
Donor and Recipient Plasma Follistatin Levels are Associated 
with Acute Graft-versus-Host Disease in Blood and Marrow 
Transplant Clinical Trials Network 0402

Lucie M. Turcotte1, Todd E. DeFor2,3, Laura F. Newell4, Corey S. Cutler5, Michael R. 
Verneris6, Juan Wu7, Alan Howard8, Margaret L. MacMillan2, Joseph H. Antin5, Gregory M. 
Vercellotti2, Arne Slungaard2, Bruce R. Blazar2, Daniel J. Weisdorf2, Angela Panoskaltsis-
Mortari2, and Shernan G. Holtan2

1Division of Pediatric Hematology/Oncology, University of Minnesota, Minneapolis, MN

2Blood and Marrow Transplant Program, University of Minnesota, Minneapolis, MN

3Biostatistics Core, Masonic Cancer center, University of Minnesota, Minneapolis, MN

4Center for Hematologic Malignancies, Oregon Health & Science University, Portland, OR

5Hematologic Malignancy Program, Dana Farber Cancer Institute, Boston, MA

6University of Colorado Anschutz Medical Campus and Children’s Hospital, Denver, CO

7The EMMES Corporation, Rockville, MD

8Center for International Blood and Marrow Transplant Research, Minneapolis, MN

Abstract

Follistatin is an angiogenic factor elevated in the circulation after allogeneic hematopoietic cell 

transplantation (HCT). Elevations in follistatin plasma concentrations are associated with the onset 

of and poor survival after acute graft versus host disease (aGVHD). Using data from the Blood and 

Marrow Transplant Clinical Trials Network 0402 study (n=247), we sought to further quantify the 

longitudinal associations between plasma follistatin levels in transplant recipients, as well as 

baseline HCT donor follistatin levels, and allogeneic HCT outcomes. Higher recipient baseline 

follistatin levels were predictive of development of aGVHD (P=0.04). High donor follistatin levels 

were also associated with the incidence of aGVHD (P<0.01). Elevated follistatin levels on day 28 

were associated with the onset of grade II–IV aGVHD prior to day 28, higher one-year non-

relapse mortality, (NRM), and lower overall survival (OS). In multivariate analyses, individuals 

with follistatin levels >1088 pg/mL at day 28 had a four-fold increased risk for NRM (RR=4.3, 

95% CI 1.9–9.9, P<0.01) and a nearly three-fold increased overall risk for mortality (RR=2.8, 95% 

CI 1.5–5.2, P<0.01). Given the multiple roles of follistatin in tissue inflammation and repair, and 
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the confirmation that this biomarker is predictive of important HCT outcomes, the pathobiology of 

these relationships need further study.

Introduction

Although hematopoietic cell transplantation (HCT) is a curative therapy for multiple life-

threatening benign and malignant conditions 1, it is associated with significant morbidity and 

mortality 2–6. Many studies have sought to identify biomarkers that are predictive of 

outcomes following allogeneic HCT 7–10. A recent analysis of circulating angiogenic factors 

in individuals undergoing allogeneic HCT revealed associations between multiple 

angiogenic factors and clinical outcomes in individuals with acute graft versus host disease 

(aGVHD) 11. Notably, plasma follistatin was elevated at the onset of aGVHD, and follistatin 

levels >2000 pg/mL at day 28 after initiation of systemic therapy for aGVHD was 

independently associated with poor survival.

The source of circulating follistatin in aGVHD is not yet known, nor is its potential role in 

regulating post-HCT inflammation and tissue repair. It is expressed in many tissues 

including endothelial cells, skeletal muscle, pituitary gland, and brain, and functions in 

tissue inflammation and repair. In migrating endothelial cells it is an angiogenic factor that is 

required for wound healing 12, 13. It binds to and antagonizes activin-A, a member of the 

transforming growth factor (TGF)-β family of growth factors involved in inflammation, 

fibrosis, and cellular proliferation 14, 15. Follistatin also antagonizes myostatin, a negative 

regulator of muscle growth and also a member of the TGF-β superfamily 16, 17. It has been 

studied in the setting of inflammatory conditions such as sepsis, type 2 diabetes mellitus, 

polycystic ovary syndrome, and nonalcoholic fatty liver disease 18–24. It has also been shown 

to promote adipogenesis in females 21. In addition to endothelial expression, recent evidence 

suggests that another source of circulating follistatin is the liver, expressed in states of 

energy deprivation, such as exercise or fasting 25–27.

Given the previously identified associations between elevated follistatin at the onset of 

aGVHD and its association with subsequent survival, as well as the known roles of 

follistatin in angiogenesis and inflammatory processes, we sought to characterize 

longitudinal associations between both donor and recipient follistatin levels and allogeneic 

HCT outcomes. We aim with this study to identify whether follistatin measured at baseline 

in both the donor and the recipient, prior to any transplant related toxicities, as well as at 

time points following HCT can predict HCT outcomes such as GVHD and survival. 

Specifically, we hypothesized that patients with elevated pre-HCT follistatin levels would be 

at increased risk of aGVHD secondary to an increased baseline inflammatory state. We 

further hypothesized that given the role of follistatin in inflammation, we would observe an 

association between donor follistatin and subsequent development of aGVHD in the 

recipient.
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Methods

Subjects and Quantification of Follistatin Levels

Plasma samples and clinical data were obtained from the Blood and Marrow Transplant 

Clinical Trials Network (BMT CTN) 0402 study (ClinicalTrials.gov registration # 

NCT00406393), a phase III randomized study comparing sirolimus and tacrolimus (TAC/

SIRO) vs. tacrolimus and methotrexate (TAC/MTX) as GVHD prophylaxis following 

myeloablative, human leukocyte antigen-matched related peripheral blood stem cell 

transplantation in individuals with hematologic malignancies. Clinical and demographic data 

were collected prospectively for HCT donors and recipients. Plasma samples were collected 

from donors (n=84) prior to granulocyte colony stimulating factor administration. Recipient 

samples were obtained prior to the preparative regimen (n=213), and then at day 28 (n=222) 

and day 100 (n=206) post-HCT. We measured circulating follistatin levels from 

cryopreserved plasma samples using MILLIPLEX (Millipore, Billerica, MA) magnetic bead 

array, which identifies follistatin isoforms 288aa, 300aa and 315aa, and performed all 

analyses in duplicate.

All subjects provided informed consent for inclusion in the BMT CTN 0402 study. The 

study protocol was approved by applicable institutional review boards at participating 

centers.

Statistical Analysis

Statistical comparisons of follistatin levels at different time points and between donors and 

recipients were completed using Wilcoxon rank sum tests due to the data not being normally 

distributed. Differences in continuous variables across categories were calculated using the 

Kruskal-Wallis rank-sum test. Cox regression was used to determine the independent effects 

of follistatin levels and clinical factors on non-relapse mortality (NRM), GVHD-free, 

relapse-free survival (GRFS), and overall survival (OS). Clinical factors considered in 

regression models were: recipient age and sex, disease, conditioning, year of transplant, 

GVHD prophylaxis, CMV serostatus and time-dependent onset of GVHD. Correlations 

between continuous variables were determined by Spearman’s correlation coefficient. 

Exploratory analyses to determine the optimal cutpoint for plasma concentrations of 

follistatin associated with the development of grade II–IV aGVHD (>436 pg/mL at pre-HCT 

baseline), NRM (>1088 pg/mL at day 28), and OS (>1073 pg/mL at day 28), were 

determined by recursive partitioning 28. Plasma concentrations above those cutpoints are 

referred to as “high” follistatin levels with respect those clinical outcomes throughout the 

manuscript. Since the follistatin plasma concentration associated with NRM and OS were 

similar, 1088 pg/mL was selected as the optimal cutpoint for regression analyses. All 

analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). All reported p-

values are 2-sided.

Results

Patient and transplant characteristics are presented in Table 1. Of the 247 recipients included 

in the study, the median age at the time of transplant was 44 years and 51% were male. The 
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most common diagnoses were acute myeloid leukemia (AML) (45%) and acute 

lymphoblastic leukemia (ALL) (40%).

Donor and Recipient Characteristics

Donor and recipient characteristics did not correlate with baseline follistatin levels. 

Specifically, donor and recipient age (P=0.73 and 0.99, respectively) and sex (P=0.76 and 

0.36, respectively) did not show a significant association with baseline follistatin levels. 

Recipient body mass index (BMI) (P=0.26), diabetes (P=0.43), smoking (P=0.51), 

hematologic disease (P=0.18) and CMV serostatus (P=0.75) were not significantly 

associated with follistatin levels. Detailed donor characteristics, including BMI, diabetes, 

and smoking, were not available for analysis.

Recipient Follistatin and aGVHD

Individuals developing grade II–IV aGVHD had nearly 50% higher baseline pre-HCT 

median follistatin levels (625 pg/ml, n=69) compared with those not developing aGVHD 

(420 pg/ml, n=144, P=0.04, Table 2, Figure 1). After adjusting for age at transplantation, 

individuals with pre-HCT baseline levels >436 pg/mL had a significantly increased risk of 

day 100 aGVHD (RR=1.8, 95% CI 1.1–3.0, =0.03, Figure 2A). Patients who developed 

grade II–IV aGVHD prior to day 28 post-HCT had 50% higher follistatin levels at the day 

28 blood draw (749 vs. 500 pg/mL in patients with grade 0–I aGVHD, P=0.04). At day 100, 

follistatin levels were greater in those with prior aGVHD (693 pg/mL vs. 431 pg/mL, 

P<0.01). Organ-specific aGVHD data were not available for this study. There was no 

difference in baseline follistatin levels between individuals receiving TAC/SIRO compared 

to TAC/MTX (P=0.2). Day 28 follistatin levels were modestly, albeit significantly greater in 

the TAC/SIRO group compared with TAC/MTX (607 pg/mL vs. 494 pg/mL, P=0.02), but 

the groups were not significantly different at day 100 (P=0.5), nor were differences seen in 

multivariable analysis.

Donor Follistatin and aGVHD

Donor follistatin levels were over 2-fold higher than baseline levels in HCT recipients 

(median 1010 vs. 470 pg/ml, P<0.01, Figure 1, Table 2). Higher donor follistatin levels were 

associated with development of grade II–IV aGVHD compared with those with no aGVHD 

(1281 pg/mL [IQR 818–1267 pg/mL] vs. 1,049 pg/mL [IQR 992–1431 pg/mL], P<0.01). 

Cumulative incidence of GVHD was significantly higher among recipients when the donor 

follistatin level was above the optimal cutpoint of 1088 pg/ml (P<0.01, Figure 2B). Donor 

levels were also moderately correlated with day 28 follistatin levels in recipients 

(Spearman’s rho=0.3, P=0.01).

Follistatin and NRM

In multivariable analysis, the risk of one-year NRM was over 4-fold higher among 

individuals with high day 28 follistatin levels >1088 pg/mL (n=32, 31%, 95% CI 15–47%, 

RR = 4.3, 95% CI 1.9–9.9, P<0.01) compared with those with lower levels (n=189, 8%, 95% 

CI 4–12%) (Table 3, PFigure 3A). Baseline, day 100, and donor follistatin levels were not 

associated with NRM (not shown); however, for every 1000 pg/mL increase in follistatin 
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from baseline to day 28, the risk for NRM significantly increased (RR = 2.5, 95% CI 1.5–

4.1, <0.01).

Follistatin and OS

Significantly poorer survival was observed among individuals with high day 28 follistatin 

>1088 pg/mL (56%, vs 81%, RR = 2.8, 95% CI 1.5–5.2, P<0.01) (Table 3). Baseline, day 

100, and donor follistatin levels were not associated with OS (not shown), but as was 

observed for NRM, for every 1000 pg/mL increase in follistatin from baseline to day 28, the 

risk for mortality increased (RR = 1.7, 95% CI 1.2–2.5, P<0.01). We did not identify a 

significant association between follistatin levels and GRFS, chronic GVHD or relapse-

related mortality for donor levels or at any of the recipient time points (not shown). Causes 

of death did not differ significantly between individuals with day 28 follistatin levels >1088 

pg/mL vs. lower levels (Table 4). For individuals with day 28 levels >1088 pg/mL, 17% of 

deaths were from veno-occlusive disease (VOD) and 17% were from respiratory failure, 

whereas among those with levels ≤ 1088 pg/mL, 3% of deaths were from VOD and 3% were 

from respiratory failure, neither of which reached statistical significance.

From our previous study 11, follistatin levels of >2000 pg/mL had the strongest association 

with poor survival, thus regression analyses for one-year NRM and OS were also performed 

using levels >2000 pg/mL. At day 28, individuals with follistatin >2000 pg/mL (n=9) had a 

significantly higher risk of NRM (RR=6.1, 95% CI 2.1–18.1, P<0.01), and lower OS, 

although the latter did not meet statistical significance possibly due to few patients in this 

cohort with such marked elevations in follistatin (RR=2.6, 95% CI 0.9–7.4, P=0.08).

Discussion

This analysis adds to the previously demonstrated associations between elevated follistatin 

with the onset of aGVHD and with OS 11, and now demonstrates a potential predictive value 

of both donor and baseline recipient follistatin levels prior to the onset of aGVHD, as well as 

the association of follistatin with prognosis after allogeneic HCT based on measurements 

taken from pre-HCT baseline, day 28, and day 100 post-HCT. Recipients with higher 

baseline follistatin levels were more likely to experience aGVHD, potentially due to 

increased susceptibility secondary to tissue damage from previous therapies, leading to 

aGVHD or NRM. Follistatin can acutely enhance neovascularization following tissue 

damage as a part of normal tissue repair processes, but typically decreases after 5 days, as 

repair processes progress 29; however, the regulation of follistatin levels and 

neovascularization after allogeneic HCT is unknown.

We also demonstrated in this BMT CTN 0402 cohort that donor follistatin levels were 

significantly higher than recipients. This finding leads to additional questions about the 

function of follistatin in healthy individuals. Follistatin has been shown to be greater among 

males, likely in part because of increased lean body mass, compared with females 30, and 

although a greater proportion of the donors were male (61%) compared with transplant 

recipients (51%), we did not observe significant differences in follistatin levels based on 

donor or recipient sex. Increased levels in donors could be explained by multiple factors, 

including greater muscle mass30, obesity 21, or insulin resistance 31; unfortunately, those 
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data are not available for this donor population. Plasma follistatin levels in this cohort of 

donors is similar to levels described using multiplex cytokine array methodology for healthy, 

non-diabetic individuals (1366 ± 153 pg/mL), with reported levels in type 2 diabetics 

significantly higher (2159 ± 327 pg/mL) 32. Further study of donor levels is warranted to 

confirm our findings.

Additional potential explanations for the difference in follistatin levels between donors and 

recipients may be related to the previous treatments and exposures experienced by the HCT 

recipients. It may be that cells responsible for follistatin production are reduced in response 

to cytoreductive therapies. Among recipients developing GVHD, follistatin levels were still 

far below donors, despite the association between higher follistatin levels and GVHD. The 

explanation for this is not clear. It is possible that differences may be due, in part, to 

differences in follistatin isoform expression in donors versus recipients, or other differences 

yet to be determined.

In this cohort, elevated day 28 follistatin levels were observed in patients who developed 

aGVHD prior to that time point. In BMT CTN 0402, blood draws were calendar-driven, not 

event-driven (as in BMT CTN 0302/0802), which makes broader conclusions regarding 

follistatin and the onset of aGVHD challenging. Given the multiple other pro-inflammatory 

processes that can occur after HCT, such as infection, veno-occlusive disease and thrombotic 

microangiopathy, it is possible that the effects of follistatin on aGVHD risk beyond day 28 

were obscured because of other transplant-related complications.

The observed increased risk for NRM and decreased OS associated with follistatin levels 

support the potential role of follistatin in aGVHD, although GRFS did not differ based on 

follistatin levels at any time point. NRM and OS findings could also be related to sepsis and 

acute inflammation, which may precede death. Follistatin levels increased over time in 

allogeneic HCT recipients with aGVHD, likely reflecting ongoing endothelial damage prior 

to day 100 after HCT.

Although the findings from this study further the understanding of the role of follistatin in 

aGVHD and HCT outcomes, our study has limitations. It lacks detailed donor 

characteristics, such as BMI, chronic or acute illness data, smoking status and current 

medications, which may contribute to our understanding of elevations in donor follistatin 

levels. Similarly, the lack of detailed clinical data on recipients is a significant limitation; we 

have only limited information on recipients and what other transplant-related complications 

or illnesses they may have experienced at the time of follistatin measures. As well, the 

present study population was young and received TBI-based myeloablative conditioning 

with PBSC grafts, so findings cannot necessarily be extended to other HCT populations. 

However, despite these limitations, we have demonstrated new relationships between 

baseline donor and recipient follistatin and aGVHD, as well as with day 28 follistatin levels 

and aGVHD, OS and NRM. These findings support our present hypothesis that follistatin is 

involved in tissue damage and inflammation and is contributing to these adverse HCT 

outcomes.
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In conclusion, we have identified an association between baseline donor and recipient 

circulating plasma follistatin levels with the subsequent development of aGVHD, and we 

have further shown that day 28 follistatin is increased among individuals experiencing early 

aGVHD and mortality after allogeneic HCT. Whereas our previous work successfully 

demonstrated the utility of follistatin as a marker for aGVHD treatment response and 

survival 11, this study demonstrates its utility as a prospective biomarker for aGVHD risk. 

Our findings are complementary to previous work examining biomarkers in GVHD 33 and 

support the use of biomarkers to predict onset and treatment response of certain post-HCT 

complications. Given the multiple roles of follistatin in angiogenesis, inflammation, and 

metabolism, it remains unclear whether elevated follistatin levels are in response to ongoing 

tissue damage and inflammation, or whether follistatin is antagonizing other angiogenic or 

inflammatory factors that are perpetuating tissue injury; however, our findings of the 

relationships between both donor and baseline recipient follistatin levels and aGVHD are 

supportive of a causative role in inflammation and tissue damage. Future clinical studies 

aimed at elucidating the role of follistatin would require event-based measures in the 

recipients and more comprehensive clinical data for donors and recipients. Mechanistic 

studies designed to understand the longitudinal role of circulating follistatin following HCT, 

differences between elevated donor and recipient follistatin levels, as well as the other 

related pro- and anti-angiogenic factors that may be contributing to aGVHD and post-HCT 

survival, are warranted in order to develop novel strategies that mitigate the risk of NRM in 

allogeneic HCT. Follistatin, and other factors, have the potential to be used clinically in risk 

prediction models to most successfully identify patients at highest risk for developing 

aGVHD and to predict those who are most likely to fail initial therapy or require more 

aggressive treatment.

Acknowledgments

The authors gratefully acknowledge the BMT CTN 0402 study investigators and participating centers. Support for 
this study was provided by grant #U10HL069294 to the Blood and Marrow Transplant Clinical Trials Network 
from the National Heart, Lung, and Blood Institute and the National Cancer Institute at the National Institutes of 
Health, along with contributions from Wyeth Pharmaceuticals Inc. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the above-mentioned parties. This ancillary study of 
plasma samples was supported by grants from the National Marrow Donor Program (SGH and LFN). We thank 
Michael Ehrhardt of the UMN Cytokine Reference Laboratory for expert technical assistance.

References

1. D’Souza AZX. Current uses and outcomes of hematopoietic cell transplantation (HCT): CIBMTR 
Summary Slides. 2016

2. Gooley TA, Chien JW, Pergam SA, Hingorani S, Sorror ML, Boeckh M, et al. Reduced mortality 
after allogeneic hematopoietic-cell transplantation. The New England journal of medicine. 2010; 
363(22):2091–2101. DOI: 10.1056/NEJMoa1004383 [PubMed: 21105791] 

3. Atsuta Y, Hirakawa A, Nakasone H, Kurosawa S, Oshima K, Sakai R, et al. Late Mortality and 
Causes of Death among Long-Term Survivors after Allogeneic Stem Cell Transplantation. Biology 
of blood and marrow transplantation : journal of the American Society for Blood and Marrow 
Transplantation. 2016; e-pub ahead of print 2016/06/02. doi: 10.1016/j.bbmt.2016.05.019

4. Duncan CN, Majhail NS, Brazauskas R, Wang Z, Cahn JY, Frangoul HA, et al. Long-term survival 
and late effects among one-year survivors of second allogeneic hematopoietic cell transplantation 
for relapsed acute leukemia and myelodysplastic syndromes. Biology of blood and marrow 

Turcotte et al. Page 7

Bone Marrow Transplant. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transplantation : journal of the American Society for Blood and Marrow Transplantation. 2015; 
21(1):151–158. DOI: 10.1016/j.bbmt.2014.10.006

5. Li Z, Rubinstein SM, Thota R, Savani M, Brissot E, Shaw BE, et al. Immune-Mediated 
Complications after Hematopoietic Stem Cell Transplantation. Biology of blood and marrow 
transplantation : journal of the American Society for Blood and Marrow Transplantation. 2016; 
22(8):1368–1375. e-pub ahead of print 2016/04/21. DOI: 10.1016/j.bbmt.2016.04.005

6. Mosesso K. Adverse Late and Long-Term Treatment Effects in Adult Allogeneic Hematopoietic 
Stem Cell Transplant Survivors. The American journal of nursing. 2015; 115(11):22–34. quiz 35. e-
pub ahead of print 2015/10/17. DOI: 10.1097/01.naj.0000473311.79453.64

7. Doring M, Cabanillas Stanchi KM, Feucht J, Queudeville M, Teltschik HM, Lang P, et al. Ferritin as 
an early marker of graft rejection after allogeneic hematopoietic stem cell transplantation in 
pediatric patients. Annals of hematology. 2016; 95(2):311–323. e-pub ahead of print 2015/11/28. 
DOI: 10.1007/s00277-015-2560-3 [PubMed: 26611853] 

8. Massaro K, Costa SF. Role of Biomarkers as Predictors of Infection and Death in Neutropenic 
Febrile Patients after Hematopoietic Stem Cell Transplantation. Mediterranean journal of 
hematology and infectious diseases. 2015; 7(1):e2015059. e-pub ahead of print 2015/11/07. doi: 
10.4084/mjhid.2015.059 [PubMed: 26543528] 

9. Tatekawa S, Kohno A, Ozeki K, Watamoto K, Ueda N, Yamaguchi Y, et al. A Novel Diagnostic and 
Prognostic Biomarker Panel for Endothelial Cell Damage-Related Complications in Allogeneic 
Transplantation. Biology of blood and marrow transplantation : journal of the American Society for 
Blood and Marrow Transplantation. 2016; e-pub ahead of print 2016/06/02. doi: 10.1016/j.bbmt.
2016.05.018

10. Yu J, Storer BE, Kushekhar K, Abu Zaid M, Zhang Q, Gafken PR, et al. Biomarker Panel for 
Chronic Graft-Versus-Host Disease. Journal of clinical oncology : official journal of the American 
Society of Clinical Oncology. 2016; 34(22):2583–2590. e-pub ahead of print 2016/05/25. DOI: 
10.1200/jco.2015.65.9615 [PubMed: 27217465] 

11. Holtan SG, Verneris MR, Schultz KR, Newell LF, Meyers G, He F, et al. Circulating angiogenic 
factors associated with response and survival in patients with acute graft-versus-host disease: 
results from Blood and Marrow Transplant Clinical Trials Network 0302 and 0802. Biology of 
blood and marrow transplantation : journal of the American Society for Blood and Marrow 
Transplantation. 2015; 21(6):1029–1036. DOI: 10.1016/j.bbmt.2015.02.018

12. Kozian DH, Ziche M, Augustin HG. The activin-binding protein follistatin regulates autocrine 
endothelial cell activity and induces angiogenesis. Laboratory investigation; a journal of technical 
methods and pathology. 1997; 76(2):267–276. e-pub ahead of print 1997/02/01; [PubMed: 
9042163] 

13. Gavino MA, Wenemoser D, Wang IE, Reddien PW. Tissue absence initiates regeneration through 
follistatin-mediated inhibition of activin signaling. eLife. 2013; 2:e00247. e-pub ahead of print 
2013/09/17. doi: 10.7554/eLife.00247 [PubMed: 24040508] 

14. de Kretser DM, O’Hehir RE, Hardy CL, Hedger MP. The roles of activin A and its binding protein, 
follistatin, in inflammation and tissue repair. Molecular and cellular endocrinology. 2012; 359(1–
2):101–106. e-pub ahead of print 2011/11/01. DOI: 10.1016/j.mce.2011.10.009 [PubMed: 
22037168] 

15. Hedger MP, de Kretser DM. The activins and their binding protein, follistatin-Diagnostic and 
therapeutic targets in inflammatory disease and fibrosis. Cytokine & growth factor reviews. 2013; 
24(3):285–295. e-pub ahead of print 2013/04/02. DOI: 10.1016/j.cytogfr.2013.03.003 [PubMed: 
23541927] 

16. Argiles JM, Orpi M, Busquets S, Lopez-Soriano FJ. Myostatin: more than just a regulator of 
muscle mass. Drug discovery today. 2012; 17(13–14):702–709. e-pub ahead of print 2012/02/22. 
DOI: 10.1016/j.drudis.2012.02.001 [PubMed: 22342983] 

17. Dschietzig TB. Myostatin - From the Mighty Mouse to cardiovascular disease and cachexia. 
Clinica chimica acta; international journal of clinical chemistry. 2014; 433:216–224. e-pub ahead 
of print 2014/04/01. DOI: 10.1016/j.cca.2014.03.021 [PubMed: 24680839] 

18. Michel U, Ebert S, Phillips D, Nau R. Serum concentrations of activin and follistatin are elevated 
and run in parallel in patients with septicemia. European journal of endocrinology / European 
Federation of Endocrine Societies. 2003; 148(5):559–564. e-pub ahead of print 2003/05/02; 

Turcotte et al. Page 8

Bone Marrow Transplant. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Michel U, Shintani Y, Nau R. Serum follistatin concentrations are increased in patients with 
septicaemia. Clinical endocrinology. 1998; 48(4):413–417. e-pub ahead of print 1998/06/26; 
[PubMed: 9640407] 

20. Chen MJ, Chen HF, Chen SU, Ho HN, Yang YS, Yang WS. The relationship between follistatin 
and chronic low-grade inflammation in women with polycystic ovary syndrome. Fertility and 
sterility. 2009; 92(6):2041–2044. e-pub ahead of print 2009/07/14. DOI: 10.1016/j.fertnstert.
2009.06.009 [PubMed: 19591997] 

21. Flanagan JN, Linder K, Mejhert N, Dungner E, Wahlen K, Decaunes P, et al. Role of follistatin in 
promoting adipogenesis in women. The Journal of clinical endocrinology and metabolism. 2009; 
94(8):3003–3009. e-pub ahead of print 2009/05/28. DOI: 10.1210/jc.2008-2005 [PubMed: 
19470636] 

22. Hansen J, Rinnov A, Krogh-Madsen R, Fischer CP, Andreasen AS, Berg RM, et al. Plasma 
follistatin is elevated in patients with type 2 diabetes: relationship to hyperglycemia, 
hyperinsulinemia, and systemic low-grade inflammation. Diabetes/metabolism research and 
reviews. 2013; 29(6):463–472. e-pub ahead of print 2013/04/09. DOI: 10.1002/dmrr.2415 
[PubMed: 23564759] 

23. Teede H, Ng S, Hedger M, Moran L. Follistatin and activins in polycystic ovary syndrome: 
relationship to metabolic and hormonal markers. Metabolism: clinical and experimental. 2013; 
62(10):1394–1400. e-pub ahead of print 2013/06/19. DOI: 10.1016/j.metabol.2013.05.003 
[PubMed: 23768911] 

24. Yndestad A, Haukeland JW, Dahl TB, Bjoro K, Gladhaug IP, Berge C, et al. A complex role of 
activin A in non-alcoholic fatty liver disease. The American journal of gastroenterology. 2009; 
104(9):2196–2205. e-pub ahead of print 2009/06/18. DOI: 10.1038/ajg.2009.318 [PubMed: 
19532130] 

25. Hansen J, Brandt C, Nielsen AR, Hojman P, Whitham M, Febbraio MA, et al. Exercise induces a 
marked increase in plasma follistatin: evidence that follistatin is a contraction-induced hepatokine. 
Endocrinology. 2011; 152(1):164–171. e-pub ahead of print 2010/11/12. DOI: 10.1210/en.
2010-0868 [PubMed: 21068158] 

26. Vamvini MT, Aronis KN, Chamberland JP, Mantzoros CS. Energy deprivation alters in a leptin- 
and cortisol-independent manner circulating levels of activin A and follistatin but not myostatin in 
healthy males. The Journal of clinical endocrinology and metabolism. 2011; 96(11):3416–3423. e-
pub ahead of print 2011/08/26. DOI: 10.1210/jc.2011-1665 [PubMed: 21865351] 

27. Hansen JS, Rutti S, Arous C, Clemmesen JO, Secher NH, Drescher A, et al. Circulating Follistatin 
Is Liver-Derived and Regulated by the Glucagon-to-Insulin Ratio. The Journal of clinical 
endocrinology and metabolism. 2016; 101(2):550–560. e-pub ahead of print 2015/12/15. DOI: 
10.1210/jc.2015-3668 [PubMed: 26652766] 

28. Contal C, O’Quigley J. An application of changepoint methods in studying the effect of age on 
survival in breast cancer. Computational Statistics and Data Analysis. 1999; 30:253–270.

29. Ceafalan LC, Manole E, Tanase CP, Codrici E, Mihai S, Gonzalez A, et al. Interstitial Outburst of 
Angiogenic Factors During Skeletal Muscle Regeneration After Acute Mechanical Trauma. 
Anatomical record (Hoboken, N J : 2007). 2015; 298(11):1864–1879. e-pub ahead of print 
2015/08/12. DOI: 10.1002/ar.23254

30. Anastasilakis AD, Polyzos SA, Skouvaklidou EC, Kynigopoulos G, Saridakis ZG, Apostolou A, et 
al. Circulating follistatin displays a day-night rhythm and is associated with muscle mass and 
circulating leptin levels in healthy, young humans. Metabolism: clinical and experimental. 2016; 
65(10):1459–1465. e-pub ahead of print 2016/09/14. DOI: 10.1016/j.metabol.2016.07.002 
[PubMed: 27621181] 

31. Hansen JS, Plomgaard P. Circulating follistatin in relation to energy metabolism. Molecular and 
cellular endocrinology. 2016; 433:87–93. e-pub ahead of print 2016/06/07. DOI: 10.1016/j.mce.
2016.06.002 [PubMed: 27264073] 

32. Ciaraldi TP, Ryan AJ, Mudaliar SR, Henry RR. Altered Myokine Secretion Is an Intrinsic Property 
of Skeletal Muscle in Type 2 Diabetes. PloS one. 2016; 11(7):e0158209. e-pub ahead of print 
2016/07/28. doi: 10.1371/journal.pone.0158209 [PubMed: 27453994] 

33. Levine JE, Braun TM, Harris AC, Holler E, Taylor A, Miller H, et al. A prognostic score for acute 
graft-versus-host disease based on biomarkers: a multicentre study. The Lancet Haematology. 

Turcotte et al. Page 9

Bone Marrow Transplant. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2015; 2(1):e21–29. e-pub ahead of print 2015/12/22. DOI: 10.1016/s2352-3026(14)00035-0 
[PubMed: 26687425] 

Turcotte et al. Page 10

Bone Marrow Transplant. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Mean (±SEM) follistatin levels for donors and recipients at baseline (pre-HCT), and days 28 

and 100 post-HCT, based on acute GVHD status. Black diamond represents donor baseline 

level (N=84), black triangle with hashed black line is recipients who developed acute GVHD 

(N=69), gray square with solid gray line is recipients who did not develop acute GVHD 

(N=144). Abbreviations: GVHD, graft versus host disease; HCT, hematopoietic cell 

transplantation; SEM, standard error of the mean.
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Figure 2. 
Cumulative incidence of grade II–IV acute graft versus host disease, A) stratified by pre-

HCT recipient baseline follistatin optimal cut-point, B) stratified by donor follistatin optimal 

cutpoint. Hashed line is follistatin level above the optimal cutpoint and the solid line is 

follistatin level less than or equal to the optimal cutpoint. Abbreviations: aGVHD, acute 

graft versus host disease; HCT, hematopoietic cell transplantation.
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Figure 3. 
Cumulative incidence of non-relapse mortality, stratified by day 28 optimal cut-point (1088 

pg/mL).
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Table 1

Patient and transplant characteristics from BMT CTN 0402, with follistatin data from pre-HCT, or days 28 or 

100 post-HCT.

Variable Total Study Group

N 247

Patient Age (years)

 Median (range), (IQR) 44 (12–59), (35–50)

Donor Age (years)

 Median (range), (IQR) 44 (13–66), (34–50)

HLA-Matched PBSC Related Donor 247 (100%)

GVHD Prophylaxis

 TAC/MTX 126 (51%)

 TAC/SIRO 121 (49%)

Patient Sex: Female 121 (49%)

Donor Sex: Female 97 (39%)

Disease

 ALL 98 (40%)

 ABL 1 (0%)

 AML 112 (45%)

 CML 18 (7%)

 MDS 18 (7%)

Disease Stage

 CR1 177 (72%)

 CR2 34 (14%)

 AP 3 (1%)

 CP 15 (6%)

 Not applicable* 18 (8%)

Conditioning

 Cyclophosphamide/TBI 198 (80%)

 Etoposide/TBI 49 (20%)

CMV Serostatus: Positive 157 (64%)

Days to Onset of aGVHD in Patients with Day 28 Follistatin Data, Median (range), (IQR) 28.5 (5–227), (21–45.5)

*
Patients not previously treated with chemotherapy.

Abbreviations: ABL, acute biphenotypic leukemia; aGVHD, acute graft versus host disease; ALL, acute lymphoblastic leukemia; AML, acute 
myeloid leukemia; AP, accelerated phase; CML, chronic myeloid leukemia; CMML, chronic myelomonocytic leukemia; CP, chronic phase; CMV, 
cytomegalovirus; CR, complete remission; HCT, hematopoietic cell transplantation; HLA, human leukocyte antigen; IQR, intra-quartile range; 
MDS, myelodysplastic syndrome; MTX, methotrexate; SIRO, sirolimus; TAC, tacrolimus; TBI, total body irradiation.
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Table 2

Baseline follistatin levels in individuals with no GVHD compared to those with grade II–IV GVHD.

Baseline Follistatin Levels

Donor No GVHD Grade II–IV GVHD

Median 1083 420 625

Mean 1084 564 718

IQR 843–1309 299–774 337–925

Abbreviations: GVHD, graft versus host disease; IQR, interquartile range.
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Table 4

Causes of death based on day 28 follistatin levels.

Day 28 follistatin ≤ 1088 pg/mL Day 28 follistatin > 1088 pg/mL

Cause of Death N=60 deaths (%) N=18 deaths (%)

Acute GVHD 8 (13) 2 (11)

Chronic GVHD 9 (15) 3 (17)

Liver failure/VOD 2 (3) 3 (17)

Respiratory failure/ARDS 2 (3) 3 (17)

Infection 1 (2) 1 (6)

Relapse 37 (62) 6 (33)

Other 1 (2) 0

Abbreviations: ARDS, acute respiratory distress syndrome; GVHD, graft versus host disease; VOD, veno-occlusive disease.
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