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recently developed PROMs, such as the King’s Brief ILD Health
Assessment Questionnaire (K-BILD).*

“ The extent of ground-glass opacities, honeycombing and/or
reticulations on high-resolution CT (HRCT) scan each merited
careful consideration as outcome measures. However, taken sep-
arately each was felt to incompletely capture disease progression
in either CTD-ILD or IPE The overall extent of ILD on HRCT
was accepted to provisionally describe the most appropriate and
feasible composite of radiological abnormalities to monitor for
disease progression.’! 3% No specific assessment tool at this time
was able to be confidently identified as it is not yet clear
whether subjective or automated objective assessment is the
more accurate approach. Though serial HRCT raises concern
for patient safety, validation studies of less radio-intense
methods of HRCT serial assessment®® are underway.

Progression-free survival in IPF was agreed to have merit,**
however the group was undecided as to the practicality of this
endpoint in' the context of a trial limited to 1 year’s duration.
Mortality was minimal or absent in two recent RCTs of
$Sc-ILD.? 3¢ There are cogent arguments for and against survival
as the primary outcome in studies of IPE** 37 Regardless of this
unresolved debate, mortality was recognised as an essential end-
point in all treatment trials as it provides a harm signal,** *7 with
all-cause mortality identified as a valid measure of survival in
CTD-ILD and IPE The utility of other measures of progression-
free survival in RCTs requires further investigation of candidate
instruments before recommending their use in RCTs.

While the domain of Cough did not survive the Delphi
process, it was important to patient participants. Additionally,
there is a correlation between cough and IPF progression®® and
with ILD severity in $S¢.*’ In SSc-ILD, cough adversely
impacted HRQoL and improved with treatment.”” The LCM
was selected as an interim measure as it was deemed more able
to capture frequency, quality and intensity, and impact on
HRQoL. It was also most feasible to administer.*®

Primary and secondary endpoint status of the proposed mea-
sures were considered, intensely discussed and even voted upon
during the NGT. However, at this preliminary stage and given
the lack of full validation of the core measures, the consensus
was to pursue further data. A more careful approach to end-
point status declarations entails ad hoc and prospective perform-
ance analyses of these measures.

Though we recommend these proposed measures for all
future research ventures, continued use of measures outside this
core set, for clinical practice and research purposes, is fully
expected with further research into their performance antici-
pated and necessary. Rather, this endeavour defines the currently
available, best validated and feasible instruments while providing
a much needed prioritised research agenda focus to the research
community.

This project applied rigorous multi-investigational processes
that captured thé perspectives of the international ILD expert
community and the life experience of patients with ILD to iden-
tify a set of domains and measures. Participation remained
robust through all tiers of the consensus process,

The importance of patient participation is supported by the
incorporation of HRQoL, Participation and Fatigue in the RA
core set for RCTs. From a practical perspective, qualitative data
collection involved only English-speaking patients from North
America, and results may be affected by cultural, environmental
and resource-related effects requiring further investigations to
follow up our reported findings. Nevertheless, the engagement
of patients as partners in the iterative process was important in
identifying and re-capturing areas of potentially meaningful
measures of disease activity.

CONCLUSIONS

It is critical that valid and clinically useful instruments be devel-
oped and validated to assess the likelihood of treatment
response in these disorders. Identification of consensus
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preliminary domains and instruments to measure them was
attained and is a major advance anticipated to facilitate multi-
centre RCTs in the field. However, none of the provisional end-
points were ultimately felt to be either ideal or fully validated.
Feasible endpoints like FVC are not perfect; more rigorous end-
points like mortality, particularly in the setting of CTD-ILD,
lack feasibility. Thus, selecting the best non-ideal endpoints
from a larger group of non-ideal endpoints still leaves us with
much work which includes further validation of existing and
development of new instruments.
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BRIEF REPORT

Impaired In Vivo Neovascularization Capacity of Endothelial Progenitor Cells in

Patients With Systemic Sclerosis

Masataka Kuwana and Yuka Okazaki

Olyjective. Defective vasculogenesis is thought to
play a role in the pathogenesis of systemic sclerosis
(8Sc). We undertook this study to explore the in vivo
functional capacity of CD34+CD133+CD309+ endo-
thelial progenitor cells (EPCs) in SSc patients.

Methods. CD133+ cells and EPCs were enumer-
ated by flow cytometry. Immunomagnetically sorted
circulating CD133+ cells from 16 patients with SSc and
12 healthy subjects, as well as murine colon carcinoma
CT-26 cells, were transplanted beneath the skin of SCID
mice. Tumor volume and blood vessel density were
measured 10 days later. Human EPC incorporation into
the vascular wall was evaluated using tumor sections
double stained for mouse CD31 and human CD31.

Results. The number of CD133+ cells and EPCs
was significantly decreased in SSc patients as compared
to healthy controls ( = 0.001 and P = 0.02, respec-
tively), while the proportion of EPCs in CD133+ cells
was similar between the 2 groups. CT-26 cells produced
markedly stronger tumor growth and neovessel forma-
tion when transplanted with CD133+ cells from healthy
subjects than when transplanted with CD133+ cells
from SSc patients (P = 0.001 and P = 0.008, respec-
tively). Tumors from mice that received transplants of
CT-26 cells and SSc-derived CD133+ cells formed fewer
vessels incorporating human EPC-derived mature en-
dothelial cells than did tumors from mice that received
transplants of CT-26 cells and CD133+ cells from
healthy control subjects (P = 0.0002).

Conclusion. We established a system that can be
used to evaluate the in vivo neovascularization capacity
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of freshly isolated EPCs. EPCs contribute to vascular-
ization by incorporating into vessel walls and by differ-
entiating into endothelial cells. These EPC functions are
impaired in SSc.

Systemic sclerosis (SSc) is characterized by wide-
spread vasculopathy and excessive fibrosis of the skin
and internal organs. Microvascular abnormalities that
begin to appear during the earliest stages of the disease
reduce blood flow and cause tissue ischemia, leading to
Raynaud’s phenomenon and ulcers on the fingers. While
SSc vasculopathy has been attributed to increased vas-
cular injury, we recently proposed the theory that defec-
tive vasculogenesis inhibits the vascular repair machin-
ery, contributing to the pathogenic process (1). For
vasculogenesis to occur, bone marrow—derived circulat-
ing endothelial progenitor cells (EPCs) must be re-
cruited to form blood vessels (2). Recent findings indi-
cate that in vascular injury or ischemia, EPCs contribute
to vascular healing and remodeling by homing to the
injury site and working in concert with existing endothe-
lial cells (ECs); however, whether the numbers of circu-
lating CD34+CD133+CD309+ EPCs are reduced or
increased in SSc patients is under debate (3).

While several studies have assessed circulating
EPC counts in SSc patients, few have evaluated the
functional properties of these EPCs. This is primarily
due to the difficulty of preparing sufficient numbers of
EPCs for functional analysis. We and others have pre-
viously reported that the potential of SSc-derived EPCs
to become mature ECs is impaired in in vitro cultures of
CD133+ cells or late-outgrowth EPCs (1,4). Although
large numbers of late-outgrowth EPCs can be obtained
by long-term culture (5), their functional properties may
be altered by repeated passages and exposure to high
concentrations of proangiogenic factors. Herein we es-
tablished a system for assaying EPC capacity to promote
neovascularization in vivo, and used this system to assess
whether EPC functions were impaired in SSc patients.
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PATIENTS AND METHODS

Patients and controls. This study included 16 female
patients who fulfilled the American College of Rheumatology
preliminary classification criteria for SSc (6) and were followed
up at Keio University Hospital. Patients receiving >10 mg of
prednisolone daily, immunosuppressive agents, or statins were
excluded. Twelve age- and sex-matched healthy controls were
recruited from among hospital staff. None of the subjects had
a history of smoking, diabetes, hypertension, or dyslipidemia.
The mean + SD age at initial evaluation was similar among
$Sc patients and healthy controls (50.7 + 14.4 years and 50.8 =
9.5 years, respectively). Half of the SSc patients and controls
had already experienced menopause. Among SSc patients,
disease duration ranged from 18 months to 175 months from
the onset of Raynaud’s phenomenon and from 14 months to
120 months from the onset of non-Raynaud’s phenomenon
symptoms. Nine patients were classified as having diffuse
cutaneous SSc. The study protocol was approved by the
institutional review board, and written informed consent was
obtained from each patient.

Flow cytometry. Circulating counts of CD133+ cells
and EPCs were determined by flow cytometry after magnetic-
activated cell sorting (MACS) was used to partially enrich
CD34+ cells as previously described (3). We used multipara-
meter flow cytometry to identify EPCs by the expression of
CD34, CD133, and CD309, and the viability marker
7-aminoactinomycin D (BD Biosciences). In some instances,
phycoerythrin-labeled anti-CD14 monoclonal antibody (mAb)
(RMO52; Beckman Coulter) or annexin V (BD Biosciences)
were used instead of anti-CD133 mAb. The absolute number
of CD133+ cells and EPCs in 1 m! of peripheral blood was
calculated using FlowCount fluorospheres (Beckman Coulter)
as an internal calibrator.

Mouse model of in vivo tumor neovascularization, The
capacity of EPCs to promote neovascularization was examined
in a mousc model of in vivo tumor neovascularization as
previously described (7), with some modifications. Briefly, to
isolate peripheral blood mononuclear cells, heparinized ve-
nous blood was subjected to Lymphoprep (Nycomed Pharma)
density-gradient centrifugation, CD133+ cells, including
CD34+CD133+CD309+ EPCs, were immunomagnetically
sorted from peripheral blood mononuclear cells using an
anti-CD133 mAb coupled to magnetic beads (Miltenyi Bio-
tech), followed by MACS column separation. Control
CD133— cells were also prepared by MACS-based negative
selection. Flow cytometric analysis showed that the CD133+
cell fraction was consistently composed of >85%
CD34+CD133+ cells, and that the contamination of CD133+
cells in the CD133~ cell fraction was <(.01%. For some tests,
CD309+ cells were removed from the CD133+ cell fraction
using MACS-based negative selection.

SCID mice were obtained from Charles River Japan
and were kept under specific pathogen—free conditions accord-
ing to the guidelines of the Keio University Animal Care and
Use Committee. Syngeneic murine colon carcinoma CT-26
cells (2.5 X 10°) were transplanted subcutancously into the
backs of the SCID mice, alone or in combination with CD133+
or CD133~ cells (2.5 X 10%). The subcutaneous tumors were
removed 10 days after mice received the transplants. Tumor
volume was calculated according to the following formula:
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0.5 X longest diameter X (shortest diameter)®. Tumor size was
expressed relative to the size of the tumors that developed in
mice that received transplants of CT-26 cells alone. Tumors
were fixed with formalin, embedded in paraffin, and stained
with hematoxylin and eosin. The number of erythrocyte-
bearing blood vessels was counted in 10 independent ficlds,
and the results were expressed as the number per 1 mm’.
Neovessel density was expressed relative to the number of
vessels in tumors that developed in mice that received CT-26
cells alone.

For immunohistochemical analysis, frozen tumor sec-
tions (10 wm thick) were placed onto slides and were incubated
with different combinations of the following antibodies at a 1:1
ratio: rat mAb to mouse-specific CD31, mouse mAb
to human-specific CD31 (BD Biosciences), fluorescein
isothiocyanate-conjugated mouse mAb to HLA class I (Sigma-
Aldrich), and rabbit polyclonal antibodies to human von
Willebrand factor (Merck Millipore). Secondary antibodies
included species-specific IgG conjugated with AlexaFluor 488,
568, or 647 (Molecular Probes). Nuclei were counterstained
with TO-PRO-3 (Molecular Probes). These slides were exam-
ined with a confocal laser fluorescence microscope (IX71;
Olympus). At least 100 independent blood vessels were ob-
served, and the results were expressed as the proportion of
blood vessels that were found to incorporate human ECs
expressing CD31. In addition, the proportion of human EPCs
that differentiated into CD31+ mature ECs was calculated by
examining at least 100 cells expressing HLA class 1.

Statistical analysis. All continuous variables were ex-
pressed as the mean * SD. Comparisons between 2 groups
were tested for statistical significance using an unpaired r-test.
The correlation coefficient was determined using a single-
regression model.

RESULTS

We obtained counts of circulating CD133+
cells and CD34+CD133+CD309+ EPCs using flow
cytometry and partially enriched CD34+ cells. Levels of
CD133+ cells were significantly decreased in SSc pa-
tients as compared to healthy controls (mean = SD
222 + 142 versus 449 = 193; P = 0.001). Levels of EPCs
were also significantly decreased in SSc patients as
compared to healthy controls (10.8 + 8.2 versus 21.1 =
13.0; P = 0.02). However, the proportion of EPCs in the
CD133+ population was the same in both groups
(4.7 = 1.9% versus 4.8 = 2.2%). EPCs from both groups
lacked expression of monocyte marker CD14 or the
early apoptosis marker annexin V.

Murine colon carcinoma CT-26 cells were trans-
planted, alone or in combination with circulating
CD133+ or CD133— cells, into the backs of SCID mice.
When cells from healthy controls were used in the assay,
tumor growth was markedly stronger when the CT-26
cells were transplanted with CD133+ cells that con-
tained EPCs, while CD133— cells had almost no effect
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Figure 1. Size and neovessel density of subcutancous tumors in mice that
received transplants of CT-26 cells alone or in combination with CD133+
or CD133~ cells from healthy control subjects or systemic sclerosis (SSc)
patients. A, Representative subcutaneous tumors from mice that received
transplants (left) and the relative size of the tumors that developed (right).
Each data point represents a single mouse (receiving a transplant from a
single patient); horizontal lines show the mean. NS = not significant. B,
Representative sections of tumors from mice that received transplants of
CT-26 cells with CD133+ cells from a healthy control subject or an SSc¢
patient (top). Arrows indicate erythrocyte-bearing blood vessels. Hema-
toxylin and eosin stained; bars = 100 pm. The relative neovessel density
of the tumors that developed in mice that received transplants of CT-26
cells with CD133+ cells from healthy control subjects and SSc patients
was also determined (bottom). Each data point represents a single mouse
(receiving a transplant from a single patient); horizontal lines show the
mean. C, Positive correlation between tumor size and neovessel density.

(Figure 1A). CT-26 cells formed significantly smaller
tumors when transplanted with SSc-derived CD133+
cells versus when they were transplanted with CD133+
cells from healthy control subjects (mean x SD
2.9 = 0.9 mm® versus 5.3 = 2.5 mm’; P = 0.001). How-
ever, tumor size did not differ among mice that received
CD133~ cells from either group (1.5 = 0.8 versus 1.7 =
0.6). '
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Figure 2. CD133+ cells lose the capacity to promote tumor growth
and neovessel formation when depleted of CD309+ cells. A, Rep-
resentative flow cytometric analysis of CD133+ cell fractions from
a healthy control subject after mock treatment or CD309+ cell
depletion. Top, In the dot plot of CD34 and CD133 cells, the out-
lined area shows region 2 (R2), which identifies CD34+ cells.
Bottom, In the dot plot of CD309 and CD133 cells, region 2 gating
for CD133 and CD309 is shown; CD34+ cells positive for CD133
and CD309 were regarded as endothelial progenitor cells (EPCs).
The proportion of EPCs in CD133+ cells is indicated in the
upper-right quadrants. B, Tumor size and neovessel density in mice
that received transplants of CT-26 cells with untreated CD133+
cells, mock-treated CD133+ cells, or CD133+ cells depleted of
CD309+. Values are the mean * SD and are representative of
independent measurements of samples from 4 healthy control
subjects.
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Figure 3. The vasculogenic capacity of human cndothelial progenitor
cells (EPCs) in mice that received transplants of CT-26 cells with
CD133+ cells derived from healthy control subjects or systemic sclerosis
(8Sc) patients. A, Detection of human EPC—derived endothelial cells
(ECs) (arrows) in a mouse that received a transplant of CD133+ cells
from a healthy control subject. Top, A representative tumor vessel shows
staining for mouse CD31 (red), human CD31 (green), and nuclei (bluc).
Bar = 25 pm. Bottom, A representative tumor vessel shows staining for
mouse CD31, human CD31, and human von Willebrand factor (VWF)
(blue). Bar = 100 wm. B, Proportion of tumor vessels that incorporated
human EPC—derived ECs in mice that received transplants of CD133+
cells from healthy control subjects and SSc patients. Each data point
represents a single mouse (receiving a transplant from a single patient);
horizontal lines show the mean. C, Detection of human EPC-derived ECs
in a mouse that reccived a transplant of CD133+ cells from an SSc
patient, A representative tumor vessel shows staining for human CD31
(red), HLA class I (green), and nuclei (blue). Arrows show human EPCs
differentiated into mature ECs. Bar = 25 pm. D, Proportion of human
EPCs that differentiated into mature ECs in mice that received trans-
plants of CD133+ cells from healthy control subjects and SSc patients.
Each data point represents a single mouse (receiving a transplant from a
single patient); horizontal lines show the mean.

Tumor sections were stained with hematoxylin
and eosin and were evaluated for blood vessel formation
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(Figure 1B). A semiquantitative assessment showed a
5.4-fold increase in neovessel density in tumors that
developed when CT-26 cells were transplanted with
CD133+ cells from healthy control subjects as com-
pared to the tumors that developed when CT-26 cells
were transplanted alone. SSc-derived CD133+ cells had
less in vivo capacity to promote neovascularization than
did the CD133+ cells from healthy control subjects
(mean * SD 2.8 = 1.6 versus 54 *= 3.1; P = 0.008)
(Figure 2B). When the effects of cells from all the SSc
patients and healthy controls were assessed, there was a
positive correlation between neovessel density and tu-
mor size (r = 0.90, P < 0.001) (Figure 1C), suggesting
that neovessel formation is the primary contributor to
tumor growth. We failed to find a difference in neovessel
density between diffuse cutaneous SSc and limited cu-
taneous SSc or a correlation between neovessel density
and disease duration after onset of Raynaud’s phenom-
enon or non-Raynaud’s phenomenon symptoms in SSc¢
patients.

Since CD34+CD133+CD309+ EPCs comprised
only 1.9-8.9% of the CD133+ cells, the effect of trans-
planted CD133+ cells might have been mediated by
non-EPCs in this cell fraction. To exclude this possibil-
ity, CT-26 cells were cotransplanted with CD133+ cells
that had been depleted of CD309+ cells (Figure 2).
The depletion of CD309+ cells almost completely can-
celled the ability of CD133+ cells to promote tumor
growth and neovessel formation, indicating that EPCs
contained in the CD133+ fraction were primarily re-
sponsible for promoting tumor neovascularization in our
assay system.

The examination of tumor sections occasionally
showed cells expressing human-specific CD31, but not
mouse CD31, in addition to ECs expressing mouse CD31,
within the vascular wall (Figure 3A). These cells coex-
pressed the human-specific mature-EC marker von Wille-
brand factor, indicating that transplanted human EPCs had
been incorporated into the endothelium and had differen-
tiated into mature ECs in vivo. Human ECs were found in
~20% of the blood vessels in tumors from mice that had
received CD133+ cells from healthy control subjects, but
the proportion was significantly lower in tumors from mice
that had received CD133+ cells from SSc patients
(mean * SD 20.1 + 6.4% versus 11.4 * 4.3%; P = 0.0002)
(Figure 3B). In addition, efficiency of endothelial differen-
tiation in transplanted human EPCs (the proportion of
human CD31+ cells in HLA class I-positive cells) was
significantly lower in mice that had received CD133+ cells
from SSc patients as compared with mice that had received
CD133+ cells from healthy control subjects (P = 0.009)
(Figures 3C and D). There was no correlation between the
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circulating EPC count and the ability of EPCs to promote
tumor growth or neovessel formation, or to differentiate
into mature ECs.

DISCUSSION

We have successfully established a system for
evaluating the in vivo function of circulating CD14~
CD34+CD133+CD309+ EPCs using a murine model
of tumor neovascularization. This system allows us to
evaluate EPC function with regard to their ability to
promote neovascularization either by direct incorpora-
tion into the vascular structure and differentiation into
mature ECs (vasculogenesis), or by activating mouse
ECs through such methods as secreted proangiogenic
factors (angiogenesis). The system uses freshly isolated
EPCs rather than cells cultured with exogenous pro-
angiogenic factors. A potential limitation of this sys-
tem is that it uses CD133+ cells instead of CD34+
CD133+CD309+ EPCs. Since EPCs are extremely rare
in the circulating cell population (8), it is not feasible to
isolate sufficient numbers of these cells for transplanta-
tion. However, experiments using CD133+ cells that
had been depleted of CD309+ cells clearly demon-
strated that while the percentage of EPCs contained in
the CD133+ cell population was small, EPCs were the
primary contributor to neovascularization.

Using our assay system to evaluate the function
of circulating EPCs in vivo, we demonstrated that the
neovascularization capacity of circulating EPCs in SSc
patients is impaired, partly due to a deficiency in the
vasculogenesis ability of these cells. Therefore, the de-
fects in vasculogenesis observed in SSc patients are likely
to be mediated through impaired EPC function, irre-
spective of EPC quantity. Aberrant functional property
was also reported in another circulating EPC subset,
CD45+CD14+CD34~-CD133— monocytic EPCs; these
cells exerted enhanced angiogenesis but were impaired
in vasculogenesis (9).

Currently, little is known about the mechanisms
behind these aberrations in circulating CD34+CD133+
CD309+ EPCs in SSc patients. Late-outgrowth EPCs
derived from SSc patients were found to have an aber-
rant gene expression profile (a proadhesive, proinflam-
matory, and activated phenotype [10]), although a direct
link between circulating CD34+CD133+CD309+ EPCs
and late-outgrowth EPCs from long-term culture has not
been established (11). Del Papa and colleagues reported
a low CD34+CD133+CD309+ EPC count in the bone
marrow of patients with SSc¢ and found that the EPCs
were defective in their ability to proliferate in long-term
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culture (despite the presence of multiple proangiogenic
factors) (12), suggesting that these EPCs were function-
ally altered before their release into the circulation. A
recent study of the bone marrow of patients with diffuse
cutaneous SSc demonstrated markedly reduced micro-
vascular density and increased fibrosis (13), despite a
strong proangiogenic push provided by an up-regulation
of vascular endothelial growth factor (13-15). This dys-
regulated microenvironment within the bone marrow
may alter the developmental process of EPCs. Alterna-
tively, the stem cells that will develop into EPCs may be
intrinsically altered and become hyporesponsive to
proangiogenic signals. Further studies are necessary to
investigate more fully the mechanisms that create these
dysfunctional EPCs and their roles in vasculopathy
development in SSc.
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