
    



                        
            
    
        
                
            
        

    


        

        
                        

                        
                                                    
                                
                    [image: Haematologica. Open access journal of the Ferrata-Storti Foundation, a no profit organization]
                
                
                Open access journal of the Ferrata-Storti Foundation, a non-profit organization
                


                            

                        
            

                        
                
                                        
                        
                        
                        
                        
                    

                
                
                                                        
                                
                    [image: Haematologica. Open access journal of the Ferrata-Storti Foundation, a no profit organization]
                
                
                Open access journal of the Ferrata-Storti Foundation, a non-profit organization
                


                            

                        
                

                
                    
                

                
                                                                                
                                    	
                    
                
	
                
                Home
                
            
	
                                                    Current Issue
                                            
	
                                                                            Early view
                                            
	
                                                    Review Series
                                            
	
                                                    Archive
                                            
	
                        
                            About Us
                        
                        
                                                                                                
                                        About Hematologica
                                    
                                                                                                                                
                                        Editorial Team
                                    
                                                                                                                                
                                        Our Policies
                                    
                                                                                    

                    
	
                        
                            Contact
                        
                        
                                                                                                
                                        Advertising
                                    
                                                                                                                                
                                        Rights & Permissions
                                    
                                                                                    

                    
	
                        
                            Submit a Manuscript
                        
                        
                                                                                                
                                        Author Guidelines
                                    
                                                                                                                                
                                        Reviewer Guidelines
                                    
                                                                                                                                
                                        Submit a manuscript
                                    
                                                                                                                                
                                        Track a Manuscript
                                    
                                                                                    

                    
	
                                                    
                        
                                            


    
                    

                    
                

                           
            
            
            Open access journal of the Ferrata-Storti Foundation, a non-profit organization
            

                                

                

		                            
                            
                                                            
                                                                                                                                            

                                                                
                                    
                                    

                                    


                                                                                

                                                                                                                         


		
			
				Vol. 102 No. 6 (2017): June, 2017
			
		
	
									Mutational analysis in serial marrow samples during…
						



                                                                            

                                                                    
                             

                            
                                

                                                                        

                                    




                                                                                                            
                                        
                                                                                                                                                                            

                                                                                                                        
                                            Online Only Articles
                                        

                                                                                
                                                                                                                                    
                                                                                                Mutational analysis in serial marrow samples during azacitidine treatment in patients with post-transplant relapse of acute myeloid leukemia or myelodysplastic syndromes
                                            

                                                                                    

                                        
                                            
                                                    	Janghee Woo
	Nicholas P. Howard
	Barry E. Storer
	Min Fang
	Cecilia C. Yeung
	Bart L. Scott
	H. Joachim Deeg


                    
                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA;Department of Genome Sciences, University of Washington, Seattle, WA, USA

                                
                                            

                    
                                    Department of Genome Sciences, University of Washington, Seattle, WA, USA

                                
                                            

                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA

                                
                                            

                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA

                                
                                            

                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA

                                
                                            

                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA

                                
                                            

                    
                                    Clinical Research Division, Fred Hutchinson Cancer Research Center, University of Washington and Seattle Cancer Care Alliance, Seattle, WA, USA

                                
                                            

        


    

            
                                            


                                            
                                                
                                                                                                                                                            
                                                                                                                Vol. 102 No. 6 (2017): June, 2017
                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                                        
                                                            
                                                                                                                                                                                                                                                                https://doi.org/10.3324/haematol.2016.162909
                                                            
                                                        
                                                    
                                                                                                                                                                    
                                                                                                        
                                                                                                                                                        

                                            


                                                                                                                                                                                
                                                                                    

                                        
                                        
                                            
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                        

                                        
                                            
                                                
                                                    
                                                        ARTICLE
                                                        FIGURES AND DATA
                                                        INFO AND METRICS
                                                    

                                                

                                                

                                                    
                                                        
                                                            
                                                            Post-transplant relapse remains a major cause of treatment failure in patients with myeloid malignancies such as myelodysplastic syndromes (MDS) or acute myeloid leukemia (AML). Despite interventions such as withdrawal of immunosuppression, administration of chemotherapy, donor lymphocyte infusion (DLI), and second stem cell transplantation, survival after post-transplant relapse has remained dismal.1 Several studies, generally retrospective in nature, have reported on the potential benefit of the post-transplant use of hypomethylating agents for the prevention or treatment of relapse.42 We recently presented the results of a prospective phase II trial of azacitidine in patients with MDS or AML with persistent disease or early relapse after hematopoietic cell transplantation (HCT).5 The trial enrolled 39 patients with MDS or AML, as defined by World Health Organization (WHO) criteria, who had undergone allogeneic HCT from related or unrelated donors following conditioning with various high intensity or reduced intensity regimens. All patients had evidence of persistent or recurrent disease by morphology, cytogenetics, or flow cytometry on marrow samples obtained between day 28 and day 100 post transplant. Treatment consisted of 5-azacitidine, 75 mg/m/day × 7 days given intravenously every 28 days, starting within two weeks of documentation of disease progression or relapse, until loss of response or documentation of further disease progression. The primary end point was 6-month overall survival (OS). At six months after relapse, 30% of patients had responded to azacitidine, with 3 achieving a complete remission. While these responses were encouraging, the study revealed progressive evolution of cytogenetic abnormalities throughout the course of the disease, from diagnosis to post-transplant relapse.5 To better define the biology of relapse and the response to azacitidine treatment, we analyzed the mutational profile of paired bone marrow samples obtained at pre-HCT diagnosis, post-HCT relapse, and during subsequent azacitidine treatment. The goal was to identify mutational patterns associated with post-HCT relapse, response to azacitidine and post-relapse survival.
We determined the frequency and chronology of gene mutations using a targeted NGS 54 gene panel on serial bone marrow samples (Online Supplementary Appendix). To identify the mutations derived from recipient clones (relapsed disease), we compared the bone marrows at relapse to bone marrows obtained prior to HCT. To approach this analysis conservatively and restrict it to recipient-derived pathogenic mutations, we only considered the mutations that were present in both the bone marrow samples prior to HCT and the bone marrow samples at relapse. We then hypothesized that single nucleotide variants (SNVs) with high frequency of single nucleotide polymorphisms (SNPs) which were specific for the recipient, not for the donor, could determine relative allele frequency in recipient cells at the time of relapse. We first normalized variant allele frequencies (VAFs) by fraction of at least two SNPs consistently restricted to the recipient to compute relative VAFs (Figure 1A).
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Figure 1.Spectrum of mutations and common cytogenetic abnormalities in 21 patients with post-hematopoietic cell transplantation (post-HCT) relapse. Only mutations that were present pre-HCT and persisted in post-HCT relapse were selected. (A) Schematic illustration of determining mutations in post-HCT relapse. (B) Mutation profile in 21 patients. Each column represents an individual patient sample, and each colored cell represents mutation of the gene listed to the left of that row.
Samples from 21 patients were available for evaluation of mutation profiles in relation to response to treatment and survival (Figure 1B). At post-HCT relapse, but prior to initiation of treatment with azacitidine, the average number of mutations in 21 patients was 2.2 (range 0–5). The number of mutations among responders (complete and partial responses) was slightly lower than the number of mutations among non-responders, but the difference was not statistically significant (1.8 vs. 2.9; P=0.09). The most commonly mutated genes at the time of relapse included TP53 (48%), TET2 (33%) and DNMT3A (14%). These mutations persisted through the course of HCT from pre-HCT to post-HCT relapse. Mutational profiles in relapsed disease after HCT corresponded to those found to be associated with unfavorable prognosis in previous studies, measuring mutations in pre-HCT samples.76 These findings support the concept that clones containing certain mutations, e.g. in TP53, survive conditioning therapy and the allogeneic effect mediated by donor cells, and prevail through clonal selection and expansion during disease progression and relapse.
We next asked which mutation might predict response to azacitidine and affect survival (Table 1). Among the genes under consideration, mutations in TP53 were significantly associated with poor responsiveness to azacitidine [Odds Ratio (OR) 3.08, 95%CI: 1.1–9.0; P=0.04] and inferior survival [Hazard Ratio (HR) 3.04, 95%CI: 1.3–5.8; P=0.02] (Figure 2A). Most mutations in TP53 occurred in the DNA binding domain (Figure 2B). Conversely, mutations in TET2 were associated with a trend toward favorable response to azacitidine (OR 0.27, 95%CI: 0.1–1.0; P=0.06) and superior survival (HR 0.2, 95%CI: 0–1.6; P=0.12) (Online Supplementary Figure S1). Mutations in TET2 have also been associated with superior response to hypomethylating agents in the non-transplant setting,8 while they predicted unfavorable outcomes in patients who underwent HCT.9 Our data may suggest that azacitidine in the post-HCT relapse setting can greatly improve outcomes in patients with TET2 mutated disease. However, the power of a post hoc subgroup analysis in the small cohort was limited.
[image: ]

Table 1.Multivariable analysis of mutations and clinical outcomes: azacitidine response (Odds Ratio; OR) and survival (Hazard Rate).
[image: ]

Figure 2.Persistent TP53 mutation in post-hematopoietic cell transplantation (post-HCT) relapse and unfavorable survival. (A) Kaplan-Meier estimates of OS for patients with and without the TP53 mutation, and multivariate analysis (hazard ratio, HR). Patients with persistent TP53 mutation had unfavorable survival despite azacitidine treatment. (B) Mutations and frequency of each individual mutation in the TP53 gene on a linear protein with its domains and frequency of the mutations on the y axis. Mutations were present in pre-HCT diagnostic marrow and persisted in post-HCT relapse. TAD: p53 transactivation motif; P53: p53 DNA-binding domain; Tet: p53 tetramerization motif. (C and D) Progressive changes in mutational burden during treatment with hypomethylating agents. Serial bone-marrow samples were analyzed while patients received azacitidine. Relative variant allele frequency was calculated within recipient cells by comparing known recipient specific single nucleotide variants present in pre-transplant samples and post-HCT relapse samples. Representative mutation profiles in individual patients during treatment. (C) Mutations in TP53 persisted and mutations in the diagnostic samples re-emerged later in non-responders. (D) Clonal mutations disappeared in responders.
To characterize clonal changes in individual patients during azacitidine therapy, we examined paired marrow samples from 7 patients who failed to respond to treatment and from 4 patients who responded (Figure 2C and D and Online Supplementary Figures S2 and S3). We asked whether the burden of each mutated gene changed during the course of treatment, and if such changes correlated with clinical responses. Relative VAFs were determined by normalization with the fraction of recipient specific SNVs. Recipient-specific mutations were also present in the pre-HCT bone marrows, and VAFs of the mutations in relapse were equal or smaller than the frequency of recipient specific SNVs. Relative VAFs of the mutations in TP53, with one exception, remained unchanged over the course of treatment, suggesting that clones with TP53 mutations were refractory to azacitidine, consistent with the unfavorable prognosis of patients with TP53 mutations.109 This mutation profile also implies molecular evolution at the clonal level that may account for the significantly inferior outcomes in patients with TP53 mutation in relapse (Figure 2A). In patients who did not respond to azacitidine, most mutations persisted, and on occasions mutations that were not detectable in relapse, but present in pre-HCT, reappeared later during treatment, mirroring clinical outcomes. Simultaneous abnormal cytogenetics, for example, del 7q, were present and could certainly contribute to the inferior response (Figure 2C and Online Supplementary Figure S2). Such a pattern would imply an underlying genetic mechanism of resistance to azacitidine via persistence of pre-existing resistant clones (such as clones with mutation in TP53). In contrast, bone marrow from patients whose disease responded to azacitidine exhibited complete loss of clones as identified by disappearance of mutations (Figure 2D and Online Supplementary Figure S3). One patient among responders did not have detectable mutations, but a cytogenetic abnormality, del (11q), disappeared, and this was consistent with the findings in mutation profiles. These data support the concept that mutational profiles mirror clinical responses to azacitidine, and that mutations in TP53 are significantly associated with unfavorable outcomes, regardless of treatment.
In conclusion, these data from a prospective phase II trial show continuous clonal evolution of post-HCT relapsed MDS and AML during treatment with azacitidine. TP53, TET2 and DNMT3A mutations present before transplantation, persisted after relapse. In particular, mutations in TP53 were associated with inferior prognosis. In general, progressive changes in mutational burdens during treatment mirrored the pattern of clinical response. Clones with TP53 mutations mostly remained unchanged throughout treatment. These findings provide a molecular basis for the clinical observations with azacitidine therapy in previous trials and in the present study, i.e. a lesser likelihood of eradication of the underlying malignancy containing those mutations and progressive clonal evolution during treatment. Further investigations of the clonal architecture in the context of therapeutic interventions in larger cohorts of patients are warranted to define functional mechanisms of individual mutations such as those in TET2 and DNMT3A. These studies should lead to a greater understanding of disease biology and the mechanism of treatment responses, and should lead to novel treatment modalities.
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