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Fig 2. Conversion from naive to memory T-cell phenotype. (A) A rapid conversion from naive phenotype (CD45RA*CCR7") to memory pheno-
type (CD45RA™CCR7%") in a representative sample at 2 weeks after cord blood transplant (CBT) (Case 5). (B) Relative proportion of naive
CD4" and CD8" T cells at 2, 4, and 8 weeks after CBT. Bold horizontal lines denote median values. (C) Memory T-cell counts at 2 weeks after
CBT in patients with or without pre-engraftment immune reaction (PIR).

short course of steroid treatment, and none experienced graft
failure due to HPS. This observation could be attributed to
more intensive immunosuppression from adding mycophen-
olate mofetil to tacrolimus in the majority of patients
(Uchida et al, 2011). Although neither the T-cell chimerism
nor the memory T-cell counts affected the incidence of acute
GVHD, steroid treatment for PIR could suppress the onset
of acute GVHD. In conclusion, rapid T-cell chimerism
switch and donor-derived memory T-cell expansion were
associated with PIR, supporting a significant role of donor-
derived T cells in the pathogenesis of the early immune reac-
tion after CBT.
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Membrane-bound human SCF/KL promotes in vivo human hematopoietic
engraftment and myeloid differentiation
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In recent years, advances in the human-
ized mouse system have led to signifi-
cantly increased levels of human hemato-
poietic stem cell (HSC) engraftment. The
remaining limitations in human HSC en-
graftment and function include lymphoid-
skewed differentiation and inefficient my-
eloid development in the recipients.
Limited human HSC function may par-
tially be attributed to the inability of the
host mouse microenvironment to provide
sufficient support to human hematopoi-

esis. To address this problem, we created
membrane-bound human stem cell factor
(SCF)/KIT ligand (KL)-expressing NOD/
SCID/IL2rgKO (hSCF Tg NSG) mice. hSCF
Tg NSG recipients of human HSCs
showed higher levels of both human
CD45* cell engraftment and human
CD45+CD33* myeloid development com-
pared with NSG recipients. Expression of
hSCF/hKL accelerated the differentiation
of the human granulocyte lineage cells in
the recipient bone marrow. Human mast

cells were identified in bone marrow,
spleen, and gastrointestinal tissues of
the hSCF Tg NSG recipients. This novel
in vivo humanized mouse model demon-
strates the essential role of membrane-
bound hSCF in human myeloid develop-
ment. Moreover, the hSCF Tg NSG
humanized recipients may facilitate inves-
tigation of in vivo differentiation, migra-
tion, function, and pathology of human
mast cells. (Blood. 2012;119(12):
2768-2777)

Introduction

The humanized mouse system, a xenogeneic transplantation and engraft-
ment model for human hematopoietic stem cells (HSCs) and peripheral
blood (PB) mononuclear cells (MNCs), facilitates the investigation of
human hematopoietic and immune systems in vivo.'? Since the
pioneering work using SCID-hu? and Hu-PBL-SCID models,* investiga-
tors have attempted to better recapitulate human biology in mice across
xenogeneic immunologic barriers. Recently, the introduction of targeted
null mutations of immune-related genes, such as Ragl, Rag2, 1{2rg, or
Prfl in recipient mice, has improved engraftment levels of human
CD45* leukocytes.25® However, limitations remain in the ability of the
host mouse hematopoietic microenvironment to support human hemato-
poiesis. The impaired development of human T-lymphoid and myeloid
lineage cells compared with human B-lymphoid lineage cells in
NOD/SCID and other immune-compromised mice may be the result of
the lack of appropriate microenvironmental support. The recently
created human leukocyte antigen (HLA) class 1 expressing immune-
compromised NOD/SCID/IL2r vy null (NSG) mice partially ad-
dresses this issue for human T-cell development. Human CD8"
T cells developing within these recipients of transplanted human
HSCs exhibited cytokine production and cytotoxicity in an HLA-
restricted manner.'-12

To create a hematopoietic microenvironment more suitable for
human myeloid development, we developed a new immune-

compromised mouse strain that expresses human membrane bound
stem cell factor (SCF) under the control of the phosphoglycerate
kinase (PGK) promoter (hSCF Tg NSG). Using hSCF Tg NSG
mice as recipients of human HSCs, we aimed to clarify the role of
membrane-bound form of SCF in supporting the engraftment of
human hematopoietic cells and influencing the differentiation of
the human myeloid lineage in the recipient mouse BM, spleen, and
other organs. Here we show nearly complete human hematopoietic
chimerism in the BM of hSCF Tg NSG recipients. In the BM of
these recipients, human granulocytes accounted for the majority of
engrafted human cells reflecting the physiologic human BM status.
In addition to the development of immature and mature granulo-
cytes, c-Kit* human mast cells differentiated efficiently in BM,
spleen, and mucosal tissues. The hSCF Tg NSG mice, by support-
ing efficient human myeloid development including mast cells,
may serve as a novel platform for in vivo investigation of human
mast cell development and allergic responses.

Methods
Mice

NOD.Cg-Prkdcsd [L2rg"! ™! (NSG) mice and NOD.Cg-Prkdc@ JL2rg! Wil
Tg(PGKI1-KITLG*220)441Daw/], abbreviated as hSCF Tg NSG mice,
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were generated at The Jackson Laboratory. The human membrane-bound
SCF transgene driven by the human PGK promoter was backcrossed more
than 10 generations from the original C3H/HeJ strain background'? onto the
NSG strain. All the mice were bred and maintained at The Jackson
Laboratory and animal facility at RIKEN RCAI under defined flora
according to guidelines established and approved by the Institutional
Animal Committees at each respective institution.

Purification and transplantation of human HSCs

All experiments were performed with authorization from the Institu-
tional Review Board for Human Research at RIKEN RCAI. Cord blood
(CB) samples were first processed for isolation of MNCs using LSM
lymphocyte separation medium (MP Biomedicals). CB MNCs were then
enriched for human CD34* cells using anti~human CD34 microbeads
(Miltenyi Biotec) and sorted for 7-AAD™ lineage (hCD3/hCD4/hCD8/
hCD19/hCD56)"CD34*CD38~ HSCs using FACSAria (BD Biosci-
ences). To achieve high purity of donor HSCs, doublets were excluded
by analysis of forward scatter (FSC)-height/FSC-width and side scatter
(SSC)-height/SSC-width. Purity of each sorted sample was higher than
95%. Newborn (within 2 days of birth) hSCF Tg and non-Tg NSG
recipients received 150 cGy total body irradiation using a '*7Cs-source
irradiator, followed by intravenous injection of 5 X 10? to 5.3 X 104
sorted HSCs via the facial vein.

Analysis of human cell engrafiment by flow cytometry

The recipient PB harvested from the retro-orbital plexus was evaluated for
human hematopoietic engraftment every 3 to 4 weeks starting at 4 to
6 weeks after transplantation. After lysis of erythrocytes, cells were stained
with anti-hCD45, anti-msCD45, anti-hCD3, anti-hCD19, anti-hCD33, and
anti-hCD56 to determine human hematopoietic chimerism and to analyze
cell lineages engrafted in the recipients. At 8 to 35 weeks after transplanta-
tion, the recipients were killed and single-cell suspensions of BM and
spleen were analyzed using flow cytometry. Antibodies used for flow
cytometry are specified in supplemental Methods (available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article). The labeled cells were analyzed using FACSCantoll or FACSAria
(BD Biosciences).

Morphologic analysis of cytospin specimens

Cytospin specimens of FACS-purified human myeloid cells were prepared
with a Shandon Cytospin 4 cytocentrifuge (Thermo Electric) using standard
procedures. To identify nuclear and cytoplasmic characteristics of each
myeloid cell, cytospin specimens were stained with 100% May-Griinwald
solution (Merck) for 3 minutes, followed by 50% May-Griinwald solution
in phosphate buffer (Merck) for additional 5 minutes, and then with 5%
Giemsa solution (Merck) in phosphate buffer for 15 minutes. All staining
procedures were performed at room temperature. Light microscopy was
performed with Zeiss Axiovert 200 (Carl Zeiss). )

Microarray analysis

Purified hCD457CD33%¢c-Kit"CD203c¢"HLA-DR™ granulocytes and
hCD45+CD33% ¢c-Kit™CD203¢"HLA-DR*CD14* monocytes from BM of
4 hSCF Tg NSG recipients and 3 non-Tg NSG recipients as well as
neutrophils and monocytes from 2 healthy persons were evaluated using
Human Genome U133 plus Version 2.0 GeneChips (Affymetrix). Total
RNA was extracted with TRIzol (Invitrogen) from more than 10* sorted
cells and amplified to cDNA using the Ovation Pico WTA System (Nugen).
Biotinylated cDNA was synthesized with Two-Cycle Target Labeling Kit
(Affymetrix). Microarray data were analyzed using the Bioconductor
package (Bioconductor; http://www.bioconductor.org). The signal intensi-
ties of the probe sets were normalized using the GC-RMA program
(Bioconductor). The RankProd program was used to select differentially
expressed genes with a cutoff P value of less than .01 and an estimated
false-positive rate of less than 0.05.' Gene annotation was obtained from
Ingenuity Pathway Analysis and Gene Ontology Annotation databases
(Ingenuity systems, http://www.ingenuity.com; Gene Ontology Annotation,

only.
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http://www.ebi.ac.up/GOA). For differentially transcribed genes, GO term
enrichment analysis was performed according to a method described by
Draghici et al'S with a correction of multiple testing using false discovery
rate.'® Eventually, GO terms with the false discovery rate-corrected P value
< .05 were selected as functionally enriched terms. Raw data for microar-
ray data are accessible at the RefDIC database (http://refdic.rcai.riken.jp)
under the following accession numbers: RSMO06616, RSM06617,
RSMO06618, RSM06620, RSM06621, RSM06622, RSM06623, RSM06633,
RSMO06642, RSM06648, RSM06665, RSM06667, RSM06668, RSM06669,
RSMO06670, RSM08241, and RSM08243. Differences in expression levels
were considered significant if P is < .05 using Kruskal-Wallis, Wilcoxon-
Mann-Whitney, or Student 7 test in KaleidaGraph {Synergy Software).

IHC and immunofluorescence imaging

Thin (~ 5-pwm) sections prepared from paraformaldehyde-fixed paraffin-
embedded tissues were stained with H&E using standard procedures.
Immunohistochemistry (IHC) and immunofluorescence labeling were per-
formed using standard procedures. Antibodies used for IHC and immunoflu-
orescence labeling were mouse anti-human mast cell tryptase monocolonal
antibody (Dako North America, clone AA1), mouse anti-human CD45
monoclonal antibody (Dako North America, clone 2B117PD7/26), rabbit
anti-human CD117 monoclonal antibody (Epitomics, clone YR145), and
rabbit anti-human CD14 polyclonal antibody (Atlas Antibodies). Light
microscopy was performed using an Axiovert 200 (Carl Zeiss). For
quantification of tryptase* cell frequency, 3 high-power fields from
3 different recipients were examined using AutoMeasure module of
AxioVision software (Release 4, Carl Zeiss). Confocal microscopy was
performed using a LSM710 equipped with C-APOCHROMAT 40X/1.2
(Carl Zeiss).

Resulis

Human hematopoietic repopulation is enhanced in hSCF Tg
NSG recipients

The humanized mouse model system has served as a tool to
investigate human hematopoiesis, immunity, and diseases in vivo.
However, one of the major limitations in the system is that the
microenvironment supporting human hematopoiesis and immunity
is primarily of mouse origin. In the present study, we created a
strain of NSG mice expressing membrane-bound human SCF to
analyze the role of the BM microenvironment in human hematopoi-
etic lineage determination and development.

c-Kit, the receptor for SCF, is expressed at lower levels in
human CB Lin~CD34*CD38~ early HSCs and at high levels in
mast cells.!”"! For reconstitution of human myeloid and lymphoid
cells, 5 X 10% to 5.3 X 10* FACS-purified CB Lin~CD347CD38~
HSCs were transplanted into newborn sublethally irradiated (1.5 Gy)
hSCF Tg NSG mice and into non-Tg NSG controls (Table 1). To
determine the kinetics of human hematopoietic chimerism in the
recipient circulation, we performed flow cytometric analysis of PB
every 3 to 4 weeks starting at 4 to 6 weeks after transplantation.
During long-term observation, all the 21 hSCF Tg NSG recipient
mice became moribund at § to 35 weeks after transplantation.
Complete blood count analysis demonstrated reduced erythrocyte
hemoglobin concentration in the PB of hSCF Tg NSG recipients
compared with non-Tg NSG recipients (Figure 1A). Anemia in
hSCF Tg NSG recipients was not associated with abnormalities in
mean corpuscular volume, mean corpuscular hemoglobin, or mean
corpuscular hemoglobin concentration (supplemental Figure 1).
The suppression of host erythropoiesis in the hSCF Tg NSG
recipients was related to the irradiation and engraftment of the
human HSCs because unmanipulated nontransplanted hSCF Tg
NSG mice did not develop anemia (supplemental Figure 1).
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Table 1. Summary of hSCF Tg NSG and non-Tg NSG recipients analyzed

% chimerism at

CBC at time of death time of death % of CD45* in BM % of CD33+ in BM % of CD45+ in BM 9% chimerism
Recipient CB Graft  Survival, WBC, RBC, Hemoglobin, Hematocrit, Platelets, CD3- CD117+ HLA HLA CD117+ HLA HLA  of erythroid
1D 1D dose wks x 10%/L x 104/l % X10%/pL PB BM Spleen CD33* CD3* CD19* CD56* CD203c* DR~ DR* CD203c* DR~ DR+ cells in BM
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st:2 100 50000 B0 e8 T 887 246 B1L .3
513 1 5000 21 07 500 354 104 0.0
S1-4 10800 28 08 686 245 - 48 LUNAL
N2-1 2 10000 35 74 735 96 115
S22l 10000 18 180 A7BT 64 CNA
831 3 10000 13 446 364 103 NA
§32 .3 100000 15 805 322 45 CNA
S4-1 4 10000 13 819 154 1.4 27.2
N5-1 ‘5 12000 35 70 704 BB 58
N6-1 6 14000 23 451 518 1.0 7.4
N6-2 8 14000 021 16 cq7sodss 38 14
NG-3 6 14000 24 23 85 814 2.0 12.8
861 B 14000016 22033 81230 ¢ oant Coasd
s6-2 6 14000 14 46 160 475 122
ST 7 oo 6 804 183 12618 140
$8-1 8 16000 13 10 739 41 02 120
$8:2 B 16000 11 420 B31 24 204 258
NO-1 9 18000 20 247 740 02 37 111
S94 - @ 1BO00 . 16 1A e 849 427 12 . 282 219
N10-1 10 20000 19 1.0 10 16 233
N10-2© 10 20000 14 na ONAONALNA
N10-3 10 20000 12 NA NA
§10-1. 107 20000 18 25 i
$10-2 10 20000 14
NH1S1. 41 86D00¢ 200 28
S11-1 11 36000 10 19.2
NT2C 120 580000008 0 NAG
S12-1 12 53000 1 NA
ste2’ 12 53000 8 NA N
5123 12 53000 13 136 39 10.9 68.3
N1B-1 137470000 0200 647200 380010 U 450) 818
$13-1 13 17000 20 2.8 290 7.0 27.0 945

Atotal of 21 human HSC-engrafted hSCFTg NSG (S) recipients and 15 human HSC-engrafted non-Tg NSG (N} recipients were created.
WBC indicates white blood cell count; RBC, red blood cell count; and NA, not applicable.
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Figure 1. Human hematopoietic engraftment is enhanced in hSCF Tg NSG recipients. (A) hSCF Tg NSG recipients developed progressive anemia as evidenced by
reduced hemoglobin concentration compared with non-Tg NSG mice transplanted with human HSCs from the same donor source. (B) Human CD45* chimerism was analyzed
over time in PB of hSCF Tg and non-Tg NSG recipients. (C) Representative flow cytometric contour plots demonstrating the presence of human CD45* cells, CD19* B cells,
CD33* myeloid cells, CD3* T cells, and CD56+CD3~ NK cells in recipient BM. (D) At the time of death, engraftment levels of human CD45* cells in the BM, spleen, and PB of
hSCF Tg NSG recipients were significantly higher compared with non-Tg NSG controls (BM: hSCF Tg n = 21, non-Tg n = 13, P < .0001; spleen: hSCF Tg n = 21, non-Tg
n = 13, P = .0065; PB: hSCF Tgn = 21, non-Tgn = 13, P < .0001). (E) In hSCF Tg NSG recipient BM, significantly greater human CD33* myeloid lineage development was

observed (hRSCF Tgn = 21, non-Tgn = 13, P = .0002).

Impaired mouse erythropoiesis in these engrafted hSCF Tg NSG
mice was associated with rapid expansion of hCD45* hematopoi-
etic cells compared with non-Tg NSG recipients (Figure 1B).

At 8 to 35 weeks after transplantation, individual hSCF Tg NSG
recipients were analyzed to determine levels of reconstitution of
human hematopoiesis and immunity in the BM, spleen, and PB. At
the time of necropsy, we did not observe any gross macroscopic
abnormalities in these recipients. We performed flow cytometric
analysis to evaluate the engraftment levels of human CD45* cells
(calculated as % hCD45* cells relative to total numbers of mouse
and human CD45* cells in the nucleated cell gate). Engraftment
levels of human CD45" leukocytes in the BM, spleen, and PB were
significantly higher in hSCF Tg NSG recipients (mean £ SEM;

-+

97.1% * 1.1%, 94.5% *= 1.6%, and 83.1% = 3.9%, respectively;
n = 21) compared with engrafted non-Tg NSG recipients
(63.1% * 7.3%, 77.3% * 6.9%, and 49.5% = 6.5%, respectively;
n = 13; P <.0001, P = .0065, and P < .0001 by 2-tailed ¢ test,
respectively; Figure 1C-D). Compared with enhanced engraftment
of human leukocytes in the recipient BM, development of human
erythroid precursors was not significantly different in hSCF Tg
NSG recipients compared with non-Tg NSG recipients (hSCFTg:
25.6% * 6.1%;n = 10 and non-Tg NSG controls: 11.4% = 3.6%;
n = 10; P = .0601; supplemental Figure 2). We next analyzed the
development of human lymphoid and myeloid cells in the en-
grafted human CD45* hematopoietic cell populations by flow
cytometry using monoclonal antibodies against hCD3, hCDI19,
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Figure 2. HLA-DR-negative human myeloid cells predominate in hSCF Tg NSG recipient BM. (A) Flow cytometric contour plots demonstrating FSC and SSC
characteristics of 6 hSCF Tg NSG recipient BM (S1-1, §1-2, §9-1, S4-1, $12-2, and 82-1) and 3 non-Tg NSG recipient BM (N1-1, N1-2, and N8-1). Polymorphonuclear myeloid
cells (red asterisks) are present at high frequencies in hSCF Tg NSG recipient BM. (B) Flow cytometry contour plots demonstrating hCD33 and HLA-DR expression in the same
recipients as shown in panel A. Consistent with their FSC and SSC characteristics, hSCF Tg NSG recipient BM contained a prominent CD33*HLA-DR~ granulocyte population
(red asterisks; N1-1, killed at 21 weeks; N1-2, killed at 16 weeks; N9-1, killed at 20 weeks; S1-1, killed at 23 weeks; S1-2, kilied at 20 weeks; S9-1, killed at 16 weeks; S4-1,
killed at 13 weeks; S12-2, killed at 8 weeks; and S2-1, killed at 16 weeks). (C) Representative flow cytometric scatter plots of hSCF Tg NSG recipient BM demonstrating the
identification of human c-Kit*CD203c* mast cells within the hCD33* fraction and HLA-DR~SSC"e" granulocytes and HLA-DR*SSC'** APCs within the ¢c-Kit~CD203c~ fraction
(S4-1, killed at 13 weeks; and S2-1, killed at 16 weeks). (D) Frequencies of human c-Kit*CD203c* mast cells, CD33*HLA-DR™ granulocytes, and CD33*HLA-DR* APCs
within the total hCD45*hCD33* myeloid cell population in the BM of hSCF Tg and non-Tg NSG recipients. Numbers of cells in the granulocyte/neutrophil fraction were
significantly higher in hSCF Tg NSG recipient BM (hSCF Tgn = 20, non-Tgn = 12, P = .0001). (E) CD33*HLA-DR" cells from hSCF Tg and non-Tg NSG recipient BM were
FACS-purified and examined by MGG staining. In 9 of 13 hSCF Tg recipients (S4-1 and $12-2 shown as representative), immature myeloid cells composed the majority of cells
in this fraction. In 4 of 13 hSCF Tg recipients (S2-1 shown as representative) and 4 of 5 non-Tg NSG recipients (N12-1 shown as representative), mature neutrophils (band and -
segmented forms) were observed (N12-1, killed at 8 weeks; S2-1, killed at 16 weeks; S4-1, killed at 13 weeks; and 812-2, killed at 8 weeks). (F-G) Global transcriptional profiles
of FACS-purified CD33*cKit~CD203~HLA-DR~ granulocytes and CD33*c-Kit~CD203c~HLA-DR*CD14* monocytes derived from hSCF Tg NSG and non-Tg NSG recipient
BM as well as human CD16* neutrophils and CD14* monocytes were compared. (F) Unsupervised clustering for each group is shown. (G) The expression heatmap
demonstrates genes that are significantly under- and over-represented in each population.

hCD56, and hCD33 along with anti-human and anti-mouse CD45
antibodies (Figure 1C,E). Although there was recipient-to-recipient
variability, the frequency of human CD33* myeloid cells within
the total human CD45" population was significantly higher in the
hSCF Tg NSG recipient BM than in the non-Tg NSG recipient BM
and constituted the majority of human hematopoietic cells (hSCF
Tg: 49.7% = 4.0%; n=21 and non-Tg NSG controls:
26.2% * 2.9%; n = 13; P = .0002 by 2-tailed ¢ test). In contrast,
in non-Tg NSG recipients, the majority of human hematopoietic
cells in the BM were B cells (53.3% = 4.5%; n = 13), consistent
with previous reports.>*20 These findings demonstrate that the
expression of membrane-bound hSCF in BM microenvironment
results in significantly more efficient engrattment of human HSCs
as well as enhanced development of human CD33* myeloid cells
from the engrafted human HSCs.

Human myeloid lineage development in hSCF Tg NSG
recipients

Next, we examined the development of human myeloid subsets in
the human membrane-bound SCF-expressing BM microenviron-
ment. Flow cytometric scatter plots demonstrate the development

of the SSC high granulocyte fraction in hSCF Tg NSG recipients,
which correlate with CD33"HLA-DR™ cells (Figure 2A-B). To
quantify the frequencies of different myeloid subsets in these
recipients, we first identified CD33%¢-Kit*CD203c* mature hu-
man mast cells among human CD45"* cells. Next, we identified
CD33*HLA-DR~ human granulocyte lineage cells and human
CD33*HLA-DR* antigen-presenting cells (APCs) among human
CD45* cells excluding mature mast cells (Figure 2C).

In the hSCF Tg NSG recipient BM, there were increased
percentages of CD33+*HLA-DR™ granulocytes and decreased per-
centages of CD33*HLA-DR* APCs compared with non-Tg NSG
controls (hSCF Tg: 46.7% *= 5.9% and 38.3% * 4.0%, respec-
tively; n =20 and non-Tg NSG controls: 25.8% * 5.0% and
65.5% * 4.1%, respectively; n = 12; P = .0204 and P = .0001 by
2-tailed ¢ test, respectively; Figure 2D). In the BM of 11 of 20 hSCF
Tg NSG recipients examined, ¢-KitCD203¢"HLA-DR~ SSChigh
granulocytes accounted for the highest frequency of total human
myeloid cells (Figure 2D; Table 1). To examine the morphologic
features of the human granulocytes developing in the hSCF Tg
recipients, we carried out May-Griinwald-Giemsa (MGG) staining
using cytospin specimens of FACS-purified CD33*c-
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Kit~CD203c"HLA-DR™ cells from BM of hSCF Tg and non-Tg
NSG recipients. In 9 of 13 hSCF Tg recipient BM cells examined,
the majority of myeloid cells showed the morphology of immature
granulocytes with large nuclear-to-cytoplasmic ratio and nuclei
with few lobulations, largely consisting of myelocytes and metamy-
elocytes (S4-1 and S12-2 shown as representative in Figure 2E). In
4 of 13 hSCF Tg recipients examined and in 4 of 5 non-Tg NSG
recipients, mature segmented neutrophils were present in the sorted
CD33*c-Kit~CD203¢ HLA-DR ™ granulocyte population (N12-1
and S2-1 shown as representative in Figure 2E). These findings
indicate that both by quantitative and morphologic examinations,
human granulocytic cells with various degrees of maturity predomi-
nate among the CD33" myeloid cells developing within the hSCF
Tg NSG recipients. To examine the myeloid differentiation capac-
ity of hematopoietic stem and progenitor populations in a func-
tional manner, we performed a colony-forming cell assay using
CD34*CD38~ and CD34*CD38" cells derived from BM of hSCF
Tg NSG recipients and non-Tg NSG recipients. In both cell
populations, myeloid and erythroid colony formation were similar
between hSCF Tg NSG and non-Tg NSG recipient BM (supplemen-
tal Figure 3).

We then analyzed global transcriptional profiles of CD33 *HLA-
DR ¢-Kit"CD203¢™ granulocytes from hSCF Tg NSG recipient
BM (n = 4), non-Tg NSG recipient BM (n = 3), and primary
human BM (n = 2). Additional control samples included BM
monocytes from hSCF Tg recipients (n = 3), non-Tg NSG recipi-
ent BM monocytes (n = 3), and primary human BM monocytes
(n = 2). Unsupervised clustering demonstrated a clear segregation
of transcriptional profiles between granulocytes and monocytes
regardless of the source. This suggests that human granulocytes
and monocytes in humanized mouse undergo a distinct differentia-
tion process similar to their counterparts in human BM (Figure 2F).
We next examined whether there were any differences in gene
expression within 3 distinct granulocyte sources (hSCF Tg recipi-
ent BM, non-Tg NSG recipient BM, and primary human BM
neutrophils; Figure 2G). As seen in the heatmap representation, we
found clusters of genes differentially transcribed in the distinct
sources of granulocytes (Figure 2G). Multiple genes associated
with transcriptional regulation were included in the genes up-
regulated in human immature granulocytes derived from the BM of
hSCF Tg NSG mice, suggesting that these cells are more actively
cycling and proliferating compared with mature granulocytes from
the BM of hSCF Tg NSG and non-Tg NSG mice and primary
human BM neutrophils (Figure 2G; supplemental Tables 1 and 2).

Development of human mast cells in hSCF Tg NSG recipients

We next investigated the development of human mast cells in the
membrane-bound hSCF-expressing NSG mice. Overall, the frequen-
cies of cKit*CD203c* cells within total BM CD33" myeloid cells
were similar between hSCF Tg NSG and non-Tg NSG recipients
when excluding 2 non-Tg NSG recipients observed for more than
8 months (P = .1439 by 2-tailed ¢ test; Figure 2D; Table 1). In 7 of
20 hSCF Tg NSG recipients, compared with one of 10 non-Tg NSG
recipients, the frequency of cKit*CD203c¢c™ cells in BM CD33*
cells was greater than 15% (Figure 2D; Table 1). When these
cKit*CD203c¢c™ cells were FACS-purified and examined by MGG
staining, their morphology was consistent with mast cells with
various degrees of cytoplasmic granulation (Figure 3A-B). Histo-
logic examination of H&E-stained bone sections showed increased
cellularity in hSCF Tg NSG recipients compared with non-Tg NSG
recipients (Figure 3C). We then performed IHC staining for mast

only.
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cell tryptase to identify human mast cells in the BM. Consistent
with the quantitative analysis by flow cytometry, tryptase™ cells
were abundantly observed in the hSCF Tg NSG recipients com-
pared with non-Tg NSG recipients (Figure 3C). This does not
reflect an increase in mouse mast cells because nearly all nucleated
hematopoietic cells in the hSCF Tg NSG recipients are of human
origin (Figure 1D). The same sections were further subjected to the
immunofluorescence staining followed by confocal imaging dem-
onstrating that these arc mast cells and not CD14" monocytes
(supplemental Figure 4).

Mast cell progenitors and mature mast cells reside in high
frequencies in the spleen of normal immunocompetent mice.”! We
next examined the spleen of human HSC-engrafted hSCF Tg NSG
recipients. Human CD33Mehe-Kit*CD203c* mast cells accounted
for the highest frequency among total hCD45*hCD33* myeloid
cells in the spleen of both hSCF Tg NSG and non-Tg NSG
HSC-engrafted recipients (Figure 4A-B). However, the frequencies
of human mast cells in the myeloid cell population were signifi-
cantly higher in hSCF Tg NSG recipients than in non-Tg NSG
controls (hSCF Tg: 77.4% * 4.5%; n = 20 and non-Tg NSG
controls: 62.5% = 3.9%; n = 12; P = .0304 by 2-tailed ¢ test;
Figure 4B). These human cells with surface expression phenotype
of mast cells also showed morphologic features of mature mast
cells (Figure 4C). Mast cell tryptase IHC staining confirmed the
presence of human mast cells within the recipient spleen (Figure
4D). These findings indicate that the expression of membrane-
bound human SCF in the recipient mouse microenvironment
enhances development of human mast cells from transplanted
human HSCs within hematopoietic organs, such as the BM and
spleen, consistent with the activation of ¢c-Kit signaling.

Next, we investigated whether the transgenic expression of
hSCF results in the efficient development of mucosal tissue-type
human mast cells in respiratory and gastrointestinal mucosal layers,
as well as in hematopoietic organs. For this purpose, we performed
IHC staining of human tryptase-expressing mast cells in the lung,
stomach, small intestine, and large intestine in hSCF Tg NSG and
non-Tg NSG recipients. In the hSCF Tg NSG recipient lungs,
human tryptase-positive mast cells were identified within cellular
infiltrates (supplemental Figure 5). In tissue sections from the
stomach, small intestine, and large intestine, human tryptase-
positive mast cells were present in both hSCF Tg NSG and non-Tg
NSG recipients (Figure 5A-B). The mast cell tryptase® cells in
gastrointestinal tissues of hSCF Tg mice were further examined by
immunofluorescence microscopy using anti-human CD45 and
anti-human-c-Kit antibodies. We found the presence of hCD45%¢-
Kit* cells in the gastric tissues of the hSCF Tg recipients consistent
with THC staining for mast cell tryptase (Figure 5C). Because
gastric tissue is one of the major sites of mast cell populations in
humans and mice, we quantified human mast cells in the gastric
tissue of hSCF Tg and non-Tg NSG recipients transplanted with
human HSCs. IHC staining for human mast cell tryptase followed
by quantification of tryptase* cells demonstrated the presence of
human mast cells in gastric tissues of hSCF Tg NSG recipients
(7.01% = 0.63%, 3 sites per recipient analyzed in 3 mice) com-
pared with non-Tg NSG recipients (2.53% * 0.53%, 3 sites per
recipient analyzed in 3 mice: P < .0001 by 2-tailed r test; Figure
5D). Collectively, transgenic expression of human membrane-
bound SCF influences human myeloid development and mast cell
development in hematopoietic organs and mucosal tissues along
with the achievement of high chimerism of human hematopoietic
cells in hematopoietic organs.
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Discussion

A supportive microenvironment is essential for hematopoietic
and immune system homeostasis. Critical roles played by
various niches in the maintenance of cell cycle quiescence and
self-renewal capacity of HSCs have been demonstrated, and the
thymic microenvironment is critical for T-cell education.?223
However, despite significant progress over the last decade, the
stromal microenvironment within the humanized mouse is
predominately of mouse origin. Although several key mol-
ecules, such as SDFI, are cross-reactive between human and
mouse, a humanized microenvironment is required both to further
improve human hematopoietic development in the recipients and to
investigate in vivo the interactions between hematopoietic cells and
their microenvironment.

In the present study, we humanized membrane-bound stem cell
factor {SCF = KIT ligand (KL)] using the construct and mouse
strain created by Majumdar et al.'’ Toksoz et al reported that

BLOOD, 22 MARCH 2012 « VOLUME 119, NUMBER 12

- Figure 3. Human mast cell development in hSCF Tg
NSG recipient BM. (A) Representative flow cytometric
scatter plot and histogram demonstrating the identifica-
tion of human CD45*CD33*CD117* mast cells.
(B) FACS-sorted hCD45*CD33*CD117+CD203¢c* hu-
man mast cells from a representative non-Tg NSG
recipient BM (N1-1, 0.9% human mast cells within
hCD45+*CD33* population) and hSCF Tg NSG recipient
BM (S1-3, 14.6%; S12-3, 8.8%; and $3-2, 7.3% human
mast cells within the hCD45+CD33* population) were
examined by MGG staining (N1-1, killed at 21 weeks;
S$1-3, killed at 21 weeks; S12-3, killed at 13 weeks; and
8§3-2, killed at 15 weeks). (C) H&E- and anti-mast cell
tryptase antibody—stained bone sections demonstrate
hypercellular BM with high frequency of tryptase* human
mast cells in hSCF Tg NSG recipients. Non-Tg NSG
recipient: N11-1, 70.7% hCD45%. hSCF Tg NSG recipi-
ents: 88-2, 99.6%; and S12-3, 79.5% hCD45* (N11-1,
killed at 20 weeks; $8-2, killed at 11 weeks; and §$12-3,
killed at 13 weeks).

hast el tryptase (highi

human membrane-bound SCF expressed by mouse stromal cells
efficiently supports long-term human hematopoiesis in vitro.* The
importance of SCF interaction with cKit* HSCs and mast cell
progenitors in murine hematopoiesis is highlighted by the hemato-
poietic abnormalities in mice with Kizl and Kir mutations.?>?" In
human hematopoiesis, SCF-cKit signaling is critical for the
maintenance of stem and progenitor cell activities.?® Human
SCF/KL has been shown to drive cell-cycle entry by primitive
hematopoietic cells in vitro.?? Both long-term colony-initiation and
colony-forming capacities are expanded ex vivo by cytokine
supplementation that includes SCF/KL.*-32 Therefore, to elucidate
the role of membrane-bound human SCF in differentiation, prolif-
eration, and maturation of human hematopoiesis in vivo, we
created a novel NSG mouse strain that can support the engraftment
of human HSCs and express hSCF in microenvironment. In hSCF
Tg NSG recipients transplanted with human HSCs, the engraftment
levels of human CD45* cells were significantly higher compared
with non-Tg NSG controls. Majumdar et al reported that human
SCF binds mouse c-Kit receptor but that the binding affinity is
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Figure 4. Human mast cell development in hSCF Tg
NSG recipient spleen. (A) Human mast cell develop-
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ment is enhanced in hSCF Tg NSG recipient spleens
(S4-1, killed at 13 weeks; and S2-1, killed at 16 weeks).
(B) Frequencies of human c-Kit+*CD203c* mast cells,
CD33*HLA-DR~ granulocyte population, and
CD33*HLA-DR* APCs within total hCD45*hCD33*
myeloid cells in the spleens of hSCF Tg and non-Tg NSG
recipients. Human mast cell development in the spleen was
significantly greater in the hSCF Tg NSG recipients (hSCF
Tg: n =20, non-Tg NSG: n = 12, P=.0304). (C) FACS-
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weaker compared with the binding affinity of human SCF to human
c-Kit.!? Therefore, the significant improvement of human hemato-
poietic chimerism could be attributed to preferential binding of
human SCF to human HSCs instead of murine c-Kit* HSCs
resulting in accelerated signaling through c-Kit in human HSCs
and by impaired or attenuated support of mouse HSCs.!3334
Presumably because of the competition between human and mouse
hematopoietic stem or myeloid/erythroid progenitor cells, we
observed diminished mouse erythrocyte hemoglobin concentration
with normal range of mean corpuscular volume, mean corpuscular
hemoglobin, and mean corpuscular hemoglobin concentration in
all the 21 hSCF Tg NSG recipients but not in any of the non-Tg
NSG recipients or nontransplanted hSCF Tg NSG adults. In
addition to the greatly increased levels of human hematopoietic
repopulation, we identified significant differences in human hema-
topotetic differentiation in hSCF Tg NSG recipients compared with

Mast cefl tryprase (fow) HE {high) Mast el tryptase {high)

non-Tg NSG recipients. Namely, there were substantially increased
levels of human myeloid differentiation from HSCs in the hSCF Tg
NSG mice, whereas human B cells accounted for the greatest
population in the BM of non-Tg NSG mice. Because normal
human BM contains myeloid cells at a relatively high frequency
(36.2%-62.2%),> human SCF may be important in recapitulating
human BM myelopoiesis in immunodeficient mice. In addition,
membrane-bound human SCF may exert distinct effects on human
myeloid development in the BM and in the spleen. In the BM of
hSCF Tg recipients, the majority of human myeloid cells were
¢-Kit"CD203¢"HLA-DR™ granulocytes. Among these granulo-
cytes, myeloid cells at various levels of maturity were identified,
with myelocytes and metamyelocytes predominating in the
majority of hSCF Tg NSG recipients. Because immature cells
were more prominent in hSCF Tg NSG recipients compared with
non-Tg NSG recipients, we performed microarray analysis to
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Figure 5. Human mast cell development in hSCF Tg NSG recipient stomach, small intestine, and large intestine. H&E- and anti-mast cell tryptase antibody—stained
sections of (A) non-Tg NSG recipient stomach (NSG control, N1-3), small intestine (N5-1), and large intestine (N9-1) and (B) hSCF Tg NSG recipient stomach (S1-3), small
intestine (S12-3), and large intestine (S12-3) demonstrating the presence of human mast cells (N1-3, killed at 24 weeks; N5-1, killed at 35 weeks; N9-1, killed at 20 weeks;
S$1-3, killed at 21 weeks; and S$12-3, killed at 13 weeks). (C) Confocal immunofluorescence images of hSCF Tg stomach (S1-9) demonstrate human CD45* (green) and human
CD117* (red) mast cells. (D) Frequencies of tryptase™* cells were quantified by sampling 3 areas each from hSCF Tg (n = 3)and non-Tg (n = 3) NSG recipients: hSCF Tg NSG
recipients, 7.0% * 0.6%; and non-Tg NSG recipients, 2.5% * 0.5% (P < .0001 by 2-tailed ttest).

identify transcriptional signature specific to the immature human
granulocytes that developed in the hSCF Tg NSG mice. Approxi-
mately 300 genes were differentially transcribed in the immature
granulocytes in hSCF Tg NSG recipients compared with the mature
granulocytes in non-Tg NSG recipients. Some of the up-regulated
genes were associated with cell cycle or metabolism.

In several hSCF Tg NSG recipients, human mast cells com-
posed the greatest subfraction among engrafted human myeloid
cells. In the spleens of hSCF Tg NSG-engrafted mice, human mast
cells were present at the highest frequency among the myeloid
lineage developed in the recipients. MGG staining revealed both
mature and immature mast cells in hSCF Tg NSG recipient BM.
Human mast cells were identified not only in hematopoietic organs
but also in lung, gastric tissue, and intestinal tissues of hSCF Tg
NSG recipients. Aberrant expression of €D30 and CD25 on mast
cells is associated with systemic mastocytosis and other mast cell
disorders.**” We did not find significantly up-regulated expression
of these antigens in the mast cells derived from BM or spleen of
hSCF Tg NSG recipients.

To date, several mouse strains have been developed for
supporting normal and malignant human hematopoietic cell engraft-
ment and normal myeloid cell differentiation using /[2rg"# immune-
compromised mice (supplemental Table 3).568920.38-41 Among
these, human thrombopoietin knock-in Rag2m# J[2rg"!! mice were
reported to support both human hematopoietic engraftment and
myeloid differentiation in the BM. Both SCF and thrombopoietin
exhibit species specificity between humans and mouse in support-
ing HSCs and myeloid cells in both species. These approaches

focusing on the 2 distinct molecules based on the 2 immune-
compromised mouse backgrounds will allow us to investigate
human hematopoiesis and immunity from stem cells to myeloid
progenitors to mature myeloid effecter cells in vivo. Altogether, the
newly created hSCF Tg NSG mouse model engrafted with purified
human HSCs will facilitate the in vivo understanding of human
hematopoietic hierarchy and mast cell biology.
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Abstract: Background. Pneumonia caused by Stenotrophomonas
maltophilia is rare, but can be lethal in severely
immunocompromised patients. However, its clinical course
remains unclear.

Patients and methods. Patients with pneumonia caused by S.
maltophilia in Toranomon Hospital (890 beds, Tokyo, Japan) were
reviewed retrospectively between April 2006 and March 2010.
Results. During the study period, 10 cases of S. maltophilia
pneumonia were identified. Seven patients had acute myeloid
leukemia, 2 had myelodysplastic syndrome, and 1 had malignant
lymphoma. All patients developed symptoms after allogeneic
hematopoietic stem cell transplantation (HSCT). Five patients
received first cord blood transplantation (CBT), 4 patients
received second CBT, and 1 patient received first peripheral blood
stem cell transplantation (PBSCT). The overall incidence of S.
maltophilia pneumonia among 508 patients who received HSCT
during the period was 2.0%. The incidence was 0% (0/95) in
patients after bone marrow transplantation, 0.8% (1/133) after
PBSCT, and 3.2% (9/279) after CBT. Pneumonia developed a
median of 13.5 days (range, 6-40) after transplantation. At onset,
the median white blood cell count was 10/uL (range, 10-1900),
and the median neutrophil count was 0/uL (range, 0-1720). In all
patients, S. maltophilia bacteremia developed with bloody sputum
or hemoptysis. The 28-day mortality rate was 100%; the median
survival after onset of pneumonia was 2 days (range, 1-10).
Conclusions. Hemorrhagic S. maltophilia pneumonia rapidly
progresses and is fatal in patients with hematologic malignancy.
Attention should be particularly paid to the neutropenic phase
early after HSCT or prolonged neutropenia due to engraftment
failure. A prompt trimethoprim-sulfamethoxazole-based multidrug
combination regimen should be considered to rescue suspected
cases of S. maltophilia pneumonia in these severely
immunosuppressed patients.
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Stenotrophomonas maltophilia is a low-virulent non-fer-
menting gram-negative bacillus that can be isolated
from diverse environments such as an aquatic envi-
ronment and soil, and it rarely causes respiratory
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infections in the healthy population. When S. malto-
philia is detected on culture of an airway sam-
ple, it usually represents colonization or a carrier
state. However, it has recently been recognized as a
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pathogen of hemorrhagic pneumonia in severely
immunocompromised patients (1-5). Once respiratory
infections caused by S. maltophilia develop, the prog-
nosis is considered to be poor because of the severe
immunodeficiency of these patients. However, the
clinical features of S. maltophilia pneumonia have not
been fully clarified, and only a few case series of S.
maltophilia pneumonia have been published. In this
study, we summarize the clinical features of 10
patients with a definitive diagnosis of S. maltophilia
hemorrhagic pneumonia.

Patients and methods

Medical records of patients with pneumonia caused
by S. maltophilia in Toranomon Hospital (890 beds,
Tokyo, Japan) between April 2006 and March 2010
(4 years) were retrospectively reviewed. S. maltophil-
ia pneumonia was defined when all of the following 4
criteria were met: 1) Clinical symptoms of cough,
sputum production, and fever; 2) dominant thin gram-
negative bacilli were detected on Gram staining of a
lower respiratory airway sample obtained from spu-
tum, tracheobronchial aspirate or bronchoscopy; 3) S.
maltophilia was cultured from a lower respiratory air-
way sample; and 4) a new shadow appeared on chest
x-ray. The onset of S. maltophilia pneumonia was
defined when both the clinical symptoms and the new
shadow on chest x-ray were demonstrated.

Vitek system (bioMérieux, Marcy I'Etiole, France),
Vitek2 system (bioMérieux), and MicroScan Walk-
Away 96 SI (Siemens Healthcare, Deerfield, Illinois,
USA) were used for bacterial identification and drug
sensitivity tests.

Immunohistochemical study was performed using
the MACH-2 multiplex staining system (Biocare Medi-
cal, Concord, California, USA) according to manufac-
turer’s instructions. A rabbit polyclonal anti-S.
maltophilia antibody (AB-T065; Advanced Targeting
Systems, San Diego, California, USA) was used at a
1/50 dilution. Anti-cytokeratin CAMS5.2 antibody (Bec-
ton Dickinson Biosciences, San Jose, California, USA)
was used to highlight epithelial cells.

Results

All 10 patients were diagnosed as having S. maltophil-
ia pneumonia. There was no apparent outbreak of S.
maltophilia infection throughout the study period.
The clinical characteristics of the 10 patients are
shown in Tables 1 and 2. '

There were 6 men and 4 women, with a median age
of 58 years (range, 36-62). Underlying diseases were
acute myeloid leukemia in 7 patients, myelodysplastic
syndrome in 2 patients, and diffuse large B-cell lym-
phoma in. 1 patient. All patients had already under-
gone allogeneic hematopoietic stem cell
transplantation (HSCT). Five patients received first
cord blood transplantation (CBT), 4 patients received
second CBT, and 1 patient received first peripheral
blood stem cell transplantation (PBSCT) (Table 1).
All patients underwent transplantation in a non-remis-
sion state. During the study period, HSCT was per-
formed in 508 patients (bone marrow transplantation
[BMT]: 95, PBSCT: 133, CBT: 279, PBSCT + BMT: 1,
and first HSCT: 366, second HSCT: 112, > third
HSCT: 30), and the overall incidence of S. maltophilia
pneumonia was 2.0%. The incidence was 0% (0/95) in
patients after BMT, 0.8% (1/133) after PBSCT, and
3.2% (9/279) with CBT. S. maltophilia pneumonia
developed only in the HSCT setting, and no case of S.
maltophilia pneumonia occurred among patients with-
out hematologic disorders.

With respect to clinical characteristics that predis-
posed the patients to developing S. maltophilia pneu-
monia, they had been generally heavily pretreated
before HSCT. Most patients had received >2 lines of
chemotherapy before HSCT, and median length of
hospital stay before HSCT was 123 days (range, 49~
412). All patients had previously received broad-spec-
trum antimicrobial therapy including carbapenem and
prophylactic fluoroquinolone in the 90 days before
HSCT. Graft-versus-host disease (GVHD) prophylaxis
consisted of tacrolimus and mycophenolate mofetil in
8 and tacrolimus alone in 2 patients. Corticosteroid
had been used for GVHD or pre-engraftment immune
reactions in 5 patients with a diagnosis of S. maltophil-
ia pneumonia (Table 1). All patients had preparative
regimen-related mucositis (grade > 2 according to
the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.0). Similarly, 9/
10 patients had diarrhea (grade > 1) due to prepara-
tive regimen and/or GVHD at the diagnosis of S.
maltophilia pneumonia. However, no patients had
apparent Clostridium difficile-associated disease.

The median onset of S. maltophilia pneumonia was
13.5 days (range, 6-40) after transplantation, and the
median white blood cell and neutrophil counts at the
time of onset were 10/pL (range, 10-1900) and 0/pL
(range, 0-1720), respectively (Table 1). Pneumonia
developed during broad-spectrum antibiotic treatment
including fluoroquinolones in all patients. S. maltophil-
ia was detected in airway samples before pneumonia
onset in 3 patients (Patients 3, 4, and 10) (Table 1).
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Clinical characteristics of the 10 patients with Stenotrophomonas maltophilia pneumonia (background)
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Clinical characteristics of the 10 patients with Stenotrophomonas maltophilia pneumonia (diagnosis and treatment)
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Three patients (Patients 2, 3, and 5) received treat-
ment with mechanical ventilation when pneumonia
developed.

All patients had S. maltophilia bacteremia. Bacteria
other than S. maltophilia were simultaneously
detected on blood culture in 4 patients: Enterococci in
3 (Enterococcus faecium: 2, Enterococcus species: 1)
and Citrobacter freundii in 1 (Table 2).

Bloody sputum or hemoptysis was noted in all
patients. As shown in Figure 1A, red blood cells and
many thin gram-negative bacilli were present in air-
way samples in all patients. Seven of 10 patients had
pure S. maltophilia pneumonia, and only S. malto-
philia was cultured from respiratory secretions. In
the other 3 patients, other bacteria were cultured,
but these bacteria were not observed on Gram stain
finding, suggesting bacterial colonization in the air-
way. Also, these bacteria had low pathogenicity,
except Aspergillus species (Patient 8) (Table 2). Two
patients had fungal infection (Candida glabrata,
Aspergillus species). No patients had apparent viral
infection.

Araoka et al: Fatal hemorrhagic S. maltophilia pneumonia

Chest computed tomography findings in Patient 6
are shown in Figure 2. Infiltrating shadows rapidly
progressed within a very short period. Autopsy was
performed in Patient 6. The lungs (weight 1110/
1450 g) were voluminous with hemorrhage and
edema. Microscopically, the lungs showed diffuse
alveolar hemorrhage with the alveolar spaces filled
with abundant extravasated blood and fibrinous exu-
date; the alveolar epithelial cells were widely dis-
rupted and detached from the alveolar septa. There
were some areas showing focal collapse due to fibro-
sis with hemosiderosis. Arterial and capillary vascular
structures were retained, and no evidence of vasculitis
or capillaritis was noted. The presence of S. maltophil-
ia was clearly demonstrated on immunohistochemis-
try as shown in Figure 1B-F.

The mortality rate from S. maltophilia pneumonia
was 100%. Although empiric or Gram staining-guided
preemptive higher doses of trimethoprim-sulfamethox-
azole (TMP-SMX) and fluoroquinolones with multiple
broad-spectrum antibiotics were administered in 6 of
the 10 patients, all of these patients died within a very

Fig. 1. Stenotrophomonas maltophilia pneumonia developed in a neutropenic state after cord blood transplantation. Bronchoalveolar lavage
showed a red color, suggesting alveolar hemorrhage. Large amounts of red blood cells and thin gram-negative bacilli were found on Gram
staining (A). Lungs obtained at autopsy demonstrated the presence of diffuse alveolar hemorrhage macroscopically (B) and histologically
(C; hematoxylin-eosin, x41) (Patient 6). Double immunohistochemical staining of the lung (D: x83; E: x165, F: x41) showed the presence
of S. maltophilia (red) located within/along the alveolar spaces filled with abundant extravasated blood/fibrinous exudate and widely
disrupted alveolar epithelial cells (brown). In addition, the presence of macrophages phagocytizing S. maltophilia are noted.

Transplant Infectious Disease 2012: 14: 355-363 359
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Fig. 2. Patient 6 underwent cord blood transplantation for acute leukemia. Pneumonia developed when the neutrophil count was 0/uL on
day 7 after transplantation. Compared with chest computed tomography on day 7 after transplantation (left), consolidation accompanied by
an air bronchogram showed rapid expansion in the right lung field on the following day (day 8) (right).

short time after pneumonia onset (median: 2 days;
range, 1-10) (Table 2). Regarding drug sensitivity, S.
maltophilia was susceptible to TMP-SMX in all
patients excluding Patient 6. The susceptibility rates
to levofloxacin, minocycline, and ceftazidime were
70%, 100%, and 20%, respectively.

Discussion

Low-virulent multidrug-resistant S. wmaltophilia with
low pathogenicity has been increasingly isolated with
the development of immunosuppressive anti-cancer
treatment including HSCT. Safdar and Rolston (6)
reported that the ratio of gram-negative bacteria
isolated from cancer patients was 2% in 1986, but
accounted for 7% in 2002. However, it remains unclear
whether the isolation frequency has steadily
increased, because the isolation rate depends on local
factors at each hospital (7). S. maltophilia has low vir-
ulence in healthy populations, but it is pathogenic in
profoundly immunosuppressed patients. In general, S.
maltophilia cultured from lower respiratory airway
samples comprise mostly bacteria that have colonized
the airway. When S. maltophilia is isolated from lower
respiratory airway samples, it is difficult to differentiate
infection from colonization. To diagnose S. maltophilia
pneumonia, quantitative culture of bronchoalveolar
lavage may be useful, but it has a limitation (8). To
date, there has been limited literature describing the
epidemiology of S. maltophilia pneumonia. A previous
report showed that S. maltophilia accounted for 4.5% of
hospital-acquired pneumonia cases and 6% of ventila-
tor-associated pneumonia (9). Also, Jones (10)
reported that S. maltophilia was isolated from 3.1% of
patients hospitalized with pneumonia in the last
5 years of the SENTRY Antimicrobial Surveillance Pro-
gram. However, the true incidence of S. maltophilia

360

pneumonia could be much lower because that report
included cases demonstrating colonization of S. malto-
philia in the respiratory tract. We consider that Gram
staining of lower respiratory airway samples is impor-
tant. When dominant thin gram-negative bacilli are
observed under a microscope and S. maltophilia is
detected in culture, it is likely to be a true pathogen.
We incorporated Gram stain findings into the diagnos-
tic criteria of S. maltophilia pneumonia to exclude the
cases of S. maltophilia colonization and improve the
accuracy of diagnosis. However, it is possible that
severe cases were selected, whereas mild to moderate
cases that could be cured with antimicrobial therapy
were excluded by these criteria.

This is the first report, to our knowledge, describ-
ing the incidence of S. maltophilia pneumonia in
HSCT recipients. The majority of the patient popula-
tion was CBT recipients, and the incidence of
S. maltophilia pneumonia in CBT recipients tended to
be higher compared with that in BMT and PBSCT
recipients. The retrospective nature of this study is a
limitation, as in other studies, and our study did not
sufficiently exclude S. maltophilia cross-transmission.
Thus, the true incidence of S. maltophilia pneumonia
still remains unknown. However, no apparent out-
break occurred during the study period.

Regarding risk factors for S. maltophilia pneumonia,
various studies mainly reported the following factors:
1) neutropenia; 2) hematologic malignancy, such as
leukemia and malignant lymphoma; 3) patients treated
with broad-spectrum antibiotics (carbapenems, broad-
spectrum cephalosporins, and fluoroquinolones); 4)
prolonged mechanical ventilation for 7 days or longer,
or tracheotomy; and 5) anatomic abnormality in the
trachea or lung, such as cystic fibrosis and chronic
obstructive pulmonary disease (3, 6, 11).

Hemorrhagic pneumonia in patients with hemato-
logic malignancy accompanied by neutropenia is a

Transplant Infectious Disease 2012: 14: 355-363
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characteristic pathological condition of S. maltophilia
pneumonia, and it has been reported to cause alveolar
hemorrhage and rapidly result in death (1-5). In our
study, the disease developed with severe neutropenia
in 9 of 10 patients, and occurred during the early
phase after HSCT or prolonged neutropenia due to
engraftment failure. Many of these patients had
bloody sputum or hemoptysis. Clinicians should not
overlook these clinical signs, although they may be
lacking in the early stage of pneumonia, which should
receive attention. In our series, 4 patients did not
receive TMP-SMX-based multidrug combination treat-
ment for S. maltophilia, because it was diagnosed
after death. In these 4 patients, the median time of
death after onset was only 1 day (range, 1-2). Report-
edly, bacterial colonization is observed in the airway
before the development of pneumonia in many cases,
but in the presence of neutropenia, it may rapidly
develop in the absence of confirming colonization.
Indeed, colonization had been detected in only 3 of
the 10 patients before the onset of S. maltophilia
pneumonia. ,

Reportedly, images of S. maltophilia pneumonia did
not show any characteristic feature compared with
those of common bacterial pneumonia. It may show a
uni- or bilateral pattern, but is rarely accompanied by
pleural effusion (3, 11). Cavernous lesions are also
rare. In patients with hematologic malignancy accom-
panied by neutropenia, particularly patients after
HSCT, it may show rapid progression accompanied
by hemorrhagic pneumonia. On imaging, early
changes are minute in many cases, requiring careful
observation. The detailed mechanism of alveolar hem-
orrhage has not been clarified, and further studies are
necessary.

The mortality rate from S. maltophilia pneumonia
is high, being reported to be 23-77% (12), and fur-
ther increases in cases accompanied by S. maltophil-
ia bacteremia (13). The blood culture positivity rate
rises in the presence of neutropenia, and the mortal-
ity rate of such cases is very high. In severely immu-
nocompromised patients who have profound
neutropenia, mucositis, or presence of a catheter,
multiple pathogens are often present, and the prog-
nosis is poor (13). For such cases, blood culture to
determine pathogens is very important. We also
noted combined bacteremia in 4 of the 10 patients. It
was reported that early catheter removal led to a bet-
ter prognosis in the case of catheterrelated S. malto-
philia bacteremia (13).

In our study, the mortality rate of S. maltophilia
pneumonia was higher than that in previous reports.
This could have been due to the fact that 9 of the 10

Araoka et al: Fatal hemorrhagic S. maltophilia pneumonia

patients received CBT and had prolonged severe neu-
tropenia; furthermore, all 10 patients underwent trans-
plantation in a non-remission state. It may be difficult
to rescue patients when bacteria are shown in lower
respiratory airway samples on Gram staining despite
prompt treatment with TMP-SMX alone or TMP-SMX-
based multidrug regimen, as observed in our cases.
Patient 3, who received PBSCT and had a relatively
shorter neutropenic period, had longer survival, indi-
cating the essential role of neutrophils to manage S.
maltophilia pneumonia. The prevention and early
diagnosis of disease development need to be investi-
gated.

S. maltophilia exhibits intrinsic resistance to a wide
variety of antibiotics. It is resistant to most B-lactams
including carbapenems by producing the L1- (class B
metallo B-lactamase) and L2-type (class A) B-lactamas-
es (14, 15); fluoroquinolones through a drug efflux
pump, or reducing the outer membrane permeability
to drugs (16, 17); and aminoglycosides by producing
an aminoglycoside-modifying enzyme and through a
drug efflux pump (6, 18-20). In previous reports, sen-
sitivity to TMP-SMX and minocycline was high, but
sensitivity to other drugs varied among reports (6).
Treatment with TMP-SMX alone or TMP-SMX-based
multidrug regimen (combination with ticarcillin clavu-
lanate and/or fluoroquinolones) is considered the first
choice (21-24). Treatment with TMP-SMX and fluor-
oquinolones is the only treatment option for S. malto-
philia pneumonia in severely immunocompromised
patients, as fticarcillin clavulanate has not been
approved, and is not commercially available in Japan.
However, treatment of S. maltophilia pneumonia with-
out ticarcillin clavulanate would be disadvantageous
because many patients at risk are likely to have fluor-
oquinolone prophylaxis, predisposing patients to fluor-
oquinolone-resistant S. maltophilia infection.

Regarding the dose of TMP-SMX, no clear data are
available. As its action on S. maltophilia is considered
bacteriostatic (25), higher dose may be recom-
mended, as is the case for Puneumocystis pneumonia
(15 mg/kg/day of trimethoprim) (26), but no pro-
spective study data are available.

As most patients had not achieved neutrophil
engraftment, none of them received prophylactic
administration of TMP-SMX. A negative influence of
TMP-SMX is a concern of clinicians engaged in HSCT
because the prophylactic administration of TMP-SMX
inhibits engraftment of hematopoietic stem cells.
Prophylactic oral TMP-SMX administration between
the transplantation day and neutrophil engraftment
is not incorporated into common practice (27). It
remains unclear whether TMP-SMX can prevent
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S. maltophilia pneumonia and sepsis at the oral
prophylactic dose for Preumocystis pneumonia. More-
over, it remains unclear whether high-dose TMP-SMX
negatively influences neutrophil engraftment when S.
maltophilia pneumonia or sepsis develops before
engraftment. However, a prompt TMP-SMX-based
multidrug combination regimen should be considered
to rescue suspected cases of S. maltophilia pneumo-
nia in severely immunocompromised patients after
HSCT. Further investigation is needed regarding the
adequacy of the prophylactic administration of TMP-
SMX before neutrophil engraftment after HSCT,
particularly CBT, for which the incidence was the
highest.

Conclusion

Hemorrhagic S. maltophilia pneumonia is rapidly pro-
gressive and associated with a high mortality rate in
patients with hematologic malignancy. Attention
should be particularly paid to the neutropenic phase
early after HSCT or prolonged neutropenia due to
engraftment failure. A prompt TMP-SMX-based multi-
drug combination regimen should be considered to
rescue suspected cases of S. maltophilia pneumonia
in these severely immunosuppressed patients. Consid-
ering the early mortality of our cohort, the prevention
and early diagnosis of hemorrhagic S. maltophilia
pneumonia will require further investigation.
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