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Whereas humanized mouse models have contributed significantly
to human immunology research, human T cells developing in mouse
thymic environment fail to demonstrate HLA-restricted function.
To achieve HLA-restricted human immune response, we created an
immune-compromised non-obese diabetic/SCID/IL2rgnull strain (NSG)
with homozygous expression of HLA class I heavy chain and light
chain (NSG-HLA-A2/HHD). Transplantation of purified Lin−CD34+
CD38− human hematopoietic stem cells into NSG-HLA-A2/HHD
newborns resulted in the development of human CD4+ and CD8+
TCRαβ+ T cells and CD4−CD8− and CD8+ TCRγδ+ cells in recipient
bone marrow and spleen. Human cytotoxic T lymphocytes (CTLs)
become functionally mature, as evidenced by the production of
granzyme corresponding to phenotypic transition from naïve to
effector memory CTLs. In these recipients, human Th17 cells de-
veloped along with Th1 and Th2 cells. Epstein–Barr virus (EBV)
infection in the humanized NSG-HLA-A2/HHD recipients resulted
in the formation of lymphoproliferative lesions consisting mainly
of human B cells with scattered human T cells. Human CTLs devel-
oping in the recipients recognized EBV-derived peptides in an HLA-
restricted manner and exerted HLA-restricted cytotoxicity against
EBV-infected human B cells. The HLA-expressing humanized mouse
with functional HLA-restricted T cells and consistent representation
of rare T-cell subsets overcomes a major constraint in human immu-
nology, and serves as a useful model for investigation of human
immune responses against pathogens and for the development of
therapeutic strategies against human diseases.
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The humanized mouse with reconstituted human hematopoi-
etic and immune cells is a powerful tool for investigation of

human biological systems and for translational research (1, 2).
Humanized mice enable direct access into the dynamics of the
human immunohematopoietic system in mice. The non-obese di-
abetic severe combined immunodeficiency (NOD/SCID) mouse
repopulating assay has long been a gold standard for evaluating
human hematopoiesis and immune reconstitution (3). However,
this assay is associated with two major constraints. First, human
hematopoietic engraftment is not sufficiently robust to evaluate
in detail the development of a full spectrum of human immune
subsets. Second, human T and B cells developing in NOD/SCID
recipients do not become functionally mature. To overcome
these limitations, two strains of NOD/SCID mice homozygous
for targeted mutations at the Il2rg locus were generated: the
NOD/SCID/IL2rγcnull (NOG) strain carrying a truncated muta-
tion (4, 5) and the NOD/SCID/IL2rγnull (NSG) strain with
a complete null mutation (6, 7). The transplantation of human
hematopoietic stem cells (HSCs) into newborn NSG recipients
greatly improved the engraftment efficiency of human hemato-
poietic cells (7). Humanized NSG and NOG recipients at least
partially supported the maturation of human T and B cells, as

evidenced by the development of Ig-producing human B cells
as well as human CD4+ and CD8+ T cells in secondary lymphoid
organs (5, 7, 8). NSG and NOG recipients also proved to be highly
efficient in the engraftment and recapitulation of human diseases
such as acute myeloid leukemia (9, 10). In addition, Manz and
colleagues described the reconstitution of human acquired and
innate immunity in Rag2−/−gc−/− mice (11). However, these mice
do not express HLA molecules on thymic epithelial cells. There-
fore, human T cells developing in NSG humanized mice lack the
ability to recognize antigens in an HLA-restricted manner, pre-
cluding the investigation of human cytotoxic T lymphocyte (CTL)
response against human infectious diseases and malignancies.
Here we report the development of the NSG-HLA-A2/HHD

strain, an immunodeficient strain with humanized immune micro-
environment expressing HLA class I heavy and light chains, that
overcomes the lack of thymic human T-cell selection through in-
teraction with HLA class I molecules. The reconstitution of human
immunity in NSG-HLA-A2/HHD recipients through transplan-
tation of purified humanHSCs resulted in extensive development of
humanT cells including γδT cells andTh17 cells in vivo. The human
CD4+ and CD8+ T cells developing in NSG-HLA-A2/HHD
recipients were functional, able to express cytotoxic molecules and
generate cytokines in vivo. Most importantly, NSG-HLA-A2/HHD
humanized mice demonstrated functional HLA-restricted CTLs in
an in vivo Epstein–Barr virus (EBV) infection model.

Results
Transplantation of Purified Human HSCs into NSG-HLA-A2/HHD New-
borns. To achieve HLA-restricted human T-cell development in
vivo, we created an immunodeficient strain by backcrossing the
HLA class I transgene onto the NSG background. We chose the
HHD construct designed for the expression of *A0201, one of the
most prevalent HLAA genotypes, covalently bound to human β2-
microglobulin (b2m), enabling the transgenic expression of both
HLA heavy and light chains (12). The protein level expression of
HLA-A2 and b2m on the surface of NSG-HLA-A2/HHD sple-
nocytes was confirmed, whereas NSG splenocytes do not express
either HLA-A2 or b2m (Fig. 1A). In addition, EpCAM+ thymic
epithelial cells, responsible for the education and positive selec-
tion of thymocytes (13), expressed the HLA class I molecules in
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NSG-HLA-A2/HHD mice but not in NSG mice (Fig. 1A). Next,
we examined the development of human immune cells in NSG-
HLA-A2/HHD mice through i.v. transplantation of purified Lin
−CD34+CD38−HSCs from HLA-A2+ cord blood (CB) (Fig. S1).
Transplantation of purified human HSCs excludes the possibility of
graft contamination by preformed human T cells, ensuring that
all human T cells observed in the recipient arose within the reci-
pient mouse microenvironment. The majority of hCD34+CD38−
cells are Hoechst(low)PyroninY(−) cell-cycle quiescent HSCs
(Fig. S1). Purified humanHSCs were transplanted at 5× 103–3× 104
cells per recipient and achieved efficient long-term human hemato-
poietic reconstitution [%hCD45+ in recipient bone marrow (BM)

70.7±8.5%and in recipient spleen86.7±3.7%;n=8,eachat4–8mo
posttransplantation]. At the time of sacrifice, BM and spleen of
NSG-HLA-A2/HHD recipients consistently showed human immu-
nohematopoietic reconstitution with T cells, B cells, and myeloid
cells (Fig. 1B). To determine the significance of HLA class I ex-
pression on in vivoT-cell development, we proceeded to characterize
the phenotype and function of human T cells in NSG-HLA-A2/
HHD recipients.

Functional Human T-Cell Subsets Develop in NSG-HLA-A2/HHD Recipients.
In NSG-HLA-A2/HHD recipient BM and spleen, we confirmed
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Fig. 1. Purified human HSCs
reconstitute human immune
cells in NSG-HLA-A2/HHD mice.
(A)Representativecontourplots
of7AAD- splenocytes andCD45-
7AAD-EpCAM+ thymic epithe-
lial cells demonstrating surface
HLA-A2/human b2m and HLA-
A2/EpCAM coexpression in un-
transplanted NSG-HLA-A2/HHD
but not untransplanted NSG
mice. (B) Reconstitution of hu-
man immunity in NSG-HLA-A2/
HHD recipients. High levels of
human cell engraftment were
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grafted human CD45+ cells
contain CD3+ T cells, CD19+ B
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Fig. 2. T-cell differentiation in NSG-HLA-
A2/HHD recipients recapitulates normal
human T-cell development in vivo. (A)
Representative contourplots showingCD4,
CD8, and TCR expression in NSG-HLA-A2/
HHD recipient BM (upper panels) and
spleen (lower panels) cells. (B) Diversity of
Vβ TCR repertoire was similar between
NSG-HLA-A2/HHD recipient CD4+ (n = 7,
open bars, upper panel) and CD8+ (n = 7,
openbars, lower panel) splenocytes andCB
CD4+ (n=6,hatchedbars, upperpanel) and
CD8+ (n = 6, hatched bars, lower panel)
cells. (C) (Left) TCRγδ+ CD3+ T cells were
detected in recipient BMand spleen (n = 11
each). (Right) CD8+ and DN T cells were
present in TCRγδ+ T-cell populations in re-
cipient BM and spleen (n = 11 each). (D)
Representative contour plots showing the
development of naïve, central memory,
and effector memory CD8+ T cells in NSG-
HLA-A2/HHD recipient BM (left) and spleen
(right) based on CD45RA and CCR7 expres-
sion. (E) The frequencies of CD8+ memory
T-cell subsets inNSG-HLA-A2/HHDrecipient
BM (left) and spleen (right). BM naïve
memory 12.4 ± 5.1%, CM 5.7 ± 0.9%, EM
69.5 ± 7.0%, n = 11; spleen naïve memory
20.4 ± 5.4%, CM 5.1 ± 0.8%, EM 63.6 ±
5.9%, n = 13. (F) The frequencies of CD8+
memory T-cell subsets in NSG recipient
spleen (left) and normal adult PB (right).
NSG spleen naïvememory 33.4± 7.2%, CM
5.1 ± 0.8%, EM 53.5 ± 7.8%, n = 13; normal
PB naïve memory 34.8 ± 5.2%, CM 3.8 ± 0.4%, EM 43.57 ± 4.0%, n = 9. Horizontal bars indicate means ± SEM.
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the differentiation of CD4+ and CD8+ human T cells at a 2–5:1
ratio (Fig. 2A). The CD4+ and CD8+ human T cells demon-
strated diverse Vβ repertoire (Fig. 2B). Whereas the vast majority
of human T cells in the recipient expressed TCRαβ, we consis-
tently detected TCRγδ+ T cells (BM: 4.5 ± 1.8%; spleen: 4.4 ±
2.6%; n = 11 each) (Fig. 2 A and C). Human TCRγδ+ T cells
developing in the recipient consisted of CD8+ single positive (SP)
(BM: 23.4 ± 6.6%; spleen: 21.5 ± 4.1%; n = 11 each) and double
negative (DN) T cells (BM: 52.3 ± 8.7%; spleen: 71.5 ± 3.5%; n=
11 each), consistent with physiological development in mammals
(Fig. 2A andC) (14). The characterization of CD8+T-cell subsets

revealed that in both NSG and NSG-HLA-A2/HHD humanized
mice, CD45RA−CCR7− effector memory (EM) CD8+ T cells
efficiently developed in the BM and spleen (Fig. 2 D–F).
We then examined T-cell receptor (TCR)-mediated functional

maturation of human T cells developing in NSG-HLA-A2/HHD
recipients. At baseline, without stimulation via the TCR, CD8+
human T cells expressed cytotoxic molecules granzyme A, gran-
zyme B, and perforin in their cytoplasm (Fig. 3 A and B). Among
these, granzyme A was most frequently expressed, reflecting that
the majority of human CD8+ T cells are early EM cells. The ex-
pression of these cytotoxic molecules is comparable between hu-
manized NSG recipients and humanized NSG-HLA-A2/HHD
recipients (Fig. 3B). Consistent with phenotypic maturation from
naïve to memory as determined by the expression of CD45RA and
CCR7, human CD45RA−CCR7− EM CTLs expressed higher
levels of granzyme A and granzyme B compared with CD45RA+
CCR7+ (naïve) or CD45RA-CCR7+ central memory (CM) CTLs
(Fig. 3 C and D). These human CTLs in the recipient spleen pro-
duced IFN-γ after nonspecific TCR stimulation with phorbol 12-
myristate 13-acetate (PMA) and ionomycin (18.7 ± 7.5%, n = 11)
(Fig. 3E). Finally, an intracellular cytokine production assay dem-
onstrated that human CD4+ T cells preferentially developed into
Th1 cells in both NSG-HLA-A2/HHD and NSG recipients (Fig. 3
E and F). Although there was considerable individual variability
among recipients, Th17+ cells were also detected both in the BM
and spleen of NSG-HLA-A2/HHD humanized mice. Taken to-
gether, HLA class I-expressing immune microenvironment within
NSG-HLA-A2/HHD mice supports the in vivo differentiation of
functionally mature human CTLs associated with a wide spectrum
of functional human T-cell subsets from the purified human HSCs.

EBV-Associated B-Cell Proliferation Occurs in EBV-Infected NSG-HLA-
A2/HHD Humanized Mice. To evaluate whether HLA class I ex-
pression in the recipient mouse leads to HLA-restricted, virus-
specific human CTL development in vivo, we infected humanized
NSG and NSG-HLA-A2/HHD mice with EBV at 4–6 mo post-
transplantation. At 4–6 wk postinfection, we examined specific
T-cell responses against EBV-infected cells and EBV-derived
peptides in recipient tissues. EBV-infected NSG recipients de-
veloped disseminated lymphoproliferative disease (LPD) in
multiple organs including the liver and kidney (Fig. S2). In con-
trast, in EBV-infected NSG-HLA-A2/HHD mice, lymphoid in
filtrates were reproducibly identified in the lung, a preferential site
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Fig. 3. Functional maturation accompanies phenotypic
differentiation of human T cells in NSG-HLA-A2/HHD recipi-
ents. (A) Representative contour plots and (B) summary of
cytotoxic molecule production in CD8+ splenocytes. NSG-
HLA-A2/HHD recipients: granzyme A 53.7 ± 6.8%, granzyme
B 10.5 ± 2.6%, perforin 3.1 ± 0.8%, n = 11. NSG recipients:
granzyme A 47.6 ± 7.3%, granzyme B 13.9 ± 3.1%, perforin
2.3 ± 0.7%, n = 8. (C) Representative histograms and (D)
summaryof cytoplasmicexpressionofgranzymeAassociated
with maturation of CTLs from naïve to effector memory
phenotype inNSG-HLA-A2/HHD recipient spleen (n = 8). Gray
lines indicate isotype control. Granzyme A production in:
naïve CTLs 21.6 ± 3.3%, central memory CTLs 30.3 ± 4.9%,
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in: naïve CTLs 0.6 ± 0.2%, central memory CTLs 3.4 ± 0.9%,
effector memory CTLs 12.7 ± 3.2%. (E) Representative con-
tour demonstrating production of IFN-γ, IL-4, IL-17, and IL-22
by CD4+ and IFN-γ by CD8+ T cells in BM and spleen of NSG-
HLA-A2/HHD recipients following 4-h stimulation with PMA,
ionomycin, and anti-CD28mAb. (F) Percentages of IFN-γ–, IL-
4–, and IL-17–producing splenocytes from NSG-HLA-A2/HHD
(n= 11) andNSG (n= 15) recipients. NSG-HLA-A2/HHD: IFN-γ+
inCD4+T cells 15.7± 6.8%, IL-4+ in CD4+T cells 1.7±0.5%, IL-
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7.5%. NSG: IFN-γ+ in CD4+ T cells 14.9 ± 4.0%, IL4+ in CD4+ T
cells 4.2±1.4%, IL17+ inCD4+T cells 3.5±0.8%, IFN-γ+ inCD8
+ T cells 27.7± 6.3%. Horizontal bars representmeans± SEM.
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for EBV-related LPD (Fig. 4) (15, 16). Immunofluorescence
studies demonstrated that the majority of infiltrated lymphocytes
were human CD19+ B cells. The human B cells in the infil-
trative lesions contained intracellular LMP1, consistent with EBV-
related LPD.Within EBV-LPD lesions forming in HLA-A2 HSC-
engrafted NSG-HLA-A2/HHD mice, CD3+ human T cells were
also consistently detected (Fig. 4). The observation that human
Tcells localize toEBV-associated lesions in theHLA-matched (A2
+ HSCs into A2+ microenvironment) transplantation setting
suggests that a functional in vivo HLA-restricted antiviral T-cell
response is present in NSG-HLA-A2/HHD recipients.

HLA-A2–Restricted EBV-Specific Human T Cells Develop in EBV-
Infected Humanized NSG-HLA-A2/HHD Mice. Based on the finding
that human T cells accumulate within the EBV-LPD lesions in
humanized NSG-HLA-A2/HHD recipients, we evaluated the in
vivo development of human CTLs recognizing virus-derived pep-
tides in NSG-HLA-A2/HHD humanized mice (Fig. 5). In all five
recipients examined, numbers of CD8+ T cells increased and the
CD4:CD8 ratio was inverted at 4–6 wk postinfection (Fig. 5A).
The proportion of effector memory T cells within CD8+ T cells
significantly increased postinfection (Fig. 5B). Elevated HLA-DR
expression and increased frequency of HLA-DR+ cells within
CD45RO+CD8+ memory T cells as compared with the steady-
state CD8+T cells (Fig. S3) suggest the activated status of human
T cells postinfection (Fig. 5C andD). To evaluate HLA-restricted
and EBV-specific recognition by human T cells in vivo, we next
performed the tetramer assay. HLA-restricted anti-BMLF and
anti-LMP1 human CTLs were detected specifically in CD45RO+
memory CTL fraction in NSG-HLA-A2/HHD recipients but
not in NSG recipients or in uninfected NSG-HLA-A2/HHD
recipients (Fig. 5E and Fig. S4). We then enriched human CD8+
T cells from the recipient spleen and performed an enzyme-
linked immunospot (ELISPOT) assay to measure IFN-γ pro-
duction by human CTLs recognizing autologous EBV-infected
B-lymphoblastoid cell line cells (LCLs) in an HLA-restricted

manner. Human CTLs derived from NSG-HLA-A2/HHD recipi-
ents, but not those derived from NSG recipients or uninfected
NSG-HLA-A2/HHD recipients, produced IFN-γ in the presence
of target LCLs (Fig. 5 F and G and Fig. S5). The addition of anti-
HLA class I antibody specifically inhibited IFN-γ production
(Fig. 5 F andG). Finally, we established human CTL lines from the
spleen cells of three humanizedNSG-HLA-A2/HHDmice infected
with EBV and examined their cytotoxic function (Fig. 6). All hu-
manCTL lines established from these three humanizedNSG-HLA-
A2/HHDmice exerted strong cytotoxicity against autologous LCLs
and HLA-A2–positive allogeneic LCLs, but not against HLA-A2–
negative allogeneic LCLs (Fig. 6A). Cytotoxicity against HLA-A2–
positive LCLs mediated by the human CTLs was significantly
inhibited by adding anti-HLA class I framework monoclonal anti-
body but not anti-HLA-DR antibody (Fig. 6B). In addition, the
human CTLs derived from the humanized NSG-HLA-A2/HHD
mice exhibited strong cytotoxicity against HLA-A*0201 gene-
transduced EBV-expressing C1R (C1R-A*0201) cells but not
againstHLA-A2–negativeC1R cells (Fig. 6C). These findings clearly
indicate that cytotoxicity against LCLs mediated by human CTLs
developing in EBV-infected humanized NSG-HLA-A2/HHD mice
is EBV-specific andHLA-A2–restricted.Altogether, humanizing the
immune microenvironment by the transgenic expression of HLA
class I molecules especially in the thymus resulted in the deve-
lopment of HLA-restricted functionally mature human T cells.

Discussion
Studies using mouse models have led to significant advances in
understanding the mammalian immune system, motivating many
investigators to translate the findings into therapeutic applica-
tions in humans. The creation of an in vivo model that allows the
development of a full spectrum of functional human T cells in-
cluding HLA-restricted antigen-specific CTLs greatly facilitates
the examination of in vivo human cellular immunity against
human diseases such as infection and malignancy. In this study,
we report the development of functional human T cells and the
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Fig. 5. Human T cells demonstrate func-
tional maturation and HLA-restricted
recognition of EBV-specific peptides in
EBV-infected NSG-HLA-A2/HHD recipients.
(A) Representative contour plots of BM
(upper panels) and spleen (lower panels)
T-cell subsets in NSG-HLA-A2/HHD recipi-
ents 4–6 wk after EBV infection. (B) CTL
memory subsets in NSG-HLA-A2/HHD re-
cipient BM (upper panel; n = 5) and spleen
(lower panel; n = 6) demonstrate signifi-
cantly increased EM CTL frequencies com-
pared with uninfected recipients (Fig. 2E).
*P = 0.0103 and **P = 0.0352, two-tailed
t test. (C) Representative contour plots of
HLA-DR expression in CD8+ T cells in NSG-
HLA-A2/HHD recipient spleen pre- (upper
panel) and post- (lower panel) EBV in-
fection. (D) Frequency of HLA-DR-positive
cells andmeanfluorescence intensity (MFI)
of HLA-DR within CD8+ T cells were sig-
nificantly higher in EBV-infectedNSG-HLA-
A2/HHD recipients (n= 3) than in recipients
without EBV infection (n = 7). *P = 0.0063
and **P = 0.0006, two-tailed t test. (E)
Representative contour plots showing
the recognition of EBV-specific CD45RO+
human CTLs in EBV-infected NSG-HLA-A2/
HHD recipient BM and spleen but not
in EBV-infected NSG recipient spleen by
HLA-A*0201/BMLF1280–288 and LMP1159–167
tetramers. (F and G) EBV-specific T-cell
responses were quantified by the IFN-γ
ELISPOT assay in triplicate. (F) Stimula-
tion with autologous LCL promoted IFN-γ secretion by CD8+ splenocytes from an NSG-HLA-A2/HHD recipient but not those from an NSG recipient (top row).
The addition of anti-HLA class I (middle row) but not anti-HLA class II (bottom row) antibody inhibited IFN-γ secretion. (G) The inhibitory effect of anti-HLA
class I antibody was statistically significant (*P = 0.0074, two-tailed t test). Horizontal bars represent means ± SEM.
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establishment of a viral infection model using the HLA class
I-expressing NSG-HLA-A2/HHD strain.
The humanization of recipient mouse thymicmicroenvironment

is required for in vivo thymic education and development of HLA-
restricted human CD8+ T cells (1, 2). NOD/SCID/BLT system
supports functional human T-cell development by meeting this
requirement through implantation of fetal thymic and liver tissues
into NOD/SCID mice (17). Although this approach successfully
provides human immune microenvironment in recipients, it
necessitates the procurement of human fetal tissues. Therefore, we
established an immunodeficient mouse strain, NSG-HLA-A2/
HHD, with humanized microenvironment expressing both HLA
class I heavy and light chains, by backcrossing HLA class I trans-
genic mice (12) onto the NSG background to homozygosity.
Transplantation of fluorescence-activated cell sorter-purified hu-
manHSCs assured that the human T cells detected were those that
developed within the recipients and not mature human T cells
introduced unintentionally.
The development of human T cells in mice using adult NOG,

NOD/SCID/BLT, Rag2−/−gc−/−, and NSG repopulating assays has
been reported to date (5, 7, 8, 11, 17, 18). In these studies, CD4 SP
and CD8 SP human T cells were observed in the recipient sec-
ondary lymphoid organs. In the NSG-HLA-A2/HHD humanized
mouse, we demonstrated the presence of human TCR+ T cells
among themore predominant TCR+CD4 SP and CD8 SP human
T cells. Through further detailed analyses, we identified CD8 SP
TCR+ and DN TCR+ T cells, each at a frequency similar to
healthy human subjects (14).Various reports suggest the important
role ofTCR+Tcells for immune surveillance in virus infection and
cancer (19). The humanized mouse may be an ideal system for
examining in vivo functional biology of human TCR+ T cells, in-
cluding investigation into distinct roles of each TCR+T cell subset
and preclinical testing of cellular therapy against malignancies.
We also detected human T cells at various stages of differ-

entiation, as documented by the expression of cell surface
molecules including CD45RA, CD45RO, and CCR7. This phe-

notypic transition from naïve to central memory to effector
memory T cells was accompanied by functional transition, as
evidenced by increasing intracellular granzyme A expression in
human CD8+ T cells (20). Although the frequency of EM CTLs
in the humanized recipients at baseline is higher than that in
normal human peripheral blood (PB), the recipients did not
exhibit any signs (weight loss, diarrhea, alopecia) or pathological
findings (infiltration of activated human lymphocytes in liver,
skin, or intestine) compatible with graft-versus-host disease.
Th17 cells seem to play key roles in normal and pathological

immune responses, reportedly responsible for host protection
against extracellular pathogens and for induction and mainte-
nance of chronic inflammatory diseases (21). However, several
crucial differences between murine and human Th17 cell function
have been reported (22). Human Th17 cells were consistently
detected in humanized mice and will enable direct investigation
into the function of human Th17 cells in vivo. In addition, we
detected CD4+ T cells producing IL-22 in NSG-HLA-A2/HHD
humanized mice. The IL-22–producing human CD4+ cells were
reported to play crucial roles in normal and pathological cuta-
neous immunity (23). In vivo development of Th17- and IL-22–
producing human helper T-cell subsets in humanized mice sug-
gests that this model is useful in investigating as yet uncharac-
terized roles of novel and rare T-cell subsets in human physiology
and pathophysiology in vivo.
EBV is a γ herpes virus that causes a variety of human diseases

including infectious mononucleosis, Burkitt lymphoma, Hodgkin’s
disease, and posttransplant LPD (24). In immune-competent
individuals, EBV-infected B cells and antigen presenting cells
cross-present virus-associated peptides to CTLs, suppressing
EBV-associated oncogenic events and leading to latency (25). To
demonstrate the significance of HLA class I expression within
the mouse microenvironment on antigen recognition by human
CD8+ T cells in vivo, we infected humanized NSG and NSG-
HLA-A2/HHD mice with EBV. At 4–6 wk after infection, the
expansion of an EM CTL subset was observed with a concurrent
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Fig. 6. EBV-infected NSG-HLA-A2/HHD human-
ized mice exhibit HLA-restricted CTL cytotoxicity.
(A) Five-hour 51Cr-releaseassays at effector:target
(E:T) ratios of 10:1 (black), 5:1 (gray), and 2.5:1
(white) showing that the cytotoxicity of CTL lines
established from EBV-infected NSG-HLA-A2/HHD
mice against autologous and HLA-A2–positive
allogeneic LCLs was higher than that against
HLA-A2–negative allogeneic LCLs. (B) Five-hour
51Cr-release assays at an E:T ratio of 10:1 in the
presence or absence of anti-HLA class I mono-
clonal antibody or anti-HLA-DR monoclonal anti-
body showing that the cytotoxicity of CTL lines
against autologous LCLs was significantly inhibi-
ted by adding anti-HLA class I monoclonal anti-
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of 5:1 showed that the CTL lines established
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increase in HLA-DR expression, indicating the activation of
human T cells in response to EBV infection in vivo. The severity
of EBV infection as evidenced by lymphocyte infiltration and
LPD development in various organs was distinct between NSG-
HLA-A2/HHD and NSG humanized mice. The differences may
be accounted for by the HLA-restricted EBV-specific recogni-
tion and cytotoxicity against EBV-infected cells by human CTLs
developing in EBV-infected NSG-HLA-A2/HHD humanized
mice. Although long-term observation is required to clarify the
role of human CTLs in immune surveillance, distinct lesions
were found between EBV-infected NSG and NSG-HLA-A2/
HHD recipients in our study. Our study supports a recent report
by Münz and colleagues (26) showing that human fetal liver
CD34+ cells generate HLA-restricted, cytokine-producing CTLs
against EBV-associated peptides at a higher frequency in HLA-
expressing humanized recipients compared with humanized
recipients without HLA expression. Jaiswal et al. (27) reported
using the NSG-HLA-A2/HHD strain in detecting cytokine-
producing human T cells in a model of Dengue virus infection.
We demonstrate here dose-dependent cytotoxic function against
autologous and HLA-matched allogeneic virus-infected cells by
human CTLs developing in NSG-HLA-A2/HHD mice homozy-
gously expressing both heavy and light chains of HLA class I
molecules. However, the lack of HLA class II molecules in the
NSG-HLA-A2/HHD mouse likely results in less than optimal T-
cell help, contributing to inefficient production of antigen-spe-
cific IgG. The coexpression of both HLA class I and class II
molecules on recipient thymic epithelial cells would enable the
evaluation of T-helper function and antigen production in the
next generation of humanized mice.
The newborn NSG-HLA-A2/HHD xenotransplantation system

will open thepossibility for awide range of biomedical applications
by enabling the investigation of not only normal human immu-
nohematopoietic development but also human disease patho-
genesis. By allowing in vivo HLA-restricted human immune re-
sponses, the NSG-HLA-A2/HHD humanized mouse model may
facilitate in vivo examination of human immune responses against
pathogens and malignant cells as well as preclinical testing for
vaccines against infectious diseases and cancer.

Methods
Mice. NOD.Cg-PrkdcscidIL2rgtmlWjl/Sz (NSG)micewere developedat The Jackson
Laboratory bybackcrossing a completenullmutation at the Il2rg locus onto the

NOD.Cg-Prkdcscid (NOD/SCID) strain (6). NOD.Cg-PrkdcscidIl2rgtm1WjlTg (HLA-A2/
H2-D/B2M) 1Dvs/Sz (NSG-HLA-A2/HHD) mice were generated by backcrossing
the (HLA-A/H2-D/B2M) transgene (12) from the NOD/ShiLtDvs-Tg(HLA-A/H2-
D/B2M)1Dvs/J strain (28) onto the NSG background. Mice were bred and
maintained under defined flora with irradiated food and acidified water at
the animal facility of RIKEN and at The Jackson Laboratory according to
guidelines established by the Institutional Animal Committee at each in-
stitution.

Purification of Human HSCs and Xenogeneic Transplantation. All experiments
were performed with authorization from the Institutional Review Board for
Human Research at RIKEN Research Center for Allergy and Immunology. HLA-
A2+ CB samples were enriched for hCD34+ cells by using anti-hCD34
microbeads (Miltenyi Biotec) and sorted for 7AAD-lineage (hCD3/hCD4/
hCD8/hCD19/hCD56)-CD34+CD38− HSCs. The purity of HSCs was higher
than 98% after sorting (Fig. S1). Newborn (within 2 d of birth) recipients
received 150 cGy total body irradiation using a 137Cs-source irradiator, fol-
lowed by i.v. injection of sorted HSCs via the facial vein.

Cell Preparation, Flow Cytometry, and Histological Analysis. Forafulldescription
of procedures and reagents used for cell preparation, flow cytometry, and histo-
logical analysis, see SI Methods.

EBV Infection. Humanized mice were inoculated at 12–20 wk of age by i.p.
injection of 500 μL B95-8 supernatant, containing 0.45 log10 (TCD50/mL)
of EBV (29). EBV-infected recipients were analyzed at 4–6 wk after injection.

Tetramer Assay, Generation of B-Lymphoblastoid Cell Lines, and IFN-γ ELISPOT
Assay. For a full description of procedures and reagents used for tetramer
assay, LCL generation, and ELISPOT assay, see SI Methods.

Statistical Analysis. The numerical data are presented as means ± SEM unless
otherwise noted.Where noted, two-tailed t tests were performed and differences
with theP<0.05weredeemedstatistically significant (GraphPadPrism;GraphPad).
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