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ABSTRACT

Human CD34" hematopoietic stem and progenitor cells (HSPCs) can reconstitute a human
hemato-lymphoid system when transplanted into immunocompromised mice. While fetal liver- and
cord blood-derived CD34" cells lead to high engraftment levels, engraftment of mobilized, adult
donor-derived CD34" cells has remained poor. We generated so-called MSTRG and MISTRG hu-
manized mice on a Rag2”1l2rg” background carrying a transgene for human SIRPa and human
homologues of the cytokines macrophage-colony stimulating factor, thrombopoietin, with or without
interleukin-3 and granulocyte-macrophage colony stimulating factor under murine promotors. Here
we transplanted mobilized peripheral blood CD34" cells in sub-lethally irradiated newborn and adult
recipients. Human hematopoietic engraftment levels were significantly higher in bone marrow,
spleen and peripheral blood in newborn transplanted MSTRG/MISTRG as compared to non-obese
diabetic/severe combined immunodeficient 112rg™ or human SIRPa-transgenic Rag2™112rg™ recipi-
ents. Furthermore newborn transplanted MSTRG/MISTRG mice supported higher engraftment
levels of human phenotypically defined HSPCs in bone marrow, T-cells in the thymus, and myeloid
cells in non-hematopoietic organs such as liver, lung, colon and skin, approximating the levels in
the human system. Similar results were obtained in adult recipient mice. Thus, human cytokine
knock-in mice might open new avenues for personalized studies of human (patho)physiology of the

hematopoietic and immune system in vivo.
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INTRODUCTION
Modeling the human hemato-lymphoid-system (HHLS) in human hematopoietic stem and progeni-
tor cell (HSPC) xeno-grafted mice has advanced our understanding of hematopoiesis and
leukemogenesis and allowed testing novel therapeutic approaches'*. Although G-CSF mobilized
CD34" peripheral blood cells (PBCs) are clinically widely used for autologous and allogenic
hematopietic stem cell transplantation (HSCT)?, these cells - in contrast to fetal liver (FL) and cord
blood (CB) CD34" cells - have shown relatively poor engraftment at similar numbers in mice and
are thus rarely utilized®’. However, some cell-intrinsic pathways might differ in FL and CB com-
pared to adult HSPCs, and fetal and neonatal cells are inappropriate to study individual patients’
acquired conditions.

We recently generated immunodeficient Rag2”112rg” mice with genes encoding human M-
CSF?®, combined interleukin 3 (IL-3) and GM-CSF®, and thrombopoietin (TPO)**°, knocked into the
respective mouse loci, either individually or in combination (MISTRG)!. Additionally, MISTRG mice
carry a transgene encoding human SIRPaq, known to bind human CD47 and thereby inhibiting
mouse phagocytes of human cells'**. We demonstrated that transplantation of human FLCD34"
cells into newborn MISTRG mice leads to high-level engraftment, multi-lineage differentiation and
functionality of innate immune cells'*. Also, proof of principle engraftment of CB and PB CD34"
cells into newborn mice has been shown'’.

To test utility and value of these novel mouse strains for PB-derived human HSPC re-
search, we compared engraftment, lineage differentiation and tissue seeding of healthy adult mobi-
lized PB human CD34" cells and their progeny in various immune-deficient strains, including new-

born and adult recipient MISTRG mice.
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METHODS

Humanized cytokine KI mice were generated as reported previously*'*®. G-CSF-mobilized adult
PBCs and cord blood cells were collected from healthy donors after obtaining informed consent.
The study was approved by the ethics boards of the canton Zurich and Yale University Human In-
vestigation Committee respectively. Human (h) CD34" cells were purified by density gradient cen-
trifugation followed by positive immunomagnetic selection. Newborn and adult mice were
sublethally irradiated. Newborn mice were intra-hepatically (i.h.) injected with 300,000 to 500,000
(Zurich cohort) or 100,000 to 140,000 (Yale cohort) hCD34" cells per mouse®. Adult mice were
injected intravenously (i.v.) with 800,000 to 1,000,000 hCD34" cells per mouse. Mice were bled at
several time points and terminally analyzed 10 to 16 weeks post transplantation. Experiments were
approved by the Veterindramt des Kantons Zurich and Yale University Institutional Animal Care
and Use Committee. For further details see supplemental methods, available on the Blood web

site.

RESULTS AND DISCUSSION

We first examined the engraftment of hCD34" cells isolated from G-CSF mobilized PB upon i.h.
injection into sub-lethally irradiated newborn NSG, hSIRPa-transgenic Rag2”112rg” (SRG)*?, and
mouse strains with human cytokine Kl genes for hM-CSF combined with hTPO (MSTRG) or the
addition of hIL-3/hGM-CSF (MISTRG)*. PB analysis to determine hCD45" cells at 4, 8, and 14 to
16 weeks revealed an increasing frequency of hCD45" cells over time among total CD45" cells in
cytokine Kl but not in control mice (Figure S1). When we compared percentage and absolute
numbers of engrafted human cells in the bone marrow (BM) of recipient mice, the number was
greatly increased in MSTRG and MISTRG in comparison to NSG and SRG mice (Figure 1A and
1B). Superior engraftment efficiency of cytokine Kl mice was reproducible in an independent ex-
perimental cohort at Yale, where even lower numbers of PB CD34" were transplanted (Figure
S2A). Importantly, split donor sample transplantation into newborn cytokine Kl versus NSG and
SRG mice resulted in significantly higher engraftment in the Kl group (Figure 1C). While engraft-
ment was highest in BM, %hCD45" cells in PB and spleen of cytokine Kl mice also exceeded en-
graftment of control groups (Figure 1D). Following transplantation of adult PB CD34" cells, similar
as in previous studies using FL or CB CD34" cells, we observed a lower frequency of hCD45" cells
in PB and spleen in comparison to BM in all recipient strains used. Interestingly, this difference
was less prominent when transplanting CB CD34" cells in newborn Kl recipients (Figure S4). The
reason for these differences needs to be further explored but might be in part attributable to extra-
medullary mouse hematopoiesis and/or differences in migration potential of human cells.™ Irre-
spective of this observation and more importantly, adult recipient MISTRG mice transplanted with
mobilized PB CD34" cells also supported substantial overall hCD45" and myeloid cell engraftment
in BM, PB, spleen and liver with a trend towards superiority compared to NSG mice (Figure 1E,
Figure S5).
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We next compared immature human HSPC engraftment and maintenance in different new-
born recipients. Cytokine KI mice showed significantly increased relative and absolute numbers of
human hematopoietic progenitor cells (CD34'CD38") and HSC containing CD34"CD38" cells in BM
(Figure 1F and 1G). Thus, we conclude that - in line with prior in vitro and in vivo observations®’™*°
- human cytokines such as M-CSF, 1I-3/GM-CSF and TPO support maintenance and differentiation
of human HSPCs.

The percentage of human CD33" myeloid cells in the BM was not significantly different be-
tween newborn recipients, while absolute numbers were higher in Kl than in conventional mice
(Figure 2A, 2B, Figure S2B), regardless of a comparable bone marrow cellularity (Figure S6). Im-
portantly, hCD33" cells were significantly increased in PB as well as non-lymphoid tissues such as
liver and lung in the KI group (Figure 2B, 2D, 2E and Figure S7) and human CD68" myeloid cells
were detectable in non-lymphoid tissues such as lung, liver, colon and skin of KI but not of control
mice (Figure 2F). In adult recipients we observed a trend towards superior myeloid development in
different organs (Figure S5).

CD14*CD16  cells are classical monocytes, while CD14"'CD16* and CD14“"CD16" cells
are categorized as non-classical “patrolling” monocytes®. The amount of both, CD14*CD16" and
CD14%"CD16" non-classical monocytes in BM of the KI group was higher than in the control group
(Figure 2C). In addition, CD141" (BDCA-3") DCs with cross-presentation activity were significantly
increased in the BM of KI mice (Figure S8).

As previously reported, we observed splenomegaly due to extra-medullary mouse hemato-
poiesis in highly engrafted animals'*. Immuno-histochemical staining of BM of an engrafted
MISTRG mouse (32% hCD45" cells) confirmed the presence of human macrophages and showed
evidence of hemophagocytosis, underlining human myeloid cell functionality (Figure S9). Interest-
ingly, and in contrast to MISTRG mice engrafted with 1x10° hCD34" FL cells'!, mice engrafted with
up to 5x10° mobilized PB CD34" cells survived clinically healthy until terminal analysis up to 16
weeks. This might be a result of lower human BM engraftment levels, leading to relatively less re-
duction of mouse hematopoiesis and less phagocytosis of mouse cells by human phagocytes*'.

Analysis of human lymphocyte subsets revealed that the frequency of NK cells in BM and
PB was significantly higher in KI mice (Figure S10A). Also, the CD4/8 ratio of T cells in the BM of
MSTRG and MISTRG mice was higher, while nail_ve and memory CD4" T cell subsets as well as
B cell subsets were similar between Kl and control groups (Figure S10B and C). Of interest, thy-
mus hCD45" cells and thymocyte development in KI mice were significantly enhanced as com-
pared to control mice (Figure 2G).

Taken together, these data indicate that human cytokine Kl mice support the development
of mature lineage cells - both myeloid and lymphoid - from adult mobilized PB CD34" cells in hem-
atopoietic, lymphoid and non-lymphoid tissues. Even though this study focused on newborn recipi-
ents, we are also showing confirmatory proof of principle data from adult recipient cytokine Ki

mice, a setting that might - due to easier experimental handling - facilitate clinical translational re-

Humanized mice engraft peripheral blood CD34+ cells 6


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on August 23, 2016. For personal use only.

SAITO & ELLEGAST et al.

search. Indeed, it will now become feasible to use these and other humanized mice for individual-
ized patient-sample derived in vivo research that allows preclinical, likely predictive testing of
(patho)-physiology and novel therapeutic strategies in a personalized manner in infectious and ne-

oplastic diseases '
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FIGURE LEGENDS

Figure 1: Human cytokine knock-in mice support engraftment of human mobilized peripher-
al blood CD34" cells. (A) Representative FACS analysis of the frequency of mouse and human
CD45" cells in BM in newborn mice 14 weeks post transplantation. Numbers besides gated areas
indicate percentages of cells. (B) Engraftment of hCD45" cells in BM of newborn mice 10 to 16
weeks post transplantation. Left panel indicates percentage of hCD45" cells among total CD45"
cells. Right panel indicates absolute number of hCD45" cells per hind legs (2 femurs and tibias).
Each symbol represents an individual mouse, bars indicate mean values; n=11 (NSG), n=3 (SRG),
n=22 (MSTRG), n=4 (MISTRG); Conv=Conventional; Kl=human cytokine knock-in; *P<0.05,
***P<(0.001 (One-way ANOVA Kruskal-Wallis test with Dunn’s Multiple Comparison Test). (C)
hCD45" cell engraftment in BM of newborn mice from splitted, matched individual donors. Each
symbol represents mean frequency of hCD45% cells among total CD45" cells. Mean frequency of
human CD45+ cells in Conv versus Kl mice was significantly different. *P<0.05 (Conv vs. KI;
Paired t test). (D) Engraftment of hCD45" cells in blood (left panel) and spleen (right panel) 10 to
16 weeks post transplantation. Each symbol represents an individual mouse, bars indicate mean
values; n=11 (NSG), n=3 (SRG), n=22 (MSTRG), n=4 (MISTRG); *P<0.05, **P<0.001 (One-way
ANOVA Kruskal-Wallis test with Dunn’s Multiple Comparison Test). (E) Engraftment of hCD45"
cells in BM, blood and spleen in adult mice 12 to 16 weeks after transplantation. Panel shows per-
centage of hCD45" cells among total CD45" cells in each organ. Each symbol represents an indi-
vidual recipient engrafted with hCD45" cells, bars indicate mean values; n=2 (NSG), n=4
(MISTRG) (F) Representative FACS plots for hCD34°CD38" and hCD34'CD38 cells in newborn
recipients gated on mCD45" Lineage (Lin) hCD45" cells. Numbers beside gate indicate percent-
ages of cells. (G) Frequency (upper graphs) as well as absolute number (bottom graphs) of
hCD34'CD38", hCD34'CD38" cells per hind legs. Each symbol represents an individual newborn
recipient engrafted with hCD45" cells, bars indicate mean values; n=5 (Conv; 2 NSG and 3 SRG),
n=19 (KI; 15 MSTRG and 4 MISTRG); *P <0.05 (Mann-Whitney U test).

Figure 2: Human cell engraftment in lymphoid and non-lymphoid tissues in newborn recipi-
ents. (A) Representative FACS plots for hCD19" and hCD33" cells gated on hCD45" cells in BM
(top panels) and PB (bottom panels). (B) Frequency and absolute number of hCD33" cells in BM
and frequency of hCD33" cells in PB. Each plot shows data from an individual recipient engrafted
with hCD45" cells. Numbers beside gates indicate percentages of cells; n=5 (Conv; 2 NSG and 3
SRG), n=20 (KI; 16 MSTRG and 4 MISTRG); *P <0.05 (Mann-Whitney U test). (C) Frequency of
classical (CD14"CD16°) and non-classical monocytes (CD14*CD16" or CD14%"CD16%) among lin-
eage (Lin; CD3, CD19, CD20) hCD45" cells in BM of engrafted recipient mice; data shows mean
+SEM; n=5 (Conv; 2 NSG and 3 SRG), n=22 (KI; 18 MSTRG and 4 MISTRG); *P <0.05,
***P<0.001 (Mann-Whitney U test). (D) Representative FACS plots of recipient mice for hCD45"
cells (top panels), CD33" or CD19" cells gated on hCD45" cells (bottom panels). Numbers beside
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gates indicate percentages of cells shown. (E) Percentage of hCD45" cells among total CD45"
cells (left graph); each symbol represents an individual recipient engrafted with hCD45" cells and
bars indicate mean values. CD33", CD19", CD3", and NKp46" population among hCD45" cells in
the liver of engrafted mice (right graph); data shows mean + SEM; n=5 (Conv; 2 NSG and 3 SRG),
n=25 (KI; 21 MSTRG and 4 MISTRG), *P <0.05 (Mann-Whitney U test; left graph) and *P <0.05
(for CD33" cells, one-way ANOVA Kruskal-Wallis test with Dunn’s Multiple Comparison Test; right
graph). (F) Immuno-histological staining of human myeloid cells (hCD68") in non-lymphoid tissues
(liver, lung, colon, and skin) of recipient mice. Scale bars: 20 ym. Images are representative of at
least three mice analyzed per group. (G) Representative FACS plots for hCD45" cells (top panels)
and double-negative, double-positive, CD4" single-positive, and CD8" single-positive thymocytes
among hCD45" cells (bottom panels) in the thymus of indicated recipient mice. Number of hCD45"
cells in the thymus is shown (right panel); each symbol represents an individual recipient engrafted
with hCD45" cells, bars indicate mean values; n=4 (Conv; 2 NSG and 2 SRG), n=9 (KI; 9 MSTRG);
*P <0.05, **P<0.001 (Mann-Whitney U test).

Humanized mice engraft peripheral blood CD34+ cells 11


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

BM (14 weeks post transplantation)

Saito et al., Figure 1

NSG

SRG

-
FrorTrw

mCD45

N

Il NH J I ~
w.orioudjoariar.ury v

75.2

3.0

hCD45

hCD34

BM hCD45*
* n *
100 ' * %% ' B’ 108_ ! *k*% !
0 ] AL 2 A
= c A
8 804 £ 1074
2+ o A A _'L
O A o 6. AbA
?g 60 - o 10 . W M
20 At ? 105 A
0T 40- N 2
Q0 A Q 1074
cZ A A a
2 v © 10 u ’
= 0l fee A v 5 - S —
%Ca an /\ng Qg? = %C’J QQ «Q_O &QO
AN A o_}& <~ 9 A
NS\ W
Conv Kl Conv Kl
Blood hCD45" Spleen hCD45*
— 40' T d 1 /\40- r ik 1
%) *kk w *
Y— T-) — E r —
© 2 30- N S © 304 s
2 5 20
83 33 Y
o O 20+ ITO O 204 A
< © I ® v
[ -06 AA o) .,6
Q £ 104 a7 Q £ 101 s
—A
X -V X vY
= 0L A E ol AL
o 0 O © o 0 O O
é% %Q‘ é@* & é% %Q~ é\Q* é@*
N N
Conv Ki Conv Kl
BM
SRG MSTRG
0 4
< i
[m)
O E
c i
Lineag+mCD45
8.34 27.8
:
™
[m)
o |
c

MISTRG
; only.
C BM hCD45*
%) *
(@] —
2 108 80
2 A 62
< A 90
ol v 97
o * 121
8 * 38+52
in + 94+99
Q
a)
O
o
©
e
100 - ® NSG
% o " = MISTRG
» © 801 n .
Do -
o3 60 = .
Lo
< J—
8 407 —
@]
=% 20 = ¢
S . =
0 ‘@. o o
Q
2 L &
SN
hCD34*CD38* hCD34*CD38"
* *
» 207 0.05-
E " 0
1.5 P
% 0.03 "
Tcg 1.0 4 n . ::1
ie) 0.02-
‘S 051 "u -
< . ..-_ 0014 o .

0.0 -—lql—;¢. 0.00 __-,-_;'p'_'
Conv Kl Conv Kl
hCD34+*CD38* hCD34*CD38"

é’ 107, 105, ——
he] 1 u
__g 106 =ln 104 .:.
5 105 | mer iy
o ®e g . "
= 104 = 1034 n
8 ® .II —— Hpgm
€ 103{ e o anm
g 1024 ee
= 102-’ P n
° o1 : 01— :
Conv  Ki Conv Ki


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

BM

Blood {%

@

N
o

% cells of hCD45* BM cells
>

hCD33

o

CD14* CD14* CD14dm

CD16- CD16*

CD16*

hCD45*
M RRw-by
34
0
15.9 146.6
P ]
)
s 8.7 23.3
hCD19
BM monocyte
1 Conv
l Il K
* * k%
[ | [ |

B

Saito et al., Figure 2

BM hCD33* Blood hCD33*
*
odjournal.o1r86)_v guest on August 2%72100]@ Eor'personhl use only. 100 - *
53 E o 2 |=— —
S8 80- £ .4 A 5 8 80-
= o 10 - <. AA
3 = 5 £ 23
S @ gp- o N B 3 60- s
& o A L. 5le W 4 H 3O Moy
0 <t m 4 o 101 ¢ o o },{
00O 404 AL v © m ™ O 40
OO [ ] + ax A
29  AA 4l e - on — A
¢S 20{2 M <9 20- B
e} ) AT O = u X ® * = v
-— 2 o 4 — A
ol —a B =1 2 ol = 4 7
o 0.0 © ] O o 0 0
e@ %Q" «Q‘ &Q‘ - e@ <& é@‘ é\Q‘ e@ %Q‘ %&Q‘ é\Q‘
W N
Conv Kl Conv Kl
Liver hCD45* Liver lineage
*
*
100+ s 007 —  mm NKpds
= 80- "3 Em CD3"
© . 5 B CD19"
0 604 . @@ CD33"
5 L L g
< 40- )
[m] am® O
o o wimw
T 20+ mm_m ©O
0 S
1%
Conv Ki Conv Ki

lao"

% hCD45* cells in thymus

100 -
°
n
—n
50 -
n
0 1 —cseppeo—ugu—
Conv Kl


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on August 23, 2016. For personal use only.

w\“k (/\J\,

L\H\ Or ,
0 %
!5 Prepublished online August 19, 2016;
¥ doi:10.1182/blood-2015-10-676452
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