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Abstract

With the continued poor outcome of relapsed acute lymphoblastic leukemia (ALL), new

patient-specific approaches for disease progression monitoring and therapeutic inter-

vention are urgently needed. Patient-derived xenografts (PDX) of primary ALL in

immune-deficient mice have become a powerful tool for studying leukemia biology and

therapy response. In PDX mice, the immunophenotype of the patient's leukemia is

commonly believed to be stably propagated. In patients, however, the surface marker

expression profile of the leukemic population often displays poorly understood

immunophenotypic shifts during chemotherapy and ALL progression. We therefore

developed a translational flow cytometry platform to study whether the patient-

specific immunophenotype is faithfully recapitulated in PDX mice. To enable valid

assessment of immunophenotypic stability and subpopulation complexity of the

patient's leukemia after xenotransplantation, we comprehensively immunophenotyped

diagnostic B-ALL from children and their matched PDX using identical, clinically stan-

dardized flow protocols and instrument settings. This cross-standardized approach

ensured longitudinal stability and cross-platform comparability of marker expression

intensity at high phenotyping depth. This analysis revealed readily detectable changes

to the patient leukemia-associated immunophenotype (LAIP) after xenotransplantation.

To further investigate the mechanism underlying these complex immunophenotypic
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shifts, we applied an integrated analytical approach that combined clinical phenotyping

depth and high analytical sensitivity with unbiased high-dimensional algorithm-based

analysis. This high-resolution analysis revealed that xenotransplantation achieves

patient-specific propagation of phenotypically stable B-ALL subpopulations and that

the immunophenotypic shifts observed at the level of bulk leukemia were consistent

with changes in underlying subpopulation abundance. By incorporating the

immunophenotypic complexity of leukemic populations, this novel cross-standardized

analytical platform could greatly expand the utility of PDX for investigating ALL pro-

gression biology and assessing therapies directed at eliminating relapse-driving leuke-

mic subpopulations.
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1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) exhibits considerable clonal het-

erogeneity at diagnosis (DX) [1–5]. Relapses, which are mostly driven

by outgrowth of minor diagnostic subpopulations [2, 3, 6–10], con-

tinue to be associated with poor outcomes [11–13]. Patient-derived

xenografts (PDX), in which immune-deficient mice are engrafted with

primary ALL cells, have emerged as an important source of leukemia

progression and drug sensitivity data that could inform the develop-

ment of much needed new therapies [2, 14–27]. The significant

potential of ALL-PDX as screening platforms for clinical trials and for

personalized precision medicine approaches critically depends on their

ability to recapitulate clinical disease [17, 22, 28, 29], and there is

accumulating evidence that many aspects of the morphologic, geno-

mic, transcriptomic, epigenetic, and proteomic landscapes of primary

ALL are maintained in the PDX setting [2, 4, 14, 19, 20, 27, 30, 31].

The ability of ALL-PDX to recapitulate patient-specific leukemia

immunophenotypes is less established. As several PDX studies

reported selected antigen expression levels that are typical for ALL on

xenografted leukemia [14, 19, 20], it is commonly assumed that the

patient's immunophenotype is stably propagated after xenotransplan-

tation [4, 27]. In patients with precursor B-cell ALL (B-ALL), however,

the leukemia-associated immunophenotypic pattern (LAIP), defined

by asynchronous or aberrant expression of B-cell differentiation

markers on the bulk leukemic population, rarely remains stable [32–

38]. At diagnosis (DX), B-ALL commonly shows heterogeneous

expression of a variety of surface antigens on the leukemic population

[32, 36, 38–40], and exhibits unpredictable immunophenotypic shifts

during chemotherapy [32, 37, 38, 41, 42] and disease progression [32,

33, 35, 38, 40, 43–46]. The term immunophenotypic shift is com-

monly used in clinical medicine when the expression intensity of one

or several surface markers on the leukemic population is modulated to

a varying degree; interpretation of these fluctuations continues to

pose significant hurdles in clinical immunophenotyping efforts [33,

36, 38]. Although the underlying mechanisms are not fully understood

[32, 33, 35, 38, 40, 46], phenotypic heterogeneity and

immunophenotypic shifts may have important implications for the

assessment of reservoirs of leukemia involved in drug resistance and

evolution of relapse [9, 39, 47].

In clinical flow-based diagnostics, rigorous standardization is para-

mount for enabling reproducible comparison of marker expression

intensity across different samples, patients, flow cytometers, and time

[36, 38, 41, 48–56]. This ensures accurate and reliable distinction of

B-ALL from normal hematopoietic cell lineages, and is of particular

importance in measurable residual disease (MRD) diagnostics at the

end of induction chemotherapy, where the phenotypic shifts, strong

recovery of normal hematopoiesis, and low leukemic blast count fur-

ther complicates consistent assessment of leukemia persistence in the

patient [33, 34, 38, 40, 46, 57]. In contrast, the propensity of PDX

mice to exclusively expand ALL blasts provides phenotypic and func-

tional clarity of the xenotransplanted leukemia [8, 14, 16, 21, 23,

26, 47, 58, 59].

To more rigorously assess phenotypic stability after xenotrans-

plantation, we comprehensively immunophenotyped B-ALL from mat-

ched patient- and xenograft-derived samples using the identical,

clinically standardized flow protocols and instrument settings.

To exclude the possibility of chemotherapy inducing any

immunophenotypic shifts of the patient LAIP, we focused on

xenotransplanting primary leukemia from time of initial diagnosis (pre-

therapy). By performing a cross-standardized analysis at high

phenotyping depth, we investigated whether complex

immunophenotypic shifts of the patient LAIP do occur after xeno-

transplantation, which would significantly expand our current under-

standing of phenotypic stability in ALL-PDX mice. To overcome the

limitations of conventional approaches to investigating the multi-

dimensionality of phenotypic complexity [60–62], we developed an

integrated analysis method that successfully resolved the same sub-

population complexity in matched samples by discriminating their
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stable high-dimensional marker profiles. Our results demonstrate that

xenotransplantation achieves propagation of phenotypically stable B-

ALL subpopulations, albeit at different abundance levels.

We here present the methodological principles embedded in our

translational platform and the step-wise application of the various

components of our workflow to study whether xenotransplantation

faithfully recapitulates the patient-specific immunophenotype. Our

results highlight that by achieving cross-standardized assessment of

matched patient- and xenotransplanted samples, subpopulation-

specific analyses are feasible, which could greatly increase the utility

of ALL-PDX mice to study LAIP shifts during disease progression and

to successfully monitor the trajectories of phenotypically defined leu-

kemic subpopulations.

2 | METHODS

2.1 | Clinical B-ALL samples

Bone marrow (BM) samples were collected at time of DX from pediat-

ric precursor B-cell ALL (B-ALL) patients by fine needle aspiration in

sodium citrate tubes and distributed to the relevant clinical laborato-

ries at BC Children's Hospital and the BC Children's Hospital Biobank.

Cryopreserved aliquots of de-identified B-ALL BM mononuclear cells

(MNCs) and associated patient and disease information were obtained

for this study from the Biobank. Clinical characteristics for each

patient are shown in Table S1. Informed consent from human subjects

was obtained in all cases in accordance with the Declaration of Hel-

sinki and the study was performed under the University of British

Columbia Children's & Women's Research Ethics Board-approved pro-

tocols (H14-02930).

2.2 | Patient-derived leukemia xenografts

Briefly, non-preconditioned 6- to 10-week-old NOD.Cg-Prkdcscid/

IL2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory) were injected via

tail vein with 1–5 � 105 freshly thawed, viable diagnostic B-ALL BM-

MNCs in 0.2 ml phosphate-buffered saline. Recipients, termed DX-

PDX, were followed for up to 6 months with regular peripheral blood

monitoring to detect human CD19, CD45, and HLA-ABC positive cells

using a routine translational flow cytometry panel (Table S2) and data

acquisition with Fortessa X-20 (BD Biosciences). Upon onset of overt

leukemia or at 6-month endpoint, BM and spleen cells were harvested

and samples were analyzed by multi-parameter flow cytometry within

24 h with the identical 10-color clinical flow panel (Table S2) and

cross-standardized flow protocols as used for the diagnostic work-up

in the patient. Non-injected NSG control mice analyzed with the same

10-color clinical flow panel (Table S2) demonstrated negligible back-

ground staining, which was confirmed with an anti-murine

CD45-containing research B-ALL flow panel (Table S2, Figure S1). As

expected [14, 22, 24, 28], non-preconditioned NSG recipient mice

exclusively expand B-ALL cells and no non-B cell lineage human cells

were detected in any PDX using various translational flow panels (-

Table S2) and data acquisition with Fortessa X-20. All experiments

were conducted in accordance with a University of British Columbia

Animal Care-approved protocol (A19-0197).

2.3 | Clinical immunophenotyping of diagnostic
B-ALL

Diagnostic BM from children with B-ALL were immunophenotyped

within 24 h in BC Children's Hospital Hematopathology flow labora-

tory as part of routine patient care using a clinically standardized,

10-color monoclonal antibody combination designed to distinguish

the LAIP of B-ALL blasts from normal hematopoietic cells (Table S2;

Supporting Information, Clinical cell staining). All steps were per-

formed in strict adherence to clinical standard operating procedures

(SOP) to ensure quality-controlled assessments [36, 51, 55, 56]. Opti-

mal instrument alignment, fluidics, and voltages setup of the Navios

flow cytometer (Beckman Coulter, Indiana, IN, United States) included

standardization with Flow Check Pro and Flow Set Pro Fluorospheres

(Beckman Coulter) as per clinical SOP, and stable marker expression

intensity, which ensured longitudinal comparability of flow results,

was verified by consistently achieving the pre-determined optimal tar-

get values during daily quality control. Antibody lots were tested for

fluorescence variation [49] and each new antibody cocktail verified to

maintain staining characteristics.

To achieve the same clinical immunophenotyping depth and

enable direct comparison of marker expression intensity across plat-

form, all PDX-derived diagnostic B-ALL samples were stained with the

identical clinical flow protocols (Table S2) following the same SOPs

and acquired with the same Navios flow cytometer model with cross-

standardized instrument settings. For each sample, between 1 � 105

and 1 � 106 events were collected, depending on the analytical sensi-

tivity required for rare event detection (Supporting Information, Ana-

lytical assay sensitivity).

2.4 | Comprehensive clinical gating

Clinically acquired list mode data (LMD) files were analyzed using

Kaluza software (Version 1.2, Beckman Coulter). The same multi-step

manual gating method, termed “integrated LAIP-based Different-

from-Normal” [63], was consistently applied to identify B-ALL blast

populations in every sample from patients and PDX mice. Samples

analyzed this way are referred to as “clinically gated.” The compre-

hensive clinical gating approach followed published principles of B-

ALL immunophenotyping [33, 35, 38, 40, 46]. Briefly, after routine

exclusion of air bubbles, debris, aggregated and dead cells, the

patient-specific LAIP was manually identified among viable MNCs

(or viable nucleated singlets in PDX samples) by expert operators fol-

lowing a pre-defined gating hierarchy on sequential two-dimensional

dot plots (Figure S2A). The patient-specific LAIP is used to discrimi-

nate B-ALL blasts from healthy precursor B cells using different-from-
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normal gating, where the differentiation and maturation patterns of

normal progenitor B cells in BM are represented within the pre-

established B cell maturation matrix shown as contour plots

(Figure S2B) [57, 64]. As the specific pattern of immunophenotypic

aberrancies can differ significantly between each leukemia [32, 37, 41,

42, 65], patient-specific fine-tuning of LAIP-based gating is essential.

2.5 | Unbiased algorithm-based high-
dimensionality reduction analysis

To explore multi-dimensional relationships that might not be fully cap-

tured by the manual analysis of sequential two-dimensional dot plots

[61, 66, 67], we used t-distributed stochastic neighbor embedding (t-

SNE) [68], an unbiased, high-dimensionality reduction computational

algorithm (Supporting Information, t-SNE analysis). As we chose to

use FlowJo™ software (Ashland, OR, United States) with their user-

friendly plugins for high-dimensional analysis, we first confirmed that

the FlowJo-based clinical gating strategy recapitulated the exact iden-

tification of the patient-specific blast population obtained with the

Kaluza®-based clinical gating (data not shown). Unbiased high-

dimensional t-SNE maps of 30,000–50,000 total viable nucleated

xenograft BM singlets were generated to: (i) identify low-level residual

human blast cells from mouse background in DX-PDX; (ii) to rule out

non-specific background staining of murine cells with human markers

in non-injected NSG control mice (Figure S1); and (iii) to verify the

absence of phenotypically normal lymphoid or myeloid cell lineages.

For subpopulation-specific analyses, we downsampled 30,000–

50,000 B-ALL blasts from the clinically gated leukemic population and

created individual tSNE maps using the differentially expressed

markers (6–8 markers), which had to be identical in matched samples.

For all t-SNE analyses, we ran the FlowJo®-embedded plug-in

(v10.4.2) with the standard settings of 1000–2000 iterations, 20–40

perplexity, 200 eta and 0.5 theta. We repeated each analysis several

times to ensure that a stable configuration of the t-SNE map was

indeed achieved. Heat maps of marker intensity were overlaid with

each t-SNE map to visualize the full marker expression pattern and to

verify the immunophenotypic pattern at the single cell level.

2.6 | Integrated analysis of phenotypic shifts and
leukemic subpopulations

Our integrated analysis leveraged the immunophenotypic clarity of

xenograft-expanded leukemia (bestowed by absence of normal human

hematopoietic cells), the high analytical sensitivity and phenotyping

depth of clinical MRD methodology, and the unbiased high-dimensional

algorithm-based analysis. This unsupervised analytic approach enabled

the resolution of phenotypically distinct leukemic subpopulations in

PDX that matched the heterogeneous expression patterns of the same

markers in the entire leukemic population (Supporting Information, Sub-

populations). We then re-analyzed the clinical flow data using this

approach. All t-SNE based subpopulations were subsequently visualized

on N � N views of conventional two-dimensional dot plots and histo-

gram overlays to verify their distinct immunophenotypic pattern,

sustained separation and concise population characteristics in all N � N

views. Likewise, manually gated populations had to show clear separa-

tion with one or more surface markers on two-conventional dot plots,

while sustaining concise population characteristics in all N � N views

and presenting as spatially resolved populations with matched location

on the unsupervised t-SNE map. Results generated with both

approaches had to match numerically and phenotypically.

3 | RESULTS

3.1 | Standardized comprehensive phenotyping
reveals immunophenotypic shifts after
xenotransplantation

Our translational analytical flow platform was designed to achieve iden-

tical clinical immunophenotyping in cross-standardized settings, which

ensured the stability of marker expression intensity across platform and

inter-sample comparability at the same phenotyping depth. To assess

marker-specific shifts after xenotransplantation, we first overlayed B-

ALL populations from the PDX (DX-PDX) and corresponding patient

(DX), which had been identically gated (Figure 1A) using the comprehen-

sive clinical gating approach (Figure S2), as conventional histograms

(Supporting Information, Conventional histogram overlays). For a repre-

sentative sample (BB008), both CD19 and CD45 expression intensity

showed a homogenous histogram peak, typical for a large, dominant

population (Figure 1B) [32, 38, 39]. However, while peak intensity of

CD19 expression was identical between DX-PDX and DX, CD45

expression was decreased by more than half a log after xenotransplanta-

tion. As our standardized platform enables direct comparison of marker

expression intensity, this decrease in expression intensity mirrors the

gradual loss in CD45 expression frequently observed in patients during

the course of their disease [32]. Expression intensity of 5 out of 6 addi-

tional markers was either notably increased or decreased in DX-PDX

mice (Figure 1C). CD34 was most prominently gained after xenotrans-

plantation, which was accompanied by a shift from a heterogeneous

expression pattern in the patient to a homogenous expression pattern

in DX-PDX. Also, the change in expression of the various B-cell differen-

tiation markers (CD10, CD20, CD34 and CD38) was not coordinated in

a manner that could indicate a switch to a more mature or immature B-

ALL phenotype [32]. Although these changes in expression intensity are

moderate, as no marker was entirely lost or newly gained, they are con-

sistent with a complex, multi-dimensional immunophenotypic shift of

the patient's leukemia after xenotransplantation.

3.2 | An integrated analysis approach enhances
subpopulation detection

As immunophenotypic shifts could be the result of changes in marker

expression of the entire leukemic population or in the relative
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abundance of phenotypically distinct leukemic subpopulations, we

further investigated the mechanism underlying the observed shift

after xenotransplantation. As the heterogeneous expression patterns

of CD10 and CD34 (Figure 1C) suggested that subpopulation com-

plexity was not fully captured by histogram representations, we evalu-

ated whether phenotypically distinct subpopulations were present at

high-resolution. Histograms possess a well-known visualization bias

toward dominant populations (Figure S3A), rendering subpopulations

as heterogeneous histogram distributions only when present at >10%

and as two distinct peaks (bimodal) only when co-dominant [32, 38–

40]. When plotting the xenografted leukemia (DX-PDX) as density

plots with all outliers as individual dots to visualize their complete

population characteristics on N � N views (representative examples

shown in Figure S3B), it revealed considerable phenotypic complexity

(Figure 2A) that extended beyond the heterogeneous histogram rep-

resentations (Figure 1C).

In order to distinguish distinct leukemic subpopulations within

the entire B-ALL population, their differential expression patterns,

often of the same markers, need to be identified. Yet, the multi-

dimensionality of this complex immunophenotype (Figure 2A) under-

scores the well-known challenges that complex high-dimensional data

pose for manually establishing a sequential gating approach [60–62,

67, 69]. Identifying distinct marker expression patterns in this context

heavily relies on adequate data visualization by expert users to iden-

tify the best manual gating approach [48, 61, 67, 70]. By choosing the

two-dimensional plots with the most prominent subpopulation char-

acteristics, we manually established a conventional sequential gating

strategy for BB008 that identified two clearly CD10-separated sub-

populations (Figure 2B), which were further separated into two addi-

tional subpopulations by their distinct CD34/CD38 expression

pattern; each time falling within the identical gates (Figure 2C + D).

As required by our strict subpopulation criteria (Supporting Informa-

tion, Subpopulation criteria), all four subpopulations showed good

immunophenotypic separation and clustering on various two-

dimensional plots (representative example shown in Figure 2E).

To more fully explore the multi-dimensional relationships present

in our data without introducing a potential gating bias [60, 61, 67], we

integrated the unsupervised t-SNE algorithm into the conventional

gating approach [68]. As we had previously downsampled the total

event count to 30,000 blast cells to perform all analyses on the identi-

cal population, cross-validation between both approaches was feasi-

ble. When the manually identified subpopulations were overlaid with

the unbiased t-SNE map, all four DX-PDX subpopulations constituted

distinct and spatially resolved populations in the high-dimensional

F IGURE 1 Staining characteristics of identically phenotyped xenograft- and patient-derived leukemia using cross-standardized settings.
Clinically gated xenograft (DX-patient-derived xenograft [PDX]) or patient (DX) leukemic populations from patient BB008 are shown (A) as
density plots (5% zebra plot, outliers as individual dots) on two-dimensional plots depicting anti-human CD19 versus anti-human CD45 staining
intensities, or (B + C) as histogram overlays to better facilitate direct comparison of marker expression intensity showing (B) only the B-cell
lineage marker (CD19) and hematopoietic marker (CD45) compared to (C) the panel's high phenotyping depth. The rigorous cross-standardization
of our translational approach ensured the stability of marker expression intensity across platform and inter-sample comparability at the same
comprehensive phenotyping depth [Color figure can be viewed at wileyonlinelibrary.com]
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space (Figure 2F), yet with some gating inconsistencies at the single

cell level. Applying the same manual gating strategy in the indepen-

dent analysis of the corresponding patient leukemia (DX) identified

the same subpopulation complexity (Figure 2G–I). All four manually

gated subpopulations showed decent immunophenotypic separation

and clustering in all N � N density plots (representative plot shown in

Figure 2J). When visualized in the high-dimensional t-SNE space,

however, their gating precision at the single-cell level was even less

accurate than in the DX-PDX (Figure 2K), highlighting the difficulties

of clearly discriminating complex expression patterns in the two-

dimensional space.

3.3 | Unbiased high-dimensional t-SNE analysis
confirms the stable propagation of subpopulations

Since unbiased t-SNE analysis automatically separates cells into spa-

tially resolved populations on the dimension-reduced t-SNE map based

F IGURE 2 Manually identifying population characteristics indicative of leukemic subpopulations. (A) Density plots (5% zebra plot, outliers as
individual dots) of the clinically gated leukemic population of DX-patient-derived xenograft (PDX), when visualized at greater immunophenotyping
depth, better resolve low-frequency information that extend beyond dominant population characteristics. The varying phenotypic heterogeneity on
various two-dimensional plots suggests presence of a complex immunophenotype. (B–K) Patient-specific manual gating strategy of sequential two-
dimensional dot plots, identically applied in DX-PDX (B–D) and the patient (DX) (H–I), resolve the same phenotypically distinct leukemic
subpopulations in both settings. The identified four subpopulations were color-coded according to their distinct phenotype and simultaneously
visualized on N � N plots (representative CD10/CD34 plots shown) confirming that the gating approach had identified authentic population
characteristics (E + J). Of note, the different magnitude of each subpopulation within the total leukemic population impacts the visual representation
of subpopulations. For each case, all leukemia-specific analyses were performed on the identical leukemic population, downsampled to 30,000 blasts
each, to ensure cross-validation between the conventional manual gating (B–D; G–I) and the high-dimensional gating (F + K) approach. Overlay of
manually gated subpopulations onto the respective unsupervised dimension-reduced t-SNE map depicts their concise clustering within the high-
dimensional population characteristics, their relative abundance, and gating accuracy at the single cell level (F + K) [Color figure can be viewed at

wileyonlinelibrary.com]
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on the totality of markers they express, this leads to better separation

of distinct cell populations in the multi-dimensional space [61, 67]. As

demonstrated in Figure 3A (identical t-SNE map as in Figure 2F),

unsupervised t-SNE analysis of DX-PDX successfully identified the

phenotypes of the same four subpopulations (marker expression

heatmaps), as well as their clear separation in the multi-dimensional

space of the t-SNEmap. As t-SNE analysis is unbiased and does not rely

on the manual sequential gating of the conventional approach, their

multi-dimensional separation facilitates superior gating precision and

independently verifies their accurate identification (Figure 3A). By uti-

lizing the high analytical sensitivity of clinical MRD methodology

(Supporting Information, Analytical assay sensitivity) [33, 35, 36, 71–

73], as well as the accurate representation of rare events in the

dimension-reduced t-SNE map [61, 66, 74], our integrated approach

F IGURE 3 High-dimensional gating approach with the unbiased t-SNE algorithm identifies the same subpopulation complexity in patient- and
xenograft derived leukemia BB008. (A + B) Application of the automated t-SNE algorithm in standard settings (FlowJo™ 10.4.2) identified the
high-dimensional similarities of 30,000 leukemic cells (identical population as in Figure 2), which are visualized in its dimension-reduced space, the
t-SNE map, for either (A) DX-patient-derived xenograft (PDX) or (B) the patient (DX), accurately representing rare cell events. After
simultaneously assessing staining intensities of all differentially expressed flow markers for each single cell, blasts are separated into spatially
resolved populations based on the totality of markers they expressed differentially. Representative t-SNE map visualizations shown (left to right):
pseudo-color density plot, heatmap overlays of CD10- or CD34-specific expression intensities, and subpopulation-specific denotations either at

the single cell or population level. (C + D) As the unsupervised, multi-dimensional data analysis approach achieved in the t-SNE map eliminates
gating biases, the subpopulation characteristics identified with the high-dimensional gating approach were validated by visualizing their unique
expression profiles on conventional two-dimensional plots confirming their clear immunophenotypic separation and concise clustering as spatially
resolved, distinct subpopulations. The side-by-side comparison between (C) DX-PDX and (D) DX provides a visual validation tool to assess
whether the identical phenotypes were independently identified and stably propagated during xenotransplantation. (E + F) At low
immunophenotyping depth, all four phenotypically distinct leukemic populations showed indistinguishable CD19/CD45 staining characteristics in
both the (E) PDX and (F) patient (DX) [Color figure can be viewed at wileyonlinelibrary.com]
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clearly identified very minor subpopulations (≤1%) within the dominant

CD10+CD34+CD38int leukemic population (91%) (Table S3A).

For the clinical leukemia (DX), where gating precision was even

more challenging to achieve with the conventional approach

(Figure 2K), our high-dimensional approach reliably discriminated the

identical subpopulation complexity in the sample-specific t-SNE map

with excellent gating clarity (Figure 3B). Since unbiased t-SNE analysis

does not rely on detecting expected phenotypes of known cell

populations, the unsupervised discrimination of the same minor phe-

notypic subpopulations from the patient's identical dominant pheno-

type confirms that phenotypically stable subpopulations are

propagated during xenotransplantation.

3.4 | Cross-validation reveals unique, stable
subpopulation expression profiles with additional
markers

The phenotypic clarity of the high-dimensionally gated subpopulations

becomes apparent when their various marker expressions are visual-

ized on conventional two-dimensional plots, the mainstay of clinical

immunophenotyping. Confirmation of their clear immunophenotypic

separation and concise clustering on N � N representations is a

required cross-validation step in our approach (Supporting Informa-

tion, Subpopulation criteria). As shown in Figure 3C + D, in both

xenograft (PDX) and corresponding patient (DX), each subpopulation

maintains a unique expression profile with the inclusion of several

additional markers. Notably, when only viewed on CD19/CD45 plots

as is common in xenografting studies, the subpopulations remain

indistinguishable (Figure 3E + F). These results emphasize the consid-

erable phenotypic heterogeneity of the bulk leukemia population that

remains concealed without sufficient immunophenotyping depth and

subpopulation-resolving sub-gating (Figure 3C + D). The consistency

of the phenotypic patterns between the patient and corresponding

PDX illustrates that even at this higher level of marker complexity, the

subpopulation-specific expression profiles of the diagnostic leukemia

(DX) remain stable after xenotransplantation (PDX).

3.5 | Immunophenotypic shifts in PDX likely
reflect differential abundance of phenotypically
distinct subpopulations

Our integrated analytical approach reliably discriminated the identical

subpopulation complexity in matched samples with excellent gating

clarity. To further investigate the mechanism underlying the observed

immunophenotypic shifts of the LAIP at the level of the bulk leukemia

after xenotransplantation, we next visualized the expression intensi-

ties of each marker by creating subpopulation-specific histogram

overlays for the PDX and patient (Figure 4A + B). This analysis con-

firmed the distinct marker profiles of each subpopulation. Notably,

significant differences (often >1 log) in expression intensity

(Figure 4A) were only detected for markers that contributed to the

observed immunophenotypic shift of the xenotransplanted bulk leu-

kemia depicted in Figure 1B + C. Markers that remained stable on the

xenotransplanted bulk population were identically expressed in all

identified subpopulations (Figure 4B). This subpopulation-specific pat-

tern was identical between PDX and patient (DX), again confirming

the phenotypic stability of the xenotransplanted subpopulations

(Figure 4A + B). Our approach also accurately identified the size of

each subpopulation within each leukemic population (Figure 4C,

Table S3A), revealing their changed abundance levels in the bone mar-

row after xenotransplantation (Figure 4D). These results suggest that

the different abundance levels of phenotypically distinct subpopula-

tions between patient and PDX (Table S3B), rather than a general

change in the LAIP of the entire blast population, lead to the observed

immunophenotypic shift after xenotransplantation (Figure 1B + C).

3.6 | Xenotransplantation propagates
phenotypically stable subpopulations with patient-
specific immunophenotypes

To validate the reproducibility and accuracy of our integrated analysis

approach, we investigated whether immunophenotypic shifts of the

diagnostic leukemia were also observed after xenotransplantation of

two other primary pediatric B-ALL cases (Figure 5, Table S1). For

BB069 (Figure 5A–F), which progressed to overt leukemia 70 days

after xenotransplantation, a complex immunophenotypic shift was

again observed (Figure 5A). Our integrated analysis approach reliably

discriminated one clearly separated minor subpopulation, with previ-

ously unknown immunophenotype, from the dominant population

(Figure 5B–D) showing clear phenotypic separation and concise clus-

tering on conventional two-dimensional plots. Subpopulation discrimi-

nation was consistently superior on the t-SNE map (Figures 5D and

S4A), resulting in more nuanced identification of subpopulations. All

subpopulations displayed phenotypic stability in matched samples

(Figure 5E). Sample BB035 (Figure 5G–L) only achieved a low, non-

progressing leukemic burden (1.4%) in the PDX by 6 months after injec-

tion. Even at very low burden (Figure 5G), unbiased t-SNE analysis of

nucleated BM singlets reliably identified the minor leukemic infiltration

from mouse cell background when stained only with the clinically stan-

dardized human B-ALL panel. Of note, engraftment of normal human

hematopoietic cells was also absent in this low burden context

(Figure S4B). The same t-SNE map (Figure 5G), that precisely discrimi-

nated the MRD-level leukemia within mouse BM cells, also accurately

identified the same subpopulation complexity (Figures 5H + I and S4C)

as in the patient leukemia (Figure 5J + K), demonstrating the high ana-

lytical sensitivity of our approach (Table S3C). Finally, as shown in

Figure 5F + L, the differential expansion kinetics of the various sub-

populations led to different enrichment patterns (Table S3A+ B), which

impacts the overall phenotypic composition of the leukemia between

patient (DX) and PDX. This further supports that the different distribu-

tions of phenotypically distinct subpopulations between patient and

corresponding PDX lead to the observed immunophenotypic shifts of

the bulk leukemia after xenotransplantation.
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4 | DISCUSSION

Despite substantial treatment advances, outcome for patients with

relapsed ALL remains poor and patient-specific approaches that could

model early disease progression biology and identify relapse-

propagating vulnerabilities are in increasing demand [11–13, 75, 76].

Given the poor in vitro viability of patient-derived blasts and limited

sample size of diagnostic BM, particularly in children, in vivo expan-

sion of patient-derived blasts in PDX mice have emerged as a power-

ful tool to facilitate patient-specific leukemia biology studies [29].

Despite phenotypic heterogeneity being a common clinical observa-

tion in B-ALL [33, 36, 38–40], the application of in-depth flow cyto-

metry to PDX studies has been limited. In PDX models, it is common

practice to confirm human B-ALL engraftment and degree of organ

involvement with smaller research flow panels (e.g., anti-human CD45

and lineage-specific CD19) that discriminate their expression on the

expanded B-ALL population against a mouse CD45+ staining back-

ground. The additional human B-cell maturation markers needed in

clinical diagnostics to discriminate B-ALL blasts from normally matur-

ing counterparts are not necessary for confirming ALL in PDX, due to

the paucity of normal human hematopoiesis in mice [14, 22, 24, 28];

but they are occasionally included for certain experimental questions.

To determine the value of deeper B-ALL immunophenotyping in the

PDX setting, we developed a translational flow cytometry platform

(Figure 6) to permit identical assessment of phenotypic heterogeneity

and stability of the patient-specific LAIP during xenotransplantation.

The strength of our platform lies in directly combining the rigor-

ous standardization practices and identical phenotyping depth of

flow-based clinical diagnostics with the established phenotypic clarity

and confirmed leukemogenesis of the xenotransplanted leukemia. The

potential impact of different antibody clones, fluorochromes, sample

processing and instrument settings on the longitudinal stability and

cross-platform comparability of marker expression intensity is a well-

known hurdle for accurate and reproducible flow-based assessment

[36, 38, 48, 50–56]. By ensuring consistent evaluation of marker

expression intensity of clinically validated antibody combinations

F IGURE 4 Stable phenotypic profiles of subpopulations are identically propagated during xenotransplantation. (A + B) Histogram overlays of
all four subpopulations for either the DX-patient-derived xenograft (PDX) or the patient (DX), identically color-coded according to their distinct
phenotype. Peak intensities for each phenotypically distinct subpopulation are identical between PDX and patient and revealed additional
subpopulation-specific marker complexity when visualized at full immunophenotyping depth, further confirming that phenotypically stable
subpopulation complexity is propagated during xenotransplantation. (A) Subpopulations only showed significant differences (often >1 log) in
expression intensity for those markers that had similarly shifted for the total leukemic population during xenotransplantation (depicted in
Figure 2B, C), while (B) markers that remained stable with xenotransplantation were identically expressed in all identified subpopulations. (C + D)
Subpopulations, as identified with our integrated approach and stably propagated during xenotransplantation, are color-coded according to their

distinct phenotypes and (C) their relative abundance levels within the diagnostic leukemic population or (D) their respective bone marrow
(BM) burden is shown as stacked bar graphs comparing the patient (DX) with the PDX. * Of note, BM burden levels cannot be directly compared
between patient and PDX, as the different denominator (mononuclear cells [MNCs] in the patient, nucleated singlets in the PDX) results in lower
burden estimates in PDX [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Consistent identification and stable propagation of patient-specific subpopulation complexity in two additional pediatric B-ALL
cases. (A–L) Two additional pediatric B-ALL cases of matched patient- and PDX-derived diagnostic leukemia, (A–F) BB069 and (G–L) BB035,
were identically phenotyped using the same clinical flow protocols with cross-standardized instrument settings. (A–F) Subpopulation complexity
in BB069: (A) Histogram overlays of the clinically gated leukemic population from matched samples for BB069 identified a patient-specific
complex immunophenotype in the bulk leukemia that shifted after xenotransplantation. (B + C) Density plots (with outliers as dots) of the
leukemic population reveal low-frequency information consistent with presence of minor subpopulations (representative CD34/CD19 plot

shown). (D) Dimension-reduced t-SNE map of differentially expressed markers in 30,000 blasts; left to right: sample-specific t-SNE map with
either pseudo-color density plot, marker-specific heatmap overlay, or subpopulation-specific denotations showing clear phenotypic separation
and concise clustering on conventional two-dimensional plots. (E) Histogram overlays of subpopulations confirming phenotypic stability during
xenotransplantation. (F) Stacked bar diagram displaying subpopulation-specific distribution in the total leukemic population (left panel) and
subpopulation-specific bone marrow (BM) burden (right panel). (G–L) Subpopulation complexity in BB035: (G) Unbiased t-SNE analysis of 30,000
total nucleated bone marrow singlets of DX-PDX reliably separates a small B-ALL infiltration of 1.4% from unstained mouse background and
accurately identifies two phenotypically distinct subpopulations, which clear phenotypic separation is confirmed on (H) conventional two-
dimensional plots. (I) Manual sequential gating of the leukemic subpopulations achieves less accurate gating clarity at this low level of leukemic
infiltration. (J) Dimension-reduced t-SNE map of 30,000 clinically gated leukemic blasts from the patient (DX) separates blasts into spatially
separated populations with confirmed phenotypic separation on (K) conventional two-dimensional plots when visualized at high phenotyping
depth (right panel) but indistinguishable on basic CD19/CD45 plot (left panel). (L) Stacked bar diagram of subpopulation-specific distribution in
the leukemic population (left panel) and subpopulation-specific bone marrow (BM) burden (right panel) emphasizes that both populations only
reach measurable residual disease (MRD)-comparable infiltration levels in the PDX. * Of note, BM burden levels (F + L) cannot be directly
compared between patient and PDX, as the different denominators (mononuclear cells [MNCs] in the patient, nucleated singlets in the PDX)
result in lower burden estimates in PDX [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Workflow of the translational analytic flow cytometry platform. By utilizing clinically standardized flow protocols with cross-
standardized instrument settings to achieve identical phenotyping depth and stable comparability of marker expression intensity across platform,
the developed integrated analytical approach accurately and reproducibly identifies subpopulation complexity in both settings facilitating
assessment of phenotypic stability across platform [Color figure can be viewed at wileyonlinelibrary.com]
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designed to detect a range of B-ALL immunophenotypes amidst nor-

mal hematopoiesis, our translational platform meets the technical

requirements for accurately detecting and assessing gradual gains and

losses of antigens most commonly expressed on B-ALL blasts. The

high phenotyping depth and analytical sensitivity of our approach rev-

ealed a complex immunophenotype in all xenotransplanted diagnostic

B-ALL samples, characterized by heterogeneous expression patterns

of several B-cell differentiation antigens on the bulk leukemia, unde-

rscoring that the phenotypic heterogeneity of the leukemic population

can easily be underestimated with small flow panels commonly used

in ALL-PDX models. More importantly, our cross-standardized analy-

sis of matched patient- and PDX-derived samples revealed that the

surface marker expression profile of the leukemic population had

noticeably changed in PDX mice when compared to the

corresponding patient. In each case, the observed immunophenotypic

shifts after xenotransplantation were complex and patient-specific,

similar to previous reports in patients [32], but in stark contrast to the

currently assumed phenotypic stability of the patient leukemia after

xenotransplantation [4, 14, 20, 27]. As no markers were lost or gained

in any of the analyzed samples, this may explain why immuno-

phenotypic changes after xenotransplantation have not been fully

appreciated [4, 14, 19, 20, 27, 28].

The direct comparison of matched patient- and PDX-derived leu-

kemia showed that many markers underwent >1 log fold changes in

expression intensity, and were often accompanied by changes in his-

togram patterns from heterogeneous to homogenous expression or

vice versa. These distinct changes mirror the previously reported com-

plex and seemingly uncoordinated phenotypic shifts of the patient's

immunophenotype in matched diagnosis-relapse samples when inves-

tigated in a clinically standardized manner [32]. However, as we

xenotransplanted untreated diagnostic B-ALL samples,

chemotherapy-mediated changes to the patient immunophenotype

can be excluded for our setting.

It is well known that the multi-dimensionality of complex flow

data is challenging to assess when using conventional gating

approaches [36, 38, 50, 60–62, 67, 69]. We therefore developed an

integrated analytical approach (Figure 6) that utilized unbiased high-

dimensional algorithm-based analysis, high analytical sensitivity, and

strict subpopulation criteria to resolve phenotypic heterogeneity into

subpopulations (Figure 6) [61, 62, 67, 71–73]. This approach identified

phenotypically distinct subpopulations as clearly delineated by their

high-dimensional population characteristics within the leukemic popu-

lation in both the patient and PDX. Accurate rare event detection in

the dimension-reduced t-SNE maps [61, 66, 68, 74] ensured that even

very minor subpopulations (≤1%) were precisely detected as spatially

resolved populations in the high-dimensional space, meeting the high

analytical sensitivity requirements of our platform. Most importantly,

each identified subpopulation showed identical expression patterns

between patient and corresponding PDX, which remained stable

across the full phenotyping depth. Despite the patient-specific sub-

population complexity, each subpopulation was stably propagated

during xenotransplantation, and in each case the dominant population

of the patient, irrespective of the specific immunophenotype and

relative abundance in the leukemia, remained dominant in the PDX.

However, relative abundance of some subpopulations changed

noticeably with xenotransplantation, supporting that the phenotypic

shifts observed in longitudinal studies may reflect the different enrich-

ment pattern of distinct minor subpopulations rather than a general

plasticity of marker expressions on the bulk population.

Given the clinical and translational importance of subclonal com-

plexity in ALL disease progression [1–10], it is important to be able to

distinguish therapy-resistant and potentially relapse-driving clones as

viable cell populations within the leukemic population both in xeno-

grafts and in patients [47]. The demonstrated phenotypic stability of

engrafted subpopulations from each patient's untreated diagnostic

BM could be a significant step to achieving this goal. Our translational

flow cytometry platform and integrated analytical approach, there-

fore, address an important gap in studying phenotypic subpopulation

complexity in PDX models. Our data show the importance of ensuring

the cross-standardized assessment of phenotypic heterogeneity of

the leukemic population in matched samples at the single-cell level, so

that patient-specific subpopulation complexity can be resolved. In

conclusion, we here provide an adaptable translational flow cytometry

method that can be integrated into various PDX models and help to

further unravel disease complexity at the phenotypic level [60, 62]. By

incorporating high-resolution identification of phenotypically distinct

subpopulations, this novel analytical platform could greatly expand

the utility of PDX for investigating ALL disease progression biology.
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