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To the editor:

Despite the recent development of targeted therapies, chronic lymphocytic leukemia (CLL) 

remains incurable. Survival of CLL cells depends on constitutively activated signaling 

pathways that converge on a small number of transcription factors which mediate the altered 

gene expression that underlies the pathobiology of CLL. One such oncogenic transcription 

factor, which is downstream of both B cell receptor signaling and cytokines that drive B cell 

proliferation and survival, is STAT3 (1). STAT3 regulates the expression of genes controlling 

central cellular events, including proliferation, survival, and pluripotency. In essentially all 

patients with CLL, STAT3 is phosphorylated on serine-727 (2), which drives changes in 

gene expression underlying the pathogenesis of this disease (3).

Through a chemical biology approach, we identified the anti-microbial agent pyrimethamine 

as an inhibitor of STAT3 transcriptional function (4, 5). To test the hypothesis that an 

inhibitor of the transcriptional function of STAT3 would have therapeutic benefit in CLL, we 

first evaluated the effects of pyrimethamine on CLL cells in vitro (Methods found in 

Supplementary Material). Pyrimethamine caused a dramatic decrease in viable CLL cells, 

and did so through the induction of apoptosis (Supplementary Figure 1). Peripheral blood 

mononuclear cells (PBMC) from healthy donors showed little effect from pyrimethamine, 

consistent with the known excellent safety profile of this drug.
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To identify genes regulated by STAT3 in CLL cells, which could serve as biomarkers for 

STAT3 inhibition, we first started with a set of 361 genes known to be upregulated in CLL 

cells compared to normal B lymphocytes (6) (Supplementary Figure 2A). We then filtered 

these genes based on regulation by STAT3 in independent data sets, or STAT3 binding in 

proximity to the gene by chromatin immunoprecipitation (ChIP). From this analysis, we 

identified five genes (AIM2, ATXN1, ENPP2, GAB1, and ID3) that showed increased 

expression in CLL cells compared to healthy B lymphocytes, and which had the criteria of 

direct STAT3 target genes.

When primary CLL cells were treated ex vivo with pyrimethamine, decreased expression of 

all five STAT3 signature genes was consistently observed (Supplementary Figure 2B). As 

expected, lymphocytes purified from the blood of healthy donors showed minimal 

expression of these genes and no significant change with pyrimethamine treatment. Given 

that pyrimethamine decreased the expression of STAT3 target genes and the survival of CLL 

cells in vitro, along with its known excellent safety profile, we designed a clinical trial to 

assess the efficacy of pyrimethamine as a single agent in patients with relapsed refractory 

CLL. This trial was initiated prior to the introduction of BTK, PI3K, or BCL-2 inhibitors 

into clinical use for this disease.

Sixteen heavily pretreated patients, with a median of six prior therapies, enrolled on the 

phase 1 portion of this study. Patient characteristics are provided in Supplemental Table 1. 

Three patients each were enrolled on cohorts 1 (12.5 mg daily) and 2 (25 mg daily) with no 

dose-limiting toxicities (DLTs) and no significant drug-related toxicities (Supplementary 

Table 2). Cohort 3 (50 mg daily) enrolled 10 patients, also with no DLTs observed. The 

maximum tolerated dose was not reached at doses up to 50 mg daily.

Plasma levels of pyrimethamine increased progressively in samples obtained during the first 

two weeks of treatment, with apparent steady state conditions achieved after dosing for 2 

weeks. The steady state plasma concentration of pyrimethamine increased linearly with 

escalation of the daily dose from 12.5 to 50 mg (Supplementary Figure 3 and Supplementary 

Table 3). The geometric mean steady state concentration of pyrimethamine in plasma was 

6.17 μM for the 5 patients with evaluable samples who received the 50 mg daily dose, 

somewhat less than the target concentration of 10 μM projected for maximal STAT3 

inhibition (4). The steady state concentration of pyrimethamine in PBMCs, was also linearly 

related to the dose (Supplementary Figure 3B) and correlated with the corresponding 

concentration of the drug in plasma.

No objective responses by IW-CLL 2008 criteria were observed. However, 50% of patients 

achieved stable disease, with one patient dosed at 50 mg/d on therapy for 12 months, and 

two at 25 mg/d on for 4 and 6 months. The remaining patients had progressive disease, with 

all but one patient discontinuing for progressive disease. The median overall survival was 

22.2 months (Supplementary Figures 4 and 5), consistent with the heavily pretreated status 

and limited therapeutic options for these patients.

To determine whether pyrimethamine was inhibiting STAT3 transcriptional function in the 

CLL cells in vivo, mRNA was harvested from CLL cells from each patient prior to initiating 
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pyrimethamine and while on therapy. Decreased expression of the STAT3 signature could be 

detected at a minimum of two different time points in eight of the 16 patients within the first 

two months of treatment (Figure 1A). However, at the time of clinical progression, 

increasing expression of the STAT3 signature generally occurred (Figure 1B). The 

expression of the five signature genes was generally highly concordant and was well 

reflected with an arithmetic mean.

These analyses also revealed correlations between pharmacokinetic and pharmacodynamic 

data that suggest mechanistic underpinnings for clinical effects. For example, in patient 6 

(Supplementary Figure 6A), expression of the five STAT3 signature genes remained 

suppressed at the times of most of the pharmacodynamic blood sampling. However, at the 

last four samplings, the trough level of pyrimethamine decreased significantly in the setting 

of intermittent drug holds, and this coincided with increased expression of all five of the 

signature genes and clinical progression. In patient 8, by contrast, pyrimethamine levels 

were relatively high, and expression of the signature genes remained suppressed 

(Supplementary Figure 6B). These findings suggest that quantitation of this five gene 

signature may be an effective way to measure on-target effects of STAT3 inhibition for 

pyrimethamine (and likely other STAT3 inhibitors) and that loss of suppression of these 

genes may presage clinical progression.

To determine whether the response of a patient’s CLL cells to pyrimethamine ex vivo would 

be a predictive marker for a patient’s clinical response, we treated pre-tretment patients’ 

cells in culture with vehicle or 10 μM pyrimethamine. Samples were available from four 

patients for analysis (Supplementary Figure 7). All showed varying levels of loss of viability 

in the presence of pyrimethamine compared to vehicle treatment. Of the two patients from 

the highest dose cohort who were analyzed in this way (patients 9 and 12), both showed 

relatively little loss of viability ex vivo (Supplementary Figure 7), and both showed 

relatively little effect on the STAT3 gene expression signature in vivo (Supplementary Figure 

6).

For six patients, we were able to analyze change in expression of the five STAT3 signature 

genes following 24 hours of treatment with pyrimethamine (10 μM) ex vivo (Supplementary 

Figure 8). Variable degrees of inhibition of the STAT3 signature genes were observed, 

though four of the six patients had a majority of the signature genes decrease by at least 

25%. Of the three patients who had both gene expression analysis and ex vivo cell survival 

analysis (patients 4, 5, and 9), only one showed a decrease of viable cell number greater than 

50% (patient 4), and this was the only one of these patients in whose cells gene expression 

was suppressed by greater than 25% in a majority of the STAT3 signature genes. This patient 

also showed notable suppression of STAT3 target genes in vivo (Supplemental Figure 6A). 

These findings are suggestive of a correlation between inhibition of STAT3 transcriptional 

activity and inhibition of CLL cell survival.

Two of the six patients for whom ex vivo gene expression analysis was performed (patients 7 

and 9) had been in the highest dose cohort. Patient 7 showed suppression of a majority of 

STAT3 signature genes when treated ex vivo and also showed suppression of the gene 

signature at multiple time points in vivo (Supplemental Figure 6). By contrast, patient 9 
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showed little repression of the STAT3 signature with either ex vivo or in vivo treatment with 

pyrimethamine. These data raise the possibility that testing for the response to 

pyrimethamine ex vivo, either based on cell survival or suppression of expression of STAT3 

target genes, may be a predictive marker for the response to this STAT3 inhibitor.

We anticipate that single agent activity of pyrimethamine would require dose escalation 

above 50 mg daily, which should be feasible and safe based on our data. By decreasing 

expression of pro-survival genes, pyrimethamine can also sensitize cells to undergoing 

apoptosis. Thus, combinations of pyrimethamine with signaling inhibitors active in CLL, 

such as the BTK or PI3K inhibitors, might result in enhanced activity. In addition, by 

decreasing expression of anti-apoptotic genes such as MCL1 and BCL-xl, pyrimethamine 

may also synergize with a BCL2 inhibitor active in CLL, such as venetoclax. Finally, STAT3 

activation leads to modulation of expression of immune-regulatory genes resulting in tumor 

cells that are more resistant to immune-based killing as well as the establishment of an 

immunosuppressive microenvironment, and this can be reversed with pyrimethamine. 

Therefore, combinations of pyrimethamine with immune activating treatments, such as 

immune checkpoint inhibitors, may be particularly active in CLL, a disease that has not 

generally been sensitive to single agent immunotherapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Changes in the STAT3 gene expression signature in patients on therapy.
Samples for pharmacodynamic analysis of changes in expression of STAT3 target genes 

were obtained prior to treatment (Pre-Med), and then two hours post drug on day 1 of cycle 

1 (PD3), one day among days 2 through 5 of therapy (optional; PD4), day 8 (PD5), 15 

(PD6), and 22 (PD7) of cycle 1, day 1 (PD8) and 15 (PD9) of cycle 2, and day 1 of 

subsequent cycles (PD10–18). (A) Expression of the five gene signature for each patient 

normalized to pre-treatment levels. (B) Expression of the STAT3 signature showed 

increasing expression at the time of progression in most patients.
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