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Engraftment of adult hematopoietic stem
and progenitor cells in a novel
model of humanized mice

Chun I. Yu," Rick Maser,”? Florentina Marches,! Jacques Banchereau,’ and Karolina Palucka’-3*

SUMMARY

Pre-clinical use of humanized mice transplanted with CD34" hematopoietic stem and progenitor cells
(HSPCs) is limited by insufficient engraftment with adult non-mobilized HSPCs. Here, we developed a
novel immunodeficient mice based on NOD-SCID-112yc~/~ (NSG) mice to support long-term engraftment
with human adult HSPCs. As both FIt3L and IL-6 are critical for many aspects of hematopoiesis, we knock-
out mouse FIt3 and knock-in human IL6 gene. The resulting mice showed an increase in the availability of
mouse FIt3L to human cells and a dose-dependent production of human IL-6 upon activation. Upon trans-
plantation with low number of human HSPCs from adult bone marrow, these humanized mice demon-
strated a significantly higher engraftment with multilineage differentiation of human lymphoid and
myeloid cells, and tissue colonization at one year after adult HSPC transplant. Thus, these mice enable
studies of human hematopoiesis and tissue colonization over time and may facilitate building autologous
models for immuno-oncology studies.

INTRODUCTION

Realizing the clinical promise of cancer immunotherapy is hindered by gaps in our knowledge of in vivo mechanisms underlying treatment
response as well as treatment limiting toxicity. Preclinical in vivo model systems are required to address these knowledge gaps and to sur-
mount the challenges faced in the clinical application of immunotherapy. Mice are commonly used for basic and translational research to
support development and testing of immune interventions, including for cancer. Yet, despite some remarkable advances, current mouse
models share an obvious and important limitation when it comes to translational potential: their immune system is that of a mouse. To over-
come this, mice can be humanized through genetic approaches leading to expression of human proteins or through cellular approaches
based on transplantation of human cells such as peripheral blood mononuclear cells (PBMCs), fetal bone marrow/liver/thymus tissues
(BLT), or human CD34" hematopoietic stem and progenitor cells (HSPCs)."® However, the allogenic context between human immune cells
and cancer cells imposes a confounding factor on the anti-tumor effect. To overcome this, an autologous humanized tumor model is needed,
where mice are transplanted with bone marrow-derived HSPCs followed by implantation of patient-derived xenograft (PDX) tumor from the
same patient.4'5

Humanization by transplanting fetal human CD34* HSPCs into immunodeficient mice bearing the 1/2rg mutation has demonstrated
human engraftment including T cells? and has contributed significantly to human immunology research.®” However, model based on
NOD-SCID-112yc™~ (NSG) cannot efficiently support the generation of a diverse and fully functional human immune system for immu-
nology studies. Various efforts have been made to genetically engineer human cytokines to cross mouse and human barriers.'” Human
growth factors including granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage colony stimulating factor (GM-CSF),
macrophage colony stimulating factor (M-CSF), interleukin (IL)-3, IL-6, IL-15, IL-34, and stem cell factor (SCF) have been shown to impact
human hematopoiesis which led to adequate development of human hematopoietic lineages in humanized mice.””"'~"? Nevertheless,
few humanized mouse models have reported engraftment by human adult bone marrow-derived HSPC and myeloid cell
development.>2%?!

FMS-like tyrosine kinase 3 Ligand (FIt3L) and IL-6 are cytokines important for hematopoiesis. Loss-of-function mutation in murine Flt3
(FMS-like tyrosine kinase 3) leads to a decrease in mouse dendritic cells (DCs) and an accumulation of mouse ligand in the serum.” %4
This could lead to the creation of “space” in peripheral tissues enabling colonization with human cells upon HSPC transplant as well as
increased availability of murine FIt3L to the human receptor, supporting development of human immune cells including DCs*® and B cells.”®
IL-6 lacks cross-reactivity between mouse and human, and it plays key roles in the innate and adaptive immune systems, including HSPC sur-
vival,”” monocyte differentiation to macrophages by facilitation of autocrine CSF-1 internalization,”® and the differentiation of follicular helper

1The Jackson Laboratory for Genomic Medicine (JAX-GM), Farmington, CT 06032, USA
2The Jackson Laboratory for Mammalian Genetics (JAX-MG), Bar Harbor, ME 04609, USA
3Lead contact

*Correspondence: karolina.palucka@jax.org

https://doi.org/10.1016/].isci.2024.109238

1)
et iScience 27, 109238, March 15, 2024 © 2024 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:karolina.palucka@jax.org
https://doi.org/10.1016/j.isci.2024.109238
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109238&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

A
Mouse FIt3 locus === 5kb
1 1 11 W11 Ll
d'l.l ,.-l LLL} LI L] T wire lﬁ
dels36  [F
B Bone marrow Spleen Lungs (o8
8 207 sorx 257 wakk 207 syq [ pDCs 20
=3 — — ki
815 20 15 M cDCs sk
= E15
3 15 >
=1.0 10 =
3 10 210
205 5 e
°70.0 0 0
_ 301 juux 80) BEX 30, hhk FIt3** FIt3'-
) 6.0
x20 2.0
] 4.0
3 1.0 .
8 20 1.0
0.0 < 0.0 i 0.0
O (C) O X
o L Y &7
> e@ S écJ N e‘%
b gRNA1 1kb
|

Mouse II?‘ locus H.

J Homologous recombination ~ R4

Human IL6 KI

A 11 ] /.
L] T W - —
F1 F2 R1 R3 F R2
E _150 150
= #ikx  © NSGF = oo
5 © NSGF-IL6™h 5 ok
=100 puiudiPy S ) £100 *
2 & * NSGF-Le" o 90 o
= 8 a2
< 50 c 50
£ o z
2 S
= = 0
O LPS 670105 2.5 10
—_— 1]
LPS

Figure 1. Genetic engineering of novel NSG mice via CRISPR

(A) Schematic representation of CRISPR/Cas9 at mouse Flt3 locus and the chromosomal deletion at the exon 3. Green lines represent the mouse sequences and
orange lines represent the mutated sequences. Black boxes represent the coding region and white box represent the non-coding region. gRNAs are labeled with
red arrowhead and the primer pairs F/R are in gray.

(B) The summary of percentage (upper) and total number (lower) of mouse pDCs and cDCs from bone marrow, spleen and lungs of 8-10 weeks of mice (mean +
SD,n=7).

(C) Mouse Flt3L in the plasma of 8-10 weeks old mice were analyzed by ELISA (mean, n = 7).

(D) Schematic representation of CRISPR/Cas9 at mouse /16 locus, the vector for human IL6 donor DNA and targeted allele with homologous recombination.
Green lines represent the mouse sequences and orange lines represent the human IL6 sequences. Black boxes represent the coding region and white box
represent the non-coding region. gRNAs are labeled with red arrowhead. Blue boxes represent the left and right homologous arms. One of the primer pairs
F1/R1 and F2/R2 in gray is located outside of the homologous arms, respectively.

(E) Human IL-6 production (mean, n = 3-6) in the plasma of mice collected at 2 h after i.p. treatment of LPS (10 pg).

(F) Human IL-6 production (mean, n = 3) in the plasma of mice collected at 2 h after i.p. treatment of LPS (0.1, 0.5, 2.5, or 10 pg).

See also Figure S1.

T cells, and antibody producing plasma cells.””~*” Thus, we knocked out (KO) mouse Flt3 in order to increase the availability of mouse FIt3L
(which can act via human receptor) to human cells, thereby improving the long-term development of human myeloid cells upon transplan-
tation with human CD34" HSPCs.** We then genetically engineered the mice to express human IL-6. This novel mouse model yielded a higher

human engraftment and supported long-term multilineage development of human immune cells when transplanted with adult human CD34"
HSPCs.
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RESULTS
Construction of murine FIt3 KO and human IL6 Kl mice via CRISPR

We first used the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein-9 nuclease (Cas9) system to
generate NSG mice with FIt3KO (NSGF).** Founder mice carrying a chromosomal deletion at the exon 3 were backcrossed to NSG mice and
inbred to obtain homozygous Flt3™~ allele confirmed by PCR and Sanger sequence (Figures 1A and STA). NSGF mice were healthy and indis-
tinguishable from NSG mice in appearance. To verify the impact of FIt3 KO, we analyzed different mouse myeloid cells and subsets of DCs
including CD317" plasmacytoid DCs (pDCs), CD11c* conventional DCs (cDCs) by flow cytometry (Figure S1B). As expected, we observed an
80% decrease in both pDCs and cDC in the bone marrow, spleen, and lungs of NSGF mice in comparison to age and gender matched NSG
mice (Figures 1B and S1C). We observed an overall slight decrease in other myeloid cells (Figure S1D). As expected, we found an increased
amount of mouse FIt3L in the plasma of NSGF mice (Figure 1C).

Next, we generated human IL6 knockin (KI) to replace mouse ortholog using CRISPR/Cas9 gene targeting in zygotes and inserting the full-
length of human ILé gene sequence into exon 1 and exon 5 of mouse [l6 locus via homologous recombination (Figure 1D). Founder mice were
selected first with PCR assays targeting 5" and 3’ junctions and full-length sequence between two homology arms. We confirmed the absence
of plasmid donor sequences to discern correct on-target single copy integration events from random or multi-copy targeting events.
Sequencing of these PCR products confirmed proper targeting of human ILé. Five founder mice with on-target single copy integration events
of human ILé Kl were identified (Figure S1D). Founder mice with human ILé Kl were first bred to NSGF mice and then intercrossed to generate
homozygous animals for IL6 targeted mutation (NSGF6). Human IL-6 was found in the plasma of mice with IL6™" and IL6™" genotypes but not
wild-type mice upon i.p. challenge with LPS in a dose-dependent manner (Figures 1E and 1F).

Human IL6 Kl boosts HSPC engraftment and human monocyte differentiation

As IL-6 promotes HSPC survival,”” we first analyzed engraftment with cord blood CD34* HSPCs to test whether human IL6 Kl improves human-
ization. To this end, sublethally irradiated NSG and NSGF6 mice at 4-week of age were first transplanted with titrated amount of cord blood CD34*
HSPCs. Fernale mice were used here due to higher engraftment rates as compared to male mice.*** Comparable engraftment was found in the
blood of mice transplanted with high number of HSPCs (1x10°) from cord blood (Figure 2A). Yet humanized (h)NSGF6 mice but not hANSG mice
were consistently engrafted when transplanted with low number of cord blood HSPCs (1x10%) (Figures 2A and S2). This difference in engraftment
was found in the blood up to six-month follow-up (Figure 2B). Furthermore, improvement was found in both CD33" myeloid cell and CD3" T cell
development with a significant increase in the absolute cell counts (Figure 2C). We also observed the presence of different monocyte subsets with
a significant increase in CD16" non-classical monocytes in the blood (Figure 2D). Predominately CD45RA* CCR7* naive T cells were found in the
blood at 16-week after HSPC transplant (Figure 2E). Thus, we conclude that mouse FIt3KO and human IL6 Kl improve the engraftment of human
immune cells both quantitatively and qualitatively upon transplant with human cord blood CD34" HSPCs.

To determine whether human L6 Kl is essential for monocyte subset differentiation, we compared NSGF6 mice with NSGF mice using high
number of cord blood HSPCs (1x10°). As expected, similar engraftment with different lineages of human immune cells was found in various tissues
of hNSGF and hNSGFé mice with slight variability found among mice (Figures 3A, S3, and S4). However, in comparison to hNSGF mice, signifi-
cantly higher frequencies of CD14" cells were found in the spleen and lungs of ANSGF6 mice (Figure 3B). We also found higher frequencies of both
CD14*CD16" and CD14°"CD16* monocytes in the spleen and lungs of hNSGFé mice engrafted with cord blood HSPCs (Figures 3C and 3D).
Thus, our data corroborate other studies'® and demonstrate that human IL-6 is important for the development of CD16* monocytes.

Murine FIt3 KO and human IL6 Kl support long-term engraftment by adult HSPCs

The key question was if our novel model enables engraftment of adult bone marrow HSPCs which thus far has proven difficult in other
models. To this end, we transplanted 1 X 10° bone marrow-derived CD34* HSPCs into sublethally irradiated NSG and NSGFé mice.
As shown in Figure 4, we found significantly higher hCD45" engraftment in the blood of hNSGFé mice than in hNSG mice (Figures 4A
and S2). Human CD33" myeloid cells, CD19" B cells, and CD3" T cells were all present in significantly higher numbers in the blood of
hNSGF6 mice than hNSG mice (Figure 4B). Consistent with cord blood HSPCs, we also observed a significant increase in CD14" mono-
cytes (Figure 4C), and predominately CD45RA" CCR7" naive T cells in the blood at 16-week after bone marrow HSPC transplant (Fig-
ure 4D). Furthermore, hNSGFé mice demonstrated superior overall engraftment than hNSG mice over one-year follow-up (Figure 5A).
hCD33" myeloid cells were consistently present in the blood of hNSGFé mice (Figure 5B). In contrast to the persistent lack of T cell de-
velopments in hNSG mice, circulating CD3" T cells were found in hNSGFé mice as early as 16 weeks, reached plateau at 24 weeks and
remained persistent up to one year follow-up (Figures 5B and 5C). Additionally, we found a stable presence of CD45RA"CCR7" naive
T cells in addition to an expansion or accumulation of CD4" T cells with memory phenotype (Figure 5D). Finally, we analyzed the human
immune composition in the tissues of humanized mice at one year after engraftment with bone marrow HSPCs. In comparison to hNSG
mice, hNSGF6 mice showed significantly higher percentage of CD11¢* ¢DCs and CD56" NK cells in bone marrow; and substantial increase
in many lineages of human immune cells including CD15" or CDé6b™ granulocytes, CD14" monocytes, CD11c* cDCs, CD19" B cells,
CD56" NK cells, and CD4" T cells in the spleen or lungs (Figures 5E and S3). Consistently, we also found a significantly higher frequency
of total CD14* monocytes with CD14*CD16" and CD14°“CD16* phenotype in the spleen and lungs of hNSGF6 mice (Figure 5F). Thus,
human IL6 KI combined with FIt3 KO improves the engraftment and long-term development of human immune cells upon transplant with
human adult non-mobilized CD34" HSPCs.
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Figure 2. Improved human engraftment by HSPCs from cord blood

(A) NSG or NSGF6 mice were transplanted with 1x10% 3x10%, and 1x10° HSPCs from cord blood at 4-week of age. Human engraftment in the blood by the mean
percentage (upper) and absolute number (lower) of hCD45" cells at 16 weeks after transplant. n = 2-4 mice from two independent experiments. two-way ANOVA.
(B) The kinetics of mean human engraftment in the blood in hNSG or hNSGFé mice after transplant of 1x10* cord blood HSPCs. n = 3-4 mice from two
independent experiments. two-way ANOVA.

(C) The mean percentage (upper) and absolute number (lower) of human CD33" myeloid cells, CD19" B cells, and CD3" T cells in the blood at 16 weeks after
transplant. n = 4-8 mice pooled from two donors. two-way ANOVA.

(D) The absolute number of human CD14" monocyte subsets in the blood at 16 weeks after transplant (mean + SD, n = 4-8). two-way ANOVA.

(E) The absolute number of human CD4" CD3™ (left) or CD8" CD3" T cell subsets in the blood at 16 weeks after transplant (mean £ SD, n = 4-8). two-way ANOVA.
See also Figure S2.

DISCUSSION

In summary, we have developed a novel strain of immunodeficient mice which enables robust multilineage development of human immune
cells in tissues when engrafted with CD34" HSPCs from adult bone marrow. The higher engraftment in the peripheral of ANSGF6 mice is likely
due to the combined effects of both murine Fit3 KO and human IL6 KI. FIt3KO eliminates both murine DC and other myeloid cell develop-
ment which opens up the niches and enables the repopulation of human DC, other myeloid cells, B cells and T cells due to the increased

4 iScience 27, 109238, March 15, 2024



iScience ¢? CellPress
OPEN ACCESS

A CBHSPCs, 100K, 20 wks

Bone marrow Spleen
100 e IE AR = mouse 100 SEMTHEM] & mouse 100 O mouse *
e ™ | HPC = = H [ Gran [ Gran
3 - - O Gran @ nl® L/ [ Mono* g @ Mono
575 BE [ Mono 375 OcDCs 37 [ cDCs
3 L = O cbCs ¢ L= OB e &B
= |[HAEEKEE OB | @ CD5%6 3 & CD56
— 50 o m CD5 = 50 | [ CD4 — 50 [] CD4
% wim [ CD4 % [ CD8 % [ CD8*
ht £jcbs = LM =L L] | B others = M others
Og 25 L [l others O\g 25 FE L 0\3 25
0 0 0 W CD14+CD16-
12341234 12341234 12341234 . .
hNSGF hNSGF6 ~ ODonor #1 hNSGF hNSGF6 hNSGF hNSGF6 M CD14:CD16
[JDonor #2 CD14vCD16*
B C hCD45* CD3- CD15- CD19- gate
” Bone Spleen Lungs D Bone Spleen Lungs
510, Marrow 20, x40 hNSGF hNSGF6 marrow
Ny 8 Bone 100 19 1te
2 o 15 30 o 8 80 80
Q glmm O marrow | 4
94}'31.0 20 o @ = 60 60
= Q
N 0.5 10] §9 |a ¥ 40
52| ]° | s =
x 0~-+-00 0= gpleen | 0 o
& 3 1.0 &6>2.5 . 1.0
e e
X 0.8 x20 ; 0.8
2 06 215 06
+§ 0.4 Lungs ? 1.0 04
= 02 5 <05 02
& 0.0 31 O 00 0.0/
S L e e%é%é& S5
S CD16 NN o

Figure 3. Human IL-6 supports human monocyte differentiation

(A) The percentage of human immune cell type in total CD45" leukocytes (mouse and human) in the bone marrow, spleen, and lungs of ANSGF and hNSGFé6 at
20-week post-transplant with cord blood HSPCs. n = 4 from two donors. two-tailed t test.

(B) Summary of the mean percentage (upper panels) and absolute number (lower panels) of CD14" cells in mice. n = 4 from two donors. two-tailed t test.

(C) Representative FACS plots of human monocyte subsets.

(D) Summary of CD14" cell subsets (mean =+ SD, n = 4). two-way ANOVA.

Gran, granulocytes; Mono, monocytes.

See also Figures S3 and S4.

availability of cross-reactive mouse FIt3L and human IL-6.""** Indeed, IL-6 has been shown to expand memory and/or effector T cells by
limiting apoptosis and promoting T cells survival. IL-6 mediated STAT3-dependent upregulation of anti-apoptotic regulator in Bcl-2 and
Bcl-xL and downregulation of Fas surface expression.”’~*° Hence, our new model should improve generation of autologous models and
enhance our ability to investigate human tumor-human immune system interactions in humanized mice.

Limitations of study

Although the number of humanized mice was small due to the limitation on the number of the CD34" HSPCs available from cord blood or
adult bone marrow, the data consistently demonstrated that NSGF6 mice support higher engraftment with fewer CD34" HSPCs. Furthermore,
female mice were used here for their capacity to better support human HSPC engraftment. Future work should aim to further dissect the func-
tionality of the developed cell types, and how this new mouse model could benefit autologous models for immuno-oncology studies.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

iScience 27, 109238, March 15, 2024 5
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Figure 4. Improved human engraftment by adult HSPCs
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(A) Humanized mice were generated by engrafting NSG and NSGF6 mice with 1x10° bone marrow HSPCs. The mean percentage (upper) and absolute number

(lower) of hCD45" cells at 16 weeks after transplant. n = 5-8 mice from two donors. two-tailed t test.
(B) The mean percentage (upper) and absolute number (lower) of human CD33* myeloid cells, CD19"* B cells and CD3" T cells in the blood at 16 weeks after

transplant. n = 10-13 mice pooled from two donors. two-tailed t test.

(C) The absolute number of human CD14" monocyte subsets in the blood at 16 weeks after transplant (mean + SD, n = 10-13). two-way ANOVA.
(D) The absolute number of human CD4" CD3" (left) or CD8"CD3™T cell subsets in the blood at 16 weeks after transplant (mean £ SD, n = 10-13). two-way

ANOVA.
See also Figure S2.
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Figure 5. Murine FIt3 KO and human IL6 Kl support long-term engraftment by adult HSPCs

(A) The kinetics of mean percentage (upper panel) and absolute number (lower panel) of hCD45" cells in the blood of NSG and NSGFé mice at different time
points after transplant with 1x10° bone marrow HSPCs. n = 5-8 from one donor. two-way ANOVA.

(B) The kinetics of mean percentage (upper panel) and absolute number (lower panel) of human CD33* myeloid cells, CD3* T cells, and CD19" B cells (mean, n =
5-8 mice) in the blood. one-way ANOVA.
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Figure 5. Continued

(C) The percentage of different human immune cell types in total CD45" leukocytes (mouse and human) analyzed at different time points after HSPC transplant in
the blood (mean + SD, n = 5-8 mice).

(D) Kinetics of human CCR7* CD45RA™ naive, CCR7* CD45RA™ central memory, and CCR7" effector CD4" or CD8™ T cell frequency in the blood of ANSGFé mice
(mean + SD, n = 5-8 mice).

(E) The percentage of different human immune cell types in total CD45" leukocytes (mouse and human) in the bone marrow, spleen and lungs analyzed at one
year post transplant by FACS. n = 4 mice from one bone marrow donor. two-tailed t test.

(F) Summary of the CD14" cell subsets (mean + SD, n = 4 mice). two-tailed t test.

See also Figure S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CCR7-PE/Cy7 (3D12) BD 557648; RRID:AB_396765
Human CD117-BV605 (104D2) Biolegend 313218; RRID:AB_2562025
Human CD11b-BV711 (D12) BD 742641; RRID:AB_2740934
Human CD11¢-V450 (B-lyé) BD 560369; RRID:AB_1645557
Human CD138-PE (MI15) Biolegend 356504; RRID:AB_2561877
Human CD14-AF488 (HCD14) Biolegend 325610: RRID:AB_830683
Human CD14-PE/Cy7 (MgP9) BD 562698; RRID:AB_2737729
Human CD141-APC (AD5-14H12) Miltenyi Biotec 130-090-907; RRID:AB_2733313
Human CD15-FITC (HI98) Biolegend 301904; RRID:AB_314196
Human CD16-BUV395 (3G8) BD 563785; RRID:AB_2744293
Human CD185-AF647 (RF8B2) BD 558113; RRID:AB_2737606
Human CD19-APC (HIB19) Biolegend 302212; RRID:AB_314242
Human CD19-PE-CF5%4 (HIB19) BD 562294; RRID:AB_11154408
Human CD1c-PerCP-Cy5.5 (L161) Biolegend 331514; RRID:AB_1227536
Human CD20-AF700 (2H7) Biolegend 302322; RRID:AB_493753
Human CD27-BV711 (M-T271) Biolegend 356430; RRID:AB_2650751
Human CD279-BV421 (EH12.2H7) Biolegend 329919; RRID:AB_10900818
Human CD3 (OKT3) Biolegend 317325; RRID:AB_2749889
Human CD3-APC-H7 (SK7) BD 560176; RRID:AB_1645475
Human CD3-BV786 (SK7) BD 563800; RRID:AB_2744384
Human CD3-PE-CF5%94 (UCHT1) BD 562280; RRID: AB_11153674
Human CD303-BV785 (201A) Biolegend 354222; RRID:AB_2572147
Human CD33-PE (P67.6) Biolegend 366608; RRID:AB_2566106
Human CD38-FITC (HB-7) Biolegend 356609; RRID:AB_2561949
Human CD4-BUV395 (SK3) BD 563550; RRID:AB_2738273
Human CD45-BV510 (HI30) BD 563204; RRID:AB_2738067
Human CD45RA-PerCP/Cy5.5 (HI1100) BD 563429; RRID:AB_2738199
Human CD56-BV605 (NCAM16.2) BD 562780; RRID:AB_2728700
Human CDé6b-AF700 (G10F5) Biolegend 305114; RRID:AB_2566037
Human CD8-PB (RPA-T8) BD 558207; RRID:AB_397058
Human HLA-DR APC-H7 (G46-6) BD 561358; RRID:AB_10611876
Mouse CD103-PerCP/Cy5.5 (M290) BD 563637; RRID:AB_2738337
Mouse CD11b-APC/Cy7 (M1/70) TONBO 25-0112-U100; RRID:AB_3094465
Mouse CD11¢-V450 (HL3) BD 560521; RRID:AB_1727423
Mouse CD16/CD32 (2.4G2) BD 553142; RRID:AB_394657
Mouse CD19-PE-CF594 (1D3) BD 562291; RRID:AB_11154223
Mouse CD317-APC (927) Biolegend 127016; RRID:AB_1967101
Mouse CD3e-PE-CF594 (145-2C11) BD 562286; RRID:AB_11153307
Mouse CD45-BVé650 (30-F11) BD 563410; RRID:AB_2738189
Mouse CD8a-PE (53-6.7) BD 553032; RRID:AB_394570
Mouse F4/80-PE/Cy7 (BM8) Biolegend 123114; RRID:AB_893478
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Ly-6G/Ly-6C-Pacific Orange (RB6-8C5) ThermoFisher RM3030; RRID:AB_2556571

Mouse MHC class II-FITC (10-3.6) BD 553540; RRID:AB_394909

Biological samples

Human bone marrow Lonza 1M-125

Human cord blood CD34" cells Lonza 2C-101

Chemicals, peptides, and recombinant proteins

Trypan blue solution Corning 25-900-Cl

7-AAD viability staining solution Biolegend 420403

BD FACS Lysing solution 10X concentrate BD 349202

Brilliant stain buffer BD 563794

Dnase | Millipore Sigma D4513-1VL

Fetal bovine Serum GeminiBio 100-500-500

Heparin (1000 USP units/mL) Meitheal Pharmaceuticals NDC71288-402-10

Liberase Millipore Sigma 5401127001

Lipopolysaccharide Invivogen vac-3pelps

MEM non-essential amino acids solution ThermoFisher 11140050

PBS ThermoFisher 10010023

Penicillin-streptomycin ThermoFisher 15070063

PrimSTAR GXL DNA polymerase TaKaRa Bio USA ROS0A

RBC lysis buffer Biolegend 420301

RPMI 1640 medium ThermoFisher 21870092

Sodium pyruvate ThermoFisher 11360070

Critical commercial assays

Human IL-6 ELISA MAX Deluxe kit Biolegend 430504

Mouse Flt-3 Ligand/FLT3L DuoSet ELISA kit R&D Systems DY427

NucleoSpin Tissue kit TaKaRa Bio USA 740952

NucleoSpin® Gel and PCR Clean-Up kit TaKaRa Bio USA 740609

Experimental models: Organisms/strains

Mouse: NSG The Jackson Laboratory RRID: IMSR JAX:005557
Mouse: NSGF This paper; The Jackson Laboratory RRID: IMSR_JAX:035842
Mouse: NSGFé This paper N/A

Oligonucleotides

Primers for Flt3 KO, see Table S1 This paper N/A

Primers for IL6 KI, see Table S1 This paper N/A

Primers for donor DNA backbone, see Table S1 This paper N/A

Murine Flt3 exon 3 sgRNA: AAGTGCAGCTCGCCACCCCA This paper N/A

Murine 116 exon 1 sgRNA: TGCAGAGAGGAACTTCATAG This paper N/A

Murine 116 exon 1 sgRNA: AGGAACTTCATAGCGGTTTC This paper N/A

Murine 1l6 exon 5 sgRNA: ATGCTTAGGCATAACGCACT This paper N/A

Recombinant DNA

Recombinant human /L6 DNA Genescript IL6-201

Software and algorithms

Flowjo 10.9.0 BD RRID:SCR_008520
Prism 9 & 10 GraphPad Software RRID:SCR_002798
Benchiling Biology Software RRID:SCR_013955
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Karolina Palucka
(karolina.palucka@jax.org).

Materials availability

Murine mouse models generated in this study, namely NSGF and NSGFé mice, are available from the lead contact’s laboratory upon request.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional in-
formation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Genetic engineering of mouse models

All mice were obtained from The Jackson Laboratory (Bar Harbor, ME). The protocol on genetic engineering of mouse models was reviewed
and approved by the Institutional Animal Care and Use Committee at The Jackson Laboratory (14005). Mouse Flt3 KO mice (NOD.Cg-
Prikdcsed [[2rgtm WL Flt3°m 1A, NSGF; RRID:IMSR JAX:035842) were generated by CRISPR using Cas9 mRNA and single-guide RNA (sgRNAs)
(5-AAGTGCAGCTCGCCACCCCA-3)) targeting exon 3 of mouse FIt3 in fertilized eggs of NSG mice (NOD.Cg-Prkdc® 112rg"™"il/S2;
RRID:IMSR JAX:005557) following previous published protocol.** The blastocysts derived from the injected embryos were transplanted
into foster mothers and newborn pups were obtained. Founders and F1 littermates were tail tipping and tested for successful gene-knockout
by PCR and Sanger sequencing. Mice carrying a null deletion were backcrossed to NSG for two generations and were then interbred until all
offspring were homozygous for Flt3 KO mutation. Human IL6 KI mice (NOD.Cg-Prkdc>® 112rgtm Wi Fjt3em1Ake|jgemXiiLoike. NSGF6) were
generated using CRISPR/cas? system. sgRNAs were designed to target exon 1 (5-TGCAGAGAGGAACTTCATAG-3' or 5-AGGAACTTCA
TAGCGGTTTC-3') and exon 5 (5-ATGCTTAGGCATAACGCACT-3') of mouse 116 locus. Cas? mRNA, sgRNAs targeting mouse 16 locus
and recombinant human IL6 DNA were coinjected into fertilized NSGF oocytes. Human IL6 was inserted into exon 1 and exon 5 via homol-
ogous recombination. The resulting founders, carrying human IL6 were bred to NSGF mice for two generations, and were then interbred
until all offspring were homozygous for 16 targeted mutation. For human IL-6 production, mice at 6-8 weeks of age were treated once
with 0.1-10 pg of LPS (InvivoGen, San Diego, CA) i.p. and euthanized after 2 h for plasma collection.

Humanized mice

Humanized mice were generated on mice obtained from The Jackson Laboratory (Bar Harbor, ME). All protocols were reviewed and
approved by the Institutional Animal Care and Use Committee at The Jackson Laboratory (14005) and University of Connecticut Health Center
(101163-0220 and 102195-1122; Farmington, CT). Female mice were sub-lethally irradiated (10 cGy per gram of body weight) using gamma
irradiation at four weeks of age. Human CD34" HSPCs isolated from full-term cord blood (Lonza) or adult bone marrow (Lonza) were given by
tail-vein intravenous (i.v.) injection in 200 L of PBS with 1 ng/mL of anti-CD3 antibody (OKT3, Biolegend). The donors of human CD34* HSPCs
were obtained from commercial sources which have been tested negative for blood-borne pathogens (HIV, HBV, and HCV) by vendors but
have not been tested for CMV or EBV. The donors were randomly selected without the knowledge of any demographic information (age or
gender). Monthly post HSPC transplant, one capillary tube of blood (60-70 pL) was collected using heparin-coated hematocrit tubes (Drum-
mond Scientific) and mixed with 5 USP units of heparin (5 ulL) by retro-orbital bleeding from the mice to evaluate blood engraftment.*’ To
determine the absolute white blood cell count, red blood cells (RBC) was first lysed by mixing 5 pL of heparin blood with 20 pL of BD
FACS Lysing solution for 5 min. Total cell count was performed on RBC-lysed blood using Neubauer hemocytometer (Hausser Scientific)
with 0.4% Trypan blue (Corning). The absolute white blood cell count was then enumerated after accounting for the dilution factor from
each step. The remaining blood was used for immunophenotyping by flow cytometry. Mice were euthanized according to the individual
experimental design.

METHOD DETAILS

Genotyping assays

For all founders, the mice were typed by PCR reaction for the presence or absence of the FIt3 KO and human IL6 Kl sequence using primers
listed in Table S1. Genomic DNA was isolated from tail biopsies using the NucleoSpin Tissue kit (TaKaRa Bio USA, San Jose, CA) following
manufacture protocols. All primers were purchased from Eurofins Genomics (Louisville, KY). PCR reactions were performed with PrimSTAR
GXL DNA polymerase (TaKaRa Bio USA) with 1 uL of genomic DNA and 0.2 uM primers. A common PCR thermal-cycle amplification program
was used for all primer pairs (10 s at 98°C and 1-3 min at 68°C for 30 cycles). PCR products were run on agarose gels and size was estimated
with comparison to a DNA mass ladder. In some experiment, the remaining PCR products were extracted with PCR cleanup kit (TaKaRa Bio
USA) and sequenced to confirm the correct gene sequence.

12 iScience 27, 109238, March 15, 2024


mailto:karolina.palucka@jax.org

iScience ¢? CellPress
OPEN ACCESS

Tissue processing for flow cytometry

For immunophenotype, tissues including blood, bone marrow, spleen and lungs were collected. Bone marrow was harvested from femur and
tibia by flushing out the marrow. Spleen was digested with 50 pg/mL of Liberase (Millipore Sigma) and DNase | (Millipore Sigma) for 10 min at
37°C. Lungs were digested with 50 png/mL of Liberase and DNase | for 30 min at 37°C, followed by mechanical dissociation with GentleMACS
(Miltenyi Biotec, Bergisch Gladbach, Germany). Single cell suspensions were made, and the debris was removed by filtering through 70 pm
cell strainers. Cells were first treated with RBC lysis buffer (Biolegend) to remove red blood cells. Total cell counts were measured in hemo-
cytometer with 0.4% trypan blue. Single cell suspensions were treated with Fc blocker (BD), and then stained on ice with antibody cocktail for
30 min. After washing twice with PBS, samples were resuspended in buffer (PBS, 2% FBS, 2 mM EDTA), acquired on a Symphony A5 (BD) and
analyzed with FlowJo software (BD). The absolute cell count for each cell type was determined by multiplying total cell counts by the differ-
ential percentage of each cell type.

For the analysis of mouse DCs, cells were stained with antibodies to mouse CD45-BV650 (30-F11, BD), CD3-PE-CF579 (145-2C11, BD),
CD19~ PE-CF579 (ID3, BD), CD103-PerCP-Cy5.5 (M290, BD), F4/80-PE-Cy7 (BM8, Biolegend), Ly-6G/Ly-6C-Pacific Orange (RB6-8C5,
ThermoFisher), MHC class II-FITC (10-3.6, BD), CD11¢-V450 (HL3, BD), CD8-PE (53-6.72, BD), and CD317-APC (927, Biolegend). For human
engraftment in the blood, cells were stained with mCD45-BV650 (30-F11, BD), and antibodies to human CD45-BV510 (HI30, BD), CD14-
AF488 (HCD14, Biolegend), CD33-PE (P67.6, Biolegend), CD19-APC (HIB19, Biolegend) and CD3-APC-H7 (SK7, BD). Occasionally cells
were stained with additional antibodies including CD45RA-PerCPCy5.5 (HI100, BD), CCR7-PE-Cy7 (3D12, BD), CD8-PB (RPA-T8, BD) and
CD4-BUV395 (SK3, BD) for T cell phenotype. For cellular composition in tissues, cells were stained with antibody cocktail containing
mCD45-BV650, hCD45-BV510, CD15-FITC (HI98, Biolegend), CD1c-PerCP-Cy5.5 (L161, Biolegend), CD33-PE, CD3-PE-CF594 (UCHT1, BD),
CD19-PE-CF594 (HIB19, BD), CD14-PE-Cy7, CD141-APC (AD5-14H12, Miltenyi Biotec), CD66b-AF700 (G10F5, Biolegend), HLA-DR-APC-
H7 (G46-6, BD), CD11c-V450 (B-lyé, BD), CD117-BV405 (104D2, Biolegend), CD11b-BV711 (D12, BD), CD303-BV785 (201A, Biolegend), and
CD16-BUV395 (3G8, BD) in Brilliant Stain Buffer Plus (BD) for myeloid phenotype; and antibody cocktail containing antibodies to mCD45-
BV650, hCD45-BV510, CD38-FITC (HB-7, Biolegend), CD45RA-PerCP-Cy5.5, CD138-PE (MI15, Biolegend), CD19-PE-CF594, CCR7-PE-Cy7,
CD185-AF647 (RF8B2, BD), CD20-AF700 (2H7, Biolegend), CD8-APC-H7 (HIT8a, BD), CD279-BV421 (EH12.2H7, Biolegend), CD56-BV605
(NCAM16.2, BD), CD27-BV711 (M-T271, Biolegend), CD3-BV786 (SK7, BD) and CD4-BUV395 for lymphoid phenotype. Viability dye 7-AAD
(Biolegend) were added to samples before acquisition on a flow cytometer.

ELISA

ELSA were performed following manufacture protocols. For mouse FIt3L, plasma was tested with mouse Flt3L ELISA Duo Set from R&D sys-
tems. For human IL-6, plasma was tested with human IL-6 ELISA MAX Deluxe Set from Biolegend.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in Prism (GraphPad, San Diego, CA). Data were graphed as the mean + standard deviation (SD). Legend
is: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant. Comparisons between any 2 groups were analyzed using the Mann-
Whitney test or two-tailed t-test. Comparisons between any 3 or more groups were analyzed by analysis of variance (ANOVA).
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