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Abstract

JAK inhibitors for myelofibrosis (MF) reduce spleen size, control constitutional symptoms, and 

may improve survival. We studied the clinical characteristics of 548 MF patients treated with JAK 

inhibitors from 2008–2016 to better understand predictors of splenic response. Response was 

defined as a 50% decrease in spleen size at early (3–4 months on therapy) and late (5–12 months) 

timepoints after therapy initiation. Early response positively correlated with higher doses of JAK 

inhibitor, baseline spleen size 5–10 cm, and HGB. Early response negatively correlated with 

baseline spleen size >20 cm and high WBC. The strongest predictor of late response was whether 

a patient had a response at the earlier timepoint (OR 8.88). Our response models suggest that 

clinical factors can be used to predict which patients are more likely to respond to JAK inhibitors, 

and those who do not achieve an early response, i.e. within 3–4 months, should consider 

alternative treatments.
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Introduction

Myelofibrosis (MF) is a BCR-ABL1-negative myeloproliferative neoplasm characterized by 

megakaryocytic proliferation and atypia, and ineffective erythropoiesis [1]. Patients may 

present with constitutional symptoms, including fever, night sweats, pruritus, early satiety, 

and bone pain [2]. The median overall survival in MF ranges from 16 to 185 months, 

depending on the patient’s clinical characteristics [3,4]. Allogeneic hematopoietic stem cell 

transplantation remains the only curative therapy for MF; however, it has significant 

morbidity and risk of mortality [5,6].

Activation of the JAK-STAT pathway characterizes MF and results from mutations in JAK2, 

MPL, and CALR [7–13]. Newer therapies target JAK2 deregulation, although these agents 

are effective even in patients without one of the three mutations [14]. The JAK inhibitors 

pacritinib, ruxolitinib, fedratinib, and momelotinib have been developed to improve 

splenomegaly and constitutional symptoms [15,16]. In addition to improving signs and 

symptoms of the disease, ruxolitinib may also improve overall survival [17–20].

Despite the success of JAK inhibitors, it remains unclear which clinical factors predict 

response to therapy. The DIPSS and DIPSS-plus prognostic models can help make this 

determination, but these dynamic models were designed only to discriminate among patients 

with high and low rates of survival [3,21]. We describe a multivariate prediction model that 

identifies baseline and on-treatment clinical factors that predict response to therapy. Our 

approach aims to identify characteristics of MF patients who are more likely to respond to 

therapy, and further, define when a patient should be considered non-responsive to treatment.

Materials and Methods

Endpoints

We defined clinical response endpoints at two timepoints after initiation of JAK-inhibitor 

therapy, based on the literature and distribution of the retrospective data. The early endpoint 

was defined as having a follow-up splenic exam within 3–4 months of starting therapy, and 

the late endpoint was defined as having a follow-up splenic exam after 5–12 months on 

therapy. Response to therapy was based upon IWG-MRT criteria for splenic response by 

palpation below the left costal margin, with spleen measurement at each timepoint compared 

to spleen measurement at initiation of JAK-inhibitor therapy [22]. Response was defined as a 

≥50% reduction in length of spleens measuring >5 cm at baseline. For patients with a spleen 

length of ≤ 5cm at baseline, we defined response as having a non-palpable spleen on exam. 

Among patients with valid endpoints, response was based upon the best splenic response out 

of all exams within each time period.

Training Cohorts

We constructed our predictive model for splenic response using a retrospective cohort of 383 

patients with biopsy-proven MF receiving JAK-inhibitor therapy, before allogeneic stem cell 

transplant, between 2008–2016. This cohort included 203 patients enrolled in trials of 

ruxolitinib (INCB018424; Incyte), fedratinib (SAR302503; Sanofi-Aventis), momelotinib 

(CYT387; Gilead Sciences), or LY2784544 (Eli Lilly) at three sites (University of Michigan 
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[MI]; Stanford University [ST]; Mayo Clinic--Scottsdale, AZ [MA]). We also included 

additional patients from MA who started on ruxolitinib following its FDA approval and 215 

patients receiving pacritinib (SB1518) in the PERSIST-1 trial (PST1, CTI 

Biopharmaceuticals; ClinicalTrials.gov Identifier: NCT01773187). Among all 383 patients 

in the training cohort, 362 had a recorded early endpoint, 311 had a late timepoint, and 290 

had endpoints at both times.

Validation Cohort

To validate our model’s performance, we used an independent cohort of 165 patients 

receiving pacritinib in the PERSIST-2 trial (CTI Biopharmaceuticals; ClinicalTrials.gov 

Identifier: NCT02055781). Among these, 162 patients had a recorded early endpoint, 109 

had a late endpoint, and 109 patients had endpoints at both times. Supplementary Figure S1 

delineates the construction of our analysis cohorts.

Data Processing

Data from the training cohorts included 5 JAK inhibitors. To account for this heterogeneity, 

each patient’s initial dose level was scaled by the recommended phase 2 dose (RP2D) of the 

specific JAK inhibitor they received. The resulting dimensionless, normalized dose levels 

were then log2-transformed to calculate a relative initial dose for each patient; a relative 

dose of 0 corresponds to the RP2D. Equal relative initial dose levels of different JAK 

inhibitors were assumed to have equivalent associations with splenic response.

In addition to the normalized JAK inhibitor dose, we considered 13 additional covariates in 

our predictive model: seven measures of disease severity (1. spleen size by exam at baseline, 

2. type of MF, 3. time from diagnosis to initiation of therapy, 4. bone marrow cellularity, 5. 

fibrosis grade by European Consensus criteria [23,24], 6. peripheral blood blasts >1%, and 

7. blood transfusion requirement); three blood counts (platelet, white blood cell (WBC), 

hemoglobin (HGB)); and three other patient characteristics (sex, age at start of treatment, 

BMI). Jak2 mutation status was not consistently available for this retrospective cohort and 

was therefore excluded from analysis.

Model Building

Our initial analyses suggested that the association between baseline spleen size and the 

probability of splenic response was nonlinear. To account for this, we divided baseline 

spleen size into five categories, <= 5cm, (5cm, 10cm], (10cm, 15cm], (15cm, 20cm], and 

>20cm, and estimated associations separately for each category. Additionally, we examined 

statistical interactions between baseline spleen size, relative dose, and leukocytosis, and 

interactions between transfusion requirement and both HGB and thrombocytopenia.

We measured associations between response and candidate prognostic factors using 

Bayesian logistic regressions. After accounting for interactions and categorical variables, 

each multivariable model considered up to 33 odds-ratios (ORs), which quantify association. 

To measure the association between early and late response after adjusting for all other 

factors, we fit a third regression for predicting late response that included data on whether 

the patient had responded by the early timepoint. We used variable selection shrinkage priors 
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to account for optimism and overfitting biases. We defined the ‘statistical significance’ of an 

association as having a greater than 66% probability of being positively or negatively 

associated with the outcome, referred to as relevance percentage. Note that standard 

measures of statistical significance, e.g. p-values, are not defined in the context of Bayesian 

regressions such as those here. Details of our modeling approach are given in Supplement 

S2.

Model Assessment

We thoroughly validated our models, applying cross-validation between the four training 

cohorts and external validation to the PST2 cohort. We assessed model performance using 

area under the curve (AUC) and goodness-of-fit methods.

Results

Descriptive Summaries

Supplementary Table S1 presents response rates in patients in model-building and validation 

data. In increasing order, the early response rates were 31% (PST2), 31% (ST), 35% (MI), 

43% (PST1), and 64% (MA). The late response rates were 36% (PST2), 43% (ST), 47% 

(PST1), 50% (MI), and 60% (MA). Among the 290 patients in the model-building data with 

response at both timepoints, the early response rate was 41% (120/290); among these 120 

patients, the late response rate was 78% (94/120). Among the 170 non-early responders, the 

late response rate was 26% (44/170).

Supplementary Tables S1 and S2 summarize the distributions of the evaluated prognostic 

factors. Because our primary aim was not to identify differences between patient populations 

but to use these differences to identify prognostic factors for splenic response, we present 

these differences without measures of statistical significance.

Splenic Response Models

Table 1 presents the ORs and relevance percentages for the selected predictors in the three 

regression models, after applying our model-building procedure. Evaluated predictors that 

were not selected in any model do not appear in Table 1. Each of the prognostic factors 

selected and discussed below is statistically significant as defined in the Methods 

(associations from categorical predictors were either all selected or all excluded). The 

selection of statistical interactions is clinically notable but complicates interpretation; we 

interpret results below but refer readers to Supplement S2 for details on calculating these 

associations.

Early Response (First Column of Table 1)

The reference category for baseline spleen size was ‘<=5cm’. The OR for response to 

therapy per doubling of dose was 1.90 in this group. We summarize the interpretation for 

each spleen size group with respect to this reference:

• 5–10cm The OR at the standard dose was 1.94 times that of the reference group; 

the OR per doubling of dose was 1.88 (not significantly different from reference 
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OR of 1.90). This group had a larger association with early response at the 
reference dose and a similar dose-response association.

• 10–15cm The OR at the standard dose was 1.44 times that of the reference 

group; the OR per doubling of dose was 2.09. This group had a larger association 
with early response at the reference dose and a larger dose-response association.

• 15–20cm The OR at the standard dose was 0.86 times that of the reference 

group; the OR per doubling of dose was 1.98 (not significantly different from 

reference). This group had a smaller association with early response at the 
reference dose and a similar dose-response association.

• >20cm The OR at the standard dose was 0.27 times that of the reference group; 

the OR per doubling of dose was 1.79 (not significantly different from 

reference). This group had a much smaller base association with early response 
at the reference dose and a similar dose-response association.

High platelets, increased HGB, older age, transfusion requirement, and fibrosis grade of 

MF-2 (versus MF-1) were also associated with greater rates of early splenic response, 

whereas high WBC, hypocellularity and fibrosis grade of MF-3 were associated with lower 

rates of early response.

Late Response (Second Column of Table 1)

The OR per doubling of dose was 1.16 in the reference group. We summarize the 

interpretation for each spleen size group relative to this reference:

• 5–10cm The OR at the standard dose was 1.63 times that of the reference group; 

the OR per doubling of dose was 0.80. This group had a larger association with 
late response at the reference dose and a negative dose-response association.

• 10–15cm The OR at the standard dose was 1.08 times that of the reference 

group; the OR per doubling of dose was 1.38. This group had a larger association 
with late response at the reference dose and a larger dose-response association.

• 15–20cm The OR at the standard dose was 0.99 times that of the reference group 

(not significantly different from reference); the OR per doubling of dose was 

1.31. This group had a similar association with late response at the reference 
dose and a larger dose-response association.

• >20cm The OR at the standard dose was 0.41 times that of the reference group; 

the OR per doubling of dose was 1.16 (not significantly different from reference 

of 1.16). This group had a much smaller association with response at the 
reference dose and a similar dose-response association.

Increased HGB was also associated with greater rates of late splenic response, whereas high 

WBC, time from diagnosis, hypocellularity and fibrosis grade of MF-3 were associated with 

lower rates of late response.
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Dynamic Prediction of Late Response (Late-given-Early)

The ORs in the third column of Table 1 represent predictions of late response given whether 

or not a patient achieved a response by the early timepoint. Apart from early response status, 

the model includes baseline spleen size, time from diagnosis, and fibrosis grade MF-3. Thus, 

no association with initial dose was apparent given these predictors. A patient’s early 

response status is a highly meaningful predictor for late response (OR 8.88). Translating this 

quantity, if a patient who did not achieve a response by the early timepoint has a 25% 

probability of achieving a late response, an identical patient who did achieve a response by 

the early timepoint would have a 75% probability of having a late response. This comports 

with our early observation that 26% of early non-responders were late responders, compared 

to 78% of early responders. Across all patients, the average late response rate was 49%.

We can visualize how the probabilities of an early response (left panel) and late response 

(right panel) shift with WBC count and spleen size prior to the start of therapy for a 

hypothetical patient (Figure 1). When the patient has a normal WBC count (7*109/L), their 

probability of response depends on baseline spleen size. With a baseline spleen size of 5–10 

cm, this patient would have a better probability of an early response (0.70) than with a 

spleen size <5 cm (0.50) or >20 cm (0.20) at baseline. If the WBC were elevated (35*109/L), 

the probability of an early response would decrease by 0.10–0.15 for each spleen size 

category. This difference in response based on baseline spleen size and WBC count is no 

longer seen when the late response model accounts for whether the patient achieved a 

response at the earlier timepoint (Figure 2). This suggests that achievement of an early 

response is a much stronger predictor of achieving a late response than baseline WBC count 

and spleen size.

The discrimination and calibration of these models is presented in Supplementary Table S3 

and Supplementary Figures S2 and S3. The cross-validated and validated AUCs are, 

respectively, 0.679 and 0.616 (Early), 0.641 and 0.523 (Late), and 0.765 and 0.792 (Late-

given-Early). Lack of model fit was most evident among patients with small baseline spleen 

sizes (Supplementary Figure S2) or low baseline platelet levels (Supplementary Figure S3).

Discussion

We developed prediction models for splenic response to JAK-inhibitor therapy using 

retrospective data from 548 patients across three academic centers and two industry-based 

cohorts. We evaluated 14 clinical prognostic factors, with a specific hypothesis that spleen 

size by palpation at initiation of JAK-inhibitor therapy would be associated with splenic 

response. For timepoints approximately 3–4 months (‘early’) and 5–12 months (‘late’) after 

therapy initiation, splenic response correlated with spleen size prior to therapy initiation, 

WBC, HGB, transfusion requirement, and fibrosis grade, as well as other factors. The 

finding that both higher levels of HGB and a transfusion requirement predict for early 

response further suggests that response can occur along the spectrum of disease phenotypes, 

with a loss of response once the patient’s marrow becomes too fibrotic and hypocellular. Our 

two most important findings are that (i) patients with intermediate spleen sizes (between 

approximately 5–15 cm) were more likely to be responders than patients with smaller (non-
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palpable) or larger spleens and (ii) early-responding patients had high probabilities of 

maintaining response.

JAK-inhibitor therapy is commonly started when a patient has an IPSS score of 

intermediate-2 or higher, or for the treatment of constitutional symptoms and splenomegaly 

[25,26]. Patients with symptomatic splenomegaly are considered for treatment, and no strict 

cutoff in size is used for therapy initiation. We found that the probability of response was 

highest for patients with spleen sizes between 5 and 15 cm at therapy initiation. These 

patients were more likely to respond to JAK-inhibitor therapy than those started on therapy 

when their spleens were non-palpable or less than 5 cm in size. Patients with spleen sizes 

greater than 20 cm were least likely to respond, even less so when they also had a high 

WBC.

The underlying biology of this disease could explain this varying pattern of response to 

therapy depending on baseline spleen size. We hypothesize that a more proliferative 

phenotype in myelofibrosis could give patients a better chance of responding to JAK 

inhibitor therapy. Patients with spleen sizes less than 5 cm may have disease progressing too 

slowly for treatment to be effective. Those with intermediate spleen sizes may be in a more 

proliferative phase of the disease, in which interruption of signaling with JAK inhibitors can 

temper disease progression. Patients with large spleen sizes and high WBCs may have 

progressed too far, with marrow too fibrotic and hypocellular, for these agents to modify 

disease course. Future translational studies could elucidate whether the biology of this 

disease follows these patterns.

Regarding prediction of response duration, we found that early response status was highly 

prognostic for late response status: the odds of late splenic response were nearly 9 times 

larger among early responders than early non-responders. After adjusting for early response 

status, other prognostic factors, including spleen size at therapy initiation and initial dose of 

JAK inhibitor, had significantly less association with late response. Data beyond 6 months 

support our findings: among patients who were not responders at 3 months from initiation 

but did eventually respond at 6 months, 45% continued to respond at their final recorded 

splenic exam (median 92 weeks from initiation), and among patients who were responders at 

both 3 and 6 months, 68% were still responding at their final recorded splenic exam (median 

82 weeks from initiation; results not shown). Thus, early response status was also associated 

with longer-term (>6 month) splenic response.

Our study has some limitations mainly because of its retrospective nature. Rates of response 

varied between cohorts – even after adjusting for predictors. Additionally, we included 

patients with non-palpable or small (5–10 cm) spleens at baseline because they are 

commonly seen in clinical practice and increase the efficiency of our analysis, even though 

they are excluded from the IWG-MRT criteria. To control for potential differences between 

treatment centers, we estimated separate institution-specific means in the regression model.

When the study was initiated, JAK2 inhibitors were not widely in use, so data from multiple 

trials of JAK2 inhibitors were pooled. While we acknowledge variability between agents, all 

inhibit JAK2 and will similarly affect JAK/STAT signaling, with or without additional 
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effects mediated by JAK1 inhibition. Our measure of dose of the JAK inhibitor does not 

account for intra-patient dose adjustments made in response to a patient’s tolerance. 

However, dose reductions and adjustments take place in all clinical studies with JAK 

inhibitors, and responses are typically analyzed based on intended dose, not actual dose. We 

have also made the simplifying assumption that each JAK inhibitor has the same association 

with response (as a percentage of the RP2D), all other things being equal. Although the 

response rates to these agents may differ in subpopulations, no data suggest that the 

differences in response would be large enough to confound this analysis [27].

The intention of our models was not to assess the overall utility of JAK-inhibitor therapy in 

MF, nor to compare the efficacy of different JAK inhibitors. Rather, our study identified 

patient characteristics that help to explain why only some patients respond. Established 

scoring systems, such as IPSS, DIPSS, or DIPSS-plus are designed to predict survival in a 

treatment-agnostic context. Unlike those models, our models include spleen size at therapy 

initiation, time from diagnosis to start of therapy, and grade of MF in the marrow, and were 

developed with different endpoints and target populations. In all, this study shows that 

clinical factors, particularly spleen size, can be used to predict which patients are more likely 

to respond to JAK-inhibitor therapy. Those who respond after about three months of 

treatment are more likely to continue to respond, whereas those who do not should be 

considered for alternative therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Estimated probabilities of splenic response using the Early and Late models. To demonstrate 

how the early (left panel) and late (right panel) models can be used to predict splenic 

response, plots based on increasing spleen size are shown for a hypothetical patient treated 

with JAK-inhibitor therapy. Two possible WBC counts were inputted (blue circles=7*109/L 

WBC; yellow triangles=35*109/L WBC). All other patient characteristics are fixed: 70 year 

old male diagnosed 140 weeks ago treated at 100% of the recommended phase 2 dose, 

platelets 210*109/L, Hgb 10.7 g/dL, requiring transfusions at baseline, and European 

Consensus Criteria MF-3.
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Figure 2. 
Estimated probabilities of splenic response for the Late-Given-Early model. This plot shows 

the application of the late-given-early model for predicting splenic response based on initial 

spleen sizes of a hypothetical patient treated with JAK-inhibitor therapy. Probabilities are 

stratified by no early response (left panel) or early response (right panel), with the fixed 

patient characteristics described in Figure 1.
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Table 1.

Results from Early, Late, and Late-Given-Early splenic response models, given in terms of estimated odds 

ratios (ORs) for splenic response and relevance percentages. The latter is the larger of the probability that the 

OR exceeds 1 and the probability that the OR is less than 1. A dash (–) means that the predictor was not 

included in that model. A Relative Dose of 0 corresponds to the MTD of a JAK inhibitor. Supplement S2 

describes how to calculate fitted probabilities using this table.

OR (relevance) OR (relevance) OR (relevance)

Main Effects
Early Late Late-Given-Early

Intercept 0.03 (96%) 0.98 (51%) 0.66 (79%)

Relative Dose (per doubling) 1.90 (96) 1.16 (70) –

Spleen ≤ 5 Reference Reference Reference

Spleen (5,10] vs. Ref. 1.94 (94) 1.63 (90) 1.15 (78)

Spleen (10,15] vs. Ref. 1.44 (86) 1.08 (72) 0.99 (58)

Spleen (15,20] vs. Ref. 0.86 (71) 0.99 (52) 1.00 (50)

Spleen > 20 vs. Ref. 0.27 (96) 0.41 (97) 0.92 (72)

WBC > 10 (per doubling) 0.72 (95) 0.96 (75) –

Platelets > 450 (per doubling) 1.61 (86) – –

HGB (per doubling) 2.07 (94) 1.22 (79) –

Age (per 5 years) 1.08 (91) – –

Weeks from DX – 0.97 (83) 0.95 (86)

Transf. Required 1.13 (75) – –

Cellularity Hypo. 0.78 (84) 0.87 (77) –

Fibrosis MF-2 vs. MF-1 1.06 (68) – –

Fibrosis MF-3 vs. MF-1 0.80 (84) 0.65 (95) 0.83 (83)

Early Splenic Resp. = Yes – – 8.88 (100)

Interaction Terms

Relative Dose*Spleen (5,10] 0.99 (57) 0.69 (82) –

Relative Dose*Spleen (10,15] 1.10 (72) 1.19 (79) –

Relative Dose*Spleen (15,20] 1.04 (62) 1.10 (73) –

Relative Dose*Spleen >20 0.94 (62) 1.00 (51) –

WBC > 10 *Spleen (5,10] 1.00 (51) – –

WBC > 10 *Spleen (10,15] 1.00 (51) – –

WBC > 10 *Spleen (15,20] 1.01 (55) – –

WBC > 10 *Spleen >20 0.87 (77) – –
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