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SUMMARY

Frailty, a syndrome that decreases healthspan in older individuals, lacks effective therapies. We conducted a 
randomized, dose-finding clinical trial to test whether human bone marrow-derived allogeneic mesenchymal 
stem cells (MSCs; laromestrocel) improve physical functioning and patient self-reported outcomes in ambu-

latory individuals with frailty (ClinicalTrials.gov #NCT03169231; N = 148). Laromestrocel infusion results in 
clinically meaningful, dose- and time-dependent increases in the 6-min walk test (6MWT; primary endpoint) 
compared with placebo: 63.4 m (95% confidence interval [CI]: 17.1–109.6 m; p = 0.0077) at month 9 and 
41.3 m (95% CI: − 2.4–84.9 m; p = 0.0635) at month 6. Increased 6MWT distance correlates with PROMIS 
Physical Function score, and increasing doses of laromestrocel are associated with decreases in soluble 
(degraded) tyrosine kinase with immunoglobulin and epidermal growth factor homology domains (TIE2), 
the cognate receptor for the angiopoietins, identifying a potential biomarker of laromestrocel responsive-

ness. These findings identify a stem cell therapy approach for the management of patients with hypomobility 
and other features of aging frailty.

INTRODUCTION

Aging-related frailty is defined as a state of heightened vulnera-

bility to stressors, resulting in disproportionate rates of adverse 

health care outcomes. 1 As a result, older individuals with frailty 

are at increased risk for disability, mobility impairment, demen-

tia, hospitalization, institutionalization, and death; disproportion-

ately consume healthcare resources; and have diminished

healthspan. 2,3 An estimated 12%–24% of people 65 years and 

older are frail, with the proportion increasing significantly with 

advancing age. 4,5

A key manifestation of frailty is a diminution in physical func-

tioning that affects both strength and endurance. 6–8 Conse-

quently, affected individuals have limited life space due to 

reduced mobility, reduced quality of life (QOL), and impairment 

in activities of daily living (ADLs). 9–11 There is increasing
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recognition that measuring and modifying hypomobility is of both 

clinical and policy importance, particularly with aging popula-

tions. 6,10,11 For this study, we used the 6-min walk test (6MWT) 

as an integrated assessment of multiple physiological systems 

for strength, mobility, and endurance. 12 The 6MWT is a valid 

and reliable indicator of the ability to perform basic ADLs and 

to assess frailty status and captures meaningful life-space mea-

sures, e.g., the ability to walk around a block. 13

Frailty is a multisystemic, degenerative state independent of 

normal aging that may be reversible and potentially responsive 

to treatment. 14 Among the many underlying causes and mecha-

nisms for frailty 15 are low-grade chronic inflammation, termed 

‘‘inflammaging,’’ characterized by increased levels of pro-in-

flammatory cytokines. 16–19 Another contributor, which is linked 

to and can be caused by inflammaging, is vascular-endothelial 

dysfunction, coupled with atherosclerosis, vasomotor changes, 

and further inflammation. 20 Vascular biomarkers are therefore a 

subject of key interest in the frailty space. Furthermore, frailty is 

associated with abnormal skeletal muscle function 21 and reduc-

tion in the number and renewal capacity of multiple types of stem 

cells, 22–25 including muscular, neural, and hematopoetic. 26 

Therefore, therapeutic strategies targeting underlying mecha-

nisms of frailty, including stem cell restoration, might show clin-

ically measurable benefits.

Here, we report the results of a phase 2b dose-finding trial us-

ing an allogeneic mesenchymal stem cell (MSC) formulation, 

called laromestrocel (Lomecel-B), for aging-related frailty (indi-

viduals enrolled were 70 to 85 years of age) without dementia. 

Laromestrocel has multi-modal mechanisms of action (MOAs) 

that have the potential to address multiple biological targets in 

frailty, including inflammaging, vascular dysfunction/vessel 

restoration, and depressed skeletal muscle energetics. 27,28 

These multipotent stem cells offer potential as an allogeneic, 

readily available therapeutic with a high safety profile demon-

strated in previous clinical studies, 29–31 including phase 1/2 

studies conducted in older adults with aging-related frailty 32–34 

and Alzheimer’s disease (AD) 35,36 —diseases that both feature 

inflammation as a core driver of pathology. Remarkably, the 

studies of laromestrocel in AD treatment showed reduced brain 

atrophy, improved cognitive performance and QOL, and signs of 

reduced inflammation in the brain with laromestrocel infusion, 

compared with placebo. 35 This study on aging frailty was pow-

ered for effect based on changes in the 6MWT in previous 

exploratory studies 33,37 and designed to evaluate the dose-

response relationship of laromestrocel to 6MWT, explore pa-

tient-reported outcomes (PROs), and examine candidate serum 

biomarkers that could impact vascular function and angiogen-

esis. We identified soluble tyrosine kinase with immunoglobulin 

and epidermal growth factor homology domain (sTIE2)—a re-

ceptor activated through binding of the angiopoietins, ANGPT1 

and ANGPT2—as a candidate biomarker for vascular function 

and inflammation that appears to have a dose-response relation-

ship with laromestrocel infusion quantity.

RESULTS

Between August 2017 and February 2020, 365 patients were 

screened, and 155 met all inclusion/exclusion criteria (Table 1) 

and were randomized (Figure 1). Reasons for screen failure

were TNF-α < 2.5 pg/mL (n = 57; 26.9%), hepatitis B virus posi-

tivity (n = 28; 13.2%), 6MWT distance out of range (n = 19; 9.0%), 

HbA1c > 8.0% (n = 19; 9.0%), and various other reasons 

(each < 9%). Seven subjects were excluded from the analyses 

due to withdrawal prior to infusion. The remaining 148 subjects 

received a single infusion of study product (laromestrocel or pla-

cebo) and were included in the safety population analyses. Of 

these, 137 completed the trial (95.8%); 5 discontinued by choice 

(3.4%), 4 were lost to follow-up (2.7%), and 2 died on study 

(1.4%). Of the safety population, 143 had at least 1 follow-up visit 

and made up the modified intention-to-treat (mITT) population 

for efficacy analysis: group 1, placebo (n = 29); group 2, 25 

million (25M) laromestrocel (n = 35); group 3, 50M laromestrocel 

(n = 30); group 4, 100M laromestrocel (n = 33); and group 5, 200M 

laromestrocel (n = 16). Table 2 depicts well-balanced baseline 

characteristics between the 5 groups. The mean participant 

age was 74.3 to 76.8 years, with 20.6% to 53.3% female, and 

generally mild to moderate frailty with a mean Canadian Study 

of Health and Aging (CSHA) Clinical Frailty Scale (CFS) score 

of 5.1. Potency characteristics of conditioned medium from all 

lots of laromestrocel used in the study are shown in Table S2.

Dose-dependent increase in 6MWT distance

Baseline 6MWT distances were comparable for all arms, approx-

imately 300 meters in all groups (Table 2). The first component of 

the primary endpoint was change in 6MWT for an individual dose 

of laromestrocel relative to placebo at 6 months post-infusion, 

which was numerically improved but did not reach statistical sig-

nificance (Figure 2A; Table S3). A formal dose-response anal-

ysis—the second, pre-specified component of the primary 

endpoint—showed a statistically significant relationship of 

increasing laromestrocel dosage to increased change in 6MWT 

distance at 6 months (Figure 2B). All 5 dose-response candidate 

models tested were statistically significant (p < 0.05 for each), in 

which the dose-response was best modeled by the linear curve, 

which has a significant p-value (p = 0.0321) and the smallest 

Akaike Information Criterion (AIC) within the dose range tested. 

The difference in 6MWT between the highest dose of laromestro-

cel (2 × 10 8 cells: 200M) and placebo was 41.3 m (95% confi-

dence interval [CI]: − 2.4–84.9 m; p = 0.0635) at month 6. We 

next assessed the full dose-response relationship at all time 

points. When differences at month 9 were analyzed, the change 

in laromestrocel for 50M and 200M doses did reach statistical 

significance, reflecting ongoing time-dependent separation 

between active treatment arms and placebo (Figure 2A; 

Table S3). At month 9 post-infusion, the difference in change be-

tween the 200M laromestrocel arm and placebo was 63.4 m 

(95% CI [17.1, 109.6] m; p = 0.0077). At 9 months, the 50M laro-

mestrocel arm 6MWT distance was also improved by 49.2 m 

(95% CI [10.9, 87.5] m; p = 0.0122). In addition, the changes in 

6MWT from baseline are presented (Figure 2A; Table S3). 

Changes from baseline in 6MWT were significantly improved 

for 3 of 4 laromestrocel groups at 6 months (50M: p = 0.0053; 

100M: p = 0.0443; 200M: p = 0.0065) and 2 of 4 laromestrocel 

groups at 9 months (50M: p = 0.0125; 200M: p = 0.0115), but 

not statistically significant for placebo at any time point.

To explore any important demographic impact upon the 

response to laromestrocel, we examined responses stratified 

for patient sex and body mass index (BMI). There was no
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treatment interaction with sex affecting the response to laromes-

trocel (p = 0.675 treatment by sex). To address BMI, we included 

it as a covariate in our model and found that it also did not impact 

study results (p = 0.740 treatment by BMI interaction).

Patient-Reported Outcomes

The Patient-Reported Outcomes Measurement Information 

System (PROMIS) Physical Function SF20 was used as a sec-

ondary endpoint to evaluate patient-perceived changes in 

overall physical functioning. Similarly, the PROMIS Mobility 

and PROMIS Upper Extremity were used to evaluate mobility 

and upper body function, respectively, as prospectively tested

pre-specified exploratory endpoints. Although we did not 

detect a statistically significant change compared with pla-

cebo in the PROMIS scores, the change in 6MWT and 

PROMIS Physical Function SF20 were correlated. The month 

6 post-infusion Pearson Correlation Coefficient for all treat-

ment groups combined with placebo was R = 0.3124 

(p = 0.0002) (Figure 3A), and for raw 6MWT versus PROMIS 

R = 0.44 (p < 0.0001). There was a trending correlation be-

tween change from baseline in 6MWT and PROMIS for pla-

cebo alone, but it did not reach statistical significance (R = 

0.35; p = 0.0752). Likewise, the month 6 post-infusion corre-

lation coefficient between the 6MWT and PROMIS Mobility

Figure 1. CONSORT diagram for trial enrollment, randomization, and trial completion

Of 365 screened subjects, 155 were enrolled that ranged in age from 70 to 85 years, had a CFS score of 5 (‘‘mild’’) or 6 (‘‘moderate’’), a 6MWT distance of 200–400 

m, and serum TNF-α ≥ 2.5 pg/mL. Seven subjects withdrew prior to infusion and were excluded from further analyses. Of the 148 patients receiving infusion 

(defined as the Safety Population), 143 completed at least one follow-up visit, which was defined as the modified Intent-To-Treat (mITT) population for efficacy 

analyses. Of these, 137 (95.8%) completed the trial. Withdrawals and missed visits were due to various causes, including the COVID-19 pandemic.

LFU, lost to follow-up.
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Table 1. Inclusion/exclusion criteria

Inclusion criteria

1 Be willing and able to provide written informed consent and comply with all procedures required by the protocol.

2 Be >70 and <85 years of age at the time of signing the Informed Consent Form.

3 Have a CSHA Clinical Frailty Scale score of 5 ‘‘mildly frail’’ or 6 ‘‘moderately frail.’’

4 Have a 6-min walk distance of >200 m and <400 m. The distances of two 6MWTs are to be within 15% of each other 

(see 9.1.1.2).

5 Have a serum TNF-α level > 2.5 pg/mL.

Exclusion criteria

1 Be unwilling or unable to perform any of the assessments required by the protocol.

2 Have a diagnosis of any disabling neurologic disorder, including, but not limited to, Parkinson’s disease, amyotrophic 

lateral sclerosis, multiple sclerosis, cerebrovascular accident with residual deficits (e.g., muscle weakness or gait 

disorder), or the diagnosis of dementia.

3 Have a score ≤24 on the Mini Mental State Examination (MMSE).

4 Have poorly controlled blood glucose levels (HbA1c >8.0%).

5 Have a clinical history of malignancy within 2.5 years (i.e., subjects with prior malignancy must be cancer free for 2.5 

years), except for curatively treated basal cell carcinoma, squamous cell carcinoma, melanoma in situ, or cervical 

carcinoma if recurrence occurs.

6 Have any condition that in the opinion of the principal investigator limits lifespan to <1 year.

7 Have an autoimmune disease with the exception of psoriasis (e.g., rheumatoid arthritis, systemic lupus 

erythematosus).

8 Be currently taking corticosteroids or similar powerful steroidal anti-inflammatory medication (e.g., prednisone and 

TNF-α antagonists) on a regular basis (exceptions allowed include regular use of steroidal nasal sprays, topical 

steroids, and estrogen-replacement therapy).

9 Test positive for hepatitis B virus: a. If the subject tests positive for anti-HBc or anti-HBs, they must be currently 

receiving treatment for hepatitis B prior to infusion and remain on treatment throughout the study.

10 Test positive for viremic Hepatitis C virus, HIV1/2, or syphilis.

11 Have a resting blood oxygen saturation of <93% (measured by pulse oximetry).

12 Known or suspected alcohol or drug abuse within three years preceding Screening.

13 Have a known hypersensitivity to dimethyl sulfoxide (DMSO).

14 Be an organ transplant recipient (other than transplantation for corneal, bone, skin, ligament, or tendon).

15 Be actively listed (or expected future listing) for transplant of any organ (other than corneal transplant).

16 Have any clinically important abnormal screening laboratory values, including, but not limited to: a. 

Hemoglobin <10.0 g/dL, b. White blood cell <2,500/μl or platelet count <100,000/μl. c. Liver dysfunction 

evidenced by enzymes (AST and ALT) > 3 times the ULN d. Coagulopathy (INR > 1.3) not due to a 

reversible cause (e.g., warfarin and/or factor Xa inhibitors).

17 Uncontrolled hypertension (resting systolic blood pressure >180 mm Hg or diastolic blood pressure of >110 mm Hg at 

screening).

18 Have unstable angina pectoris, uncontrolled, or severe peripheral artery disease within the previous 3 months.

19 Have congestive heart failure defined by NYHA (New York Heart Association) Class III or IV, or an ejection fraction 

of <25%.

20 Have coronary artery bypass surgery, angioplasty, peripheral vascular disease revascularization, or a myocardial 

infarction within the previous 3 months.

21 Have severe pulmonary dysfunction: acute exacerbation of chronic obstructive lung disease stage III or IV (Gold 

classification), and/or PaO 2 levels <60 mmHg.

22 Have a partial ileal gastric bypass or other significant intestinal malabsorption.

23 Have documented advanced hepatic or renal disease.

24 Have cognitive or language barriers that prohibit obtaining informed consent or any study elements.

25 Be currently hospitalized or living in a long-term care facility (e.g., nursing home).

26 Be currently participating (or have participated within the previous 30 days of consent) in an investigational 

therapeutic or device trial.

27 Have a history or current evidence of any condition, therapy, or clinically significant laboratory abnormality, including 

urinalysis, or other circumstance that, in the opinion of the investigator, might confound the results of the study or 

interfere with his or her participation for the full duration of the study.
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was 0.3046 (p = 0.0003), and for the 6MWT and PROMIS Up-

per Extremities was 0.2318 (p = 0.0070).

We next examined whether laromestrocel influenced the 

change in the CSHA-CFS. Categorization of CFS scores into 

bins (CFS 2–3, CFS 4–5, or CFS 6) accordingly showed greater 

percentages of subjects who improved after laromestrocel treat-

ment compared with placebo and correspondingly higher rates 

of moderate frailty (CFS 6) at 9 months in the placebo arm. While 

only 14.8% (95% CI: 4.19–33.73%) of placebo subjects 

improved to CFS grade 2–3 (defined as being well, with or 

without treated co-morbidities) at 9 months, 30.8% (95% CI: 

22.27–40.5%) of subjects receiving laromestrocel improved to 

grade 2–3 (Figure S2; Table S4), suggesting the potential for a 

clinical benefit of laromestrocel in aging frailty.

sTIE2 as a biomarker of activity

A prespecified exploratory goal of this clinical trial was to identify 

a blood biomarker with the potential to predict a functional 

outcome of laromestrocel treatment and that exhibited a laro-

mestrocel-related dose-response change. To address this, we 

screened 8 biomarkers using a vascular/angiogenesis meso 

scale discovery (MSD) panel plus C-reactive protein. Of all of 

the screened potential biomarkers explored in this study, soluble 

TIE2 (sTIE2) was identified as a candidate biomarker that met 

these criteria. TIE2 (also known as TEK) is a tyrosine kinase re-

ceptor present on microvascular endothelium and endothelial 

precursor cells and is activated through binding of the angio-

poietins, ANGPT1 and ANGPT2, which act in a generally antag-

onistic fashion to balance downstream signaling related to

vascular health and angiogenesis 38 and also regulate inflamma-

tory responses. 39,40 TIE2 is thus a key receptor at the confluence 

of major angiogenic/vascular health and inflammatory pathways. 

TIE2 is proteolytically cleaved by matrix metalloproteases 

(MMPs), 41 which are inhibited by tissue inhibitors of metallopro-

teases (TIMP)s, 8 and as such, increasing levels of sTIE2 in the 

circulation reflect degradation of this key cell-surface signaling 

pathway receptor. Numerous groups have identified elevated 

circulating levels of sTIE2 in diverse pathophysiological states 

notably involving the vasculature, ranging from peripheral 

vascular disease, 42 myocardial ischemia, 43 sepsis, 44,45 and cen-

tral nervous system/psychiatric illnesses. 46–48 We confirmed 

that TIMP2 is secreted in large amounts by laromestrocel 35 

(see TIMP2 testing results for this trial in Table S2), and we found 

that sTIE2 was significantly decreased in the 100M laromestro-

cel group compared with placebo (n = 27) at 6 months post-infu-

sion (Figure 4A), (− 400.0 pg/mL; 95% CI [− 762.58, − 37.51] pg/ 

mL; n = 28, p = 0.021). At 9 months post-infusion, the 100M lar-

omestrocel group was lower compared with placebo (n = 26) by

− 562.6 pg/mL (95% CI [− 898.58, − 226.69] pg/mL; n = 29, p = 

0.001). An Emax model best described the dose-response (p = 

0.006), with a plateau evident at the 50M laromestrocel dose 

(Figure 4B).

There were changes in other vascular and inflammatory bio-

markers, but none met the criteria for a dose-response relation-

ship. These included placenta-derived growth factor (PlGF), 

basic fibroblast growth factor (bFGF), Fms-related tyrosine ki-

nase 1 (FLT1), and vascular endothelial growth factors 

(VEGF)-A, -C, and -D (Figure S1). Baseline values for all serum

Table 2. Screening/baseline demographics (safety population; N = 148)

Treatment group Placebo 25M 50M 100M 200M

Number of subjects (n) 30 37 31 34 16

Age (Mean years ± SD) 74.3 ± 4.1 76.8 ± 3.8 74.8 ± 3.7 75.8 ± 3.8 75.8 ± 4.0

Female sex [n (%)] 16 (53.3) 16 (43.2) 14 (45.2) 7 (20.6) 7 (43.8)

Ethnicity [n (%)]

Hispanic/Latino 15 (50.0) 21 (56.8) 14 (45.2) 23 (67.6) 5 (31.3)

Race [n (%)]

White 28 (93.3) 36 (97.3) 29 (93.5) 33 (97.1) 16 (100.0)

Black/African American 2 (6.7) 1 (2.7) 2 (6.5) 1 (2.9) 0

6MWT (meters; mean ± SD) a 314.7 ± 64.9 304.9 ± 59.0 316.8 ± 59.2 311.6 ± 55.4 308.1 ± 63.1

TNF-α (Mean pg/mL ± SD) b 3.77 ± 1.19 3.90 ± 1.65 3.88 ± 0.83 3.54 ± 0.98 3.79 ± 1.16

PROMIS Physical Function 

SF-20 (Mean score ± SD) a
41.4 ± 5.7 41.4 ± 7.4 42.9 ± 8.8 42.7 ± 8.5 40.9 ± 6.1

PROMIS Mobility 

(Mean score ± SD) a
41.4 ± 6.9 41.4 ± 8.7 42.4 ± 9.1 42.2 ± 8.4 40.1 ± 8.3

PROMIS Extremity 

(Mean score ± SD) a
45.1 ± 8.6 43.5 ± 10.0 46.6 ± 11.1 45.8 ± 10.1 42.3 ± 9.1

MMSE [Mean points ± SD] 28.8 ± 1.5, (25–30) 28.7 ± 1.4, (25–30) 28.8 ± 1.4, (25–30) 28.8 ± 1.4, (25–30) 29.1 ± 0.8, (28–30)

TIE2 [Mean ng/L ± SD] a 4,089.0 ± 2,374.5 3,473.3 ± 1,372.8 4,422.1 ± 1,643.9 3,765.0 ± 1,722.1 3,600.0 ± 1,675.4

CSHA Clinical Frailty Scale 

(CSF) (Mean score ± SD) a
5.1 ± 0.3 5.1 ± 0.3 5.1 ± 0.3 5.1 ± 0.3 5.1 ± 0.3

CHS Frailty ‘‘Fried’’ 

Phenotype (Mean score ± SD) a
1.4 ± 1.1 1.5 ± 1.1 1.4 ± 1.1 1.5 ± 1.2 1.1 ± 0.9

a Efficacy baseline assessment from the mITT population (N = 143). 
b TNF-α values are from the screening visit.
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biomarkers are provided in Table S5. Potential beneficial 

changes in key ligands for vascular growth and health were 

observed, including significantly increased PlGF at months 1 

(25M, p = 0.031), 3 (25M, p = 0.030), and 6 (50M, p = 0.015), 

and numeric but not statistically significant increases in bFGF 

and VEGF-D for all but one treatment group compared with pla-

cebo at months 3 and 9, and one group meeting statistical signif-

icance at month 9 (200M VEGF-D; p = 0.017) (Figure S1).

Figure 2. Dose-dependent increases in 

6MWT in the laromestrocel arms versus pla-

cebo

(A) Change in 6MWT distance versus time in the 

mITT population. All four laromestrocel arms 

showed trending or significant increases in walk 

distance, in which the 200M dose showed the 

greatest change from baseline. By contrast, the 

placebo arm showed a trending decrease by

9 months post-treatment. *p < 0.05 for change 

from baseline. **p < 0.01 for change from baseline.
# p < 0.05 for change from baseline of the lar-

omestrocel arm versus change from baseline in 

the placebo. ## p < 0.01 for change from baseline 

of the laromestrocel arm versus change from 

baseline in the placebo. Error bars represent ± 

95% confidence interval.

(B) The dose-response effect at 6 months was 

calculated using the multiple comparison pro-

cedure-modeling (MCP-Mod) method. All five 

models were statistically significant, although the 

linear model yielded the smallest AIC value, sug-

gesting it was the most parsimonious predictive 

model.

See also Table S3.

C-reactive protein (CRP), a marker for 

systemic inflammation, did not show sta-

tistically significant changes with respect 

to placebo at any time point (Figure S1).

Safety and clinical events 

No safety concerns on this study were 

raised by either the National Institute of 

Aging (NIA)-appointed Data and Safety 

Monitoring Board (DSMB) or pharmaco-

vigilance monitor. Overall, the proportion 

of subjects with treatment-emergent 

serious adverse events (TE-SAEs) was 

comparable across the different study 

arms (Table S6). There were 2 deaths in 

the study: a pulmonary embolism occur-

ring 296 days post-infusion in the 100M 

laromestrocel arm and a combined cere-

bral arteriosclerosis/coronary artery dis-

ease/aspiration pneumonia occurring 

167 days post-infusion in the placebo 

arm. There were no SAEs attributed to 

the study product. Two infusions were 

temporarily interrupted (both in the 25M 

laromestrocel arm) but continued to 

completion, and both subjects 

completed follow-up visits. All adverse events (AEs) that 

occurred during the infusion were considered by investigators 

and the DSMB as not product related. There were no statistically 

significant differences in the rates of falls, fractures, hospitaliza-

tions, and admissions to healthcare facilities in any of the laro-

mestrocel arms versus placebo. 

To determine whether variations in laromestrocel potency 

could account for differential group responses, mixed-effects
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models for repeated measures (MMRMs), including lot and the 

lot-by-treatment interaction, were fitted for 6MWT, CFS, and 

PROMIS to assess the potential influence of lot on treatment 

response. Neither the main effect of the lot nor the lot-by-treat-

ment interaction was statistically significant in any model.

DISCUSSION

A principal finding of this study is that a single infusion of laro-

mestrocel, when compared with placebo, led to a dose-depen-

dent increase in walking distance in older adults with mild to 

moderate frailty. The increases seen in the highest dose groups 

exceeded minimally significant clinical thresholds 49–51 and 

correlated with improvements in patient self-reported outcomes. 

Finally, serum levels of sTIE2, a factor shown to increase in the 

circulation in association with impaired vascular function 

(Figure 5), also improved (decreased levels) in a dose-dependent 

fashion with laromestrocel treatment. These findings are consis-

tent with the potential that laromestrocel may treat frailty and 

lead to improvements in the patient’s QOL and mobility, thereby 

increasing life space, reducing dependency on others, and lead-

ing to improved healthspan.

Our findings extend previous studies in patients with frailty, in 

which a single infusion of allogeneic MSCs suggested improved 

walk distance. 32,33 An additional pre-specified objective of this 

trial was to establish whether laromestrocel manifests a dose-

response effect. Indeed, a clear and significant dose-response 

relationship to an increase in 6MWT was evident at 6 months 

post-treatment, supporting evidence of bioactivity. Furthermore, 

at 9 months post-infusion, improvement was sustained and 

reached statistical significance versus placebo, which had 

begun to decline from baseline (Figure 2A). The stronger differ-

ence between the treatment and placebo groups observed at 

9 months may indicate ongoing and sustained bioactivity, or it 

could indicate an indirect downstream effect, such as fulfillment 

of prerequisite angiogenesis in muscle or attenuation of inflam-

maging processes. As such, future studies should monitor the 

response to treatment for longer than 6 months.

The 6MWT is designed to stress cardiorespiratory capacities 

to estimate physiological reserves and exercise tolerance. It 

measures the capacity to cope with challenging and prolonged 

stressors, for which those with frailty have significantly dimin-

ished capacity. Walking distance has been previously shown 

to be associated with adverse clinical outcomes in numerous 

disease states, particularly heart failure and frailty. 52 The clinical 

importance of the change in 6MWT 53 is supported by the magni-

tude of a ∼60 m increase in 6MWT relative to placebo sustained 

over 6–9 months, with a dose-response effect. This increase ex-

ceeds minimal clinically meaningful increases for 6MWT, which 

range from 17.8 m in individuals with frailty and a fear of falling 50 

to 32.4 m in outpatients with chronic heart failure 49 and 20–30 m 

in older individuals diagnosed with mobility disabilities. 51,53 

These results strongly support laromestrocel as a therapeutic 

candidate for treating hypomobility in older adults with frailty, 

and possibly for frailty at any age due to other causes, e.g., 

chemotherapy.

CFS and PROMIS measures offer broader insights into the ef-

fects of frailty on function and mobility, which are critical for pa-

tient-centered clinical decisions. As part of this study, we sought

Figure 3. Changes in PROMIS assessments correlated to changes in 

6MWT distance

(A) Change in the PROMIS Physical Function SF20 at 6 months post-treatment 

in the mITT population, chosen as a secondary endpoint, significantly corre-

lated to the change in 6MWT.

(B and C) Change in the PROMIS Mobility and PROMIS Upper Extremity also both 

significantly correlated to the change in 6MWT at 6 months post-treatment.
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to determine a measure of patient perception of improved phys-

ical functioning. Indeed, the PROMIS Physical Function SF20, an 

assessment of overall physical functioning, showed improve-

ment that significantly correlated with increased 6MWT distance 

(Figure 3A). Moreover, the PROMIS Mobility showed an even 

stronger significant correlation (Figure 3B). These results indi-

cate that the positive effects of laromestrocel were not just 

limited to objective physical measures but generalized to older

Figure 4. Dose-dependent changes in 

sTIE2 (mITT)

(A) Soluble TIE2 (sTIE2) decreased compared with 

placebo in the 100M laromestrocel group at 6 and 

9 months post-infusion (p = 0.021, n = 28, and 

p = 0.001, n = 29, respectively). At 9 months post-

infusion, the difference between the 200M lar-

omestrocel group and placebo was statistically 

significant. *p < 0.1, **p < 0.05, and ***p < 0.01 for 

change from baseline of laromestrocel arm versus 

change from baseline in the placebo. The number 

of subjects per group per time point is indicated. 

Error bars represent ± standard error of the mean 

(SEM).

(B) The dose-response effect was calculated us-

ing the MCP-Mod method, which was best 

modeled with the Sigmoidal Emax (p = 0.0175).

individuals’ perceptions of functional 

improvement. Survival and hospitaliza-

tion rates have been shown to be sub-

stantially impacted by CFS severity 

grade. 54 The improvement in CFS 

severity grade observed in this study 

further indicates the potential for a posi-

tive effect on a caregiver-assessed frailty 

score. Future studies of laromestrocel are 

planned to include an analysis of these 

outcomes with extended follow-up dura-

tion up to 2 years. 

Another goal of this study was to iden-

tify a biomarker correlated with bioac-

tivity. Among a panel of potential bio-

markers, we found that decreasing 

sTIE2 levels over time were associated 

with laromestrocel infusion in a dose-

response fashion. TIE2 is a key receptor 

tyrosine kinase present on microvascular 

endothelium and endothelial precursor 

cells and is activated through binding of 

the angiopoietins, ANGPT1 and 

ANGPT2. 55 Cleavage of the extracellular 

domain of TIE2 (sTIE2), mediated by 

MMP14, 41 can be detected in the serum, 

in which increasing levels are indicative of 

endothelial dysfunction or vascular 

inflammation. In the context of laromes-

trocel MOAs, the decreased levels of 

sTIE2 support a pro-vascular activity in 

frailty and are consistent with the sugges-

tive pro-vascular and anti-inflammatory 

activity of laromestrocel for AD. 36 Importantly, we found reduced 

sTIE2 levels compared with placebo in response to laromestro-

cel administration in our phase 2a CLEAR MIND clinical trial in 

AD. 35 The prevention of TIE2 cleavage is a biologically plausible 

action of laromestrocel. In this regard, laromestrocel secretes 

high levels of tissue inhibitors of MMPs (TIMPs). 56 Future studies 

are needed to confirm and extend these findings, including as-

sessments of other vascular biomarkers, measures of
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endothelial function, and other potential mechanisms such as 

peripheral immune involvement through reported efferocytosis 

of MSCs and subsequent anti-inflammatory macrophage 

activity. 57–59

It is noteworthy that although significant dose-dependent im-

provements were observed with the 6MWT, other physical func-

tion measures, such as the 4-meter gait speed test (4MGST; 

Table S7) and grip strength (Table S8), did not show significant 

improvements. It is tempting to speculate that this could be 

due to the different muscle fibers involved and the activities of 

laromestrocel. The 6MWT is an endurance measure, which 

would primarily involve Type I muscle fibers, which are aerobic, 

highly vascularized, and mitochondria-dense. By contrast, 

strength primarily involves Type II fibers that are larger, poorly 

vascularized, and anaerobically driven. Our cumulative data sup-

port the hypothesis that Type I muscle fiber activity improves in 

response to laromestrocel, which may be directly attributable to 

the pro-vascular activity of laromestrocel. Future studies to 

examine this hypothesis further are merited.

Limitations of the study

One limitation of this study was the relatively small sample size 

per group. Nevertheless, this study was powered for the primary 

endpoint (6MWT) based on results of an earlier phase 1/2 trial 33 

and indeed revealed a dose-response relationship to increased

6MWT and numeric improvement on the CFS at 9 months. 

Although our study assesses a primary endpoint of mobility in 

frail adults, which can be associated with reduced life space, 

the condition of frailty encompasses additional dimensions 

such as cognitive performance that we have not explored in 

depth here. Frailty can be measured using other scales such 

as the deficit accumulation index (DAI), 60 which will be ad-

dressed in future trials. Our study specifically excluded subjects 

with dementia. Additionally, females were under-represented in 

the 100M arm relative to the others (roughly 21% versus over 

40%). The number of subjects in the 200M laromestrocel arm 

was smaller than in the other arms. This was due to the addition 

of this arm after study enrollment had begun. Nevertheless, the 

results obtained from this arm were consistent with the dose-

response of laromestrocel and were aligned with observations 

obtained from the other arms. TNF-α measurements were 

deemed unreliable due to degradation during storage of samples 

and are, therefore, not reported. Subject socioeconomic status 

and gender identity were also not assessed.

RESOURCE AVAILABILITY

Lead contact

Requests for information and resource access should be directed to and will 

be fulfilled by the lead contact and corresponding author, Dr. Joshua M. 

Hare (jhare@longeveron.com).

Figure 5. Potential pro-vascular and anti-

inflammatory MOA of laromestrocel

Laromestrocel secretes key factors regulating the 

angiopoietin and VEGF pathways. Secretion of 

TIMP2 attenuates proteolytic cleavage of the TIE2 

receptor by MMP14, preserving the balance be-

tween ANGPT 1 and ANGPT 2 signaling cascades. 

Together with the production of VEGF and 

downstream signaling through the AK strain 

transforming (AKT) pathway, these pathways act 

synergistically to promote angiogenesis, epithelial 

cell homeostasis and integrity, vascular health, 

and other pro-vascular effects. Anti-inflammatory 

potential by preserving TIE2 signaling may there-

fore influence inflammaging.

Created with BioRender.com.
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Materials availability

No new, unique reagents were generated by this study.

Data and code availability

SAS v.9.4 and R 4.5.1 were used for all statistical analyses included in the 

manuscript. Custom SAS and R code for the study statistical analyses are 

available via the online repository at FigShare: 10.6084/m9.figshare. 

31171648. Trial data will be made available upon institutional review board 

(IRB)-approved research requests and will be provided by the lead contact. 

Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE Mouse anti-human CD11b BD Biosciences Cat# 561001; RRID: AB_10563205

Mouse Anti-CD19 PE Monoclonal Antibody BD Biosciences Cat# 555413; RRID:

AB_395813; Cat# 561741; RRID: AB_10893795

PE Anti-human CD34 BD Biosciences Cat# 560941; RRID: AB_10563214

Mouse Anti-CD45 FITC Conjugated BD Biosciences Cat# 555482; RRID:

AB_395874; Cat# 560976; RRID: AB_10563935

Mouse Anti-CD90 Monoclonal Antibody, FITC BD Biosciences Cat# 555595; RRID: AB_395969

FITC anti-human CD90 (Thy1) BioLegend Cat# 328108; RRID: AB_803429

APC Mouse Anti-human CD73 BD Biosciences Cat# 560847; RRID: AB_10612019

APC Mouse Anti-human CD73 

(Ecto-5’-nucleotidase)

BioLegend Cat# 344005; RRID:

AB_1877158; Cat# 344006; RRID: AB_1877157

Mouse Anti-human CD105 PE BD Biosciences Cat# 560839; RRID: AB_2033932

Biological samples

Bone marrow aspirate for lot LMSC012 AllCells® LMSC012

Bone marrow aspirate for lot LMSC013 AllCells® LMSC013

Bone marrow aspirate for lot LMSC014 AllCells® LMSC014

Bone marrow aspirate for lot LMSC016 AllCells® LMSC016

Bone marrow aspirate for lot LMSC017 AllCells® LMSC017

Bone marrow aspirate for lot LMSC019 AllCells® LMSC019

Bone marrow aspirate for lot LMSC020 AllCells® LMSC020

Bone marrow aspirate for lot LMSC023 AllCells® LMSC023

Bone marrow aspirate for lot LMSC027 AllCells® LMSC027

Bone marrow aspirate for lot LMSC037 Stem Express (now CGT Global) LMSC037

Bone marrow aspirate for lot LMSC039 Oklahoma Blood Institute 

(now Our Blood Institute)

LMSC039

Bone marrow aspirate for lot LMSC040 Stem Express (now CGT Global) LMSC040

Bone marrow aspirate for lot LMSC041 Stem Express (now CGT Global) LMSC041

Chemicals, peptides, and recombinant proteins

Alpha MEM w/L-glut Thermo Fisher Scientific 12561-049

FBS Corning 35-070-CV

0.05% Trypsin-EDTA Corning 25-052-CI

CS5 Stem Cell Technologies 07933

Human Serum Albumin Nova Biologics, Inc. 68982-0643-01

Phosphate Buffer Saline (PBS) Corning 21-040-CV

Critical commercial assays

Human TIMP2 ELISA kit Abcam Cat# AB100653

Human TIMP-2 ELISA kit Thermo Fisher Scientific Inc. Cat# EHTIMP2

V-PLEX Angiogenesis Panel 1 Human Kit Meso Scale Diagnostics, LLC Cat# K15190G; K15190D

V-PLEX Proinflammatory Panel 1 Human Kit Meso Scale Diagnostics, LLC Cat# K15049G; K15049D

V-PLEX Plus Human CRP Kit Meso Scale Diagnostics, LLC Cat# K151STG-1

Deposited data

ClinicalTrials.gov National Library of Medicine NCT03169231

Software and algorithms

GraphPad Prism 10.6.1 www.graphpad.com RRID: SCR_002798

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All study subjects provided written informed consent via a Western IRB approved consent form. IQVIA enrolled all subjects and per-

formed the randomization. Subjects met enrollment criteria of being 70–85 years of age, being cognitively unimpaired (Mini-Mental 

Scale Exam score ≥ 24) and having mild to moderate frailty as assessed by the Canadian Study of Health and Aging (CSHA) Clinical 

Frailty Scale (CFS) (score of 5 or 6, representing mildly to moderately frail individuals, respectively). 61,62 In addition, each subject had 

a screening 6MWT distance between 200 and 400 m, 63 and a baseline serum tumor necrosis factor-alpha (TNF-α) ≥ 2.5 pg/ml. Full 

inclusion/exclusion criteria are listed in Table 1, and baseline characteristics of all study participants are provided in Table 2.

METHOD DETAILS

Trial Conduct and Oversight

This double-blind, randomized, parallel-arm, and placebo-controlled trial, entitled ‘‘A Phase 2b, Randomized, Blinded and Placebo-

Controlled Trial to Evaluate the Safety and Efficacy of Longeveron Allogeneic Human Mesenchymal Stem Cells Infusion in Patients 

with Aging Frailty’’, is listed on clinicaltrials.gov (NCT03169231). The trial was carried out between 2018 and 2021 in clinical sites in 

Florida, Texas, Maryland, Pennsylvania, and New Jersey. Oversight was provided by a single Institutional Review Board (IRB) (West-

ern IRB; Puyallup, WA), an independent pharmacovigilance group (ProPharma Group; Washington, DC), an independent DSMB (ap-

pointed by the National Institute of Aging (NIA)), and independent clinical monitors (Syneos/Joulé Inc.; Edison, NJ). The study and 

manufacturing of laromestrocel are under the oversight of the Food and Drug Administration (FDA) according to Investigational 

New Drug Application (IND) # 016644. IQVIA (Durham, NC) served as the CRO for this study.

Subjects received placebo, or laromestrocel at doses of 2.5 x 10 7 cells (‘‘25M’’), 5.0 x 10 7 cells (‘‘50M’’), 1.0 x 10 8 cells (‘‘100M’’), or 

2.0 x 10 8 cells (‘‘200M’’). Subjects were initially randomized 1:1:1:1 each to placebo (n=29), or 25M (n=35), 50M (n=30), or 100M 

(n=33) laromestrocel using block sizes of 4. A 200M laromestrocel arm (n=16) was introduced after 92 patients were enrolled after 

new funding permitted the group addition. Accordingly, to balance out this new arm with the others within each investigator center, 

the randomization scheme was modified from central randomization to center-stratified randomization. For existing sites, the new 

allocation was site specific, taking into account the number of patients already randomized for each site. Under no circumstances 

was the probability of assigning the 200M group set to 1 for any new patients. The process was carried out by a statistician who a) was 

blinded to individual treatment assignment, b) was blinded for the allocation of the existing sites, and c) was not aware of when the 

new randomization schedule would be implemented. All study patients, caregivers and personnel who participated in the conduct 

and analysis of the study, including investigators, clinical site and sponsor staff, were blinded to treatment group. Only personnel 

preparing the infusions were unblinded to group identity.

Laromestrocel and Placebo

Laromestrocel and placebo were manufactured per the Chemistry, Manufacturing, and Controls (CMC) section of an Investigational 

New Drug Application (IND) as reported previously. 35 Allogeneic MSCs for laromestrocel were sourced from healthy young adult 

bone marrow donors aged 18-45 in compliance with the Codes of Federal Regulations (CFR) 1271, and culture-expanded using cur-

rent Good Manufacturing Practices (cGMP). Marrow donor characteristics are listed in Table S1, and marrow sources are provided in 

the key resources table. Laromestrocel MSCs were isolated from bone marrow aspirates using density gradient separation and 

expanded in complete α-MEM medium supplemented with fetal bovine serum (FBS) within multilayer vessels until 85–90% confluent. 

At each passage, the pooled cells were trypsinized, counted, and assessed for viability (which must be ≥70%) before re-seeding. The 

same complete medium was used throughout the process. For collection and cryopreservation, conditioned medium (supernatant) 

samples were first collected and frozen at − 80 ◦ C. The cells were then pooled, assessed for count/viability, and filled into CS50 cry-

obags at specific concentrations. The cryoprotectant suspension contains Hespan, HSA, and DMSO. Cells are frozen using 

controlled-rate freezers and stored at ≤− 135 ◦ C in vapor-phase liquid nitrogen (LN 2 ) freezers. Each donor lot was tested to confirm 

MSC identity. Release criteria included the following: cell viability ≥ 70%; endotoxin ≤ 5 EU/mL; USP 71 Sterility negative/no growth;

≥ 95% positive for CD73, CD90, and CD105 by flow cytometry; ≤ 2 % positive for CD45, CD11b, and CD19; ≤ 5% positive CD34. 

The flow cytometry data were collected on a CytoFLEX V5-B5-R3 flow cytometer using CytExpert software (Beckman Coulter) and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DISCOVERY WORKBENCH (v4.0) www.mesoscale.com RRID: SCR_019192

Spectramax ID3 SoftMax software www.moleculardevices.com Version 1.2.0.0

SAS Version 9.4 www.sas.com RRID: SCR_008567

R Project for Statistical Computing (v4.5.1) https://www.r-project.org/ RRID: SCR_001905

Custom Analysis Code: Laromestrocel Trial This paper; Figshare https://figshare.com DOI: 10.6084/m9figshare.31171648

CytExpert Software https://www.beckman.fr/flow-cytometry RRID: SCR_017217

Microsoft Office 365 Microsoft Corp Version 16.101.3 (25100321)
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analyzed by FlowJo software. Laromestrocel must be negative for mycoplasma, adventitious viruses via culture with three cell types, 

and also negative for Parvo B19, HIV 1, HIV 2, Hepatitis B, Hepatitis C, HTLV 1, HTLV 2, CMV and EBV by PCR. Each passing dose 

was cryopreserved in liquid nitrogen until needed for infusion. On the day of infusion, laromestrocel is thawed, washed and diluted, 

and prepared for administration by Longeveron or a qualified third-party facility as described previously. 35 After cell resuspension, 

any remaining DMSO in the cryoprotectant is present only as a trace, well below clinically meaningful levels. 64

The placebo was PlasmaLyte-A with 1% human serum albumin, which was the vehicle used for the final formulation of laromes-

trocel as previously described. 35 Laromestrocel and placebo were delivered via peripheral intravenous infusion at ∼2 mL/min (80 mL 

total volume administered over ∼40 min) in an outpatient setting. To maintain blinding, laromestrocel and placebo were prepared in 

identically appearing infusion bags bearing indistinguishable labels. The details of key reagents are provided in the key 

resources table.

Patient Reported Outcomes (PRO)

The Patient-Reported Outcomes (PRO) Measurement Information System (PROMIS) is a set of NIH-developed validated PROs for 

evaluating physical, mental, and social health. 65 The adult PROMIS Physical function—Short Form 20a (SF20), used to evaluate pa-

tient-reported overall physical functioning, was used as a secondary endpoint since it has been shown to have strong test-retest reli-

ability and a minimally clinically important difference of 2 points (∼0.20 SD). The PROMIS Mobility and PROMIS Upper Extremity were 

used to evaluate mobility and upper body function, respectively, as pre-specified exploratory endpoints.

Biomarkers

Identification of candidate biomarkers correlating with laromestrocel dose was a prespecified exploratory endpoint of this trial. Blood 

collections were performed between 9 and 11 AM to minimize circadian rhythm fluctuations. 66 Serum and plasma samples were 

centrifuged on-site shortly after collection, aliquoted, snap-frozen, and cryostored until use. Blood biomarker analyses were per-

formed in a blind fashion using serum samples. To the best extent possible, samples from all time-points for each patient were 

run in parallel to minimize inter-experimental variability. The central lab was Q 2 (an IQVIA company; Durham NC), which performed 

blood and urine safety analyses, and high-sensitivity electrochemiluminescent multiplex immunoassays on serum samples using a 

Meso QuickPlex system and V-Plex proinflammatory panels K151A9H and K15049D (Meso-Scale Discovery (MSD): Rockville, MD). 

Longeveron used a Meso QuickPlex system to run the V-Plex Angiogenesis Panel (K15190D) and the C-reactive protein (CRP) assay 

(K151STG-1). Standard curves for each analyte passed if no more than two of seven dilution points failed criteria of within 30% re-

covery and 30% coefficient of variation (CV).

Identification of potential effector proteins

Laromestrocel conditioned media was collected from all lots used in the study and analyzed for the presence of secreted factors. 

Presence of tissue inhibitor of metalloproteinase 2 (TIMP-2) was assessed using a TIMP-2 human enzyme-linked immunosorbent 

assay (ELISA), following the manufacturer’s instructions. All samples were diluted to 1:100, and plates read on a Spectramax ID3 

spectrophotometer running SoftMax software version 1.2.0.0, and the standard curve was fit using either a four-parameter logistic 

(4PL) or a five-parameter logistic (5PL) model in GraphPad Prism 10. TIMP-2 concentrations were measured in ng/mL and normalized 

to cell density at the time of the laromestrocel harvest (cells/mL); the final TIMP-2 potency is reported in ng/cell. Additionally, the 

conditioned media were evaluated using the Meso Scale Discovery (MSD) platform for angiogenesis and proinflammatory-related 

markers using Human V-PLEX Angiogenesis Panel 1 (K15190G, K15190D) and Human V-PLEX Proinflammatory Panel 1 

(K15049G), respectively. The MSD data Analyses were performed using a MESO QuickPlex SQ 120MM instrument running 

DISCOVERY WORKBENCH® 4.0 software. Standard curve calibrators were serially diluted from 1–7 according to the kit’s manual. 

For each analyte, 5 of the 7 calibrators were required to meet the per cent recovery range of 70% to 130% and a coefficient of vari-

ation (CV) <30% for that specific run to be considered for further data analysis. In MSD experiments, analytes that were detected 

below the lower limit of quantification (LLOQ) value are marked as ND (not detected). Analytes that were detected above the 

LLOQ values (in pg/mL) were further normalized to the cell density (cell/mL) and the data are represented as pg/cell. All samples 

were run in duplicate in both ELISA and MSD experiments and means reported (Table S2). The details of the ELISA and MSD kits 

used in this study are provided in the key resources table.

Safety Assessments

Safety assessments included evaluation of adverse events (AEs) and serious AEs (SAEs) for frequency, severity, and blinded relation-

ship to study product. AEs were coded by primary system organ class (SOC) and preferred term (PT) according to the Medical Dic-

tionary for Regulatory Activities (MedDRA) 23.0. The treatment-emergent (TE-) AEs and TE-SAEs were summarized by the number 

and percentage (n and %) of subjects in each SOC and PT. When multiple AEs were reported with the same preferred term, the AE of 

the strongest relation is included in summary by relationship, and the AE of the most severe grade is included in the summary by 

severity table.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Unblinding and statistical analyses were performed by an independent statistician group (Pharma Data Associates, LLC: Piscataway, 

NJ). The sample size was calculated based on the primary endpoint of change from baseline in 6MWT. 36 Using a one-sided α=0.025 

and effect size of 0.75 (calculated via the difference in change from baseline in 6MWT of the interventional arms versus placebo 

divided by the common standard deviation of 75 m), 30 subjects per arm provided approximately 80% power for a treatment differ-

ence of 56 m. This distance is less than the changes seen in the prior phase 1/2 study (up to 76.6 m). 32,33

Efficacy endpoint and biomarker analyses were performed using the modified intent-to-treat (mITT) population, defined as all ran-

domized subjects who received an infusion and completed at least one post-baseline assessment for the primary efficacy endpoint. 

Each laromestrocel group was compared to placebo pairwise using a Mixed-Model Repeated Measure (MMRM) model, and least 

squares (LS) means calculated for comparisons of changes in laromestrocel groups to changes in placebo. An unstructured vari-

ance-covariance matrix was used to model the correlation among repeated measurements. Dose-response effects were calculated 

using a multiple comparison procedure-modeling (MCP-Mod) method, which is a hybrid approach combining hypothesis testing and 

modeling to analyze phase 2 dose-ranging studies to find suitable dose(s) for confirmatory phase 3 trials. 67,68 The candidate models 

included linear, quadratic, exponential, Emax, and Sigmoid Emax dose-response models. In addition to the adjusted p-values, the 

Akaike Information Criterion (AIC) was used to evaluate the best parsimonious and predictive model. Smaller AIC means better 

model. The model means of the dose-response curve were plotted with 95% confidence intervals. The Safety Population, for eval-

uating safety, was defined as all subjects who received an infusion.

To account for multiple testing of the different dose groups versus placebo, the step-up Hochberg procedure was used for the 

primary analysis of the primary endpoint. Secondary analysis of the primary endpoint was dose-response effect via MCP-Mod 

method. Simple linear regressions and correlations were calculated for the absolute values and changes from baseline between 

the 6MWT and patient reported outcome questionnaire.

ADDITIONAL RESOURCES

This trial is registered in ClinicalTrials.gov as: #NCT03169231.

ll
Clinical and Translational Report

e4 Cell Stem Cell 33, 1–12.e1–e4, March 5, 2026

Please cite this article in press as: Ruiz et al., Randomized phase 2b dose-escalation trial of stem cell therapy with laromestrocel for aging frailty, Cell 
Stem Cell (2026), https://doi.org/10.1016/j.stem.2026.01.017

http://ClinicalTrials.gov

	STEM3852_proof.pdf
	Randomized phase 2b dose-escalation trial of stem cell therapy with laromestrocel for aging frailty
	Introduction
	Results
	Dose-dependent increase in 6MWT distance
	Patient-Reported Outcomes
	sTIE2 as a biomarker of activity
	Safety and clinical events

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental Model and Study Participant Details
	Method Details
	Trial Conduct and Oversight
	Laromestrocel and Placebo
	Patient Reported Outcomes (PRO)
	Biomarkers
	Identification of potential effector proteins
	Safety Assessments

	Quantification and Statistical Analysis
	Additional Resources




