 3.8 19.7+ 3.6 13.0+ 0.5
R5-240 IgLk 28.1+t5.1 1.8t 1.2 0.5+ 0.1°
M1/70 Mac-1 19.2+ 2.0 60.1+ 2.6 61.0+ 3.5°
RB6-8C5 Gr-1 4.0+ 0.2 221+ 45 27.9+ 3.3
28-14-8S H2-D 97.7+2.1 98.7= 0.4 88.3+ 3.3°
10-2.16 -A97 359+ 28 17.3£ 4.8 16.5+ 3.2
aData are expressed as mean perce®EM (0 = 6 for NOD/LtSzscidand for NOD/LtSzRagT"", andn = 4 for NOD/Lt

+/+)
P NOD/LtSzRagT™" vs NOD/LtSzscid (p < 0.05).
¢ NOD/LtSzRagf™" vs NODI/Lt +/+ (p < 0.05).
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FIGURE 4. Thymi from aged NOD/LtSRagT" and NOD/LtSzscid mice. A andB, 26-wk-old NOD/LtSzRagT" mouse.A, Low power magnifi
cation showing absence of lymphoid cels.Higher power magnification of cortex showing epithelial and stromal cglndD, 24-wk-old NOD/LtSz-
scid mouse.C, Low power magnification showing massively enlarged thymus consisting mainly of lymphomalzetisgher power magnification of
cortex showing lymphocytic lymphoma composed of basophilic cells with noncleaved nuclei.
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(6.2%) and CD8 (2.4%) populations lacking CD3 expressionrob 0.001) in peripheral leukocyte numbers (2:40.1 X 10° leuko-
served in NOD/LtSzcid mice (p = 0.006 and 0.004, respective- cytes/ml) as compared with NOD/Lt/+ (4.1 = 0.2 X 1P lew

ly). In absolute cell numbers, there were significantly lower num-kocytes/ml). There was no significant difference in numbers of
bers of CD4 spleen cells in NOD/LtSRagT"" mice compared RBC between NOD/LtSRagT™" mice and NOD+/+ mice (data
with NOD/LtSzscid mice (4.1+ 0.9 X 10° vs 11.5+ 2 X 10°, not shown). Peripheral blood samples collected from five pairs o
respectively;p < 0.02). Similarly, there were significantly lower 8-wk-old male NOD/LtSzZRagT" and NOD/Lt+/+ mice were g
numbers of CD8 spleen cells in NOD/LtSRagT"" mice com analyzed by flow cytometry to determine percentages of granulo$
pared with NOD/LtSzscidmice (1.5= 0.4 X 10° vs 4.5.+ 0.7 X cytes, monocytes, lymphocytes, and immature RBC. NOD/LtSz-E
10°, respectively p < 0.01)). Two-color analyses revealed that RagT™" mice lacked mature T cells and B cells in peripheral blood &
there was no double staining of CD4r CD8" cells with CD3,  (data not shown). This result mirrored the results of flow cytometry &
confirming that these populations were not mature T cells (data nainalyses in the spleen. NOD/Lt®agI™" mice had a signifi 8
shown). NOD/LtSzZRagT™" mice maintained a low percentage of cantly higher percentage of granulocytes (Grdells) in periph
B220" (13%) and lacked significant numbers of IgL, (0.5%)  eral blood as compared with NOD/Lt/+ mice (58 = 1.9% vs
spleen cells while maintaining elevated percentages of Mac-1 21.6 = 1.9%,p < 0.05), and also expressed a significantly higher
monomyeloid cells (61%) and Grflgranulocytes (28%). These percentage of monocytes (Mac-Gr-17) in the peripheral blood
observations are consistent with previous analyses of spleen caetbmpared with NOD/Lt+/+ mice (33* 1.1% vs 13.5+ 0.4%,
populations in immunodeficient NOD/LtSxidmice (7). InNOD/  p < 0.001, respectively). There was no significant difference be-
LtSz-RagT™" mice, 88.3% of cells expressed the MHC class | tween NOD/LtSzRagT"" and NOD+/+ mice in numbers of im
marker H-2[9. This is a significant decrease from the 98.7%-pos mature (Ter-119) erythrocytes (data not shown). Differential cell
itive staining observed in the NOD/LtSzidmice (p < 0.02) and  counts of blood smears confirmed the flow cytometry results (data
the 97.7% positive staining seen in the NODAL+ mice (p < not shown).

0.03). In addition, only 16.5% of NOD/LtSRagT" spleen cells

express MHC class Il molecules compared with 35.9% in
NOD+/+ mice. Mouse serum Ig levels

"96V2/LEVYLELIIBYT/SIFILIAP

sonB6XY Jpd

Levels of serum Ig were assayed in 11 female and 12 male NOD/
LtSz-RagT" mice between 104 and 268 days of age. There was
Total peripheral leukocyte and erythrocyte counts were determinedo detectable Ig observed<(Q.4 ug/ml) in any NOD/LtSz-

in 10 pairs of NOD/LtSZRagT" and NOD+/+ mice at 8—-9 wk  RagT™" mouse. Positive control sera from three NODA1I+

of age. NOD/LtSzRagT™" mice had a significant reductiomp (< mice at 4 wk of age showed 7547 69 ug/ml of serum Ig.

Peripheral blood counts and differential counts
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50 - iradiated NOD/LtSZRagT™" mice were examined histologically.
—W— CS7Blel-sod Analyses of H&E-stained paraffin sections of these mice revealed
—®— C57BL/GJ-Rag! FCC lymphomas. In addition, we examined the radiosensitivity of
—L— NOD/LtSz-scid Ul ns L .
—0— NOD/LtSz-Rag? Ml newborn NOD/LtSRggT mice. In a preliminary experiment,

one-half of the mice in one litter of NOD/LtSRagT™" (n = 8)
and one litter of NOD/LtS=scid mice (W = 10) were irradiated
with 100 rad at 1 day of age, and the remaining mice in each litter
served as nonirradiated controls. Four of five of the irradiated
NOD/LtSz-scid and all of the irradiated NOD/LtSRag™" mice
survived throughout the observation period of 6 wk. At 6 wk of
age, the mice were necropsied and the spleen cells of the irradiated
P — 5 5 and nonirradiated control mice were analyzed by flow cytometry.
104 — There were no mature T cells (CD8D4" or CD3'CD8") or
mature B cells (Iglk™) detected in any of the spleen cell suspen
sions from NOD/LtSZRagT™" mice. In contrast, two of four of
the irradiated NOD/LtSzcid mice had low levels (1-4%) of ma-
ture T cells in the spleen. None of the nonirradiated control mice
of either genotype showed mature T cells. Histological analyses OE’
FIGURE 5. Poly(I:C) induced NK cell activity of spleen cells against thymuses from these mice showed early thymic lymphomas in fours
YAC-1 target cells at various E:T ratios. A representative experiment isof four irradiated NOD/LtSzcid mice. In contrast, none of the
shown in which spleen cells from four to five males per strain at 6—-8 wkjrradiated NOD/LtSZRagT™" mice developed thymic lymphomas.
of age were used as effector cells. NOD/L#SagT" and NOD/LtSzscid As expected, there were no lymphomas observed in the nonirr
spleen cells show low NK cell activity, while C57BL/6-Rayi and diated NOD/LtSzscid or NOD/LtSzRagT"" mice at this age.
C57BL/6-scid spleen cells exhibit high NK cell activity. ull . .

Because the adult NOD/LtSRRagI™" mice retained the
NOD/Lt strain characteristic radioresistance and survived rela-<

Poly(l:C)-induced NK cell activity tively high doses o;irlrladiation, an additional litter of 15 one-day-
. N . old NOD/LtSzRagT™" mice was divided into two groups, and
The ability of NOD/LtSzscid mice to support high levels of hu- eight pups were irradiated with 550 rad, while seven pups were nog

man hemopoietic cell engraftment is associated with the reI"’mvehfrradiated. All of the nonirradiated and seven irradiated mice sur-3
low NK cell activity of these mice (7). Analyses of poly(l:C)- 5

. o vived throughout a 7-wk observation period. The mice were nec2

stimulated NK cell activity in NOD/LtSRagT™" and NOD/LtSz- : . 2
th I I I fl

scid mice showed that both of these immunodeficient NOD/Lt ropsied and the spleen cell suspensions were analyzed by flod

srain expressed low NK cell activiy (Fig. 5. Incontrast, C578L/ 0 27700, TS SR 10 ST B B8 08 et
6J-scidmice and C57BL/&RagI™" mice expressed relatively high shown) N
levels of NK cell activity. Two additional experiments confirmed ’

the low level of NK cell activity in NOD/LtSRagI™" mice.  Engraftment of human PBMC
These striking results clearly indicate the significant role that strai
background plays in the expression of NK cell activity.
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"rhe ability of NOD/LtSzRagT™" mice to support engraftment
with human lymphoid cells was determined 4 wk after the i.p.
Radiosensitivity injection of 20X 10° human PBMC. In six independent experi

" . ments, there was no significant difference in the percentages
Groups of 6-wk-old NOD/LISRagI™", NOD/LtSzscid and  ,man PBMC engrafting in the spleen or peripheral blood of

NOD/Lt +/+ mice were irradiated with 400-1000 rad and moni- NOD/LtSzRagl" mice compared with NOD/LtSgeid mice.

tored for 8 wk. As shown in Table Il, NOD/LtSgeid mice, as  Rpagyits of a representative experiment are shown in Figs. 6 and
expected, were highly susceptible to effects of radiation (Table 1)y ;man cD45 cells were detected in four of five NOD/LtSz-
Whereas 60% of the NOD/LtSseid mice survived doses of 400 RagT"" and five of five NOD/LtSzscid mice. The percentages of

rad, none of these animals survived 600 rad. In contrast, 80% qguman CD45 cells in the spleens of NOD/LtSRagI‘”” and
the NOD/LtSzRagT"" mice and 100% of the NOD/Lt/+ mice  NOpyLtszscid mice were respectively 38.+ 5% and 34.5+

survived 900 racill;I Tc_) follow thg _Iong-term surviyal of irradiated 5%. Previous flow cytometry analyses of NOD/LtSze mice in-
NOD/LtSz-RagI™" mice, an additional group of eight NOD/LtSz- jacted with human PBMC have shown that the majority of en-

Il H . . .
RagI™" mice at 6 wk of age was irradiated with 750 rad and g afieq human T cells were CDg1). The present results obtained
necrop"3|eq when they appeared moribund. These NOD/LtSzg;y, NOD/LtSzRagI™" mice are consistent with the data-ob
RagI"" mice survived to 200.3- 8.3 days of age. This represents (5ineq with NOD/LtSzscid mice. There was no significant differ-
a survival of~22 wk postirradiation. Tissues from three of these o\ .a in the percentages of CD®r CD4" cells in the spleens of

engrafted NOD/LtSRagT" mice compared with the spleens of
; . 0o
Table Il. Radiation sensitivity of NOD/LtSRRagT™" mice® engrafted NOD/LtSBC_'d mice. NOD/LtSzRagI‘“ m'?’e had
27 = 4.3% CD8" cells in the spleen, while NOD/LtSgeid mice
had 21.9+ 4% CD8" cells;p > 0.05 (Fig. 6). There was also no
significant difference between NOD/Lt&agr" and NOD/LtSz-
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Dose of X-Irradiation (rads)

Strain 400 600 700 800 900 1000 scid mice in the percentages of CD4ells in the spleen. These
NODJLt +/+ ND 0 0 0 0 5 percentages were 12.3 0.9% and 10.6* 2.5%_, respectiyely
NOD/LtSzscid 2 5 ND ND ND ND (p > 0.05). Analyses of human cell numbers in the peripheral
NOD/LtSzRagT"" ND 0 0 0 1 5 blood of the engrafted mice showed similar levels of engraftment

ull H H
@ Data show numbers of mice which died out of five mice exposed to each dosvpew\.’ee.n‘ NOD/!‘tSZRagI_' and NOD/LtSzscidmice. There was
of X-irradiation. no significant difference in the percentages of Ca8 CD4" cells
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FIGURE 6. Flow cytometry analysis of spleen cells from mice en- NOD/LtSzRagT™" mice were irradiated with varying doses of
grafted with human PBMCs at 4 wk postengraftment. Cells were stainedrradiation (750—-850 rad) and injected i.v. with unfractionated
with mouse anti-human mAbs. Shown are representative data from one aford blood (1-10< 10°) cells or with CD34 cord blood (0.2X
six human engraftment experiments Percentage of positive staining hu-  10f) cells. As shown in Fig. Qinjection of 10X 10° cord blood

man cells in the spleel®, Number of positive staining human celts 10°)
in the spleen.

in the peripheral blood of engrafted NOD/Lt®agI" mice
compared with the peripheral blood of engrafted NOD/LsSi
mice (Figs. 6 and 7).

Human Ig levels in sera of PBMC-engrafted mice
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% of Positively Staining Human Cells

CD45 CD3 CcD4 CcD8

FIGURE 7. Flow cytometry analysis of peripheral blood leukocytes
from mice engrafted with human PBMCs at 4 wk postengraftment. Cells g
were stained with mouse anti-human mAbs. Shown are representative dag
from one of six human engraftment experiments. Data are expressed ag%
percentage of positive staining human cells in the peripheral blood.

from plasma or viral DNA from blood or spleen cells did not differ
significantly between the two groups of mice at any time point
(Fig. 8,B andC). Virus levels were highest at 8 wk after infection,
a time point corresponding with the loss of the human cells fromg.
the peripheral circulation. Quantitative recovery of HIV-1 from
spleen cells was also highest at 8 wk after infection, and was no
significantly different between NOD/LtSRagT" and NOD/
LtSz-scid mice (Fig. ®).
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the bone marrow (0.5-12.8% human cells). Similarly, injection of &
enriched CD34 cells resulted in 0.6 to 6.9% of human cell-en
graftment in the bone marrow of NOD/Lt$agT"" mice. Muk
tilineage hemopoiesis, including lymphoid CD4&D19" pre-B
cells (Fig. 9,B andC) and myeloid as well as erythroid CFU (data
not shown), demonstrates that these mice were engrafted witl
primitive human SCID-repopulating cells (SRC). SRC are primi-
tive CD34"/CXCR4 °" CXCR4" stem cells that are capable of

0z 1snBnyPp uo 3sanb Aq jpd

Levels of human IgG and IgM were determined in the sera of eighhoming to the bone marrow of immunodeficient mice and repop-%

NOD/LtSzRagT"" and seven NOD/LtSzeid recipients of hu

ulating it with multilineage human lymphoid and myeloid progen-

man PBMC 4 wk after engraftment. There was no significant dif-itor cells (18).

ference in human IgG levels between NOD/LiSagT"" mice
(1428 = 108 png/ml) and NOD/LtSzscid mice (1012= 210 g/

Adoptive transfer of diabetes to NOD/LtSz-R&tjImice

ml; p > 0.09) Likewise, there was no significant diffierence in following injection with diabetogenic NOD spleen cells

human IgM levels in sera from NOD/LtSRRagT" mice (320=+
73 ng/ml) as compared with serum from NOD/LtSeid mice
(158 = 39 pg/ml; p > 0.06).

HIV-1 infection of human PBMC-engrafted NOD/L tSag 1"
mice

NOD/LtSzRagT™" mice do not spontaneously develop diabetes
and have normal islets with no evidence of mononuclear cell in-
filtration throughout their life span (Fig. ). In contrast, insulitis

is prevalent in islets from 3—4-mo-old NOD/lzt/+ mice (Fig.
10B). In two independent experiments, seven NOD/LESm 1"

and four NOD/LtSzscid females were injected i.v. with & 10’

We next determined the susceptibility of human cells engrafted irspleen cells from diabetic NOD/Lt/+ female donors. All of the

NOD/LtSzRagT"" mice to infection with HIV-1. There was no

recipients developed diabetes 1-2 mo later. There was no signif-

significant difference between the frequency of HIV-1 infection in icant difference in the time of onset or in the levels of hypergly-

NOD/LtSzRagT" and NOD/LtSzscidmice. Decreased percent
ages of human cells, particularly CD3and CD4" T cells, were

cemia (734+ 53 mg/dl in NOD/LtSzRagT™" vs 597+ 51 mg/dl
in NOD/LtSzscid mice). Representative islets of diabetic NOD/

apparent at 8 wk after HIV-1 infection in both groups of mice (Fig. LtSz-Rag" and NOD/LtSzscid adoptive recipients are shown

8A). The proportion of mice with evidence of HIV-1 viral RNA

in Fig. 9,C andD.
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FIGURE 8. Recovery of human cells and HIV-1 from NOD/Lt®RagT" and NOD/LtSz-scid mice engrafted with human PBMC. Mice were engrafted
i.p. with 2 X 10” human PBMC from a single donor and infected i.p. 3 wk later with 100 4l&f HIV-1. Mice were killed 3 (J), 4 @), and 8 W) wk
after HIV-1 infection for flow cytometry and virus recovery from spleen and blood. Data represent five mice pegPerzentage of mice in each group
that had recoverable human CD3J cells (>0.5% of total cells examinedB, Percentage of mice positive for HIV-1 by PCR of plasma, blood cells, or
spleen cellsC, Viral load in mice shown as numbers of copies of HIV-1 RNA per ml of plad&uantitation of recovered HIV-1 DNA from the spleens
of mice. Virus recovery is shown as the inverse of the cell number required for detection of viral DNA.

Discussion critical in determining the ability of immunodeficiergcid or
RagI™" mice to support human hematolymphoid cell engraftment.Z
Mice homozygous for thecid mutation have been used to develop 5
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In the present study, we have generated NOD/IRagI"" mice

to test the hypothesis that strain background-modifying genes ars(?everal important models for the study of human hematolymphoicé
cells (3-5). The Hu-PBL-SCID model was established by i.p. in-§
A jection of PBMC into scid recipients (3). The Hu-SRC-SCID §
T — model was established by i.v. injection of hemopoietic stem ceIIs?
. CD34+ MNC into irradiatedscid recipients (4). In both models, NOD/LtSzid g
Mf) 0.2 106 10 106 mice supported higher levels of human hematolymphoid cell ens
50101 0.1 07— X . X l graftment than C.B-1%¢id (1, 9). We now show that NOD/LtSz-

Rag™™" mice, similar to NOD/LtSzscid mice, function as excel
lent recipients of human PBMC and hemopoietic stem cells.
Previous attempts to utilizRag2™" mice as hosts for human
hematolymphoid engraftment have been unsuccessful (22, 23
The Rag2™" allele was on a segregating strain background in
those studies. The poor engraftment of thBsg2"" mice main Q
tained on segregating backgrounds may have been due to effects gf
background-modifying genes on levels of innate immunity. Ourg
previous studies have demonstrated significant strain backgrouné]
effects in the ability ofscid mice to support human hematolym-
phoid engraftment (7, 8, 11, 12RagT™" mice on segregating
backgrounds express elevated NK cell activity (L. D. S., unpub-2
lished observations). The heightened NK cell activity in C57BL/ &
6-Rag™" mice as compared with NOD/LtSRagTI™" mice con
firms the critical effects of background-modifying genes on NK
cell development. We observed that NOD/LiSagT" mice ex
press these defects in innate immunity associated with NOD/Lt
background-modifying genes and support levels of human lym-
phoid cell engraftment that are comparable with those observed in
NOD/LtSzscid mice. These observations support our overall
CD45 hypothesis that manipulation of the host strain background will
FIGURE 9. Quantitative analyses of human hemopoietic stem cells af-€nhance human hematolymphoid cell engraftmentaéid and
ter engraftment of NOD/LtSRagI"" mice with human umbilical cord RagT"" recipients of human hematolymphoid cells.
blood cells.A, Representative Southern blot of bone marrow DNA from  Development of NOD/LtSRagI" mice now provides an im
individual mice transplanted with 0.8 10° CD34" human cord blood  munodeficient model that circumvents the generation of low levels
cells or with 10 X 10° unfractionated mononuclear cord blood cells of functional T and B lymphyocytes (leakiness) observed in occa-
(MNC). DNA was extracted from the bone marrow of engrafted mice 1 mogional NODscid mice as they age (7). BofRaglandRag2gene

posttransplantation and hybridized with a human chromosome 17'Specmgxpressi0n are required for development of functional lymphoid
a-satellite probe. The level of human engraftment was determined by com-

ull ull H
paring the bands with those of human/mouse DNA mixtures. The marrowceIIS (20, 21, 39)RagI™ or Rag2"" mice cannot express and

of six individual mice transplanted with CD34cord blood cells or un ~ €CeIVe signals thrqugh the pr_e-TCR (_20, 21). As a result, thymo-
fractionated MNC is showrB, Flow cytometry of bone marrow of amouse  Cyte development in these mice terminates at the UB4, IL-
engrafted with CD34 cells. C, Flow cytometry of bone marrow of a 2Ra™ stage and precludes any potential development of mature T
mouse engrafted with unfractionated cord blood cells. cells due to their inability to initiate V(D)J recombination (40).
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lymphocytes in an islet from a 8-wk-old NOD/Lt/+ female.C andD, End stage insulitis in an islet from an 11-wk-old NOD/LtRagT" female C)
and an 11-wk-old NOD/LtSzacid female D) 4 wk following injection with 2 10" spleen cells from a NOD/L#-/+ female diabetic donor (H&E).

Likewise, neitherRagT™" nor Rag2"" mice can produce fuac and NOD/LtSzRagT“" mice. Of particular interest was our un
tional B cells. As expected, based on the effects of this mutation oexpected observation that NOD/Lt®agI™" mice develop spon
lymphocyte development, no serum Ig or TCRells were de  taneous lymphomas. NOBid mice develop thymic lymphomas
tected in aged NOD/LtSRagT™" mice. Increased sensitivity to at high rates as they age, resulting in a short life span (7, 19). Th
v-irradiation is also characteristic stid mice. The wild-type al-  development of thymic lymphomas is accelerated in NOD/LtSz-8
lele at thePrkdc©“ locus has been shown to function as a DNA scid B2m"!" mice, presumably due to their extremely low NK cell &
repair gene, and thecid mutation confers a marked defect in abil- activity (11). The lymphomas that develop at later time points inS
ity to repair dsDNA damage (24, 25, 41—43). Our studies demonNOD/LtSzRagT™" mice include FCC pre-B cell lymphomas that é
strate that irradiated NOD/LtSRagT™" mice provide an excellent metastasize to the spinal cord as well as thymic lymphomas. Thesg
environment for human stem cell engraftment and permit longerFCC lymphomas express the B220 B cell marker and are CD4 an&
term studies compared with NOD/LtSzid mice. CDS8 negative (L. D. S., unpublished). The tissue site and metass
Because NOD/LtSRagT"" mice survive much higher doses of tasis of the FCC tumors were different from that observed withé
irradiation compared with NOD/LtSgeid mice, they might be thymic lymphomas, as metastases of the FCC lymphomas aps
particularly useful for studies of immune responses. Previous inpeared to target preferentially the spinal cord. Xenotransplantation
vestigations found that irradiation of C.B-E¢id mice before en-  of a human Burkitt lymphoma (Daudi) into C.B-¥¢id mice was
graftment with human PBMC was required to generate a primaryreported to result in metastasis of this B cell tumor to the spinal
human immune response (44). Although immunization of thesecord resulting in hind limb paralysis (47) similar to our observation
mice led to specific Ab production by 16 to 18 days, the mice couldof pre-B cell ymphomas in NOD/LtSRagT"" mice. In a stock of
not repair the irradiation-induced DNA damage and invariablyNOD/LtSzscid mice in which theemv30proviral gene was re-
died by 4 wk after engraftment. Because NOD/L&agT™" mice moved, development of thymic lymphomas was retarded, but not
are quite radioresistant, as are standard NOD mice, and engraft atiminated (48). The genetic basis for the development and me-
high levels with human PBMC, experiments are underway in ourtastasis patterns of FCC lymphomas in NOD/L#ag ™" mice is
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laboratories to determine whether irradiated NOD/LESzyT" unknown.
mice that are engrafted with human PBMC are able to generate a Based on the relative radioresistance, absence of any leakiness
primary immune response. with age, and the longer life span, it was important to assess the

As observed in NOD/LtSaeid mice (7), NOD/LtSzRagT"  functional characteristics of NOD/LtSRagT™" mice as recipients
mice have low levels of NK cell activity. The deficit in NK cell of human PBMC and hemopoietic progenitor cells. The human cell
activity is an effect of NOD/Lt background genes. NK cells are engraftment levels obtained in NOD/Lt®Ragl™" mice were
known to be primary mediators of hematolymphoid graft rejectioncomparable with those in NOD/LtSsid mice using the same
(45, 46), and as predicted, NK cell activity appears to correlatgpool of PBMC. Moreover, the ability to infect the engrafted human
inversely with levels of engraftment in NOD/LtSzid (7, 11, 12)  PBMC with HIV-1 was similar in NOD/LtSRag™" and NOD/
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LtSz-scid mice. Viral RNA and DNA can be readily recovered
from infected NOD/LtSZRagT™" mice, and numbers of engrafted
human cells decrease in infected mice at the same rate as seen in
infected NOD/LtSzscid mice.

Because NOD/LtSRagT" mice do not develop leakiness
with age and have a decreased incidence of thymic lymphomas,
they may have more utility for long-term HIV-1 infection studies
than NOD/LtSzscid mice. It is interesting that the NOBag2™"
strain of mice was first reported in 1996 (49), but demonstration of
high levels of human PBMC engraftment in these mice has not5.
been reported. This may be due to the observation that NOD mice
from different colonies have highly variable levels of NK cell ac- .
tivity (50) and differ significantly in their expression of autoim-
mune diabetes (51). It will be important to determine whether the
previously described NORag2™" strain of mice has low levels
of NK cell activity or supports human PBMC engraftment at levels
comparable with the NOD/LtSRagI™" strain of mice described
in this study.

It has been also reported that spleen cells from diabetic NOD
mice adoptively transferred diabetes to the N@Bg2™" strain of
mice (49), and we have now confirmed this characteristic in our 9.
NOD/LtSzRagT" strain of mice. This recipient, due to its total
inability to functionally rearrange T and B cell receptors and gen-
erate mature lymphocytes, is now the strain of choice for these
adoptive transfer studies. It has also been reported (52, 53) that
environmental perturbation aftid mice will enhance the expres- 14
sion of leakiness, making discrimination between the endogenous
and adoptively transferred cells in this system difficult. Although
NOD/Lt-Thy-1* congenic mice have been utilized as a source ofy,.
diabetogenic donor T cells to address this issue (38), the NOD/
LtSz-RagT™" strain of mice now eliminates this confounding vari
able, particularly in the B lymphocyte lineage that could not be
discriminated based on donor vs host Thy-1 allele. Discriminatingt3-
between donor and host B cells has become increasingly important
due to the recently recognized role of B lymphocytes in diabetes
pathogenesis (54, 55).

Based on the data reported in this study and previously pub}4'
lished data, we are currently developing a number of additional
NOD/LtSzRagT™" strains of mice to improve further human
PBMC engraftment and function in immunodeficient hosts. Forg
example, the CD4:CD8 ratio of human T cells following PBMC
engraftment in NOD/LtSRagT"" mice is ~0.5:1, whereas in
NOD/LtSz-scid B2m*" mice that ratio is~2:1, a ratio more com
parable with that observed in human peripheral blood (11). To
determine whether this is due solely to ®2n™" allele in NOD-
scidmice, we are currently backcrossing ®2n™" allele onto the
NOD/LtSzRagT!" genetic background.

In summary, the present study describes the development anl%
characterization of a new immunodeficient host for human hema-
tolymphoid cell engraftment, HIV-1 studies, and for analysis of
NOD diabetes pathogenesis. The data further support our hypotH—g'
esis that manipulation of the background of the immunodeficient
host will permit improvement and utility of this model. 20.
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