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Bronchiolitis obliterans syndrome (BOS) is a life-threatening pulmonary complication of chronic graft-versus-host disease (cGVHD) after allogeneic hematopoietic stem cell transplantation (HSCT). In this study, we retrospectively identified seven patients newly diagnosed with BOS post HSCT and analyzed the outcomes in those patients treated with ruxolitinib as a first-line treatment. All seven patients achieved symptom responses within 2 weeks after ruxolitinib administration. Three months after treatment, five patients (71.43%) achieved a CR, and two (28.57%) achieved a PR. The overall response rate (ORR) was 100%. In addition, the steroid therapy was determined within 2 months after ruxolitinib treatment, indicating ruxolitinib as a steroid-sparing agent. We also found that ruxolitinib was well-tolerated and safe in treating newly diagnosed BOS. According to our results, ruxolitinib would be a promising and safe option in newly diagnosed BOS post HSCT.
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INTRODUCTION
Characterized by obstructive lung defects and a poor long-term survival rate, bronchiolitis obliterans syndrome (BOS) is a life-threatening pulmonary manifestation of chronic graft-versus-host disease (cGVHD) (Barker et al., 2014). The classic first-line therapy is systemic steroids to prevent progression (Williams et al., 2016). However, during the salvage therapy, when the first-line therapy fails, lots of patients with steroid-refractory BOS did not get a significant improvement in pulmonary function. In addition, long-term systemic steroid application may cause serious complications such as infection and prolonged time of body mass index (BMI) recovery (Hayakawa et al., 2019). We expected to seek for a promising agent, which would be used in combination with systemic steroids, for BOS treatment as first-line therapy at an early stage of pathogenesis, which could be steroid-sparing and save pulmonary function.
Ruxolitinib is a JAK (Janus-activated kinases) 1/2 inhibitor reported to play an important role in the pathogenesis of B cell- and T cell-mediated GVHD, especially to suppress T-cell activation via inhibition of cytokine receptor-mediated signaling. (Spoerl et al., 2014) (Zeiser et al., 2015). Moreover, ruxolitinib showed outstanding anti-inflammatory and immunomodulating capacity by affecting dendritic cell (DC) differentiation and function (Heine et al., 2013). It is well-documented that ruxolitinib is an effective treatment option for patients with acute and chronic graft-versus-host disease (aGVHD and cGVHD) in the past decade (Zeiser et al., 2020; Wu et al., 2021). However, there are a few published investigations demonstrating ruxolitinib’s clinical efficacy in treating BOS as a second- or third-line therapy. In this study, we aimed to investigate the effect of ruxolitinib in newly diagnosed BOS post HSCT as a first-line therapy in this study.
MATERIALS AND METHODS
All patients who underwent an allogeneic HSCT between January 2019 and December 2021 at the Institute of Hematology and Blood Diseases Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College (CAMS & PUMC) were retrospectively screened. Clinical data were retrieved from the transplant databases and electronic medical records. The inclusion criteria were as referred to the criteria of the 2015 National Institute of Health (NIH) consensus (Jagasia et al., 2015). Measured by pulmonary function tests (PFTs), BOS was defined by having a forced expiratory volume in 1s (FEV1) to a forced vital capacity (FVC) ratio of 0.7 or less, along with FEV1 of <75% predicted with a ≥10% decline over less than 2 years. In addition, expiratory CT or PFTs to support the evidence of air tapping were needed. Infectious diseases should be excluded by clinical and radiological evaluation and routine serological and microbiological studies.
Ruxolitinib therapy began with an initiation dosage of 5 mg twice daily (BID) and then a maintenance dosage of 10 mg. The dose of ruxolitinib could be reduced if severe adverse events occurred, which were graded according to the Common Terminology Criteria for Adverse Events version 4 (CTCAE v4). Steroids and other immune-suppressive agents were added according to the clinical situation. All patients received antifungal prophylaxis and fluticasone, azithromycin, and montelukast (FAM) therapy in addition to ruxolitinib therapy.
Our primary endpoint was the response to treatment, including both symptom response and DR, which were evaluated using PFTs every 3 months. Treatment response included both symptom response (SR) and disease response (DR). Symptom response was defined as relieving respiratory symptoms evaluated using the Lee Chronic Graft-versus-Host Disease Symptom Scale (LSS) (Teh et al., 2020). The assessment was performed 14 days after ruxolitinib administration. Scores <5 were defined as symptom remission, and scores ≥5 were defined as symptoms persisting. We evaluated ruxolitinib DR 3 months after ruxolitinib therapy. The response to ruxolitinib was defined as complete response (CR) when clinical symptoms significantly alleviated and the first–second FEV1 as a percentage of the predicted value (FEV1% predict) increased by more than 75%; partial response (PR) was defined by FEV1% pred levels increased or symptoms improved with stabilization of FEV1% pred. Non-response (NR) was defined by worsened clinical status and PFTs or FEV1% pred decreased down to 5% or less with stable symptoms. Progression disease (PD) was considered when clinical and functional findings (mainly FEV1% pred decreased from baseline by 5% or more) worsened, and stable disease (SD) was considered when FEV1% pred decreased to less than 5% with stable symptoms.
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and national research committee (Ethics committee of Blood Disease Hospital, Chinese Academy of Medical Sciences HG2021042-EC-1). The institutional review board approved all study procedures and forms. Variables of PFTs before and after ruxolitinib were compared between the groups with the chi-square test or Fisher’s exact test. SPSS was used for the statistical analysis (SPSS version 22.0.01; IBM, NY, United States).
RESULTS
We identified seven patients diagnosed with BOS, and the clinical characteristics are shown in Table 1. Before being diagnosed with BOS, four patients had a history of respiratory infection pneumonia after HSCT. A median time of 272 days (ranging from 57 to 789 days) elapsed between the time of HSCT and diagnosis of BOS. Six patients showed respiratory symptoms such as dyspnea, mild wheezy breathing after activity, or slight cough. The initial symptom of all patients was reduced peripheral oxygen saturation with a median of 93% (range 87%–96%). Once the BOS was diagnosed, ruxolitinib was added at the initiation dosage of 5 mg BID, and three patients used a maintenance dosage of 10 mg BID. Six patients were treated with steroids at the same time. Patient #6 refused to use systemic steroids and took ruxolitinib and FAM only. The initial daily dose of methylprednisolone was 1–2 mg/kg per day. Patient #5 and patient #6 took a calcineurin inhibitor at the same time. The median duration of ruxolitinib application was 121 days (ranging from 90 to 219 days).
TABLE 1 | Characteristics of seven BO patients.
[image: Table 1]Our primary endpoint was the response to treatment, including both symptom response and DR, which were evaluated using PFTs every 3 months. For symptom response assessment, we used the LSS score system. It is inspiring that all patients achieved symptom remission within only 2 weeks after ruxolitinib therapy and were independent of oxygen use (Table 2). For disease response assessment, five patients (71.43%) achieved CR and two (28.57%) achieved PR. The mean FEV1% pred at diagnosis of BOS was 49.16% ± 13.20% (mean ± SD), and it increased to 68.93% ± 18.25% (mean ± SD) 3 months after ruxolitinib therapy (Figures 1A, B).
TABLE 2 | Evaluation for relieving symptoms 2 weeks after ruxolitinib administration using LSS.
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Both patient #3 and patient #6 achieved a PR to the treatment with an increment in FEV1% of 5%. Patient #3 was able to walk continuously for 1 hour independently without wheezing. The FEV1/FVC of patient #6 increased to 59.75% from 53.95%, and he was able to manage his daily life. The therapeutic responses of six patients were continued after a median duration of 7 months, except for patient #5. After 6 months of ruxolitinib treatment, she got a sudden pneumothorax, and thoracic closed drainage was performed. Consequently, she was unable to have any PFTs for response evaluation.
The second endpoint was the therapy course, especially steroid withdrawal. As soon as patients achieved relieving symptoms, we started to perform steroid decrement. Their steroid dose was reduced to 50% of the initial dose after about 2 weeks (range, 7–16 days). Steroid therapy in six patients ended within 2 months (range, 23–58 days) of ruxolitinib treatment (Figure 1C).
In addition, ruxolitinib was safe as a first-line agent (Table 1). Four patients tolerated ruxolitinib without any side effects at the dosage of 5 mg BID. Two patients reduced their ruxolitinib dose from 10 mg to 5 mg due to cytopenia. Patient #3 had a Streptococcus pneumoniae infection months after steroid therapy. Overall, no viral and fungal infections were observed in this study.
DISCUSSION
This retrospective study was targeted to explore the feasibility of ruxolitinib as a first-line therapy in newly diagnosed BOS patients post HSCT. In our study, patients receiving ruxolitinib achieved a remarkable response, including both symptoms relieved and respiratory function improved. Furthermore, the ruxolitinib therapy shortened steroid treatment duration and reduced steroid dosage.
Bronchiolitis obliterans is one of the most common and challenging pulmonary complications post HSCT, with poor long-term prognosis and a 5-year survival rate of only 13%–56% (Grønningsæter et al., 2017). The BO management is generally frustrating in that it leads to airflow obstruction in the majority of patients, and only 8–20% of patients achieve improvement in lung function (Soubani and Uberti, 2007). The pathogenesis of BO was not well-understood. A classic three-phase model has been proposed for the initiation and development of cGVHD, including early inflammation and tissue injury (phase 1), chronic inflammation and dysregulated immunity (phase 2), and aberrant tissue repair often with fibrosis (phase 3) (Cooke et al., 2017). One of the most promising BO pathogenesis mechanisms is alloreactive immune reaction, in which donor T lymphocytes target the bronchioles. In addition, macrophages, B cells, and complicated networks of other cells promoted pulmonary fibrosis (Srinivasan et al., 2012). Systemic corticosteroids and immunosuppressive therapy have been the general management options. In the past decades, several novel options for therapy have emerged, including cyclosporine A, tacrolimus, extracorporeal photopheresis, mycophenolate mofetil, and JAK1/2 and Btk inhibitors.
The efficiency of ruxolitinib in treating cGVHD has been reported. Zeiser et al. (Zeiser et al., 2021) demonstrated that ruxolitinib could lead to a much better overall response in patients with steroid-refractory cGVHD based on their REACH III results. There have been a few studies indicating ruxolitinib’s efficiency in steroid-refractory BOS as a salvage treatment but with controversies. Most investigations approved ruxolitinib’s efficiency in steroid sparing among adult and pediatric SR-BOS patients (Schoettler et al., 2019; Streiler et al., 2020). The underlying mechanism has not yet been well-explicated. One of the promising mechanisms is considered to reduce alloreactive T cell expansion and suppress the activity of macrophages. Moreover, it has been studied that the JAK/signal transducer and activator of the transcription 3 (STAT3) pathway is central to differentiation of B cells into plasma cells and antibody secretion. As an inhibitor of JAK-STAT signaling, ruxolitinib shows efficacy at early stages of inflammation (Schroeder et al., 2018). Otherwise, the effect of ruxolitinib is poor when it comes to the irreversible third phase, which is characterized by fibrosis. This may help explain the results of Bondeelle et al., who claimed ruxolitinib administration did not improve and reverse the course of respiratory function in BOS. (Bondeelle et al., 2020). Zhao et al. (Zhao et al., 2021) analyzed 30 BO patients with ruxolitinib as salvage treatment in their new study, and the best overall response rate reached 66.7%. Their results proposed the administration of ruxolitinib in the early “inflammatory” phase other than the late “fibrotic” phase of BOS pathogenesis. Referring to our study, we found that administration of ruxolitinib in the early stage increased the therapeutic effective rate and prevented BO prognosis significantly, with an ORR of 100% and a CR of 71.43%. We assume that patients could benefit from the application of ruxolitinib as a first-line in newly diagnosed BO other than a salvage treatment. Furthermore, we also suggest intense and frequent routine screening of BO using PFTs and respiratory CT early after HSCT, as early diagnosis and intervention may help BOS outcome improvements.
In our study, there were six patients who also received systemic steroids at an initial dosage of 1–2 mg/kg. It is inspiring that steroid therapy succeeded to end within 2 months. Streiler et al. reported that prednisone dosing decreased by 50% after 3 months of treatment with ruxolitinib as a salvage treatment (Streiler et al., 2020). Compared to the previous study, we found that the combination of ruxolitinib early significantly shortened the steroid usage duration.
In conclusion, introducing ruxolitinib as a first-line treatment in the early pathogenesis of BOS shows the capacity to relieve symptoms rapidly and ameliorate PFTs in our study. It is also noteworthy that we succeeded in shortening the steroid therapy duration to 2 months and reducing the total steroid dosage. In addition, ruxolitinib is well-tolerated, and no severe infection or relapse is reported. Certainly, due to the limited sample size, larger prospective studies are needed to prove that ruxolitinib would be one of the backbones as a first-line treatment in newly diagnosed BOS in the future.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics committee of Blood Disease Hospital, Chinese Academy of Medical Sciences. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s) and minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
YH, EJ, and MH designed the study. XZ analyzed data and wrote the manuscript. XZ, YyS, YS, LZ, MH, RZ, JW, and SF were responsible for the data collection and follow-up.
FUNDING
This research was supported by the Fundamental Research Funds for the Central Universities (3332021055) and the National Natural Science Foundation of China (82100225).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank all the patients, the data collection team who participated in this study, and all the families that allowed us into their facilities to complete this study.
REFERENCES
 Barker, A. F., Bergeron, A., Rom, W. N., and Hertz, M. I. (2014). Obliterative Bronchiolitis. N. Engl. J. Med. 370 (19), 1820–1828. doi:10.1056/NEJMra1204664
 Bondeelle, L., Chevret, S., Hurabielle, C., Samy, L., Goletto, T., Costantini, A., et al. (2020). Effect of Ruxolitinib on Lung Function after Allogeneic Stem Cell Transplantation. Biol. Blood Marrow Transpl. 26 (11), 2115–2120. doi:10.1016/j.bbmt.2020.07.033
 Cooke, K. R., Luznik, L., Sarantopoulos, S., Hakim, F. T., Jagasia, M., Fowler, D. H., et al. (2017). The Biology of Chronic Graft-Versus-Host Disease: A Task Force Report from the National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease. Biol. Blood Marrow Transpl. 23 (2), 211–234. doi:10.1016/j.bbmt.2016.09.023
 Grønningsæter, I. S., Tsykunova, G., Lilleeng, K., Ahmed, A. B., Bruserud, Ø., and Reikvam, H. (2017). Bronchiolitis Obliterans Syndrome in Adults after Allogeneic Stem Cell Transplantation-Pathophysiology, Diagnostics and Treatment. Expert Rev. Clin. Immunol. 13 (6), 553–569. doi:10.1080/1744666x.2017.1279053
 Hayakawa, J., Miyamura, D., Kimura, S. I., Gomyo, A., Tamaki, M., Akahoshi, Y., et al. (2019). Negative Impact of Chronic Graft-Versus-Host Disease and Glucocorticoid on the Recovery of Physical Function after Allogeneic Hematopoietic Stem Cell Transplantation. Bone Marrow Transpl. 54 (7), 994–1003. doi:10.1038/s41409-018-0365-4
 Heine, A., Held, S. A., Daecke, S. N., Wallner, S., Yajnanarayana, S. P., Kurts, C., et al. (2013). The JAK-Inhibitor Ruxolitinib Impairs Dendritic Cell Function In Vitro and In Vivo. Blood 122 (7), 1192–1202. doi:10.1182/blood-2013-03-484642
 Jagasia, M. H., Greinix, H. T., Arora, M., Williams, K. M., Wolff, D., Cowen, E. W., et al. (2015). National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-Versus-Host Disease: I. The 2014 Diagnosis and Staging Working Group Report. Biol. Blood Marrow Transpl. 21 (3), 389–e1. e381. doi:10.1016/j.bbmt.2014.12.001
 Schoettler, M., Duncan, C., Lehmann, L., Furutani, E., Subramaniam, M., and Margossian, S. (2019). Ruxolitinib Is an Effective Steroid Sparing Agent in Children with Steroid Refractory/dependent Bronchiolitis Obliterans Syndrome after Allogenic Hematopoietic Cell Transplantation. Bone Marrow Transpl. 54 (7), 1158–1160. doi:10.1038/s41409-019-0450-3
 Schroeder, M. A., Choi, J., Staser, K., and DiPersio, J. F. (2018). The Role of Janus Kinase Signaling in Graft-Versus-Host Disease and Graft versus Leukemia. Biol. Blood Marrow Transpl. 24 (6), 1125–1134. doi:10.1016/j.bbmt.2017.12.797
 Soubani, A. O., and Uberti, J. P. (2007). Bronchiolitis Obliterans Following Haematopoietic Stem Cell Transplantation. Eur. Respir. J. 29 (5), 1007–1019. doi:10.1183/09031936.00052806
 Spoerl, S., Mathew, N. R., Bscheider, M., Schmitt-Graeff, A., Chen, S., Mueller, T., et al. (2014). Activity of Therapeutic JAK 1/2 Blockade in Graft-Versus-Host Disease. Blood 123 (24), 3832–3842. doi:10.1182/blood-2013-12-543736
 Srinivasan, M., Flynn, R., Price, A., Ranger, A., Browning, J. L., Taylor, P. A., et al. (2012). Donor B-Cell Alloantibody Deposition and Germinal Center Formation Are Required for the Development of Murine Chronic GVHD and Bronchiolitis Obliterans. Blood 119 (6), 1570–1580. doi:10.1182/blood-2011-07-364414
 Streiler, C., Shaikh, F., Davis, C., Abhyankar, S., and Brownback, K. R. (2020). Ruxolitinib Is an Effective Steroid Sparing Agent in Bronchiolitis Obliterans Due to Chronic Graft-Versus-Host-Disease. Bone Marrow Transpl. 55 (6), 1194–1196. doi:10.1038/s41409-019-0662-6
 Teh, C., Onstad, L., and Lee, S. J. (2020). Reliability and Validity of the Modified 7-Day Lee Chronic Graft-Versus-Host Disease Symptom Scale. Biol. Blood Marrow Transpl. 26 (3), 562–567. doi:10.1016/j.bbmt.2019.11.020
 Williams, K. M., Cheng, G. S., Pusic, I., Jagasia, M., Burns, L., Ho, V. T., et al. (2016). Fluticasone, Azithromycin, and Montelukast Treatment for New-Onset Bronchiolitis Obliterans Syndrome after Hematopoietic Cell Transplantation. Biol. Blood Marrow Transpl. 22 (4), 710–716. doi:10.1016/j.bbmt.2015.10.009
 Wu, H., Shi, J., Luo, Y., Tan, Y., Zhang, M., Lai, X., et al. (2021). Evaluation of Ruxolitinib for Steroid-Refractory Chronic Graft-Vs-Host Disease after Allogeneic Hematopoietic Stem Cell Transplantation. JAMA Netw. Open 4 (1), e2034750. doi:10.1001/jamanetworkopen.2020.34750
 Zeiser, R., Burchert, A., Lengerke, C., Verbeek, M., Maas-Bauer, K., Metzelder, S. K., et al. (2015). Ruxolitinib in Corticosteroid-Refractory Graft-Versus-Host Disease after Allogeneic Stem Cell Transplantation: a Multicenter Survey. Leukemia 29 (10), 2062–2068. doi:10.1038/leu.2015.212
 Zeiser, R., Polverelli, N., Ram, R., Hashmi, S. K., Chakraverty, R., Middeke, J. M., et al. (2021). Ruxolitinib for Glucocorticoid-Refractory Chronic Graft-Versus-Host Disease. N. Engl. J. Med. 385 (3), 228–238. doi:10.1056/NEJMoa2033122
 Zeiser, R., von Bubnoff, N., Butler, J., Mohty, M., Niederwieser, D., Or, R., et al. (2020). Ruxolitinib for Glucocorticoid-Refractory Acute Graft-Versus-Host Disease. N. Engl. J. Med. 382 (19), 1800–1810. doi:10.1056/NEJMoa1917635
 Zhao, Y., OuYang, G., Shi, J., Luo, Y., Tan, Y., Yu, J., et al. (2021). Salvage Therapy with Low-Dose Ruxolitinib Leads to a Significant Improvement in Bronchiolitis Obliterans Syndrome in Patients with cGVHD after Allogeneic Hematopoietic Stem Cell Transplantation. Front. Pharmacol. 12, 668825. doi:10.3389/fphar.2021.668825
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Zhao, Shen, Shi, Zhang, Hao, Zhao, Zhang, Wei, Feng, He, Jiang and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-916472-t002.jpg
Patient #1 Patient #2 Patient #3 Patient #4 Patient #5 Patient #6 Patient #7

Frequent cough
Colored sputum
Shortness of breath at rest
Need to use oxygen

Fever

Total score

coocooo
woowmo =
coocooo
wo-moo
~oo-oco
coocooo

0
0
1
0
0
1

LSS: Lee Chronic Graft-versus-Host Disease Symptom Scale.
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