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The Development of Colitogenic CD4™ T Cells Is Regulated by
IL-7 in Collaboration with NK Cell Function in a Murine
Model of Colitis

Osamu Yamaji,*' Takashi Nagaishi,*" Teruji Totsuka,* Michio Onizawa,*
Masahire Suzuki,* Naoto Tsuge,* Atsuhiko Hasegawa,” Ryuichi Okamoto,*
Kiichiro Tsuchiya,* Tetsuya Nakamura,* Hisashi Arase,*®Y Takanori Kanai,” and
Mamoru Watanabe*

We previously reported that IL-7 ' RAG ™™ mice receiving naive T cells failed to induce colitis. Such abrogation of colitis may be
associated with not only incomplete T cell maintenance due to the lack of TL-7, but also with the induction of colitogenic CD4" T cell
apoptosis at an early stage of colitis development. Moreover, NK cells may be asseciated with the suppression of pathogenic T cells
in vive, and they may induce apoptosis of CD4" T cells. To further investigate these roles of NK cells, RAG™™ and IL-7/"RAG ™/~
mice that had received naive T cells were depleted of NK cells using anti-asialo GM1 and anti-NK1.1 Abs. NK cell depletion at an
early stage, but not at a later stage during colitogenic effector memory T cell (Try) development, resulted in exacerbated colitis in
recipient mice even in the absence of IL-7. Increased CD44*CD62L ™~ Tgy; and unique CD44 CD62L™ T cell subsets were
observed in the T cell-reconstituted RAG ™™ recipients when NK cells were depleted, although Fas, DRS, and IL-7R expressions
in this subset differed from those in the CD44"CD62L~ Tgy subset. NK cell characteristics were the same in the presence or
absence of IL-7 in vitro and in vivo. These results suggest that NK cells suppress colitis severity in T cell-reconstituted RAG ™ and
IL-77"RAG™'" recipient mice through targeting of colitogenic CD4*CD44*CD62L"~ Ty and, possibly, of the newly observed
CD4*CD44~ CD62L~ subset present at the early stage of T cell development. The Journal of Immunology, 2012, 188: 2524-2536.

he pathogenesis of inflammatory bowel diseases (IBD),
such as Crohn’s disease and ulcerative colitis in humans,
is known to be associated with dysregulated immune
responses to luminal contents including Ags derived from com-
mensal bacteria in gut. In patients with Crohn’s disease, for ex-
ample, excessive amounts of proinflammatory cytokines, such as
IFN-y, TNF, and 1L-17 (1), are secreted predominantly by CD4"
T cells infiltrating colonic tissues. The activities of these cells are
thought to reflect the severity of IBD. Additionally, it is known
that adoptive transfer of CD4" naive T cells into lymphopenic
immune-deficient animals, such as SCID and RAG™™ mice,
induces chronic inflammation in the colon and is considered an
animal model of IBD (2, 3).

IL-7 is an important cytokine that is associated with the pro-
liferation of immature B and T cells (4) as well as with homeostatic

maintenance of peripheral T cells in vivo (5, 6). We have previ-
ously reported that IL-7 is secreted by intestinal epithelia, espe-
cially goblet cells (7), and that spontaneous colitis that is similar
to IBD in humans is induced in transgenic mice overexpressing
1L-7 (8). Additionally, we have shown that the IL-7RMebCpa*
T cell subset is pathogenic (9) when the cells are transferred into
RAG™™ mice (10, 11). Moreover, we have also shown that
adoptive transfer of naive T cells in RAG and IL-7 double-
deficient (IL-7"/"RAG™'™) mice fails to induce colitis (10).
Therefore, IL-7 was initially considered to be essential for the
induction of colitis. However, it is known that IL-7 is not required
for the in vitro differentiation from naive T cells into Th1 or Th17
cells (12). It is also known that the spontaneous proliferation,
which is dependent on Ag ligation to the CD3/TCR complex, can
be observed even in the T cell-reconstituted IL-7"/"RAG ™™ re-

*Department of Gastroenterology and Hepatology, Graduate School of Medical Sci-
ence, Tokyo Medical and Dental University, Tokyo 113-8519, Japan; "Department of
Immunotherapeutics, Graduate School of Medical Science, Tokyo Medical and Den-
tal University, Tokyo 113-8519, Japan; *Laboratory of Immunochemistry, World
Premier International Research Center, Immunology Frontier Research Center, Osaka
University, Osaka 565-0871, Japan; §Department of Immunochemistry, Research
Institute for Microbial Diseases, Osaka University, Osaka 565-0871, Japan; YJapan
Science and Technology, Core Research for Evolutional Science and Technology,
Saitama 332-0012, Japan; and "Department of Gastroenterology, Keio University
School of Medicine, Tokyo 160-8582, Japan

10.Y. and T.N. contributed equally to this work.

Received for publication February 11, 2011, Accepted for publication January 10,
2012.

This work was supported in part by Grants-in-Aid for Scientific Research (io
T. Nagaishi, T.T., R.O., K.T., T. Nakamura, T.X., and M.W.), for Scientific Research
on Priority Areas (to M.W.), and for Exploratory Research and Creative Scientific
Research (to M.W.) from the Japanese Ministry of Education, Culture, Sports, Sci-
ence, and Technology; the Japanese Ministry of Health, Labor, and Welfare (to
M.W.); the Japan Medical Association (to M.W.); the Terumo Life Science Foun-
dation (to M.W.); the Ohyama Health Foundation (to M.W.); the Yakult Bio-Science

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1100371

Foundation (to T.K. and T.T.); the Research Fund of Mitsukoshi Health and Welfare
Foundation (to M.W. and R.0.); the Japan Foundation for Applied Enzymology (to
M.O.); the Japan Health Sciences Foundation (to M.O.); the Memorial Fund of Nihon
University Medical Alumni Association (to T. Nagaishi); the Abbott Japan Allergy
Research Award (to T. Nagaishi); the Foundation for Advancement of International
Science (to T. Nagaishi); and the Takeda Science Foundation (to T. Nagaishi).

Address correspondence and reprint requests to Dr. Mamoru Watanabe and Dr.
Takashi Nagaishi, Department of Gastroenterology and Hepatology, Graduate School
of Medical Science, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-
ku, Tokyo 113-8519, Japan. E-mail addresses: mamoru.gast@tmd.acjp (M.W.) and
tnagaishi.gast@tmd.acjp (T.N.)

The online version of this article contains supplemental material.

Abbreviations used in this article: ASGMI1, asialo GM1; EAE, experimental auto-
immune encephalomyelitis; IBD, inflammatory bowel disease; LP, lamina propria;
LPL, lamina propria lymphocyte; PI, propidium iodide; SPL, spleen; Tgum, effector
memory T cell; WT, wild-type.

Copyright © 2012 by The American Association of Immunologists, Inc. 0022-1767/12/$16.00

— 137 —

CT0Z S YoIBIA] UO ANSIOATU[) [EIUS(] PUE [eDIPIJA] 0ANO], Je /10 founwurusyl//:dity UIOI} poapeoumoct



The Journal of Immunology

cipient mice (13, 14). Additionally, our recent studies suggested
that effector CD4™ T cells were able to induce colitis even in IL-
77""RAG™" mice that were parabiosed with colitic RAG™~
mice that had been injected with naive T cells 6 wk previously
(15). Moreover, a deparabiosed IL-77""RAG™'~ mouse, which
was surgically separated from T cell-receiving RAG™/-IL-777~
RAG ™/~ parabionts 6 wk after the initial surgery, still maintained
chronic colitis for at least another 12 wk (16). These results
suggested that the abrogation of colitis in the T cell-reconstituted
IL-7""RAG™'" mice may be associated with not only incom-
plete T cell maintenance due to the lack of IL-7, but also with
another mechanism by which the colitogenic CD4™ T cell devel-
opment is suppressed.

It is known that NK cells are responsible for innate immune
responses, including the depletion of tumor cells or cells infected
with various kinds of viruses (17). Additionally, NK cells induce
inflammation in tissues by the production of proinflammatory
cytokines such as IFN-y (18, 19). In contrast, NK cells are also
known to be critical for anti-inflammatory effects in the context of
autoimmune diseases (20, 21). It has been reported that NK cells
abrogate disease severity of experimental autoimmune encepha-
lomyelitis (EAE) due to the suppression of pathogenic T cells (22,
23). It has also been reported that depletion of NK cells results
in enhanced severity of a chronic colitis model (24). However, the
mechanisms by which NK cells regulate inflammation in this
colitis model have not been well described. In this regard, we
hypothesized that the abrogation of colitogenic T cell develop-
ment that we observed in naive T cell-receiving IL-77/"RAG ™™
mice is associated with the effect of NK cells. We therefore fo-
cused our analysis of this phenomenon on NK cells.

Materials and Methods

Animals

Wild-type (WT) C57BL/6 mice were purchased from Japan CLEA (Tokyo,
Japan). Rag-deficient (RAG™'™) mice on a C57BL/6 background were
obtained from Taconic (Hudson, NY) and the Central Laboratories for
Experimental Animals (Kanagawa, Japan). IL-7 "/~ mice were provided by
Dr. R. Zamoyska (National Institute for Medical Research, London, U.K.)
and were intercrossed with RAG™™ to generate 1L-7/"RAG™™ mice.
Mice were maintained under specific pathogen-free conditions in the
Animal Care Facility of Tokyo Medical and Dental University. Donors and
recipients were used between 8 and 16 wk age. All animal experimen-
tations were approved by the Animal Review Board of Tokyo Medical and
Dental University and were performed in accordance with institutional
guidelines.

Abs

The following mAbs and reagents were obtained from BD Pharmingen (San
Jose, CA): anti-CD3e (145-2C11), anti-CD4 (RM4-5), anti-CD11b (M1/
70), anti-CD11c (HL3), anti-CD27 (LG.3A10), anti-CD28 (37.51), anti-
CD43 (S7), anti-CD44 (IM7), anti-CD45RB (16A), anti-CD51 (RMV-7),
anti-CD62L. (MEL-14), anti-CD69 (H1.2F3), anti-CD9%4 (18d3), anti-
CD95, anti-CD178 (MFL4), anti-CD244.2 (2B4 B6 alloantigen), anti-
Ly49C,1 (5E6), anti-Ly49D (4ES5), anti-Ly49F (HBF-719), anti-Ly49G2
(4D11), anti-IL-7Ra (A7R34), anti-NK1.1 (PK136), and streptavidin.
Biotin-conjugated anti-mouse NKG2A/C/E, biotin-conjugated anti-mouse
1L-7Ra (ATR34), FITC-conjugated anti-mouse pan-NK cells (CD49b),
and FITC-conjugated anti-mouse CD3g (145-2C11) mAbs were purchased
from eBioscience (San Diego, CA).

Flow cytometry (FACS)

To detect the cell surface expression of a variety of molecules, isolated
mononuclear cells from individual organs including spleen (SPL), mes-
enteric lymph node (MLN), and colonic lamina propria (LP) were analyzed
by FACS using standard staining methods. Briefly, the cells were suspended
in PBS containing 2% FBS, which was used as the suspension fiuid for
subsequent staining, preincubated with an FeyR-blocking mAb (anti-CD16/
32; 2.4G2; BD Biosciences) for 15 min to prevent nonspecific binding by
the secondary Ab, and washed with suspension fluid followed by staining
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with specific FITC-, PE-, PerCP-, allophycocyanin-, or biotin-labeled Abs
for 20 min on ice. Standard two-, three-, or four-color flow cytometric
analyses were performed using the FACSCalibur (Becton Dickinson,
Sunnyvale, CA) with appropriate software (CellQuest; BD Biosciences).
Background fluorescence was also assessed by staining with control ir-
relevant isotype-matched mAbs.

NK cell depletion in vivo

The anti-asialo GM1 (ASGM1) polyclonal Ab was obtained from Wako
Chemicals (Osaka, Japan) and reconstituted according to the manufacturer’s
specifications. The anti-NK1.1 mAb was affinity purified from the culture
supernatant of a hybridoma clone, PK136, obtained from the American
Type Culture Collection (Manassas, VA). For effective depletion of NK
cells in vivo, either the anti-ASGMI polyclonal Ab (0.25 mg/mouse) or
anti-NK1.1 mAb (0.5 mg/mouse) was injected i.p. into mice (25) at the
indicated time points in each experiment. The same amount of rabbit Ig
(Rockland Immunochemicals, Gilbertsville, PA) or mouse IgG2a (Medical
& Biological Laboratories, Nagoya, Japan) were used as the controls, re-
spectively, for some of experiments. Effective (~95%) depletion of NK
cells in vivo was confirmed by FACS analysis of single cells derived from
individual organs such as SPL, MLN, and colonic LP.

Purification of naive T cell subsets and induction of colitis

For naive T cell purification, splenic mononuclear cells were obtained from
WT mice and CD4" T cells were isolated using anti-CD4 (1.3T4) MACS
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) according
to the manufacturer’s instructions. Enriched CD4™ T cells (94-97% pure as
estimated by FACS) were then labeled with PerCP- or allophycocyanin-
conjugated anti-CD4, PE- or allophycocyanin-conjugated anti-CD44, and
FITC-conjugated anti-CD62L. Subpopulations of CD4™ cells were gener-
ated by three-color sorting on a FACSAria (Becton Dickinson). All pop-
ulations were 98.0% pure on reanalysis. To induce an animal model of
chronic colitis, 5 X 10° CD4*CD44 ™ CD62L* (naive) T cells were adop-
tively transferred i.p. into 8- to 12-wk-old RAG™" or IL-7~/"RAG ™/~
recipient mice as previously described (2, 3, 10).

Isolation of LP lymphocytes

LP lymphocytes (LPL) were isolated from healthy or colitic mice as
previously described (10). Briefly, RAG™™ or IL-7""RAG™" recipient
mice were sacrificed 6-12 wk after injection of naive T cells to induce
colitis. The entire length of the colon was removed, opened longitudinally,
washed with PBS, and cut into small pieces. The dissected tissues were
incubated with Ca®*-, Mg?*-free HBSS containing 1 mM DTT (Sigma-
Aldrich, St. Louis, MO) for 45 min to remove mucus, and the epithelial
layer was then treated with 3.0 mg/ml collagenase (Roche Diagnostics,
Mannpheim, Germany) and 0.01% DNase (Worthington Biomedical,
Freehold, NJ) for 2 h. The cells were pelleted, washed twice with PBS, and
were then subjected to density gradient centrifugation using 40-75% iso-
tonic Percoll (Amersham Biotech, Piscataway, NJ) solution diluted with
HBSS. Isolated whole LP mononuclear cells were subjected to FACS to
analyze each lymphocyte subset. In some experiments, such LP mono-
nuclear cells were further labeled with allophycocyanin-conjugated anti-
CD4 and FITC-conjugated anti-CD3 to isolate colitogenic CD4™ T cell
subsets by FACSAria. All populations were 98.0% pure on reanalysis.
Isolated LP CD4* T cells were subjected to cytokine production and cy-
totoxicity assays.

Determination of clinical score of colitis

The clinical score of colitis was determined using previously described
methods (26) with minor modifications and was assessed by trained in-
dividuals blinded to the treatment group. Briefly, initial body weight and
wasting, hunching over, piloerection, diarrhea, and blood in the stool or per
rectum of the T cell-receiving RAG ™'~ or IL-7/"RAG ™™ recipient mice
were assessed when sacrificed. For wasting, weight loss of <20% from
baseline was assigned 0 points and weight loss of >20% was assigned 1
point. For hunched over appearance, no obvious hunching was assigned
0 point, and extensive hunching was assigned as 1 point. For colon
thickening, normal features were assigned 0 points, mild thickening was
assigned 1 point, moderate thickening was assigned 2 points, and severe
thickening was assigned 3 points. For stool consistency, 0 points were
assigned to well-formed pellets, 1 point to pasty and semiformed stools
that did not adhere to the anus, and 2 points to liquid stools that did adhere
to the anus. An additional point was added if gross blood was noted. The
scores of these parameters were added, resulting in a total clinical score
ranging from O (healthy) to 8 (maximal colitis activity).
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Histopathological examination of colitis

Micereceiving naive T cells were sacrificed 6 or 12 wk after the T cell transfer,
and colonic specimens taken from proximal, middle, and distal colons were
subjected to histopathological assessment. For this assessment, tissue sam-
pleswere fixed in 10% neutral-buffered formalin. Paraffin-embedded sections
(5 pm) were stained with H&E. The H&E-stained sections were analyzed
without prior knowledge of the type of donors, recipients, and treatments.
The degree of inflammation in the colon was graded according to a modifi-
cation of the previously described scoring system (26, 27). Briefly, for
mucosal damage, 0 points were assigned to normal appearance, 1 point to
discrete lymphoepithelial lesions, 2 points to diffuse crypt elongation, and 3
points to extensive crypt elongation or mucosal erosion/ulceration. For cell
infiltration the points assigned were: 0, to normal, or presence of occasional
leukocytes; 1, to widely scattered leukocytes or focal aggregates of leuko-
cytes; 2, to confluence of leukocytes extending into the submucosa with
focal effacement of the muscularis; 3, to transmural extension of leukocyte
infiltration. For crypt abscess, the assigned points were: 0, to no crypt ab-
scess; 1, to the presence of crypt abscess. The cumulative degree of these
parameters was calculated as a total histological score ranging from 0 (no
change) to 21 (extensive cell infiltration and tissue damage).

ELISA

To measure cytokine production, 1 X 10° LP CD4* T cells were cultured in
200 pl RPMI 1640 (Sigma-Aldrich) supplemented with 10% heat-
inactivated FBS, 500 U/ml penicillin, 100 pg/ml streptomycin (Sigma-
Aldrich), 10 mM HEPES, 1% nonessential amino acids, and 50 pM 2-
ME (Life Technologies Invitrogen, Carlsbad, CA), termed complete RPMI
1640, in the presence of 5 wg/ml plate-bound anti-CD3e (145-2C11) and
2 pg/ml soluble anti-CD28 (37.51) mAbs on flat-bottom 96-well plates
(Costar, Cambridge, MA) at 37°C in a humidified atmosphere incubator
containing 5% CO, for 48 h. Culture supernatants were removed and
analyzed for the production of cytokines such as IFN-vy, TNE, and IL-17.
Cytokine concentrations were determined using specific ELISAs (R&D
Systems, Minneapolis, MN) as per the manufacturer’s recommendations.

Isolation of NK cells and cytotoxicity assay

Spleen cell suspensions were prepared from RAG ™™ or IL-7/"RAG™~
mice and treated with NH,Cl buffer to remove erythrocytes. The NK cell
population was then labeled with FITC-conjugated anti-DX5 (CD49b) and
isolated for use as effector cells in the cytotoxicity assay by sorting on
a FACSAria. The purity of isolated NK cells was 98.0% on reanalysis. To
measure cytokine production, 5 X 10* NK cells were cultured in 200 pl
RPMI 1640 supplemented with 10% FBS, 500 U/ml penicillin, and 100 pg/
ml streptomycin in the presence of 100 ng/ml rIL-2, 100 ng/ml rIL-12, and
100 ng/ml rIL-18 on flat-bottom 96-well plates at 37°C in a humidified
atmosphere incubator containing 5% CO,. Culture supernatants were re-
moved after 24 h and analyzed for IFN~y production. Cytotoxicity assays
were performed using the flow cytometric method reported by Xu et al. (28;
see also Ref. 29). Briefly, isolated naive T cells from WT mice or LP ef-
fector memory T cells (Tgyy) from colitic mice were labeled with a lipophilic
green fluorescent cell linker, PKH2 (Sigma-Aldrich), which is incorporated
into the plasma membrane. Uniform labeling of cells was confirmed by fiow
cytometry. Labeled 5 X 10* target T cells were coincubated in round-bottom
96-well plates (Costar) with effector NK cells (T:E ratio, 1:5 to 1:0.6) in
complete RPMI 1640 supplemented with 100 ng/ml rIL-2 (PeproTech,
London, U.K.) with or without 50 ng/mi rIL-7 (PeproTech) at 37°C in hu-
midified air containing 5% CO, for 4 h. Naive T cells or LP colitogenic
T cells that were incubated under the same conditions but without effector
NK cells were also prepared as controls. Cells were then collected, stained
with propidium iodide (PI), and analyzed by FACS. Cytotoxic activity was
determined by calculating the percentage of the double-positive population
for both PI' (FL2) and PKH2 (FL1). In some experiments, a mouse lym-
phoma cell line, YAC-1, obtained from the American Type Culture Col-
lection, was used as target cells for a [°1Cr] release assay with the standard
protocol. Briefly, target cells were labeled with 3.7 MBq of Nap[>'Cr]O, for
1 h at 37°C and washed three times with PBS before mixing (1 X 10%/well)
with effector cells in round-bottomed 96-well plates at different E:T ratios
(1.25:1, 2.5:1, 5:1, 10:1, 20:1) in triplicates. After 4 h incubation, cell-free
supernatants were collected and radioactivity measured by MicroBeta
counter (Wallac). The percentage of lysis is calculated by (sample release —
spontaneous release)/(maximum release — spontaneous release).

Statistical analysis

The results are expressed as the means = SEM. Statistical significance was
determined using the nonparametric Mann-Whitney U test, and differ-
ences were considered to be statistically significant when p < 0.05.

Results
NK cell depletion induces the early onset of colitis in naive
T cell-transferred RAG™™ mice

It has been reported that NX cells suppress the severity of in-
flammatory diseases such as EAE and colitis (22, 24). NK cells
were depleted in the latter colitis study by injection of anti-NK1.1
or anti-ASGM1 Abs, or by the use of a perforin-deficient animal.
That study suggested that NK cells may possibly have cytolytic
activity for colitogenic CD4" Ty in this model since knockout of
the perforin gene resulted in exacerbation of disease severity.
However, it is unclear which stage in the development of colitis is
affected by NK cells. Therefore, we first assessed the effect of NK
cell depletion at different time points in the development of
chronic colitis.

To examine the effect of NK cells in the development of chronic
inflammation in the colon, an animal model of colitis was induced
by adoptive transfer of CD4"CD62L D44~ (naive) T cells derived
from WT SP into RAG™~ recipient mice (2, 3). NK cells were
depleted by i.p. injection of the anti-ASGM1 Ab (or vehicle
control [PBS]) every other day for 12 wk starting from the day
before naive T cell transfer (Fig. 1A). Additionally, some groups
were injected with the anti-ASGM1 Ab for 4 wk followed by
vehicle control for 8§ wk (Fig. 1A), or with the vehicle control for
4 wk followed by 8 wk anti-ASGM1 Ab (Supplemental Fig. 1).
Mice injected with the anti-ASGM1 Ab for 12 wk, or for just the
first 4 wk, started to show wasting earlier than the vehicle control
group that was injected for 12 wk (Fig. 1B). Alternatively, mice
injected with vehicle control for 4 wk followed by 8 wk anti-
ASGM1 Ab showed a similar wasting curve to that of mice in-
jected with vehicle control for 12 wk (data not shown), suggesting
that NK cell depletion at the later stage of colitis induction does
not affect the severity of colitis.

However, there was no significant difference in clinical scores
between these groups 12 wk after the T cell transfer (Fig. 1C), and
all mouse groups showed a similar degree of colitis with thick-
ening and shortening of the colon as well as splenomegaly when
sacrificed (Fig. 1D). Consistent with this finding, microscopic
evaluation of each group showed similar histopathological fea-
tures such as wall thickening of the colon, infiltration mainly by
mononuclear cells, crypt abscesses, crypt elongation, a decrease in
goblet cells, and epithelial damage (Fig. 1E, 1F). Moreover, the
production of proinflammatory cytokines by colonic LP T cells
isolated from each group was similar (Fig. 1G).

However, there was concern that anti-ASGM1 Ab treatment at
an early stage may affect the colitis severity in the RAG ™'~ mice
receiving naive T cells, since the groups with the Ab treatment at
an early stage for 4 wk and 12 wk started to exhibit wasting earlier
than the control group without the Ab treatment (Fig. 1B).
Therefore, we examined these mice at a relatively early time
and, interestingly, we found that the Ab-treated group showed
significantly more severe colitis in clinical and histological scores
compared with the control group 6 wk after T cell transfer (Fig. 2).
These data indicate that NK cell depletion affects the early stage
of colitis development.

CD62L™CD44™ and CD62L™CD44~ T cell subsets are
increased by NK cell depletion in naive T cell-reconstituted
RAG™" recipient mice

Because the exacerbation at an early stage of colitis development
was observed following NK cell depletion, we assessed the number
of CD4" T cells in SPL and MLN of naive T cell-receiving RAG ™'~
mice treated with or without the anti-ASGM1 Ab. As seen in Fig.
3A and 3B, increased numbers of T cells were detected, especially
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FIGURE 1. NK cell depletion at the early stage of colitis induction in RAG ™™ mice results in wasting disease. (&) Protocol for NK cell depletion in
a chronic colitis setting. RAG™'™ mice were injected with either 0.25 mg/mouse anti-ASGM1 Ab (0-12 wk) or vehicle control (Ctrl) every second day for
12 wk from the day before adoptive transfer of naive T cells, or were injected with anti-ASGM1 Ab for 4 wk followed by vehicle control injection for 8 wk
(0-4 wk). (B) Wasting, as defined by percentage of initial body weight, in RAG™™ mice induced colitis. Mice were injected with naive T cells and either
vehicle control for 12 wk (Cttl, O), anti-ASGM1 Ab for 12 wk (0-12 wk, A), or anti-ASGM1 Ab for 4 wk followed by 8 wk vehicle control (0-4 wk, O).
The non-T cell-injected control group is also shown (RAG ™™, cross). Data are expressed as means = SEM from four mice. *p < 0.05. (€) Clinical scores
of each group are shown. Data are expressed as means *= SEM from four mice. (D) Gross appearance of colons (lefy) and SP (right) from naive T cell-
transferred RAG™™ recipients injected with either vehicle control for 12 wk (Ctrl, rop), anti-ASGM1 Ab for 4 wk and then control for 8 wk (0-4 wk,
middle), or anti-ASGM1 Ab for 12 wk (0-12 wk, bottom). Representative features from four experiments are shown. (E) Histological feature of colons from
naive T cell-transferred RAG™™ recipients injected with control for 12 wk (Ctrl, leff), anti-ASGM]1 Ab for 4 wk and then control for 8 wk (04 wk,
middle), or anti-ASGM1 Ab for 12 wk (0-12 wk, right). Representative features from each group are shown. (F) Histological scores of each group are
shown, Data are expressed as means = SEM from four mice. (G) Cytokine production by LP T cells from each group is shown. Concentrations of IFN-y
(left), TNF (middle), and IL-17 (right) in the culture supernatant were measured using ELISA. Data are indicated as means = SEM from four samples.

in the SPL, within a week after naive T cell injection. Moreover,
treatment with the anti-ASGM1 Ab revealed a significantly in-
creased number of T cells in SPL and MLN (Fig. 3A, 3B). Thus,
we next determined the development of Tgy; in these mice by
assessment of the expression levels of CD62L and CD44 on
T cells. From day 1 to day 3, most T cells still expressed CD62L,
but not CD44, regardless of anti-ASGM1 Ab treatment. Interest-
ingly, a CD62L"CD44™ subset had appeared in both SPL and
MLN by day S after treatment with anti-ASGM1 Ab (Fig. 3C-F).
This unique T cell subset was significantly increased in the naive
T cell-receiving RAG™'™ mice treated with anti-ASGM1 Ab, es-
pecially in MLN, on days 5 and 7 (Fig. 3F), suggesting that NK
cells target this CD62L"CD44™ T cell subset upon development
of colitogenic CD62L."CD44™ Tgy,.

It is thought that the Tgy, but not a naive T cell subset, is
targeted by NK cells to regulate excessive immune responses (23,

28). However, our observation indicated that a CD62L~CD44™
T cell subset is increased in the absence of NK cells. Therefore,
we next assessed the expression levels of several markers, which
are associated with NK cell function, on each of the T cell subsets.
Splenic CD62L.7CD44™ (naive, R1; Fig. 4, left panel), CD62L~
CD44™ (R2), and CD62L~CD44" (effector memory, R3) T cell
subsets were isolated for FACS analysis from RAG ™™~ mice that
had received naive T cells 5 d previously with anti-ASGM1 Ab
treatment the day before T cell reconstitution. The expression of
Fas and DRS in CD62L7CD44™ cells was higher than that in
CD62L"CD44™ T cells (Fig. 4). Interestingly, the expression
levels of Fas and DR3 in CD62L " CD44™ cells were similar to
those of CD62L"CD44 ™, but not of CD62L."CD44™. Additionally,
the expression level of Qa-1 was similar for all of these T cell
subsets (Fig. 4). Furthermore, the expression level of IL-7R/
CD127 in CD62L"CD44™ cells was similar to that of CD62L*

— 140 —

€107 ‘¢ UOIRJA] 10 AJISIOATU(] [RIUS(] PUE [eIIPSA 0430, 18 /Fr0 jounwuif//:dny wolj papeorumog]



2528

A.

T cell transfer
§
Cel | control Ab ]
Anti- ¢
ASGMI Abu : Lerid A0
0 fwk
C 26 .
.
g4
=
3
-
B2
=
=
0 Anti-
ASGML &b
E proximal middle
Cel
Anti-
ASGMI Ab

NK CELLS REGULATE COLITOGENIC T CELL DEVELOPMENT

B 120
§ 110 o cm
& % Anti.
&, 100 L A ssern an
£ %
£ a0

70
1 ] 3 4 H [
time after transfer

Cerl
Anti-

ASGML 4b

distal F

[

k4

e
o

histelogical score (cum)
[

S 4 R

Cerl Anti.
ASGMI &b

FIGURE 2. NK cell depletion in RAG™'™ recipients results in early onset colitis development. (&) Protocol for NK cell depletion in a chronic colitis
setting. RAG™'~ mice were injected with either 0.25 mg/mouse anti-ASGM1 Ab or control 1gG every second day for 6 wk from the day before adoptive
transfer of naive T cells. (B) Wasting, as defined by percentage of initial body weight, in RAG™™ mice induced colitis. Mice were injected with naive
T cells with either control IgG (O) or anti-ASGM1 Ab (A) for 6 wk. Data are expressed as means = SEM from four mice. *p < 0.05. (€) Clinical scores of
each group are shown. Data are expressed as means = SEM from four mice. *p < 0.05. (D) Gross appearance of colons (leff) and SP (right) from naive
T cell-transterred RAG™™ recipients injected with either control IgG (fop) or anti-ASGM1 Ab for 6 wk (bottom). Representative features from four

experiments are shown. (E) Histological feature of proximal (left), middle (middle), and distal (right) colons from naive T cell-transferred RAG

—f—

recipients injected with either control IgG (top) or anti-ASGM1 Ab for 6 wk (borttom). Representative features from each group are shown. (F) Histological
scores of each group are shown. Data are expressed as means = SEM from four mice. *p < 0.005.

CD447 cells. Most CD62L " CD44 ™ cells showed a similar [L-7R/
CD127 expression level to the other subsets; however, some cells
within this subset showed a lower expression of the IL-7R as seen
in Fig. 4 (arrow). These results indicate that the mechanism by
which NK cells suppress CD62L " CD44 ™ T cells may be different
from that by which they suppress Tgy, which is due to NK cell-
induced apoptosis via Fas and/or DRS.

The lack of IL-7 does not affect the cytotoxic activity of NK
cells

Because we have previously observed the upregulated annexin V
and downregulated Bcl-2 expressions in the CD4™ T cells trans-
ferred into JL-7/"RAG ™™ recipients (10), we speculated that the
ability of NK cells to suppress the T cells could be affected by the
presence or absence of IL-7. We therefore performed a cytotox-
icity assay to test this hypothesis. As expected, NK cells (effector)
had negligible cytotoxicity toward CD62L"CD44™ naive T cells
(target) derived from WT SP (T:E ratio, 1:5) regardless of whether
rIL-7 was present (Fig. 5A). When CD62L ™ CD44" Ty derived
from colonic LP of RAG™™ mice, which had been injected with
naive T cells 12 wk previously, were coincubated with the NK
cells (T:E ratio, 1:5), the mortality of the target cells was elevated
but this cell-mediated cytotoxicity did not change in the presence
of rIL-7 (Fig. 5B). These results suggested that the cytotoxic
ability of NK cells derived from WT mice was not affected by
1L-7 and further suggested that the susceptibility of T cells to the
cytotoxic activity of NK cells was not changed by the presence
of 1L.-7 using this assay. When increasing the ratio of CD62L"~

CD44™ Tgy; (T:E ratio, 1:5 to 1:0.6), the mortality was decreased
(Fig. 5C). These data suggest that the cytotoxicity is decreased
when the number of target T cells exceeds the capacities of ef-
fector NK cells to suppress T cells. However, it was still unclear
whether the cytotoxic ability of NK cells could be modulated
during its development in vivo in the presence or absence of IL-7.
Therefore, the cytotoxic ability of NK cells derived from RAG™™
and IL-77'" RAG™/~ mice was examined. As seen in Fig. 5D,
there was little mortality of CD62L" CD44 naive T cells alone,
and this mortality was unaffected even if coincubated with NK
cells derived from either RAG™™ or IL-7"RAG ™™ mice (T:E
ratio, 1:5). The mortality of CD62L CD44" Tgy; was elevated
compared with that of Tgys alone when coincubated with NX cells
derived from RAG™'~ mice and was similar to that following
coincubation with NK cells derived from IL-77"RAG™~ mice
(T:E ratio, 1:5; Fig. 5E).

Additionally, the expression levels of NK receptors (30) that
reflect the function of NK cells (Fig. SF), as well as the levels of
CD11b and CD27 that determine the differentiation status of NK
cells (31) (Fig. 5G), were not altered in NK cells derived from IL-
77/"RAG™" mice, compared with those from RAG ™™ mice.

To further demonstrate that there are no differences of NK cell
functions between RAG™™ and IL-77/"RAG™'", we also mea-
sured the cytotoxic activities of these cells against YAC-1 cells
using the [*'Cr] release assay, as well as the production of TFN-y
from these cells. As seen in Fig. 5H and 51, neither the cytotox-
icities against YAC-1 cells nor IFN-y production of NK cells was
modified in the IL-7/"RAG™™ mice when compared with
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FIGURE 3. NK cell depletion results in the increase in CD44*CD62L.~ and CD44~CD62L."~ subsets in naive T cell-transferred RAG™™ mice. (A and B)
Naive T cells derived from WT SP were adoptively transferred into RAG ™'~ mice that were preinjected with either vehicle control (O) or anti-ASGM]1 Ab
(8). Mice were sactificed and the total number of CD4™ T cells isolated from SP (A) or MLN (B) was counted. Cells were stained with PerCP-conjugated
anti-CD3 and allophycocyanin-conjugated anti-CD4 Abs, and were then subjected to FACS to calculate the number of T cells in each sample. The number
of CD4" T cells at the indicated time points is shown. Data are expressed as means = SEM (n = 4). (€ and D) The naive T cell-receiving RAG™™ mice that
had been preinjected with either vehicle control or anti-ASGM1 Ab were sacrificed at the indicated time points after naive T cell transfer. The isolated
lymphocytes from SP (C) or MLN (D) were stained with allophycocyanin-conjugated anti-CD4, PerCP-conjugated anti-CD3, FITC-conjugated anti-
CD62L., and PE-conjugated anti-CD44 Abs and were subjected to FACS. Representative data from four experiments are shown. The numbers in each data
quadrant indicate percentage of gated populations. (E and F) The percentage of CD44~CD62L" cells in RAG ™ mice that received naive T cells with or
without anti-ASGM1 Ab injection. Mice were sacrificed at the indicated time points, lymphocytes isolated from SP (E) or MLN (F) were stained with anti-
CD3, anti-CD4, anti-CD62L, and anti-CD44 Abs and were then subjected to FACS to analyze the percentage of the subset. Data are expressed as means =
SEM from five experimenis. *p < 0.05.
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RAG ™™ mice. These results confirm that a lack of IL-7 does not
affect the cytotoxic activity of NK cells either in vitro or in vivo.

K cell depletion elicits severe colitis in naive T cell-transferred
IL-77" RAG™" recipient mice

‘We previously reported that the development of colitis is abrogated
by alack of IL-7. Given that NK cells can suppress T cells in vitro
and in vivo independently of IL-7, we next assessed the influence of
NK cells on colitis in the context of IL-7 deficiency in vivo. IL-77/~
RAG ™" mice were injected 1.p. with naive T cells with or without
anti-ASGM1 Ab treatment, and colitis was monitored after 12 wk

(Fig. 6A). As previously observed, the induction of colitis was
completely abrogated in vehicle control-injected IL-7 ' "RAG ™~
mice, as shown by clinical and histological scores and cytokine
production from colonic LP lymphocytes, although the presence of
occasional leukocytes was observed in colonic tissues (Fig. 6B-E).
However, when anti-ASGM1 Ab was injected, L7 RAG™™
mice showed elicitation of colitis and similar severity of clinical
phenotypes, such as wasting and diarrhea, as did the groups of
RAG ™" recipients with or without anti-ASGM1 Ab treatment
(Fig. 6B). Consistent with these findings, a significant deteriora-
tion in histological findings, such as mucosal damage, cell infil-
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FIGURE 4. NK cells may target the CD62L."CD44 ™ subset by a different mechanism from that by which they target the CD62L~CD44* subset. RAG ™~
mice preinjected with anti-ASGMI1 Ab were sacrificed 5 d after naive T cell transfer. Isolated splenocytes were stained with anti-CD62L, anti-CD44, and
either anti-Fas, anti-DRS, anti-Qal, or anti-CD127 Abs (open histograms) or isotype-matched control (filled histograms) and were then subjected to FACS.
The populations within the appropriate gate on forward scatter and side scatter and either CD62L"CD44 ™ (naive, R1), CD62L."CD44™ (R2) or CD62L~
CD44" (Tgy, R3) were analyzed. Representative data from three experiments are shown.

tration, and crypt abscesses, was also observed in IL-77"RAG™™
mice when treated with anti-ASGM1 Ab (Fig. 6C, 6D) in asso-
ciation with the exacerbation in the clinical scores of these mice.
Moreover, the production of cytokines such as IFN-y, TNF-¢, and
IL-17 by colonic LPL from anti-ASGMI Ab-treated IL-77'~
RAG™™ mice was significantly upregulated when compared with
the vehicle control-treated group, despite the fact that their pro-
duction was relatively lower than that of RAG™ groups with or
without anti-ASGM1 Ab treatment (Fig. 6E). These results sug-
gest that severe inflammation occurs in colonic tissues following
NK cell depletion even in IL-7/"RAG ™" mice.

Additionally, to confirm the activities of cells that had infiltrated
the tissues, absolute numbers of splenic and colonic LP CD4"
T cells isolated from these colitic mice were calculated (Fig. 7A)
and analyzed by FACS (Fig. 7B, 7C). As seen in Fig. 7B and 7C,
the percentage of NK1.1% cells in both SP and colonic LP was
greatly decreased in T cell-reconstituted mice treated with anti-
ASGM1 Ab. Note that the percentages of NK1.1* populations in
both SP and colonic LP from T cell-reconstituted IL-7 ' "RAG ™~
mice not treated with the anti-ASGM1 Ab were dramatically in-
creased, because there were less CD4™ T cells in the tissues (Fig.
7A). Additionally, CD4" T cells with a CD44"CD62L"~ phenotype
were observed in all mouse groups (Fig. 7B, 7C). However, the
percentage of these cells was lower, especially in colonic LP, in
IL-77/"RAG™" recipient mice not treated with the anti-ASGM1
Ab relative to the other groups. Associated with this finding, the
expression levels of IL-7R and CD69 in both splenic and colonic
LP CD4" T cells from IL-7/"RAG ™™ recipient mice not treated
with the anti-ASGM1 Ab were downregulated relative to the other
groups (Fig. 7B, 7C). However, treatment with the anti-ASGM1
Ab resulted in an increase in CD47CD44¥CD62L~ T cells in both
splenic and colonic LP, as well as upregulation of the expression
of IL-7R and CD69 in IL-7""RAG™" recipient mice. These
results indicate that the T cells reconstituted into IL-7/"RAG ™~
recipient mice are still able to survive even 12 wk after injection,
but that they somehow fail to differentiate sufficiently to induce
colitis. Moreover, these data suggest that the depletion of NK cells
in this context may assist the T cells to establish themselves as
pathogenic T cells.

To further confirm whether such elicitation of pathogenic T cells
in IL-77"RAG™'" recipients was induced by NK cell depletion,

anti-NK1.1 Ab was used for the same model. IL-7/"RAG™/~
mice were injected i.p. with naive T cells with or without anti-
NK1.1 Ab treatment, and colitis was monitored after 12 wk (Fig.
8A). The IL-7/"RAG™" recipients injected with anti-NK1.1 Ab
showed severe colitis (Fig. 8B-D) with increased production of
proinflammatory cytokines by the colonic LPL when compared
with the isotype control-injected mice (Fig. 8E). These results
suggested that the phenotypes shown in IL-7/"RAG ™™ recipi-
ents may reflect NK cell regulation of T cell development in this
model.

NK cell depletion at an early stage is critical for the induction

of colitis in naive T cell-transferred IL-7""RAG™" recipient
mice

Because NK cell depletion resulted in the exacerbation of colitis
even in IL-7""RAG™/~ recipient mice, we finally examined the
effect of NK cell depletion at early and late stages of colitis de-
velopment in IL-7/"RAG™'™ recipient mice. Mice receiving
naive T cells were also injected every 48 h with either the vehicle
control for 12 wk (Ctrl), anti-ASGM1 Ab for 12 wk (0-12 wk),
anti-ASGM1 Ab for 4 wk followed by vehicle control for 8 wk (0—
4 wk), or vehicle control for 4 wk followed by 8 wk anti-ASGM1
Ab (4-12 wk), and colitis was monitored after 12 wk (Fig. 9A).
Mice injected with anti-ASGM1 Ab for the first 4 wk, or for the
entire 12 wk, showed significantly more severe clinical pheno-
types of colitis than did the other groups (Fig. 9B), which was
associated with thickening and shortening of the colon and
splenomegaly (Fig. 9C). Severe inflammation of the colon, as
judged by histological analysis, was also noticeably induced in
these two groups (Fig. 9D, 9E). However, mice injected with the
anti-ASGM1 Ab at a later stage failed to induce colitis, although
minor clinical symptoms and infiltration of a few cells into the
colon were occasionally observed (Fig. 9B-E). Moreover, these
degrees of severity of colitis were consistent with cytokine pro-
duction from colitic LP T cells, since significantly upregulated
IFN-vy and TNF-a production was observed in the groups treated
with the anti-ASGM1 Ab either at the beginning or throughout the
entire period, but not in the group treated with the Ab only at the
later stage (Fig. 9F). Note that the level of IL-17 production in
mice treated for the entire period with anti-ASGM1 Ab was sig-
nificantly higher than that of mice treated with the Ab only at the
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FIGURE 5. Cytotoxic activity of NK cells is not affected in the presence or absence of IL-7. (A-C) Splenic NK cells were isolated from WT mice by
FACS sorting. Either CD4*CD62L*CD44 ™ naive T cells isolated from WT SP (A) or CD4*CD62L~CD44™ Tgy, from colonic LP in RAG ™™ mice that
received naive T cells 12 wk previously (B and C) were stained with PKH2 and cocultured as target (T) cells with the isolated NK cells as effector (E) cells,
in the presence or absence of IL-7 for 4 h. Cells were then harvested and stained with PI. The PKH2 and PI double-positive population is assumed to
represent dead target cells (28). The mortality of target cells was calculated as the ratio of dead PKH2" cells. (A) T:E ratio, 1:5, with or without rIL-7; (B)
T:E ratio, 1:5, with or without rIL-7; (C) T:E ratio, 1:5, 1:2.5, 1:1.25, or 1:0.625, without rIL-7. Control (CD4" T cells alone) is also shown as a negative
control, Data are expressed as means = SEM from three experiments. *p << 0.001. (D and E) Splenic NK cells were isolated from either RAG ™™ or IL-77/~
RAG1™"" mice by FACS sorting. Either the CD62L*CD44 ™ naive T (D) or the CD62L " CD44™ Tgy, (E) subset was stained with PKH?2 and cocultured for
4 h with splenic NK cells derived from either RAG™™ or IL-7~/"RAGI ™'~ mice. Cells were then stained with PI and subjected to the cytotoxic assay
described above. Data are expressed as means + SEM from three experiments. *p < 0.001. (F) Splenic NK cells were isolated from RAG ™™ and IL-7/~
RAG ™" mice, and the expression of each NK receptor on these cells was assessed by FACS. The numbers indicate the percentage of cells positive for each
NK receptor in the NK1.1-positive population. (G) Splenic NK cells isclated from either RAG™™ or IL-7""RAG ™'~ mice were stained with anti-CD11b
and anti-CD27 Abs and were then subjected to FACS to evaluate their differentiation status. The numbers indicate the quadrant percentages of each
differentiation status in the NK1.1-positive population. (H) Splenic NK cells were isolated from RAG ™ (open) and IL-7~'~ RAG ™~ (filled) mice by
FACS sorting. YAC-1 cells were labeled with Nag[51Cr]O4 and cocultured as target (T) cells with the isolated NK cells as (Figure legend continues)
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beginning (Fig. 9F), although there was no significant difference
in either clinical or histological scores between these groups (Fig.
9B, 9E). These results suggest that NK cell depletion at the early
stage, but not the late stage, of Tgy development is critical for the
induction of colitis in IL-7""RAG™" recipient mice.

Discussion

‘We previously reported that adoptively transferred WT naive T cells
injected into IL-77""RAG™" mice interestingly failed to induce
colitis (10). However, it is known that IL.-7 is not required for the
in vitro differentiation of naive T cells into Th1 or Th17 cells (12).
We therefore speculated that the reason why the IL-77"RAG™™
mice that received naive T cells failed to maintain colitogenic
CD4" Tey may be associated not only with a lack of IL-7, but also
with another mechanism that involves suppression of the primary
stage of Tgy development in the recipients. We previously re-
ported that apoptosis is preferentially induced in CD4™ T cells
when IL-7 is lacking in vivo. Thus, increased numbers of
annexin V*CD4" T cells were observed in IL-7""RAG™'™ re-
cipient mice, into which these T cells had been adoptively trans-
ferred, compared with CD4" T cells in RAG™™ recipient mice
(10). These data suggested that T cell suppression via apoptosis is
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a mechanism by which colitis is abrogated in IL-77/"RAG™/~
recipient mice. We therefore determined whether NK cells, which
are known to induce apoptosis in CD4™ T cells, may play a role in
such T cell suppression.

Several reports have suggested that NK cells suppress the in-
flammation caused by autoimmune responses not only in animal
models such as EAE and collagen-induced arthritis, but also in
clinical samples from patients with multiple sclerosis and systemic
lupus erythematosus in humans (20-22, 28, 32, 33). For example,
depletion of NK cells using Abs against NK1.1 or ASGM1 results
in disease exacerbation in the EAE model (22, 28). Additionally, it
has also been reported that NK cell depletion exacerbates an an-
imal model of colitis, although the details underlying the mech-
anism have not been elucidated (24).

In the present study, NK cells were depleted in the naive T cell
adoptively transferred colitis model to analyze the role of NK cells
in this model. RAG™" and IL-77/"RAG™'~ mice that had re-
ceived naive T cells were depleted of NK cells using an anti-
ASGM]1 (Figs. 1, 2, 6, 9, Supplemental Figs. 1, 2). However, it
was of concern that ASGM1 may be expressed not only in NK
cells but also in some subsets of T cells and macrophages when
activated (34). Therefore, we also administered anti-NK1.1 Ab

effector (E) cells for 4 h. T:E ratio, 1:20, 1:10, 1:5, 1:2.5, or 1:1.25. Data are expressed as means = SEM from three experiments. () Cytokine production by
NK cells from each group is shown. Concentrations of IFN-y in the culture supernatant are measured by ELISA. Data are indicated as means £ SEM from

four samples.
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using another experimental approach to confirm that the pheno-
types shown in this model were induced by NK cell depletion
(Fig. 8). Note that administration of anti~ASGM1 without T cell
reconstitution to the IL-77""RAG™~ mice does not trigger any
inflammation in the colon (Supplemental Fig. 2). Also note that
the appropriate controls, such as the same amount of rabbit Ig as
a control for anti-ASGM1 polyclonal Ab and mouse IgG2a as an

B

L-7+RAGH

isotype-matched control for anti-NK1.1 (PK136), respectively, do
not induce colitis in the recipients either (Figs. 2, 8, Supplemental
Fig. 2). Interestingly, NK cell depletion at an early stage during
colitis induction resulted in exacerbated colitis in the recipient,
even in IL-77'7 RAG™" recipient mice, in association with in-
creased clinical and histological scores as well as upregulated
cytokine production by colonic LP T cells. We observed strong
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FIGURE 8. NK cell depletion with anti-NK1.1 Ab in naive T cell-receiving IL-7/"RAG™" mice results in the elicitaion of colitis. (&) Protocol for NK
cell depletion in a chronic colitis setting. IL-7 " "RAG ™~ mice receiving naive T cells were injected with either 0.5 mg/mouse anti-NK1.1 Ab or isotype
control every second day for 12 wk. (B) Clinical scores of each group are shown. Data are expressed as means = SEM from five mice. *p < 0.001. (C)
Histological feature of colons from naive T cell-transferred IL-7 ' "RAG ™'~ recipients injected with isotype control (~—, top) or anti-NK1.1 Ab (+, bottom).
Representative features from each group are shown. (D) Histological scores of each group are shown. Data are expressed as means = SEM from five mice.
*p < 0.001. (E) Cytokine production by LP T cells from each group is shown. Concentrations of IFN-y (lef) and TNF-« (right) in the culture supernatant
were measured by ELISA. Data are indicated as means = SEM from five samples. *p < 0.05, **p < 0.001.
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FIGURE9. NK cell depletion at the early stage, but not at a late stage, in naive T cell-receiving IL-7"/"RAG ™'~ mice results in the elicitation of massive
colitis. (A) Protocol for NK cell depletion in a setting of chronic colitis. IL-7"""RAG™™ mice were injected with either vehicle control (Ctrl) or anti-
ASGM1 Ab (0-12 wk) for 12 wk, anti-ASGM1 Ab for 4 wk followed by vehicle control for 8 wk (0-4 wk), or vehicle control for 4 wk followed by anti-
ASGM1 Ab for 8 wk (4-12 wk). (B) Clinical scores of each group are shown. Data are expressed as means = SEM from four mice. *p < 0.05, **p <
0.005. (C) Gross appearance of colons (leff) and SP (right) from naive T cell-transferred IL-7'"RAG ™ recipients injected with either vehicle control for
12 wk (Ctrl), anti-ASGM]1 for 4 wk and then vehicle control for 8 wk (0—4 wk), vehicle control for 4 wk and then anti-ASGM1 Ab for 8 wk (4-12 wk), or
anti-ASGM1 Ab for 12 wk (0-12 wk). Representative features from four experiments are shown. (D) Histological feature of colons from naive T cell-
transferred IL-7~~ RAG™~ recipients injected with either control for 12 wk (Ctrl), anti-ASGMI for 4 wk and then control for 8 wk (04 wk), vehicle
control for 4 wk and then anti-ASGM1 Ab for 8 wk (4-12 wk), or anti-ASGM!1 for 12 wk (0-12 wk). Representative features of each group are shown. (E)
Histological scores of each group are shown. Data are expressed as means = SEM from four mice. *p < 0.05, **p < 0.01. (F) Cytokine production by LP
T cells from each group is shown. Concentrations of IFN-y (left), TNF (middle), and IL-17 (right) in the culture supernatant were measured by ELISA. Data
are indicated as means = SEM from four samples. *p < 0.05, *#*p < 0.01, ***p < 0.005, ***¥*p < 0.001.

infiltration in colonic tissues ~4 wk after the adoptive transfer into

when sacrificed at 12 wk after T cell transfer (Figs. 6, 7). How-
RAG™~ recipients (10). We therefore compared the effect of NK

ever, the difference of colitis severity in the RAG™~ recipients

cell depletion by treatment with an anti-ASGM1 Ab at early (04
wk) or late stages (4-12 wk) after naive T cell transfer to treat-
ment over the entire 12-wk period (0-12 wk) after transfer. Ab
treatment at the early stage and over the entire 12 wk resulted in
a similar degree of colitis exacerbation whereas Ab treatment at
the late stage did not exacerbate colitis (Figs. 1, 9). Such exac-
erbation of colitis occurred relatively latent in the presence of IL-7
in the RAG™™ compared with the IL-7""RAG™" recipients

with or without Ab treatment was interestingly remarkable when
sacrificed at 6 wk after T cell receiving (Fig. 2). These results
imply that NK cell function is critical for colitogenic T cell sup-
pression at the early stage of colitis development.

Because the CD4"CD44"CD62L.~ colitogenic Tgy in the
recipients were suggested to be suppressed at the early stage by
NK cells (Figs. 1, 2, 9), we further analyzed the effect of NK cells
on the development of CD4™ T cells within a week after recon-
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stitution into the RAG™~ recipients (Fig. 3). The number of CD4"
T cells in SPL and MLN was significantly increased 5-7 d after
the transfer when NK cells were depleted compared with the
control (Fig. 3A, 3B). Additionally, the significant increase of the
CD447CD62L " Tgy; subset was observed at this point when NK
cells were depleted. CD4"CD44"CD62L~ colitogenic Tgy; are
suggested to be susceptible to cell death when they are activated.
We therefore analyzed the expression of several markers charac-
teristic of NK cell targets on the CD44"CD62L.~ Ty, subset, such
as Fas, DRS, and Qa-1, which are the specific receptors or ligand
for Fas ligand, TRAIL, and NKG2A, respectively (Fig. 4). As
expected, this T cell subset expresses high levels of Fas and DRS,
thereby making them susceptible to apoptosis (20). Additionally,
these T cells also express some but not a significant level of Qa-1,
which induces inhibitory signaling in NK cells via NKG2A. These
data indicate that NK cells may suppress CD4"CD447CD62L.~
colitogenic Tgy via apoptosis, and consistent with our previous ob-
servation of downregulated Bcl-2 and upregulated annexin V in
CD4™ T cells by the lack of IL-7 in vivo (10).

Furthermore, we also observed an increased unique T cell subset,
CD447CD62L.", when NK cells were depleted (Fig. 3C-E). We
were able to observe these cells in the SPL and MLN within 2 wk
after T cell transfer into RAG mice, and subsequently they were
not detectable afterward (Fig. 7B, 7C). The fact that the CD44™

- CD62L" T cell subset was only observed at the beginning of
colitogenic T cell development would suggest that this interesting
population may be associated with the importance of early stage at
the pathogenic T cell development in this chronic colitis model.
This T cell subset, which is distinct from CD447CD62L™ Tgy, is
likely to be a second target of NK cells. However, the expressions
of Fas and DRS5 are lower on these cells compared with those
of the CD44"CD62L™ Tgy (Fig. 4). The expression of Qa-1 in
CD44~CD62L." is not greatly different from that of the CD44™
CD62L"~ subset. This phenotype of the CD44 CD62L"~ subset
does not suggest that it is a target of NK cells. However, a recent
report showed that CD44 expression on Thl cells is required
to prevent apoptosis via Fas signaling (35). Thus, the CD44™~
CD62L" subset may be susceptible to apoptosis, since these cells
still express some level of Fas on their surface. This may be one of
the reasons why early stage of T cell development in this colitis
model is targeted by NK cells. Additionally, this possibility may
be a potential reason why Th1 cells fail to survive when trans-
ferred into IL-77""RAG ™'~ mice. It is also possible that NK cells
may regulate CD44"CD62L.~ and CD44 CD62L~ cells by dif-
ferent mechanisms. Analysis of IL-7R expression levels of the
CD44™CD62L~ subset revealed two distinct populations: IL-7R™
and IL-7R™ (indicated with an arrow in Fig. 4). The IL-7R™
population in this subset could potentially arise due to transient
downregulation of IL-7R expression during differentiation. Un-
fortunately, the scarcity of these cells prohibited their further
analysis and characterization. However, these cells still need to be
further studied.

Our recent studies suggested that IL-77"RAG™'™ mice were
able to induce colitis when parabiosed with colitic RAG™™ re-
cipient mice that had received naive T cells 6 wk previously (15).
Moreover, deparabiosed IL-77""RAG™~mice, which were sur-
gically separated from T cell-receiving RAG™~~IL-7""RAG ™"~
parabionts 6 wk after the initial surgery, still maintained chronic
colitis for at least another 12 wk (16). The latter finding is similar
to our present observation that IL-77"RAG™" recipient mice,
which had been depleted of NK cells at an early stage during
induction, showed elicited colitis, even after completion of the
anti-ASGM1 Ab treatment (Fig. 9). However, the mechanism by
which the colitogenic T cells are maintained in the IL-7'"RAG ™~
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mice after the establishment of massive colitis is still unclear. One
potential interpretation is that the pathogenic T cells can continue
to proliferate, resulting in induction of colitis when the T cell
number exceeds the capacity of the NK cells to suppress the
T cells. A second possibility is based on the recent report that
TL-17 inhibits NK cell-suppressive ability (36). It has been sug-
gested that the increased IL-17 production from T cells that occurs
when the severity of the colitis increases may affect NK cell
function. The latter possibility is supported by one of our obser-
vations that NK cell depletion starting at the late stage of colitis
development failed to exacerbate colitis (Supplemental Fig. 1).

We observed that the characteristics of NK cells are not modified
by the lack of IL-7 in RAG™™ mice (Fig. 5F). This observation is
consistent with a previous report by Vosshenrich et al. (37)
showing that the lack of IL-7 does not affect the growth, pheno-
type, or effector functions of NK cells in vivo, although IL-7 had
been reported to influence NK cell differentiation. Consistent with
this, we also observed that the differentiation of NK cells, which is
characterized by the expression of CD11b and CD27 (31), is not
altered in the same mice (Fig. 5G). Additionally, there is no sig-
nificant difference between NK cells derived from RAG™™ and
IL-77/"RAG™" mice in terms of their cytotoxic activities against
the target cells such as T cells and YAC-1 cells (Fig. 5D, 5E, 5H)
as well as the production of IFN-y (Fig. 5I). These data indicate
that the dramatic difference in the severity of colitis between IL-
77 "RAG™'™ and RAG ™™ recipients following NK depletion is
not caused by a difference in NK function between NK cells de-
rived from RAG™™ and IL-7"RAG ™™ mice.

The TL-77"RAG™" recipient mice that received naive T cells
failed to induce colitis even though the cytotoxicity of NK cells
was not altered. One potential explanation of this result is that the
susceptibility of T cells to apoptosis is increased in these mice. It
has been reported by others that the expression of Bcel-2, an anti-
apoptotic molecule, in T cells is downregulated in IL-7 /" mice
(38, 39). We have also reported that Bcl-2 expression is down-
regulated in T cells injected into TL-7"RAG™~ recipient mice
(10). A second explanation is based on our previous report that
IL-7 contributes to the expansion of colitogenic T cells (39). Thus,
these data suggest that colitogenic T cells are not able to survive in
the mice due to their reduced expansion and increased suscepti-
bility to apoptosis at the early stage of colitis development.

In this study, we demonstrate NK cell-mediated regulation of
T cell development, which is associated with the pathogenesis
of chronic colitis. Although the detailed mechanism still remains
to be elucidated, an insight into such a mechanism is significant
for understanding the regulation of mucosal immune responses.
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REVIEW

Current advances in humanized mouse models

Ryoji Ito, Takeshi Takahashi, Ikumi Katano and Mamoru Ito

Humanized mouse modeis that have received human cells or tissue iransplants are exiremely useful in basic and applied human
disease research. Highly immunodeficient mice, which do not reject xenografis and support cell and tissue differentiation and growth,
are indispensable for generating additional appropriate models. Since the early 2000s, a series of immunodeficient mice appropriate
for generating humanized mice has been successively developed by intreducing the IL-2Ry™" gene (e.g., NOD/SCID/yc™" and
Rag2™!'yc™!" mice). These strains show not only a high rate of human cell engraftment, but also generate well-differentiated
multilineage human hematopoietic cells after human hematopoietic stem cell (HSC) transplantation. These humanized mice facilitate
the analysis of human hematology and immunology in vivo. However, human hematopoietic cells developed from HSCs are not always
phenotypically and functionally identical to those in humans. More recently, a new series of immunodeficient mice compensates for
these disadvantages. These mice were generated by genetically introducing human cytokine genes into NOD/SCID/yc™" and
Rag2™'"'ve™" mice. In this review, we describe the current knowledge of human hematopoietic cells developed in these mice. Various

human disease mouse models using these humanized mice are summarized.
Cellular & Molecular Immunology advance online publication, 13 February 2012; doi:10.1038/cmi.2012.2
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INTRODUCTION

‘Humanized’ mouse models in which various types of human cellsand
tissues are engrafted and function, as they would in humans are
considered extremely useful in basic and applied human disease
research.'™ For this purpose, highly immunodeficient mice, which
do not reject xenografts and support the differentiation and growth
of cells and tissues, are indispensable. The support system that main-
tains human cells and tissues is also a key factor. In addition, technical
modifications necessary for the generation of humanized mice are
important.

The discoveries of nude and severe combined immunodeficiency
(SCID) mice were key advances in the development of immunode-
ficient mice for xenotransplantation.>® The development of non-
obese diabetic (NOD)/SCID mice via the introduction of the
Prdkc™ gene into a NOD inbred strain also contributed to the
generation of humanized mice.”® NOD/SCID/B2m"™*! and NOD/
Ragl™ P! mice were subsequently derived from NOD/SCID
and NOD/Rag1™™ mice. >

Since the early 2000s, immunodeficient mice appropriate for gen-
erating humanized mice have been successively developed by intro-
ducing the mutant IL2ry gene into NOD/SCID and RAG1/2™ mice
by backcross mating, thus resulting in NOD/SCID/yc™" mice'*? and
Ragl/2"%yc™ ! mice, ' These mice show multiple immunodefi-
ciencies, including defects in T, B and natural killer (NK) cells, and
reduced macrophage (M¢) and dendritic cell (DC) function.’* In
these mice, extremely high human cell engraftment rates and increases
in well-differentiated human multilineage hematopoietic cells from
human hematopoietic stem cells (HSCs), as compared with parent

immunodeficient mice, were observed.””° Humanized mice that
retain various human immune cells are often termed human immune
system mice® or human hematolymphoid system mice.?® The produc-
tion of humanized mice that are reconstructed with human cells
would facilitate analysis of the underlying mechanisms of human dis-
ease pathogenesis. Indeed, various humanized models have been
developed using these mice.

Various technical modifications have been used when generating
humanized mice. These include modifications in the HSC injection
route, age of mice, and HSC and irradiation sources, each of which
may affect the efficacy of human cell engraftment. In terms of
the injection route and age, intrahepatic or intravenous injection
(through the facial vein) into newborn mice and intravenous injection
(via the tail vein) into adult mice were generally used.'****" Brehm
et al'® examined various parameters, including injection route, injec-
tion age and immunodeficient mouse strains. By comparing engraft-
ment rates of human cells from HSCs, they concluded that intrahepatic
injection of HSCs into newborn mice enhanced engraftment as com-
pared with adult mice. With respect to the source of HSCs, CD34™" cells
from cord blood or fetal liver were typically used. However, CD34" cells
from granulocyte colony-stimulating factor (G-CSF) mobilized peri-
pheral blood (PB) or bone marrow (BM) served as additional sources.
Lepus et al® reported that CD34™ cells from fetal liver were more
efficient than those from cord blood or G-CSF-mobilized PB. In addi-
tion, Matsumura et al® reported that CD34™ cells from cord blood
were more effective than those from G-CSF-mobilized PB and BM.
Busulfan treatment can also be used in place of irradiation, and results

* in more effective differentiation of B cells from HSCs as compared with
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irradiation.?* The use of this drug would be beneficial for research, since
special equipment is not required. The engraftment rate of human cells
from HSCs varies between reports. A possible explanation for this
difference is the quality of HSCs, which is influenced by different isola-
tion techniques and the HSC source (i.e., cord blood or fetal liver).

Despite these efforts, some human cell lineages, such as erythrocytes
and neutrophils, have not yet been developed in humanized mice. The
differentiation of HSCs into immature human T and B cells and poor
interactions between these cells were suggested based on cell pheno-
type analysis and the rare production of antigen-specific immuno-
globulin G (IgG) class antibodies.”® These results suggest that
current immunodeficient mice may be insufficient, and human factors
that support the differentiation and maturation of cells and mediate
cell-to-cell interactions must be introduced. To this end, a new series
of immunodeficient mice has been generated by introducing human
cytokine genes into NOD/SCID/vc™Y, Rag2™yc™! mice.

In this review, we describe the current knowledge of human hemato-
poietic cells developed in NOD/SCID/yc™! and Ragl/2™ycl
mice and the strains derived from them. In addition, the humanized
mouse models used in studies of various human diseases will be
summarized.

IMMUNODEFICIENT MICE
Since the discovery of nude and SCID mice,™® humanized mice have
been generated by using various immunodeficient mice. SCID mice
that received human T and B cells by transplantation of fetal liver and
thymus, which were termed SCID-hu mice by McCune et al.,**?
provided an attractive humanized model for research in various fields;
however, engraftment rates were not high. In 1998, Goldman er al?
reported the enhanced engraftment of human cells in Rag2™™ mice
possessing the IL- 2Ryl gene. In the 2000s, a series of immunodefi-
cient mice was developed by combining the IL-2Ry**Y gene with con-
ventional SCID and Rag1/2""! mice. These strains showed extremely
high engraftment rates and differentiation of human cells, resulting in
remarkable advances in the development of human disease models.
These stains incude the NOG (NOD/Shi-Prkdc™ I12ry™™5%Jic)
mice reported in 2002 RG (BALB/c-Rag2™!2ry™! (BRG)
and CS7BL/6—RagZ“”HIDry'“ull (B6RG)) mice reported in 1997,
1998 and 2004;'*? and NSG (NOD/LtSz-Prkdc™ 1l2ry™"7f7)
mice reported in 2005.'* Recently, immunodeficient BALB/c-
Rag1™112ry™!,*® NOD-Ragl ™ 112ry™",'® and NOD/SCID-JaK3™"
mice have been established as alternatives to NOG/NSG mice. Data
accumulated to date suggest that NOG/NSG mice are the
best recipients for humanized tissue and human cell engraftment
occurs in the following order: NSG=NOG>NRG>BRG>NOD/
SCID>B6RG.'*!® The disadvantages of SCID and NOD/SCID mice
include the frequent occurrence of thymic lymphoma and the leaki-
ness, in which T and B cells develop in aged mice.”?*® However, NOG
mice show no leakiness or spontaneous thymic lymphoma.***? This
may be attributed to inactivation of IL-2Ry, which is shared by
important cytokines, such as IL-2, IL-4, IL-7, IL-15 and IL-21, each
of which is important for T- and B-cell growth.* These results indicate
that NOG/NSG mice are better recipients of human cells and tissues.
The most attractive feature of these humanized mice is the develop-
ment of multilineage hematopoietic cells by transplantation of human
HSCs. In particular, T-cell subpopulations, including CD4 and CD8
single positive cells, which could not be differentiated in NOD/SCID
mice, successfully developed in these mice.**'®?! These results suggest
the usefulness of humanized mice for investigating human immune
responses. Indeed, the utility of these humanized mice is well accepted
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by researchers worldwide. However, these humanized mice are insuf-
ficient, since human cells are not fully functional. For example, no or
rare antigen-specific IgG production occurs after multiple injections
of antigens.”

To overcome this issue, various improved strains based on these
immunodeficient mice have been developed or are being developed by
several groups, including our group.>*** In Figure 1, the history of the
development of immunodeficient humanized mice and their respect-
ive improvements are summarized. These mice have been established
in NOG/NSG or BRG backgrounds. Background strain selection is
crucial for the improvement of immunodeficient mice. In 1996, we
reported human granulocyte-macrophage colony-stimulating factor
(hGM-CSF) and interleukin-3 (IL-3) cosecreting transgenic (Tg) B6-
SCID mice.*® These strains were able to maintain human tumor cell
lines possessing hGM-CSF and human IL-3 (hIL-3) receptors on the
surface;®” human cells, however, could not engraft in these mice. We
recently established hGM-CSF/IL-3 Tg NOG mice by the conversion
of strain B6 to NOG by backcross mating. High human cell engraft-
ment rates were observed in hGM-CSF/IL-3 Tg NOG mice. We also
compared engraftment of HSCs in NOG, BRG and B6RG mice. Higher
engraftment rates were obtained in NOG and BRG, but not B6RG
mice. In particular, we were surprised to detect only a few human cells
in B6RG mice (unpubl. data). Similar results were reported by
Traggiai e al.,"* indicating that immunodeficient mice in a B6 back-
ground are not sufficient for generating humanized mice. Recent
reports on signal regulatory protein (Sirpa) suggested that NOD mice
are superior to other strains, because Sirpa in NOD strains is more
similar to that in humans, compared with Sirpa in other mice
strains.>®3° Therefore, BRG transgenic mice with human Sirpo have
been established to enhance human cell engraftment efficacy.®®

BALB/cA-nu,
CBA/N-nu, B6-nu,

i [s1
Nude mice 1962 ot TR

l

SCID mice 1983 (6]

BALB/cA-scid
86-scid
AKR-scid

j, BALB/c~Rag2™¥ mice

NOD/SCID mice 1995 (78]

/ \ + IL-2Ry KO mice

NOG mice 2002 111 NSG mice 2005 &2

(NOD/SCID IL-2Ryml) (NOD/SCID IL-2RywH)

l ! }

BRG mice 2004 (4]
(BALB/c-Rag2m/ IL-2Rymwil)

4+ hil-2, hit-4, hiL-6 4+ HIL-7, HLA class 11 149 hiL-6
hGM-CSF/IL-3 HLA class I 142) hGM-CSF/IL-3 (41
hTPO (401

Figure 1 The history of the development on immunodeficient mice for huma-
nized mice model. In retrospect, nude mice or SCID mice were the first immu-
nodeficient strains. Subsequently, their congenic strains were generated to
improve engraftment capacities. NOD/SCID mice established in 1995 have been
a milestone in this field, because of the severer phenotype than nude and SCID
mice. In early 2000s, NOG, NSG and BRG mice were established by introducing
the [L-2Ry™" allele into NOD/SCID or BALB/c RAG2™" mice. Due to the complete
loss of murine immune systems, human hematopoiesis has been enormously
enhanced in these mice. Currently, these strains were further improved by intro-
ducing human genes for various cytokines or HLA class | and |, so as to recap-
itulate a human bona fide hematopoiesis and immune system. The superscripts
represent the respective references. BRG, BALB/c-Rag2™i2ry™!, HLA,
histocompatibility leukocyte antigen; NOD, nonobese diabetic; NSG, NOD/
LtSz-Pricdcs 1{2ry" W7 J; SCID, severe combined immunodeficiency.
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Improved strains were generated by injecting human DNA into
pronuclear stage embryos, injecting genetically modified embryonic
stem cells into blastocysts (knock-in (KI)), or introducing human
genes by backcross mating with established transgenic mice.
Specifically, human cell differentiation from HSCs in improved mice
produced using the KI strategy has been analyzed by Flavell’s group at
the Yale University.”® They reported elevated HSC and myeloid cell
numbers in thrombopoietin (TPO) KI mice and increased alveolar
Mé¢ in hGM-CSF/IL-3 KI mice.***! We also developed transgenic
NOG mice that secreted human IL-2 or IL-4 by injecting DNA into
NOG embryos. The suppression of graft-versus-host disease (GVHD)
and dominant conversion to Th2 cells in hil-4 T NOG mice and
remarkable differentiation of human NK cells in hIL-2 TR NOG mice,
respectively, were observed (unpubl. data). Shultz’s group generated
human leukocyte antigen (HLA) class I transgenic NSG mice by back-
cross mating the respective transgenic mice into NSG mice. The suc-
cessful generation of antigen-specific cytotoxic T cells*? was observed.
Antigen-specific IgG was produced in HLA class II transgenic NSG
mice.*®

Realhumanized mice are expected to be generated in the near future
by improving immunodeficient mice.

HEMATOLYMPHOID HUMANIZED MICE

The reconstitution of the human hematopoietic system is one of the
most advanced areas in humanized mouse research. The use of NOG/
NSG or BRG mice has greatly improved human hematopoiesis, as
shown by the development of multiple human cell lineages, including
B and T lymphocytes, NK cells, myeloid DC, plasmacytoid DC, M
and erythroblasts. Here, we discuss the current status and perspectives
in this field.

Lympheoid cells
Two major subsets of lymphoid cells, i.e., Band T cells, were developed
in NOG mice by simply transferring human HSCs after irradiation.

B cells. Human B cells are detected in the PB 1 month after HSC
transplantation and gradually increase in number over the following
3 months. In the BM, B-cell differentiation in humanized mice seems
to consistently resemble that in humans, since several distinct pre-
cursor populations exist:*> CD19~CD387CD10"CD34™ early-B cells,
CD19%1gM™~CD20~CD34 ™ pro-B cells, CD19 " 1gM ™~ CD20”CD34~
pre-B cells and CD19*1gM IgD ™ immature B cells. The pro-B and
pre-B populations were also characterized by the expression of intra-
cellular Vg and Cy chains. In the spleen, one of the remarkable B-
cell phenotypes in humanized mice is high CD5 expression, which is
markedly different from genuine human B cells.?” The significance of
this upregulated CD5 expression remains controversial, i.e., whether
these are human B-1 cells or transitional 1 B cells.?>*®
Immunization of humanized mice with various exogenous sub-
stances induces antigen-specific IgM responses, suggesting that the
B-cell repertoire is diverse and can cover a myriad of antigens.*"*
Since antigen-specific IgG responses in conventional humanized mice
are very weak,"**"* it has been speculated that these B cells have some
intrinsic defects in the class switch machineries. Several in vitro experi-
ments, however, demonstrated that these B cells do produce IgG in
response to stimulation through their antigen receptors and CD40 in
the presence of IL-21.” In addition, recent reports have shown that
new mouse strains that express HLA-DR mounted an antigen-specific
IgG response upon immunization.*® Collectively, B cells in humanized
mice maintain the ability to mediate humoral immune reactions.
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T cells. Human T cells can develop in humanized NOG/NSG or BRG
mice in the thymus and accumulate in the spleen. This is one of the
most important points of distinction from NOD/SCID mice, which
only partially support the differentiation of human T cells. Typically,
3-5 months is necessary for T cells to colonize the spleen.** In the
thymus, human thymocytes show typical surface phenotypes,* i.e.,
CD4™CD8™, CD47CD8*, CD4~CD8" and CD4*CD§ ™ stages, sug-
gesting that they follow the normal differentiation pathway. The thy-
mus is indispensable for T-cell development, and selection is largely
mediated by mouse major histocompatibility complex (MHC) mole-
cules, given that Foxnl-deficient NOG mice (NOG nu/nu) cannot
support T-cell development, and CD4™ and CD8* T cells do not fully
develop in NOG I-AB™! or NOG B2m™" backgrounds,” respectively.

Although development seems to be relatively normal, the function-
ality of T cells in humanized mice remains controversial. For example,
in studies using Epstein—Barr virus (EBV), humanized mice showed
antiviral T-cell responses in which interferon-y producing CD8™ T
cells were differentiated and protected mice from lymphoma develop-
ment,"*** thus supporting the normal functions of human CD8* T
cells. However, in viiro experiments have suggested that human T cells
have a limited ability to respond to antigenic stimulation.® Although
the mechanisms underlying abnormal T-cell functions remain unclear,
mismatches between mouse MHC and the HLA of donor human cells
may be involved. Indeed, HLA-A- or HLA-DR-expressing NSG mice
showed normal cytotoxic reactions (cytotoxic T-lymphocyte res-
ponses) to viral infection or IgG responses against exogenous antigens,
respectively.*4647

NK cells. Human NK cells also develop from the early stage (4 weeks)
of HSC transfer. However, the number of NK cells is not very high (a
low percentage of human CD45™ cells), indicating the necessity for
growth and differentiation factors in immunodeficient mice.*®
Huntington et al* reported that the hIL-15/hIL-15Ra complex
induces extensive proliferation and differentiation of CD167KIR™
NK cells. Chen ef al*® also reported that administering I11-15 and
the Flt-3/Flk-2 ligand by plasmid DNA injection into HSC-transferred
mice leads to an increased number of NK cells. In IL-2 Tg NOG mice
(Katano et al., manuscr. in prep.), human NK cells predominantly
develop prior to B and T cells after HSC transfer, and consist of the
largest population in human CD45™ cells. However, their function has
not been well characterized.

As an alternative method for studying human NK cell functions, ex
vivo isolated human NK cells from peripheral blood mononuclear cells
(PBMCs) have been transplanted into NOG mice. Although the inocu-
lated NK cells were not maintained in these mice for a long time, the
cells exerted effective antibody-dependent cellular cytotoxicity and sup-
pressed the growth of a Burkitt’s lymphoma cell line (Daudi), following
concomitant administration of an anti-CD20 antibody (rituximab) 3t

Myeloid cells

In conventional humanized mice, although human myeloid cells were
shown to be differentiated, the efficiency was poor. Recently, however,
the development of various lineages of myeloid cells has been
improved by introducing human cytokines.

Mornocytes. Human monocytes/M¢ can be detected in the blood,
lymphoid organs (spleen and BM) and some tissue organs (lung and
liver) in conventional humanized mice. The frequency of human CD14™
cells among the total human CD45™ cell population is usually not more
than 1%—2% in the spleen, while the frequency can reach 8% or 5% in
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the lungs or liver, respectively. The delivery of plasmid DNA encoding
several human cytokine genes,™ i.e., IL-15 with Flt-3 ligand (Flt3L) or
macrophage CSF, by hydrodynamic injection robustly induces the
development of human monocytes/M¢ in various organs. In addition,
in a novel mouse strain in which the TPO gene was replaced with the
human homolog, the development of total human myeloid lineage cells
was significantly improved.* Accordingly, the frequency of monocytes
was increased in the blood, but not in the BM. In our studies, the
transgenic expression of hiL-3 and GM-CSF genes in NOG (hGM-
CSF/IL-3 TB NOG) mice also improved the development of whole
human myeloid cells, including CD14™ monocytes (Ito et al, manuscr.
submitt. ).

DCs. In conventional humanized mice, several reports have
demonstrated the presence of both myeloid DCs (CD11c"HLA-
DRTCD407CD86%) and plasmacytoid DCs (CD1237HLA-
DRTBDCA2¥) in the BM, spleen and liver.'**® These CD11c* or
CD123" DCs were functional, as demonstrated by their ability to
induce activation of allogeneic human T cells or to produce inter-
feron-o after stimulation.’* The frequency of these cells, however, is
generally low in the spleen (typically less than 1% in our studies). Chen
et al>® demonstrated that the administration of plasmid DNA encod-
ing human IL-4/GM-CSE/Et3L or IL-5/Flt3L markedly increased the
DC yield.*® Enhancements in DC development were also observed in
our hGM-CSF/IL-3 T NOG mice, in terms of both number and
frequency, in various lymphoid organs (Ito et al, manuscr. submitt.).

Granulocytes. Although granulocytes comprise a large fraction of
human leukocytes, their frequency in humanized mice is very low (less
than 2%-3% of human leukocytes in PB and BM in our studies). To
improve differentiation of this population, several groups have
attempted to produce novel humanized mouse strains by providing
human cytokines. Billerbeck et al>* created a transgenic NSG strain
that expressed the human stem cell factor, GM-CSF and IL-3 genes,
and demonstrated a slight increased development of human CD15%
granulocytes in the BM. In TPO KI mice, as mentioned above, a large
number of human CD66b™ granulocytes were produced in the BM.*
Moreover, this strain enabled the development of mature human neu-
trophils with lobulated nuclei, which has not been achieved before.
Additionally, in our hGM-CSE/IL-3 T NOG mice, we confirmed
significant increases in CD66b™ granulocyte numbers in the BM
and PB. Furthermore, the presence of human basophils and eosino-
phils in the PB was detected by May—Giemsa staining (Ito ef al., man-
uscr. submitt.). Thisis the first report to demonstrate the development
of these cell populations in humanized mice. Collectively, the develop-
ment of human granulocytes in humanized mice has been greatly
improved by the addition of human cytokines.

Mast cells. Mast cells play an important role in allergic responses by
releasing intracellular granules containing histamine or various leu-
kotrienes. Crosslinking of their surface Fc-epsilon receptor (FceR) by
IgE triggers a series of reactions.”®>* Although there is little evidence
suggesting the development of human mast cells, Kambe er al.>®
demonstrated the presence of human mast cells in the skin, spleen
and BM of humanized NOG mice. These cells were positive for c-kit
and CD203c, but expression of FceR was not determined. Recently,
we detected FceR positive mast cells in the BM, spleen and several
non-lymphoid tissues of hGM-CSF/IL-3 TB NOG mice (Ito et al.,
manuscr. submitt.). These data suggest that IL-3 and/or GM-CSF
are important for inducing the differentiation of human mast cells.
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HUMANIZED MODELS
Cancer
Due to their supply by the Central Institute for Experimental Animals,
NOG mice have been predominantly used in this field. The charac-
teristics of NOG mice include rapid growth of tumors and well-
maintained characteristics after multiple passages. In a study by
Machida ef al,,>® 100 HeLa S3 cells could be successfully engrafted
in NOG mice; in contrast, 10° and 10° cells were required for engraft-
ment in NOD/SCID and C.B-17-SCID mice, respectively. However,
primary human tumors do not always engraft in NOG mice, even
though these animals show higher engraftment than conventional
immunodeficient mice. Some tumors, such as prostate carcinoma,
which are difficult to engraft in SCID and nude mice, are also difficult
to engraft in NOG mice. The growth of some tumor cell lines appears
to be less than in conventional immunodeficient mice. The reason for
this is unclear, but it may be explained by the differential adaptation of
cell lines to conventional immunodeficient mice. IL-2Ry gene inac-
tivation may influence the growth of some tumors in NOG mice.
Another characteristic of NOG mice is a high occurrence of meta-
stasis. Genes responsible for metastasis have been investigated through
the use of this characteristic.’” The high homing capacity of human
cells also appears to be maintained in NOG mice. When U266
myeloma cells were intravenously injected into NOG mice, they grew
only in the BM, resulting in paralysis.”®

Various cancer models have been established using these advan-
tages.”® On the other hand, a model that can be used to investigate
immune responses to tumors has only recently been developed.
Mismatching of HLA between tumor cells and hematopoietic cells
from HSCs of different donors may cause severe GVHD or a lack of
response. To induce an effective immune response against tumors in
mice, HLA matching is required. Recently, Shultz et al*? reported that
antigen-specific cytotoxic T lymphocytes were successfully induced in
anewly established HLA class I (A-2) transgenic NSG mouse model by
transfer of HLA-matched HSC. The development of these mice may
lead to new immunotherapy models for cancer. The injection of
human PBMCs (hPBMCs) into immunodeficient mice is known to
cause severe GVHD; this provides a good model of GVHD.®® We
recently found that NOG-I-AB™*!$2m™! mice showed mild GVHD,
although high engraftment rates were observed as compared with non-
transgenic NOG mice after transfer of hPBMCs (unpubl. data).
Cotransplantation of a patient’s tumor and hPBMCs into such immu-
nodeficient mice may facilitate analysis of the immunological res-
ponses to the tumor.

Infectious diseases

Human lymphocytes, including T and B cells, predominantly develop
in humanized mice transferred with HSCs. Therefore, appropriate
models are provided for viruses that specifically infect lymphocytes
and express their pathology, such as HIV-1, HTLV-1 and EBV. HIV-1
infection models have been widely used for the analysis of disease
mechanisms and the development of anti-HIV-1 drugs,®" as HIV-1
infects human T cells in SCID-hu mice.>**®® This research is further
accelerated through the use of HSC-transplanted immunodeficient
mice, in which multilineage hematopoietic cells can be differen-
tiated.®*® In this field, a unique model for HIV-1%7° reported by
Garcia’s group at the University of North Carolina and termed bone
marrow-liver—thymus (BLT) mice, has attracted attention. As the
name suggests, this model is generated by transplantation of fetal bone
marrow, liver and thymus into a subcutaneous region of the kidney.
The most attractive feature of BLT mice is reconstitution of human
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mucosal immunity; this has not yet been obtained in human immune
system mice transferred with HSCs. The human mucosal lymphoid
apparatus, including Peyer’s patches and gut-associated lymphoid
tissue, has been successfully reconstituted in BLT mice, resulting in
the development of mucosal immunity. They reported that the IL-2Ry
gene was indispensable for development of the mucosal lymphoid
system, indicating that mucosal immunity cannot develop in NOG/
NSG and BRG mice that contain a mutant I12ry gene (reported at the
Third International Workshop of Humanized Mice (IWHM 2011)
held in Pittsburgh in October 2011).

This mouse appears to provide a better HIV-1 model as compared
with conventional humanized mice transferred with HSCs. However,
this model cannot be investigated from the aspect of humoral immun-
ity involving B cells, and cannot be used in some countries such as
Japan because of ethical issues. Additional genetic modifications of
current immunodeficient mice may be necessary to overcome this
disadvantage.

EBV usually presents in healthy subjects as a latent infection; how-
ever, it expresses a variety of pathological features in the healthy,
termed EBV-associated infectious mononucleosis, hemophagocytic
lymphohistiocytosis, lymphoproliferative disease, Burkitt’s lym-
phoma and Hodgkin’s disease in those immunosuppressed, due to
HIV-1 infection or BM transplantation.”’ Since the report of EBV-
associated lymphoproliferative disease by Traggiai et al."® using huma-
nized BRG mice, various humanized mouse models of these clinical
pathologies have been reported.”**

Humanized models of tuberculosis, salmonellosis, yellow fever and
Dengue fever have been investigated.””™””

Animal models appropriate for developing a malaria vaccine are
eagerly desired, as malaria is one of the most common infectious
diseases worldwide.”® An interesting human malaria model uses
immunodeficient mice with transplanted human liver. By injecting
human hepatocytes into liver-damaged immunodeficient mice,”* %
human hepatocytes replace the mouse hepatocytes. In these hu-liver
mice, intrahepatic multiplication of Plasmodium falciparum has been
observed.®® However, human erythrocytes from human blood must be
successively injected into the mice intraperitoneally, because human
erythrocytes cannot develop from HSCs.®* To establish the complete
malaria life cycle in mouse models, it is necessary to develop mice in
which human erythrocytes persist and flow in mouse peripheral blood.
Hu-liver mice provide a good infection model for viruses specific to
hepatocytes, including hepatitis C and B viruses.*>*’

These models provide invaluable tools for analyzing the mechan-
isms of human infection and for developing chemotherapeutic agents
such as antibodies.

GVHD

GVHD is a severe complication with a high mortality rate that often
develops in patients who receive allogeneic BM transplantation for the
treatment of acute/chronic leukemia, aplastic anemia or congenital
immunodeficiency. Approximately 20 years ago, Mosier et al.%® first
demonstrated that the induction of xenogenic GVHD was possible in
immunodeficient mice (C.B-17-SCID) by transplanting hPBMCs. In
this model, the transplanted human T cells may be activated and attack
the recipient mouse tissue, thus resulting in the development of allo-
geneic GVHD-like symptoms.

Although C.B-17-SCID or NOD/SCID mice have been useful in
GVHD research, there are several problems. For example, human cell
engraftment is relatively low, due to the mouse endogenous innate
immune system. It also requires sublethal dose total body irradiation,
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which results in large variances in disease onset. Furthermore, a rela-
tively large number of hPBMCs have to be administered intraperitone-
ally, but not intravenously, to induce the disease.®® This does not reflect
BM transplantation, where cells are infused intravenously. van Rijn
et al® used H-2-RAG2™ 112ry™! mice in which xeno-GVHD was
induced by intravenous injection of hPBMCs; however, this model still
depends on the infusion of large numbers of hPBMCs (3X10 cells/
head) and total body irradiation. Our xeno-GVHD NOG mouse model
has shown significant improvements over other models, such as the
rapid onset of disease and uniform death of recipients. In addition, a
smaller number of donor cells (2.5X10°) is sufficient with intravenous
injection, and total body irradiation is not always necessary.”® These
results were confirmed by other studies using NSG mice.”®

Collectively, NOG or NSG mice are the most suitable platforms for
basic and preclinical GVHD research at this time.

Humanized liver models

Humanized liver models, in which the mouse liver is replaced with a
human liver, are useful for evaluating drug metabolism in the human
liver, as there are numerous differences in liver enzymes between
humans and mice. In the first human liver model developed by
Mercer et al,¥ SCID/bg mice carrying a urokinase-type plasminogen
activator transgene (Alb-uPA) entered a profound hypofibrinogenemic
state, which caused hepatocyte death. They transplanted human hepa-
tocytes into the inferior splenic pole and demonstrated that human
hepatocytes could be engrafted over 50% in the liver of these mice. To
improve xenoengraftment of human hepatocytes, NOG-uPA®* and
FRG (fumarylacetoacetate hydrolase™RAG2™YIL-2Ry™™”® mice,
in which liver damage is induced by adenovirus-mediated uPA
expression, were developed and showed markedly high rates of replace-
ment by human hepatocytes (over 80%). Nevertheless, several pro-
blems limit their utility, such as poor breeding efficiency in the
mouse colony, development of renal disease, and a very narrow time
window for transplantation. Recently, Hasegawa et al®® established a
novel NOG substrain that expresses the herpes simplex virus type
1 thymidine kinase (TK) transgene under the control of a mouse
albumin promoter. Administration of ganciclovir, which is non-toxic
to human and mouse tissues, ablated TK-expressing liver parenchymal
cells. Herpes simplex virus type 1 TK NOG mice allowed high engraft-
ment of human hepatocytes (over 80%) and did not develop systemic
morbidity (liver disease, renal disease and bleeding diathesis) as seen in
other uPA-dependent models. Stable, long-term humanization of TX
NOG mice will facilitate studies of drug metabolism, toxicology and
the virology of hepatitis viruses.

FUTURE PERSPECTIVES

Over the last 10 years, remarkable progress has been achieved in huma-
nized mouse models using NOD/SCID/yc™, Ragl/zm’uyc"ull mice,
especially for hematology and immunology. Various humanized
mouse models have been established that enable direct research of
human diseases, which was previously impossible in immunocompe-
tent animals. These models will also contribute to the analysis of
mechanisms underlying human immune disorders and the develop-
ment of vaccines against infectious diseases through the use of
humanized mice that contain a wide variety of functional human
hematopoietic cells.

However, several issues remain to be overcome, such as the rare
differentiation of certain cell lineages from HSCs, immature differ-
entiation and insufficient intercellular relationships. To overcome
these problems, the inclusion of other immunodeficient mouse genes
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or human genes responsible for cell differentiation and interaction has
been investigated. These attempts may result in more appropriate
immunodeficient humanized mice.

Recently, progress in the field of regenerative medicine has drawn

our attention, following the establishment of human embryonic stem
and inducible pluripotent stem cells. In the future, artificial human
organs or HSCs developed from embryonic stem or inducible plur-
ipotent stem cells may be available. Although these techniques have
not yet impacted the field of humanized mice, new models will likely
result from transplantation of artificial human organs and HSCs.
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