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Host-directed therapies that augment host immune effector 
mechanisms may serve as important adjunctive therapies for 
tuberculosis treatment. We evaluated the activity of denileukin 
diftitox in an acute mouse model of tuberculosis (TB) infection 
and analyzed the cellular composition and bacterial burden in 
lungs and spleens. These in vivo studies show that denileukin 
diftitox potentiates standard TB treatment in the mouse model, 
an effect which may be due to depletion of T-regulatory and 
myeloid-derived suppressor cells during TB infection. Our 
results indicate that denileukin diftitox and other suppressor 
cell–depleting therapies may be useful adjunctive, host-directed 
therapies for TB.
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Current therapies for tuberculosis (TB) are problematic due 
to emerging drug resistance, toxicity, and the need for pro-
longed treatment. Thus, there is a clear need for novel thera-
peutic approaches to treat patients infected with Mycobacterium 
tuberculosis. During initial infection by the bacterium, den-
dritic cells take up M. tuberculosis in lung and migrate to the 
draining mediastinal lymph nodes where they activate naive 
T-lymphocytes including CD4 and CD8 cells, which are 
essential for protective immunity against TB. Regulatory T 
cells (Treg, CD4+CD25+Foxp3+) limit potentially protective 
immune responses and facilitate bacterial replication and num-
bers during tuberculosis and other diseases [1, 2]. Depleting 
Tregs using specific antibodies has been shown to decrease 
the M. tuberculosis bacterial burden in the mouse model [3]. 

In addition to Tregs, which are of lymphoid origin, another 
immunosuppressive population of cells known as myeloid-de-
rived suppressor cells (MDSCs, CD11b+Gr1HI) expands during 
TB infection and promotes T-cell dysfunction that in turn 
favors disease progression [4]. MDSCs accumulate within the 
inflamed lung during TB, interact with granuloma-residing 
cells, and contribute to exuberant inflammation [5]. Depleting 
MDSCs using Gr1-specific antibodies ameliorates pathology 
and restricts lung bacterial replication during acute and chronic 
murine TB [4].

Recent immunotherapy approaches for cancer include bio-
logics for selective depletion of suppressor cell populations 
such as Tregs. Denileukin diftitox (DD) is one such agent. DD 
is a diphtheria toxin (DT)–related interleukin 2 (IL-2) fusion 
protein toxin that depletes cells expressing the high-affinity 
form of the IL-2 receptor (IL-2R), CD25 [6]. DD is a 3-domain 
fusion protein toxin comprised of the DT catalytic domain, the 
DT membrane translocation domain, and human IL-2 substi-
tuted in place of the native DT-receptor binding domain. The 
IL-2 moiety of the molecule retargets the fusion toxin to only 
those cells bearing the IL-2R. Once bound, the toxin is internal-
ized and delivered into the cytosol where the catalytic domain 
inhibits protein synthesis via ADP-ribosylation of elongation 
factor 2, ultimately resulting in cell death via apoptosis. DD was 
approved by the US Food and Drug Administration for treating 
refractory cutaneous T-cell lymphoma (CTCL), and subsequent 
human studies confirmed that in addition to killing CD25+ 
T-cell lymphoma cells in CTCL, it also transiently depletes 
Tregs [7]. It has been recently shown that treating Leishmania-
infected mice with DD suppressed lesional Treg abundance, 
enhanced lesion resolution, and decreased parasite burden in 
a mouse model [8].

Given the suppressive effects of Tregs and MDSCs in the 
tuberculous granuloma and the fact that both express IL-2R, we 
evaluated whether DD treatment might enhance the resolution 
of experimental TB infection in the mouse model.

METHODS

Animals and Treatment

We infected C57BL/6 mice, purchased from Charles River 
Laboratories (Wilmington, Massachusetts), by aerosol infection 
using M. tuberculosis H37Rv as previously described using an 
Institutional Animal Care and Use Committee–approved pro-
tocol [9]. One group of animals was treated with 2 cycles of DD 
(each cycle is comprised of 2 doses of drug at 35 μg/kg intraperi-
toneal injection separated by 2 days), the first starting on day –3 
(preinfection) and the second starting on day 11 (postinfection). 
A second group of mice was treated with 1 cycle only starting on 
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day 11 (postinfection) as per the experimental scheme in shown 
in Supplementary Figure 1. Mouse organs were homogenized, 
diluted, and plated for colony-forming unit (CFU) counts. For 
flow cytometry, organs were harvested on day 14 and single-cell 
suspensions were stained with CD4, CD25, FoxP3, CD11b, and 
Gr1 fluorescently labeled antibodies. The data were analyzed 
using BD FACSDiva software.

Statistical Analysis

CFU counts were log10 transformed before analysis. Mean CFU 
counts were compared using Student t test. All measures of sta-
tistical variation are expressed as ± standard error of the mean 
(SEM).

RESULTS

DD Monotherapy Inhibits Mycobacterial Replication in Mouse Model

To evaluate the effect of DD treatment during tuberculosis, we 
determined quantitative lung and spleen CFUs at days 1, 14, and 
35 after infection and treatment (Figure 1A and 1B). The initial 
implantation CFU (day 1) was 2.86 (±0.06) log, and the CFUs in 

the untreated mice lungs at day 14 were 6.95 (±0.09) log units. 
The DD treated pre- and postinfection group had quantitative 
lung CFU counts that were 0.33 and 0.58 log units lower than 
the untreated control at days 14 and 35, respectively (P < .01 at 
day 14 and P < .05 at day 35), while the group that was treated 
postinfection only had quantitative CFU counts that were 0.18 
and 0.65 log units lower than the untreated control at days 14 
and 35, respectively (P  <  .05 at days 14 and 35)  (Figure  1A). 
We observed similar effect of DD treatment on spleen burden 
(Figure  1B). These data show that both monotherapy treat-
ments with DD were efficacious in reducing M.  tuberculosis 
organ burdens. Additionally, one postinfection treatment cycle 
was sufficient to reduce the CFU numbers in lungs and spleens, 
and hence treating prior to infection essentially had no effect 
(P = not significant).

To assess the effect of route of administration of DD, we 
designed another arm in the experiment where the animals 
received 2 cycles of drug via the intravenous route pre- and 
postinfection. The extent of decrease in the lung and spleen 
CFU counts compared to untreated mice were similar for the 
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Figure 1. Denileukin diftitox (DD) treatment decreases tuberculosis disease progression and lung-to-spleen dissemination. A and B, Groups of C57BL/6 mice (5 mice per 
time point) were infected with 2.9 log10 units of Mycobacterium tuberculosis H37Rv by the aerosol route on day 0. Pre- and postinfection–treated mice (black arrows) received 
DD (35 μg/kg intraperitoneally [IP]) on days –3 and –1 preinfection (first cycle) and on days 11 and 13 postinfection (second cycle), while a separate postinfection-only group 
(gray arrows) received only 1 cycle of treatment on days 11 and 13. Mouse lungs (A) and spleens (B) were homogenized, diluted, and plated for colony-forming unit (CFU) 
counts. C, Groups of mice were treated with DD either by the IP or intravenous (IV) routes with 2 drug cycles (1 pre- and 1 postinfection cycle as in A), and lungs and spleens 
were plated for CFU counts on day 35. The dotted lines represent the day 35 CFU counts for untreated animals. D, Mice were infected with 3.84 log10 units of M. tuberculosis 
H37Rv by the aerosol route, and were given DD (35 μg/kg IP) for 1 cycle starting on day 11 postinfection. The mice were killed at day 28, and spleens were homogenized, 
diluted, and plated for CFU counts. *P < .05.
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2 groups at day 35 (P = not significant) (Figure 1C). Thus, the 
route of administration had little or no effect on the reduction 
of organ bacterial burden.

It has been reported that dissemination of M.  tuberculosis 
to extrapulmonary organs is governed immunologically in the 
early phases of infection [10]. To test whether DD could aug-
ment pulmonary containment of M. tuberculosis, we conducted 
a dissemination study with a high-burden aerosol infection of 
C57BL/6 mice (3.84 log10 CFU counts on day 1). A group of ani-
mals received 1 cycle of DD intraperitoneally starting on day 11 
postinfection (750 ng per mouse). After 4 weeks of infection, the 
animals were sacrificed and spleens plated for log CFU counts. 
The group of mice receiving DD showed a 72-fold (1.86 log 
units) lower CFU count in spleens than the untreated animals 
(Figure  1D). Hence, administration of 1 cycle of DD starting 
on day 11 significantly reduced dissemination of M. tuberculosis 
from lungs to spleen in treated mice.

DD Potentiates Standard TB Treatment

To determine the efficacy of DD as an adjunctive therapeutic 
when given with standard TB treatment, we administered the 
drugs rifampin (R), isoniazid (H), and pyrazinamide (Z) with 
or without the protein toxin. Mice were infected with M. tuber-
culosis H37Rv and treated daily with RHZ starting on day 14 

postinfection, and the standard therapy-plus-DD group of mice 
received 1 cycle of protein toxin immunotherapy intraperitone-
ally starting on day 11 postinfection. At day 35 after infection 
and treatment, gross lung pathology revealed that mice receiv-
ing DD-plus-RHZ treatment had fewer visible lesions com-
pared with those receiving RHZ alone (Supplementary Figure 
2). In C57BL/6 mouse lungs (Figure 2A), standard RHZ treat-
ment yielded a 2.32 log10 unit CFU decrease at day 35 compared 
with the untreated controls, whereas the RHZ-plus-DD group 
gave quantitative CFU counts that were 2.80 log10 units lower (P 
= .0002). We observed similar effect of DD treatment in spleens 
(Figure 2B; P = .003). Taken together, these results reveal that 
DD immunotherapy adds significantly to the bactericidal effec-
tiveness of standard RHZ therapy (Figure 2A and 2B).

DD Immunotherapy Reduces Treg and MDSC Frequencies in Lungs and 

Spleens During TB Infection

It has been demonstrated that administering DD can tran-
siently deplete Tregs in humans with melanoma and that the 
drug enhances antitumor immune responses in these patients 
[11]. Human IL2 has been shown to bind to the murine IL-2R, 
and studies of DD in mice have confirmed transient depletion 
of murine Tregs with maximal depletion in C57BL/6 mice 
occurring on day1 posttreatment [7]. To better understand 
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Figure  2. Denileukin diftitox (DD) has an additive effect with the antimicrobial standard treatment regimen and decreases the frequency of T-regulatory cells and 
myeloid-derived suppressor cells (MDSCs) in lungs and spleens of Mycobacterium tuberculosis–infected animals. Groups of mice (5 mice per time point) infected with 
M. tuberculosis H37Rv were treated with rifampin (R; 10 mg/kg), isoniazid (H; 10 mg/kg), and pyrazinamide (Z; 150 mg/kg) daily for 5 days/week, with or without DD (DD; 
35 μg/kg intraperitoneally) given as 1 cycle postinfection starting on day 11. The lungs (A) and spleens (B) were homogenized, diluted, and plated for colony-forming unit (CFU) 
counts. Single-cell suspension from lungs and spleens of infected mice at 14 days postinfection were analyzed by flow cytometry for frequency of Tregs (C) and MDSCs (D). 
*P < .05 and **P < .01.
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the cellular populations involved during DD treatment in 
TB-infected animals, we analyzed the number of Tregs and 
MDSCs in treated lungs and spleens. The infected animals were 
treated with 1 cycle of DD IP starting on day 11 postinfection. 
The percentages of CD25+FoxP3+ of total CD4+ cells (Tregs) in 
lungs were found to be 1.75% for the untreated animals and 
1.25% for the treated group (P = .01), indicating a modest but 
significant decrease in the numbers of Tregs after treatment 
with DD (Figure 2C). We detected a similar reduction (34%; 
 P = .002) in the Treg frequencies and cell counts in spleens from 
the treated group compared with the untreated animals (Figure 
2C and Supplementary Figure 3).

We further investigated the numbers of MDSCs in the organs 
of infected animals that were treated with the fusion protein 
toxin immunotherapy at the same time point. The percentages of 
CD11b+Gr1Hi cells of total leukocytes in lungs were found to be 
12.3% for the untreated animals and 6.3% for the treated group 
(P = .0064), indicating a significant decrease in the numbers of 
MDSCs in lungs after DD treatment (Figure 2D). A similar degree 
of MDSC reduction (23%; P = .07) was observed in the spleens of 
treated mice when compared to the untreated group. We examined 
the surface expression of CD25 on MDSCs and found that MDSCs 
infected with M. tuberculosis H37Rv have higher CD25 levels com-
pared to the uninfected controls (Supplementary Figure 4).

DISCUSSION

Our data reveal that during M.  tuberculosis infection in mice, 
DD successfully reduces the frequencies of both Treg cells and 
MDSCs in whole organs. It has been recently shown that Tregs 
and MDSCs can functionally crosstalk during murine melanoma 
development [12]. The reduction in the frequency of 2 different 
immune suppressive cell types from adaptive and innate responses 
during tuberculosis infection and subsequent treatment raises 
possibility of an interaction between Tregs and MDSCs during 
TB disease. Moreover, a single cycle of this immunotherapy post-
infection had a beneficial effect for the host with at least a 7-fold 
decrease of M. tuberculosis CFU counts in the treated animals 3 
weeks after therapy. We found that use of the drug preinfection 
did not add to the efficacy of postinfection therapy, indicating 
that the drug’s effectiveness is related to killing of cell types that 
expand during the infection process. Importantly, the activity of 
DD significantly augmented the bacterial killing of RHZ stan-
dard therapy, illustrating that immunotherapeutic TB control was 
exerted by a mechanism independent of antimicrobial-mediated 
bacterial death. We also demonstrated that immunotherapeutic 
efficacy is independent of whether DD is administered intraperi-
toneally or intravenously.

Mycobacterium tuberculosis disseminates from the lungs to 
other organs such as liver and spleen within 11–14 days after 
infection [10]. We considered the possibility that DD may 
inhibit dissemination to other organs during treatment. Using 
a high-burden M.  tuberculosis aerosol inoculation model, we 

found that administration of 1 cycle of the protein toxin on 
day 11 postinfection reduces lung-to-spleen dissemination by 
70-fold when assessed at day 28 postinfection. Hence, our study 
revealed that DD treatment enhances immunologic contain-
ment of M. tuberculosis in mice lungs and as such alters delete-
rious pathological sequelae of pulmonary tuberculosis.

DD (Ontak) had been used extensively in the clinic for 
CTCL and has been studied for peripheral T-cell lymphoma, 
renal cell carcinoma, and melanoma [13–15]. DD treatment 
in stage IV melanoma patients resulted in transient depletion 
in CD25+FoxP3+ Tregs [11]. In this study, we demonstrate that 
DD treatment during TB infection reduces the frequencies of 
immune suppressor cell types such as Tregs and MDSCs and 
that treatment leads to reduced bacterial burdens either as 
monotherapy or when used together with standard therapy. 
Nonhuman primates have granulomatous lung pathology with 
caseous necrosis resembling the human disease; hence, a study 
in M.  tuberculosis–infected nonhuman primates treated with 
DD is warranted before proceeding to test DD in patients.

In conclusion, the results of our present study conducted in 
the mouse model of pulmonary TB provides a proof of concept 
that recombinant protein toxin can significantly improve anti-
biotic-mediated killing and suggests novel approaches for treat-
ment and prevention of tuberculosis. Future studies in other 
models, such as nonhuman primates, may further elucidate the 
effector cell responses and signaling mechanisms during this 
Treg-depleting immunotherapy in TB.
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