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BACKGROUND: Coronary microvascular dysfunction results in angina and adverse outcomes in patients with evidence of 
ischemia and nonobstructive coronary artery disease; however, no specific therapy exists. CD34+ cell therapy increases 
microvasculature in preclinical models and improves symptoms, exercise tolerance, and mortality in refractory angina patients 
with obstructive coronary artery disease. The objective of this research was to evaluate the safety, tolerability, and efficacy of 
intracoronary CD34+ cell therapy in patients with coronary microvascular dysfunction.

METHODS: We conducted a 2-center, 20-participant trial of autologous CD34+ cell therapy (protocol CLBS16-P01; 
NCT03508609) in patients with ischemia and nonobstructive coronary artery disease with persistent angina and coronary 
flow reserve ≤2.5. Efficacy measures included coronary flow reserve, angina frequency, Canadian Cardiovascular Society 
angina class, Seattle Angina Questionnaire, SF-36, and modified Bruce exercise treadmill test obtained at baseline and 
6 months after treatment. Autologous CD34+ cells (CLBS16) were mobilized by administration of granulocyte-colony 
stimulating factor 5µg/kg/day for 5 days and collected by leukapheresis. Participants received a single intracoronary left 
anterior descending infusion of isolated CD34+ cells in medium that enhances cell function.

RESULTS: Coronary flow reserve improved from 2.08±0.32 at baseline to 2.68±0.79 at 6 months after treatment (P<0.005). 
Angina frequency decreased (P<0.004), Canadian Cardiovascular Society class improved (P<0.001), and quality of life 
improved as assessed by the Seattle Angina Questionnaire (P≤0.03, all scales) and SF-36 (P≤0.04, all scales). There were 
no cell-related serious adverse events.

CONCLUSIONS: In this pilot clinical trial of microvascular angina, patients with ischemia and nonobstructive coronary artery disease 
receiving intracoronary infusion of CD34+ cell therapy had higher coronary flow reserve, less severe angina, and better quality 
of life at 6 months. The current study supports a potential therapeutic role for CD34+ cells in patients with microvascular angina.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03508609.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Patients with signs and symptoms of ischemia but 
nonobstructive coronary artery disease (INOCA) 
are increasingly recognized, with an estimated 

prevalence of 3 to 4 million and occurs more frequently 
in women.1,2 The original Women’s Ischemia Syndrome 
Evaluation cohort (NCT00832702) and other studies 
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have documented a high prevalence (47%–64%) of cor-
onary microvascular dysfunction (CMD) in patients with 
INOCA.3–6 Endothelial-independent CMD is identified 
by impaired hyperemic coronary flow reserve (CFR) in 
response to intracoronary adenosine on invasive coronary 
function testing.7 In symptomatic individuals with INOCA, 
the diagnosis of CMD is associated with increased risk 
of all-cause mortality, and major adverse cardiovascular 
events, including myocardial infarction, hospitalization for 
heart failure, and cardiac death compared with INOCA 
without evidence of CMD.5,8–16 Persistent angina is com-
mon in INOCA and associated with worse outcomes, 
however no specific therapy exists for these patients.

Cell therapy utilizing autologous CD34+ (auto-
CD34+) cells is a promising therapy for patients with 
INOCA. Endothelial progenitor cells, identified and iso-
lated using the CD34+ cell-surface marker, have potent 
angiogenic capabilities in vitro and in vivo.17,18 CD34+ 
cells induce capillary growth to regenerate damaged 

microcirculation in preclinical models. Three consecu-
tive randomized double-blind controlled trials in patients 
with class 3-4 refractory angina from obstructive coro-
nary artery disease in the United States established 
the feasibility and dose-response of intramyocardial 
delivered auto-CD34+ cells.19–21 A patient-level pooled 
analysis from these 3 randomized double-blinded tri-
als showed that treatment with auto-CD34+ in these 
refractory angina patients resulted in statistically sig-
nificant improvements in total exercise time, angina 
frequency, and a reduction in mortality.22 PreSERVE-
AMI, a large clinical trial using CD34+ cell therapy for 
left ventricular dysfunction post-ST-segment elevation 
myocardial infarction demonstrated safety and poten-
tial efficacy for intracoronary infusion of CD34+ cell 
therapy in patients post–myocardial infarction.23

The primary objective of this study was to evaluate 
the initial safety, tolerability, and efficacy of intracoro-
nary autologous CD34+ cells (CLBS16) in patients with 
INOCA with documented CMD and persistent angina. 
The primary outcome measure was change from base-
line in CFR.

METHODS
The data that support the findings of this study may be made 
available to noncommercial entities upon reasonable request. 
Requests for data may be sent to jwang@caladrius.com.

Study Population
The study population consisted of patients with a diagnosis of 
CMD documented by CFR≤2.5. Key inclusion and exclusion 
criteria included men and women 18 years of age and over, 
with effort-induced anginal symptoms and currently experi-
encing 3 or more episodes of angina each week, no obstruc-
tive coronary artery disease (defined by angiographic lesion 
stenosis ≤40% in all coronary arteries) on clinically indicated 
angiogram within 6 months before consent, and invasively con-
firmed endothelial-independent CMD (defined as CFR≤2.5 
to intracoronary adenosine) at screening or within 6 months 
before screening. Participants needed to be able to give writ-
ten informed consent and be on stable cardiovascular medical 
therapy for 30 days at time of consent, which included stan-
dard medical therapy (unless not effective or tolerated) at the 
treating physician’s discretion (statin, angiotensin converting 
enzyme inhibitor, beta blocker, calcium channel blocker, and/or 
ranolazine). Included participants were expected to remain on 
stable medications throughout the study duration. Participants 
with myocardial infarction within 90 days before consent, his-
tory of coronary artery bypass surgery, severe valvular heart dis-
ease, left ventricular ejection fraction <40%, advanced kidney 
disease (GFR <30 mL/minute per 1.73 m2), on chronic treat-
ment with coumadin or anticipated need for coumadin therapy 
during the trial time frame, serious hypersensitivity or a history 
of adverse reactions to GCSF (granulocyte colony-stimulating 
factor) or apheresis, positive for HIV, hepatitis B or hepatitis C, 
malignant neoplasms within 5 years before consent, and preg-
nant or lactating at time of consent were excluded.

Nonstandard Abbreviations and Acronyms

CCS	 Canadian Cardiovascular Society
CFR	 coronary flow reserve
CFT	 coronary functional testing
CMD	 coronary microvascular dysfunction
GCSF	 granulocyte colony-stimulating factor
INOCA	� ischemia and nonobstructive coronary 

artery disease
LAD	 left anterior descending
MACE	 major adverse cardiovascular event

WHAT IS KNOWN
•	 Coronary microvascular dysfunction is an isch-

emic disease that affects the small vessels of the 
heart and is associated with reduced coronary 
flow reserve

•	 In patients with coronary microvascular dysfunction, 
coronary flow reserve is a strong and independent 
predictor of major adverse cardiovascular events

•	 Autologous CD34+ cells have been shown to be 
proangiogenic in preclinical models and in human 
studies for patients with refractory angina

WHAT THE STUDY ADDS
•	 This is the first study in which patients with coronary 

microvascular dysfunction and documented coro-
nary flow reserve<2.5 were treated with GCSF-
mobilized autologous CD34+ cells

•	 Treatment of patients with coronary microvascular 
dysfunction with autologous CD34+ cells led to an 
improvement in coronary flow reserve, quality of life, 
and angina
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The study was conducted in accordance with the United 
States Code of Federal Regulations Title 21; the principles of 
Good Clinical Practice outlined in the International Council for 
Harmonisation’s Guideline for Good Clinical Practice E6(R2) 
dated November 9, 2016; and the Declaration of Helsinki 
(July 9, 2018). Institutional review boards of both clinical sites, 
Cedars-Sinai Medical Center, Los Angeles, CA and Mayo Clinic, 
Rochester, MN, approved the study, and all participants pro-
vided informed consent.

Coronary Function Testing
Participants withheld coronary vasoreactivity medications for at 
least 48 hours before coronary angiography and coronary func-
tional testing (CFT). These medications included calcium channel 
blockers, beta blockers, long acting nitrates, and phosphodies-
terase inhibitors. Short-acting sublingual nitroglycerin for chest 
pain was allowed >6 hours prior procedure. Arterial access was 
obtained through the right or left femoral artery. After diagnostic 
angiography and exclusion of patients with obstructive coro-
nary artery disease, endothelium-dependent and -independent 
coronary functions were assessed as previously described.8 In 
brief, a Doppler guidewire (Flowire, Volcano Therapeutics Inc, 
Rancho Cordova, CA) was positioned into the proximal to mid-
left anterior descending (LAD) coronary artery. Incremental 
intracoronary bolus injections of adenosine (18–72 µg) were 
administered until maximal hyperemia was achieved. Coronary 
endothelium-independent microvascular function was assessed 
by CFR, calculated as hyperemic flow velocity/baseline flow 
velocity. Subsequently, coronary epicardial and microvascular 
endothelial function were assessed by selective intracoronary 
infusion of escalating doses of acetylcholine (ACH) (10−6, 10−5, 
and 10−4 mol/L for 3 minutes at each concentration) into the 
LAD for total ACH doses of 0.364 ug, 36.4 ug, and 108 ug. 
Hemodynamic data, doppler measurements, and coronary 
angiograms were obtained after each infusion. In response to 
ACH, coronary artery diameter was measured by an independent 
investigator in the segment 5 mm distal to the tip of the Doppler 
wire offline using a quantitative coronary angiography program 
(Medis Corp, Leiden, the Netherlands), and blood flow was cal-
culated from the Doppler derived time velocity integral and ves-
sel diameter, where coronary blood flow (CBF)=π x (coronary 
artery diameter/2)2 x (average peak velocity/2).14,24–26 Patients 
with baseline endothelial-independent CMD (CFR≤2.5) were 
considered for enrollment irrespective of coronary endothelial 
function testing. CFT was repeated at 6 months post-CD34+ 
cell infusion for evaluation of CFR.

CD34+ Cell Mobilization, Isolation, Preparation, 
and Intracoronary Infusion
Following screening procedures and verification of patient eli-
gibility, participants were placed on a dual-antiplatelet regimen 
and mobilization of CD34+ cells from the bone marrow was 
initiated with 5 daily injections of GCSF (filgrastim) at a dose of 
5 µg/kg per day. On the fifth day of GCSF, participants under-
went apheresis to isolate an enriched fraction of mononuclear 
cells.27 The mononuclear cells collected by apheresis were 
shipped overnight to a central manufacturing facility where, on 
the next day, CD34+ cells were isolated with a magnetic selec-
tion process (Miltenyi Biotec, Bergisch Gladbach, Germany), 

suspended in a proprietary formulation, and shipped overnight 
back to the originating clinical site.27 On the day after manu-
facturing, arterial access was obtained either through radial 
or femoral arteries in the catheterization laboratory, and intra-
coronary infusion of CD34+ cells preparation (CLBS16) was 
administered (10 mL of investigational product over 10 min-
ute) in the proximal or mid LAD using an over the wire balloon 
catheter without balloon inflation (Abbott Trek balloon). Each 
participant received the maximum manufactured dose, up to 
a limit of 300×106 CD34+ cells. The safety of this dose was 
previously established in studies of intracoronary administration 
of CD34+ cells in subjects with refractory angina and nonisch-
emic dilated cardiomyopathy.27–31 The dose received by each 
subject was influenced by the number of cells mobilized into 
the peripheral blood by GCSF and the number of cells har-
vested during the apheresis procedure. Each patient was dosed 
with as many cells as available. The average dose administered 
was 111±63×106 cells, and the minimum and maximum doses 
were 12 and 293×106 cells, respectively.

Follow-Up and Efficacy Measures
As described above, CFT was performed at baseline and 6 
months post-CLBS16 treatment. Daily angina frequency 
and nitroglycerin use were assessed by paper diary at base-
line, 3 months and 6 months after treatment. Canadian 
Cardiovascular Society angina class was assessed at base-
line and 6 months after treatment according to the criteria 
originally proposed by Campeau.32 Total exercise time (TET) 
was assessed from an exercise tolerance test (ETT) con-
ducted according to the modified Bruce protocol at baseline 
and 6 months after treatment.33 Time to angina, time to ST 
depression, peak metabolic equivalents (METs), and propor-
tion of participants experiencing angina as a major symptom 
or as a reason for stopping were also assessed from the ETT 
data. Health-related quality of life was assessed at baseline, 
3 months and 6 months after treatment by the Seattle Angina 
Questionnaire34 and the SF-36 V2.35

Safety Measures
Patients were monitored for 6 hours after CD34+ cell infusion, 
with vital signs recorded every 2 hours and 12-lead electrocar-
diography performed at 2 and 6 hours. Vitals signs and 12-lead 
electrocardiography were assessed on the day after cell infu-
sion procedure. Adverse events were collected at each study 
visit. Hematology and clinical chemistry laboratory investiga-
tions were conducted at baseline, 1 day after treatment, and 1 
month and 6 months after treatment. A lipid panel was assessed 
at baseline and 6 months after treatment. Electrocardiograms 
were collected at baseline, during treatment, and 1 day and 6 
months after treatment. Physical examinations were conducted 
at baseline and 1 day and 6 months after treatment. Vital signs 
were assessed at each participant encounter.

Statistical Methods
The power estimate was modeled based on 2 prior studies, 
one which examined the effect of spironolactone on CFR 
in patients with diabetes and reported a change in CFR of 
0.33±0.83 in the treated group36 and the second was the 
study of Quinapril in Women With Chest Pain, Coronary Flow 
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Reserve Limitations and Evidence of Myocardial Ischemia 
(QWISE), which reported a change in CFR of 0.55±0.56 
among treated patients with low baseline CFR.37 With a SD 
of 0.56, a study with 20 patients was predicted to have 80% 
power to detect a change in CFR of 0.37 or greater after treat-
ment using a 2-sided paired t test with a type I error rate of 
0.05. Assuming a larger SD of 0.83, 20 patients would have 
80% power to detect a change in CFR of 0.55 or greater after 
treatment using the same kind of test and type I error rate.

For the safety analysis, all data from patients who received 
GCSF or had undergone apheresis or CFT or received a dose 
of CLBS16 were evaluated.

For the efficacy analysis, data from participants who 
received treatment with CLBS16 were evaluated. Continuous 
variables were analyzed using paired t test using change from 
baseline data. The change from baseline and confidence inter-
vals were estimated. If the assumption of normal distribution 
was not warranted, Wilcoxon rank-sum test was conducted. For 
paired nominal data (proportions), McNemar test was used.

RESULTS
The first participant was consented on April 19, 2018 
and the last participant on May 15, 2019. Twenty-eight 
participants signed a consent form and 20 met inclusion 
and exclusion criteria, completed screening, and received 
CLBS16. One participant withdrew for personal reasons 
before the month 6 assessments. Baseline demographic 
information is shown in the Table.

Safety Results
There were no cell-related adverse events. No partici-
pant had a spontaneous myocardial infarction, stroke, or 
died. One participant had a focal dissection during the 
CLBS16 infusion procedure requiring stent placement 
with elevation in troponin and subsequently withdrew 
from the trial. The cause of the dissection was felt by 
the investigator (A.L.) to be related to the distal tip of 
the balloon infusion catheter during an injection while 
the wire was removed.

Efficacy Results
Peak CFR to adenosine increased from 2.08±0.32 
at baseline to 2.68±0.79 at 6 months after treat-
ment (P=0.005; Figure  1). Fifteen of the 19 partici-
pants experienced an increase in CFR (78.9%), while 
4/19 (21.1%) experienced a decrease. The percent 
change in CBF to ACH was 43.64±64.84 at base-
line and 64.08±68.82 at 6 months (P=0.74). The 
percent change in coronary artery diameter to ACH 
was −11.35±27.9 at baseline and −3.83±11.41 at 
6 months (P=0.44). The percent change in coronary 
artery diameter to nitroglycerin was 13.2±13.8 at 
baseline and 10.6±20.3 at 6 months (P=0.86).

Angina frequency decreased from an average of 
4.42±3.10 episodes/day at baseline to 2.41±2.23 at 
3 months and 2.02±2.06 at 6 months after treatment 
(P=0.004; Figure 2).

Canadian Cardiovascular Society class improved from 
an average of 3.20±0.95 at baseline to 2.05±1.18 at 6 
months after treatment (P<0.001; Figure 3).

Seattle Angina Questionnaire results showed 
improvements from baseline to 6 months in all scales 
(P≤0.03; Figure  4). The average physical component 
score of the SF-36 improved from 29.71±7.44 at 
baseline to 36.03±11.11 at 6 months (P=0.001) and 
reflected improvements in each of the sub-scores. Simi-
larly, the average mental component scores improved 
from 47.60±10.35 at baseline to 53.85±9.41 at 6 
months (P=0.01) and reflected improvements in each of 
the sub-scores.

Total exercise time was 624±217 seconds at base-
line and 685±194 seconds at 6 months after treatment 
(P=0.41). The time to angina analysis had 7 participants 
experiencing angina during the baseline test with an 
average of 315±243 seconds in contrast to 3 patients 
during the test at 6 months after treatment with an aver-
age time 404±39 seconds. The proportion of partici-
pants who reported angina as a primary symptom or a 
reason for stopping decreased from 68.4% at baseline 
to 27.8% at 6 months after treatment (P=0.005). As an 
ad hoc analysis, the peak METs achieved by patients dur-
ing exercise testing was 7.6±3.5 at baseline and 8.8±3.4 
at 6 months (P=0.14).

Table.  Baseline Demographics

Variable CLBS16 (n=20)

Age, y; mean±SD 54.3±12.7

  <65, n (%) 14 (70%)

  ≥65, n (%) 6 (30%)

BMI, kg/m2; mean±SD 31.5±11.5

Sex, n (%)

  Female 17 (85%)

  Male 3 (15%)

Race/ethnicity, n (%)

  White 16 (80%)

  American Indian/Alaskan Native 1 (5%)

  Asian 2 (10%)

  Hispanic 1 (5%)

Blood pressure (mm Hg), mean ± SD

  Systolic 127±19

  Diastolic 77±13

Cardiovascular medications, n (%)

  Beta blockers 11 (55%)

  Nitrates 16 (80%)

  Calcium channel blockers 10 (50%)

  Ranolazine 5 (25%)

  Statins 14 (70%)

  ACE inhibitors 4 (20%)

ACE indicates angiotensin-converting enzyme; and BMI, body mass index.
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The use of sublingual nitroglycerin in tablets/day was 
0.99±1.22 at baseline, 0.51±0.78 at 3 months (P=0.06) 
and 0.87±1.56 at 6 months (P=0.69).

DISCUSSION
This first trial of autologous CD34+ cell therapy in INOCA 
participants with endothelial-independent CMD and 

persistent angina demonstrates that a single infusion of 
CLBS16 improved CFR at 6 months. There were no seri-
ous cell-related adverse events demonstrating excellent 
safety and tolerability of CLBS16 infusion. In addition, we 
found improvements in angina frequency, Canadian Car-
diovascular Society angina class, and all Seattle Angina 
Questionnaire and SF-36 domains including quality of 
life. Our findings support further exploration of CD34+ a 

Figure 1. Coronary flow reserve at baseline and 6 mo post-CLBS16 treatment.
Left, individual paired values of all subjects at baseline and 6 mo. Right, individual values showing change from baseline to 6 mo; horizontal 
black line indicates the mean change.

Figure 2. Angina frequency at baseline and 6 mo post-CLBS16 treatment.
Left, individual paired values of all subjects at baseline and 6 mo. Right, individual values showing change from baseline to 6 mo; horizontal 
black line indicates the mean change.
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cell therapy as a strategy in INOCA patients with CMD 
and persistent angina.

This trial establishes the feasibility and safety of intra-
coronary administration of CD34+ cell therapy in patients 
with INOCA with CMD and persistent angina. Our find-
ings are consistent with prior trials demonstrating safety 
and efficacy of CD34+ cell therapy in patients with 
refractory angina, acute myocardial infarction, and heart 
failure.19–23,27–31 This study extends the prior findings from 
pooled analysis of trials in patients with obstructive coro-
nary artery disease and refractory angina to patients with 
INOCA with CMD and persistent angina.22 Thus, a pro-
spective randomized study should be able to establish a 
potential therapeutic role for CD34+ cells in patients with 
microvascular angina.

CMD is characterized by coronary microvascular endo-
thelial or nonendothelial dysfunction that limits myocardial 
perfusion. CD34+ cells can differentiate into endothelial 
cells that migrate to areas of ischemic injury and preserve 
or restore microcirculatory integrity.27 CD34+ cells incor-
porate into the sites of active angiogenesis and stimulate 
neovascularization and vascular repair at the site of the 
ischemic tissue.17,38,39 Data from animal models indicate 
that CD34+ cells promote vascular repair and enhance 
angiogenesis in the microvasculature, which restores the 

microcirculation and improves myocardial tissue perfu-
sion in tissues damaged by acute and chronic ischemia.38

Improvement in microvascular function as measured 
by CFR after CD34+ cell therapy leads us to hypoth-
esize that CD34+ cells repair the microvasculature in 
patients with CMD similarly to ischemic tissue. These 
results provided the support for the ongoing double-
blind placebo-controlled FREEDOM trial (Future 
Revascularization Evaluation in Patients with Diabetes 
Mellitus: Optimal Management of Multivessel Disease; 
NCT0414467).

Our study has strengths and limitations. Invasive CFT, 
a rigorous method for diagnosis of CMD, was used to 
measure CFR at both initial visit and follow-up. A placebo 
effect is possible given the absence of a control group,40 
but the improvement in CFR tracked with improvement 
in angina frequency, all Seattle Angina Questionnaire 
domains, quality of life scores, and Canadian Cardiovas-
cular Society angina class. Given the small number of 
patients, we were not powered to detect differences in 
outcomes in this feasibility trial. The current study did 
not demonstrate any improvement in coronary endothe-
lial function. The reason for this lack of effect may be 
secondary to the preexisting exclusion criteria that did 
not require abnormal endothelial function for entry into 

Figure 3. Canadian Cardiovascular Society (CCS) angina class changes from baseline to 6 mo post-CLBS16 treatment.
Left panel is a stacked bar chart showing the number of subjects categorized as having CCS angina classes I, II, III, and IV. Right panel shows 
individual changes in CCS angina class from baseline to month 6.
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the study. It is important to note there is natural varia-
tion in the quantity of CD34+ cells delivered because 
of difference in each patient’s response to mobilization 
and CD34+ cell count, but there was no evidence for a 
dose-response curve. We will continue to evaluate dose-
response in larger ongoing trials.

CONCLUSIONS
The evidence generated in this clinical trial indicates that 
patients with INOCA receiving intracoronary infusion of 
CD34+ cell therapy had higher CFR, less severe angina, 
and better quality of life at 6 months. The improvement 
in CFR is consistent with the mechanism of action of 
CD34+ cells, that is, improvement in the microcirculation 
shown in preclinical trials. Further investigation beyond 
this proof of concept trial in humans is ongoing with the 
randomized placebo-controlled FREEDOM trial.
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