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Abstract

Failure to undergo activation-induced cell death due to global dysregulation of apoptosis is the 

pathogenic hallmark of large granular lymphocyte (LGL) leukemia. Consequently, 

immunosuppressive agents are rational choices for treatment. This first prospective trial in LGL 

leukemia was a multicenter, phase 2 clinical trial evaluating methotrexate at 10 mg/m2 orally 

weekly as initial therapy (Step 1). Patients failing methotrexate were eligible for treatment with 

cyclophosphamide at 100 mg orally daily (Step 2). The overall response in Step 1 was 38% with 

95% confidence interval (CI): 26%, 53%. The overall response in Step 2 was 64% with 95% CI: 

35%, 87%. The median overall survival for patients with anemia was 69 months with a 95% CI 

lower bound of 46 months and an upper bound not yet reached. The median overall survival for 

patients with neutropenia has not been reached 13 years from study activation. Serum biomarker 

studies confirmed the inflammatory milieu of LGL but were not a priori predictive of response. 

We identify a gene expression signature that correlates with response and may be STAT3 

mutation driven. Immunosuppressive therapies have efficacy in LGL leukemia. Gene signature 
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and mutational profiling may be an effective tool in determining whether methotrexate is 

appropriate therapy.
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INTRODUCTION

Large granular lymphocyte (LGL) leukemia is characterized by clonal expansion of 

cytotoxic T cells (CTL).(1, 2) Prominent clinical features include neutropenia, anemia, and 

rheumatoid arthritis. The terminal effector memory phenotype (CD3+/CD8+/CD57+/

CD45RA+/CD62L−) of leukemic LGL suggests a pivotal chronic antigen driven immune 

response.(3) Leukemic LGL survival is promoted by PDGF and IL-15, resulting in global 

dysregulation of apoptosis and resistance to normal pathways of activation-induced cell 

death.(4–8) These pathogenic features explain in part why treatment of LGL leukemia is 

based on immunosuppressive therapy.

No standard therapy for LGL leukemia has been established due to the absence of large 

prospective trials. There have been six large retrospective studies (>40 patients) of 

immunosuppressive treatment in LGL leukemia.(1, 9–13) The three most commonly used 

have been methotrexate (MTX), cyclophosphamide (Cy), and cyclosporine (CyA). Overall 

response rates of 56% for MTX (n = 96), 61% for Cy (n = 85), and 56% for CyA (n = 123) 

have been reported.(14) We present herein results of the only large prospective trial of 

immunosuppressive therapy in LGL leukemia. Correlative laboratory studies were 

conducted to determine if biomarkers or genetic analysis could predict therapeutic response. 

We were particularly interested in the STAT3 pathway as we had found STAT3 to be 

constitutively activated in leukemic LGL.(6) Moreover, STAT3 was predicted to be a key 

node in a network model of leukemic LGL survival.(4) Most recently, we demonstrated 

somatic mutations that activate STAT3 in 40% of LGL leukemia patients(15) and 

subsequently analyzed their potential association with response to immunosuppressives in 

this study.

METHODS

Eligibility Criteria

Eligibility for the Eastern Cooperative Oncology Group E5998 study (Clinicaltrials.gov 

NCT00003910; Methotrexate With or Without Cyclophosphamide in Treating Patients With 

Lymphocytic Leukemia) included a diagnosis of the T cell form of LGL leukemia 

(performed locally) as determined by: 1) phenotypic studies from peripheral blood showing 

CD3+CD57+ cells greater than 400/mm3 or CD8+ cells greater than 650/mm3 in the eight 

weeks prior to registration and 2) evidence for clonal T cell receptor gene rearrangement 

within one year prior to registration. Patients needed to meet one of the following 

indications for treatment: a) severe neutropenia less than 500/mm3; b) neutropenia 
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associated with recurrent infection; c) symptomatic anemia; and/or d) transfusion-dependent 

anemia. Decisions to start treatment were not based on any other factor, such as autoimmune 

disease or thrombocytopenia. Patients had no prior therapy with oral methotrexate or oral 

cyclophosphamide, were 18 years or older, and signed institutional review board informed 

consent in accordance with the Declaration of Helsinki. Other eligibility criteria included 

bilirubin <2.0 mg/dl, SGOT (AST) < 1.5 times normal, creatine < 2.0 mg/dl, ECOG 

performance status of 0–2, no previous or concurrent malignancies (except inactive non-

melanoma skin cancer, in situ carcinoma of the cervix, or other cancer if the patient had 

been disease free for over five years), no other serious medical illness, and for female 

patients, not pregnant or breastfeeding.

Objectives

The primary objectives of this study were 1) to estimate the complete response (CR) rate, 

partial response (PR) rate, and overall response rate of MTX therapy in LGL leukemia 

patients treated for neutropenia or anemia and 2) to estimate CR rate, PR rate, and overall 

response rate of Cy treatment in patients failing MTX, for treatment indications of 

neutropenia or anemia. Secondary objectives were to conduct correlative s tudies to better 

define LGL leukemia pathogenesis as well as to correlate with therapeutic response.

Study Design

Step 1 consisted of MTX at 10 mg/m2 orally in divided doses once weekly. One cycle of 

therapy consisted of four weeks of treatment. Prednisone was given at 1 mg/kg orally daily 

× 30 days and then tapered off in the subsequent 24 days. Patients not responding to MTX 

received Cy at 100 mg orally daily with the same prednisone schedule (Step 2). Patients 

achieving PR in either step received MTX or Cy, respectively, for a maximum of one year. 

Patients achieving CR in either step received MTX or Cy, respectively, for one additional 

month after documentation of CR. Protocol treatment was discontinued in patients failing 

step 2 therapy. Since the primary treatment indication was neutropenia or anemia and there 

was a potential for differential response rates, we conducted studies of identical design in 

each stratum defined by the primary symptom. Simon’s optimal two stage design was 

employed to allow for early termination of the study if this treatment demonstrated no 

beneficial effects with respect to response. The study was designed to terminate if fewer 

than 4 patients of 17 in each stratum achieved a complete or partial response in the first 

stage. Since 4 or more achieved a response, the study continued to the second stage. The 

study was designed to test the null hypothesis of a 20% response rate versus an alternative of 

40% with 90% power and an overall type I error rate of 0.08. Materials and methods for 

correlative laboratory studies, additional figures, and the complete clinical trial protocol are 

included as supplemental information.

Response Criteria

Treatment response was assessed after four cycles of therapy. CR was defined as attainment 

of normal CBC (ANC > 1500/mm3; lymphocyte count < 4,000/mm3; hemoglobin > 11g/dl; 

platelet count > 100,000/mm3). In addition, LGL counts as determined by repeat flow 

cytometry needed to be in the normal range. PR was defined as improvement in hematologic 

parameters in the absence of CR: 1) ANC > 500, as long as this represented 50% increase 
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(treatment category a); 2) improvement in ANC > 50% over baseline (treatment category b); 

3) increase in hemoglobin by > 1g/dl for at least four months duration (treatment category 

c); and 4) decrease in monthly transfusion requirements of > 50% for at least four months 

duration (treatment category d). Progressive disease was defined as worsening of 

hematologic parameters in patients previously achieving PR/CR. No response was defined 

as lack of CR/PR. Complete molecular remission was determined by showing absence of T 

cell clone using repeat T cell receptor gene rearrangement studies.

Statistical Methods

Univariate associations between dichotomous variables were evaluated by Fisher’s Exact 

test (1990). Associations involving ordered categorical variables were evaluated by the 

Wilcoxon Rank Sum test. Overall survival (OS) was defined as the time from study 

registration to death from any cause or date last known alive. Progression free survival 

(PFS) was defined as the time from registration to progression or to death without 

documentation of progression (censored). Patients who were alive without a progression 

were censored at the date of last contact. The methods of Kaplan and Meier (1958) were 

used to estimate survival curves and the significance was tested by logrank tests. P-values 

were reported for two-sided tests. No adjustments were made for multiple comparisons. The 

median follow-up was 6.3 years (range, 0.5–12 years) for the 34 surviving patients.

Laboratory Correlates

Array Data—Array results are deposited under Gene Expression Omnibus accession 

number GSE42664. Patient samples were prepared from peripheral blood collected 

immediately prior to the start of treatment. CD8+ T cells were prepared from normal donor 

lymphocyte filters from blood donations utilizing a Rosette-Sep negative isolation protocol 

(Stemcell Technologies, Vancouver, Canada) and confirmed to be >85% CD3+/CD8+ by 

flow cytometry. Terminal Effector Memory CD45RA+ (TEMRA) samples were additionally 

depleted of CD45RO+ cells by the addition of anti-CD45RO tetrameric antibody complexes 

and magnetic particles (Stemcell Technologies) to yield CD8+, CD3+, CD45RA+ and 

CCR7-cells. The use of age-matched controls limited the amount of contaminating naïve 

cells to less than 15 percent by flow cytometry. The comparison of LGL to normal CD8 has 

been previously shown(5), but the comparison to TEMRA is novel to this study. In 

concordance with that earlier study, LGL samples were not enriched prior to RNA isolation. 

Less than 25% of samples on this new array were represented in that study. Additional array 

information and validationare available in the supplement.

Cytokine Studies—Sera from healthy anonymous donors were collected by Florida 

Blood Services (St Petersburg, FL) and by the Hershey Medical Center Blood Bank 

(Hershey, PA) and consisted of 39 normal donors, 16 females (average age: 57, range: 23–

83) and 23 males (average age: 68, range: 49–100). All trial participant sera analyzed in 

these studies were from baseline draws prior to the initiation of the treatment regimen.

A total of 27 analytes were grouped into 4 panels which are noted in the supplemental 

methods. All manufacturer’s recommendations were followed in regard to serum dilution 

with appropriate buffers, setting of gates, and reporter PMT settings for the Bio-Plex 200. 
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Standards of known concentration for each analyte were used to construct a five-parameter 

linear regression model. Mean fluorescent intensity values for each bead region that 

corresponded to the analytes studied were fit to this model to determine concentrations in 

picograms per milliliter for each analyte measured.

STAT3 Testing—STAT3 mutation sequencing, cloning and mutagenesis, and reporter 

assays were carried out in a similar manner to earlier publications (15) with complete 

methods noted in the supplemental material.

Western Blot—Samples were lysed with RIPA buffer (Sigma, St. Louis, Missouri) and 

run on 10% Bis-Tris gels and then transferred onto PVDF membranes using a Trans Blot SD 

transfer cell (Bio-Rad). Blots were washed in 0.1% TBS-Tween and incubated with 

antibodies in either 5% milk or BSA TBS-T. Antibodies to E2F-1 (3742), C-MYC (9402) 

and GAPDH (2118) were purchased from Cell Signaling (Danvers, Massachusetts). Blots 

were developed with the Clarity ECL reagent (Bio-Rad) and imaged using the Chemidoc 

XRS+ system (Bio-Rad). Bands were quantified with the Quantity One software (Bio-Rad).

RESULTS

Demographics

The study accrued 59 patients between July 16, 1999 and March 24, 2009. Per two stage 

design, a response analysis was conducted after the first 17 eligible patients were accrued to 

each stratum. Since there were more than four responses, accrual continued to a total of 59 

patients. The study terminated with 59 patients on March 24, 2009 due to slower than 

expected accrual. Of the 59 patients enrolled, four patients were ineligible for Step 1: one 

patient did not satisfy indications for treatment; two patients did not meet eligibility criteria 

for diagnosis, having too few LGL; and in one patient, eligibility labs were performed more 

than four weeks after registration. There were 16 patients enrolled in Step 2 with two 

patients being ineligible: one patient did not satisfy indications for treatment and the other 

patient received less than four cycles of MTX therapy in Step 1. Therefore, response and 

survival analyses were based on 55 eligible p atients with data available as of August 2012. 

Median time from diagnosis to registration for eligible patients was 2.7 months (range 0 to 

95 months).

Baseline demographic characteristics of the study patients are shown in Table 1. Treatment 

indication was anemia in 29 (53%) patients and neutropenia in 26 (47%). There was some 

degree of overlap of cytopenias in these patients (Table 1). Importantly, however, none of 

the patients with anemia as treatment indication had severe neutropenia (ANC < 500 mm3) 

and similarly none of the patients with neutropenia as treatment indication had severe 

anemia (transfusion dependent). There were 7 patients with rheumatoid arthritis, 5 presented 

with neutropenia and 2 presented with anemia.

Treatment Compliance/Toxicity

Fifty-four patients began MTX therapy while one patient was excluded because of 

insufficient data. Of patients on therapy, 81% received at least 4 cycles of MTX treatment 
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and 57% received at least 4 cycles without dose adjustment or omission. The median 

number of cycles for Step 1 was 5 (range: 1–14). Fourteen (26%) patients began Step 2 

therapy and received a median of 3.5 (range: 1–12) cycles of Cy treatment. Seven (50%) of 

the patients received at least 4 cycles of Cy and 5 (36%) received at least 4 cycles without 

dose adjustment or omission.

During Step1, excessive complication or toxicity was the predominant off-treatment reason, 

followed by progressive disease and patient withdrawal; during Step 2, excessive 

complication or toxicity was the most common off-treatment reason.

Toxicity was assessed separately for patients wi th neutropenia versus anemia. Hematologic 

toxicities were excluded in the calculation of the worst degree for all toxicity as it is difficult 

to distinguish treatment related nadirs from cytopenia due to disease. In Step 1 therapy for 

25 neutropenic patients, there was one grade 5 toxicity in a patient with infection associated 

with neutropenia. Grade 4 toxicities included infection without neutropenia (one patient) and 

dyspnea (one patient). In Step 1 therapy for 29 anemia patients, there were three grade 5 

toxicities (pneumonitis/pulmonary infiltrates). Grade 4 non-hematologic toxicities included 

fatigue (two), hyperglycemia (one), hyponatremia (one), dyspnea (one), hypoxia (one), and 

pneumonitis/pulmonary infiltrates (one).

Sixteen patients were analyzed for toxicity in Step 2 therapy. There were no grade 5 

toxicities. Grade 4 non-hematologic toxicity included melena/GI bleeding (one) and 

increased SGOT (one).

Response

Tables 2A and 2B summarize the best confirmed response for patients by treatment 

indication for Step 1 and 2, respectively. Among the 55 eligible patients in Step 1, three 

(5%) achieved a complete response, eighteen (33%) had a partial response, twenty three 

(42%) had stable disease, one (2%) had progressive disease, nine (16%) were unevaluable, 

and one (2%) was unknown. Unevaluable patients did not complete four cycles of therapy 

for noted reasons: early death, ie death before response assessment at end of cycle 4 (three, 

including two of the grade 5 toxicities in step 1), stroke (one), patient withdrawal (one), loss 

to follow-up (one), progressive disease after one cycle (one), and toxicity (two). The 

estimated overall response rate to MTX was 38% with 95% CI: 25%, 52%. For patients with 

neutropenia, the overall response rate was 42%. Patients with anemia had an overall 

response rate of 34%.

Among the 14 eligible patients in Step 2, three (21%) achieved a complete response, six 

(43%) achieved a partial response, two (14%) had stable disease, and three (21%) were 

unevaluable. The overall response rate for Cy was 64% with 95% CI: 35%, 87%. For 

patients with neutropenia, the overall response rate was 50%. Patients with anemia had an 

overall response rate of 83%. Of the six eligible patients who achieved a CR in Step 1 or 

Step 2, one patient had a molecular remission.

The response rate to MTX in patients with rheumatoid arthritis was not different statistically 

than the overall group.
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Two of the 7 patients (28.6%) with rheumatoid arthritis had a response (one complete 

response and one partial response) to MTX, with 95% CI: 3.7%, 71.0%.

Survival and Progression-Free Survival

Survival time was defined as the time from registration to the date of death or the date last 

known alive (censored). The median overall survival for patients presenting with anemia 

was 69 months. The lower bound of the 95% CI was 46 months, but the upper bound has not 

been reached to date. The median OS for patients presenting with neutropenia has not been 

reached as of August 2012. The OS Kaplan-Meier plot by treatment indication is presented 

in Figure 1A. The median follow-up time of 34 surviving patients was 76 months. For the 15 

deaths among patients presenting with anemia, there were 7 due to disease, 3 due to 

treatment, 4 due to other causes, and 1 due to unknown cause. For the 6 deaths among 

patients presenting with neutropenia, there was 1 due to disease, 1 due to treatment, 2 due to 

other causes (neither disease nor treatment), and 2 due to unknown causes.

PFS was defined as the time from registration to progression or death without 

documentation of progression (censored). The Kaplan-Meier plot for PFS is presented in 

Figure 1B for 55 eligible patients in Step 1. The median PFS for patients with anemia was 

29 months with a 95% CI: 21, 62 months. For patients presenting with neutropenia, the 

median PFS has not been reached as of August 2012, but the lower bound of the 95% CI 

was 23 months. Patients who were alive without a progression were censored at the date of 

last contact.

Laboratory Correlates

Serum Biomarkers—Of the 27 serum cytokines measured in 41 patients and 37 age-

matched normals, 9 of them differed from the normal samples tested (Wilcoxon p-value less 

than .0019) (Table S1, online only). We confirmed the involvement of proteins known to be 

dysregulated in LGL Leukemia such as Fas Ligand (FASL) and Interleukin 18.(16, 17) We 

also found elevated serum levels of soluble ICAM and VCAM which have not been 

previously reported in LGL leukemia. None of these biomarkers were predictive of 

therapeutic response. We were also interested in knowing whether there were differences in 

biomarker expression when comparing LGL leukemia patients with neutropenia to those 

with anemia. Of the 9 serum cytokines shown to be different between LGL and normal we 

observed higher levels of FASL in anemic patients (unadjusted Wilcoxon p=.051).

STAT3 Mutational Analyses—Sanger sequencing of DNA or RNA samples from 50 of 

55 eligible samples was performed to detect the presence of recently discovered mutations in 

exon 21 of the transcription factor STAT3.(15) In this cohort, 24 of 50 patients had STAT3 

mutations (48%). Mutations resulting in variant protein were predominantly amino acid 

changes Y640F (22%) or D661Y (16%). Other mutations included D661V (4%), N647I 

(4%) and D661H (2%). Overall, patients with STAT3 mutations were more likely to respond 

to treatment (p = 0.044). Of interest was whether the dominant mutations in this study, 

D661Y or Y640F, correlated with response. We found 8 of 11 (73%) patients with Y640F 

mutations responded to MTX (Fisher exact p-value 0.036), whereas 3 of 8 with D661Y 

mutations had a response (p-value 0.67). All non-responsive patients with the Y640F 
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mutation were of the unevaluable class; the inability to complete at least four courses of 

MTX. Therefore, the mutation was 100% predictive of response in those instances where a 

full course of MTX was administered.

Gene expression correlation with response and mutation status—Gene Set 

Enrichment Analysis (GSEA) of microarray data has been informative in elucidating 

survival signaling pathways in LGL leukemia.(5) Therefore, microarray analysis was 

performed on 37 patient samples including 19 MTX responders and 18 non-responders. 

Ranking gene changes in Gene Pattern, we identified 127 genes with a Z-score greater than 

3. The overwhelming majority of the genes ranked as being significantly changed 

represented upregulation in the responder phenotype (Figure 2). GSEA of KEGG, BioCarta 

and GenMAPP pathways identified a number of pathways as being enriched in patients that 

responded to MTX. Gene sets with a normalized enrichment score greater than 1.6 are listed 

in Table 3A. MYC is a common constituent of several highly ranked gene sets. MYC, FOS 

and PIM1 have been shown to be transcriptional targets of Stat3 that mediate cell growth 

and proliferation.(18, 19) Our array results indicated these genes tended to be up-regulated 

in the responders by at least 50 percent (FOS 1.58 fold, MYC 1.76 and PIM1 1.57). 

Additional array comparisons and validations are present in the Supplement.

The pathway indicated as VIP is a gene set that contributes to the inhibition of Activation 

Induced Cell Death (AICD) by Vasoactive Inhibitory Protein(VIP). Inhibition of AICD, not 

necessarily through VIP involvement, has been shown previously to be involved in the 

pathogenesis of LGL leukemia.(4)

The upregulation of genes related to oxidative phosphorylation could indicate increased 

energy demands by the cell or the replication of mitochondria in preparation for division. In 

support of the latter, one of the most consistently elevated genes in responders is Dynamin 

1-like a gene with an established role in mitochondrial fission.(20) This is consistent with 

the observed ability of Stat3 to increase the electron transport chain in support of Ras 

transformation,(21) which also shows pathway upregulation in the responder phenotype. 

The cellular location and mechanism of interaction that brings this about continues to be 

controversial.(22) Dynamin-1-like has also been shown to interact with Glycogen Synthase 

Kinase 3 (GSK3)(23) which also has demonstrated gene set enrichment in the responder 

phenotype.

Pathway enrichment by major mutation types—As noted before, the Y640F mutated 

genotype strongly correlated with response to therapy with MTX, whereas the D661 mutated 

genotype did not. Gene set analysis identical to that performed between responder and 

nonresponder was conducted on seven, Y640F mutant samples and eight samples with D661 

mutation, predominantly D661Y. Intriguingly, both Oxidative Phosphorylation and 

Aminosugars Metabolism pathways, previously deemed to be upregulated in MTX 

responders, were differentially upregulated in Y640F mutants (Table 3B). Another related, 

key pathway upregulated by Y640F mutations was that of Purine Metabolism which may 

explain differential MTX response, as inhibition of purine biosynthesis is a primary 

mechanism of action of low-dose MTX.17
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STAT3 Y640F mutant has strongest transcriptional activity—We speculated that 

expression of gene sets enriched in Y640F mutants might be the result of stronger 

transcriptional activity of the Y640F mutants versus the D661 mutant. Both the D661V and 

Y640F mutations of STAT3 have been shown to increase the transcriptional activity of 

STAT3, with the Y640F mutation being considerably stronger.(15) The tra nscriptional 

activity of the major D661 mutation observed in this study, D661Y, had not been described. 

We performed luciferase assays to determine the transcriptional strength of this mutation. 

D661Y had increased transcriptional activity when compared to an equally expressed 

wildtype, but much less than that observed for the Y640F mutation, 15-fold versus 131-fold 

respectively. We additionally report the activity of an S614R mutation from exon 20 that 

was found in two patients from this study (Figure 3A).

Additional but indirect evidence of strong STAT3 activity is our finding that the mir-223 

precursor transcript was the most significantly downregulated transcript in the Y640F 

mutation group (2.2 fold downregulated with a t-test p-value of 0.0004). We confirmed this 

array finding with quantitative RT-PCR (Figure 3B). Mir-223 has been shown to repress 

E2F1 translation by binding the 3' UTR of its transcript and E2F1 has been shown to 

reciprocally repress the transcript for mir-223 through promoter binding and inhibition of 

transcription.(24) Potentially, very high E2F1 levels such as those that are present prior to 

replication, could be achieved that would silence mir-223. An increase in E2F1 in leukemic 

LGL could be the result of increased Myc levels driven by STAT3(18) (diagrammed in 

Figure S1, online only). Indeed, we observe increased Myc and E2F1 protein levels in LGL 

cells compared to normal CD8+ controls (Figure 3C). LGL counts of 3280/mm3 observed 

for patients with STAT3 mutation, compared to 1576/ mm3 for patients not harboring a 

mutation provides additional support for a more proliferative state in mutated patients 

(Wilcoxon p-value of 0.051). Intriguingly, ranking the percent response in the mutational 

groups follow the same trend as the transcriptional strength of that mutant (Figure 3D).

DISCUSSION

We describe here t he results of the first large prospective study of immunosuppressive 

agents for the treatment of LGL leukemia. Overall, the response rate of the first line of 

treatment with MTX was 38%. This compares to a previously reported response rate of 56% 

when combining several small retrospective studies.(14) A design feature of the study was 

to stratify patients according to the indication for treatment, i.e. anemia versus neutropenia. 

Similar response rates to MTX were observed whether treatment indication was severe/

symptomatic neutropenia or severe/symptomatic anemia. For those patients not responding 

to MTX, Cy proved to be an effective second line of treatment with 64% of patients 

achieving at least PR. Given the high rate of response of the second line of treatment, it can 

be inferred that prior failed treatment with MTX does not negatively influence future 

response to Cy. Our correlative laboratory studies confirm and extend previous observations 

indicating that production of proinflammatory cytokines is characteristic of LGL leukemia. 

We previously showed high serum levels of soluble Fas, Fas ligand, IFNgamma, IFN-

alpha2, IL-6, IL-8 and IL-18 in patients with LGL leukemia.(16) A fundamental pathogenic 

mechanism in LGL leukemia is resistance to Fas-mediated death despite high expression of 

both Fas and Fas ligand in leukemic LGL. Blockade of Fas signaling by soluble Fas is one 
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potential mechanism leading to apoptotic resistance.(25) Of interest, serum levels of TRAIL, 

a pro-apoptotic molecule similar to Fas ligand were also markedly elevated. Inhibition of 

TRAIL signaling by TRAIL decoy receptors and subsequent resistance to TRAIL induced 

apoptosis has been observed in a number of cancers. We note that LGL leukemic sera have 

high levels of such decoy receptors (unpublished observation). For the first time in LGL 

leukemia, we report the presence of elevated soluble VCAM and ICAM which have been 

implicated in the pathogenesis of rheumatoid arthritis(26) and the subject of potential 

therapeutic targeting.

An intriguing finding of this study was the identification of a gene signature that correlates 

with response. A gene signature similar to that associated with response was further 

enriched in patients with STAT3 Y640F mutated genotype. Indeed, the presence of this 

strongest activating mutation, Y640F, alone predicted therapeutic response to MTX. All 

patients with this mutation that completed at least 4 cycles of MTX responded to therapy. 

This finding appears counterintuitive as STAT3 activation has been associated with drug-

resistant phenotype.(27) Therefore, it will be most important to validate our preliminary 

finding in a larger cohort of patients, particularly since the relatively small sample size did 

not allow the traditional strategy of biomarker evaluation utilizing a validation cohort. 

Nevertheless, such a putative role of STAT3 mutation in leukemic LGL biology is 

provocative. We speculate that purine depletion by MTX in the presence of E2F1 expression 

leads to apoptosis of leukemic LGL as they attempt to enter cell cycle (Figure S1). This 

model suggests that increased transcriptional activity of STAT3 may lead to increased 

sensitivity to MTX. Indeed, we showed that the Y640F mutation associated with clinical 

response had much stronger transcriptional activity than the other most common STAT3 

mutation observed in this study (D661Y). Also supportive of this model is our finding that 

Y640F mutants displayed 2.2 fold lower expression of the precursor for mir-223. E2F1 and 

mir-223 have been shown to negatively regulate each other.(24) Activation of this regulatory 

loop would lead to sustained high levels of E2F1 and low levels of mir-223, as demonstrated 

in leukemic LGL with a mutated Y640F genotype (Figure 3). It is also of interest that not all 

of the patients with a responder gene signature harbored mutations in STAT3. Our previous 

work showed that STAT3 was a key hub in the LGL leukemia survival network.(4) It is 

conceivable that there may be mutations in other genes that would allow them to activate 

STAT3.

In summary, we report the results of the first prospective trial of immunosuppressive therapy 

for the treatment of LGL leukemia. Correlative studies suggest a gene signature and mutated 

STAT3 Y640F genotype as potential predictors of response to MTX, which need validation 

in larger studies. The two-step design of the protocol did not allow for direct analysis of 

efficacy of MTX versus Cy. A recent retrospective study showed a 72% overall response 

rate to first-line Cy therapy.(28) A prospective trial comparing MTX versus Cy as initial 

treatment of LGL leukemia has just been activated in France. Nevertheless, the somewhat 

low response rates to immunosuppressive agents highlight the need for development of new 

therapeutics for LGL leukemia.
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Figure 1. Survival Curves of Study Participants
Kaplan-Meier curves are presented for overall (A) and progression-free (B) survival, 

stratified by reason for treatment.
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Figure 2. Heatmap of baseline sample gene expression in Methotrexate responders versus 
nonresponders
The top 126 genes by Z-score are displayed. Red shading indicates upregulation of mRNAs 

which are listed by official gene symbol at right. Samples are divided into 4 main groups 

from left to right, normal CD8+, normal Temra, patients with response to Methotrexate and 

lastly those not responding. Individual patient lanes are labeled by mutation type, type of 

response and trial accession number.

PR = partial response, CR = complete response, NC = no change, and PROG = progression
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Figure 3. Evidence for Increased Transcriptional Activity of the Y640F STAT3 Mutation
A) Y640F mutant greatly increased STAT3 transcriptional activity compared to STAT3 wild 

type and other mutants. HEK293T cells were co-transfected with Cignal STAT3 reporter 

harboring an SIE response element upstream of luciferase reporter and vector alone (vector), 

wild type STAT3 (WT), or STAT3 mutants (S614R, Y640F, D661Y or D661V). (Bottom) 

Western blot to detect the expression of the different STAT3 variants using human STAT3 

antibody and using antibody β-actin as loading control.

B) Quantitative RT-PCR indicating a reduction of the mir-223 precursor transcript in patient 

cells harboring the Y640F mutation. Relative expression is normalized to the mean of the 

Y640F sample group.

C) Western blot of MYC and E2F1 in leukemic LGL and normal unactivated control CD8+ 

(NCD8, negative control) and activated CD8+ cells (AcCD8, positive control). Two baseline 

patient samples from each mutation class are di splayed. Bar graphs depicts the average 

level of expression of E2F1 and MYC as a proportion of GAPDH, normalized to unactivated 

control CD8+ samples.

D) Response rates to Step 1 by mutation type as percent of total responding.
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Table 1

Step 1 On-Study Characteristics

Variable Category Neutropenia Anemia Total

Number of Patients 26 29 55

Age Mean (SD) 59.0 (15.8) 71.2 (17.3) 65.4 (17.6)

Median (Q1,Q3) 60 (47, 73) 74 (67, 84) 70 (54, 80)

[Min, Max] [24, 81] [20, 89] [20, 89]

Gender Male 13 (50.0%) 17 (58.6%) 30 (54.5%)

Female 13 (50.0%) 12 (41.4%) 25 (45.5%)

Race White 24 (92.3%) 28 (96.6%) 52 (94.5%)

Hispanic 1 (3.8%) 0 (0.0%) 1 (1.8%)

Black 1 (3.8%) 0 (0.0%) 1 (1.8%)

Asian 0 (0.0%) 1 (3.4%) 1 (1.8%)

ECOG Performance Status 0 11 (42%) 5 (17%) 16 (29%)

1 10 (38%) 23 (79%) 33 (60%)

2 5 (19%) 1 (3%) 6 (11%)

Rheumatoid Arthritis No 21 (81%) 27 (93%) 48 (87%)

Yes 5 (19%) 2 (7%) 7 (13%)

Months from Diagnosis to Study Entry Mean (SD) 10.37 (15.13) 15.23 (25.10) 12.93 (20.94)

Median (Q1,Q3) 2.7 (1.3, 9.0) 1.9 (1.6, 16.0) 2.7 (1.4, 14.1)

[Min, Max] [0.4, 53.5] [0.0, 95.0] [0.0, 95.0]

Hemoglobin (g/dl) Mean (SD) 12.27 (2.01) 9.24 (1.16) 10.67 (2.21)

Median (Q1,Q3) 12.4 (11.0, 13.5) 9.3 (8.6, 9.9) 10.3 (9.0, 12.3)

[Min, Max] [8.4, 16.3] [7.0, 11.7] [7.0, 16.3]

ANC (cells/mm3) Mean (SD) 248.4 (192.2) 1554.7 (1000.4) 937.2 (984.5)

Median (Q1,Q3) 212 (98, 400) 1240 (986, 1862) 700 (262, 1322)

[Min, Max] [0, 620] [693, 5350] [0, 5350]

Platelets (K/mm3) Mean (SD) 170.4 (78.8) 248.9 (117.4) 211.8 (107.6)

Median (Q1,Q3) 174 (102, 211) 228 (181, 310) 205 (154, 254)

[Min, Max] [49, 370] [59, 556] [49, 556]

WBC (K/mm3) Mean (SD) 5.6 (4.1) 8.3 (5.2) 7.0 (4.8)

Median (Q1,Q3) 4 (3, 8) 6 (5, 9) 6 (4, 9)

[Min, Max] [1, 18] [3, 25] [1, 25]

Total # of LGL cells/mm3 Mean (SD) 2515.7 (2603.9) 2564.5 (2402.9) 2542.0 (2471.5)

Median (Q1,Q3) 1339 (730, 2797) 1800 (1024, 2770) 1724 (758, 2824)

[Min, Max] [231, 8500] [266, 9856] [231, 9856]

Freq. of Missing 3 2 5

Percentage of cells CD3+/CD57+ Mean (SD) 52.3 (25.8) 41.3 (24.2) 46.5 (25.3)

Median (Q1,Q3) 48 (35, 67) 43 (21, 56) 46 (28, 61)

[Min, Max] [3, 100] [7, 90] [3, 100]

Freq. of Missing 3 3 6
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