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screened several hundred FDA-approved compounds and identified a set of drugs that had enhanced cytotoxic activity when combined
with IRAK inhibition. Administration of an IRAK1/4 inhibitor or IRAK knockdown in combination with either ABT-737 or vincristine markedly
reduced leukemia burden in mice and prolonged survival. IRAK1/4 signaling activated the E3 ubiquitin ligase TRAF6, increasing K63-linked
ubiquitination and enhancing stability of the antiapoptotic protein MCL1; therefore, IRAK inhibition reduced MCL1 stability and sensitized T-
ALL to combination therapy. These studies demonstrate that IRAK1/4 signaling promotes T-ALL progression through stabilization of MCL1
and suggest that impeding this pathway has potential as a therapeutic strategy to enhance chemotherapeutic efficacy.
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Introduction
Acute lymphoblastic leukemia (ALL) accounts for approxi-
mately one-third of cancers in children (0–19 years of age), 
making it the most common cancer in this age group (1–3).  
T cell ALL (T-ALL) represents 10%–15% of ALL cases in chil-
dren and 25% of adult T-ALL cases. The use of conventional 
cancer therapies has resulted in a complete remission rate of 
85% and a high cure rate in childhood T-ALL, but adult T-ALL 
patients are at increased risk of both early BM recurrence and 
CNS relapse. The prognosis for relapsing patients is poor, with 
only 15%–25% achieving stable remission after second-line 
treatment (1–3), and the 5-year survival rate for adult T-ALL 
patients is only 45%–55%. These outcomes underscore the need 
to develop more effective therapies to treat T-ALL patients.

Recent studies highlight an indispensable role for MyD88 sig-
naling in primary T cells (4–10). The engagement of IL-1 receptor 
family members as well as TLRs (except TLR3) recruits the adapter 
protein MyD88, which in turn brings in an IL-1 receptor–associated 
kinase 4 (IRAK4), resulting in autophosphorylation. IRAK4 recruits 
and phosphorylates IRAK1. Activated IRAK1 binds to and activates 
TNF receptor–associated factor 6 (TRAF6). Depending on the cell 
type on which IRAK4/1 signaling occurs, it can result in the activa-
tion of various transcription factors including NF-κB, AP-1, CREB, 

and IRF5 that ultimately promote cell survival or proliferation 
(11–13). TRAF6 is an E3 ubiquitin ligase and catalyzes K63 polyu-
biquitination of TAK1, which is required for IKK activation and is 
known to directly regulate ubiquitination and activation of AKT 
and mTORC1 as well as TGF-β (14–17). Interestingly, CD4 or CD8 
T cells lacking MyD88 exhibit reduced expansion and impaired 
survival in vivo (4–10). IRAK4 has been reported to be recruited to 
T cell lipid rafts, where it associates with ZAP70 and participates in 
protein kinase C activation (18). T cells from patients with IRAK4 
or MyD88 deficiency exhibit defects in activation and prolifera-
tion, highlighting a critical role for IRAK4 signaling in T cell activa-
tion and survival (19, 20). Furthermore, studies by several groups, 
including ours, have demonstrated that activating MyD88/IRAK 
signaling via TLR engagement on CD4 Th cells or CD8 T cells sub-
stantially enhances proliferation (5, 21–25). Engagement of TLRs 
has also been shown to prolong cell survival, which correlates with 
increased expression levels of BCL-xL and BCL2 (26, 27), as well as 
A1, and reduced levels of BIM (24, 26, 27).

Given the prominent role that the MyD88/IRAK4 signaling 
axis plays in primary T cell survival and considering its emerging 
role as a contributor to the progression of various hematologic 
malignancies (28–31), the goal of this study was to gain a greater 
understanding of the role of IRAK1/4 signaling in the growth and 
survival of T cell neoplasms. We found that T-ALL cells expressed 
elevated levels of IRAK1 and IRAK4 mRNA as well as increased 
levels of total and activated (phosphorylated) IRAK1 and IRAK4. 
Inhibition of IRAK4 using shRNA or a small-molecule inhibitor 
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IRAK1 and IRAK4 mRNA levels were also elevated in T-ALL 
cells from patients compared with the levels detected in thymic 
T cells or T cells from peripheral blood (Figure 1D and Supple-
mental Figure 2A). The expression levels of other pattern recog-
nition receptor–related genes were found to be altered in T-ALL 
cells compared with those in thymic T cell controls (Supplemental 
Figure 2B). Furthermore, consistent with the increased transcript 
levels in malignant T cell lines, patient samples showed higher 
IRAK4 and IRAK1 protein levels than did peripheral blood mono-
nuclear cells (PBMCs) (Figure 1E). In fact, p-IRAK4 and p-IRAK1 
were only detected in T-ALL samples. We found that purified T 
cells from healthy donors expressed very low levels of IRAK1 and 
IRAK4, and what little protein we detected was unphosphory-
lated (Supplemental Figure 1A). IRAK2 was detected, and its lev-
els were comparable among all samples. It is worth noting that 
the cell-selection process did not induce the phosphorylation of 
IRAK1 or IRAK4 and that IRAK expression in primary T cells was 
only evident upon TCR stimulation (Supplemental Figure 1D and 
1F). Collectively, these data highlight that IRAK1 and IRAK4 are 
overexpressed and activated in T-ALL.

IRAK1/4 signaling inhibition impedes T-ALL proliferation. To 
determine whether IRAK1/IRAK4 signaling contributes to T-ALL 
proliferation, we inhibited IRAK1/4 activity using a small-molecule 
inhibitor that selectively inhibits the kinase activities of IRAK1 and 
IRAK4 (37). As shown in Figure 2A, IRAK1/4 inhibition significantly 
impaired the proliferation of 8 of 10 malignant T cell lines in a con-
centration-dependent manner. It is worth noting that IRAK1/4 inhi-
bition did not impede MOLT4 proliferation, which correlates with 
the lack of IRAK1 expression. Similarly, IRAK1/4 inhibition reduced 
proliferation in 4 of 5 T-ALL patient samples (Figure 2B). The effects 
of the IRAK1/4 inhibitor on IRAK signaling were validated by its 
ability to reduce the phosphorylation of IRAK1 (Thr209) and IRAK4 
(Thr345/Ser346), which did not affect overall protein levels (Figure 
2C). That the antiproliferative effects occurred in an IRAK1/4-de-
pendent manner was confirmed by knocking down IRAK1 or IRAK4 
expression through transient transfection using shRNAs (Figure 2D; 
P < 0.05); IRAK1- and IRAK4-knockdown efficiency is shown in Fig-
ure 2D. Likewise, the lack of IRAK4 kinase activity in T cells reduced 
their ability to proliferate (Supplemental Figure 1E). We also exam-
ined IRAK2 expression levels as controls and found that they were 
not affected by expression of either IRAK1 or IRAK4 shRNA.

TLR1/TLR2 signaling in T-ALL can augment proliferation. 
Recent studies demonstrated that engagement of TLR1/TLR2 
on primary T cells enhances their proliferation and survival (5, 
21–25). We sought to determine whether the TLR1-TLR2 ligand, 
which activates IRAK4 signaling, could enhance T-ALL prolifer-
ation. Addition of the synthetic TLR1-TLR2 agonist Pam3CysK4 
increased IRAK1 and IRAK4 activation and proliferation in CCRF-
CEM cells (Figure 3A and Supplemental Figure 3A). However, we 
found that blocking TLR2 signaling with neutralizing anti–TLR2 
antibody or IRAK1/4 inhibitor diminished Pam3CysK4-induced 
proliferation, confirming that these effects occurred by a TLR2-
IRAK–dependent mechanism (Figure 3, A and B). It is important to 
note that while inhibiting IRAK1/4 signaling reduced basal T-ALL 
proliferation, blocking TLR2 alone did not alter proliferation. 
These data indicate that TLR2 is not necessary for T-ALL cells to 
proliferate and that IRAK4 signaling plays an important role in 

impeded cell proliferation and, perhaps more importantly, aug-
mented the cytotoxic effects of various molecularly targeted and 
chemotherapeutic agents, including ABT-737 and vincristine. 
These synergistic effects were in large part dependent on MCL1. At 
a mechanistic level, IRAK4 signaling regulates MCL1 expression 
levels by increasing its biosynthesis and enhancing protein stabil-
ity (but not by increasing transcription). IRAK1/4 signaling acti-
vates TRAF6, an E3 ubiquitin ligase, which correlated with K63-
linked MCL1 ubiquitination and enhanced MCL1 protein stability. 
The biological significance of targeting IRAK4 signaling in T-ALL 
was highlighted by demonstrating that treatment with IRAK1/4 
inhibitor suppressed T-ALL expansion in xenograft models and, 
more importantly, that combination therapy with IRAK1/4 inhib-
itor and ABT-737 or vincristine considerably reduced T-ALL bur-
den in mice and prolonged their survival. Our study highlights a 
previously uncharacterized and critical role for IRAK4 signaling in 
T-ALL proliferation and chemoresistance and indicates that IRAK 
signaling may have a pathophysiological role and clinical implica-
tions for patients with T-ALL and other T cell malignancies.

Results
IRAK1 and IRAK4 are overexpressed and activated in T-ALL. We 
evaluated IRAK1 and IRAK4 mRNA levels in 917 tumor cell lines, 
comparing 15 T-ALL cell lines and 902 other cell lines of different 
tumor types (Figure 1A) (32). We found that IRAK4 transcript lev-
els were overexpressed in T-ALL in relation to various other tumor 
cells and to thymic T cell controls. Increased IRAK4 levels were 
comparable to those in other hematological malignancies includ-
ing B cell acute lymphoblastic leukemia (B-ALL), acute myeloid 
leukemia (AML), and chronic lymphocytic leukemia (CLL) (Fig-
ure 1A) and were among the highest in the entire set of cell lines 
studied, including diverse solid tumors (Figure 1A). On the other 
hand, IRAK1 mRNA levels in T-ALL cell lines were comparable to 
those in other tumor types examined (Figure 1A).

We examined IRAK1 and IRAK4 protein levels in several malig-
nant T cell lines. All lines except MOLT4 expressed variably high 
levels of IRAK1 and IRAK4 (Figure 1B). IRAK4 kinase activity is reg-
ulated by autophosphorylation at threonine 345 (Thr345) and serine 
346 (Ser346) (12, 33–35), which, upon phosphorylation, activates 
IRAK1 or in some cases IRAK2 (36). To determine the activation sta-
tus of IRAK1 and IRAK4, we examined the phosphorylation levels 
of IRAK1 (Thr209)

 
and IRAK4 (Thr345/Ser346) by Western blot-

ting (12, 13). As shown in Figure 1B, phosphorylated IRAK1 (Thr209) 
[p-IRAK1 (Thr209)] was detected in 9 of 10 lines. IRAK4 was highly 
phosphorylated in most lines. Because IRAK2 can also associate with 
IRAK4 and substitute for IRAK1 in some cell types (36), its expres-
sion levels were also examined and found to be weak and variable 
among the different cell lines. We also studied IRAK4 and IRAK1 
expression levels in solid tumors and found that, while some tumors 
expressed IRAK1 and IRAK4, their phosphorylation levels were 
lower (or absent) compared with those of T-ALL cells (Supplemental 
Figure 1C; supplemental material available online with this article; 
doi:10.1172/JCI75821DS1). We found both IRAK4 and IRAK1 pro-
teins to be highly expressed in the cytoplasm of CCRF-CEM and Jur-
kat T-ALL cells (Figure 1C), as determined by immunofluorescence 
(IF) staining. Furthermore, in agreement with the Western blot find-
ings, IRAK4, but not IRAK1, was detected by IF in MOLT4 cells.
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that did not respond to the TLR1-TLR2 agonist expressed simi-
lar levels of TLR1, TLR2, and MyD88 (Supplemental Figure 1B), 
but exhibited much higher basal proliferation compared with that 
observed in the 2 samples that responded to TLR1-TLR2 ligand 
(nos. 813 and 820). These data indicate that the lack of response to 

T-ALL proliferation. We also examined the proliferative effects of 
TLR1-TLR2 agonists in 5 T-ALL patient samples and found that 
2 of the 5 samples showed increased proliferation in response to 
TLR1-TLR2 ligand (Figure 3C; P < 0.01 at concentrations above 
1.25 μg/ml). Importantly, the 3 samples (nos. 824, 825, and 828) 

Figure 1. IRAK1 and IRAK4 expression levels and activation status in T-ALL. (A) Microarray (GEO GSE36133) analysis of IRAK4 and IRAK1 gene expression lev-
els in 917 tumor cell lines, grouped as indicated. Lines, bars, and whiskers represent the median, quartiles, and minimum and maximum values, respectively. 
(B) Expression levels of the indicated proteins in various T-ALL lines and other neoplastic T cell lines were determined by Western blot analysis. GAPDH served 
as a loading control. (C) Confocal microscopic images showing IF staining of IRAK1 and IRAK4 protein in CCRF-CEM, Jurkat, and MOLT4 cells (original magni-
fication, ×40). (D) Microarray analysis (GEO GSE46170) of IRAK1 and IRAK4 mRNA levels in sorted thymic T cells (n = 7) and patient peripheral T-ALL (n = 31) 
cells. Each symbol represents 1 patient, and whiskers represent the median and quartile values. P < 0.05 by Student’s t test. (E) Total or p-IRAK1 and p-IRAK4 
and IRAK2 protein levels in PBMCs, as well as patient T-ALL cells, were examined by Western blotting. GAPDH served as a loading control.
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bers detected in DMSO-treated control mice (Figure 4C; P < 0.01). 
Furthermore, treatment with IRAK1/4 inhibitor significantly pro-
longed mouse survival (Figure 4D; P = 0.02). Collectively, these 
data indicate that targeting IRAK1/4 signaling in T-ALL impairs 
leukemia progression and prolongs host survival.

Identification of therapeutic compounds that synergize with 
IRAK1/4 inhibitor. In light of the ability of IRAK1/4 inhibitor to sup-
press T-ALL proliferation in vitro and reduce its accumulation in 
vivo, we examined its effects on apoptosis. We found that IRAK1/4 
inhibitor suppressed T-ALL proliferation and maintained cell num-
bers at steady state over the course of 96 hours in vitro (Supple-
mental Figure 5, A and B). However, the reduced proliferation was 
not the result of apoptosis, as examined by propidium iodide (PI) 
and annexin V staining (Supplemental Figure 5C). Furthermore, 
the lack of cell death was not due to insufficient concentrations of 
the IRAK inhibitor, as increasing concentrations had little effect 
on cell death, and the effects leveled off at 10 μM (Supplemental 
Figure 5D). Cell-cycle analyses showed that the percentage of cells 
in the G0/G1 phase increased from 25% to 43% within 24 hours 
of adding IRAK1/4 inhibitor and increased further to 50% after 
96 hours (Supplemental Figure 5E). These results indicate that 
IRAK1/4 inhibitor suppresses T-ALL proliferation through delayed 
cell-cycle entry, but has minimal effect on cell viability.

Considering that IRAK inhibition moderately reduced T-ALL 
expansion in vivo and did not significantly influence apoptosis, 
we evaluated whether combining IRAK1/4 inhibitor with other 
therapeutic agents could potentiate their cytotoxic effect in vitro. 
We screened 484 FDA-approved compounds at various concen-
trations together with IRAK1/4 inhibitor or DMSO for 48 hours, 
at which time the effects were determined by examining cell 
proliferation. This high-throughput screening generated approx-
imately 22 hits, with the vast majority belonging to 4 groups of 
inhibitors: EGFR inhibitors, inhibitors and disruptors of tubulin, 
HSP90 inhibitors, and BCL2 family inhibitors (Figure 5A). Among 
these 4 groups, a tubulin inhibitor, vincristine, has long been used 
for clinical treatment of ALL patients, and BCL2 family inhib-
itors are currently being evaluated in phase I and II clinical tri-
als for leukemia (https://www.clinicaltrials.gov; NCT00481091 
and NCT00868413). We proceeded to validate the effects of 
vincristine and ABT-737 by examining apoptosis of CCRF-CEM 
cells with each of the chemotherapy drugs at various concentra-
tions plus IRAK1/4 inhibitor. IRAK1/4 inhibitor augmented the 
cytotoxic activities of both ABT-737 and vincristine in a syner-
gistic fashion (Figure 5B); we verified the synergy between com-
pounds using the Chou-Talalay method of analysis (Figure 5B). 
We observed similar effects in the Jurkat T-ALL cell line (Figure 
5C and Supplemental Figure 6B). To further confirm that the syn-
ergistic effects occurred in an IRAK signaling–dependent fash-
ion, IRAK1 or IRAK4 were knocked down with shRNA, and cells 
were cultured with ABT-737 at various concentrations. We found 
that knocking down either IRAK1 or IRAK4 protein significantly 
enhanced ABT-737–induced apoptosis (Figure 5E; P < 0.05). 
Combinatorial therapy was also more effective and functioned 
in a synergistic fashion in T-ALL patient samples (Figure 5D and 
Supplemental Figure 6, A and C). Collectively, these results indi-
cate that impeding IRAK1/4 signaling in T-ALL significantly aug-
ments the cytotoxic effects of various therapeutic agents.

TLR agonists was not due to a lack of TLR or MyD88 expression. 
However, it is important to note that despite their lack of response 
to TLR1-TLR2 ligand, T-ALL cells were strongly inhibited by the 
IRAK1/4 inhibitor (Figure 2B). To explore in greater detail whether 
other TLR agonists influence the proliferation of malignant T cells, 
we examined the effects of TLR1 through TLR9 agonists in 14 
human malignant T cell lines (Supplemental Table 1). In general, 
we found that the TLR1-TLR2 agonist promoted the proliferation 
of T-ALL lines, whereas most of the other TLR agonists we tested 
had little to no effect, and reduced proliferation in some cases.

We further examined whether TLR1-TLR2 agonists could pro-
mote T-ALL proliferation in vivo. Adult NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ  
IL2RG (NSG) mice were injected i.v. with CCRF-CEM cells, fol-
lowed by injection with TLR1-TLR2 ligand. We determined the 
frequency of CCRF-CEM T-ALL cells using anti–human CD7 and 
anti–human CD5 antibodies after normalizing samples with cali-
bration beads, as shown in Figure 3D and Supplemental Figure 4A. 
Administration of TLR1-TLR2 ligand increased T-ALL cell numbers 
in the BM and peripheral blood compared with those in control mice 
(Figure 3D; P < 0.05). The results demonstrate that TLR2 ligand can 
promote leukemia progression in vivo and suggest that activating 
IRAK signaling via TLR stimulation on T-ALL cells could contribute 
to T-ALL progression.

In vivo treatment with IRAK1/4 inhibitor reduces T-ALL cell 
numbers and delays T-ALL progression. We examined the thera-
peutic efficacy of IRAK1/4 inhibitor in mice with T-ALL. The data 
in Figure 4A demonstrate that treatment with IRAK1/4 inhibitor 
significantly reduced the percentage and total number of hCD7+ 
CCRF-CEM T-ALL cells in the BM and circulation compared 
with treatment with DMSO vehicle or no treatment (Figure 4A,  
P < 0.05, and Supplemental Figure 4B). To further validate that 
impairment of IRAK1/4 signaling in T-ALL impedes expansion 
in vivo, T-ALL cells were stably transduced with lentiviral vec-
tor encoding the shRNA targeting IRAK1 (which is downstream 
of IRAK4) or control lentiviral vector (pGIPZ vector containing 
GFP). We selected Jurkat T-ALL cells, since they responded to the 
IRAK inhibitor and were more amenable to lentiviral transduc-
tion than were CCRF-CEM cells. Stably transduced GFP+ cells 
were sorted and i.v. injected into NSG mice, and 21 days later, 
the number of T-ALL cells in the BM and circulation was deter-
mined by flow cytometry. The data in Figure 4B and Supplemen-
tal Figure 4, C and D, demonstrate that knocking down IRAK1 
decreased cell numbers in the BM, peripheral blood, and spleen. 
These data underscore the finding that impeding IRAK signaling 
within T-ALL cells alters growth in vivo. We further examined 
whether treatment with IRAK1/4 inhibitor reduced expansion of 
patient-derived T-ALL samples. T-ALL samples were allowed to 
engraft into NSG mice until approximately 100 T-ALL cells per 
microliter of blood were detected by flow cytometry, and the mice 
were then treated with IRAK1/4 inhibitor. Figure 4C shows a rep-
resentative dot plot indicating a similar number of T-ALL cells in 
peripheral blood on day 7, just prior to treatment. However, on 
day 21, the number of T-ALL cells was markedly reduced in mice 
treated with IRAK1/4 inhibitor compared with that detected in 
control mice (day 21) or in samples collected from the same mice 
on day 7. In general, IRAK1/4 inhibitor treatment reduced T-ALL 
cell numbers (from 3 different patients) compared with the num-
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Figure 2. IRAK1/4 signaling inhibition impedes T-ALL proliferation. (A) IRAK4/1 inhibitor effects on the proliferation of various malignant T cell lines. 
Cells were cultured in the presence of IRAK1/4 inhibitor (0–10 μM) or control (DMSO), and proliferation was measured 72 hours later. Data are represen-
tative of 3 independent experiments, and the average OD490 (± SD) of triplicate readings is shown. (B) Patient T-ALL cells were cultured in the presence 
of control (DMSO) or IRAK1/4 inhibitor (0–12.5 μM), and proliferation was determined by measuring 3[H]thymidine incorporation. Data represent the 
average of triplicate readings (± SD) and are representative of 2 independent experiments, each yielding identical trends. *P <0.05 by Student’s t test 
(A and B). (C) Levels of the indicated proteins were examined in CCRF-CEM T-ALL cells after treatment with IRAK1/4 inhibitor (2.5 μM) or DMSO for 
48 hours. (D) T-ALL cells were transiently transfected with the indicated plasmids. Transfected cells were sorted by flow cytometry according to GFP 
expression, and proliferation of CCRF-CEM and Jurkat cells was determined according to 3[H]thymidine uptake (top panels). Average cpm (± SD) of 
triplicate readings is shown. *P < 0.05 versus control shRNA by Student’s t test. Knockdown efficiency was examined by Western blotting. Data are 
representative of 3 independent experiments.



The Journal of Clinical Investigation   R e s e a r c h  a r t i c l e

6 jci.org

Combination treatment with IRAK1/4 inhibitor and ABT-737 or vin-
cristine reduces T-ALL burden and prolongs host survival. NSG mice with 
established T-ALL were treated with IRAK1/4 inhibitor or ABT-737 
using suboptimal doses of each. As shown in Figure 6, A and B, treat-
ment with IRAK1/4 inhibitor or ABT-737 alone moderately reduced 
T-ALL burden, and the percentage and absolute count of T-ALL cells 
were similar to those in control-treated mice. In sharp contrast, com-

bination treatment with IRAK1/4 
inhibitor and ABT-737 significantly 
reduced T-ALL cell counts in BM 
and peripheral blood (Figure 6, A 
and B, and Supplemental Figure 
7A). Consistent with the in vitro 
data shown in Figure 5, coadmin-
istration of IRAK1/4 inhibitor and 
vincristine decreased T-ALL bur-
den in mice (Figure 6C and Supple-
mental Figure 7B). To confirm that 
the observed effects were mediated 
by altering IRAK signaling within 
T-ALL cells, and not as a result of 
altering IRAK signaling in other 
cell types, mice were injected with 
T-ALL cells engineered to stably 
express shRNA IRAK1 (or control 
vector) and treated or not treated 
with ABT-737. As shown in Figure 
6D, administration of ABT-737 
considerably reduced leukemia 
cell counts in BM and peripheral 
blood (Supplemental Figure 7C). 
The combinatorial effects of these 
2 drugs were visually pronounced 
when examining the spleens (Fig-
ure 6E and Supplemental Figure 
7D). It is worth noting that knocking 
down IRAK was sufficient to reduce 
T-ALL expansion and was as effec-
tive as treating mice with ABT-737, 
highlighting the important role of 
IRAK signaling within T-ALL cells 
in leukemia progression.

Coadministration of IRAK1/4  
inhibitor and ABT-737 signifi-
cantly prolonged mouse sur-
vival (median survival, 40 days) 
as compared with survival of 
DMSO-treated control mice 
(median survival, 27 days) (Fig-
ure 6F). Treatment with IRAK1/4 
inhibitor or ABT-737 alone was 
statistically inferior to treatment 
with IRAK1/4 inhibitor plus 
ABT-737 (Figure 6F). The power 
values are provided in Figure 6F. 
A caveat to conducting studies in 
xenogeneic models is that mice 

have a severely compromised immune system, and how therapy 
might impact immune responses or vice versa is not known. We 
examined the effects that this treatment regimen had on differ-
ent immune cell subsets in WT C57BL/6 mice and detected no 
significant changes in the percentages of B cells, CD4+ or CD8+ 
T cells, dendritic cells, macrophages, NK cells, or BM stem  
cells (Supplemental Figure 8).

Figure 3. TLR1-TLR2 engagement can augment T-ALL proliferation. (A) CCRF-CEM cells were treated with Pam3CysK4 
(2.5 μg/ml) or control (PBS) in the presence or absence of either 5 mg/ml neutralizing anti-TLR2 antibody or isotype 
control antibody. After 48 hours, proliferation was determined by 3[H]thymidine incorporation. (B) CCRF-CEM cells 
were cultured with DMSO or IRAK1/4 inhibitor (1.5 μM) in the presence or absence of Pam3CysK4 (2.5 μg/ml), and 
after 48 hours, proliferation was determined by 3[H]thymidine incorporation. Data in A and B are representative of 3 
independent experiments, and the average cpm (± SD) of triplicate readings is shown. *P < 0.05 by Student’s t test. 
(C) Patient T-ALL samples were treated with the indicated concentrations of Pam3CysK4 for 48 hours. Proliferation 
was determined by 3[H]thymidine incorporation, and data are representative of 2 experiments. (D) CCRF-CEM cells 
(3 × 106) were i.v. injected into NSG mice (n = 5). Seven day later, the mice were injected with Pam3CysK4 (2 mg/kg) or 
control (PBS), and the number of T-ALL cells in circulation and BM was determined on day 14 by staining cells with 
anti–human CD7 and CD5 antibodies and analyzed by flow cytometry. Cell counts were normalized by adding an equal 
volume of calibration beads to 50 μl blood and setting the instrument gates to count a constant number of beads. 
Representative dot plots (left panel) and absolute numbers in BM and blood (right panel). Data represent the average 
cell counts (± SD) in 5 mice and are representative of 2 independent experiments. *P < 0.05 by Student’s t test. FSC, 
forward scatter; SSC, side scatter.
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A previous study comparing 
refractory patients with those who 
responded to chemotherapy found 
IL-8 to be highly expressed in 
refractory T-ALL (38). Given that 
inhibition of IRAK signaling dra-
matically enhanced the effects of 
chemotherapeutic drugs, we sought 
to determine whether there was an 
association between IRAK1 tran-
script levels and response to che-
motherapy. Using 2 independent 
gene expression array data sets, we 
compared baseline (pretreatment) 
IRAK1 expression levels in patients 
who achieved prolonged remission 
with expression levels in those who 
relapsed, but found no apparent 
differences (Supplemental Figure 
2C). Unfortunately, IRAK4 was 
not included in these original gene 
expression arrays, and its potential 
role in chemoresistance or relapse 
could therefore not be investigated.

IRAK1/4 inhibition alters the 
expression of key molecules associ-
ated with cell survival and prolifera-
tion and protein synthesis. To gain a 
mechanistic understanding of how 
IRAK inhibition in T-ALL impacts 
the cell cycle and survival, we com-
pared protein expression profiles 
between IRAK1/4 inhibitor–treated 
and control (DMSO-treated) cells 
using a focused cell-cycle and apop-
tosis antibody array. The scatter plot 
in Supplemental Figure 9A shows 
the changes in protein expression 
levels among the samples. We vali-
dated the changes in some of these 
proteins by Western blot analysis. 
In particular, we found a significant 
reduction in the levels of p-p65, 
p-mTOR, p-AKT, and MCL1 fol-
lowing IRAK1/4 inhibition (Figure 
7A). In contrast, IRAK inhibition did 
not alter p-ERK1/2 levels, nor did it 
have an effect on BCL2 or BCL-xL 
(Figure 7A and Supplemental Figure 
9F). The ability of IRAK inhibition to 
reduce mTOR phosphorylation and 
activity is in agreement with previ-
ous reports indicating that stimu-
lating TLR1/TLR2 signaling (which 
activates IRAK1/4) profoundly 
activates AKT signaling and mTOR 
activity in T cells (6, 8).

Figure 4. In vivo intervention with IRAK1/4 inhibitor reduces T-ALL numbers and delays T-ALL pro-
gression. (A) CCRF-CEM cells were injected i.v. into NSG mice, followed by i.p. injection with IRAK1/4 
inhibitor (10 mg/kg) or DMSO on days 3, 6, and 9. Numbers of T-ALL cells (distinguished by CD7 expres-
sion) in BM and blood were determined by flow cytometry on day 21. Representative flow cytometric dot 
plots and average number of cells from 5 mice (± SD) are shown. (B) Jurkat cell lines with reduced IRAK1 
expression were generated using lentiviral vectors and injected i.v. into NSG mice. On day 21, the number 
of T-ALL cells in BM and blood were measured by flow cytometry. (C) NSG mice were injected i.v. with 
T-ALL cells from 3 different patients. Mice with equal numbers of T-ALL cells in the blood were identified 
by flow cytometry on day 7 (dot plot) and injected i.p. with IRAK1/4 inhibitor or DMSO on days 7, 10, and 
13. Numbers represent the percentages of T-ALL cells. T-ALL cells were enumerated in blood and BM on 
day 21 and are shown per 100,000 beads in the bar graphs. (D) NSG mice were injected with CCRF-CEM 
cells and treated with IRAK1/4 inhibitor or DMSO on days 3, 6, and 9. (A, B and D) Data are representative 
of 2 independent experiments (5 mice/group) and were analyzed by Student’s t test (A and B), ANOVA 
(C), and log-rank test (D).
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MCL1 expression levels. Similarly, IRAK inhibition reduced 
p-mTOR levels between 2.2- and 10-fold in 3 of 4 samples ana-
lyzed (Figure 7B). IRAK inhibitor treatment had moderate effects 
on p-p65 levels. Altogether, these data indicate that IRAK1/4 
inhibition in T-ALL cells reduces leukemia progression in vivo in 
part through interplay with various key signaling molecules asso-
ciated with cell survival and protein synthesis.

We next examined whether the effects on p-p65, p-mTOR, 
p-AKT, and MCL1 expression levels also occurred in T-ALL 
patient samples explanted from IRAK inhibitor–treated mice. 
NSG mice harboring T-ALL were treated with IRAK1/4 inhibitor 
on days 3, 6, and 9, and T-ALL cells were collected on day 21 and 
the expression of various proteins examined ex vivo. As shown 
in Figure 7B, IRAK1/4 inhibitor treatment dramatically reduced 

Figure 5. Identification of therapeutic compounds that synergize with IRAK1/4 inhibitor. (A) CCRF-CEM cells (3 × 104) were cultured in 96-well plates 
containing 2.5 μM IRAK1/4 inhibitor, with or without chemotherapeutic drugs, at the indicated concentrations. After 48 hours, proliferation was determined 
by measuring 3[H]thymidine incorporation. Heatmap based on fold changes resulting from IRAK1/4 inhibitor alone or IRAK1/4 inhibitor plus chemotherapy. 
(B and C) CCRF-CEM and Jurkat cells (3 × 104) or (D) patient T-ALL cells (1 × 105) were cultured with IRAK1/4 inhibitor and/or chemotherapy at the indicated 
concentrations. After 48 hours, viability was determined by flow cytometry with PI and annexin V staining. Synergy between compounds is shown as the 
combination index (CI), evaluated using CompuSyn software. (E) CCRF-CEM and Jurkat cells were transfected with IRAK1 shRNA or IRAK4 shRNA and sorted 
based on GFP expression followed by treatment with ABT-737 at the indicated concentrations. Apoptosis was determined 48 hours later by flow cytometry 
with PI and annexin V staining. With the exception of the initial drug screen in A, all results shown are representative of at least 3 independent experiments, 
each yielding similar trends.
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inhibitor moderately reduced MCL1, but not  
β-actin, protein biosynthesis, as demon-
strated by fewer transcripts in the polyribo-
some fractions (Figure 7C). While altering 
MCL1 biosynthesis will certainly impact 
protein levels, MCL1 concentrations are pri-
marily regulated by protein stability, as this 
protein is quickly degraded upon synthesis 
(42, 43). We examined whether inhibiting 
IRAK activity or, conversely, stimulating 
IRAK signaling with TLR1-TLR2 agonist 
alters the half-life of MCL1 protein. T-ALL 
cells were treated with IRAK1/4 inhibitor, 
TLR1-TLR2 ligand, or DMSO, followed by 
the addition of cycloheximide (CHX), to 
inhibit protein translation over the course of 
10 hours. As shown in Figure 8A, IRAK1/4 
inhibitor decreased MCL1 stability over the 

course of 10 hours (Figure 8A). Moreover, at earlier time points, 
IRAK inhibition was more effective at reducing MCL1 protein sta-
bility than was rapamycin (Supplemental Figure 10E). The syner-
gistic effects of combinatorial therapy were more apparent when 
using IRAK inhibitor compared with the use of rapamycin, which 
might be due to the difference in kinetics between IRAK inhibi-
tor and rapamycin (Supplemental Figure 10, F and G). In contrast, 
TLR1-TLR2 ligand enhanced MCL1 stability (Figure 8A). Impor-
tantly, although IRAK inhibition reduced MCL1 stability, it did not 
impact BCL2 or BCL-xL expression levels, highlighting a specific 
link between IRAK signaling and MCL1 levels.

The E3 ubiquitin ligase TRAF6 interacts with MCL1, and altering 
IRAK signaling changes K63-linked MCL1 ubiquitination levels. Acti-
vation of IRAK4 results in phosphorylation of IRAK1, which in turn 

IRAK1/4 inhibitor decreases MCL1 protein stability. Both 
NF-κB and AKT signaling can regulate MCL1 expression (39–41). 
Because TLR stimulation has been shown to activate NF-κB in var-
ious cell lines and since IRAK4/1 inhibition reduced p-p65 levels, 
we first sought to determine whether the decrease in MCL1 levels 
was due to reduced transcription of Mcl1. However, IRAK inhibi-
tor did not alter Mcl1 transcript levels (Supplemental Figure 9B), 
suggesting that the reduction in MCL1 levels was not due to inhi-
bition of NF-κB activation. Previous studies from our group indi-
cated that stimulating TLR1-TLR2 on primary T cells increased 
mTOR activity and resulted in increased protein biosynthesis 
(6). We determined whether inhibition of the mTOR pathway by 
IRAK inhibitor was directly associated with MCL1 protein trans-
lation by examining ribosomal fractions. We found that IRAK 

Figure 6. Combination treatment with IRAK1/4 
inhibitor and ABT-737 or vincristine reduces T-ALL 
burden and prolongs host survival. (A, B, and 
C) NSG mice (n = 5/group) were injected i.v. with 
CCRF-CEM cells (3 × 106). On days 3, 6, and 9, mice 
were i.p. injected with IRAK1/4 inhibitor  
(5 mg/kg), ABT-737 (40 mg/kg), or vincristine  
(0.5 mg/kg). T-ALL cell numbers were determined 
on day 21 by flow cytometry using anti–human 
CD7. Panel A shows representative dot plots from 
BM T-ALL cells. (B and C) T-ALL cell numbers from 
BM. (A–D) Average T-ALL cell numbers from 5 
mice (± SD). *P < 0.05 and **P <0.01 by Student’s 
t test. (D) Jurkat cells (3 × 106) stably expressing 
IRAK1 shRNA or control shRNA were injected i.v. 
into NSG mice (n = 5/group). On days 3, 6, and 9, 
the mice were treated with ABT-737, and T-ALL cell 
numbers in BM were determined by flow cytome-
try. (E) Representative images of spleens collected 
from each of the different treatment groups. (F) 
NSG mice (n = 5/group) were injected i.v. with 
CCRF-CEM cells (3 × 106) and treated with IRAK1/4 
inhibitor and ABT-737 alone or together on days 3, 
6, and 9. Survival and power values (log-rank test) 
are shown. **P < 0.01 versus DMSO; P < 0.01 for 
combination versus IRAK1/4 inhibitor; and  
P < 0.05 for combination versus ABT-737.
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TLR1-TLR2L increased K63-linked MCL1 ubiquitination (Figure 
8C and Supplemental Figure 9E). To validate that TRAF6 impacts 
MCL1 expression levels, we knocked down TRAF6 and observed 
that reduced TRAF6 levels correlated directly with decreased 
MCL1 levels in comparison with either 0-hour transfection or with 
cells transfected with a control plasmid (Figure 8D). In contrast, 
we found that knocking down TRAF6 did not impact BCL2 or 
BCL-xL, further indicating a preferential link between TRAF6 and 
MCL1. These results indicate that TRAF6 associates with MCL1 
and suggest that this leads to the K63 ubiquitination of MCL1, 
thereby prolonging elevated MCL1 protein levels in T-ALL cells.

Overexpressing MCL1, but not BCL-xL, rescues T-ALL cells 
from IRAK1/4 inhibitor–ABT-737–induced apoptosis in vitro. We 
sought further evidence that MCL1 plays a key role in the ability 

promotes association with TRAF6. TRAF6 is an E3 ubiquitin ligase 
whose activity has been shown to play a critical role in signaling 
activation and protein trafficking through K63 ubiquitination. 
This is in contrast to ubiquitination through K48, which generally 
targets proteins for degradation. To determine whether TRAF6 
associated with MCL1, we performed co-IP assays. As shown in 
Figure 8B, MCL1 was detected in IPs using anti-TRAF6 antibod-
ies. IRAK inhibition dramatically reduced MCL1 and TRAF6 asso-
ciation (Figure 8B). In contrast, the addition of TLR1-TLR2 ligand 
increased TRAF6 binding to MCL1 (Supplemental Figure 9D). The 
changes in association between MCL1 and TRAF6 were not due to 
uneven loading of precipitates, as demonstrated by equal amounts 
of TRAF6 and β-actin (Figure 8B and Supplemental Figure 9D). 
IRAK inhibition also reduced the levels of Ub-K63, whereas  

Figure 7. IRAK1/4 inhibition impacts the expression levels of 
signaling molecules critical for T-ALL survival. (A) CCRF-CEM 
cells were treated with IRAK1/4 inhibitor (5 μM) or DMSO for 
48 hours, at which point the expression levels of the indicated 
proteins were determined by Western blot analysis. Average den-
sitometric values (± SD) of 3 independent experiments are shown. 
*P < 0.05 and **P < 0.01 by Student’s t test. (B) NSG mice (n = 3) 
were injected with T-ALL cells from 4 different patients, followed 
by treatment with IRAK1/4 inhibitor (5 mg/kg i.p.) or vehicle 
control on days 3, 6, and 9. T-ALL cells were collected on day 21, 
and expression levels of the indicated proteins were determined 
by Western blot analysis. Change in protein expression levels in 
DMSO and IRAK1/4 inhibitor–treated samples is shown. (C) Top 
panel: Representative polysomal A260 profile (of 3 independent 
experiments) from IRAK1/4 inhibitor– or DMSO-treated CCRF-CEM 
cells separated by velocity sedimentation on a 10%–50% sucrose 
gradient. Middle and bottom panels: Distribution of MCL1 and 
β-actin mRNA as a percentage of total mRNA in CCRF-CEM cells 
treated with IRAK1/4 inhibitor or DMSO control quantified by 
RT-PCR from the indicated fractions.
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also reduced the activation levels of NF-κB and AKT, we tested 
whether overexpressing mutated IKK2, which results in NF-κB 
(p65) activation, or overexpressing myristoylated AKT, which 
results in constitutive activation of AKT and phosphorylation of 
mTOR, would also rescue cells from combination therapy (44, 45). 
However, unlike overexpression of MCL1, we found that restoring 
these signaling pathways through overexpression did not rescue 

of IRAK1/4 inhibitor to augment the cytotoxic effects of ABT-737. 
Both CCRF-CEM and Jurkat T-ALL cells overexpressing MCL1 
were partially rescued from the cytotoxic effects of IRAK1/4 inhib-
itor and ABT-737 combination treatment; these effects were more 
pronounced at the higher drug concentrations (Figure 8E and Fig-
ure 9A); we confirmed the synergy of both drugs by Chou-Talalay 
analyses. Furthermore, because inhibition of IRAK1/4 signaling 

Figure 8. IRAK4/1 signaling impacts MCL1 protein stability, and MCL1 interacts with TRAF6. (A) CCRF-CEM cells were treated with IRAK1/4 inhibitor 
(5 μM) or DMSO for 6 hours. Cells were then treated with CHX for 0, 2, 4, 6, 8, and 10 hours and cell lysates analyzed by Western blotting for MCL1, BCL2, 
and BCL-xL expression. Densitometric values for MCL1 protein relative to the 0-hour time point for each treatment group are summarized in the graph. 
Mean densitometric values (± SD) from 3 independent experiments are shown. *P < 0.05 by Student’s t test. (B and C) Co-IP assay and Western blot 
analysis. CCRF-CEM cells were treated with IRAK1/4 inhibitor (5 μM) or DMSO, and lysates were subjected to co-IP using anti-TRAF6 antibody (B) or anti-
MCL1 antibody (C) and immunoblotted with the indicated antibodies. (D) CCRF-CEM cells were transfected with TRAF6 knockdown (sh-TRAF6) or control 
(sh-Control) plasmids, and expression levels of the indicated proteins were analyzed by Western blotting. (E) CCRF-CEM cells were transfected with 
control plasmid (p-Vector) and plasmids to overexpress MCL1 (p-MCL1), mutated IKK2 (p-IKK2), and AKT (p-myrAKT) and then treated with the indicated 
drugs at various concentrations. Apoptosis (PI+annexin V+) was measured by flow cytometry 48 hours after treatment. Results shown are representative 
of 3 (A and E) or 2 (B–D) independent experiments.
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T-ALL and BCL-xL–overexpressing T-ALL cells responded to com-
bination treatment and demonstrated reduced numbers of T-ALL 
cells in the BM and blood as compared with the numbers detected in 
DMSO-treated control mice. In sharp contrast, we found that mice 
with T-ALL cells overexpressing MCL1 did not respond to combi-
nation treatment and that they had T-ALL cell numbers equal to 
those detected in control mice (Figure 9, C and D). Furthermore, 
while combination therapy prolonged the survival of mice with 
T-ALL or BCL-xL–overexpressing T-ALL cells  as compared with 
survival of control mice, the therapeutic effect was lost in mice with 
MCL1-overexpressing T-ALL cells (Figure 9E). Collectively, these 
data demonstrate that overexpression of MCL1 overcomes the ben-
eficial effects of combination therapy and further underscore the 
important interplay between IRAK signaling and MCL1.

CCRF-CEM T-ALL cells from the cytotoxic effects of ABT-737 plus 
IRAK inhibition (Figure 8E). That overexpression of these vectors 
resulted in increased expression of the intended proteins was veri-
fied by Western blot analysis (Supplemental Figure 9C). Together, 
these data indicate that the chemo-enhancing effects of IRAK1/4 
are primarily mediated through its ability to regulate MCL1 protein 
levels (although alterations in other signaling pathways such as 
mTOR may also potentiate this process).

Overexpressing MCL1, but not BCL-xL, reverses the therapeutic 
benefits of IRAK1/4 inhibitor and ABT-737 combination treatment in 
vivo. To further validate the role of MCL1 in response to combinato-
rial IRAK inhibitor plus ABT-737 treatment, we examined the pro-
gression of Jurkat T-ALL cell lines engineered to stably overexpress 
MCL1 or BCL-xL (Figure 9B). As shown in Figure 9, C and D, control 

Figure 9. MCL1, but not BCL-xL, overrides the therapeutic effects of combinatorial IRAK1/4 inhibitor and ABT-737 therapy in vivo. (A) Jurkat cells were 
transfected with control plasmid (p-Vector) and plasmids to overexpress MCL1 (p-MCL1), mutated IKK2 (p-IKK2), and AKT (p-myrAKT) and then treated 
with the indicated drugs at various concentrations. Apoptosis (PI+annexin V+) was measured by flow cytometry 48 hours after treatment. (B) Western 
blot analysis of MCL1 and BCL-xL expression in stably transduced Jurkat-MCL1, Jurkat–BCL-xL, or Jurkat control cells. Data in A and B are representative 
of 3 independent experiments. (C and D) NSG mice were injected i.v. with MCL1- or BCL-xL–overexpressing Jurkat cells (2 × 106) or control Jurkat cells. Mice 
were injected i.p. with IRAK1/4 inhibitor (5 mg/kg) and ABT-737 (40 mg/kg) or vehicle control on days 3, 6, and 9, and the number of CD5+ T-ALL cells, 
shown as the average number of CD5+ T-ALL cells in BM and peripheral blood from 5 mice, was measured by flow cytometry on day 21. *P < 0.05 by Stu-
dent’s t test. (E) Survival of NSG mice injected i.v. with the indicated cell lines (2 × 106/mouse) and treated with IRAK1/4 inhibitor plus ABT-737 on days 3, 
6, and 9. Data represent a compilation of 2 independent experiments, with 4 or 5 mice per group. P values were determined using the log-rank test. 
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which are prevalent in T-ALL cases (49, 50). Two recent reports 
described a somatic mutation in MyD88 (L265P) in Waldenström 
macroglobulinemia and in diffuse large B cell lymphoma (DLBCL) 
that promotes malignant progression in part by constitutive NF-κB 
activity (29, 30). Considering the importance of the MyD88 L265P 
mutation, its role in activating IRAK signaling, and the fact that 
IRAK1 and IRAK4 are constitutively activated in CCRF-CEM and 
Jurkat T-ALL cell lines, we sequenced the MYD88 gene in these 2 
cell lines, but found them to contain the WT MyD88 (Supplemen-
tal Figure 3B). Moreover, it appeared that IRAK inhibition impaired 
T-ALL proliferation and sensitized cells to ABT-737 or vincristine, 
regardless of the genetic abnormalities typically associated with 
T-ALL, and no clear pattern emerged, due in part to our limited 
sample number (Supplemental Table 2). These data do not rule out 
the possibility that some T-ALL samples might express activating 
mutations in MYD88 (or in other IRAK4 signaling–related genes or 
other related genes), but indicate that IRAK signaling might occur 
by other mechanisms. The prevalence of MYD88 mutations in T cell 
neoplasms has yet to be clearly defined, but is an active part of our 
research endeavors; nevertheless, our data suggest that IRAK4 sig-
naling might represent a more generalized therapeutic target appli-
cable to T-ALL cases with different types of genetic alterations.

Can MyD88/IRAK signaling in T cell neoplasms contribute to 
disease progression in patients? A role for MyD88/IRAK signaling 
in T cell neoplasms has not been thoroughly examined, but a 
possible role of this pathway in malignant T cell progression was 
described in HTLV-infected T cells. Mizobe demonstrated that 
MyD88 was constitutively associated with IRAK1 in HTLV-I–
transformed T cells, resulting in constitutive activation of NF-κB.  
MyD88-IRAK1 association resulted in increased levels of IL-6 
as well as enhanced proliferation and survival (51). Our studies 
demonstrate that TLR stimulation induced T-ALL proliferation 
in vitro and in tumor-bearing mice (Figure 3) and that treatment 
with IRAK1/4 inhibitor reduced T-ALL expansion in tissue culture 
and in mice with T-ALL (Figure 4, Figure 6, and Figure 9). These 
data raise the possibility that TLR agonists (or other pattern rec-
ognition receptor agonists) might contribute to T-ALL prolifera-
tion and perhaps chemoresistance in patients. The effects of TLR 
ligands might have occurred indirectly by activating TLR/IRAK 
signaling on endogenous mouse cells. However, a T-ALL sample 
that did not respond to TLR2 ligand in vitro was also unresponsive 
to TLR2 ligand in vivo, suggesting that the proliferative effects of 
TLR ligand were due to direct TLR2 engagement on T-ALL cells 
in vivo (Supplemental Figure 4E). These data raise the question 
of the source of TLR ligands in vivo, which is a significant issue in 
the biology and pathogenesis of T cell malignancies. TLRs can rec-
ognize a wide range of endogenous danger-associated molecular 
patterns (DAMPs), or so-called alarmins (52), released from dying 
or stressed cells. Among these alarmins are members of the heat-
shock protein (HSP) family, which have been shown to activate 
TLR2 and TLR4 (53–56). Endogenous TLR9 and TLR2 agonists 
released by damaged tissue can also stimulate TLRs on T cells (57, 
58). TLR expression in T cell malignancies has also been shown 
by Smith (59) and Jarrousse (60), who found TLR1, TLR2, TLR4, 
and TLR9 to be highly expressed in peripheral T cell lymphoma 
and Sézary syndrome cutaneous lesions. Despite the inability of 
some T-ALL cells to respond to TLR2 ligand, the importance of 

Discussion
The proliferative and prosurvival effects of stimulating MyD88/
IRAK signaling in primary CD4 and CD8 T cells prompted us to 
examine the potential biological significance of this signaling 
pathway in T cell neoplasms. Our studies are the first to our knowl-
edge to examine in detail the prosurvival-, proliferation-, and che-
moresistance-conferring effects of IRAK1/4 signaling in T-ALL. A 
major finding of this study was that T-ALL cells express elevated 
levels of p-IRAK1 and p-IRAK4 and that inhibition of this signaling 
pathway using a small-molecule inhibitor or shRNA dramatically 
reduced T-ALL proliferation. Perhaps more important, however, 
was that IRAK inhibition augmented the cytotoxic activity of var-
ious types of antileukemic drugs. These studies are also the first 
to our knowledge to characterize the proliferative effects of vari-
ous TLR agonists on T cell neoplasms. Collectively, these studies 
indicate that IRAK1/4 signaling in T-ALL cells play a critical role 
in their proliferation and survival and identify IRAK4/IRAK1 as a 
therapeutic target to prevent or overcome chemoresistance.

Understanding the molecular signals that impart an ability of 
T-ALL cells to overcome the cytotoxic effects of chemotherapy is 
a critical step in developing more effective therapies. Given that 
IRAK inhibition drastically reduced proliferation but had only a 
moderate effect on cell viability, we screened nearly 500 thera-
peutic compounds and identified 22 compounds that were effec-
tive at killing T-ALL cells in vitro when combined with IRAK1/4 
inhibitor. The majority of the drugs identified could be categorized 
into 4 targeted pathways, in the order of most to least effective: 
BCL inhibitors (ABT-737), agents that disrupt microtubules (vin-
cristine), and, to a lesser extent, HSP90 and EGFR inhibitors. We 
validated the antileukemic effects of combined therapy in mice 
with established T-ALL and investigated the mechanisms through 
which IRAK inhibition regulates chemoresistance of T-ALL cells 
by examining the expression levels of nearly 250 cell survival–
related proteins. In particular, we found significant reductions in 
the levels of MCL1, p-mTOR, p-AKT, and p-p65. IRAK inhibition 
had little effect on BCL-xL and BCL2 basal levels. Overexpression 
of MCL1 rescued cells from the cytotoxic effects of IRAK1/4 inhib-
itor combination therapy, but overexpression of p-p65, AKT, or 
BCL-xL failed to compensate for the loss of IRAK signaling (Fig-
ure 8 and Figure 9). It is important to note that although MCL1 
is a BCL family member known for its role in cell survival, it also 
appears to play an indirect, but very important, role in prolifera-
tion (46). We found that knocking down MCL1 in T-ALL moder-
ately reduced proliferation, while having minimal effects on apop-
tosis (Supplemental Figure 10, A–D). MCL1 interacts with BAX 
and BAK and prevents their activation. Bergamo reported that 
ABT-737 was ineffective at downregulating prosurvival BCL2 and 
BCL-xL signaling and that treatment with ABT-737 resulted in a 
compensatory increase in MCL1 expression in AML cells (47). We 
postulate that the synergy between ABT-737 and IRAK inhibition 
is due to disruption of BCL2 and BCL-xL by ABT-737, combined 
with dramatic reductions in MCL1 levels by inhibition of IRAK. 
Reductions in p-mTOR and NF-κB levels in response to IRAK inhi-
bition also likely contributed to the observed synergistic effects.

Various genetic alterations are known to give rise to T-ALL, 
including activating mutations in Notch 1 (48), aberrant expres-
sion of LMO1 and LMO2, and deletions of the CDKN2A locus, 
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of recombinant human stem cell factor (50 ng/ml; Amgen), insulin 
(20 nM; Sigma-Aldrich), and IL-7 (50 ng/ml; R&D Systems). In other 
experiments, protein lysate was collected using the Full Moon Bio-
Systems buffer prior to protein examination by Western blot analysis 
or protein array.

Microarray data sets and data analysis
All of the microarray data sets were from publicly available 
microarray data resources. Two of them were from Gene Expres-
sion Omnibus (GEO GSE36133 and GSE46170). Sabina Chiaretti 
of the University of Rome “La Sapienza” (Rome, Italy) provided 
microarray data sets from Chiaretti et al. (38) and Yeoh et al. (64) 
for analysis of IRAK1 mRNA levels in patients with ongoing remis-
sion or relapse. Data analysis was performed using the BRB-Ar-
rayTool developed at the Biometric Research Branch, Division of 
Cancer Treatment and Diagnosis of the National Cancer Insti-
tute (NCI). IRAK4 mRNA levels in 917 cancer cell lines were from 
Oncomine (https://www.oncomine.com).

Real-time PCR
Real-time PCR (RT-PCR) and quantitative PCR (qPCR) array assays 
were previously described (6). The primers used for qPCR are listed in 
Supplemental Table 3.

Antibodies
Western blot analysis. The following antibodies were used: TLR1 (B-23) 
(sc-130896) and total IRAK1 (H-273) (sc-7883) (from Santa Cruz Bio-
technology Inc.); TLR2 (12276), TLR4 (2246), TLR7 (5632), TLR9 
(5845), TRIF (4596), IRAK-M (4369), IRAK2 (4367), IRAK4 (4363), 
TRAF6 (8028), Tollip (4748), p65 (4764), p-p65 (3033), p-mTOR 
(2971), mTOR (2983), AKT (9272), p-AKT (9271), p-ERK1/2 (9101), 
RAB11 (5589), MCL1 (4572), GAPDH (14C10) (2118), BCL2 (2870), 
BCL-xL (2764), p-IRAK1 (Thr209) (12756), and p-IRAK4 (Thr345/
Ser346) (11927) (from Cell Signaling Technology); TLR3 (DDX0472B) 
and TLR5 (IMG663C) (from Imgenex); and TLR6 (3D10H11), TLR8 
(44C143), and MyD88 (from Abcam).

IF. IRAK1 (4259) and IRAK4 (4363), from Cell Signaling Technol-
ogy, were used for IF staining.

Neutralizing antibody. TLR2 (PAb-hTLR2) neutralizing antibody 
was obtained from InvivoGen.

FACS. Human CD2 (hCD2) (561759), hCD5 (561896), hCD7 
(555361), hCD45 (340942), mouse CD3 (mCD3) (561799), mCD4 
(557307), mCD8 (553035), mCD11c (553802), mCD19 (557398), mNK1.1 
(557391), mSca1 (562059), mc-Kit (553356), and mF4/80 (563899) were 
used for FACS and purchased from BD Biosciences — Pharmingen.

IF staining
CCRF-CEM cells or Jurkat T cells (5 × 104) were loaded on slides by 
cytospinning. After fixation and permeabilization, the cells were 
stained with rabbit anti-IRAK1 or -IRAK4 antibodies (Cell Signaling 
Technology) and were subsequently stained with fluorescence-labeled 
anti-rabbit secondary antibodies. Pictures were taken using an Olym-
pus IX81 confocal microscope and Fluoroview 1000 software.

TLR agonists, IRAK inhibitor, and other inhibitors
The following TLR ligands were purchased from InvivoGen:  
tripalmitoyl-S-(bis(palmitoyloxy)propyl)-Cys-Ser-(Lys)3-Lys 

IRAK signaling in T-ALL progression in vivo was supported by our 
findings that knocking down IRAK1 in T-ALL cells reduced growth 
in vivo (Figure 6D) and that T-ALL cells collected from IRAK 
inhibitor–treated mice exhibited dramatic decreases in MCL1 and 
p-mTOR levels (Figure 7). Collectively, these data highlight the 
biological effects that activating IRAK signaling have on T-ALL 
progression, strengthening the possibility of using IRAK inhibitors 
as a targeted therapy.

Our studies describe for the first time to our knowledge how 
dysregulated and constitutively active IRAK1/4 signaling in T-ALL 
results in enhanced MCL1 protein stability. We further demon-
strate that the activation of TRAF6 leads to its association with 
MCL1 and increased K63 ubiquitination. In our model (depicted in 
Supplemental Figure 11), the reduction in MCL1 that occurs with 
IRAK1/4 inhibitor is associated with chemotherapy sensitization. 
TRAF6 has been shown to ubiquitinate other substrates that might 
play an active role in cancer progression (61–63). Liu reported that 
TRAF6 signaling in multiple myeloma (MM) resulted in NF-κB 
and JNK activation and played a critical role in MM prolifera-
tion (61), while Linares et al. showed that TRAF6 is necessary for 
translocation of mTORC1 to lysosomes and that TRAF6 catalyzed 
K63 ubiquitination through its ability to interact with the signaling 
adaptor p62 raptor, a component of the mTORC1 pathway (15). 
Yang’s observation that TRAF6 was essential for AKT ubiquitina-
tion and phosphorylation was in alignment with our observation 
that IRAK4/1 inhibition reduced p-AKT levels (16).

In summary, recent advances underscore the biological 
importance of TLR/MyD88/IRAK signaling in primary T cells, 
and our studies suggest that this signaling pathway plays an impor-
tant role in the pathogenesis and progression of T-ALL and per-
haps other T cell malignancies. IRAK inhibition slows the growth 
of T-ALL, and, perhaps more important, blocking IRAK4/1 signal-
ing enhances the effects of chemotherapeutic drugs. These stud-
ies indicate that interfering with IRAK4 signaling in T-ALL might 
serve as a novel therapeutic strategy to enhance the efficacy of 
chemotherapeutic drugs.

Methods

Human T cell leukemia cell lines, patient samples, and culture medium
The 293T/17, CCRF-CEM, CEM/C1, CEM/C2, CEM-C7, Jurkat, 
Loucy, MOLT-4, HSB-2, SUP-T1, Hut 78, HH, Hut 102, MO, and H9 T 
leukemia and T lymphoma cell lines were purchased from the ATCC 
during the 2 years prior to submission of this manuscript. Breast can-
cer cell lines MDA-MB-231, MDA-MB-468, SBR3, and MCF-7, were 
provided by Xinrong Ma (University of Maryland School of Medi-
cine) and RAJI, JEKO, RAMOS, and SP50 by Tonya Webb (University 
of Maryland School of Medicine). All of the cell lines were initially 
expanded and cryopreserved within 1 month of their receipt. Cells 
were typically used for 6 months, at which time a fresh vial of cry-
opreserved cells was used. Total T cells from healthy donors were 
isolated via negative selection followed by positive selection using 
a CD3+ selection kit (Invitrogen). T cells were isolated from T-ALL 
patients’ BM or peripheral blood samples containing more than 70% 
leukemia cells using a CD2+ isolation kit (STEMCELL Technolo-
gies). For in vitro experiments, T-ALL cells were cultured in AIM-V 
medium supplemented with 20% human AB serum in the presence 



The Journal of Clinical Investigation      R e s e a r c h  a r t i c l e

1 5jci.org

Cells at 1 × 105/ml were transduced with lentivirus at a MOI of 0.5 
to approximately 1 in the presence of 8 μg/ml polybrene (Santa Cruz  
Biotechnology Inc.). Forty-eight hours after transduction, GFP- 
positive cells were isolated by FACS.

Proliferation, cell number, and apoptosis assays
Cells were cultured in a 96-well plate (Corning Costar) with TLR 
ligands 1–9 at various concentrations, starting at 10 μg/ml, in a final 
volume of 200 μl. TLR ligands underwent 2-fold dilution. Cell lines 
(25 × 103/well to 40 × 103/well) were cultured for 54 hours, whereas 
fresh patient-derived T-ALL cells (200 × 103/well) were cultured 
for 30 hours, prior to adding [3H]-thymidine for 18 hours. After this 
time point, cells were harvested with a Packard Filtermate 96-well 
harvester (PerkinElmer) and counted using a Packard TopCount 
NXT scintillation and luminescence counter (PerkinElmer). Results 
were expressed as average cpm. A CellTiter 96 AQueous Non-Ra-
dioactive Cell Proliferation Assay kit (Promega) was used for the 
proliferation assay described in Figure 2A. Apoptosis was measured 
by flow cytometry after staining cells with annexin V and 7-AAD (BD 
Biosciences — Pharmingen). Cells were counted under microscopy 
after staining with trypan blue.

Cell-cycle analysis
Control and treated cells were collected, fixed, and stained with 
propidium iodide (100 μg/ml) in PBS containing sodium citrate  
(1 mg/ml), Triton X-100 (0.1%), and RNAse (20 μg/ml) for 30 min-
utes. Data were acquired on a BD FACScan flow cytometer using 
CellQuest software (BD Biosciences — Immunocytometry Systems) 
and analyzed with FlowJo software.

High-throughput drug screening and data analysis
Four hundred eighty-four small-molecule inhibitors, including most 
of the FDA-approved inhibitors, active pharmaceutical ingredients, 
and chemotherapeutic agents, were purchased from Selleck Chem-
icals (L1100). CCRF-CEM cells (3 × 104) were cultured in 96-well 
plates containing 2.5 μM IRAK1/4 inhibitor and/or small-molecule 
inhibitors at 4 different concentrations (0.015, 0.060, 0.250, and 
1.000 μM ). Forty-eight hours later, cellular activity was measured 
by a tritiated thymidine incorporation assay. The raw proliferative 
values were then log2 transformed and normalized to untreated and 
then IRAK1/4 inhibitor–treated controls. A heatmap was generated 
based on the fold reduction between combined IRAK1/4 inhibitor 
and chemotherapy and IRAK1/4 inhibitor alone. The small-mole-
cule inhibitors with more than a 2-fold reduction at at least 2 con-
centrations were selected and further validated by synergy assay.

Mice
NSG mice (The Jackson Laboratory) and C57BL/6 mice were used. 
CCRF-CEM cells (3 × 106) were injected i.v. into 5 female NSG mice 
(The Jackson Laboratory). Seven days later, the mice were treated 
with TLR1-TLR2 ligand (Pam3CysK4, 2 mg/kg) or control (PBS) 
3 times every other day. On day 14, the number of T-ALL cells in 
the circulation and BM was determined by staining cells with anti–
human CD7 and anti–human CD5 antibodies and analyzing by FACS. 
To compare T-ALL numbers between mice, calibration microbeads 
(BD Biosciences — Pharmingen) were added to 50 μl blood (or BM 
or spleen suspensions), and the flow cytometric instrument gates 

(TLR1/2); poly I:C (TLR3); ultrapure Salmonella minnesota LPS (TLR4); 
Salmonella typhimurium flagellin (TLR5); FSL1 (TLR2/6); imiquimod 
(TLR7); ssRNA40/lyovec (TLR8); and CpG-ODN 2006 (TLR9). In 
some experiments, we used the IRAK1/4 inhibitor, which is a cell-per-
meable benzimidazole compound that selectively inhibits IRAK1 and 
IRAK4 and shows little to no activity against a panel of 27 other kinases 
(EMD Millipore). Rapamycin was purchased from Sigma-Aldrich.

Western blot and protein array analyses
Total cell extracts were prepared from neoplastic T cell lines or from cells 
from T-ALL patients. Proteins (20 μg/lane from cell lines and ~60 μg/
lane from T-ALL patients) were resolved in Tris-glycine SDS gels and 
transferred to PVDF membranes. The membrane was blocked for 4 
hours with 5% milk in PBS and 0.05% Tween-20, followed by incubation 
with antibodies overnight at 4°C and subsequently with HRP-conjugated 
secondary antibody and detection using ECL (Amersham Pharmacia 
Biotech). We also used a protein array from Full Moon Biosystems. For 
these experiments, purified T-ALL cells were incubated for 48 hours in 
the presence of IRAK1/4 inhibitor (5 μM) or an equal volume of vehicle 
(DMSO). Total protein was then extracted, and the levels of various pro-
teins were measured according to the manufacturer’s protocol.

IP
Cells were lysed with ice-cold lysis buffer (20 mM Tris (pH 7.5), 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM 
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 
and 1 μg/ml leupeptin) containing 1 mM PMSF and 1:100 protease 
cocktail inhibitors. Nuclear pellets and debris were removed by 
centrifugation at 17 × 103 g for 20 minutes at 4°C. An equivalent 
amount of proteins from cell lysates was incubated overnight at 
4°C with the specified antibodies. Protein A beads were added to 
the immune complexes for 45 minutes, then washed 5 times with 
ice-cold lysis buffer. Purified IPs, immobilized on protein A beads, 
were mixed with an equal volume of 2x Laemmli sample buffer 
and boiled for 5 minutes. Proteins were resolved on SDS-PAGE for 
Western blot analysis.

Polysome assay
CCRF-CEM cells were treated with IRAK1/4 inhibitor or DMSO for 48 
hours and then lysed in buffer containing 100 μg/ml cycloheximide. 
After removal of nuclei and mitochondria, supernatants were layered 
onto 10% to 50% sucrose gradients and spun at 38,000 rpm (2 hours 
at 4°C) in an SW 40 rotor (Beckman Coulter). Centrifuged gradients 
were fractionated into twelve 1-ml fractions, and the polysome pro-
file was determined via UV absorbance at 260 nm, followed by RNA 
extraction, reverse transcription, and quantification by RT-PCR.

Plasmids, transfection, lentiviral production, transduction, and stable 
cell selection
Plasmids for TRAF6, IRAK1, and IRAK4 knockdown were obtained 
from InvivoGen. p-MCL1, p-IKK, and p-myrAKT were purchased 
from Addgene. The lentiviral constructs for MCL1 and BCL-xL over-
expression and the lentiviral shRNA constructs targeting IRAK1 were 
purchased from Thermo Scientific. One of the 6 constructs that had 
the best knockdown efficiency was used in the experiments. Lentivi-
ruses were pseudotyped with VSV-G, produced by 293T/17 cells, and 
concentrated by ultracentrifugation at 20,000 rpm for 2 hours at 4oC. 
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mice per group, and for experiments evaluating T-ALL proliferation, the 
values are shown as the mean ± SD of triplicate readings.

Study approval
All tissue collection was performed under protocols approved by the IRB 
of the University of Maryland Baltimore School of Medicine. All human 
subjects provided written informed consent prior to their participation 
in the study. All experiments using mice were approved by the IACUC of 
the University of Maryland Baltimore School of Medicine.
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were set to count a constant number of beads. In other experiments, 
mice (n = 5) were injected i.p. with IRAK1/4 inhibitor (10 mg/kg) on 
days 3, 6, and 9 for mice injected with CCRF-CEM cells, or on days 
7, 10, and 13 for mice injected with patient T-ALL cells. The number 
of T-ALL cells (CD7+) in the BM and blood was determined on day 
21 by flow cytometry. In other experiments, patient T-ALL cells were 
injected into NSG mice, and treatment was initiated after detecting 
patient T-ALL cells (CD7+)in the blood. Stable Jurkat cell lines with 
reduced IRAK1 expression were generated using lentiviral vectors 
expressing IRAK1 shRNA or a vector (selected using puromycin over 
several weeks) and then injected i.v. into NSG mice. The numbers of 
T-ALL cells in the BM, blood, and/or spleen were measured by stain-
ing cells with anti-human CD7 and/or CD5. For in vivo drug admin-
istration, ABT-737 (40 mg/kg), IRAK inhibitor (10 mg/kg or 5 mg/kg 
when in combination with ABT-737), or vincristine (0.5 mg/kg) was 
injected i.p. into NSG mice.

Statistics
A P value of less than 0.05 was considered statistically significant. All P 
values were determined using the 2-tailed unpaired t test, with the excep-
tions noted here. The value in Figure 4C was determined using multi-
ple-measures ANOVA. The values for the studies in Figure 4D, Figure 6F, 
and Figure 9E were determined using the log-rank test with Bonferroni’s 
correction for comparison of multiple between-group differences. Syn-
ergy between combination treatments was determined by the combina-
tion index using CompuSyn software, available online. In experiments 
evaluating T-ALL cell counts, the values are shown as the mean ± SD of 5 
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