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Abstract

Myelofibrosis (MF) is a clonal myeloproliferative neoplasm characterized by

inflammation, marrow fibrosis, and an inherent risk of blastic transformation.

Hematopoietic allogeneic stem cell transplant is the only potentially curative

therapy for this disease, however, survival gains observed for other transplant

indications over the past two decades have not been realized for MF. The role of

transplantation may also evolve with the use of novel targeted agents. The

chronic inflammatory state associated with MF necessitates pretransplantation

assessment of end-organ function. Applying the transplant methodology

employed for other myeloid disorders to patients with MF fails to acknowledge

differences in the underlying disease pathophysiology. Limited understanding of

the causes of poor transplant outcomes in this cohort has prevented refinement

of transplant eligibility criteria in MF. There is increasing evidence of heterogene-

ity in molecular disease grade, beyond the clinical manifestations which have

traditionally guided transplant timing. Exploring the physiological consequences

of disease chronicity unique to MF, acknowledging the heterogeneity in disease

grade, and using advanced prognostic models, molecular diagnostics and other

organ function diagnostic tools, we present an innovative review of strategies

with the potential to improve transplant outcomes in this disease. Larger,

prospective studies which consider the impact of molecular-based disease grade

are needed for MF transplantation.
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1 | INTRODUCTION

Myelofibrosis (MF) is a clonal myeloproliferative neoplasm (MPN)

characterized by inflammation, marrow fibrosis, and an inherent risk

of blastic transformation. It can arise de novo, as primary myelofibro-

sis (PMF), or secondary to antecedent polycythemia vera or essential

thrombocythemia. The median age at diagnosis of PMF is around

65–70 years,1,2 with an annual population incidence of 0.4–1.5 per

100 000.3–5 Survival is variable, with a median of around 5–7 years.3,6,7

Multiple prognostic systems refine survival estimates, such as the

Dynamic International Scoring System (DIPSS) and Mutation-Enhanced

International Prognostic Scoring System (MIPSS).7,8 The only potentially

curative treatment is allogeneic hematopoietic stem cell transplantation

(HCT), with prospective studies9,10 and multiple retrospective analyses

confirming a long term survival advantage of HCT compared to non-

transplant therapy.11,12

Clinical gains can be attained with use of JAK inhibitors (JAKi);

however, in responding patients the desire to delay HCT due to high

nonrelapse mortality (NRM) must be balanced by the risk of disease

progression and age and disease-related procedural tolerability. More-

over, the disease-modifying potential of JAKi therapy is limited.13 Ret-

rospective data shows that patients transplanted while exhibiting a

splenic response to JAKi have improved overall survival (OS) compared

to those who never showed or no longer show a response.14 Respond-

ing patients also had a lower NRM and relapse risk. These findings were

confirmed in a large European Bone Marrow Transplant (EBMT) retro-

spective analysis,15 suggesting that transplantation should not be

delayed due to JAKi response.

2 | CURRENT RECOMMENDATIONS

HCT is recommended by the American Society of Transplant and Cel-

lular Therapy and the EBMT-European LeukaemiaNet (ELN) guidelines

for patients aged under 70 years with intermediate-2 or high-risk dis-

ease based on IPSS, DIPSS, or DIPSS+.16–18 The ELN additionally con-

siders HCT for intermediate-1 disease with adverse genetics,

transfusion dependence or >2% circulating blasts. Patients ineligible

for HCT may be offered a JAKi, clinical trial, transfusion support, sple-

nectomy, or splenic irradiation. The optimal timing of HCT remains

uncertain with the evolution of novel nontransplant therapies.19,20 If

anything, the decision of whom, and when, to transplant for MF has

only become more complex.21

3 | CURRENT OUTCOME DATA

Despite high NRM, a significant number of patients achieve long term sur-

vival and “cure” following HCT for MF. Retrospective evidence supports

transplant in DIPSS intermediate-2 and high-risk MF patients, and recently

Markov modeling was also shown to support this approach.11,22,23 Recent

data from the Center for International Blood and Marrow Transplant

Research (CIBMTR), including 187 DIPSS intermediate-2 or high-risk

patients showed a 2-year OS of approximately 50%, compared to >75%

among low-risk patients. Importantly, the lead time to realize a trans-

plant survival advantage was most protracted in the low-risk patient

group, such that transplant is not currently recommended in this

population based on low-risk DIPSS alone.11 Further criteria, such as

donor type and conditioning, have been associated with improved

outcomes. In one study, recipients of matched sibling donor (MSD)

reduced intensity conditioned (RIC) HCT had OS as high as 80% at

3 years.24 Furthermore, 2-year OS of 91% has been reported in

patients with enduring response to ruxolitinib, compared to 54% in

those with stable or progressive disease at transplant.14 Outcomes

following HCT in patients with ruxolitinib exposure is summarized in

Table 1. While disease heterogeneity explains some of the difference

in OS outcomes due to relapse risk, NRM in the setting of advanced

disease remains high.

4 | TARGETS FOR IMPROVED
TRANSPLANT OUTCOMES FOR MF

Despite improving OS trends for transplantation, there has been rela-

tively little change in MF HCT outcomes.12 This is reflected in a recent

Australasian retrospective analysis comparing outcomes of a recent

cohort to an earlier group from 1993 to 2005. The 5-year OS was

57% and to 53%, respectively.12 CIBMTR data indicates 3-year OS in

all acute myeloid leukemia (AML) is 53%, 48% for myelodysplastic

syndrome (MDS) and 55%–65% for the matched related MF subset.25

While NRM posttransplant for AML is around 20% at 5 years, it is

18%–25% at only 1 year,12,26,27 and around 35% at 5 years in MF.28

A recent large retrospective analysis documented a high mortality in

the first 12 months posttransplant, followed by a plateau in OS, with

high variability in survival stratified by DIPSS.11 The authors conclude

that high early mortality was largely due to upfront NRM, which

increased with clinical disease stage. This observation provides insight

to guide transplant timing, however may also reflect the accrual of

organ dysfunction with disease progression—a potential target to

improve patient selection and transplant outcomes. While explana-

tions for high NRM (such as the disease's inflammatory milieu and

extramedullary hematopoiesis [EMH]) have been offered, there has

been little done to address these issues in transplantation.

5 | NRM: CONTRIBUTING FACTORS AND
POTENTIAL STRATEGIES FOR
IMPROVEMENT

Many uncertainties remain in MF HCT, namely, the optimal patient

selection, influence of secondary end-organ pathology on NRM, opti-

mal integration of nontransplant therapies and pretransplant manage-

ment of splenomegaly, and donor and conditioning choice. A review

in 2014 noted “the need to optimize patient-related factors that can

impact NRM,”30 however, there has been no significant progress in

this area in the last decade. There are many potentially modifiable
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risks in MF HCT requiring further evaluation, as summarized in

Table 2.

In the following sections we review existing evidence and pro-

pose directions for future study of these potentially outcome-

modifying variables. Levels of evidence and grade of recommendation

are applied based on the Infectious Diseases Society of America

United States Public Health Service grading system,31 as shown in

Table 3.

5.1 | Secondary organ dysfunction

Secondary organ dysfunction in MF may contribute to high NRM,

however, the incidence and significance of this is currently unknown.

Comprehensive screening during transplant work-up is not universally

performed, and studies correlating secondary organ damage with

NRM have therefore not been reported. Evidence to guide optimal

management of organ dysfunction is lacking, however, organ-specific

management and intervention strategies utilized in the non-MF popu-

lation should be considered in MF patients planned for transplanta-

tion. Pretransplant investigations may allow clinicians to medically or

surgically optimize their patient prior to transplant. Where this is not

possible, clinicians may still be better placed to anticipate and manage

peritransplant complications. Importantly, such investigations will

allow future correlative outcome studies which might establish the

significance of these comorbid issues, and potentially influence future

patient selection for transplant.

5.1.1 | Portal hypertension

Portal hypertension (poHTN) has been reported in up to 18% of

patients with MPN.32 Splanchnic thrombosis is a common cause, par-

ticularly in JAK2-mutated MPNs, however hepatosplenic EMH may

also contribute.32 A retrospective study identified gastroesophageal

varices by CT in 3.6% of MF patients, in the absence of established

cirrhosis.33 The effect of noncirrhotic poHTN on transplant outcomes

is unknown, but varices may confer a significant bleeding risk both

peri- and posttransplant.

Screening for poHTN and varices may allow for pretransplant clinical

optimisation, or even assist in patient eligibility determination. Several

studies have suggested that CT is a sensitive method for detection of high-

risk varices, however, the validity of this modality in noncirrhotic variceal

disease is unknown.34,35 While endoscopic screening in asymptomatic

MPN patients is not routinely recommended,36 it is a reasonable undertak-

ing prior to HCT for prophylactic banding of high-grade varices, given the

significant bleeding risk and the difficulty of intervention peritransplant.

Screening for noncirrhotic poHTN using imaging modalities such as Doppler

ultrasound or MRI angiography, with liver elastography (e.g., FibroScan) to

exclude cirrhosis in suspected cases is recommended.37

Level III Grade C.

5.1.2 | Liver dysfunction

Compared to HCT for MDS, increased rates of transaminitis and veno-

occlusive disease are reported for MF.38 In addition to poHTN, both

iron overload and splanchnic thrombosis were associated with peri-

HCT hepatotoxicity, predicting a reduced 12-month OS due to higher

NRM. Pretransplant chelation for those with significant hepatic sidero-

sis may reduce hepatotoxicity, but this requires further evidence.

Screening MRI to assess liver iron burden, if available, is recom-

mended pretransplant where iron overload is suspected. In the event of

TABLE 2 Levels of evidence and grade of recommendations

Pretransplant

• Assessment of disease-related risk to guide transplant timing

• Early referral for transplantation, including those with ruxolitinib

responsiveness

• Evaluation of secondary organ dysfunction (endoscopy,

echocardiogram, EMH screening, hepatic Doppler ultrasound, MRI

for iron overload)

• Conventional medical therapies for MF

- JAK inhibitors, iron chelation, interferon

• Role of splenectomy or splenic radiation

• Experimental therapies for MF

- investigational agents including novel JAK inhibitors, BCL-2

inhibitors, BET-inhibitors, telomerase inhibitors, MDM2 inhibitors,

LSD1 inhibitors, and interferon

Transplant procedure

• Donor selection—MSD superior to MUDs and haploidentical

• Conditioning toxicity

• GVHD prophylaxis

• JAK inhibitor continuation through conditioning and peritransplant

period

Posttransplant

• Optimal timing and frequency of chimerism and MRD monitoring

• Optimal management of posttransplant relapse

• DLI vs. nontransplant therapies vs. second allograft

Abbreviations: DLI, donor lymphocyte infusion; EMH, extramedullary

hematopoiesis; GVHD, graft-versus-host disease; MF, myelofibrosis; MSD,

matched sibling donor; MUD, matched unrelated donor.

TABLE 3 Disease and treatment considerations to improve
transplant outcomes

Levels of evidence

I Evidence from at least one properly randomized, controlled trial

II Evidence from at least one well designed clinical trial without

randomization, from cohort or case–control analytic studies
from multiple time-series studies or from dramatic results in

uncontrolled experiments

III Evidence from opinions or respected authorities, based on

clinical experience, descriptive studies or reports of expert

committees

Grades of recommendation

A Good evidence to support a recommendation for use

B Moderate evidence to support a recommendation for use

C Poor evidence to support recommendation

D Moderate evidence to support a recommendation against use

E Good evidence to support a recommendation against use

PERRAM ET AL. 1467



significant iron overload, an individualized risk assessment must be per-

formed (based on disease risk, patient comorbidities, and presence of

other veno-occlusive disease risk factors) to determine whether transplant

delay for chelation might be indicated. Knowledge of iron overload status

may also inform peritransplant medication choices such as selection of

antifungal agent if excess hepatotoxicity is anticipated.

Level III Grade C.

5.1.3 | Pulmonary hypertension

Pulmonary hypertension (pHTN) may occur in patients with MF,

through mechanisms including cardiac failure, pulmonary EMH,

thrombotic disease and cytokine-mediated effects. Rates of pHTN up

to 30% are reported in MF, however it is not routinely assessed in

many centers.39 pHTN tends to associate with conventional cardiac

risk factors, as well as elevation of either hematocrit or N-terminal

pro-brain natriuretic peptide.40 Evidence suggests that the majority of

cases occur secondary to left-sided heart disease. In patients with MF

undergoing HCT, rates of pHTN have been reported at up to 50%,

and pHTN has been shown to predict higher NRM and reduced OS.41

A significant reduction in pulmonary artery pressure has been

reported in some patients following HCT, indicating at least partial

reversibility. pHTN is thus not necessarily a barrier to transplant—

indeed HCT may ultimately be a therapy.

Right heart catheterisation is the gold standard for diagnosis of

pHTN, however, there is insufficient evidence to recommend invasive

screening prior to HCT. We propose pretransplant NT-proBNP and tropo-

nin levels, and pulmonary pressure estimate by echocardiogram for all

transplant candidates. The need for invasive investigation should be

guided by screening results, however, it is likely indicated where left heart

disease is not apparent and vasoreactivity testing is warranted to deter-

mine therapeutic options. In patients with significant pHTN review by a

cardiologist or respiratory physician specializing in pHTN should be

undertaken, to facilitate individualized pre-transplant medical optimisa-

tion. Where no optimisation is viable, knowledge of pHTN may nonethe-

less inform management of haemodynamic complications arising during

transplant.

Level III Grade C.

5.1.4 | Extramedullary hematopoiesis

While hepatosplenic EMH is common in MF, EMH can occur in any

organ. A study of SPECT–CT screening reported pulmonary EMH in

45% of MF patients, more than half of whom also had pHTN (mostly

asymptomatic).42 The effect of EMH on NRM is unknown, however, it

is hypothesized that the combination of tissue involution secondary

to conditioning, and thrombocytopenia may lead to atypical bleeding

complications due to the classically friable nature of EMH tissue.

Several radiologic modalities (FDG-PET-CT, 99mTc-colloid scintigra-

phy) reliably identify EMH, although the effect of EMH on NRM is

unknown. We recommend screening patients with one of these imaging

modalities prior to HCT if possible. Where a significant burden of EMH is

identified, or high-risk sites such as gastrointestinal and pulmonary are

involved, targeted radiotherapy should be considered on an individualized

basis as EMH is generally exquisitely sensitive. The role of pre-transplant

screening and incorporation of low dose irradiation in conditioning are

areas for further investigations.

Level III Grade C.

5.1.5 | Iron overload

Hemosiderosis exacerbates the ineffective erythropoiesis of MF, due

to reactive oxygen species toxic to the marrow microenvironment.43

The implications of this on HCT outcomes in MF are unknown. In

HCT for non-MF indications, hepatic iron overload on MRI does not

predict OS, NRM, relapse, or GVHD.44 Hyperferritinemia is associated

with higher NRM and reduced OS in non-MF HCT.45 Critically in MF,

many patients exhibit an inflammatory hyperferritinemia rather than

true iron overload, and delineation may be important. The strong

correlation between hyperferritinemia, comorbidity scores and perfor-

mance status in MF likely indicates the prognostic significance of

inflammation, regardless of iron overload.46

It is hypothesized that reduction in marrow toxicity by free iron may

improve engraftment and hematopoiesis. We recommended MRI screen-

ing for hepatic and cardiac iron overload (where available) in at-risk

patients (generally transfusion of more than 15 units of RBC). In the

absence of contraindication, we recommend pretransplant chelation for

iron overload. We cannot recommend routine delay of transplant for the

purposes of chelation, however this may be appropriate in certain cases,

for example, with iron overload cardiomyopathy or hepatotoxicity.

Level II Grade B (Figure 1).

5.2 | Graft function

5.2.1 | Delayed engraftment, graft failure, and poor
graft function

Delayed engraftment likely contributes to early and high rates of

NRM following MF HCT, as has been noted in cord transplant recipi-

ents in whom delayed engraftment is also a challenge.47

5.2.2 | Graft failure and poor graft function

Graft failure (GF) and poor graft function (PGF) are significant chal-

lenges in MF HCT. Differentiation from relapse, when both may mani-

fest as cytopenias, is based on chimerism and clonality.

The marrow niche in MF is thought to be hostile to donor cells due

to inflammation, with markedly elevated proinflammatory cytokines,

fibrosis, and often osteosclerosis. Furthermore, splenic sequestration

may reduce stem cell localization to the marrow.16 Advanced fibrosis

is linked to poor transplant outcomes in some, but not all studies.48

1468 PERRAM ET AL.



Furthermore, dynamic reversal of fibrosis following transplant

occurs in many patients, with one study suggesting near or

complete resolution in 59% of patients by day + 100 and 90% by

day + 180. Early resolution of fibrosis has been associated with

improved OS.49,50

A lack of universal criteria for PGF, GF, and disease response

assessment has been a barrier to progress. New EBMT consensus

guidelines define PGF as mild/moderate cytopenia in ≥2 cell lines, for

≥2 weeks despite full donor chimerism. It is a diagnosis of exclusion

requiring the absence of severe GVHD, viral infection or myelosup-

pressive medications. Alignment of clinical trial design with these

consensus definitions will facilitate consistent reporting and outcome

comparisons. Known risk factors for PGF are largely unmodifiable—

age, disease grade, prior HLA sensitization, and donor characteristics

(unrelated donor, low CD34+ dose, major ABO mismatch). Further

elucidation of factors affecting GF and PGF is required, with the hope

that this may lead to improved management options as well in cases

where it cannot be prevented.

5.3 | Disease-related risk assessment: Stage versus
grade

Multiple risk stratification models have been developed, recently

including molecular risk factors, in an effort to improve patient selec-

tion for HCT. Despite this the decision to transplant remains challeng-

ing. Early NRM leads to delayed survival advantage for MF HCT.

Stratified by DIPSS, the time to survival benefit is more than 9 years

for low-risk patients, compared to 4 years in intermediate-2 or high-

risk patients, highlighting the importance of patient selection.11 NRM

is also lower in DIPSS low-risk patients. Thus the decision to delay

F IGURE 1 Factors potentially
contributing to poor transplant
outcomes [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 2 Optimal transplant timing based on disease grade and
stage [Color figure can be viewed at wileyonlinelibrary.com]
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HCT in low-risk patients may result in a later, higher risk transplant. It

must be noted that although NRM may be lower when HCT is per-

formed earlier in the disease course, it is not negligible, nor is the risk

of GVHD.

Molecular-based risk stratification identifies disease “grade,” in

addition to disease stage models, such as the DIPSS. The “mutation-

enhanced” MIPSS70 or MIPSS70+ considers the presence of high-

risk mutations (ASXL1, SRSF2, EZH2, IDH1/2, or U2AF1) as well as

the favorable CALR-type 1 mutation, and both are validated for

HCT.51 A survival advantage has been shown in DIPSS low-risk

patients.11 Whether this reflects a more benign underlying disease

process or transplantation at an earlier stage in the natural history of

disease requires evaluation. Refined guidelines on transplant timing

are needed, and a model incorporating genetic heterogeneity may be

useful, as is depicted in the schematic below (Figure 2).

Current evidence pertains to superseded prognostic models.11,12,14,24

The DIPSS incorporates age, constitutional symptoms, anemia,

leukocytosis, and peripheral blast count.7 When applied to the

transplant setting, high scores unsurprisingly portend increased

relapse rate (RR), reduced progression-free survival (PFS), and less

GVHD-free and relapse-free survival.11 The DIPSS largely measures

clinical disease “stage.” By contrast, models such as the DIPSS+,

Genetically Inspired Prognostic Scoring System (GIPSS), and MIPSS

assign disease “grade” based on high-risk genetic lesions. One might

predict that patients with early-stage high-grade disease would be

most likely to benefit from HCT, however evidence to support this is

currently lacking.

Interpretation of molecular prognostic information in MF is com-

plicated. Rapidly evolving methodology, use of partially overlapping

gene panels of variable sensitivity, rarity of individual mutations, and

the inherent heterogeneity of HCT studies contribute to this diffi-

culty. Nonetheless, some patterns are emerging. CALR mutation sub-

type influences prognosis in the nontransplant setting, with inferior

outcomes in those harboring a Type 2 mutation. As a result, the

MIPSS70+ ascribes a favorable prognosis to the Type 1 mutation

only.51 In MF patients undergoing HCT, the presence of any CALR

driver mutation is associated with more favorable outcomes (relative

to patients with JAK2, MPL or “triple-negative” driver mutation sta-

tus), with reduced NRM and increased OS.52 Most, but not all, recent

studies have shown similar findings.51,53–55 The effect of CALR muta-

tion type on prognosis appears to be overcome by HCT.56

Outside of transplant, the impact of additional “nondriver” muta-

tions on survival in PMF has been demonstrated, however, robust

data are still lacking in secondary MF and following HCT. Individual

gene mutations affect OS (including CBL51 and U2AF155). ASXL1 and

IDH2 mutations have been associated with reduced PFS.54 TP53

mutation following transformation to AML, unsurprisingly portends a

very poor prognosis even with HCT.57 The presence of ≥3 nondriver

mutations has also been associated with increased risk of relapse and

NRM post-HCT.58

To date the largest study exploring the impact of molecular

lesions on OS post-HCT is the Myelofibrosis Transplant Scoring Sys-

tem (MTSS) study,53 in which age ≥ 57 years, Karnofsky performance

status <90%, leukocyte count >25 � 109/L, platelet count

<150 � 109/L, ASXL1 mutation, HLA antigen mismatched, unrelated

donor and the presence of a non-CALR/MPL driver mutation predicted

increased NRM and reduced OS. The effect of the MTSS on RR was

not reported. The MTSS was highly predictive of 5-year NRM, which

increased from 10% in the low-risk group to 66% in the very high-risk

group. Importantly, peripheral blast percentage and anemia, which

contribute to many risk scores, did not affect OS.

Until more clarity exists around optimal disease and transplantation

risk calculation, we recommend use of a model incorporating molecular

risk where possible, such as the GIPSS or MIPSS70+, the MIPSS70+, or

DIPSS+ where only cytogenetic information is available, and the DIPSS

or MIPSS70 where genetic information is unavailable. The MTSS is also of

use in the prediction of NRM.

Level III Grade B.

6 | PRETRANSPLANT THERAPY

6.1 | JAK inhibitors

In the JAK-ALLO study, patients with DIPSS intermediate-2 or high-

risk MF who were intended for transplant within 6 months were com-

menced on ruxolitinib 15 mg twice daily, and transplant outcomes

evaluated. Due to several adverse outcomes with gradual weaning,

abrupt cessation of ruxolitinib prior to conditioning was instituted.59

All 64 transplanted patients achieved engraftment. Grade 2–4 acute

GVHD was observed in 66% by day 100, and in 82% of mismatched

unrelated donors (MMUDs). By contrast chronic GVHD was seen in

37% at 24 months, ranging from 11% in mismatched unrelated recipi-

ents to 75% of matched sibling recipients.59 Although not a formal

study endpoint, survival curves for MSD recipients and nontransplant

ruxolitinib patients crossed just prior to 12 months, supporting HCT in

patients with an available MSD.

There is limited evidence of a disease-modifying activity of JAKi

therapy, with most patients failing to achieve molecular responses or

regression of fibrosis. Acknowledging that the potential opportunity

cost of using JAKi to delay transplant has not been prospectively

studied, a 551 patient retrospective analysis by the EBMT reported

superior outcomes in those transplanted while exhibiting ongoing rux-

olitinib responsiveness, compared to those who no longer responded

or had never responded to ruxolitinib. We recommend that transplant

eligible patients who have achieved maximal splenic response to ruxoliti-

nib therapy should be considered for HCT without delay.14,15

Level II Grade B.

6.2 | Pretransplant interferon

There are limited data on the use of interferon (IFN)-alpha to treat MF

prior to HCT. The largest retrospective case series from the French

MPN group included 62 patients of whom 7 proceeded to transplan-

tation after IFN treatment: 5 of these 7 patients died from severe
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GVHD.60 IFN is known to have immunomodulatory effects, and his-

torically IFN was associated with GVHD in CML patients proceeding

to HCT.61 Clinical responses have also been reported in some patients

treated with the novel IFN, ropeginterferon.62 There is hope that it

may be a disease modifier in MF, as has been reported in polycythe-

mia vera, but this remains an unproven and off license use.63,64

We recommend avoiding IFN in MF patients who are planned for

HCT until further evidence is available or at least discontinue it a mini-

mum of 3 months prior to HCT.

Level III Grade C.

6.3 | Experimental therapies

Other medical therapies are also being developed with the aim of hav-

ing a greater impact on the natural history of MF, including the BCL-2

inhibitor navitoclax, bromodomain, and extraterminal inhibitors, such

as pelabresib, and the telomerase inhibitor, imetelstat.65–68 The place

of these therapies within the armamentarium remains unknown.

6.4 | Splenectomy or splenic radiation

Splenomegaly is associated with delayed engraftment and increased

rates of GF, leading to use of splenectomy or splenic irradiation pre-

HCT in some centers. No prospective study has demonstrated that

this alters HCT outcomes. Some studies have reported that splenec-

tomy is associated with higher RR.9 In the ruxolitinib era, higher RR

following splenectomy or irradiation might be explained by selection

bias for ruxolitinib refractory cases. Regardless, OS is not influenced

by splenectomy in most studies,65,69 although there are occasional

reports of improved OS.70,71 Lack of randomization, the introduction

of JAKi therapy, and progression to transplant earlier in the natural

history of the disease result in significant heterogeneity limiting the

applicability of existing data to current patient populations, hence the

role, if any, of splenectomy remains largely unknown.

Evidence supporting splenic irradiation or splenectomy in those with

significant splenomegaly despite maximal response to ruxolitinib is lack-

ing, however, this may be considered.

Level III Grade C.

7 | HOW TO TRANSPLANT

7.1 | Donor selection

Donor source impacts transplant outcome, with superior OS following

MSD compared to other donor HCT.9,72,73 Historically, this related to

uniquely high rates of NRM following matched unrelated donor

(MUD) transplant, however outcomes are improving, with a reduction

in this high NRM among MUD recipients the primary contributor to

this change.74,75 The JAK-ALLO study reported significant variation in

DFS at 24 months by donor type: 77% in MSD, 36% in MUD and

23% in MMUD. Similarly, 2-year NRM was higher in MUD and

MMUD (50% and 77%, respectively) compared to MSD (23%). In this

cohort, mortality differences were accounted for by hyperacute and

Grade 3–4 acute GVHD, however of note only 73% of patients

received antithymocyte globulin (ATG) as prophylaxis. All patients in

this group were also ruxolitinib refractory prior to transplant.59 Signifi-

cant improvements in outcomes for MUD and haploidentical trans-

plant have been reported. A retrospective study of 69 recipients of

haploidentical transplant for MF in the era of posttransplant cyclo-

phosphamide revealed a 72% 3-year OS, with 23% NRM over this

time. RRs were relatively high at 31%, however Grade 3–4 acute

GVHD was reported in only 10%, and extensive chronic GVHD in

8%.76 GF occurred in 6%, but rates of PGF were not reported. With

the general shift over the last decade away from umbilical cord donor

transplant, there is limited research into the efficacy of cord transplant

for MF. Earlier reports suggested similar survival outcomes regardless

of marrow, peripheral blood or cord source,77,78 however, prospective

trials are lacking. MSDs remain the ideal donor when available.

An MSD is the preferred donor source, however evidence suggests

outcomes are improving following MUD or haploidentical transplantation.

In general, MMUD donors should be avoided due to inferior survival

outcomes.

Level II Grade A.

7.2 | Conditioning

In AML and MDS myeloablative conditioning (MAC) is known to

reduce the risk of relapse and improve survival, albeit at the cost of

increased NRM. The optimal balance between conditioning intensity

and NRM is unknown for MF. A prospective trial in patients with MF

evaluated RIC versus MAC busulfan/fludarabine conditioning, finding

a trend toward lower RR in the MAC group, without increased

NRM.79 A further large EBMT retrospective cohort analysis published

in 2019 reported equivalent OS and NRM between recipients of RIC

and MAC, with a trend toward reduced RR and improved GRFS in the

MAC group.28 Predictors of poorer outcomes following MAC were

MUD, older age and reduced performance status. The authors con-

cluded that MAC remained the preferred conditioning in the remain-

ing population. Further prospective randomized trials are needed

to better evaluate optimal conditioning intensity, however, there is

evidence that RIC may be as effective with less toxicity even among

young, MSD recipients.80 In the last two decades, RIC has been

used in around two-thirds of patients in European centers, although

this is confounded by increasing age at transplant (median 49.4

vs. 59.3 years).81 Comparison between the two commonly used regi-

mens, consisting of fludarabine with either busulfan or melphalan,

shows similar OS outcomes.82 The busulfan-based regimen was asso-

ciated with lower rates of Grade 3–4 acute GVHD, with a trend

toward lower NRM. PFS at 7 years was significantly lower in the

busulfan group (33% compared to 52% for the melphalan group),

owing to significantly higher RR (hazard ratio 9.21, p = .008). None-

theless, OS was similar in both groups.
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The optimal conditioning agents also remain unclear. Recently,

an 872 patient retrospective CIBMTR analysis reported superior

outcomes with fludarabine and busulfan conditioning in both MAC

and RIC settings.83 For MAC protocols, the comparator was busul-

fan and cyclophosphamide which was associated with significantly

increased rates acute GVHD (p < 0.01), and reduced GRFS

(p < 0.01). Fludarabine and melphalan were the comparator for RIC

transplant and were associated with reduced OS (p < 0.01), higher

NRM (p = 0.01) and increased acute GVHD (p < 0.01). A

60-patient randomized trial comparing fludarabine-busulphan with

fludarabine–thiotepa found equivalence between the two regi-

mens, with improved rates of donor chimerism at Day 100 in the

fludarabine–thiotepa group.84

There is evidence suggesting that dual alkylating agent

exposure may improve rates of donor chimerism and reduce

relapse risk. A retrospective analysis of 120 patients conditioned

with a single (fludarabine with either melphalan, busulphan,

or thiotepa) or dual (fludarabine with busulphan and thiotepa)

alkylating agents reported striking results with full donor chime-

rism achieved in 45% and 87% of patients, respectively, and RRs

at 5 years of 43% and 9%. There were several covariables of note

including reduced rates of prior splenectomy, higher rates of

advanced disease (DIPSS), higher use of alternative donors and

more frequent pretransplant ruxolitinib use in the dual alkylating

agent group, highlighting the need for further research in this

area.85

High NRM in MF transplant makes lower toxicity conditioning

appealing. Noninferiority of treosulfan was shown in a European

cohort of AML and MDS patients,86 however, to date only small

studies in MF have been performed. Retrospective analysis of a

20-patient cohort conditioned with fludarabine 150 mg/m2, treo-

sulfan 42 g/m2 and in 7 patients 4 Gy TBI, was disappointing, with

NRM of 45%, and 2-year OS of 40%. Patients were predominantly

intermediate-2 or high risk on the DIPSS, with a median age at

transplant of 62 years.87

Based on available evidence, we recommend fludarabine and busul-

fan conditioning regimen for MF transplant, while acknowledging the role

for ongoing research into less commonly used agents such as thiotepa

and treosulfan.

Level II Grade B.

7.3 | Role of CD34+ cell dose

A recent EBMT retrospective analysis reported improved rates of

neutrophil and platelet engraftment in patients receiving a CD34+ cell

dose of >7.0 � 106/kg,88 with no evidence of adverse consequences

from the higher dose. Of note, the presence of splenomegaly ≥5 cm

compared to no splenomegaly or splenectomy remained a significant

predictor of engraftment by multivariate analysis. This study repre-

sents the largest such analysis and is currently the only evidence to

guide optimal cell dose in MF transplant. No association between high

CD34+ doses and GVHD was reported in this analysis, however, this

has been reported for other transplant indications requiring caution

with higher doses.

We recommend use of high CD34+ doses between 7.0 and

10.0 � 106/kg in transplants for MF.

Level II Grade B.

7.4 | Role of T-cell depleting agents

The rate of GVHD following transplant for MF is higher than for other

transplant indications. Robin et al. retrospectively assessed the impact

of ATG on GVHD rates in 287 patients undergoing MSD transplant

for MF. While ATG significantly reduced the incidence of aGVHD

(26% vs. 41%) it did not alter rates of cGVHD, in contrast to the

striking difference reported by Kröger et al. in the acute leukemia

setting.89 Importantly, the concern that ATG use might increase RR

was not borne out.90 Recent evidence for the efficacy of ruxolitinib in

management of both acute and chronic GVHD raises questions about

whether ruxolitinib may have a prophylactic role in MF patients

posttransplant.

We recommend use of in vivo T-cell depletion with ATG, or post-

transplant cyclophosphamide for haploidentical donors, in all MF

transplants.

Level II Grade B.

7.5 | JAKi during the transplant

The role of the inflammatory milieu in MF in delayed engraftment,

and potentially GF has been explored previously by Tiribelli et al.,91

and tested in a 12 patient study of primarily intermediate-2 and high-

risk patients who clinically responded to pretransplant ruxolitinib.92

Therapy was continued from conditioning until day + 28. Only 8% of

patients developed Grade 2–4 acute GVHD by day + 100. Early CMV

reactivation occurred in five of six seropositive recipients (median

22 days). Two patients ceased ruxolitinib due to cytopenia. Late acute

GVHD occurred in four patients following cyclosporin withdrawal, but

3/4 were less than grade 3. Although patient numbers were small,

NRMwas 0% at a median follow up of 17 months. A further 18 patient

study has been performed, which identified tolerability and efficacy of

ruxolitinib 10 mg twice daily dosing from day � 3 until day + 30, fol-

lowed by a gradual wean.93 Only 7 of the 12 patients treated with

continuous 10 mg dosing were receiving ruxolitinib prior to study

entry. All patients underwent RIC fludarabine melphalan conditioned

matched transplants. Rates of Grade 2–4 acute GVHD were higher

compared to the initial pilot study, 17% at Day 100. There were two

deaths due to GVHD at 1 year, with a cumulative incidence of moder-

ate to severe chronic GVHD of 24% at 1 year.

While acknowledging the paucity of evidence, and with caution

regarding potential cytopenias, we recommend continuation of ruxoli-

tinib at 10 mg bd, as tolerated, through conditioning and until stable

engraftment.

Level II Grade C.

1472 PERRAM ET AL.



8 | POSTTRANSPLANT MONITORING AND
MANAGEMENT

8.1 | JAKi posttransplant

The efficacy of ruxolitinib in glucocorticoid refractory GVHD has

recently been established.94,95 The role of ruxolitinib in GVHD pro-

phylaxis, however, remains unclear, although early results hold prom-

ise.96 Whether ruxolitinib may have a role in suppression of residual

inflammation, particularly in the bone marrow microenvironment, is

also unknown at present.

8.2 | CD34+ stem cell boost

PGF (persistent cytopenia despite full donor chimerism) leads to signifi-

cant posttransplant morbidity. Reaching a diagnosis of PGF can be diffi-

cult, due to the need to exclude alternative causes. Once PGF is

confirmed, measures such as growth factor and transfusion support can

be utilized. Improved graft function is increasingly reported following

CD34+ stem cell boost (SCB). With full donor chimerism, SCB rarely

causes GVHD, and facilitates improvement in cytopenias in up to 76%

of patients transplanted for hematological malignancy, although data in

MF are limited.97–99 Patients unresponsive to SCB may proceed to a

second transplant. The optimal SCB cell dose and timing are unknown,

and who will respond is unpredictable. However, since the SCB carries

minimal risk it is increasingly trialed. It is important to note that it may

take several months for transfusion independence following SCB. In

those with persistent splenomegaly who are fit for surgery, improve-

ment in cytopenias may occur following splenectomy.

We recommend use of CD34+ selected SCBs in patients with PGF,

before considering second transplant.

Level III Grade C.

8.3 | Relapse

8.3.1 | Risk factors for posttransplant relapse and
the role of MRD monitoring

There is little data guiding patient monitoring following transplant for

MF. Optimal timing and frequency of bone marrow biopsy for assess-

ment of cellularity, fibrosis, chimerism, and molecular status remains

unknown. Furthermore, the value of bone marrow compared to periph-

eral blood tests in predicting relapse is unknown. Most relapses occur

within 12 months posttransplant suggesting a critical monitoring period.

The recently published EBMT guidelines introduced above suggests

monitoring intervals including bone marrow biopsy at 100 days, and

peripheral blood chimerism with concurrent MRD monitoring (where a

suitable molecular marker exists), at 1, 3, 6, 9, and 12 months.

Driver mutation clearance is necessary for PFS. The median time

to clearance of JAK2 V617F post-HCT is reportedly around 100 days,

with persistence at day 180 associated with increased RR.100 These

findings have been confirmed and extended to include CALR and MPL

mutations.101 Interestingly, the proportion of patients with clearance

of the driver mutation at day 100 was higher for CALR (92%) than for

JAK2 (67%) and MPL (75%).

Data guiding “nondriver” mutation monitoring is limited. Some

nondriver mutations are subclonal and might not be present at

relapse.55 In these patients, the detection of mixed myeloid chimerism

is a reliable indicator of disease posttransplant.102 Although quantifi-

cation methods for nondriver mutations tend to be less sensitive than

allele-specific PCR for driver mutations, novel methods can achieve

higher sensitivity.103 We recommend that the EBMT guidelines for

post-HCT monitoring be used to improve homogeneity of data.

8.3.2 | Use of donor lymphocyte infusions

EBMT consensus guidelines recommend the use of pre-emptive donor

lymphocyte infusion (DLI) in the setting of persistent MRD, molecular

TABLE 4 Recommendations

Pretransplant

Transplant eligibility

• Use of a prognostic model incorporating genetic risk

• Early referral in ruxolitinib responsive transplant eligible patients

• Avoid interferon pretransplant

Extended pretransplant assessment

• Endoscopy for variceal disease

• Doppler ultrasound or MRI angiography of the portal system

• Fiboscan in patients with suspected cirrhosis

• SPECT–CT or FDG-PET for extramedullary hematopoiesis

• Transthoracic echocardiogram for pulmonary hypertension

• ProBNP and troponin levels

• Right heart catheterisation in selected patients

• Cardiac and hepatic T2* MRI for siderosis assessment

Optimisation (where appropriate)

• Variceal banding

• Iron chelation

• Splenic irradiation

• Irradiation to extramedullary hematopoiesis

Transplant

• MSD preferred to MUD and haploidentical donor, avoid MMUD if

possible

• Fludarabine and busulphan conditioning

• CD34+ cell dose >7.0 � 106/kg preferred

• Continue ruxolitinib at 10 mg bd (as tolerated) until stable

engraftment

• Early consultation with Intensivist for patients with pulmonary

hypertension

• Early consultation with gastroenterologist for patients with portal

hypertension, siderosis, or cirrhosis

• In vivo T-cell depletion for all MSD, MUD and haploidentical

transplants

Posttransplant

• Consideration of CD34+ selected stem cell boost in patients with

poor graft function and full donor chimerism

• Consideration of DLI in patients with mixed or declining chimerism

and no significant GVHD

• Consideration of second allograft in patients with poor graft

function, graft failure or mixed chimerism
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relapse, or loss of full donor chimerism.16 Due to the high risk of

GVHD, an escalating DLI dose program is recommended, with ongo-

ing infusions guided by a predefined end point such as donor chime-

rism or clearance of MRD.

8.3.3 | Second allograft

Repeat allogeneic transplant has shown reasonable success in eligible

patients, and can be considered in the setting of both relapse and

GF. Given the high NRM associated with transplant for MF, patients

undergoing second allografts are highly selected, which likely contrib-

utes to the surprisingly favorable outcomes. In a study of patients

who relapsed following transplant, and were DLI refractory, a second

allograft with treosulfan-based conditioning was performed, with a

3-year OS of 59%, RR of 16%, and NRM of 31%.104 These positive

outcomes are unique to second transplant for MF, with incrementally

poorer outcomes observed following second allograft for other hema-

tological malignancies.105

We recommend use of DLI or second allograft in patients with mixed

or declining chimerism. Second allograft is also recommended in suitable

patients with persistent PGF following CD34+ selected SCB, as well as

patients in frank relapse.

Level II Grade B (Table 4).

9 | CONCLUSION

With an active pipeline of nontransplant therapies for MF, incorpora-

tion of transplantation, the current standard of care for MF, in ran-

domized trials is essential to inform optimal patient management. It is

imperative that the transplant community seek to enroll MF patients

in clinical trials wherever possible, with international collaboration to

increase the power of research in this rare disease. Whether ruxoliti-

nib might have a role in improving engraftment and in primary GVHD

prophylaxis remains to be determined, however, it is a particularly

appealing option in MF.

High NRM rather than relapse has limited gains in outcomes

following MF HCT, but the reasons for this remain poorly under-

stood. Use of less toxic conditioning is one potential way to

improve outcomes. Standard patient transplant assessments have

failed to identify those MF patients most at risk of NRM. Intensive

investigation for secondary organ dysfunction prior to transplant

offers a potential avenue to refine patient selection for transplant

or institute pretransplant optimisation to reduce this risk. In this

way, we may attempt to mitigate the effects of the unique chronic

inflammatory state associated with this disease.

Prospective analyses of MF HCT are limited by patient number

and heterogeneity, and further complicated by our evolving under-

standing of prognostic factors and the emergence of novel nontrans-

plant therapies. Optimal splenic management, transplant prognostic

modeling, conditioning regimen selection, optimal transplant timing,

the impact of molecular disease grade, and the role of peritransplant

JAKi remain active questions. Large prospective studies are needed to

address these questions, with a focus on high yield questions includ-

ing the role of treosulfan and ruxolitinib in conditioning and peritrans-

plant prospectively. The challenge faced is in the design of such a trial

to address as many clinical questions as possible while maintaining

power, in the setting of so much uncertainty. Given the rarity of this

disease, international multicenter research collaboration is essential to

the advancement of our practice.
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