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An accessible patient-derived xenograft model of low-risk

myelodysplastic syndromes

Myelodysplastic syndromes (MDS) are among the most
common myeloid malignancies.! They encompass a spec-
trum of clonal bone marrow (BM) failure diseases char-
acterized by ineffective hematopoiesis and progression to
acute myeloid leukemia (AML).? The clinical course of MDS
varies widely from indolent, requiring only monitoring/sup-
portive care, to aggressive disease with AML-like biology!
Recurrent somatic mutations contribute to the pathophysi-
ology, being recently incorporated into prognostic scoring
systems.?? Akin to targeted therapy in AML, somatic muta-
tions might be therapeutically targeted in MDS. Unfor-
tunately, testing this hypothesis has been challenging due
to the lack of preclinical models that truly recapitulate dis-
ease biology, particularly in lower-risk disease. This limita-
tion has resulted in a dearth of novel targeted therapeutics
and slow drug development in the field.*

Genetically engineered mouse models of recurrent somatic
mutations present in MDS hold promise for advances in
understanding the biology of these diseases. However,
given that introns are generally not conserved between
mice and humans, there is potential for significant differ-
ences in intron retention and cryptic splicing between
human and mouse hematopoietic cells bearing spliceo-
some mutations.* The lack of readily available patient-de-
rived xenograft (PDX) models remains the major barrier to
drug development. NSG/NSG-S mice lack functional B, T,
and natural killer cells as well as immunoglobulins,® and
are unreliable for establishing PDX of low-risk MDS.* Our
previous experience with conditioning regimens based ex-
clusively on radiotherapy did not result in engraftment of
MDS cells (data not shown). Recently, PDX models of MDS
based on intra-bone co-injection of human mesenchymal
stromal cells® or subcutaneous generation of ossicles using
human mesenchymal stromal cells’” have mitigated this
shortcoming. Moreover, intra-hepatic injection of OKT3-de-
pleted MDS BM into double-irradiated newborn MISTRG
mice resulted in robust and reliable engraftment.? However,
these models are not widely available and require technical
skills that reduce their utility. It would, therefore, be op-
portune to develop a PDX model that is more suitable for
testing novel targeted therapies and that allows for high
throughput drug screening in low-risk diseases.

MISTRG mice are similar to other xenograft models in the
sense that they are immunocompromised and express
human cytokines (knocked-in in the case of MISTRG
mice). Nevertheless, one key feature of MISRTG mice is
their expression of human SIRPa. Their ability to recognize
human CD47 (the “don’t eat me” signal) may explain the

more reliable engraftment of human cells in these mice.?
One way to reproduce this feature in NSG/NSG-S mice is
by depleting macrophages with clodronate. Intraperitoneal
administration of 100 uL of clodronate liposomes (Form-
uMax) to 6- to 8-week-old mice (NOD.Cg-
Prkdcc(2rg'™"/NSG-Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySz

J-NSG-S, prior to Jackson Laboratories; Jackson Labora-
tories), led to an 83% reduction of macrophages in the BM,
and >99% reduction in the spleen after 48 h (Online Sup-
plementary Figure S1A, B). The depletion persisted 7 days
later, with 97% reduction in the BM, and still >99% in the
spleen (Online Supplementary Figure S1A, B). In contrast,
administration of 2 Gy of radiotherapy (classically used for
conditioning) did not affect the presence of macrophages
in the BM or spleen (Online Supplementary Figure S1A, B).
To test whether depletion of macrophages enabled en-
graftment of patient-derived MDS cells, we conditioned
6- to 8-week-old NSG/NSG-S mice with 100 uL of clo-
dronate liposomes, on day -2 and irradiated them with 2
Gy on day 0. Six hours later, we injected CD34" cells, via
the tail vein; the cells were selected, as previously pub-
lished,” from the BM of a patient with low-risk MDS (Figure
1A). At the time of sample collection, the patient had 1-
2% CD34" blasts (Table 1). The BM samples came from
MDS patients who had consented to participate in this
study in accordance with the Declaration of Helsinki. The
research protocol was approved by the Johns Hopkins In-
stitutional Review Board. Flow-cytometry analysis of pe-
ripheral blood collected from transplanted mice 1, 2, and
3 months after transplantation showed the presence of
human leukocytes (mouse CD45-[mCD457] human CD45"
[hCD45*]) (Figure 1B). At 3 months after transplantation,
NSG mice showed reliable engraftment in the BM (Online
Supplementary Figure S1C). NSG-S mice demonstrated
consistent engraftment in the peripheral blood, spleen,
and BM (Online Supplementary Figure S1C, Table 1). Fur-
thermore, NSG-S mice showed detectable CD34" leuko-
cytes (mCD45 hCD45*hCD34") as well as human erythroid
cells (MCD45 hCD45 glycophorin A* [GPA*]) in the BM at 3
months after transplantation. Using hCD45 beads and a
magnetic column (Miltenyi), we selected hCD45" cells
from the BM of these mice. hCD45" cells were pooled to-
gether and DNA was extracted using the Quick-DNA Mini-
prep Plus kit (Zymo Research). Libraries were prepared
using a xGen Prism DNA Library Prep Kit (IDT) and IDT hy-
bridization capture-based targeted duplex sequencing
was done on a NOVASeq6000 platform in an SP flow cell.
Data analyzed using DRAGEN Enrichment (v4.0.3) showed

Haematologica | 109 January 2024
337



LETTER TO THE EDITOR

A . _ Peripheral
1004l XRT, 2 Gy hCD34+ cells, Peripheral Peripheral hland Flow
Clodronate, i.p. tail-vein injection ~ blood blood i cytometry
6h 3
— s e > >
g (/' B — |
Bone marrow
mouse ,
Day -2 Day O 1mo 2 mo Spleen 3 mo
w
B =
- "d":
09—3"" g T
= - ] U‘“".:. Pa
] ] : > % =,
= .ﬂ.,‘:'__: g
GE w3 T
27 S .
O —: gﬂcl_ "T|'|'|'|Tm1111] I IIIII|T| Illllll] IIIIIﬂTI_r
a4 - 3 M
¥ g7 S o wt w1t
= : = 7 ; Human CD34
= El & =
1 3 =
= =
M 1['3 1[|d' I T ”I””1II:||:| | IIlIII1d | III]I:II:llﬁ | HE
Propidium lodine H 27
uman CD45 QS
(7] -
o
2
E et Tl 1.‘;‘: N
M | IIIIIII| ||||||r|_|'
o 10 0t 1
""EJ Q1 02 ""'g_g Pa Human CD33
-] . " +_ i “EJ
~Mal- R T 3| P
E < 3 =
(©] - o) - i
C e O, T gwrn_;
£ =73 & 3 O 3
2 3 g =) —_— Q|
. Toy £ [ Bl
=] — 5 T 3
- . jo— T 3 IR - -
=] Q4 — s Fa R T e
- — .- w2
P LLLLLLL ) | LLLLLLLY R LU IR L) pa | T[T T T =T CTm T 7o — T .
" o 10 T o 10 10 it n® q TR P4
Glycophorin A Human CD41 WW
0 10 10 10
Human CD3

Figure 1. Clodronate and radiotherapy conditioning allow for reconstitution of human low-risk myelodysplastic syndrome
hematopoiesis in NSG-S mice. (A) Graphic representation of the mouse engraftment technique and assessment. (B)
Representative flow cytometry analysis of the human graft in an NSG-S mouse. Data were analyzed using BD FACSDiva software

v8.0.1. i.p.: intraperitoneal; XRT: radiotherapy; mo: months; SSC: side scatter.
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Figure 2. Engrafted low-risk myelodysplastic syndrome cells maintain the cytogenetics (and their functional impact) of the
original patients’ samples. (A) Comparison between the mutational profiles identified in the clinical report of patient 1 versus
those in an analysis of CD34" cells sorted before transplantation and pooled human CD45* (hCD45") cells sorted from mouse
bone marrow (BM) 3 months after transplantation. (B) Comparison between the mutational profiles in the CD34" cells sorted
from patient 2 before transplantation and the pooled hCD45* cells isolated from the BM of mice engrafted with cells from
patient 2, at 3 months after transplantation. (C) Splicing assay showing abnormal intron retention in the hCD45* cells of patient
2 prior to engraftment (MDS preENG, column 2) and those isolated from the BM of mice engrafted with cells from this patient
at 3 months after transplantation (MDS postENG, column 3) as predicted in SF3B7-mutant cells. (D) Comparison between the
mutational profile of CD34" cells sorted from patient 3 before transplantation and the pooled hCD45" cells sorted from the BM
of mice engrafted with cells from patient 3 at 6 months after transplantation. (E) Ratio of cryptic (abnormal intron retention) to
canonical LTZR1 splicing in the pooled hCD45" cells isolated from the BM of mice engrafted with cells from patient 3 as predicted
in ZRSR1-mutant cells. Each dot represents an independent experiment, horizontal lines represent the mean of four
experiments. VAF: variant allele frequency; NBM: normal bone marrow; MDS: myelodysplastic syndrome; Aza: azacitidine.
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that the selected hCD45" cells had a similar clonal archi-
tecture to that of the transplanted CD34" cells and the
clinical samples (Figure 2A). Secondary transplantation
using 10° hCD45" cells isolated from the BM of NSG/NSG-
S mice resulted in detectable human engraftment, albeit
at lower levels compared to those in primary recipients
(data not shown).

We tested the reproducibility of the NSG-S model using
various conditions: different CD34" numbers, fresh versus
frozen cells and clinical specimens from low-risk MDS pa-
tients with different molecular profiles (Table 1). Human
leukocytes were present in the peripheral blood of all mice
at 1(0.52%-14%) and 3 months (31%-20.7%) after transplan-
tation (Table 1). Similarly, we observed successful engraft-
ment in the BM (18.1%-99.3%) and spleen (8.1%-31.3%) at
3-6 months after transplantation (engraftment levels for
each individual mouse are shown in Online Supplementary
Figure S1C). Human cells were mostly CD33* myeloid cells
(38.2%-90.7% of hCD45" cells). B-cell engraftment, as de-
tected by the presence of CD19*/CD20" cells (0.11%-2.1% of
hCD45%) was present in a subset of animals. No mice
showed CD3* T- cell engraftment. Human erythroid engraft-
ment is particularly difficult to achieve in xenograft models,
as erythroid precursor cells are constantly removed by host
macrophages. The depletion of macrophages with clodron-
ate resulted in erythropoietic cell engraftment including
hCD45-hCD71" and hCD45"hCD71*GPA" cells in the BM and
spleen of recipient mice (Figure 1B, Table 1). In addition,
hCD45*hCD41* (014%-0.47% of hCD45") and hCD45-hCD41*
(0.1%-0.63% of mMCD45 hCD45") megakaryocyte lineage cells
were present in the BM and spleen.

The clonal architecture of engrafted cells recapitulated that
of the clinical BM samples and enriched CD34" cells (Figure
2A, B, D). In lieu of morphological analysis of engrafted
human cells, we investigated whether these cells showed
preserved cryptic intron retention, similarly to the original
sample. To this end, we extracted mRNA (from the pooled
hCD45" cells sorted from the mouse BM) using the Mon-
arch Total RNA Miniprep Kit and synthesized cDNA with the
High-Capacity cDNA Reverse Transcription Kit in order to
do splicing assays of the samples with mutated splicing
factors (SF3B1 and ZRSR2). For the SF3B1 splicing assay, an
isoform-competitive endpoint polymerase chain reaction
for canonical cryptic acceptors in exon 2 of TMEM14C was
performed with the primers GACACCTCGCAGTCATTCCT and
TGATCCCACCAGAAGCAACC. For the ZRSR1 splicing assay,
quantitative polymerase chain reaction was performed
using the KAPA SYBR FAST qPCR Master Mix (2X) Kit with
the primers CCCGCTCCAGCTACTTTGAA and CAAACAAGTA-
GAGCGAGTCCT for canonical LZTR17 and primers
CCCGCTCCAGCTACTTTGAA and AGTTCACTGGGGAGTGAG-
GAT for LZTR1 intron 18 retention. The expression ratio was
calculated with 2*-(canonical cycle threshold-cryptic cycle
threshold). mRNA analysis of engrafted MDS cells with

SF3B1 (patient 2) and ZRSR2 (patient 3) mutations validated
the persistence of physiologically impactful™" mis-splicing
events in TMEM14C and LZTRI1, respectively (Figure 2C, E).

For further exploration of disease relevance, after con-
firming engraftment, PDX derived from patient 3 were
treated with either azacitidine (5 daily injections of 5
mg/kg, 2 cycles, 4 weeks apart) or saline. PDX treated with
azacitidine showed decreased levels of BM engraftment
at 6 months after transplantation (4 weeks after the com-
pletion of the 2" cycle) (Table 1). Although not definitive
(because of the small number of mice), these results
serve as proof of concept of the model’s applicability to
study therapeutic interventions.

Recent years have seen the emergence of new tech-
nologies for augmentation of murine modeling of MDS, in-
cluding genetically engineered mouse models and
innovative PDX models. The PDX model described here
complements currently available analytic tools in MDS. It
makes use of relatively inexpensive and widely available
reagents (i.e., NSG-S mice, clodronate, and radiation) and
engraftment is tracked via non-invasive methods. Given
the simplicity of its workflow, with no need for other mov-
ing parts (e.g., timed pregnancies, pre-engraftment of
other cell populations or bone fragments), the use of vi-
ably frozen CD34" cells and easy conditioning regimen fol-
lowed by intravenous injection, this model is suitable for
large-scale drug testing in low-grade MDS. Typically, 20-
30 mL of BM aspirate from a low-grade MDS sample may
be sufficient to generate 50-60 PDX mice. Such scaling
allows for testing of single-agent regimens (e.g., spliceo-
some inhibitors) and combination therapies (e.g., with hy-
pomethylating agents) thus informing early-stage clinical
development.
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