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Immunodeficient mice reconstituted with a human immune sys-
tem represent a promising tool for translational research as they
may allow modeling and therapy of human diseases in vivo.
However, insufficient development and function of human natural
killer (NK) cells and T cell subsets limit the applicability of human-
ized mice for studying cancer biology and therapy. Here, we de-
scribe a human interleukin 15 (/L15) and human signal regulatory
protein alpha (SIRPA) knock-in mouse on a RagZ_/_ lIng_/_ back-
ground (SRG-15). Transplantation of human hematopoietic stem
and progenitor cells into SRG-15 mice dramatically improved the
development and functional maturation of circulating and tissue-
resident human NK and CD8* T cells and promoted the develop-
ment of tissue-resident innate lymphoid cell (ILC) subsets. Profiling
of human NK cell subsets by mass cytometry revealed a highly
similar expression pattern of killer inhibitory receptors and other
candidate molecules in NK cell subpopulations between SRG-
15 mice and humans. In contrast to nonobese diabetic severe com-
bined immunodeficient //2rg~'~ (NSG) mice, human NK cells in
SRG-15 mice did not require preactivation but infiltrated a Burkitt's
lymphoma xenograft and efficiently inhibited tumor growth fol-
lowing treatment with the therapeutic antibody rituximab. Our
humanized mouse model may thus be useful for preclinical testing
of novel human NK cell-targeted and combinatory cancer immu-
notherapies and for studying how they elicit human antitumor
immune responses in vivo.
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Cancer immunotherapy has emerged as one of the most
promising therapeutic interventions to eliminate malignant
diseases (1, 2). It does so by utilizing the power and specificity of
the immune system, thereby reducing the severity of side effects
that have been seen with chemotherapy or radiation treatment
regimens. Immunotherapeutic approaches have been designed to
target a variety of molecules on different cells of the immune
system, including T cell subsets, natural killer (NK) cells, and
myeloid cells (3—6). However, a major challenge that the cancer
immunotherapy field currently faces is to identify combinations
of therapeutics that will lead to complete and durable responses.

Injection of human hematopoietic stem and progenitor cells
into immunodeficient mice, such as Rag2™~ II2rg”"~ (RG) or
nonobese diabetic severe combined immunodeficient 12rg™"~
(NSG) mice, supports basic development of human immune cells
in vivo (7, 8). As such, humanized mice represent a promising
model for studying human immune function and diseases in vivo
and could be used to screen and identify highly effective com-
binations of cancer therapeutics. However, the poor interspecies
cross-reactivity of factors that are essential for the physiological
and functional development of human immune cells in human-
ized mice highlights the need to improve the currently available
humanized mice (9). One such cytokine, with only 65% of amino
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acids identical between humans and mice, is interleukin 15 (IL-
15). IL-15 is essential for the development and/or function of NK
cells, memory CDS8 T cells, CD8aa intraepithelial lymphocytes
(IELs), and tissue-resident NK cells (10, 11). In addition, phys-
iological levels of IL-15 are essential for functional antitumor
responses of NK and T cells in cancer immunotherapy (12).
Three studies showed that hydrodynamic injection of plasmid
DNA encoding human IL-15 into NSG mice, injection of human
IL-15/IL-15Ra into Rag2™'~ I12rg™"~ mice, or transgenic expres-
sion of IL-2 led to a transient increase of functional human NK
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cells (13-15). M-CSF"* IL-3/GM-CSF™ SIRPA™™ TPO""
Rag2™"~ II2rg™~ (MISTRG) mice, a humanized mouse model
that supports efficient development of human myeloid cells, also
showed improved development of human NK cells, in particular
in the liver (16). However, engrafted MISTRG mice developed
anemia, which limited their lifespan. In this study, knock-in re-
placement of the mouse //15 coding sequence by the human IL15
coding sequence had the advantage of proper expression of
physiological levels of IL-15 in a tissue- and cell-specific manner,
as opposed to DNA or protein injection. Engrafted SRG-15 mice
showed improved functional development of circulating and
tissue-resident human NK and CD8* T cells, promoted the de-
velopment of innate lymphoid cell (ILC) subsets, lived for at
least 9 mo, and demonstrated efficient tumor growth inhibition
following NK cell-targeted cancer immunotherapy. As such,
SRG-15 mice may facilitate translational research by enabling
the development of novel therapeutic approaches that target
human infections and malignancies.

Results

Generation of Human SIRPA and Human IL15 Knock-in Mice. Since
polymorphism of the mouse signal regulatory protein alpha (Sirpa)
modulates the engraftment of human hematopoietic stem cells
(17-19), we generated a human SIRPA knock-in mouse, which
expresses the human extracellular domain of SIRPa under the
control of the mouse promotor (Fig. 14). Human SIRPa was
highly expressed on the surface of circulating mouse CD45* cells
(Fig. 1B) and mouse myeloid cell subsets (Fig. S1 4 and B) in
nonengrafted human SIRPA knock-in Rag2”/~ II2rg™~ (S""RG)
mice. Furthermore, the expression level of human SIRPa in mouse
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CD45" cells of engrafted heterozygous (human/mouse) SIRPA
Rag2™~ 12rg™~ (S™RG) mice was comparable with hCD45" cells
(Fig. 1C). We next compared human immune cell reconstitution in
NSG, S"™RG, and S™RG mice 14 wk postengraftment with hu-
man CD34" hematopoietic stem and progenitor cells. While NSG
and SY™RG mice showed similar human CD45™" cell engraftment
levels in the blood and bone marrow (BM), the engraftment level in
S"™RG mice was significantly decreased (Fig. 1D). Since S""RG
mice did not express extracellular mouse SIRPa, the absence of
mouse CD47-SIRPa signaling may lead to bone cell loss and may
thus impair human immune cell engraftment in the mouse BM
niche (20). Consequently, only heterozygous SIRPA Rag2~~
I2rg”~ (SRG) mice were used for all subsequent experiments.
Further characterization of engrafted SRG and NSG mice
revealed that the composition of human immune cells in the blood
was comparable (Fig. S1C). Similarly, the number of human
CD45* cell numbers in the BM, spleen, and thymus, the number of
human CD3" T cells in the lymph nodes, and human thymocyte
subsets were comparable between NSG and SRG mice (Fig. S1 D-
F). In summary, heterozygous human SIRPA knock-in mice (SRG)
display human immune cell reconstitution that is similar to
NSG mice.

The cytokine interleukin 15 (IL-15) has been shown to be
essential for the proper development and function of NK cells
and CD8aa intraepithelial lymphocytes (IELs) (10). We there-
fore generated a human ILI5 knock-in mouse (Fig. 1E) and
crossed it onto an SRG background (S"™RG-15"™ = SRG-15).
We found high expression of human /L15 mRNA in the BM,
liver, lung, and small intestine of nonengrafted SRG-15 mice
(Fig. 1F). Upon injection of poly(I:C) into nonengrafted SRG
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Fig. 1. Knock-in of human SIRPA and IL15 in Rag2~"~ II2rg™"~ (RG) mice. (A) Schematic representation of the targeted mouse Sirpa allele with human exons

2 to 4 highlighted in blue. The encoded chimeric protein has mouse signal

sequence (mouse exon 1) followed by the entire human extracellular region

corresponding to human amino acids 28 to 362 (human exons 2 to 4) fused to the intracellular portion of the mouse SIRPa protein (mouse exons 5 to 8) for
proper signaling in mouse cells. (B) Expression of human SIRPa protein in mouse CD45" cells. One of three mice per group is shown. (C) Expression of human
SIRPw protein in mouse and human CD45* cells from engrafted SY™RG mice. One of three mice per group is shown. (D) Percentage of human CD45* cells in
the blood and bone marrow of NSG, S"™RG, and $"""RG mice 14 wk postengraftment. (E) Schematic of the targeted mouse //15 allele with human exons 5 to

8 highlighted in blue. The encoded chimeric protein preserves mouse signal

sequence/propeptide (mouse exons 1 to 4) for proper processing in the endo-

plasmic reticulum and fully mature human IL-15 protein (human exons 5 to 8). (F) Relative expression of human /L75 mRNA in the bone marrow, liver, lung,
and small intestine (SI) of nonengrafted RG and (S)RG-15 mice. Hprt was used as a housekeeping gene. (G) Human IL-15 protein measured in the serum of
SRG-15 mice following poly(l:C) treatment (n = 2 to 4 mice). Mean + SEM are shown. *P < 0.05, **P < 0.01 (unpaired, two-tailed Student’s t test).
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Fig. 2. Efficient development of circulating and tissue-resident human NK cells in SRG-15 mice. (A) Efficient engraftment of human hematopoietic cells in the
blood of NSG (n = 27), SRG (n = 78), and SRG-15 mice (n = 56) 11 to 14 wk postengraftment with hCD34" cells. (B) Frequency of human NK cells in the blood of
NSG, SRG, and SRG-15 mice 11 to 14 wk postengraftment. (C) Composition of hCD45" cells in the blood of NSG (n = 27), SRG (n = 78), and SRG-15 mice (n = 56)
11 to 14 wk postengraftment. (D) Frequency of human NK cells in the blood and spleen of NSG (n = 6), SRG (n = 12), MISTRG (n = 11), and SRG-15 (n = 8) 7 wk
postengraftment. (E) Frequency of human NK cells in the blood and spleen of NSG (n = 3), SRG (n = 10), and SRG-15 mice (n = 8) 14 wk postengraftment.
(F) Phenotype and number of CD69* tissue-resident NKp46™ CD3~ cells in the spleen and liver of NSG, SRG, and SRG-15 5 mo postengraftment. Mean + SEM
are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired, two-tailed Student’s t test).

and SRG-15 mice, human IL-15 protein was detected in the
serum of heterozygous and homozygous human /L15 knock-in
mice (Fig. 1G).

Efficient Development of Circulating and Tissue-Resident Human NK
Cells in SRG-15 Mice. To assess the impact of human IL-15 on
human immune cell development, we first compared human
CD45* cell engraftment between NSG, SRG, and SRG-15 mice
(heterozygous human /L15). Human CD45" cell engraftment in
the blood (Fig. 24), BM, spleen, lymph node (LN), and thymus
was similar between the different humanized mouse strains (Fig.
S2 A and B). However, we noticed a higher percentage of hu-
man NK cells in the blood of SRG-15 mice compared with NSG
and SRG mice (Fig. 2 B and C). This difference was further
augmented in homozygous ILI5 knock-in mice (SRG-15"M)
(Fig. S2C).

In the BM, expression of human IL-15 did not affect human
pro- and pre-NK cell numbers whereas immature NK cells
moderately increased (Fig. S2D). CD56™&" CD16~ and
CD56%™ CD16* mature NK cell subsets were, however, highly
increased in the BM of 7-wk-old SRG-15 mice compared with
NSG and SRG mice, indicating that IL-15 enhances human NK
cell development, as well as survival and differentiation of ma-
ture NK cells. The number of circulating NK cells was also higher
in SRG-15 mice (Fig. 2D) and represented physiological NK cell
numbers observed in human blood [mean NK cells per microliter
of blood: ~300 (young adults), ~400 (old adults); range: 50 to
1,200 NK cells per microliter of blood] (data from ref. 21). Al-
though MISTRG mice have been reported to have increased
human NK cells in organs, in particular in the liver (16), the
number of circulating NK cells was as low as in NSG and SRG
mice (Fig. 2D). An increased number of human NK cells were
also found in the spleen of SRG-15 mice compared with NSG
and SRG mice (Fig. 2E). In contrast to NSG and SRG mice,

E9628 | www.pnas.org/cgi/doi/10.1073/pnas.1705301114

SRG-15 mice supported the efficient development of CD69"
CXCR6™ tissue-resident NK cells in the spleen and liver (Fig.
2F). In summary, our results show highly efficient development
of circulating and tissue-resident human NK cells in SRG-
15 mice.

SRG-15 Mice Promote the Development of Human ILC1 and ILC2
Subsets. Because some ILCs require IL-15 rather than IL-7 for
their maintenance (22, 23), we analyzed the frequency of human
ILC subsets in various organs of SRG-15 mice. Lin CD45*CD7*
CD127" cells in the spleen, liver, and lung rarely expressed
Eomesodermin (EOMES), suggesting that these cells are rather
ILCs and not NK cells (Fig. 3). While the number of CD117*
CRTH2™ ILC3s was comparable between SRG-15 and NSG
mice, CRTH2* ILC2s and CD117- CRTH2™ ILCls were in-
creased in the spleen, liver, and lung of SRG-15 mice com-
pared with NSG mice (Fig. 3).

Phenotypic and Functional Profiling of Human NK Cell Subsets in SRG-15
Mice. A major shortcoming of currently available humanized
mouse models, such as NSG, is the impaired development and
function of mature CD56%™ CD16% NK cells (24). Since pre-
activation with IL-15 was required to induce functionally com-
petent NK cells (25), we evaluated the in vivo cytotoxicity of
human NK cells in SRG-15 mice by injecting MHC-I-expressing
Raji tumor cells and MHC-I-deficient K562 tumor cells at a
ratio of 1:1 (Fig. 44). After 24 h, we analyzed the abundance
of the two tumor cell lines and found that MHC-I-deficient
K562 tumor cells were reduced in engrafted SRG-15 mice
compared with engrafted SRG and nonengrafted SRG-15 mice.
These results indicate that human /L15 knock-in mice support
the development of mature and functionally competent human
NK cells.
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Fig. 3. SRG-15 mice support the development of human innate lymphoid cell (ILC) subsets. (A-C) Frequency of human ILC subsets in the spleen (A), liver (B), and lung (C)
of NSG and SRG-15 mice 10 wk postengraftment. Total ILCs were gated on viable CD45" Lin~ (CD3~ CD4~ CD5~ TCRaf~ TCRy5™ CD14~ CD197) CD7* CD127" cells (Left). The
number of ILC1, ILC2 and ILC3 in different tissues is shown in the Center. The histograms (Right) depict the expression of EOMES in NK cells (Lin"CD45*CD7*CD56*CD127")
and ILGs (Lin"CD45"CD7*CD127") in engrafted SRG-15 mice. Mean + SEM are shown. *P < 0.05 and **P < 0.01 (unpaired, two-tailed Student's ¢ test).

In humans, two major subsets of NK cells have been identified
based on the expression of CD56 and CD16 (26). Both
CD56°1 8" CD16™ and CD56%™ CD16% NK cells were present in
the blood and spleen of SRG-15 mice 7 wk postengraftment
(Fig. 4 B and C). In contrast, very few CD56"¢" CD16~ and
CD56%™ CD16" NK cells were found in NSG and SRG mice.
Compared with human subjects, NK cell subsets in SRG-15 mice
revealed a similar distribution of CD56"™ and CD56%™ NK
cell subsets and a similarly high expression of killer inhibitor
receptors in the mature CD56%™ NK cell subset (Fig. 4 D and E).

In recent years, it has become evident that human NK cells are
much more diverse than previously anticipated and are shaped by
both environmental and genetic factors (27-29). To determine the
phenotypic diversity of NK cell subsets that develop in SRG-
15 mice, we performed a 33-parameter single-cell analysis using
mass cytometry. For visualization purposes, we used viSNE, which
is based on the t-Distributed Stochastic Neighbor Embedding (t-
SNE) algorithm and preserves high-dimensional relationships in
single-cell data collected by mass cytometry (30). Each cell is
represented as a point in high dimensional space, which is based on
all of the 33 parameters measured. The different colors represent
high (red) or low (blue) expression of the respective molecule.
Here, we focused on the mature CD56%™CD16" NK cell subset
because it is the dominant subset in SRG-15 mice, plays a critical
role in killing of tumor cells due to its cytolytic capacity, and

Herndler-Brandstetter et al.

mediates antibody-dependent cellular cytotoxicity (ADCC) via
CD16. Our results revealed a highly similar 2D distribution
pattern of candidate markers in CD569™CD16™ NK cells of both
SRG-15 mice and humans (Fig. 4F). At single cell and single
marker resolution, the geometric location and frequency of
KIR3DL1* cells and KIR2DS4" cells, as well as NKp30*CD57*
PD-1* cells, among the CD36%™CD16* NK cell subset were
identical between SRG-15 mice and humans (Fig. 4F, red circles).

As the CD356%™CD16" NK cell population that developed in
SRG-15 mice resembled the phenotypic diversity found in hu-
man CD56%™CD16* NK cells, we next analyzed the response of
NK cells from SRG-15 mice and humans following stimulation
with an MHC-I-deficient tumor cell line (K562) or phorbol
12-myristate 13-acetate (PMA) plus ionomycin. The geometric
location [e.g., the same subset of cells that expressed high
amounts of CD107a, gamma IFN (IFN-y), and macrophage in-
flammatory protein (MIP)-1p] was similar in CD56"™CD16* NK
cells between SRG-15 mice and humans (Fig. S34, red circles).
Furthermore, NK cell subsets from SRG-15 mice showed a sig-
nificant increase in the production of cytokines and cytotoxic
molecules following stimulation with K562 or PMA plus ion-
omycin (Fig. S3B). However, stimulated NK cell subsets had a
lower expression of CD107a, IFN-y, MIP-1f8, and GM-CSF in
SRG-15 mice compared with humans.
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Fig. 4. Phenotypic and functional profiling of NK cells in SRG-15 mice using mass cytometry. (A) Human NK cells in SRG-15 mice mediated efficient in vivo
killing of MHC-I-deficient K562 tumor cells but not of MHC-I-expressing Raji tumor cells. (B and C) Frequency of human CD56°9" CD16~ and CD56%™ CD16*
NK cell subsets in the blood and spleen of NSG (n = 6), SRG (n = 12), and SRG-15 mice (n = 8) 7 wk postengraftment with human CD34* cells. (D) Expression of
killer inhibitory receptors (KIRs) (KIR2DL1/L2/L3/S1/S3/S5/KIR3DL1) in circulating CD56°"9" D16 (blue) and CD56%™ CD 16 NK cells (red) in SRG-15 mice (n =
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humans (n = 20). The red circles highlight a subpopulation of cells that express a similar set of markers. Mean + SEM are shown. *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001 (unpaired, two-tailed Student’s t test).

Human Intraepithelial Lymphocytes Develop in the Small Intestine of
SRG-15 Mice. Genetic deletion of IL-15 in mice not only results in
NK cell deficiency but also leads to a decrease in memory phe-
notype CD8" T cells and intestinal intraepithelial lymphocytes
(10, 31). Although NSG mice supplemented with human IL-7
supported CD4 T cell survival, the maintenance of CD8 T cells
was impaired (24). To assess the role of human IL-15 in CD8*
T cell survival and development of tissue-resident CD8" T cells,
we analyzed CD8" T cells in the periphery and small intestine of
SRG-15 mice. As described in Fig. S2B, the development of
single-positive CD8" T cells in the thymus was similar between
SRG and SRG-15 mice. While the frequency of human CD8"
T cells and the CD8/CD4 ratio was comparable between NSG,
SRG, and SRG-15 mice 7 wk postengraftment, a significant in-
crease in CD8" T cells and an increased CD8/CD4 ratio was
observed in SRG-15 compared with SRG and NSG mice at 11 to
14 wk postengraftment (Fig. 5 A and B). In contrast to CD4*
T cells, more CD62L~ CD45RA™ effector-memory CD8* T cells
developed in SRG-15 mice compared with SRG mice (Fig. 5 C
and D).

Isolation of the IEL population from the small intestine at
steady state revealed a higher number of human CD45* IELs in
SRG-15 compared with SRG mice (Fig. 5E) while the number of
lamina propria lymphocytes (LPLs) in the colon was similarly
low in both mouse strains. Human CD45* TELs comprised both
CD3* CD8" IELs and NKp46* CD3™ IELs. CD3* CD8" IELs
were present at higher numbers in SRG-15 mice, expressed the
tissue-resident markers CD69 and CD103, and lacked expression
of CD8B (Fig. 5 F and G). Human NKp46* CD3™ IELs were also
present at higher numbers in SRG-15 mice, expressed CD56,
CD69, CD103, EOMES, and lacked expression of CD127 and
CD117 (Fig. 5 H-J), indicating that these cells are rather tissue-
resident NK cells than innate lymphoid cells (ILCs) (22).

NK Cell-Targeted Cancer Inmunotherapy in SRG-15 Mice. NK cells
are able to induce antigen-independent immune responses against
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malignancies and pathogen-infected host cells without prior
sensitization. In contrast to NSG mice, NK cells in SRG-15 mice
were highly efficient in killing MHC-I-deficient K562 tumor cells
in vivo, without prior preactivation (25) (Fig. 44). In addition,
NK cells have been reported to kill target cells via antibody-
dependent cellular cytotoxicity (ADCC), which has been uti-
lized for cancer immunotherapy. As ADCC mediated by NK
cells is dependent on the expression of FcyRIII (CD16) and IL-
15 is required for NK cell maturation and acquisition of cytolytic
activity (32, 33), we tested whether NK cells in SRG-15 mice
were able to kill tumor cells following treatment with a clinically
approved therapeutic antibody.

NSG, SRG, and SRG-15 mice reconstituted with human
CD34* cells were s.c. injected with 5 million CD20-expressing
Raji tumor cells. Upon formation of a visible tumor, the hu-
manized mice were injected with an anti-human CD20 antibody
[rituximab (RTX)] every 3 d (Fig. 64). Rapid tumor growth was
observed in nonengrafted SRG-15 mice, independent of treat-
ment with RTX, while engrafted SRG and SRG-15 mice showed
slower but constant tumor growth (Fig. 6B). Importantly, treat-
ment of engrafted SRG-15 mice with RTX resulted in efficient
tumor growth inhibition, both in volume and weight (Flg 6 B and
C). Although CD56%™ CD16" cells were present in NSG and
SRG mice, treatment with RTX only inhibited tumor growth in
SRG-15 mice (Fig. 6 D and E), indicating that IL-15 was nec-
essary for human NK cells to acquire functional competence
and to mediate efficient killing of antibody-targeted MHC-I-
expressing tumor cells. Although SRG-15 mice had a higher
number of circulating NK cells, no significant differences in the
frequency and composition of tumor-infiltrating T and NK cells
was observed between SRG and SRG-15 mice (Fig. S44). Sim-
ilar to what has been observed in human tumors (34), CD56"
CD16™ NK cells were the prevalent NK cell population in the
tumor microenvironment (Fig. S4B). We further demonstrate
that tumor cell killing in SRG-15 mice was mediated via the Fc
receptor as blockade of FcyRIII by a CD16 antibody completely
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characteristics of CD3"CD8" IELs in the spleen and small intestine of SRG-15 mice. The histograms are representative of five mice. (H) Number of human
NKp46* CD3~ IELs in the small intestine of SRG and SRG-15 mice. (/) Phenotypic characteristics of CD56* CD3~ IELs (blue) and hCD45™ cells (black) in the small
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15 mice. The plots are representative of seven mice. Mean + SEM are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired, two-tailed

Student’s t test).

restored tumor growth in rituximab-treated SRG-15 mice (Fig.
S4C). All three groups of SRG-15 mice had comparable en-
graftment levels and frequencies of human NK cells (Fig. S4D).
The anti-human CD16 antibody efficiently blocked FcyRIII (Fig.
S4E) and did not deplete tumor-infiltrating NK cells (Fig. S4F).
In summary, our results demonstrate that therapeutic antibody
administration induces ADCC-mediated killing of tumor cells by
human NK cells in SRG-15 mice, similar to what has been ob-
served in human patients. In contrast to NSG and SRG mice,
SRG-15 mice allow efficient development and functional matu-
ration of human NK cells and can thus be utilized as an in
vivo platform for the preclinical testing of novel NK cell-
targeted immunotherapies.

Discussion

Due to the lack of stromal- and epithelial-derived human IL-15,
currently available humanized mice show insufficient functional
development and physiological maintenance of circulating and
tissue-resident human NK and CD8" T cell subsets. This severely
compromises the utility of humanized mice as a preclinical
model to assess human NK and CD8* T cell-based therapeu-
tic interventions for cancer immunotherapy. We therefore
developed a humanized mouse model by knock-in replacement
of the coding sequence of human /L15. Following engraftment
with human CD34" cells, SRG-15 humanized mice supported

Herndler-Brandstetter et al.

efficient development and functional maturation of circulating
and tissue-resident human NK and CD8" T cell subsets and
enabled human NK cell-targeted cancer immunotherapy in vivo.

In vitro studies provided evidence that IL-15 was required for
the later stages of NK cell development and maturation, as well as
for the acquisition of cytolytic activity (35). Similar to human cord
blood, NK cells from engrafted NSG mice required preactivation
by IL-15 to reach the functional competence of human adult NK
cells. In particular, the terminally differentiated CD16* NK cells
showed lower reactivity in the absence of IL-15 (25). In our SRG-
15 mice, immature NK cells in the BM were only moderately in-
creased while CD356°1 and CD356%™ NK cell subsets were greatly
increased in tissues and the circulation. Phenotypic and functional
profiling by mass cytometry confirmed that the NK cell repertoire
that developed in SRG-15 mice showed a high degree of similarity
to the NK cell repertoire in humans. Since NK cells can be edu-
cated by HLA class I from hematopoietic and stromal cells, knock-
in replacement of mouse MHC class I by human MHC class I may
further improve human NK cell education and function (36, 37), in
particular, because licensed NK cell subsets play a major role in the
control of MHC class I-deficient tumors, which may explain the
hyporesponsiveness of human NK cell subsets stimulated with
K562 in SRG-15 mice.

Expression and transpresentation of IL-15 by Villin-expressing
intestinal epithelial cells is essential for the development and
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survival of CD8* TIELs and NK cells (31, 38, 39). Accordingly,
human CD8aa IELs and EOMES* NK cells developed in the
small intestine of SRG-15 mice and expressed the tissue-resident
markers CD69 and CD103, which is consistent with findings in
humans (40). Although NOD Scid mice transplanted with human
thymus developed human IELs in the small intestine (41), these
mice had progressive inflammation and sclerosis of the skin,
lung, and gastrointestinal tract and developed fatal graft-versus-
host disease (42). This limits the usefulness of studying IELs
under physiological conditions in NOD Scid mice. Although IL-15
is essential for the development of circulating and tissue-
resident human NK cells, it also plays a crucial role in the
maintenance of tissue-resident human ILCs. Our results dem-
onstrate that SRG-15 mice promote the development of tissue-
resident CD117~ CRTH2™ ILC1 and CRTH2" ILC2 in various
organs. SRG-15 humanized mice may therefore enable the in-
vestigation of human tissue-resident lymphoid cell differentia-
tion and function during infections, as well as the development of
immunization strategies that induce CD8" T cell-dependent
mucosal immunity.

Most importantly, SRG-15 mice could be used as an in vivo
platform to develop and evaluate novel strategies for cancer
immunotherapy. Antibodies specifically targeting B cells, such as
the anti-CD20 antibody rituximab, have been a central compo-
nent in the therapy for a variety of B-cell malignancies (43). A
CD16/NK cell-dependent mechanism is critical for the antibody-
mediated inhibition of tumor growth in both mouse and clinical
studies (44—47). In our study, human NK cells that developed in
SRG-15 mice infiltrated a human tumor xenograft and inhibited
tumor growth via ADCC, following treatment with rituximab.
These results emphasize the functionality of human NK cells in
SRG-15 mice and suggest that SRG-15 mice could be used to
study NK cell-mediated immunity and cancer immunotherapy in
vivo. Immune checkpoint blockade reverses exhaustion of tumor-
specific T cell responses and is one of the most promising cancer
immunotherapies today (48). However, in a case study of a pa-
tient with metastatic melanoma, initial tumor regression fol-
lowing anti-PD-1 antibody therapy was followed by acquired
resistance to PD-1 therapy. This was due to a loss of MHC class I
expression caused by a beta-2-microglobulin truncating mutation
(49). The loss of MHC class I expression in tumor cells following
anti-PD-1 antibody therapy may dramatically limit the thera-
peutic success of checkpoint blockade therapy and may lead to
incomplete responses and subsequent disease relapse. There-
fore, combination cancer immunotherapies that target both NK
and CD8" T cells may be an effective strategy to overcome the
loss of MHC class I in tumor cells and may achieve complete and
durable responses. Since our SRG-15 mouse model supports
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both human NK and CD8" T cells, it could be used as a pre-
clinical model to identify the most efficient combination of NK
and CD8" T cell-based therapeutic strategies to eliminate spe-
cific tumors in vivo.

Materials and Methods

Mice. The generation of knock-in mice encoding human SIRPA and IL15 in a
129xBALB/c (N3) genetic background was performed using Velocigene
technology in collaboration with Regeneron Pharmaceuticals (Fig. 1 A and
D). The mice were crossed to a Rag2~~ Il2rg™"~ background, and human
SIRPA and IL15 were used as heterozygotes throughout the manuscript, until
noted otherwise (Fig. 1 D and G and Fig. S2C), and abbreviated as follows:
SRG (= S”™MRG) and SRG-15 (= S”™MRG-15"™). The humanized mice were
maintained under specific pathogen-free conditions with continuous treat-
ment of enrofloxacin in the drinking water (Baytril; 0.27 mg/mL). Nonobese
diabetic (NOD) severe combined immunodeficient (Scid) IIng"‘ (NSG) mice
were obtained from The Jackson Laboratory. All animal studies were per-
formed in accordance with the guidelines of the Office of Animal Research
Support at Yale University.

Human Subjects. Heparinized blood from healthy volunteers was obtained
after written informed consent under the guidelines of the Human Investi-
gations Committee of Yale University School of Medicine. Purification of
human peripheral blood mononuclear cells (PBMCs) was performed by
density-gradient centrifugation using Ficoll-Paque (GE Healthcare) according
to the manufacturer’s instructions.

Human CD34* Cell Isolation and Immune Cell Reconstitution. Human CD34"
cells were purified from fetal liver (FL) as described previously (16). Newborn
mice received sublethal irradiation (360 cGy; X-RAD 320 irradiator), followed
by intrahepatic injection of 1 x 10° human FL-derived CD34* cells. The hu-
manized mice were bled 10 to 12 wk later, and human immune cell re-
constitution was determined by flow cytometry. Only humanized mice
with >10% human CD45" cells of total circulating CD45" cells (mouse and
human CD45" cells combined) were considered successfully reconstituted
and used for experiments. For experimental repeats, different donor sources
of human CD34" cells were used (= independent experiments). In general,
the range of variation between different donor sources was comparable
with the range of variation between individual mice that were engrafted
with the same donor CD34" cells.

Gene Expression Analysis. Total RNA was extracted from tissues using TRIzol
reagent (Thermo Fisher Scientific) and the RNeasy Mini Kit (Qiagen). First-
strand cDNA synthesis was performed using SuperScript Ill Reverse Tran-
scriptase (Thermo Fisher Scientific). Quantitative reverse transcription PCR
(gRT-PCR) was performed using a 7500 Fast Real-Time PCR System (Applied
Biosystems) and an SYBR FAST universal qPCR kit (KAPA Biosystems). Sequence-
specific oligonucleotide primers were designed using Primer3 software and
synthesized by Sigma-Aldrich. The following primers were used: mouse
Hprt forward, 5-AGGGATTTGAATCACGTTTG-3’; mouse Hprt reverse, 5'-
TTTACTGGCAACATCAACAG-3; human IL15 forward, 5-GCCCAGGGAAAT-
CAAAAGAT-3’; human IL15 reverse, 5-TGGCTCCAACAAATCAACAG-3'. Relative
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expression values were calculated using the comparative threshold cycle
method and normalized to mouse Hprt.

ELISA. Human IL-15 protein was determined by ELISA. Nonengrafted SRG,
SRG-15"™, and SRG-15"" mice were injected with 50 pg of polyinosinic-
polycytidylic acid sodium salt (poly(l:C); Invivogen), and human IL-15 pro-
tein concentration was measured in the serum 18 h later using a human IL-
15 Quantikine ELISA kit (R&D Systems).

Flow Cytometry. The analysis of surface molecules was performed using
monoclonal antibodies from Biolegend, BD Biosciences, or eBioscience. The
following anti-mouse antibodies were used: mCD11b (M1/70), mCD11c
(N418), mCD45 (clone: 30-F11), mCD172a (mSIRPx; P84), Ly6C (HK1.4), and
Ly6G (1A8). The following anti-human antibodies were used: CD3 (SK7 and
UCHT1), CD4 (OKT4), CD5 (UCHT2), CD7 (CD7-6B7), CD8x (HIT8a and RPA-T8),
CD8p (25T8.5H7), CD10 (HI10a), CD14 (HCD14), CD16 (3G8), CD19 (HIB19),
CD33 (WM53), CD34 (561), CD38 (HB-7), CD45 (HI30), CD45RA (H1100), CD56
(HCD56), CD69 (FN50), CD94 (HP-3D9), CD103 (Ber-ACT8), CD117 (104D2),
CD127 (A019DS), CD158 (KIR2DL1/51/53/S5; HP-MA4), CD158b (KIR2DL2/L3;
Dx27), CD158e1 (KIR3DL1; Dx9), CD172a (hSIRPx; SE5A5), CD294 (CRHT2;
BM16), CD335 (NKp46; 9E2), EOMES (WD1928), TCRaf (IP26), and TCRyS (B1).
Samples were acquired by an LSR Il flow cytometer (BD Biosciences) and
analyzed using FACSDiva (BD Biosciences) and FlowJo software.

Mass Cytometry. Marker labeling and detection were performed as described
previously (50). The purified antibodies were purchased from Biolegend, BD
Pharmingen, Beckman Coulter, R&D Systems, Fluidigm, Life Technologies,
Abcam, or eBioscience. A single batch of metal-conjugated antibodies was
conjugated in house using MaxPar X8 labeling kits according to the manu-
facturer’s instructions (Fluidigm). The following anti-human antibodies were
used: 2B4 (clone: 2-69; isotype: 165H0), CD7 (6B7; 159Tb), CD8 (SK1; 144Nd),
CD14 (M5E2; 173Yb), CD16 (3G8; 149Sm), CD19 (HIB19; 168Er), CD33 (WM53;
162Dy), CD3 (UCHT1; 147Sm), CD4 (SK3; 143Nd), CD45 (HI30; 89Y), CD56
(NCAM16.2; 174Yb), CD57 (HCD57; 145Nd), CD94 (DX22; 158Gd), GM-CSF
(BVD2-21C11; 151Eu), HLA-DR (Tu36; Qdot-Cd), IFN-y (4S.B4; 176Yb), IL-10
(JES3-9D7; 172Yb), IL-17A (BL168; 175Lu); KIR2DL1 (143211; 166Er), KIR2DL3
(180701; 170Er), KIR2DS4 (FES172; 153Eu), KIR3DL1 (DX9; 163Dy), LILRB1 (HP-
F1; 1545M), MIP-18 (D21-1352; 150Nd), NKG2A (Z199; 171Yb), NKG2D (1D11;
156Gd), NKp30 (P30-15; 161Dy), NKp44 (P44-8; 169Tm), NKp46 (9E2; 155Gd),
PD-1 (EH12.2H7; 146Nd), Perforin (B-D48; 167Er), and TNF-a (Mab11; 152Sm).
The anti-allophycocyanin (APC) antibody (408002; 141Pr) was used to detect
anti-human CD107a-APC antibody (H4A3; Biolegend). Mouse splenocytes
and human PBMCs were either stimulated with 0.08 uM phorbol 12-myr-
istate 13-acetate (PMA) and 1.3 pM ionomycin (500x cell stimulation mix-
ture; eBioscience) or cocultured with K562 tumor cells (E:T = 10:1) for 4 h.
The cells treated with PBS served as a negative control. Brefeldin A (3 pg/mL;
eBioscience), Monensin (2 pM; eBioscience), and CD107a-APC antibody were
added for the final 4 h of incubation for all groups. Cells were incubated
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