
STAT3 Activates the Pentraxin 3 Gene in Chronic Lymphocytic 
Leukemia Cells

Uri Rozovski*,†,‡,1, Ivo Veletic*,1, David M. Harris*, Ping Li*, Zhiming Liu*, Preetesh Jain*, 
Taghi Manshouri*, Alessandra Ferrajoli*, Jan A. Burger*, Prithviraj Bose*, Phillip A. 
Thompson*, Nitin Jain*, William G. Wierda*, Srdan Verstovsek*, Michael J. Keating*, Zeev 
Estrov*

*Department of Leukemia, The University of Texas MD Anderson Cancer Center, Houston, TX

†Division of Hematology, Davidoff Cancer Center, Rabin Medical Center, Petach Tiqva, Israel

‡The Sackler School of Medicine, Tel Aviv University, Tel Aviv, Israel

Abstract

The pentraxin-related PTX3, commonly produced by myeloid and endothelial cells, is a humoral 

pattern-recognition protein of the innate immune system. Because CLL patients’ PTX3 plasma 

levels are high and most circulating cells in patients with CLL are CLL cells, we reasoned 

that CLL cells produce PTX3. Western immunoblotting revealed that low-density cells from 7 

out of 7 CLL patients produce high levels of PTX3, flow cytometry analysis revealed that the 

PTX3-producing cells are B lymphocytes co-expressing CD19 and CD5, and confocal microscopy 

showed that PTX3 is present in the cytoplasm of CLL cells. Because signal transducer and 

activator of transcription (STAT)-3 is constitutively activated in CLL cells and we identified 

putative STAT3 binding sites within the PTX3 gene promoter, we postulated that phosphorylated 

STAT3 triggers transcriptional activation of PTX3. Immunoprecipitation analysis of CLL cells’ 

chromatin fragments showed that STAT3 antibodies precipitated PTX3 DNA. STAT3 knockdown 

induced a marked reduction in PTX3 expression, indicating a STAT3-induced transcriptional 

activation of the PTX3 gene in CLL cells. Using an electromobility shift assay we established and 

using a dual-reporter luciferase assay we confirmed that STAT3 binds the PTX3 gene promoter. 

Downregulation of PTX3 enhanced apoptosis of CLL cells, suggesting that inhibition of PTX3 

might benefit patients with CLL.

Introduction

The normal B-cell lineage in chronic lymphocytic leukemia (CLL) is gradually replaced 

by neoplastic B lymphocytes (1) whose differentiation into antibody-producing cells is 

significantly impaired. As a result, low immunoglobulin serum levels characterize patients 

with CLL. However, despite their progressive hypogammaglobulinemia, neutropenia and 
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impaired T-cell function (2), untreated CLL patients experience a relatively low incidence 

of severe bacterial infections (3) and increased rates of autoimmune disorders such as 

hemolytic anemia, immune thrombocytopenia, paraneoplastic pemphigus, and acquired 

angioedema (4, 5). Unlike the adaptive immune system whose role in these conditions has 

been extensively studied (3–5), the role of the evolutionary conserved innate immune system 

in patients with CLL is comparatively scant.

Pentraxin-related protein 3 (PTX3), C-reactive protein (CRP) and serum amyloid P (SAP) 

are members of the pentraxin superfamily of inflammatory proteins, characterized by a 

cyclic pentameric structure (6). Like CRP and SAP, PTX3 is a major component of the 

humoral arm of the innate immune response system (7). As such, PTX3 exerts antibody-

like functions and enhances microbe opsonization, glycosylation-dependent regulation 

of inflammation and complement activation, thus contributing to facilitation of bacteria 

clearance (8). Conversely, PTX3 plays a significant role in the development of several 

autoimmune disorders (9). PTX3 also plays a pleiotropic role in the pathobiology of a 

variety of cancers. For example, high levels of PTX3 are associated with an inferior outcome 

in ovarian (10), prostate (11), and head and neck cancers (12). In hepatocellular carcinoma 

PTX3 accelerates metastasis (13) and in glioblastoma overexpression of PTX3 is associated 

with high-grade tumor burden and disease severity (14).

Given that PTX3 exerts anti-bacterial functions and induces autoimmunity, and because 

in patients with CLL serum levels of CRP are high (15), we wondered whether CLL 

patients harbor high levels of PTX3 and whether, like circulating myeloid cells (16), CLL 

cells produce PTX3. Furthermore, because in glioblastoma, like in CLL (17), the signal 

transducer and activator of transcription-3 (STAT3) is continuously phosphorylated on 727 

residues and is constantly activated (18, 19), we hypothesized that STAT3 promotes the 

transcriptional activity of the PTX3 gene in CLL cells. In addition, bearing in mind the role 

of PTX3 in occurrence and development of various neoplasms (6), we aimed to uncover 

what role PTX3 plays in the pathogenesis of CLL.

Materials and Methods

CLL patients’ and healthy donors’ peripheral blood sample processing

Heparinized peripheral blood (PB) samples from 30 treatment-naive CLL patients followed 

at The University of Texas MD Anderson Cancer Center Leukemia Clinic and from 

10 healthy individuals were analyzed. Informed consent was obtained under a protocol 

approved by the Institutional Review Board. Supplemental Table SI depicts the patients’ 

clinical characteristics. All PB samples were transferred to 15 ml tubes to allow cell 

sedimentation, plasma was removed and stored at −20°C, and low-density cells (LDCs) were 

isolated based on a Ficoll-Hypaque 1077 density gradient (Sigma-Aldrich, St. Louis, MO). 

LDC lymphocytes from the studied CLL patients overwhelmingly expressed cell surface 

CD19 antigens (>90%), as determined by flow cytometry using an upgraded FACSCalibur 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Normal B lymphocytes or CLL 

patients’ CD19+ cells were isolated from healthy individuals’ or CLL patients’ LDCs using 

paramagnetic MACS-nanoparticles and ferromagnetic separation system (Miltenyi Biotec, 

Auburn, CA). CD19 antigen expression ≥98% was confirmed by flow cytometry.
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Enzyme-linked immunosorbent assay (ELISA)

To assess the plasma levels of PTX3, SAP and CRP, we performed ELISA using 

commercially available kits (Origene Technologies, Rockville, MD; Abnova, Taipei, Taiwan; 

Invitrogen, Waltham, MA). Briefly, patients’ and healthy individuals’ plasma was incubated 

in microplate wells in duplicate for 2 h at 37°C. After plasma removal, the wells were 

washed with PBS (Invitrogen) and incubated with PTX3 antibodies for 2 h. After washing 

with PBS, a horseradish peroxidase-conjugated detection antibody was added to the 

microplate wells to detect bound IgGs and color development was measured at 490 nm 

filter using an EL309 automated microtiter reader (BioTek Instruments, Winooski, VT).

RNA extraction and reverse transcription PCR

To extract total RNA from CLL cells we used TRIzol solution (Invitrogen). RNA quality and 

concentration were determined using ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). Total RNA (1 μg) was converted into cDNA using SuperScript First-

Strand synthesis system (Invitrogen). PCR reactions were performed using primers listed in 

Supplemental Table SII and hot-start TaKaRa Taq DNA polymerase (Takara Bio USA, San 

Jose, CA). PCR products were separated by electrophoresis on an ethidium bromide-infused 

2% agarose gel with a GeneRuler 1 kb Plus DNA ladder (Thermo Scientific, Waltham, MA) 

as reference.

Quantitative real-time PCR (qRT-PCR) analyses

To quantitate mRNA levels of STAT3-target genes we used PCR primers with FAM dye-

labeled probes (Supplemental Table SII) and TaqMan Universal PCR master mix (Applied 

Biosystems, Waltham, MA, USA). qRT-PCR analysis was performed in triplicate on 

QuantStudio 7 Flex system (Applied Biosystems). Relative gene expression was calculated 

using delta-delta cycle threshold (Ct) method with GAPDH as endogenous control.

To quantitate expression of genes associated with cell death and survival we used 84-plex 

SYBR green-based RT2 Profiler PCR array (Human Cell Death PathwayFinder; Qiagen, 

Germantown, MD). A total of 5 μg of RNA was converted into cDNA using RT2 First 

Strand kit (Qiagen) and qRT-PCR analysis was performed in duplicate on QuantStudio 7 

Flex platform. Relative gene expression was calculated using delta-delta Ct method where Ct 

value of each gene was normalized to the mean Ct value of 5 housekeeping genes (ACTB, 

B2M, GAPDH, HPRT1, and RPLP0).

Western immunoblotting

Protein blotting was conducted according to the method we reported before (20). Briefly, by 

using the Pierce BCA protein assay reagent (Thermo Fisher Scientific, Waltham, MA), cell-

derived protein levels were adjusted so that the same protein concentration was used in each 

experiment. After mixing with 4× Laemmli sample buffer, cell lysates were denatured by 

heat, electrophoretically separated, transferred to nitrocellulose membranes, and incubated at 

4°C overnight. The membranes stained with Ponceaus S stain to verify equal protein loading 

were blocked, incubated with primary antibodies and horseradish peroxidase-conjugated 

secondary antibodies (GE Healthcare, Chicago, IL), and probed using chemiluminescence. 

Antibodies used in the western immunoblotting are listed in Supplemental Table SII.
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Flow cytometry

Live PB LDCs were analyzed by flow cytometry. Before staining, cells were triple 

washed with 2% FBS (Invitrogen) in PBS. To detect cell surface CD19, CD5, and PTX3, 

unpermeabilized cells were incubated with fluorescently labeled antibodies (Supplemental 

Table SII) or their corresponding isotype controls. To detect intracellular PTX3 and 

phosphoserine STAT3, cells were fixed in 2% paraformaldehyde for 10 min at 37°C and 

permeabilized overnight at −20°C. Cells were then incubated with fluorescently labeled 

antibodies (Supplemental Table SII) or their corresponding isotype controls. Fluorescence 

signals were detected using an upgraded FACSCalibur flow cytometer (Becton Dickinson) 

and data analysis was performed using CellQuest software (BD Biosciences, Franklin Lakes, 

NJ). Graphic presentations were prepared using CellQuest (BD Biosciences) and WinList 

(Verity Software House, Topsham, ME) software.

Confocal microscopy

CLL cells were fixed with 2% paraformaldehyde at 37°C, permeabilized and kept overnight 

at −20°C. After being washed with PBS supplemented with 2% FBS (Invitrogen), the 

cells were incubated for 1 h in the presence of rabbit anti-PTX3 and mouse anti-STAT3 

antibodies. After washing with PBS, the cells were incubated with Alexa Fluor 488-labeled 

anti-rabbit and Alexa Fluor 647-labeled anti-mouse antibodies (Supplemental Table SII). 

After being washed with PBS, the cells were suspended in DAPI dye (Invitrogen) for 15 

min and then washed in PBS to remove the unbound dye. Finally, the cells were transferred 

onto µ-slide VI chamber slides (Ibidi, Fitchburg, WI), imaged using an upgraded FV1000 

confocal microscope, and visualized using the FluoView software (Olympus, Tokyo, Japan).

Chromatin immunoprecipitation (ChIP)

Consistent with our previously described ChIP protocol (20), we utilized the SimpleChIP 

Enzymatic Chromatin IP kit (Cell Signaling Technology, Danvers, MA). Cell proteins were 

crosslinked to DNA in the presence of 1% formaldehyde and exposed to a lysis buffer 

on ice. Following nuclease-mediated digestion and ultrasonication, sheared chromatin was 

incubated with STAT3 antibodies overnight at 4°C (Supplemental Table SII). IgG was used 

as a negative control. Thereafter, protein-DNA complexes were separated using protein G 

beads, and the isolated DNA was amplified using PCR. The sequences of the STAT3-target 

gene primers used in the ChIP analysis are depicted in Supplemental Table SIII.

RNA interference assays

To study effects of STAT3 and PTX3 RNA interference we transfected the cells with short 

hairpin RNA (shRNA) and small interfering RNA (siRNA), respectively. STAT3-shRNA 

conjugated with green fluorescent protein was transfected using a lentiviral system as 

previously described (20). Specifically, pCMV delta R8.2 and pMDG plasmids were used 

for virion packaging and SuperFect reagents (Qiagen) were used for transfection into 293T 

cells. The empty lentiviral vector served as a negative control. Concentrated infection 

medium was obtained by centrifugal filtration of 293T cell supernatant using Amicon 

Ultra device (EMD Millipore, Burlington, MA) with addition of polybrene (10 ng/ml) and 

incubated with CLL cells in 10% FBS-supplemented DMEM (Thermo Fisher Scientific).
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PTX3-siRNA was transfected into CLL cells using electroporation. Briefly, CLL cells were 

incubated for 1 h with siRNA and siPORT NeoFX reagent suspended in Opti-MEM reduced 

serum medium (Thermo Fisher Scientific). Then, cells were submitted to electrical pulses 

using Gene Pulser Xcell electroporation system (Bio-Rad Laboratories) and incubated in 

10% FBS-supplemented RPMI 1640 medium for 24 h. Scrambled siRNA and GAPDH were 

used as internal controls. Transfection efficiency in both systems was assessed after 48 h by 

PI/GFP flow cytometry using an upgraded FACSCalibur flow cytometer (Becton Dickinson).

Electromobility shift assay (EMSA)

To process cell specimens for EMSA we used Pierce NE-PER extraction kit (Thermo 

Fisher Scientific) and incubated nuclear extracts with 4 biotinylated DNA probes 

targeting sequence of the PTX3 gene promoter. Each probe included one gamma (γ)-

interferon activated sequence (GAS)-like element (Supplemental Table SIII) synthesized 

by Sigma-Genosys Biotechnologies (The Woodlands, TX). The CLL cell nuclear extracts 

were incubated with PTX3 promoter probes for 30 min at 4°C and separated by 

polyacrylamide gel electrophoresis. Following membrane transfer, DNA fragments were 

fixed via ultraviolet light-mediated crosslinking. The biotinylated probes were visualized 

using streptavidin-horseradish peroxidase (Gel-Shift Kit; Panomics, Fremont, CA). To verify 

binding specificity, an unlabeled cold probe was used at 7-fold excess concentration. The 

STAT3-induced effect was assessed by adding anti-STAT3 antibodies or mouse IgG (BD 

Biosciences) to the nuclear extracts, as described previously (20).

Dual-reporter luciferase assay

To assess effect of STAT3 activation on PTX3 gene transcription we electroporatically 

transfected MM1 cells with 4 different PTX3 promoter fragments using the Gene Pulser 

Xcell Electroporation System (Bio-Rad Laboratories, Hercules, CA). The constructs used 

for transfection consisted of a firefly luciferase reporter sequence and a fragment of PTX3 

gene promoter region with 1 to 4 GAS-like elements depicted in Supplemental Table SIII. 

Following transfection MM1 cells were stimulated by IL-6 or left unstimulated and the 

luciferase activity was assessed post 24 h using a Dual-Luciferase Reporter Assay System 

(Promega, Madison, WI) and a BD MonolightTM 3010 luminometer (BD Biosciences). To 

calculate the reporter activity of individual fragments, the firefly luciferase activity produced 

by each construct was normalized to Renilla luciferase activity generated by pRL-SV40 

control plasmid. STR-profiled and mycoplasma-free MM1 cell line was acquired from 

ATCC (Manassas, VA).

Quantitation of the cellular apoptosis rate

To assess the levels of apoptotic cell death in CLL cells we utilized annexin V and 

propidium iodide (PI) flow cytometry. After washing the cells in PBS the specimens were 

incubated with Cy5-conjugated annexin V and PI solution in the dark and submitted to flow 

cytometry analysis using an upgraded FACSCalibur flow cytometer (Becton Dickinson). 

Percent of annexin V+ cells was used to calculate the apoptotic rate of CLL cells.
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Statistical analysis

The sample size was chosen to obtain sufficient power (≥80%) of a two-sided test with a 

level of significance α=0.05. Intergroup difference was detected using t-test or analysis of 

variance (ANOVA) followed by multiple comparisons by Tukey’s or Dunnett’s method, as 

appropriate. Calculations were performed and data were visualized using Prism software 

v8.0 (GraphPad Software, San Diego, CA). The alpha value that was considered to be 

statistically significant was P<0.05.

Results

CLL cells produce PTX3 and CLL patients’ plasma harbors high PTX3

Because levels of the pentraxin CRP were found to be high in patients with CLL (15), 

we wondered whether CLL patients’ PTX3 levels are high as well. We obtained plasma 

samples from 30 previously untreated CLL patients and 10 age matched donors with no 

hematological disease and, by using ELISA, assessed the levels of the pentraxins PTX3, 

CRP and SAP. We found that levels of all three pentraxins were significantly higher in 

CLL patients’ plasma than in healthy donors’ plasma (Fig. 1A). Whereas liver cells are 

the main source of CRP, circulating cells such as monocytes and granulocytes produce 

PTX3 (21). Because the vast majority of circulating nucleated cells in CLL are CLL 

cells, we postulated that CLL cells produce PTX3. To test this hypothesis, we first sought 

to determine whether CLL cells express PTX3. We fractionated (98% to 99% purity as 

assessed by flow cytometry) CD19+ cells from the PB of 4 randomly selected patients with 

CLL. Using PCR we found that CLL patients’ CD19+ PB cells expressed PTX3 (Fig. 1B, C) 

and that PTX3 protein levels were similar in unfractionated and fractionated PB cells of all 

four patients as assessed by western immunoblot analysis (Fig. 1D). Then, we analyzed CLL 

cell lysates of 7 different CLL patients by immunoblotting and found high PTX3 protein 

levels in cell lysates obtained from all patients with CLL but not in the lysates obtained from 

healthy donors’ CD19+ B lymphocytes. In addition, as commonly found in CLL cells (20), 

we detected phosphoserine STAT3 and total STAT3 in CLL-cell lysates of those patients’ 

samples (Fig. 1E). To confirm that CLL cells produce PTX3 we used flow cytometry and 

confocal microscopy. Flow cytometric analysis gated on small, non-granulated cells revealed 

that 65% ± 13.4% (n = 4) of CD5- and CD19- expressing CLL cells co-expressed PTX3 

and that 67.1% ± 16% (n = 4) of the cells expressed both phosphoserine STAT3 and PTX3 

(Fig. 1F). Furthermore, confocal microscopy detected cytoplasmic PTX3 co-localizing with 

cytoplasmic STAT3 in CLL cells (Fig. 1G), indicating that PTX3, detected on cell surface, 

was also present in the cytoplasm of CLL cells. Together, these data suggest that CLL cells 

express, produce and likely release PTX3.

STAT3 antibodies co-immunoprecipitate STAT3 protein and PTX3 DNA, and STAT3 
silencing downregulates PTX3 levels

We and other investigators have previously demonstrated that STAT3 in CLL cells is 

constitutively activated (17, 20, 22) and, as a key regulator of transcription (20, 23–28), 

provides CLL cells with survival advantage (22). Because CLL patients’ plasma harbors 

high levels of PTX3 and since CLL cells co-express PTX3 and phosphoserine STAT3 (Fig. 

1), we wondered whether expression of PTX3 is induced by constitutively activated STAT3. 
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First, we asked whether STAT3 binds DNA containing the PTX3 gene. We isolated CLL 

cell extracts and, using ChIP, we found that STAT3 antibodies precipitated STAT3 protein 

as well as PTX3 DNA and the DNA containing other genes induced by STAT3 – caspase 

3 (CASP3) (29), c-Myc, lipoprotein kinase (LPL) (26), p21, tyrosine kinase like orphan 

receptor-1 (ROR1) (30), STAT3, and vascular endothelial growth factor (VEGF) (31) (Fig. 

2A).

Because these data suggested that STAT3 binds the PTX3 gene, we sought to determine 

whether STAT3 induces the expression of PTX3. We transfected CLL cells with STAT3-

shRNA and found that knockdown of STAT3 downregulated PTX3 transcript levels, but also 

transcript levels of other STAT3-activated genes such as B-cell lymphoma-2 (Bcl2), CASP3 

(29), colony stimulating factor-2 alpha receptor (CSF2R-α) (27), c-Myc, cyclin-D1, LPL 

(26), p21, and ROR1 (30) (Fig. 2B). Furthermore, we found that unlike the lentiviral empty 

vector, STAT3-shRNA significantly reduced STAT3 and PTX3 gene expression and protein 

levels (Fig. 2C-E), indicating that STAT3 transcriptionally activates the PTX3 gene.

The PTX3 gene promoter is activated by STAT3

To delineate these findings and to determine whether the PTX3 gene promoter region 

harbors STAT3-binding sites, we performed sequence analysis of the PTX3 gene. Using 

TFSEARCH online tool we detected four GAS-like elements in the promoter region 

constituting putative STAT3 binding sites (Fig. 3A). To test if any of these GAS-like 

elements are bound by STAT3, we designed three pairs of primers to amplify truncated 

segments harboring putative STAT3 binding site regions. Primers 1 and 2 spanned one 

STAT3 binding site whereas primer 3 spanned two proximal sites. Then, using ChIP, we 

demonstrated that STAT3 antibodies precipitated DNA of each of those 3 truncated PTX3 

gene promoter regions (Fig. 3B), suggesting STAT3 binds the PTX3 gene promoter at these 

genetic loci.

To further confirm that STAT3 binds the PTX3 gene promoter and identify which of the four 

GAS-like elements bind STAT3, we utilized an EMSA. Using biotin-labeled DNA probes 

(Supplemental Table SIII) targeting each of the 4 putative STAT3 binding sites within the 

PTX3 gene promoter, we found that all 4 DNA probes aggregated with CLL cell nuclear 

fraction. The addition of unbiotinylated (cold) probes partially reversed the binding (Fig. 

3C), confirming adequate specificity and suggesting that all putative binding sites within the 

PTX3 promoter bind CLL-cell-derived nuclear protein. To validate that these findings are 

common in CLL cells, we obtained nuclear extracts from CLL cells of 4 different randomly 

selected CLL patients and, using probe 2, confirmed that CLL-cell nuclear protein binds 

the PTX3 promoter of 4 different CLL patients (Fig. 3D). Then, using STAT3 antibodies, 

we established that amongst the CLL cell nuclear extract proteins STAT3 is the protein that 

binds the PTX3 gene promoter. Using EMSA with probe 2 and nuclear extracts from 3 

different randomly selected CLL patients we found that the addition of STAT3 antibodies 

induced a super-shift or reduced the protein-to-DNA binding (Fig. 3E), confirming that 

STAT3 binds to promoter of the PTX3 gene.

To delineate these findings and to test whether STAT3 activates the PTX3 gene, we used 

MM1 cells. In MM1 cells, STAT3 is transcriptionally inactive and extracellular ligands, such 
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as IL-6, phosphorylate and activate STAT3 (32). Although IL-6-induced STAT3 activation 

in MM1 cells is mediated by phosphorylation on tyrosine 705, as opposed to the serine-727 

phosphorylation in CLL cells, we have adapted this system as a model of STAT3 activation 

as previously reported (33). We transfected MM1 cells with a luciferase reporter gene 

attached to 5 different PTX3 promoter fragments, one of which did not harbor a STAT3 

binding site. Importantly, transfected MM1 cells that lacked any putative GAS-like element 

did not produce any luciferase activity (Fig. 3F). In sharp contrast, a high additive luciferase 

activity was observed in cells that were transfected with 1 or 2 PTX3 promoter fragments 

harboring putative STAT3 binding site, particularly after stimulation with IL-6. Luciferase 

activity was similar in fragments that included 2, 3 or 4 putative STAT3 binding sites. It 

is important to note that IL-6 to minor extent also activates STAT1 through their common 

receptor subunit gp130 (32). However, STAT1 is recruited to the more restricted consensus 

GAS sites (34). Therefore stimulation of the PTX3 promoter is likely mediated primarily by 

STAT3, as is the case with most acute-phase protein-encoding genes (35).

PTX3 protects CLL cells from apoptosis

Because PTX3 expression is induced by STAT3, and because in solid tumors PTX3 

provides neoplastic cells with a survival advantage (7, 14, 36), we wondered whether, 

similar to STAT3, PTX3 protects CLL cells from apoptosis. To answer this question, we 

transfected CLL cells with PTX3-siRNA. Using qRT-PCR and western immunoblotting 

we found that PTX3-mRNA, but not Ctrl (scrambled)-siRNA significantly reduced PTX3 

expression and protein levels (Fig. 4A, B). Then, using annexin V/PI flow cytometry, we 

found that transfection with PTX3-siRNA induced apoptosis of CLL cells (Fig. 4C, D). As 

shown in Fig. 4C, CLL cells 16 h following transfection with PTX3-siRNA exhibited a 

higher spontaneous apoptosis rates than CLL cells transfected with Ctrl (scrambled)-siRNA. 

Although this effect was initially observed only in late (annexin V+/PI+) and not in early 

apoptotic cells (annexin V+/PI-), both apoptotic fractions increased over time (Fig. 4D).

To confirm that PTX3 silencing indeed induced apoptosis and not necrosis of CLL cells, 

we profiled expression of 84 genes associated with different aspects of cell death using a 

qRT-PCR array (Fig. 4E). Remarkably, we found that PTX3 silencing significantly induced 

upregulation of 3 canonical pro-apoptotic genes – caspase 1 (CASP1), tumor necrosis 

factor (TNF), and Fas receptor (FAS). In addition, we found significantly high levels of 2 

genes involved in autophagy – α-glucosidase (GAA) and beclin-1 (BECN1). No changes in 

analyzed necrosis-associated genes (n = 28) or anti-apoptotic genes (n = 11) were observed. 

Taken together, our data suggest that PTX3 selectively protects CLL cells from programmed 

cell death by apoptosis.

Discussion

PTX3 is an innate immune protein secreted by myeloid and endothelial cells. Here we 

show that despite CLL patients’ substantial neutropenia (2), their PTX3 plasma levels are 

significantly higher than those of healthy individuals. We also demonstrate that CLL cells 

produce PTX3, that constitutively activated STAT3 induces the transcriptional activation of 

the PTX3 gene, and that PTX3 provides CLL cells with survival advantage.
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The response to invading pathogens is carried out by the innate and the adaptive immune 

systems. Both systems recruits cellular and humoral immune response mechanisms that 

often interact with each other (37). While the humoral response of the adaptive immune 

system consists of production and release of antibodies, the humoral response of the innate 

immune system consists of humoral pattern recognition proteins including the pentraxins 

CRP, SAP and PTX3 (38). A strict distinction between cells that produce antibodies and 

cells that produce antibody-like proteins, such as PTX3, typifies all mammals. Under 

normal physiological conditions, B lymphocyte-derived cells produce antibodies whereas 

monocytes, monocyte-derived cells, neutrophils and endothelial cells produce and release 

PTX3 (39). Here we show that in CLL this strict dichotomy no longer exists. CLL cells are 

B cell-derived neoplastic cells that maintain the ability to produce and secrete antibodies. 

Yet, as we demonstrated in this study, they aberrantly produce PTX3.

We found that the expression of PTX3 in CLL cells is driven by STAT3, a transcription 

factor that is ubiquitously expressed in human cells (40). STAT3 regulates the activity of a 

wide range of cellular pathways. During embryonic life, STAT3 regulates cells growth and 

maintenance of pluripotency (41, 42). In adult life, STAT3 acts as a master activator of vital 

pathways including activation of cell survival programs (43), cell-cycle progression (44), 

and highly orchestrated processes such as angiogenesis (45). Normally, the activation of 

STAT3 depends on extracellular stimulation. However, in CLL cells STAT3 is constitutively 

activated and activates the transcription of a plethora of STAT3-target genes (17, 20). Here 

we demonstrate that the transcriptional promoter of the PTX3 gene harbors STAT3 binding 

sites. Upon binding to those sites, STAT3 activates the transcription of the PTX3 gene in 

CLL cells. Remarkably, STAT3 plays a dual role in activating the innate immune system. 

In addition to inducing the expression of the humoral pattern recognition molecule PTX3, 

STAT3 also activates cellular component of the innate system in CLL cells. STAT3 induces 

the expression ROR1 (30), Wnt5a (24), and GLI1 (23), members of the Wnt and Hedgehog 

signaling pathway. Both the Wnt and Hedgehog signaling pathways were implicated in 

activating the cellular component of the innate immune system (46, 47).

Similar to several inflammatory cytokines (48), including cytokines driven by STAT3 (49, 

50), PTX3 protects CLL cells from undergoing spontaneous apoptosis. This effect is not 

unique to CLL cells. In agreement with our findings, several investigators found that PTX3 

provides normal and neoplastic cells with survival advantage (7, 51–53). However, in CLL 

the effect of PTX3 is not restricted to CLL cell function. Along with directly inducing 

changes in CLL cells, PTX3 exerts several systemic manifestations. PTX3 exerts antibody-

like anti-bacterial functions and complement activation (8, 54). In addition, PTX3 plays a 

role in the induction of autoimmunity (9). Whether PTX3 is directly involved in driving 

autoimmune disorders such as hemolytic anemia or immune thrombocytopenia, commonly 

found in patients with CLL, has not yet been determined.

PTX3 binds to the cellular Fϲγ receptor and plays a role in tissue remodeling. As such, 

PTX3 promotes the differentiation of CD14+ monocytes into fibrocytes that participate 

in the induction of tissue fibrosis (55). Increased PTX3 plasma levels were detected in 

patients with myelofibrosis (56), and PTX3 levels correlated with disease burden and 

clinical outcome (57). Reticulin fibrosis is commonly detected in the bone marrow of most 
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CLL patients and the degree of reticulin fibrosis correlates with CLL patients’ survival (58). 

Because PTX3 plasma levels are increased in CLL patients, it is likely that PTX3 induces 

BM fibrosis and affects the clinical outcome of patients with CLL.

Given that PTX3 exerts pleiotropic effects that benefit neoplastic cells, several investigators 

suggested that inhibition of PTX3 would benefit patients with different neoplasms (9, 59, 

60). Whether inhibition of PTX3 would mitigate disease activity or improve outcomes of 

patients affected by CLL remains to be determined.
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Key Points

• Constitutively activated STAT3 induces the expression of PTX3 in CLL cells.

• PTX3 attenuates spontaneous apoptosis rate of CLL cells.
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Figure 1. 
CLL cells express PTX3. (A) PB was harvested from CLL patients and healthy donors 

and plasma levels of PTX3 (left panel), CRP (middle panel) and SAP (right panel) were 

measured by ELISA. Error bars denote mean with standard deviation. Comparisons between 

groups were made using unpaired t-test. ****, P<0.0001. (B and C) PTX3 transcript levels 

in PB LDCs from CLL patients were analyzed using reverse transcription PCR. As shown 

in panel B, PTX3 mRNA levels detected in specimens of 4 CLL patients were comparable 

to levels detected in the leukemic cell lines SET-2 (JAK2+ megakaryoblastic) and THP-1 
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(monocytic). Panel C depicts comparison of PTX3 gene expression between cells from CLL 

patients (n = 4) and SET-2 cells as assessed by qRT-PCR. mRNA levels were calculated 

using delta-delta Ct method with GAPDH as internal control and normalized to THP-1 cells. 

(D) Western immunoblotting analysis of unfractionated (Unfract.) and CD19+ fractionated 

cells obtained from 4 CLL patients. As shown, levels of PTX3 protein in total LDCs are 

comparable to levels in CD19-purified population. SET-2 cells served as positive control 

and β-actin was used as loading control. (E) Western blot analysis of CLL patients (n = 

7) and B lymphocytes from a healthy donor. PTX3, STAT3 and serine 727-phosphorylated 

STAT3 (pSTAT3) proteins were observed in samples from all 7 patients. However, PTX3 

and pSTAT3 were not observed in normal B lymphocytes (NBC). HEK293 cells were 

used as control. (F) Immunophenotype analysis of CLL cells by flow cytometry. Upper 

panel: Representative 3D dot-plot from a single CLL patient depicting 47.4% of the LDCs 

co-expressing CD5, CD19 and PTX3. Middle panel: Representative 2D dot-plot from a 

single CLL patient depicting 77.1% of the LDCs co-expressing phosphoserine STAT3 and 

PTX3. Lower panel: Summary of data from 4 different patients. As shown, 65% ± 13.4% 

of CD5- and CD19- expressing LDCs were also expressors of PTX3 and 67.1% ± 16% of 

the cells expressed both phosphorylated STAT3 and PTX3. Bars denote mean and error bars 

indicate standard deviation. (G) Fluorescence micrographs of permeabilized CLL cells by 

confocal microscopy. Depicted are STAT3 and PTX3 proteins in the cytoplasm of the B 

lymphocytes from a CLL patient. Original magnification, ×100.
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Figure 2. 
STAT3 antibodies co-immunoprecipitate STAT3 protein and PTX3 DNA, and STAT3-

shRNA abrogates PTX3 expression in CLL cells. (A) Chromatin immunoprecipitation 

of DNA from CLL cell extracts was performed to assess STAT3 binding to the PTX3 

gene. After incubation with STAT3 antibodies, chromatin fragments were precipitated and 

submitted to DNA extraction. Ribosomal protein L-30 (RPL30) was used as negative 

control. Preprocessed samples that were not submitted to immunoprecipitation are denoted 

as input and IgG represents isotype control (negative control). (B) CLL cells transfected 

with STAT3-shRNA were compared to CLL cells transfected with an empty vector (Ctrl). 

mRNA levels of STAT3-target genes were quantified using qRT-PCR, including STAT3, 

BCL2, CASP3, GMCSFR2, CyclinD1, LPL, p21, ROR1, and PTX3. The mRNA levels in 

CLL cells transfected with STAT3-shRNA were calculated using delta-delta cycle threshold 

method. (C-E) mRNA levels of PTX3 transcripts from CLL cells transfected with STAT3-
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shRNA as assessed by qRT-PCR. Empty lentiviral vector was used as a negative control. 

As shown in panel C, levels of PTX3 transcript were markedly reduced compared to non-

transfected cells or cells transfected with an empty vector. GAPDH was used as internal 

control. As shown in panel D, similar results were obtained using qRT-PCR and, as shown in 

panel E, PTX3 protein levels, assessed by western immunoblotting, were significantly lower 

in STAT3-shRNA-treated CLL cells. In contrast, the transfected CLL cells exhibited 3-fold 

lower levels of PTX3 compared with control, non-transfected cells, or with cells transfected 

with an empty vector. In this experiment, the positive control was HeLa cell line and the 

loading control was β-actin. Bars denote mean and error bars indicate standard deviation. 

Differences in gene expression were determined using one-way ANOVA and Dunnett’s 

multiple comparison test. FC, fold change. *, P<0.05; **, P<0.01; ***, P<0.001; ****, 

P<0.0001.
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Figure 3. 
STAT3 binds the PTX3 promoter and promotes transcription of the PTX3 gene. (A) Results 

of the analysis of the PTX3 promoter genomic sequence. The arrow denotes the PTX3 

gene start codon. As shown, we identified 4 GAS-like elements upstream of the PTX3 

gene that represent putative binding sites for STAT3. (B) ChIP analysis revealed that 

STAT3 protein and DNA fragments containing PTX3 gene promoter from CLL cells were 

co-immunoprecipitated by anti-STAT3 antibodies (Input). In contrast, isotype control (IgG) 

did not precipitate CLL-cell chromatin fragments. The first fragment, spanning from −271 

Rozovski et al. Page 20

J Immunol. Author manuscript; available in PMC 2023 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bp to −168 bp, harbors 2 putative STAT3-binding sites whereas each one of the two other 

fragments harbors one putative STAT3 binding site. RPL30 served as negative control. (C) 

CLL cell nuclear extracts were incubated with biotinylated (hot) probes targeting GAS-like 

elements within the PTX3 gene promoter that corresponded to putative STAT3 binding 

sites. Probes included individual putative STAT3-binding sites according to the sequence 

analysis of the PTX3 promoter as shown in panel A. Using EMSA we detected binding of 

CLL nuclear extracts in all 4 sites, whereas the incubation with a non-biotinylated (cold) 

probe reduced the binding. (D) Nuclear extracts obtained from CLL cells of 4 patients were 

incubated with biotinylated (hot) probes designed to contain one of the putative STAT3 

binding sites. Shown are results of EMSA performed on CLL nuclear extracts from all 4 

patients. Whereas STAT3 antibodies bound the putative binding site, the unlabeled (cold) 

probe attenuated the STAT3 binding. (E) Similar to the previous experiment nuclear extract 

from 3 different CLL patients were analyzed using EMSA. As shown, the unlabeled (cold) 

probe or anti-STAT3 antibodies (Abs.), but not their isotype control (IgG1), significantly 

reduced the binding of the labeled (hot) probe, suggesting that STAT3 binds to the PTX3 

gene promoter. (F) The luciferase assay confirmed that STAT3 induces the expression of 

PTX3. Left panel: Schematic diagram of the PTX3 gene promoter fragments analyzed 

in these experiments. Right panel: Reporter construct consisting of luciferase gene and 

fragments of the PTX3 gene promoter harboring putative STAT3-binding sites that were 

used for transfection into MM1 cells (legend in the left panel). IL-6, known to phosphorylate 

STAT3, was added and relative luciferase activity was assessed. As shown, no luciferase 

activity was detected in the short fragment lacking STAT3 binding site whereas luciferase 

activity, enhanced by IL-6 was detected by transfecting fragments harboring STAT3 binding 

site into MM1 cells. Data from 3 different experiments are depicted. Bars denote mean and 

error bars indicate standard deviation.

Rozovski et al. Page 21

J Immunol. Author manuscript; available in PMC 2023 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
PTX3 induces anti-apoptotic effect in CLL cells. (A and B) Apoptotic rates of CLL cells 

were assessed after transfection with PTX3-siRNA or Ctrl (scrambled)-siRNA. Untreated 

CLL cells served as negative control (Ctrl). As shown in panel A, transfection with PTX3-

siRNA significantly attenuated PTX3 mRNA expression as assessed by qRT-PCR. Similarly, 

transfection with PTX3-siRNA significantly reduced PTX3 protein expression as assessed 

by western immunoblotting. These effects were not observed after transfecting CLL cells 

with scrambled siRNA. Differences in gene expression were determined using one-way 

ANOVA and Tukey’s multiple comparison test. (C and D) Apoptosis rates of CLL cells after 
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PTX3 silencing was assessed using annexin V and PI flow cytometry. Shown in panel C 

are representative dot-plots from 2 different CLL patients. Transfection with PTX3-siRNA, 

but not with Ctrl (scrambled)-siRNA, induced higher rates of apoptosis as assessed after 

16 h in annexin V+ gate. Non-transfected CLL cells were used as a negative control (Ctrl). 

Panel D summarizes time dependent changes in early (annexin V+/PI-; lower facet) and late 

apoptotic cell fractions (annexin V+/PI+; upper facet) apoptosis rates of LDCs from different 

CLL patients (n = 3) 16, 28, and 44 h following PTX3-siRNA transfection. As shown, 

apoptotic rates of PTX3-silenced CLL cells increased over time in both fractions and the 

most significant effect occurred 44 h after transfection. (E) Differential expression of genes 

associated with cell death and survival in CLL cells transfected with PTX3-siRNA compared 

to Ctrl (scrambled)-siRNA-transfected cells. RNA from CLL patients (n = 3) was analyzed 

using 84-plex qRT-PCR array. Upper panel: Heatmap displaying 15 most upregulated and 

15 most downregulated genes following PTX3 silencing. Lower left panel: Volcano plot 

showing differentially expressed genes (in color). Lower right panel: Relative levels of 

differentially expressed genes. Bars or dots represent mean and error bars indicate standard 

deviation. Comparisons were made between siRNA-transfected groups using paired t-test. 

FC, fold change. *, P<0.05; **, P<0.01; ***, P<0.001.
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