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Acute Myeloid Leukemia
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ABSTRACT

epopulation of immunodeficient mice remains the primary

method for functional assessment of human acute myeloid

eukemia. Published data report engraftment in ~40-66% of cases,
mostly of intermediate- or poor-risk subtypes. Here we report that
extending follow-up beyond the standard analysis endpoints of 10 to 16
weeks after transplantation permitted leukemic engraftment from nearly
every case of xenotransplanted acute myeloid leukemia (18/19, ~95%).
Xenogeneic leukemic cells showed conserved immune pheno-types and
genetic signatures when compared to corresponding pre-transplant cells
and, furthermore, were able to induce leukemia in re-transplantation
assays. Importantly, bone marrow biopsies taken at standardized time
points failed to detect leukemic cells in 11/18 of cases that later showed
robust engraftment (61%, termed “long-latency engrafters”), indicating
that leukemic cells can persist over months at undetectable levels with-
out losing disease-initiating properties. Cells from favorable-risk
leukemia subtypes required longer to become detectable in
NOD/SCID/IL2Ry™" mice (27.5+9.4 weeks) than did cells from interme-
diate-risk (21.9+9.4 weeks, P<0.01) or adverse-risk (17+7.6 weeks;
P<0.0001) subtypes, explaining why the engraftment of the first was
missed with previous protocols. Mechanistically, leukemic cells
engrafting after a prolonged latency showed inferior homing to the
bone marrow. Finally, we applied our model to favorable-risk acute
myeloid leukemia with inv(16); here, we showed that CD34* (but not
CD34) blasts induced robust, long-latency engraftment and expressed
enhanced levels of stem cell genes. In conclusion, we provide a model
that allows i vivo mouse studies with a wide range of molecular sub-
types of acute myeloid leukemia subtypes which were previously con-
sidered not able to engraft, thus enabling novel insights into leukemoge-
nesis.

Introduction

The proliferation and survival of acute myeloid leukemia (AML) cells depend large-
ly on environmental cues that are yet to be deciphered, making in vivo models manda-
tory for functional studies on AML." In contrast to genetically modified mice, human
AML xenografts better depict the disease heterogeneity observed in patients.
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A variety of different strains of immunosuppressed mice
are available for xenograft studies.>® Overall, a higher
degree of immune suppression appears to facilitate human
cell engraftment. As such, robust engraftment was report-
ed from ~40% of human AML samples transplanted via
intrafemoral injection into non-obese diabetes/severe
combined immunodeficiency (NOD/SCID) mice that
were given pre-transplant irradiation conditioning.' The
more severely immunosuppressed NOD/SCID/IL2Ry™"
(NSG) mice, which lack T, B and functional natural killer
cells,* enabled engraftment of 66% of transplanted AML
samples, but mice received 10-fold higher cell numbers
(10" cells/mouse) and a particularly low threshold of
>0.1% human among murine bone marrow (BM) cells
was set to define engraftment.® With both protocols,
engraftment was preferentially observed from FLT3-
mutated high and intermediate molecular-risk AML
(defined according to European LeukemiaNet criteria)’”®
suggesting that especially favorable-risk AML cannot be
studied using these models.” Insufficient cross-reactivity
between murine and human proteins may lead to inade-
quate cytokine activity in human cells growing in the
murine environment, thereby specifically hampering
engraftment of certain subtypes of AML;"" consistently,
human cytokine knock-in mice were recently shown to
improve engraftment.”

Time to AML development is not assessable in patients,
since diagnosis is typically made at the time of overt dis-
ease. However, a longer time to relapse after apparent
remission is observed in patients with favorable-risk as
compared to adverse-risk AML, suggesting differences in
in vivo leukemia kinetics."" We, therefore, hypothesized
that subsets of AML (e.g. favorable-risk types) may
require longer time to produce detectable engraftment and
induce leukemia in mice. We transplanted a mixed cohort
of 19 human AML of various genetic backgrounds, includ-
ing four favorable-risk AML and two cases of acute
promyelocytic leukemia (APL), and extended the post-
transplant observation period to 1 year, instead of the 10
to 16 weeks used in previous studies.** Indeed, only 7/19
transplanted AML (~37%, termed “standard engrafters”)
showed detectable engraftment by week 16 after trans-
plantation, while 11/19 (~58%, termed “long-latency
engrafters”) repopulated mice later. Consistent with our
hypothesis, all favorable-risk AML were long-latency
engrafters. Importantly, longitudinal assessment of murine
BM at 8 to 16 weeks after transplantation showed no evi-
dence of leukemic cells in long-latency engrafters, indicat-
ing that they would have been missed with standard pro-
tocols. Next, we used this model to investigate the mech-
anisms underlying the observed differences in engraft-
ment latency and the leukemia-initiating cell (LIC) com-
partment of favorable risk AML with inv(16).

Methods

Primary acute myeloid leukemia cells

Peripheral blood (PB) samples from patients with AML (Table 1
and Omline Supplementary Table S1) were collected following
approval by the Ethics Review Board of the University Hospitals
of Basel and Tuebingen, enriched for mononuclear cells using a
Ficoll (Biocoll, Merck Millipore, Darmstadt, Germany) gradient
and viably frozen in 10% dimethyl sulfoxide solution
(AppliChem, Darmstadt, Germany).

Mice and xenotransplantation assays

NOD.Cg-Prkdc* IL2rg""/Sz (also termed NOD/SCID/IL2Ry™",
NSG) mice purchased from Jackson Laboratory (Bar Harbor, ME,
USA) were maintained under pathogen-free conditions according
to German and Swiss federal and state regulations. Freshly thawed
AML cells were used for primary transplants. Details on sample
preparation are provided in the Online Supplementary Material.
Gender-matched, 7- to 10-week old animals with or without prior
sublethal irradiation were injected intrafemorally® or via the tail
vein with AML cells resuspended in 25 or 200 uL phosphate-
buffered saline, respectively (Table 2). Engraftment, (defined as
21% leukemic cells in murine PB or BM)," was assessed in PB and
BM at signs of distress (e.g. decreased food and water consump-
tion, rapid breathing, altered movement)'® or routinely every 4 to
5 weeks in one mouse per group for each AML case. Mice were
euthanized at sickness (weight loss, ruffled coat, weakness,
reduced motility, other severe pathology) or detection of engraft-
ment.*” Kaplan-Meier survival analysis and final assessment were
performed on all animals. For secondary transplants, BM cells
freshly isolated from mice showing >40% BM infiltration and
belonging to one experimental group were pooled, subjected to
MACS purification for human CD33 to eliminate contamination
by murine cells and then used for transplantation in equal num-
bers as in the corresponding primary transplants. Limiting dilution
and homing assays were performed according to standard proto-
cols (see Online Supplementary Material).

Flow cytometry and histopathology

For flow cytometry analyses, fuorescent antibodies against
human CD33, CD34, CD133, CD117, CD45, (BD Biosciences),
CD14, CD183 (eBiosciences, San Diego, CA, USA), CD3 and CD19
(Biolegend, San Diego, CA, USA) were used. The analyses were
performed on either a FACS Cantoll or LSR II Fortessa (both BD
Biosciences). SytoxBlue or 7-aminoactinomycin D was used to dis-
criminate living and dead cells. Histological studies (with hema-
toxylin & eosin) and immunohistochemical analyses (CD33, CD34;
Ventana, Tucson, Arizona, USA; CD117, DAKO, Glostrup,
Denmark) were performed on formalin-fixed paraffin-embedded
organs as described elsewhere.” Samples were evaluated for Ki67
protein expression using the monoclonal anti-Ki67 antibody (clone
Mib 1, DAKO IR626, ready-to-use). The percentage of stained
leukemic cells was counted and recorded in 5% increments.

Colony-forming unit assays

For colony-forming assays, 2.5x10* CD34" or respectively
CD34 cells, sorted by FACS, were plated in methylcellulose
(Methocult H4434, StemCell Technologies, Vancouver, Canada) in
triplicate, incubated at 37°C in 5% CO, and scored for colony-
forming units at day 14.

Next-generation sequencing and microarray gene
expression analyses

For next-generation sequencing, the AML community panel
from Thermo Fisher containing 19 genes frequently mutated in
AML (see ampliseq.com), the Ion PGM platform and the Ion
Reporter AML pipeline (version 5.0) were employed. Agilent
SurePrint G3 Human Gene Expression 8x60K v2 Microarrays
analyses were performed on RNA extracts. For a detailed descrip-
tion of the next-generation sequencing and microarrays see the
Online Supplementary Data.

Statistical analysis

Data are presented as the mean + standard error of the mean. P
values are derived from the application of the Mann-Whitney U
test or two-tailed Fisher exact test.

Long-latency engraftment of human AML in NSG mice -
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Results

Extended follow-up time improved the detection rate
of human acute myeloid leukemia engraftment
in NSG mice

Nineteen AML cases of various genetic backgrounds,
including four favorable-risk AML [three with inv(16) and
one with t(8;21)] and two APL, were investigated regard-
ing engraftment in NSG mice (Table 1 and Ounline
Supplementary Table S1 for details of the patients and AML
characteristics). Xenotransplants were performed follow-
ing standard procedures via the tail vein (18/19 AML
cases, 7x10° to 1x10° cells per mouse) or intrafemoral injec-
tion (4/19 AML cases, 4x10° cells per mouse) (Table 1).

In previous studies, mice transplanted with human AML
cells were assessed at defined time-points (10, 12 or 16
weeks) and considered engrafted if >0.1-1% of human
among total BM cells were detected.*® Using this method,
a considerable proportion of AML, mostly of intermediate-
and favorable-risk subtypes, were scored non-engraftable
(35-60%, depending on the transplantation procedure and
detection threshold). We hypothesized that these AML
would also engraft, if longer observation times were
applied. We prolonged follow-up to 1 year after transplan-
tation, during which we closely monitored animals by
inspection (every other day) and by BM puncture and
multi-parameter flow cytometry analysis (performed at
signs of distress or routinely every 4 to 5 weeks in one

mouse per group for every AML case). This longitudinal
assessment in the BM revealed that engraftment detection
did indeed progress over time (Figure 1A and Ounline
Supplementary Table S2). Compared to analyses at 8-10 or
12-14 weeks after transplantation, the standard analysis at
16 weeks already improved engraftment, but late analysis
at 1 year revealed better engraftment than at any of these
early time-points (Figure 1A, P<0.0001, P<0.0001 and
P<0.001, respectively). In fact, only 7/19 transplanted AML
cases (37%) were standard engrafters, showing =1% of
human leukemic cells in the BM within the first 16 weeks
after transplantation, while the majority (11/19, 58%) of
cases were long-latency engrafters and repopulated mice at
detectable levels only later. Importantly, 11/11 and respec-
tively 10/11 of long-latency engrafters were screened neg-
ative for human leukemic cells in routine BM biopsies per-
formed at 8-10, 12-14 and 16 weeks after transplantation
(Figure 1A and Online Supplementary Table S2), indicating
that their engraftment would have been missed with pro-
tocols stopping experimental follow-up at these time-
points. Consistently, the majority (63%) of transplanted
mice were alive until 16 weeks after transplantation, but
developed robust leukemic engraftment and were removed
from the experiments progressively within the next
months (Figure 1B). Of note, in the three AML cases trans-
planted using both techniques (patients #1, #2, and #9;
Table 1), intrafemoral transplantation was more efficient
and allowed comparable engraftment starting from 2-fold
reduced cell numbers (Online Supplementary Figure S1).

Table 1. Molecular risk groups of the transplanted cases of acute myeloid leukemia, transplantation procedure and outcome details.
Engrafted/

Pat # Molecular risk group* Transplanted cells Route

Irradiation % Human engraftment Time to

per mouse transplanted in BM engraftment

g ! intermediate-I 4.0x10° if yes 33 49.23 + 11.81 7 weeks
53 7.0x10° iv. yes 5/5 14.15 + 7.57 7 weeks
r 2 adverse 4.0x10° if. yes 5/5 78.40 + 6.59 9 weeks
2 8.0x10° iv. yes 5/5 70.63 + 14.91 9 weeks
3 APL 7.0x10° iv. yes 5/5 3.84 + 1.04 10 weeks
s K intermediate-I 1.0x10° CD34* iv. yes 5/5 743 +21.81 13 weeks

;= 1.0x10° CD34 iv. yes 0/5 0 -
=5 intermediate-I 1.0x10° iv. yes 5/5 8345 + 3.97 15 weeks
A 6 intermediate-I 1.0x10° iv. yes 5/5 4.86 +4.63 15 weeks
7 adverse 1.0x10° iv. yes 5/5 68.51 + 11.36 16 weeks
8 favorable 1.0x10° CD34* iv. no 5/5 68.6 + 1.06 17 weeks

[inv(16) (p13.1q22)] 1.0x10° CD34 iv. no 0/5 0 -
- favorable 4.0x10° if. yes 4/4 8745 + 9.67 20 weeks
BN [inv(16) (p13.1q22) 1.0x 106 iv. yes 4/4 95.34 + 4.65 21 weeks
e intermediate-I 4.0x10° if. yes 33 40.38 + 22.61 22 weeks
§ adverse 1.0x10° iw. yes 35 6242 + 2131 25 weeks
s APL 1.0x10° iv. yes 5/5 201 +0.7 26 weeks
’é" intermediate-I 7.5x10° iv. no 4/4 8.34 + 6.6 27 weeks
= intermediate-I 1.0x10° Lv. yes 373 384 £1.04 28 weeks
8 intermediate-I 6.0x10° iv. no 3/5 22.32 +16.38 28 weeks
;‘.: favorable 1.0x10° CD34* iv. no 5/ 37.94 + 18.61 30 weeks

£ [inv(16) (p13.1g22)] 1.0x10° CD34 iv. no 0/5 0 -
= intermediate-II 1.0x10° iv. yes 4/4 11.40 + 8.21 38 weeks
favorable 1.0x10° iv. yes 33 1.6 + 0.35 39 weeks

[t&2D)]
NE 19 intermediate-I 1.0x10° iv. yes 0/6 0

"according to Mrozek et al.*;‘relapse sample; APL: acute promyelocytic leukemia; i.v: intravenously; i.f. intrafemorally. Note that for patients #4,#8 and #16 both CD34* and CD34 blasts were
transplanted, but engraftment resulted only from the CD34* cells. Patients’ samples #1, #2 and #9 were transplanted both intravenously and intrafemorally. Standard and long-latency
engrafters are idicated at the side of the table. NE: Non-engrafter (5%).
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Conserved immunophenotypic and molecular features
in xenogeneic versus corresponding pre-transplant
acute myeloid leukemia cells

Mice engrafted with human AML cells were analyzed
by multicolor flow cytometry, next-generation sequencing
and whole-body histopathology. Various degrees of
leukemic infiltration were detected in murine PB, BM and
organs (Figure 2A B). Engraftment of healthy human CD3*
and CD19" cells was not observed at any time-point (pre-
sumably because CD33 or CD34 pre-selection was
applied to cells from AML samples showing <95% blasts).
Xenogeneic leukemic cells derived from murine BM most-
ly showed conserved immunophenotypes when com-
pared to corresponding pre-transplant samples (Figure 2C
and Online Supplementary Figure S2), with the exception of
a down-regulation of CD117 (cKIT), which was observed
in 15/18 analyzed liver and 17/18 PB but not in correspon-
ding spleen or BM-derived samples (Online Supplementary
Figure S2B). Of note, 10/18 (56%) of AML samples that
showed robust engraftment in BM and/or organs did not
show leukemic cells in the PB (Figure 2A). These data sug-
gest that there are differences in leukemic cells residing in
different sites in the mouse, and show that screening of PB
alone cannot be used to monitor engraftment reliably.

Outgrowth of human leukemic cells in a xenograft ani-
mal model — especially if observed after periods of long
latency — might indicate selection of specific clones or de
novo acquisition of permissive mutations. To investigate
this aspect, we analyzed the mutational status of pre-
transplant and mouse-derived (post-transplant) leukemic
cells using next-generation sequencing. Post-transplant
samples were generated from pooled BM of all mice
engrafted with one AML case. Paired samples of pre-trans-
plant and corresponding xenogeneic cells were available

A B
20— P<0.0001 p<0.0001  p<0.001
8 |
s
29 15+
5% 3
£ E 2
c v =
Q = 1 O ™ S
x £ )
w 2
o % X
52
Qo 5+
£
= 16% 21% 37% 95%
o L L L] L]
week week week 16 at end of
8-10 1214 observation time

(up to 1 year)

standard time-points

1 non-engrafted patient samples
[ engrafted patient samples

for analysis from 12 of 18 engrafted AML cases. As shown
in Figure 2D, high conservation of genetic signatures was
observed in both standard and long-latency engrafters (see
also Ounline Supplementary Table S3 for a detailed annota-
tion of individual mutations). In one mouse-derived sam-
ple, a de novo-occurring ASLX1 mutation was detected at a
low allelic burden (4%), while in another a low allelic bur-
den NRAS mutation was lost, suggesting that genetic evo-
lution can occur, but may not be a frequent event (Figure
2D, Online Supplementary Table S3). Furthermore, reduced
frequencies of all five detected mutations were observed
in post- versus pre-transplant samples of another case, sug-
gesting possible co-engraftment with non-leukemic
human cells (patient #13, Figure 2D). Finally, xenogeneic
leukemic cells were shown to induce leukemia efficiently
upon retransplantation in secondary recipients (Figure 3).
Interestingly, faster repopulation was observed with xeno-
geneic secondary AML cells compared with the primary
AML cells from the same donor for both standard and
long-latency engrafting AML (Figure 3).

Taken together, leukemic engraftment in mice was con-
firmed by phenotype, histopathology, molecularly by
next-generation sequencing and functionally in retrans-
plantation assays. Mouse xenografts appear to mimic
human disease faithfully, even though engraftment occurs
after a long latency.

Favorable-risk acute myeloid leukemia required a
longer time to become detectable in mice
Favorable-risk AML cells were previously scored non-
engraftable, because they were not detectable in trans-
planted NSG mice analyzed 10 to 16 weeks after trans-
plantation. Our study confirms these results: at these
time-points, leukemic cells could not be detected in BM

100 : - S
" 1 63% n=109 mice :
9 f :
£ . :
o . a
2 : :
5 : :
g %01 s
£ 95% :
5 f :
X ) 5

0 — : 1
i 50

L]
0 10 20 30 40
weeks post-tx

------- analysis at standard end-point 16 weeks
------- analysis after 1 year (end of follow-up)

Figure 1. Extended post-transplant follow-up enhances the detection efficiency of human acute myeloid leukemia cell engraftment in NSG mice. Longitudinal
engraftment analysis by routine bone marrow punctures performed every 4 weeks revealed dependency of engraftment efficiency on post-transplant follow-up time.
Lower percentages of engrafted mice were detected at standard post-transplantation analysis time-points used in previous protocols as shown by (A) quantification
of engrafted samples at 8-10 weeks, 12-14 weeks and 16 weeks versus 1 year and by (B) Kaplan-Meier survival analysis of 109 mice xenotransplanted with human
AML cells, indicating that with extended follow-up time, ~95% of all transplanted mice develop leukemia. A Fisher exact test was used to calculate statistical signif-
icance between engrafters and non-engrafters at each analyzed time to our endpoint of 1 year of observation in (A).
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Figure 2. Conserved immunophenotypic and genetic features in patient-derived and corresponding xenogeneic acute myeloid leukemia cells. (A) Whole-body flow
cytometry and (B) histopathological analysis of peripheral blood (PB), bone marrow (BM), spleen and liver of transplanted mice revealed heterogeneous infiltration
with human leukemic blasts. (A) Semi-quantitative analysis summarizing high (>20%, +++), medium (5-20%, ++) and low (<5%, +) degrees of human leukemic cells
among murine cells. Note that cells could be undetectable in PB despite robust BM/organ infiltration. (B) A representative histopathological analysis of BM and
spleen from one engrafted sample [patient #9, AML with inv(16)] using hematoxylin & eosin and antibody staining against human CD33, CD34 and CD117 indicating
the leukemic origin. (C) A representative multicolor flow cytometric analysis of immunophenotypic profiles of pre- (patient PB-derived) versus post-transplant (mouse
BM-derived) AML cells showing no phenotypic changes upon engraftment [patient #8, AML with inv(16)]. (D) Highly conserved genetic patterns in pre- (patient-
derived) and post-transplant (mouse BM-derived) samples. Allele frequencies for each mutation as detected by next-generation sequencing are shown. Note the loss
of one out of two NRAS mutations (*p.GIn61Hi, # p.GIn61Lys; patient #8) and the gain of a low level ASXL1 mutation (patient #15).
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punctures performed on mice transplanted with favorable-
risk AML cells (Online Supplementary Table S2), even
though, when followed-up for longer periods, these mice
eventually showed robust engraftment (Figure 1, Table 1
and Online Supplementary Table S2).

To analyze the relationship between molecular risk clas-
sification and engraftment capacity in NSG mice, we divid-
ed our cohort according to the European LeukemiaNet
molecular risk score into favorable-, intermediate (I or I)- or
adverse-risk AML. The time to detectable engraftment was
indeed longer in mice transplanted with favorable-risk ver-
sus adverse- or intermediate-risk AML cells (favorable versus
adverse P<0.0001, favorable versus intermediate P=0.004,
Figure 4A, see also Table 1 for detailed numbers of engraft-
ed among transplanted mice). Consistently, the longest sur-
vival was observed in mice transplanted with favorable-risk
AML (27.5+9.4 weeks), followed by those transplanted
with intermediate-risk AML (21.9+9.4 weeks, P=0.008) and
adverse-risk cells (17+7.6 weeks, P<0.0001) (Figure 4B). The
two analyzed APL samples showed heterogeneous behav-
ior, with one sample belonging to the standard engraftment
group and the other to the long-latency group (Omnline
Supplementary S3A).

Consistent with previous data reporting a high frequency
of FLT3-ITD mutations among engrafting AML, FLT3-ITD
mutations were observed in 4/7 (57%) of standard versus
only 3/11 (27%) long-latency engrafters (Online
Supplementary Table S1). However, when all mice were ana-
lyzed together, FLT3-ITD mutated AML did not show sig-
nificantly faster engraftment or shorter survival when com-
pared to samples without a mutated FLT3 (Online
Supplementary Figure 3B).

Investigation of factors regulating engraftment latency
Leukemia has been proposed to initiate from rare sub-
populations of blasts termed leukemia-initiating cells
(LIC).** The observed differences in leukemia latency
could derive from: (i) different numbers of LIC (resulting

Long-latency engraftment of human AML in NSG mice -

from different LIC frequency and/or homing capacity to
BM niches); (ii) differences in survival and/or proliferation
capacity of human AML cells in the murine microenviron-
ment; or (iii) a combination of these factors.

Limiting dilution assays did in fact reveal a strong associ-
ation between engraftment latency (Figure SA, left), mouse
survival (Figure 5A, right) and, respectively, the number of
transplanted cells, and lower LIC frequency in long-latency
versus standard engrafters (1:197.599 versus 1:102.237).
Interestingly, reduced homing rates to the BM* were noted
in long-latency versus standardly engrafting AML (Figure 5B)
and the lowest percentage of homing cells was actually
observed in the one AML sample that did not engraft
(patient #19, data not shown).

To investigate in vivo proliferation, we performed Ki67
staining on the BM of mice infiltrated with human AML
cells; for reasons of consistency, only mice showing >20%
leukemic BM infiltration were included in the analysis.
Interestingly, similar high Ki67 positivity was detected in
standardly versus long-latency engrafting AML cells, indi-
cating comparable in vivo proliferation at this advanced
disease stage (Figure 5C,D). Supporting the notion that
AML cells of both groups can rapidly expand in the BM
microenvironment of NSG mice, the time from the last
negative BM puncture to detectable engraftment was
comparably short in standard versus long-latency
engrafters (3.36+1.03 weeks versus 3.17+1.17 weeks,
P=0.72) (Online Supplementary Table S2).

Favorable-risk acute myeloid leukemia with inv(16)
engraft from CD34-expressing leukemia-initiating cells
Next, we used this model to investigate leukemia initia-
tion from understudied favorable-risk AML with inv(16).
All three inv(16) samples available to us were transplanted
and showed engraftment, although only after a long latency
(patients #8, #9 and #16; see Table 1 and Ounline
Supplementary Table S1). Engraftment was confirmed as
described above by multicolor flow cytometry and
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histopathology analyses detecting human leukemic cells of
conserved phenotype in murine PB, BM and organs (Figure
2AB and Ounline Supplementary Figure 2A). As shown by
next-generation sequencing analysis, two NRAS mutations
were found in the patient who engrafted first (patient #3),
of which one was lost upon engraftment, while no further
AML-specific mutations were detected with our panel in
patient #9 in either pre- or post-transplant cells (Figure 2D
and Ounline Supplementary Table S3). AML cells from patient
#18, which required the longest time to engraft, showed
well-conserved mutations in BRAF, KRAS (at low allele fre-
quency) and ASXL1 (Figure 2D and Ounline Supplementary
Table S3).

To investigate in more detail the relevance of CD34
expression as a marker for LIC in this genetic subtype, we
sorted CD34* and CD34- AML blasts with inv(16) and ana-
lyzed them functionally in colony-forming unit and xeno-
transplantation assays, as well as molecularly by gene
expression arrays (Figure 6A). Interestingly, colony-forma-
tion capacity was higher in CD34" blasts than in CD34
ones (Figure 6B). Even with prolonged follow-up, in vivo
leukemia initiation was only observed from transplanted
CD34* but not CD34" leukemic inv(16) cells (Figure 6C),
indicating that LIC are comprised in the CD34* subpopula-
tion. When observation times were longer, CD34" inv(16)
AML blasts induced engraftment even in the absence of
pre-transplant irradiation conditioning. In mice, CD34*
blasts recapitulated the original AML phenotype generating
both CD34" and CD34 subpopulations (Online
Supplementary Figure S2). Supporting these functional
results, microarray gene expression analyses performed on
CD34* and CD34 inv(16) AML blasts revealed enhanced
stem cell gene expression in CD34" cells, as shown by gene
set enrichment analysis, comparing our results with com-
mon datasets (Figure 6D and Ounline Supplementary Figure
S4)." Collectively these data indicate that, albeit with longer
latency, favorable-risk AML with inv(16) can robustly
engraft NSG mice from CD34* LIC (Figure 6 and Table 1).

Discussion

Human healthy and malignant hematopoietic cells
engraft immunosuppressed mice, thereby providing a
valuable tool for studies on human hematopoiesis and
leukemogenesis. Higher degrees of murine immune sup-
pression facilitate repopulation with human cells,*” yet a
substantial proportion of AML, particularly of favorable-
risk and APL subtypes, remained non-engraftable in
antecedent studies.”*

The current study indicates that some AML require
more time to become detectable in mice, and thus may
have been falsely scored non-engraftable in previous
reports. By performing longitudinal BM analyses of trans-
planted mice at 10, 12 and 16 weeks, and afterwards pro-
longing follow-up time to 1 year, we demonstrate that
AML that score negative for human leukemic cells at con-
ventional time-points eventually do engraft and induce
symptomatic leukemia. Besides providing a tool for in vivo
investigation of additional AML subtypes, these data
demonstrate that leukemic cells can survive long periods
of time at undetectable levels in mice before they eventu-
ally spread out and induce leukemia. This evolution in
NSG mice mimics well the clinical course of AML in
patients.

As hypothesized, the molecular risk group of the trans-
planted AML significantly influenced engraftment and
leukemia kinetics in mice, with animals transplanted with
favorable-risk AML showing the slowest engraftment and
longest survival. FLT3-mutated AML, in previous studies
overrepresented within engrafted AML,” did not show sig-
nificantly shorter time to engraftment nor was the overall
survival of transplanted mice shorter compared to out-
comes of FLT3-non-mutated samples.” Higher sample
numbers or exclusion of specific genetic backgrounds (e.g.
aggressive AML without FLT3 mutation but with EVI/
overexpression, patient #2) might be required to detect
significant differences.” These findings are consistent with
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previously published data that correlate the capacity of
AML cells to engraft NOD-SCID mice with patients’ out-
come,” and the side-by-side analysis of NOD-SCID and
NSG mice indicating that AML considered non-
engraftable show equally impaired repopulation.”

There are several possible explanations for the engraft-
ment deficiency observed with some AML subtypes.
Delayed engraftment, as assessed during 1 year in our
study, might reflect clonal adaptation or slower growth
rate of some AML subtypes in the mouse environment. In
our study, both standard and long-latency engrafters
showed conserved phenotypic and genetic features in
mouse-derived cells in comparison with the correspon-

ding pre-transplant cells, findings which stand in contrast
to those of previous studies in which engraftment of indi-
vidual subclones was detected.” We hypothesize that
the more homogeneous results consistently observed in
the xenogeneic samples analyzed in our study reflect the
fact that they were induced by higher numbers of LIC,
which enhances the chance that several subclones are
depicted in the eventually analyzed sample. In contrast to
the previous studies, we used pre-transplant irradiation
conditioning® and comparatively younger mice,” which
might augment LIC homing to BM niches and thus enable
long-term engraftment and disease initiation from higher
numbers of cells. In support of this hypothesis, previous
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studies also showed engraftment of different subclones
from one AML case in individual mice, suggesting that the
ability to repopulate mice is not in fact restricted to certain
genetic features. Further investigations (e.g. using exome
sequencing comparison of patient-derived versus corre-
sponding xenogeneic AML cells) are required to investi-
gate whether atypical mutations (not captured by our
next-generation sequencing platform) may however be
acquired to facilitate growth in the murine environment.
This latter could actually also explain the faster outgrowth
of leukemic cells observed in retransplant assays.

AML with specific genetic backgrounds (e.g. favorable
risk) may particularly rely on cytokine and/or niche sup-
port for optimal in vivo survival and growth. Their
growth in NSG mice and capacity to engraft by outcom-
peting endogenous hematopoietic stem cells may thus be
hampered by limited cross-reactivity of murine factors
with human receptors. Immunosuppressed mice engi-
neered to express human cytokines (“humanized mice”),
or Kit mutations impairing murine host hematopoietic
stem cells, respectively, were found to improve engraft-
ment of healthy human hematopoietic and recently also
leukemic cells.®® Further supporting the notion that
engraftment is impaired by cross-species differences,
implanted humanized BM ossicles — which provide a
humanized niche environment within mice — were
shown to facilitate repopulation with APL and myelofi-
brosis cells.* In our study, similar (high) Ki67 positivity
was detected in the BM of mice infiltrated with different
AML at times of high leukemic burden. Furthermore, the
time period from the last detected negative BM sample
to engraftment and leukemia induction remained short in
all transplanted AML irrespectively of engraftment laten-
cy or molecular risk subtype (data not shown). Thus, at
times of advanced disease, the murine environment
appears to support the proliferation of AML cells of var-
ious genetic backgrounds (including favorable-risk) com-
parably. However, AML cells are known to secrete
cytokines and by themselves contribute to a pro-leuke-
mogenic environment; if they are expanded to detectable
numbers, inherent milieu disadvantages (e.g. lack of
cross-reactive cytokines in NSG mice) might thereby be
overruled. The situation might be different at the time of
disease initiation, when only a few human AML cells are
present in the mouse. Thus, the data presented here do
not exclude the possibility that some AML engraft with
long latency because they proliferate less in the murine
BM at early (pre-detection) time-points, due to onco-
gene-specific differences in interactions with the healthy
BM environment. Further studies are needed to investi-
gate whether, specifically at stages of minimal disease
burden, NSG mice provide suboptimal conditions for the
outgrowth of certain genetic backgrounds, and to test
whether further genetic modification of NSG mice via
knock-in of human cytokines could accelerate disease
induction thereby reducing more elevated costs raised by
long-term mouse maintenance.

Previous studies in mouse xenograft models have
shown that leukemia derives from rare LIC."*?%%
Consistently, lowering transplanted cell numbers below a
critical level (as part of limiting dilution assays) resulted in
engraftment failure, which could not be compensated by
extending follow-up. Reduced LIC frequency, as also
measured by us in long-latency versus standardly engraft-
ing AML, might thus be another explanation for the nega-

tive or delayed engraftment observed with certain AML
subtypes (particularly intermediate- and favorable-risk).
Supporting this notion, Griessinger and colleagues recent-
ly reported a surrogate ex vivo short-term co-culture sys-
tem showing lower frequencies of long-term culture-initi-
ating cells in good- versus intermediate- and poor-risk
AML.® Furthermore, indirect support of a lower LIC fre-
quency in favorable-risk AML was provided by mRNA
analyses, in which favorable clinical outcome was associ-
ated with reduced expression of stem cell genes.**
Alternatively, the reduced expression of stem cell genes
might derive from qualitative alterations of LIC in these
subtypes.’

LIC evaluation ultimately requires in vivo studies. LIC
frequency and phenotype are thus largely understudied in
AML previously considered non-engraftable, particularly
in favorable-risk AML. In our study, we observed lower
LIC frequencies in long-latency versus standard engrafters,
suggesting that this factor does indeed contribute to the
observed difference in leukemia induction latency.
However, follow-up studies involving larger numbers of
patients are necessary to confirm this conclusion.
Furthermore, long-latency engrafting AML contained
fewer numbers of leukemic cells able to home to the BM,
when compared to standard engrafting AML. The low
homing capacity and corresponding delay in leukemia
induction observed with some AML may result from
reduced expression of adhesion molecules, which in
healthy hematopoietic stem and progenitor cells have
been shown to essentially regulate BM homing.***%

Homing is a core property of healthy hematopoietic
stem cells.” Although understudied in the setting of AML,
homing appears as a pre-requisite for BM niche occupa-
tion and long-term leukemia induction, and LIC should be
included within the subset of homing AML cells. Future
studies are needed to evaluate homing as a surrogate assay
to measure LIC content and perhaps even as a short-term
functional assay that can predict disease aggressiveness.

Several attempts have been made to identify the pheno-
type of LIC. While they were reported to reside in the
CD34* or CD34'CD38 blast subpopulations,
CD34'CD38* and CD34 LIC have also been described
(e.g. recently via expression of GPR56)” and specifically
linked to certain genetic backgrounds (e.g. AML with
NPM1 mutation)."*” We next used our model to investi-
gate in vivo leukemogenesis and LIC from AML with
inv(16). All three transplanted samples of this subtype
robustly engrafted NSG mice, albeit with longer latency.
Engraftment was achieved even in the absence of prior
irradiation, indicating that conditioning and knock-in of
human cytokines are not mandatory for leukemia induc-
tion, although they likely accelerate this process.”
However, in spite of extended follow-up, i vivo leukemo-
genesis was only observed from CD34* (but not CD34)
inv(16) blasts. Furthermore, gene expression analyses
demonstrated enhanced expression of stem cell genes in
CD34" cells, reinforcing CD34 surface expression as a LIC
marker in this AML subtype.

In conclusion, we present a model that enables in vivo
studies of AML subtypes previously considered non-
engraftable, using widely accessible and well-character-
ized NSG mice. We show that in vivo xenotransplantation
of human AML cells in NSG mice faithfully recapitulates
human disease since xenogeneic leukemic cells: (i) retain
the phenotypic, genetic and functional leukemia-initiating
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