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Impaired Antibody Response Following the Second Dose of the BNT162b2 Vaccine in Patients With Myeloproliferative Neoplasms Receiving Ruxolitinib
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Data on the effect of ruxolitinib on antibody response to severe acute respiratory coronavirus 2 (SARS-CoV-2) vaccination in patients with myeloproliferative neoplasms (MPN) is lacking. We prospectively evaluated anti-spike-receptor binding domain antibody (anti-S Ab) levels after the second dose of the BNT162b2 (Pfizer-BioNTech) vaccine in MPN patients. A total of 74 patients with MPN and 81 healthy controls who were vaccinated were enrolled in the study. Of the MPN patients, 27% received ruxolitinib at the time of vaccination. Notably, MPN patients receiving ruxolitinib had a 30-fold lower median anti-S Ab level than those not receiving ruxolitinib (p < 0.001). Further, the anti-S Ab levels in MPN patients not receiving ruxolitinib were significantly lower than those in healthy controls (p < 0.001). Regarding a clinical protective titre that has been shown to correlate with preventing symptomatic infection, only 10% of the MPN patients receiving ruxolitinib had the protective value. Univariate analysis revealed that ruxolitinib, myelofibrosis, and longer time from diagnosis to vaccination had a significantly negative impact on achieving the protective value (p = 0.001, 0.021, and 0.019, respectively). In subgroup analysis, lower numbers of CD3+ and CD4+ lymphocytes were significantly correlated with a lower probability of obtaining the protective value (p = 0.011 and 0.001, respectively). In conclusion, our results highlight ruxolitinib-induced impaired vaccine response and the necessity of booster immunisation in MPN patients. Moreover, T-cell mediated immunity may have an important role in the SARS-CoV-2 vaccine response in patients with MPN, though further studies are warranted.
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INTRODUCTION

During the coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory coronavirus 2 (SARS-CoV-2), high mortality rates were reported in COVID-19 patients with myeloproliferative neoplasms (MPN). A previous report showed that 28.6% of the MPN patients who developed COVID-19 died, of which those with myelofibrosis (MF) had a higher mortality rate reaching 48% (1). Hence, prevention is of utmost importance, and substantial efforts are being made to expand vaccination against SARS-CoV-2. However, there is a growing concern that vaccination is less effective in haematological malignancies than in healthy individuals due to treatment-induced immunosuppression and disease-related immune dysregulation (2, 3).

Ruxolitinib, a potent and selective Janus kinase (JAK)1/JAK2 inhibitor widely used for MF, suppresses proinflammatory cytokines (4). It also targets various cellular components of the immune system, such as dendritic cells, natural killer cells, and CD4+ T-cells, which affect innate and adaptive immunity (4–6). Consequently, this immunosuppressive activity increases the susceptibility to infections in MPN patients (7). On the other hand, its immunomodulatory properties may be beneficial in the inflammatory phase of COVID-19 (8). However, data on whether and how ruxolitinib affects the magnitude of antibody response to SARS-CoV-2 vaccination is lacking (9–13). Here, we report a highly impaired serological response to the second dose of SARS-CoV-2 vaccination in MPN patients receiving ruxolitinib.



METHODS

We prospectively analysed the data of 74 consecutive patients at Kameda Medical Centre and Kimitsu Central Hospital diagnosed with Philadelphia chromosome-negative MPN according to the 2016 World Health Organisation criteria, including polycythaemia vera, essential thrombocythaemia, MF, and unclassifiable MPN. They received their second dose of the BNT162b2 (Pfizer-BioNTech) vaccine between June and October 2021. The vaccine was administered twice at 3-week intervals according to the standard protocol. One patient with polycythaemia vera and transformed acute myeloid leukaemia was excluded because of venetoclax use. For reference purposes, we enrolled age-matched 81 healthy controls (HCs) vaccinated simultaneously and with the same modalities. After the second dose, all participants were assessed for anti-nucleocapsid antibody and anti-spike-receptor binding domain antibody (anti-S Ab) levels. Serum specimens were analysed using the Elecsys® Anti-SARS-CoV-2S assay (Elecsys Anti-SARS-CoV-2 N ECLIA, Roche Diagnostics, Burgess Hill, UK) performed on a Cobas 8000 e801 (Roche Diagnostics). According to the manufacturer's recommendations, anti-S Ab concentrations <0.80 U/mL and ≥0.80 U/mL were considered negative and positive, respectively (14). All statistical analyses were conducted using R version 4.1.1 (The R Foundation for Statistical Computing, Vienna, Austria) and using the EZR software package (Saitama Medical Centre, Jichi Medical University, Shimotsuke, Japan), which is a graphical user interface for R. The Mann–Whitney U-test or the Kruskal–Wallis test were used to compare differences between continuous variables. In contrast, Fisher's exact test was used for categorical variables. Univariate analysis was performed using logistic regression. A value of two-sided p < 0.05 was considered statistically significant. This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethical review board of each institution. Written informed consent was obtained from all participants.



RESULTS

Patient and HCs characteristics are summarised in Table 1. There were 32 (43%), 20 (27%), 19 (26%), and 3 (4%) MPN patients with essential thrombocythaemia, polycythaemia vera, MF, and unclassifiable MPN, respectively. The median age was 72.5 years (range, 41–92 years) in MPN patients and 74 years (range, 55–92 years) in HCs. Molecular analysis showed JAK2 V617F mutation in 47 (63%) patients, CALR mutation in 11 patients (15%), MPL mutation in 2 patients (3%), and triple-negative mutation in 13 patients (17%). At the time of vaccination, 20 (27%) patients received ruxolitinib (MPN-Ruxo). Of those not taking ruxolitinib (MPN-no Ruxo), 34 (46%) received cytoreductive therapy, including hydroxycarbamide or anagrelide, and 20 (27%) were on supportive care. The median dose and duration of ruxolitinib intake were 20 mg daily (range, 5–40 mg) and 2.1 years (range, 0.2–5.3 years), respectively.


Table 1. Patient characteristics.
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No patient or HC had detectable anti-nucleocapsid antibody, ensuring no prior SARS-CoV-2 infection. Anti-S Ab levels after the second vaccine dose are shown in Figure 1. The interval from the second vaccine dose to blood sampling was not significantly different between MPN patients and HCs {median 41.5 days [interquartile range (IQR) 27–64.75 days] vs. 41 days [IQR 29–55 days]; p = 0.505}. Intriguingly, the MPN-Ruxo group had a highly impaired anti-S Ab response (median 11.35 U/mL [IQR 2.06–68.17 U/mL]) compared with the MPN-no Ruxo group (319.5 U/mL [IQR 170.25–689.0 U/mL]) and HCs (677 U/mL [IQR 362–1,191 U/mL]) (p < 0.001 each other). Seroconversion was achieved in 80% of the MPN-Ruxo patients, albeit with low anti-S Ab, 96.7% of the MPN-no Ruxo patients, and 100% HCs. However, breakthrough infection reportedly correlates with the titres of neutralising antibodies linked to anti-S Ab (15), suggesting that being seropositive may not be an indicator of protection against SARS-CoV-2. A recent report showed that 80% vaccine efficacy against symptomatic infection was achieved with anti-S Ab levels of at least 264 binding antibody units (BAU)/mL (16), which was converted by multiplying our antibody concentration by 1 (17). Thus, we established a surrogate endpoint of anti-S Ab ≥ 264 BAU/mL as a protective value and performed further analysis. Only 10% of the MPN-Ruxo patients achieved the protective value compared to 57.4% of the patients in the MPN-no Ruxo group and 87.6% in HCs. Univariate analysis showed that ruxolitinib, MF, and longer time from diagnosis to vaccination (>6 years) were associated with a lower likelihood of achieving the protective value (p = 0.001, 0.021, and 0.019, respectively, Table 2). Ruxolitinib use and MF were significantly correlated (p < 0.001), although no differences were observed between the time from diagnosis and the former two factors (p = 1 and 0.429, respectively). Regarding the manner of ruxolitinib exposure, neither the current dose nor the duration was correlated with reaching the protective value.


[image: Figure 1]
FIGURE 1. Antibody response after two doses of SARS-CoV-2 vaccine in MPN patients and HCs. MPN, myeloproliferative neoplasms; Anti-S Ab, anti-spike-receptor binding domain antibody; MPN-Ruxo, MPN with ruxolitinib; MPN-no Ruxo, MPN without ruxolitinib; HCs, healthy controls; SARS-CoV-2, severe acute respiratory coronavirus 2.



Table 2. Univariate analysis for obtaining protective levels of antibody to COVID-19 infection after two doses of vaccination.
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Finally, we performed a post-hoc analysis of the lymphocyte populations in 36 MPN patients (MPN- Ruxo = 10, MPN-no Ruxo = 26) to explore the immunological profile involving vaccine response (Supplementary Tables 1, 2). The lymphocyte populations were analysed by flow cytometry in samples of peripheral blood mononuclear cells. The MPN-Ruxo group had significantly fewer total lymphocytes, CD3+ cells, CD4+ cells, and CD56+ cells than the MPN-no Ruxo group (p = 0.003, 0.007, 0.007, and 0.002, respectively); however, CD19+ cells and IgG, which reflected humoral immunity, were maintained. In univariate analysis using the median value as cut-off, low CD3+, and CD4+ cell counts were significantly associated with a lower probability of obtaining the protective value (p = 0.011 and 0.001, respectively, Figure 2). Even in the MPN-no Ruxo group, there was a non-significant correlation between CD4+ cell count and protective level of anti-S Ab acquisition (p = 0.075).


[image: Figure 2]
FIGURE 2. Lymphocyte subset counts and antibody response after two doses of SARS-CoV-2 vaccine in MPN patients. Anti-S Ab, anti-spike-receptor binding domain antibody, Ly, lymphocytes.




DISCUSSION

This study demonstrated a highly impaired antibody response after the second dose of SARS-CoV-2 vaccination in ruxolitinib-treated MPN patients with 30-fold lower median anti-S Ab levels than in those without ruxolitinib. Our result showing the decreased anti-S Ab levels in MPN patients was consistent with previous reports, although the degree of reduction varies (2, 3). On the other hand, the seroconversion rate in MPN patients with ruxolitinib was 80%, which was higher than in previous reports (42–68%) (2, 11–13). Fiorino et al. (13) showed a slower antibody response after second dose SARS-CoV-2 vaccination in MF patients than healthy individuals, regardless of ruxolitinib use. Moreover, Alimam et al. (18) showed delayed and impaired B- and T-memory cell responses to flu vaccination in MPN patients. Taken together, the later timing of antibody measurements in this study (median 41 days after second vaccination) than previous reports may account for the higher rate of seroconversion. However, it remains uncertain whether seropositivity itself provides adequate protection against SARS-CoV-2 in MPN patients who are potentially susceptible to infection (7). Recently, the association of neutralisation titre with protection against SARS-CoV-2 infection has been reported (19). Furthermore, several reports have shown that anti-S Ab is correlated with neutralising antibodies and also with protection against symptomatic and breakthrough infection (15, 16). For example, Feng et al. (16) reported that the anti-S Ab level ≥ 264 BAU/mL 28 days after the second vaccine dose conferred 80% protection against symptomatic infection. Anti-S Ab can be more easily applied in clinical practise with commercially available diagnostic assays than neutralising antibodies, and standardised by converting it into BAU determined by World Health Organisation International Standard (17). Thus, we set anti-S Ab ≥ 264 BAU/mL as the protective value against symptomatic infection. It is noteworthy that only 10% of ruxolitinib-treated MPN patients achieved the protective value. Even without receiving ruxolitinib, the antibody response in many MPN patients was inadequate, with only ~50% of the patients holding protective anti-S Ab levels. These results highlight the necessity of additional immunisation for MPN patients, especially those receiving ruxolitinib.

The mechanism underlying the impaired vaccine response driven by ruxolitinib remains unclear. Time- and dose-dependent negative impacts of ruxolitinib were not observed in our study. Interestingly, the lymphocyte subset analysis showed a negative correlation with low CD4+ T-cell counts and a probability of achieving the protective value, particularly in ruxolitinib-treated MPN patients. To the best of our knowledge, this study was the first to describe the lymphocyte population analysis after the second dose of SARS-CoV-2 vaccine in patients with MPN. Sahin et al. (20) demonstrated virus-specific T-cell activation occurred after SARS-CoV-2 vaccination. Furthermore, they showed a positive correlation between CD4+ T-cell responses and neutralising antibody titres (20). Regarding the unique immune system changes in patients with MPN, various types of dysregulations, such as T-cell exhaustion, alterations in regulatory T-cells, and natural killer cells dysfunction were reported even in the absence of treatment (4, 21). Therefore, one possible speculation is that ruxolitinib aggravates the T-cell dysfunction inherent in MPN, which responsible for the diminished vaccine response after SARS-CoV-2 vaccination. Our data is limited by the small sample size, the short follow-up period after vaccination, and the heterogenous interval between vaccine administration and blood sampling. Further studies including more patients and longitudinal observation are warranted to confirm these findings.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions 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 Kameda Medical Centre Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

DI and KM conceptualised and designed the study and wrote the manuscript. DI, TTe, DM, KN, AF, AK, YK, RT, TTs, MT, TH, and KM provided the patient care and collected the data. DI performed statistical analysis. KM supervised the study. All authors critically revised the manuscript.



ACKNOWLEDGMENTS

All authors were indebted to Yuka Umezawa, Masahiro Doi, Hatsune Yanagida, and Yoshihito Otsuka (Central Laboratory of Kameda Medical Centre) for their great contribution to the measurement of COVID-19 antibodies. The author would like to thank Editage (www.editage.com) for English language editing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.826537/full#supplementary-material



ABBREVIATIONS

SARS-CoV-2, Severe acute respiratory coronavirus 2; JAK, Janus kinase; MPN, Myeloproliferative neoplasms; anti-S Ab, Anti-spike-receptor binding domain antibody; COVID-19, Coronavirus disease 2019; MF, Myelofibrosis; HCs, Healthy controls; MPN-Ruxo, MPN patients who received ruxolitinib; MPN-no Ruxo, MPN patients who did not receive ruxolitinib; IQR, Interquartile range; BAU, Binding antibody units.



REFERENCES

 1. Barbui T, Vannucchi AM, Alvarez-Larran A, Iurlo A, Masciulli A, Carobbio A, et al. High mortality rate in COVID-19 patients with myeloproliferative neoplasms after abrupt withdrawal of ruxolitinib. Leukemia. (2021) 35:485–93. doi: 10.1038/s41375-021-01187-4

 2. Herzog Tzarfati K, Gutwein O, Apel A, Rahimi-Levene N, Sadovnik M, Harel L, et al. BNT162b2 COVID-19 vaccine is significantly less effective in patients with hematologic malignancies. Am J Hematol. (2021) 96:1195–203. doi: 10.1002/ajh.26284

 3. Maneikis K, Šablauskas K, Ringelevičiute U, Vaitekenaite V, Cekauskiene R, KryŽauskaite L, et al. Immunogenicity of the BNT162b2 COVID-19 mRNA vaccine and early clinical outcomes in patients with haematological malignancies in Lithuania: a national prospective cohort study. Lancet Haematol. (2021) 8:e583–e92. doi: 10.1016/S2352-3026(21)00169-1

 4. Elli EM, Baratè C, Mendicino F, Palandri F, Palumbo GA. Mechanisms underlying the anti-inflammatory and immunosuppressive activity of ruxolitinib. Front Oncol. (2019) 9:1186. doi: 10.3389/fonc.2019.01186

 5. Heine A, Held SA, Daecke SN, Wallner S, Yajnanarayana SP, Kurts C, et al. The JAK-inhibitor ruxolitinib impairs dendritic cell function in vitro and in vivo. Blood. (2013) 122:1192–202. doi: 10.1182/blood-2013-03-484642

 6. McLornan DP, Khan AA, Harrison CN. Immunological consequences of JAK inhibition: friend or foe? Curr Hematol Malig Rep. (2015) 10:370–9. doi: 10.1007/s11899-015-0284-z

 7. Sadjadian P, Wille K, Griesshammer M. Ruxolitinib-associated infections in polycythemia vera: review of the literature, clinical significance, and recommendations. Cancers (Basel). (2020) 12:3132. doi: 10.3390/cancers12113132

 8. La Rosée F, Bremer HC, Gehrke I, Kehr A, Hochhaus A, Birndt S, et al. The Janus kinase 1/2 inhibitor ruxolitinib in COVID-19 with severe systemic hyperinflammation. Leukemia. (2020) 34:1805–15. doi: 10.1038/s41375-020-0891-0

 9. Harrington P, de Lavallade H, Doores KJ, O'Reilly A, Seow J, Graham C, et al. Single dose of BNT162b2 mRNA vaccine against SARS-CoV-2 induces high frequency of neutralising antibody and polyfunctional T-cell responses in patients with myeloproliferative neoplasms. Leukemia. (2021) 35:3573–7. doi: 10.1101/2021.04.27.21256096

 10. Guglielmelli P, Mazzoni A, Maggi L, Kiros ST, Zammarchi L, Pilerci S, et al. Impaired response to first SARS-CoV-2 dose vaccination in myeloproliferative neoplasm patients receiving ruxolitinib. Am J Hematol. (2021) 96:e408–e10. doi: 10.1002/ajh.26305

 11. Caocci G, Mulas O, Mantovani D, Costa A, Galizia A, Barabino L, et al. Ruxolitinib does not impair humoral immune response to COVID-19 vaccination with BNT162b2 mRNA COVID-19 vaccine in patients with myelofibrosis. Ann Hematol. (2021) 101:929–31. doi: 10.1007/s00277-021-04613-w

 12. Pimpinelli F, Marchesi F, Piaggio G, Giannarelli D, Papa E, Falcucci P, et al. Lower response to BNT162b2 vaccine in patients with myelofibrosis compared to polycythemia vera and essential thrombocythemia. J Hematol Oncol. (2021) 14:119. doi: 10.1186/s13045-021-01130-1

 13. Fiorino F, Sicuranza A, Ciabattini A, Santoni A, Pastore G, Simoncelli M, et al. The slower antibody response in myelofibrosis patients after two doses of mRNA SARS-CoV-2 vaccine calls for a third dose. Biomedicines. (2021) 9:1480. doi: 10.3390/biomedicines9101480

 14. Riester E, Findeisen P, Hegel JK, Kabesch M, Ambrosch A, Rank CM, et al. Performance evaluation of the Roche Elecsys Anti-SARS-CoV-2 S immunoassay. J Virol Methods. (2021) 297:114271. doi: 10.1016/j.jviromet.2021.114271

 15. Bergwerk M, Gonen T, Lustig Y, Amit S, Lipsitch M, Cohen C, et al. Covid-19 breakthrough infections in vaccinated health care workers. N Engl J Med. (2021) 385:1474–84. doi: 10.1056/NEJMoa2109072

 16. Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, et al. Correlates of protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat Med. (2021) 27:2032–40. doi: 10.1101/2021.06.21.21258528

 17. Perkmann T, Perkmann-Nagele N, Koller T, Mucher P, Radakovics A, Marculescu R, et al. Anti-spike protein assays to determine SARS-CoV-2 antibody levels. A head-to-head comparison of five quantitative assays. Microbiol Spectr. (2021) 9:e00247–e21. doi: 10.1128/Spectrum.00247-21

 18. Alimam S, Ann Timms J, Harrison CN, Dillon R, Mare T, DeLavallade H, et al. Altered immune response to the annual influenza A vaccine in patients with myeloproliferative neoplasms. Br J Haematol. (2021) 193:150–4. doi: 10.1111/bjh.17096

 19. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med. (2021) 27:1205–11. doi: 10.1038/s41591-021-01377-8

 20. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH 1 T cell responses. Nature. (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

 21. Kamaz B, Mullally A. COVID-19 and myeloproliferative neoplasms: some considerations. Leukemia. (2021) 35:279–81. doi: 10.1038/s41375-020-01070-8

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.

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.

Copyright © 2022 Ikeda, Terao, Miura, Narita, Fukumoto, Kuzume, Kamura, Tabata, Tsushima, Takeuchi, Hosoki and Matsue. 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/fmed-09-826537-t001.jpg
MPN-Ruxo MPN-noRuxo  p HCs

(n=20) (=54 (n=81)
Age, median (range) TI5@41-85)  73(44-92) 0669 74(55-92)
Sex, n, male (%) 14 (70.0) 25(@62) 006  34(420)
Diagnosis, n (%) -
23 3(15.0) 20(837)  NA
PV 3(15.0) 17318 NA
MF 13(65.0) 6(11) <0001
Primary MF/secondary MF 6(30.0/7(35.0) 4(7.4/237)
MPN-U 160 2@7) NA
Time from diagnosis, years, 67@1-116) 58(28904) 0642 -
median (IQR)
Driver mutation, n (%) =
JAK2 1165.0 36667 041
CALR 3(15.0) 8(14.8) NA
MPL 2(100) 00 NA
Triple-negative 3(15.0) 10(185)
NA 160 -
WBC (x 10%/uL), median (QR) 66(36-97 630886 0039  NA
Lymphocyte (x10°/ul), median (QR) 1.1 (0.9-16)  1.4(1.1-19) 0069  NA
Treatment, n (%) NA -
Ruxoliinib 20(100) -
Cytoreductive therapy - 34(63.0)
No treatment - 20(37.0)

@ of exposition to NA -
ruxolitinib, n (%)
<1 year 11(65.0) -
>1year 9(15.0) -
Dose of ruxolitinib, n (%) NA -
=20mg 13(65.0) -
>20mg 7(35.0) -
Interval from 2nd vaccine to 425 (22.5-74.5) 41.5(27-64.75) 0642 41(29-55)
Ab analysis, median (QR)
Ant-S Ab level, median (IQR) 135 3195 <0001 677

(206-68.17)  (170.25-689.0) (362-1,191)

Seroconversion, n (%) 16 (80.0) 52(963) 0086  81(100)
Achieving protective value,n (%) 2(10.0) 31(57.4) <0001 71@76)
Anti-N antibody positivity, n (%) 00 00 1 00

MPN-Ruxo,  myeloprolferative neoplesms  with  ruxolinb;  MPN-no  Ruxo,
myeloprolferative neoplasms without ruxolitinib; HCs, healthy controls; ET, essential
thrombocythaemia; PV polycythaemia vera; MF, myelofibrosis; MPN-U, myeloprolferative
neoplasms, unclassifiable; JAK2, Janus kinase 2; CALR, caleticulin; MPL, thrombopoetin
receptor; WBC, white blood cels; IR, interquartile range; Anti-S Ab, anti-spike-receptor
binding domain antibody; Anti-N IgG, anti-nucleocapsid protein IgG, NA: not assessed.






OPS/images/fmed-09-826537-t002.jpg
Univariate analysis

Odds ratio  95% Cl

Age > 70 (years) 0.55
MF 023
JAK2 mutation 0.94
WBC < 6,000 (L) 051
Lymphooyte < 1,000 (L) 0.41
Time from diagnosis to vaccination > 6 (years) 032
Time from 2nd vaccine to Ab analysis > 40 (days) ~ 0.72
Cytoreductive therapy 169
Ruolitinib 0.08

021-1.44
0.07-0.81
0.36-2.47
0.18-1.49
0.11-1.47
0.12-0.83
0.28-1.81
0.67-4.27
0.01-0.39

P

0.227
0.021
0.904
0.223
0.172
0.019
0.483
0.264
0.001

MF, myelofibrosis; JAK2, Janus kinase 2; WBC, white blood cel; Ab, antibody; CI,

confidence interval,





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impaired Antibody Response Following the Second Dose of the BNT162b2 Vaccine in Patients With Myeloproliferative Neoplasms Receiving Ruxolitinib



		Introduction



		Methods



		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Impaired Antibody Response
Following the Second Dose of the
BNT162b2 Vaccine in Patients With
Myeloproliferative Neoplasms
Receiving Ruxolitinib





OPS/images/fmed-09-826537-g001.gif
MENRwO  MEMroRwe  Hes





OPS/images/fmed-09-826537-g002.gif
orly ey ey Gy el sl










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





