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NOD/SCID/JAK3 ™/~ Immunodeficient Mice Transplanted
with Human CD34" Hematopoietic Stem Cells
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Abstract

Humanized mice, which are generated by transplanting human CD34* hematopoietic stem cells into immunodeficient mice,
are expected to be useful for the research on human immune responses. It is reported that antigen-specific T cell responses
occur in immunodeficient mice transplanted with both human fetal thymus/liver tissues and CD34" fetal cells, but it remains
unclear whether antigen-specific T cell responses occur in those transplanted with only human CD34" hematopoietic stem
cells (HSCs). Here we investigated the differentiation and function of human CD8* T cells reconstituted in NOD/SCID/Jak3 ™/~
mice transplanted with human CD34" HSCs (hNOK mice). Multicolor flow cytometric analysis demonstrated that human CD8"
T cells generated from the CD34" HSCs comprised only 3 subtypes, i.e., CD27"9"CD28*CD45RA*CCR7,
CD27°CD28"CD45RA CCR7*, and CD27°CD28"CD45RA CCR7~ and had 3 phenotypes for 3 lytic molecules, ie.,
perforin(Per) “granzymeA(GraA) “granzymeB(GraB)~, Per GraA*GraB™~, and Per'®“GraA*GraB*. These CD8" T cells failed to
produce IFN-y and to proliferate after stimulation with alloantigens. These results indicate that the antigen-specific T cell
response cannot be elicited in mice transplanted with only human CD34* HSCs, because the T cells fail to develop normally in
such mice.
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Introduction

Humanized mice are generated by transplanting human CD34"
hematopoietic stem cells (HSCs) into immunodeficient mice and
are expected to become a useful tool in studies on human T cell
immune responses, infectious diseases, preclinical testing of
vaccines, and new therapeutic strategies. Previous studies showed
long-term human T cell and B cell reconstitution in NOD/SCID/
yc™! immunodeficient mice transplanted with human CD34"
HSCs (hNOG mice) [1-3]. Human IgM, IgG, and IgA were
detectable in the serum of these mice; and class-switching of
immunoglobulin in human cord blood (CB)-derived B cells
properly occurred in the mice [4-7], indicating that the human
B cells can develop from human CD34" HSCs in the hNOG mice
and are functionally competent to produce immunoglobulins in
them. Furthermore, previous studies demonstrated that human
CD4/CD8 double-positive and human CD4/CD8 single positive
T cells were observed in the thymus of the hNOG mice and that
the latter were found in the spleen and peripheral blood of these
animals [3-5,7,8]. These human T cells expressed predominantly
off T cell receptors in the thymus and the spleen of the recipient,
whereas CD45RA" naive T cells were identified in the spleen and
the peripheral blood of the hNOG mice [4,9,10]. These results
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suggest the possibility that the human T cells respond to highly
diverse molecules. Additionally, proliferation and IFN-y expres-
sion of EBV-specific human CD8" T cells have been demonstrated
in hNOG mice and in Rag2 ™" yc™’~ mice transplanted with
human CD34" HSCs after an EBV infection [8,11]. In contrast,
high-dose injection of EBV caused a fatal lymphoproliferative
disorder in the hNOG mice, whereas lower-dose injection induces
an apparently asymptomatic persistent infection [11]. These
findings suggest that the human T cell responses were not able
to control the replication of EBV in the hNOG mice.

On the other hand, antigen-specific T cell immune responses
had definitely been shown in humanized NOD/SCID mice
established by transplanting human fetal thymus/liver tissues and
CD34" fetal liver cells into them (BLT mice) [12-16]. However,
there are no studies providing reliable evidence as to whether or
not antigen-specific T cell responses are induced in humanized
mice established by transplanting only human CD34" HSCs into
immunodeficient mice.

The phenotypic analysis of human T cells in humanized mice is
useful to clarify their differentiation and effector function, because
the phenotypic classification of human T cells reflects their
differentiation and effector function. Previous studies demonstrat-
ed that human CD8" T cells change the expression levels of co-
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stimulatory molecules (CD27, CD28, and CD45RA) [17-19] and
chemokine receptor CCR7 on their surface according to their
differentiation and maturation [20,21]. The phenotypic analysis
of human CD8" T cells showed that CD27"¢"CD28'CDA45-
RA*CCR7*, CD27*CD28*CD45RA™CCR7*, CD27"CD28*-
CD45RA"CCR7~, CD27°*CD28 CD45RA* "CCR7”, and
CD27-CD28 CD45RA™~CCR7~ have characteristics of naive,
central memory, early effector memory, late effector memory, and
effector CD8" T cells, respectively [22,23]. Moreover, human CD8"
T cells express 3 key cytolytic effector molecules, i.e., perforin (Per),
granzyme A (GraA), and granzyme B (GraB) in response to their
differentiation [24]. Five subpopulations of human CD8" T cells
defined by these cytolytic molecules exist and appear sequentially
during CD8" T cell differentiation: Per  GraA”GraB™~, Per_ GraA*-
GraB™, Per®GraA*GraB ™, Per'®GraA*GraB*, and Per™™®"GraA*-
GraB" [25]. Thus, the functional subsets of human CD8" T cells can
be identified by the phenotypic classification and the expression of
these 3 cytolytic molecules [25]. By using these classifications of
human CD8" T cells, the differentiation and function of hurman CD8"
T cells reconstituted in humanized mice can be clarified in detail. A
previous study showed that the CD45RATCCR7™ subset were
detected in hNOG mice [10], suggesting the possibility that human
CD8" T cells can be differentiated in the mice. However, since this
study did not demonstrated the existence of effector subset,
CD27-CD28~ CD45RA™ “CCR7 ", it still remains unclear if human
CD8" T cells can be differentiated into effector cells in hNOG mice.

In the present study, to clarify antigen-specific human CD8* T
cell responses in immunodeficient mice transplanted with only
human CD34" HSCs, we established NOD/SCID/JAK3 ™/~
(NOK) mice transplanted with human CD34" HSCs (h(NOK
mice) and investigated the differentiation and function of human
CD8" T cells reconstituted in these mice. Especially, we focused
on performing phenotypic classification based on the expression of

Human T Cells in hNOK Mice

the above-mentioned effector molecules and the alloreactivity of
human CD8" T cells reconstituted in the mice.

Results

Reconstitution of human T cells in hNOK mice

hNOK mice were established by transplanting human CD34"
HSCs isolated from human CB into the liver of newborn NOK
mice. In order to investigate the reconstitution of the human
immune system in these mice, we obtained PBMC from the mice
at 10, 12 and 17 weeks after the transplantation and then analyzed
them by using flow cytometry for detecting human T and B cells.
As shown in Table 1, the cells expressing common human
leukocyte antigen CD45 (hCD45") were found in all hAINOK mice
at 10 weeks after the transplantation (n = 31). Among the hCD45"*
cells, human B cells, identified by the expression of CD19, were
observed in all ANOK mice, whereas human T cells, identified by
the expression of CD3, were observed in approximately 60% of
the mice (Table 1). In the mice carrying human T cells, the
proportion of human T cells gradually increased from 10 to 17
weeks after the transplantation and reached a level at 17 weeks
similar to the proportion of CD8" T cells in the human adult
PBMC population (Figure 1A and 1B). The human T cells
obtained during the period of 10-17 weeks post transplantation
included both human CD4* and CD8" T cells (Figure 1C), though
the ratio of human CD4/CD8 T cells gradually increased from the
10 to 17 weeks (Figure 1D). These results show that human CD8"
and CD4" T cells were generated and maintained in the mice.

Phenotypic analysis of human T cells reconstituted in

hNOK mice
Human peripheral CD8" T cells are classified into the following 5
major populations based on their expression of 4 cell-surface
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Table 1. Proportion of human immune cells in hNOK mice.
% nucleated cells % nucleated cells

Cord blood hCD45 gated Cord blood hCD45 gated

Mouse No. hCD45* cD3"* cD19* Mouse No. hCD4s* cD3* cD19*

Donor 1 1 128 0.0 54.6 Donor 4 1 62.1 46.7 483
2 327 323 61.8 2 374 370 58.8
3 55.1 55.7 403 3 574 233 67.8
4 59.1 0.0 893 4 47.3 45.0 49.2
5 5.1 05 94.9 5 214 0.0 91.0
6 342 38.0 57.5 6 371 337 57.5

Donor 2 1 458 0.1 67.9 Donor 5 1 321 0.2 95.0
2 35.1 13.1 579 2 103 0.0 929
3 55.6 49.7 406 3 64.8 30.2 673
4 19.3 0.0 65.5 4 442 0.0 96.5
5 69.4 395 484 5 35 0.0 81.0

Donor 3 1 58 04 76.2 Donor 6 1 6.6 5.2 81.0
2 189 47.0 434 2 77 813 132
3 376 84.1 1.7 Donor 7 1 10.5 341 60.7
4 10.7 0.2 79.7 2 503 422 54.0
5 58.4 736 226

For generation of hNOK mice, human CD34" cells derived from 7 cord blood samples were transplanted into newborn NOK mice. PBMC of the hNOK mice were

analyzed for the engraftment of human immune cells at 10 weeks after the transplantation (n=31).

doi:10.1371/journal.pone.0013109.t001
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Figure 1. Flow cytometric analysis of human T cells reconstituted in hNOK mice. (A) A representative result for hCD45*CD3" T cells and
hCD45*CD19" B cells among PBMC from hNOK mice at 10, 12, and 17 weeks after the transplantation. (B) Summarized results showing hCD45"CD3* T
cell proportion in PBMC from hNOK mice (n=20) at 10, 12 and 17 weeks. (C) A representative result for human CD4* and CD8" T cell proportions in
PBMC from hNOK at 10, 12 and 17 weeks after the transplantation. (D) Summarized results showing human CD4/CD8 T cell ratio for PBMC from hNOK
mice at 10, 12, and 17 weeks. Human PBMC from healthy adult individuals (n=4) are shown as a control. Bar graph data are shown as the mean =
SEM of 7 independent experiments. *, p<0.05, human PBMC vs. hNOK mouse PBMC.

doi:10.1371/journal.pone.0013109.g001

markers: CD27"¢*CD28"CD45RA*CCR7" (naive subset), CD27+
CD28"CD45RA ™ CCR7* (central memory subset), CD27"CD28*
CD45RA™CCR7™ (early effector memory subset), CD27°*CD28~
CD45RA™ "CCR7™ (late effector memory subset), and CD27~
CD28 CD45RA™ "CCR7~ (effector subset) [22,23]; whereas
human peripheral CD4* T cells are also classified into 5 major
populations by the same 4 cell-surface markers, i.e., CD27°CD28"
CD45RA*CCRT7" (naive subset), CD27*CD28*CD45RA™CCR7*
(central memory subset), CD27"CD28*CD45RA™CCR7~ (ThO
effector memory subset), CD27°CD28"CD45RA™CCR7~ (Th1/2
effector memory subset), and CD27 CD28  CD45RA™CCR7™
(effector subset) [26]. To examine the differentiation of human T
cells reconstituted in the hNOK mice, we analyzed the phenotype of
human T cells among PBMC from the mice at 17 weeks after the
transplantation and that of T cells among PBMC from adult humans
for comparison. Representative results for an individual hNOK
mouse and an adult human are shown in Figure 2A; and a summary
of the findings, in Figure 2B. The reconstituted human CD8" T cell
population included naive (39.7£26.9%), central memory
(18.9%9.7%), and early effector memory (18.4+15.9%) subsets.
Late effector memory (0.9£1.6%) and effector (0.8£2.6%) subsets
were hardly detected in the mice. These results suggest that the
human CD8" T cells did not differentiate into late effector or effector
human T cells in the mice.

The phenotypic analysis of the reconstituted human CD4* T
cell population in the PBMC from the mice revealed that it
included naive (27.5%£23.0%), central memory (31.2%10.1%),
Tho effector memory (28.1£18.8%), and Th1/2 effector memory
(9.0£11.4%) subsets. The effector (0.06%0.15%) subset was
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hardly detected, suggesting that the human CD4" T cells did
not differentiate into effector T cells in these mice.

Expression of 3 cytolytic effector molecules in
reconstituted human CD8" T cells

Human peripheral CD8" T cells are classified into the following
5 major populations based on their expression levels of 3 effector
molecules: Per GraA” GraB™~, Per GraA*GraB~, Per®"GraA*
GraB~, Per®"GraA*GraB*, and Per"®GraA*GraB* [25]. To
investigate the effector function of the human CD8* T cells
reconstituted in the hNOK mice, we examined the expression of
these effector molecules in human CD8" T cells among
splenocytes from the mice. A representative result and summary
of the analysis for 6 hNOK mice as well as for PBMC from 3 adult
humans are shown in Figure 3A and 3B, respectively. The human
CD8" T cells included Per” GraA™GraB~, Per GraA*GraB~,
and Per®“GraA*GraB* cells. But they did not include Per™"
GraA*GraB~ or Per"®"GraA*GraB" ones, though the latter were
found among human adult PBMC. These results indicate that the
reconstituted human CD8" T cells did not have effector function
in the mice and that the human CD8" T cells did not differentiate
into effector cells in the mice.

Ability of reconstituted human CD8* T cells to produce
cytokines

Human CD8" T cells producing IL-2 but not IFN-y are mainly
found in naive and central memory CD8" T cell populations,
whereas IFN-y and TNF-o are mainly produced by effector
memory and effector CD8" T cells among human PBMC [22,27].
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Figure 2. Phenotypic classification of human CD8" T cells reconstituted in hNOK mice. Human T cells among PBMC from hNOK mice at 17
weeks after the transplantation were analyzed for the expression of the following cell-surface markers: CD4, CD8, CD27, CD28, CD45RA, and CCR7. (A)
A representative result of 5-color flow cytometric analysis of the human CD8" T cell population among PBMC from a hNOK mouse (right data) and an
adult human (left data). (B) Summarized results showing frequency of subsets among the human CD8" T cells isolated from the PBMC from hNOK
mice (n =20, right data) and human adult individuals (n =4, left data). (C) A representative result of 5-color flow cytometric analysis of human CD4* T
cell population in PBMC from hNOK mice (right data) and a human adult individual (left data). (D) Summarized result showing human CD4" T cell
proportion in PBMC from hNOK mice (n =20, right data) and human adult individuals (n=4, left data). Each symbol represents 1 mouse; the mean

value is shown as a horizontal solid line. ¥, p<0.05; **, p<<0.07, human PBMC vs. hNOK mice PBMC.

doi:10.1371/journal.pone.0013109.g002

To investigate the ability of the human CD8" T cells reconstituted
in the hNOK mice to produce these cytokines, we stimulated
splenocytes isolated from these mice with PMA and ionomycin i
vitro and measured the production of the above cytokines. A
representative result and summary of the analysis for 12 hNOK
mice are given in Figure 4A and 4B, respectively. The human
CD8* T cells reconstituted in the mice produced IFN-y, TNF-a,
and IL-2 (Figure 4A). The frequency of I[FN-y-producing CD8" T
cells positively correlated with that of the effector memory
(CD27*CD28"CD45RA™CCR7~ plus CD27°*CD28 CD45
RA*“CCR77) subset, whereas the frequency of IL-2*IFN-
¥~ TNF-o."-producing CD8" T cells negatively correlated with
that of effector memory subset (Figure 4B). These results indicate
that the human CD8* T cells had the ability to produce these
cytokines in the mice.

Alloreactivity of human CD8* T cells reconstituted in
hNOK mice

It is well known that 0.1-10% of human T-cell repertoire react
with alloantigens compared with a frequency of <1/100,000 for
foreign antigens in humans [28,29]. We investigated alloreactivity
of human CD8" T cells reconstituted in hNOK mice to clarify the
responsiveness of antigen-specific human CD8" T cells. We
immunized hNOK mice with irradiated human PBMC from a
healthy donor with HLA-A*2402/A*2402, B*5201/B*5901, and
DRB1*1502/DRB1*0405 (allo-PBMC) (n=4) and analyzed the
phenotype of human CD8" T cells reconstituted in the mice on 7

Human CD8*T cells

days or 31 days after the PBMC injection. Flow cytometric
analysis demonstrated that CD27~CD28 CD45RA™ "CCR7~
effector CD8" T cell subsets and Per"®"GraA*GraB" cells were
not induced in the mice on 7 days and 31 days after the PBMC
injection (Figures S1A and S1B). We further analyzed the ability of
the human CD8" T cells to produce IFN-y after allo-PBMC
stimulation. The splenocytes from the mice obtained at 31 days
after injection of the irradiated PBMC into the mice were cultured
with the irradiated PBMC in vitro for 7 days, and then the ability of
the human CD8* T cells to produce IFN-y was measured after
stimulation with the irradiated PBMC. As shown in Figure 5A, the
human CD8" T cells and the CD8 ™ T cells (mostly CD4* T cells)
reconstituted in the mice did not produce IFN-v, suggesting that
both CD8" T cells and CD4" T cells could not recognize
alloantigen. In addition, we analyzed the ability of the human
CD8" T cells to proliferate after stimulation with alloantigens. The
splenocytes of the mice on 31 days were labeled with CFSE
(carboxyfluorescein diacetate N-succinimidyl ester); and the cells
were cultured for 3 days with irradiated 721.221 cells expressing
HLA-A*2402 (.221-A*2402) or irradiated 721.221 expressing
HLA-B*5201 (.221-B*5201) in witro. As shown in Figure 5B, the
human CD8" T cells and the CD8™ T cells (mostly CD4* T cells)
reconstituted in the mice did not proliferate in response t0.221-
A*2402 or. 221-B*5201 cells. In addition, they did not proliferate
in response to splenocytes of C57BL/6(H-2° or Balb/c (H-2°%)
mice (data not shown). These results together indicate that the
human CD8" T cells could not recognize alloantigens in the mice.
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Figure 3. Expression of 3 cytolytic effector molecules of human CD8" T cells reconstituted in hNOK mice. Human CD8" T cells among
splenocytes of hNOK mice were analyzed for the expression of 3 cytolytic effector molecules: Per, Gra A, and Gra B. (A) A representative result
showing co-expression of 3 cytolytic effector molecules in human CD8" T cells from a hNOK mouse (lower data) and a human adult individual (upper
data). (B) Summarized result for the expression of 3 the cytolytic effector molecules in human CD8" T cells from hNOK mice (n=6) and human adult
individuals (n=3).

doi:10.1371/journal.pone.0013109.g003
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Figure 4. Cytokine production of human CD8" T cells reconstituted in hNOK mice. Splenocytes from hNOK mice were cultured with PMA
and ionomycin for 6 hours and then the production of IFN-y, TNF-, and IL-2 cytokines by human CD8" T cells was measured by flow cytometry. (A) A
representative result for cytokine production by human CD8" T cells from a hNOK mouse (lower data) and a human adult individual (upper data). (B)
Correlation between frequency of IFN-y-, TNF-a-, and IL-2*IFN-y"TNF-a~ (IL-2°"9'**)-producing CD8" T cells and that of effector memory
(CD27*CD28*CCR7~CD45RA™ plus CD27'°CD28~ CD45RAY"CCR7~) CD8* T cell subset (n=12).

doi:10.1371/journal.pone.0013109.9g004
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Figure 5. Alloreactivity of human CD8" T cells reconstituted in hNOK mice. The hNOK mice were immunized for 31 days with irradiated
human PBMC (allo-hPBMC) from a healthy donor with HLA-A*2402/A*2402, HLA-B*5201/B*5901, and HLA-DRB1*1502/DRB1*0405 (immunized mice)
or PBS (un-immunized mice). The splenocytes of each hNOK mice were harvested, and the cells were stained by using anti-human CD45, anti-human
CD3, and anti-human CD8 mAbs. (A) Human adult PBMC from a healthy donor with HLA-A*2601/A*2403, HLA-B*3501/B*5101, and HLA-DRB1*0405/
DRB1*0405 were cultured with the allo-hPBMC or the self-hPBMC for 7 days in vitro, and a representative result showing the IFN-y production by the
human CD8" T cells and the human CD8™ T cells is shown as a control (upper data). The splenocytes from the immunized hNOK mice were cultured
with the allo-hPBMC or self-CB for 7 days in vitro, and a representative result for IFN-y production by the human CD8" T cells and the human CD8™ T
cells is shown (lower data). (B) Splenocytes from the immunized hNOK mice were cultured with irradiated 721.221 cells expressing HLA-A*2402 (.221-
A*2402) or irradiated 721.221 expressing HLA-B*5201 (.221-B*5201) for 3 days in vitro, and a representative result for the proliferation of the human
CD8" T cells or the human CD8™ T cells is shown. One representative experiment from 3 experiments is shown.
doi:10.1371/journal.pone.0013109.g005
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