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Abstract

The transcription factor forkhead box P3 (FOXP3) is essential for
the development of regulatory T cells (Tregs) and their function in
immune homeostasis. Previous studies have shown that in natural
Tregs (nTregs), FOXP3 can be regulated by polyubiquitination and
deubiquitination. However, the molecular players active in this
pathway, especially those modulating FOXP3 by deubiquitination
in the distinct induced Treg (iTreg) lineage, remain unclear. Here,
we identify the ubiquitin-specific peptidase 44 (USP44) as a novel
deubiquitinase for FOXP3. USP44 interacts with and stabilizes
FOXP3 by removing K48-linked ubiquitin modifications. Notably,
TGF-b induces USP44 expression during iTreg differentiation.
USP44 co-operates with USP7 to stabilize and deubiquitinate
FOXP3. Tregs genetically lacking USP44 are less effective than their
wild-type counterparts, both in vitro and in multiple in vivo models
of inflammatory disease and cancer. These findings suggest that
USP44 plays an important role in the post-translational regulation

of Treg function and is thus a potential therapeutic target for
tolerance-breaking anti-cancer immunotherapy.
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Introduction

Regulatory T cells (Tregs) expressing the transcription factor fork-

head box P3 (FOXP3) are essential for maintaining self-tolerance and

immune homeostasis (Sakaguchi et al, 2008). In humans, mutation

of the FOXP3 gene results in immunodysregulation polyendocrinopathy
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and enteropathy, X-linked syndrome (IPEX) (Bennett et al, 2001a,b).

Concomitantly, in mice, a lack of functional FOXP3 is associated

with a similar, widespread loss of immune control that underlies the

“Scurfy” phenotype (Brunkow et al, 2001). Historically, Treg cells

have been classified into two different subtypes, determined by the

tissue where they develop. Thymus-derived or “natural” Treg (tTreg

or nTreg) constitute the majority of circulating FOXP3+ Tregs and

are crucial for preventing autoimmunity (Miyara & Sakaguchi, 2007;

Schmidt et al, 2012). Tregs induced in peripheral tissues (pTregs) or

ex vivo (iTregs) arise from naı̈ve T cells that acquire FOXP3 expres-

sion and suppressive function. This occurs through the activation of

the TGF-b and IL-2 signaling pathways (Josefowicz et al, 2012a).

Other compounds such as all-trans retinoic acid can further potenti-

ate the differentiation of FOXP3+ Treg cells while inhibiting the

generation of related but functionally opposite Th17 cells from

naı̈ve precursors (Samanta et al, 2008; Liu et al, 2015). Cells of

this pTreg population have been characterized as specialized enfor-

cers of immune homeostasis at mucosal barrier sites (Josefowicz

et al, 2012b).

While the unique contributions of each of these subsets to

immune control and the characterization of surface markers able to

differentiate between them (e.g., Helios, Nrp1) are subjects of ongo-

ing investigations (Thornton et al, 2010; Yadav et al, 2012; Zabran-

sky et al, 2012; Szurek et al, 2015), FOXP3+ Treg cells generally

suppress immune responses by multiple mechanisms. These

include, but are not limited to, cytokine (IL-2) deprivation, CTLA-

4-mediated subversion of antigen-presenting cell function, and inhi-

bition of effector T cell proliferation by release of anti-inflammatory

cytokines (such as IL-35 and IL-10) (Miyara & Sakaguchi, 2007;

Schmidt et al, 2012). These suppressive mechanisms are underwrit-

ten by a distinct Treg signature gene expression profile that is estab-

lished and maintained in large part by FOXP3 (Fontenot et al, 2003;

Fu et al, 2012).

As FOXP3 is centrally important for Treg function, it is essential

to understand the factors and processes responsible for modulating

its expression and function. Recent studies have shown that in addi-

tion to pathways regulating transcription of the FOXP3 gene, the

expression of this key regulator also depends on complex and multi-

layered mechanisms operating at the post-transcriptional and post-

translational levels as well. Recently, several mechanisms of

protein-level regulation of FOXP3 expression and function have also

been brought to light. For instance, FOXP3 interacts physically or

functionally with a number of co-regulatory factors, including itself,

other transcription factors, and epigenetic modifier enzymes—all

participants in the so-called “FOXP3 Interactome” (Li et al, 2007b;

Hori, 2012). These include nuclear factor of activated T cells

(NFAT), acute myeloid leukemia-1/runt-related transcription factor

(AML1/RUNX1), Eos, and IRF4 (Wu et al, 2006; Ono et al, 2007;

Pan et al, 2009; Zheng et al, 2009).

Post-translational modifications are essential for the expression,

localization, stability, and function of many target proteins. These

modifications can be made through the processes of acetylation,

methylation, phosphorylation, poly(ADP-ribosyl)ation ubiquitina-

tion, and sumoylation. Recently, it was clearly shown that the activ-

ity and stability of the FOXP3 protein pool are heavily influenced by

such modifications. Specifically, acetylation of FOXP3 can stabilize

the transcription factor and enhance its activity (Li et al, 2007a; Tao

et al, 2007; van Loosdregt et al, 2010), while phosphorylation can

have both positive and negative effects on FOXP3 activity and Treg

function, depending on the specific residues targeted (Morawski

et al, 2013; Nie et al, 2013; Li et al, 2014). PARP-1-mediated poly

(ADP-ribosyl)ation of FOXP3 impairs Treg function and suggests

that PARP-1 inhibitor could be potential drug for autoimmune

diseases (Luo et al, 2015). Our previous findings uncovered STUB1

as an E3 ligase capable of targeting FOXP3. The up-regulation of

STUB1 in Treg cells upon exposure to LPS, pro-inflammatory cytoki-

nes, or heat shock was found to promote FOXP3 polyubiquitination.

This process promoted the proteasomal degradation of the transcrip-

tion factor, leading to impairment of Treg suppressive function

(Chen et al, 2013).

Just as the ubiquitination of FOXP3 has significant implications

for Treg function and phenotypic stability, deubiquitination is a

process equally important in Tregs. There are more than 100

deubiquitinases (DUBs) in humans and nearly 20 that are expressed

in human T cells (Jin et al, 2007). A recent study found that a

particular DUB called ubiquitin-specific protease 7 (USP7) both

associates with FOXP3 and deubiquitinates the transcription factor.

Expression of USP7 was also found to be important for preserving

cellular pools of FOXP3 and the immunosuppressive function of

primary Tregs (van Loosdregt et al, 2013). We also identified the

TCR signaling induced deubiquitinase USP21 as a crucial regulator

of preventing FOXP3 protein depletion and a controller of Treg

lineage stability (Li et al, 2016). While these discoveries marked

important steps in the characterization of ubiquitin-dependent regu-

lation of FOXP3, the cast of molecular participants impacting the

expression and activity of this key Treg transcription factor remains

mostly unknown. Additionally, the relative importance of protein-

level FOXP3 regulation and individual DUBs in the biology of dif-

ferent FOXP3+ Treg subsets is equally uncertain.

Previously, we used a tandem affinity purification method to

purify factors found in a complex with FOXP3 in a Jurkat cell line

possessing stable expression of HA-FOXP3 (Chen et al, 2013; Gao

et al, 2015). Mass spectroscopy of the FOXP3 complex identified a

novel, Treg-relevant DUB known as ubiquitin-specific protease 44

(USP44) among the factors physically interacting with FOXP3.

USP44 is known to play important roles in the cell cycle (Stegmeier

et al, 2007; Visconti et al, 2012), tumor progression, and embryonic

stem cell differentiation (Fuchs et al, 2012; Zhang et al, 2012). In

this study, we confirmed that USP44 indeed associates with FOXP3.

Furthermore, we found that it counteracts degradative, K48-linked

ubiquitination of the transcription factor, preserving both its protein

level and regulatory activity. USP44 knockdown in Tregs decreased

FOXP3 expression and disrupted patterns of Treg gene expression

(i.e., suppression of IL-2 expression). We also found Tregs lacking

USP44 to be functionally deficient in vitro and less effective suppres-

sors of inflammation in vivo than wild-type controls. Moreover,

these shortcomings were linked to highly unstable FOXP3 expres-

sion in the absence of USP44. We also found transcriptional up-

regulation of USP44 in response to TGF-b-driven Smad3 activation,

while inflammatory cues effectively down-regulated USP44 levels.

Interestingly, USP44 co-operated with USP7 to deubiquitinate and

stabilize FOXP3.

These findings identify USP44 as a potent stabilizer of the FOXP3

protein pool. They also add to our grasp of the molecular pathways

acting on this important T cell lineage regulator at the post-

translational level. Importantly, USP44 presents a potential target
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for immunotherapeutic intervention for dysregulated immune

responses such as those seen in autoimmune diseases and cancer.

Results

USP44 is a part of the FOXP3 complex and is preferentially
expressed by Tregs among the CD4+ T cell subsets

FOXP3 has been reported to interact with a number of factors that

include epigenetic modifying enzymes and transcriptional co-regula-

tors (Hori, 2012). In prior studies, we used a tandem affinity purifi-

cation approach to characterize molecules capable of interacting

with FOXP3 (Chen et al, 2013; Gao et al, 2015). In this approach,

Jurkat T cells stably expressing a HA-tagged FOXP3 were lysed, and

anti-HA immunoprecipitation allowed for the recovery of FOXP3

molecules with their associated factors (the FOXP3 complex). Mass

spectrometry analysis of the peptides associated with FOXP3 led to

the identification of several chaperones and co-factors (Gao et al,

2015). In addition, a polypeptide belonging to the known sequence

of the DUB called USP44 was also present at low but detectable

levels in the FOXP3 complexes recovered.

While this ubiquitin-specific protease is known to be important

in the cell cycle and tumor biology (Sargin et al, 2007), no such role

for USP44 in Tregs or immune regulation had been uncovered.

Suggesting that such a role for this DUB indeed exists, USP44 mRNA

and protein levels were found to be significantly elevated in both

murine Tregs freshly isolated from lymphoid tissue (nTreg) and

iTregs subsets compared to naive CD4+ T cells. iTregs similarly

displayed significantly more USP44 transcript than any other in vitro

differentiated effector CD4+ T cell subsets that we generated (i.e.,

Th1, Th2, and Th17 cells) (Fig 1A). Similar results were obtained

when surveying USP44 mRNA levels in human CD4+ effect T cells

differentiated in vitro and validated by measuring expression of

canonical transcription factors (Fig EV1A). While nTregs expressed

higher levels of USP44 mRNA and protein than their non-Treg coun-

terparts, in vitro generated iTregs consistently showed even greater

expression of USP44 (Fig 1A).

Also linking USP44 expression to the process of Treg differentia-

tion were observations that USP44 message and protein levels were

progressively increased in murine naı̈ve CD4+ T cells throughout

their in vitro induction of Foxp3 and commitment to the iTreg

lineage (Figs 1B and C, and EV1B). This up-regulation largely

tracked with the progressive elevation of Treg-associated transcript

levels (including FOXP3, CD25, CTLA4, and GITR) and the silencing

of IL-2 expression (Fig EV1C), a gene expression profile typical of

Tregs.

USP44 expression is up-regulated by TGF-b during
Treg differentiation

Having observed preferential USP44 expression by Tregs and the

robust up-regulation of this DUB during iTregs generation (Fig 1A–

C), we hypothesized that USP44 plays an important role in promot-

ing FOXP3 expression in these cells. A critical driver of FOXP3 up-

regulation in naı̈ve CD4+ T cells is the cytokine TGF-b. Signaling
downstream of the TGF-b receptor induces the phosphorylation and

activation of SMAD2/3 factors that activate expression of Treg-

associated genes, including FOXP3 (Zheng et al, 2010; Schlenner

et al, 2012). This cytokine also plays an important role in the main-

tenance of established Treg suppressive function (Marie et al, 2005;

Tran, 2012), as do other triggers of SMAD activity (Ni et al, 2018).

Suspecting that USP44 may be up-regulated in T cells by TGF-b, we

examined the promoter of the mouse/human USP44 gene using

R-vista analysis software. Indeed, one conserved SMAD binding site

was found in the proximal region of both mouse and human Usp44

promoter (Fig EV2A and B).

Based on this, we cloned the +17-(-314) region of the mouse

Usp44 promoter, which includes a SMAD binding site, in order to

generate a Usp44 promoter-driven luciferase reporter construct.

Introduction of this reporter into the Jurkat T cell line allowed us to

confirm that TGF-b can bring about USP44 up-regulation. Activation

with PMA and ionomycin was able to induce reporter activity to

some degree in these cells. However, treatment with 2 ng/ml TGF-b
resulted in a significant increase in luciferase signal at a time point

corresponding to peak SMAD2/3 activation. Interestingly, ablating

TGF-b signaling in this system with an antibody neutralizing the

cytokine reduced USP44 expression in cells stimulated with PMA/

Iono without exogenous TGF-b (Fig EV2C), suggesting that induced

USP44 activity may be augmented by trace amounts of TGF-b in the

serum-complemented culture media (RPMI) used in these experi-

ments. It is also possible that activation can render cells more recep-

tive to TGF-b signaling (i.e., through the up-regulation of surface

receptors). It has been reported that mitogen-activated protein

(MAP) kinase cascades triggered by T cell receptor signaling can

lead to phosphorylated Smad2 (Mamura, 2000 #204). Importantly,

when the SMAD binding site in the USP44 promoter of our construct

was mutated, reporter activity was severely repressed, even in the

presence of stimulation and TGF-b (Fig EV2D). Corroborating the

findings of these assays, a ChIP assay revealed SMAD occupancy at

the promoter of the Usp44 gene of murine iTregs (Fig EV2E), further

implicating TGF-b as driver of USP44 expression.

We also scrutinized the several stimuli that contribute to

Treg-inducing conditions for the ability to drive USP44 induction.

Specifically, we assessed the impact of TCR stimulation, costimula-

tion, IL-2, and TGF-b signaling separately on USP44 expression in

naı̈ve CD4+ T cells. While activation alone induced a modest up-

regulation of USP44 mRNA, addition of IL-2 had little-to-no effect.

We found that exposure to TGF-b was chiefly responsible for induc-

ing robust levels of USP44 in developing iTregs (Fig EV2F). These

findings strongly suggest that USP44 expression in Tregs is largely

driven by TGF-b/SMAD signaling. In line with such a mechanism

for USP44 induction in Tregs, and the findings obtained in our

reporter system, T cells from mice genetically deficient in SMAD2

and SMAD3 fail to up-regulate USP44 under iTreg skewing condi-

tions, and SMAD deficiency similarly abrogated USP44 up-regula-

tion by iTregs (Fig EV2G).

We also explored the impact of pro-inflammatory cues on USP44

levels. Here, isolated iTregs were activated in the presence of the

toll-like receptor agonist LPS or the inflammation-inducing cytoki-

nes IL-1b, IL-6, and TNFa—stimuli previously found to undermine

FOXP3 protein levels (Chen et al, 2013; van Loosdregt et al, 2013;

Gao et al, 2015). Interestingly, exposure to either inflammatory cue

markedly reduced USP44 protein levels, commensurate with FOXP3

down-regulation (Fig 1D). These results further align USP44 expres-

sion with protein-level regulation of FOXP3 in Tregs.
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A B

C D

Figure 1. USP44 is preferentially expressed in Treg subsets.

A (Top) USP44 transcript levels across CD4+ T cell populations. Suspension of the lymph node and spleen cells of 6- to 8-week-old female C57BL/6 mice (n = 5
experiments) was obtained, and naïve (CD62Lhigh/CD25�) CD4+ T cells and nTregs (CD4+/CD25high) were obtained by FACS. The indicated effector T cell populations
were generated by activating 1 × 106 naïve CD4+ T precursors with anti-CD3 and anti-CD28 antibodies (1 and 4 lg/ml, respectively) for 4 days under the indicated
in vitro skewing conditions (described in the Materials and Methods section). After harvesting RNA by TRIzol reagent and generating cDNA, the Usp44 mRNA levels
expressed by the resulting Teff and iTreg, as well as freshly isolated nTreg cells, were determined by qRT–PCR. (Bottom) Suspension of lymph node and spleen cells of
6- to 8-week-old female C57BL/6 mice was obtained, and naïve (CD62LhighCD25�) CD4+ T cells and nTregs (CD4+/CD25high) were sorted by FACS. iTregs were generated
by activating 1 × 106 naïve CD4+ T cells with anti-CD3 and anti-CD28 antibodies (1 and 4 lg/ml, respectively) for 4 days in the presence of IL-2 (100 lg/ml) and TGF-
b (5 ng/ml) before the cells were harvested for SDS–PAGE.

B Naïve murine CD4+ T cells were obtained and differentiated into the iTreg lineage as in A. Expression levels of Usp44 and Foxp3 mRNA were assessed daily over time
by qRT–PCR.

C Expression of USP44 and FOXP3 protein by T cells during in vitro differentiation was also measured. After 1–4 days of iTreg skewing, cell lysates were resolved by
SDS–PAGE following by immunoblotting with the indicated antibodies.

D Murine iTregs generated in vitro as above were activated in the presence of recombinant TNFa, IL-6, or IL-1b (each at a 10 ng/ml concentration), or LPS (1 lg/ml) for
24 h. Treated Tregs were then harvested, and USP44 protein levels were determined as above.

Data information: Panels (A) and (B) depict the mean mRNA expression normalized to the housekeeping gene GAPDH. Shown are the representative results of three
biological replicates for all panels. Error bars represent the SEM. *P < 0.05, **P < 0.02, ***P < 0.002; Student’s t-test.
Source data are available online for this figure.
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USP44 interacts with FOXP3

Prior studies implicated USP44 as a component of the FOXP3

complex. Here, the physical association between USP44 and FOXP3

was confirmed by reciprocal co-immunoprecipitation. To this end,

HEK293T cells were transfected with constructs encoding MYC-

labeled FOXP3 and FLAG-tagged USP44. Forty-eight hours post-

transfection, cells were harvested and lysed, and either FOXP3 or

USP44 was immunoprecipitated from the cell lysates along with

their interacting partners, as visualized by immunoblotting

(Fig 2A). Mutagenesis mapping further characterized the interac-

tion. Co-expression of HA-tagged USP44 with various Flag-tagged

FOXP3 mutants in HEK 293T cells revealed that this DUB could

pull down wild-type FOXP3 as well as FOXP3 deletion mutants

lacking the zinc finger and the leucine zipper domain (DZ+L) or

the coiled-coil domain (DCC) but not one lacking the proline-rich

region (DP) (Fig EV3A).

Further co-immunoprecipitation experiments tested the ability of

several truncated FOXP3 mutants (Fig EV3B) to interact with

USP44. Only variants containing FOXP3’s proline-rich domain could

pull down USP44 (Fig EV3C and D) confirming the necessity of this

domain for USP44 interaction. In a similar approach, C- and N-term-

inal truncation mutants of USP44 were used to map the region of

the DUB important for the interaction (Fig EV3E). Deletion of

USP44’s ZF-UBP domain, but not the C-terminal UCH region, was

found to be critical for interaction with FOXP3. An insertion muta-

tion of ZF-UBP also rendered USP44 incapable of pulling down

FOXP3 (Fig EV3F) supporting the conclusion that the USP44 associ-

ates with FOXP3 through ZF-proline-rich domain interactions.

Endogenous co-IP experiments further supported the notion that

FOXP3 and USP44 interact. Specifically, immunoprecipitation of

FOXP3 from the lysate of murine iTregs or nTregs readily pulled

down USP44, and this DUB was similarly able to coimmunoprecipi-

tate FOXP3 in reciprocal experiments (Fig 2B and C). Colocalization

of these molecules was suggested by immunostaining and fluores-

cent microscopy in FOXP3-expressing Jurkat T cells (Fig EV4).

Confocal microscopy of primary murine Tregs confirmed the colo-

calization of FOXP3 and USP44 in wild-type-derived cells but not in

cells isolated from mice lacking USP44 expression (Usp44fl/

flFoxp3Cre+; Fig 2D). Taken together, these data suggest that

USP44 interacts with FOXP3 in Tregs.

USP44 promotes FOXP3 stabilization through deubiquitination

Suspecting that USP44 targets FOXP3 for deubiquitination, we again

utilized a co-IP approach to test this notion. As expected, simulta-

neous co-transfection of HEK 293T cells with constructs encoding

Myc-tagged FOXP3 and His-marked ubiquitin resulted in distinctly

ubiquitinated species of FOXP3 observable after precipitation by

anti-His (anti-ubiquitin) beads and detection by immunoblotting for

the MYC-tagged FOXP3 protein (Fig 3A). Additional introduction of

a USP44 expression vector interfered with the ubiquitination of

FOXP3, suggesting that this FOXP3-associating DUB indeed targets

FOXP3. Furthermore, expression of a catalytically inactive mutant

USP44 (“CS”) failed to prevent the modification of FOXP3 in this

manner (Figs 3A and EV5). Similarly, shRNA-mediated knockdown

of USP44 in these transfectants also countermanded the reduction

of ubiquitin-modified FOXP3 as seen upon USP44 over-expression

or shRNA vector control treatment (Fig 3B). In these experiments,

proteasome-mediated FOXP3 loss was prevented by MG132 treat-

ment, which permitted the recovery of polyubiquitinated FOXP3.

We further demonstrated the importance of USP44 in counteract-

ing the process of FOXP3 polyubiquitination by examining the rela-

tive presence of this post-translational modification in Tregs lacking

USP44 expression. To this end, iTregs derived from the naı̈ve CD4+

T cells of wild-type mice or those globally deficient in USP44 expres-

sion (USP44�/� mice) were analyzed for the presence of FOXP3

among ubiquitinated proteins in each sample by immunoblotting.

As expected, normal Tregs contain some ubiquitinated FOXP3

species, the levels of which are enhanced by halting protein degra-

dation with the proteasome inhibitor MG132 that stops FOXP3

protein turnover. In contrast, USP44 knockout Tregs displayed

robust FOXP3 polyubiquitination at baseline and even more so upon

MG132 treatment (Fig 3C). These results support a role for USP44 in

the deubiquitination of FOXP3 and the stabilization of this impor-

tant transcription factor’s expression.

As FOXP3 is subject to ubiquitin-mediated degradation in Tregs,

and FOXP3 deubiquitination has been reported to stabilize the tran-

scription factor (van Loosdregt et al, 2013), we examined the impact

of forced USP44 expression on FOXP3 half-life. Cycloheximide

(CHX) treatment of HEK 293T cells expressing MYC-labeled FOXP3

revealed decreasing FOXP3 levels by 8 h post-treatment. Co-

expression of a wild-type, but not a mutant, USP44-encoding

construct largely stabilized the FOXP3 protein pool in this cell line

(Fig 3D and E).

In contrast, shRNA-mediated knockdown of USP44 enhanced the

disappearance of FOXP3 protein in Jurkat T cells (Appendix Fig S1A

and B). This FOXP3 down-modulation was associated with the

dysregulation of some genes normally repressed by FOXP3

(Appendix Fig S1C). Importantly, introducing USP44-silencing

shRNA constructs into human primary iTregs by lentiviral transduc-

tion also reduced FOXP3 protein levels, while empty vector controls

did not. This was evidenced by immunoblotting and intracellular

immunostaining, respectively (Fig 3F and G). As with cell lines,

shRNA knockdown of USP44 in human iTregs also derailed typical

Treg gene expression patterns for IL2, CTLA4, GITR, and CD25

(Appendix Fig S1D).

In line with a role for USP44 in stabilizing FOXP3 expression,

we also found that T cells from mice lacking the deubiquitinase

(USP44�/�) were less able to up-regulate FOXP3 in vitro than their

USP44-competent (WT) littermates. During the early stages of

iTreg differentiation, USP44�/� derived T cells displayed a lower

percentage of FOXP3+ cells (Appendix Fig S1E). Under extended

iTreg skewing culture conditions, the impaired FOXP3 protein

expression stemming from USP44 deficiency was most apparent

when low concentrations of TGF-b (0.5 ng/ml) were used. Inter-

estingly, little difference in iTreg generation was seen between

groups after 4 days of skewing in an abundance of the cytokine

(2.5 ng/ml) (Fig 3H). Meanwhile, flow cytometry analysis of

lymph node, spleen, and thymic cell suspensions revealed that

levels of FOXP3+ Tregs were not markedly different between the

lymphoid tissues of USP44�/� mice and WT controls. The general

CD4+ and CD8+ T cell compartments, as well as the macrophage,

dendritic cell, and B cell populations of both strains, were

also comparable. Mice with Treg-specific USP44 deficiency

(Usp44fl/flFoxp3Cre+ mice) were also found to be as capable as
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their wild-type littermates in maintaining these leukocyte popula-

tions and immune homeostasis (Appendix Fig S2A). Moreover,

surface markers of T cell naivety and activation (i.e., CD62L and

CD44, respectively), as well as pro-inflammatory cytokine produc-

tion, were all found to be similar between Treg-specific USP44-

deficient mice and their wild type counterparts (Appendix Fig

S2B). Collectively, these results suggest important roles for USP44

in the induction of iTregs under suboptimal conditions and the

maintenance of the FOXP3 protein pool in developing as well as

established Tregs. Yet they also seem to suggest a less prominent

or perhaps a redundant role in the thymic initiation of FOXP3

expression and immune homeostasis at baseline.

USP44 targets K48-linked polyubiquitinated FOXP3

We then set out to determine whether or not USP44 stabilizes

FOXP3 levels specifically through removal of K48-type polyubiquiti-

nation chains—modifications known to drive proteasomal

A

D

B C

Figure 2. USP44 interacts with FOXP3.

A HEK293T cells were transfected with MYC-FOXP3 and FLAG-USP44 encoding expression constructs using polyethylenimine. 48 h post-transfection, cells were
harvested and lysed, and anti-FLAG or anti-MYC antibody-coated beads were used to immunoprecipitate the given labeled protein along with its binding partner. Co-
immunoprecipitated proteins were subjected to SDS–PAGE followed by immunoblot analysis. Antibodies recognizing FLAG or MYC tags were used to probe for USP44
and FOXP3, respectively.

B Endogenous co-IP of USP44 and FOXP3 in murine iTregs. iTregs were generated as in Fig 1 from naïve CD4+ T cells FACS isolated from pooled suspensions of the
lymph node and spleen cells of wild-type C57BL/6 mice (n = 2–3/experiment). iTregs were lysed and key proteins were immunoprecipitated using either anti-USP44
(right panel) or anti-FOXP3 (left panel) antibody. Proteins pulled down in this experiment were then resolved and analyzed by immunoblot using anti-FOXP3 or anti-
USP44 antibodies.

C Endogenous co-IP of USP44 and FOXP3 in murine nTregs. nTregs (CD4+ CD25high) isolated by FACS were activated by anti-CD3 and anti-CD28 (1 and 4 lg/ml,
respectively) overnight in the presence of IL-2 (100 U/ml). The cells were lysed and proteins were immunoprecipitated using either anti-Foxp3 (left panel) or anti-
Usp44 (right panel). Proteins pulled down in this experiment were then resolved and identified with the indicated antibodies.

D Naïve murine CD4+ T cells were isolated by FACS from lymph node and spleen cell suspension of USP44fl/fl CD4Cre+ mice and that of their wild-type littermates
(USP44fl/fl CD4Cre- mice; n = 2–3/group/experiment). iTreg cells were generated from these mice as described for Fig 1 before incubation on a microscope slide pre-
coated with poly-L-lysine for 1 h. Adhered cells were then fixed by PFA for 0.5 followed by blocking with 1% BSA for 1 h and then incubated with the specified
antibodies. Representative confocal microscopy images (40×) were visualized for endogenous USP44 (red) and FOXP3. DAPI was used to visualize cell nuclei (blue);
scale bar 50 lm.

Data information: For all panels, the results shown are representative of three biological replicates.
Source data are available online for this figure.
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degradation of target proteins (Komander & Rape, 2012). To this

end, we characterized the deubiquitination of FOXP3 by USP44

in vitro in the presence of wild-type ubiquitin molecules and

mutants lacking all but specific lysine residues. This approach

allowed us to identify the ubiquitin linkage type targeted by USP44.

Here, HEK 293T cells carrying combinations of Flag-USP44, MYC-

FOXP3, and either wild-type or lysine-mutant ubiquitin constructs

were treated with MG132 (to stabilize levels of ubiquitinated

proteins) prior to ubiquitin (His) pull-down and immunoblot assess-

ment of FOXP3 species. In these experiments, ubiquitination of

FOXP3 was decreased by the co-expression of USP44 in the presence

of wild-type ubiquitin. However, a non-lysine ubiquitin mutant (K0,

wherein all lysine residues were mutated) in the triple co-transfec-

tion scheme prevented deubiquitination. Similarly, four of the seven

possible single lysine residue variants (K6, K29, K33, and K63) did

not allow FOXP3 deubiquitination by USP44 co-expression

compared to wild-type and other ubiquitin mutants. This could be

explained by biochemical (e.g., conformational) changes resulting

from the altered lysine content of these variants. Interestingly, for

two of the single lysine residue variants (K11 and K23) ubiquitin on

FOXP3 could still be removed by USP44. Notably, there was a much

more pronounced reduction of K48-linked ubiquitination of FOXP3

(almost a complete removal) (Appendix Fig S3). This suggests that

USP44 mainly targets K48-linked ubiquitin chains on FOXP3 to

sustain levels of the transcription factor.

USP44 co-operates with USP7 to deubiquitinate FOXP3 and
stabilize expression

Previously, the DUB USP7 was shown to stabilize the FOXP3 protein

pool and the suppressive function of Tregs (van Loosdregt et al,

2013). In the present study, we found that another DUB is capable

A B

D

G

H

E
F

C

Figure 3.
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of deubiquitinating FOXP3 to bolster expression of this important

transcriptional regulator. We therefore investigated whether or not

USP44 co-operates with USP7 to deubiquitinate and preserve

FOXP3. Co-IP experiments revealed that USP44 and USP7 associated

with each other in a complex (Fig 4A). Furthermore, increasing

USP44 levels appeared to augment FOXP3 protein levels (Fig 4B).

Given that FOXP3 is a shared target for USP44 and USP7, we

hypothesized that these DUBs cooperate to stabilize FOXP3. As

expected, USP44 or USP7 expression alone reduced ubiquitination

of FOXP3, while co-over-expression of both USP44 and USP7 almost

completely eliminated FOXP3 polyubiquitination, suggesting a

synergistic role of these two DUBs (Fig 4C).

The cooperation between USP44 and USP7 was also seen in

human iTregs. As previously mentioned, knocking down USP44

expression in iTregs reduces the level of FOXP3 in iTregs. Silencing

USP7 expression achieved a similar, but less dramatic effect.

Combined USP7/USP44 knockdown, however, even further

enhanced FOXP3 degradation (Fig 4D, left panel). Interestingly, in

isolated nTregs, USP7 silencing had a greater effect than USP44

silencing (Fig 4D, right panel). These results suggest that, while

partially redundant in their ability to preserve the FOXP3 protein

pool, these two DUBs are differentially important across Treg

subsets. USP7, as previously shown, appears required for optimal

stability of established nTregs, while USP44 may be singularly

important to sustain FOXP3 in iTregs. Taken together, these results

suggest that a degree of cooperation exists between DUBs capable of

stabilizing FOXP3 against ubiquitin-mediated degradation.

USP44 modulates Treg cell function in vitro

Given the importance of USP44 for stabilizing FOXP3, it stands to

reason that this DUB is needed for proper Treg function. Using a

luciferase-based reporter assay for IL-2 expression, we found that

the expected repression of the IL2 gene by FOXP3 could be

augmented by over-expression of USP44. This enhanced suppres-

sion of IL2 transcription was seen alongside levels of FOXP3 protein

that corresponded dose-wise to the degree of USP44 over-expression

in Jurkat T cells (Fig 5A). Assessing the gene expression pattern

changes triggered by the knockout of USP44 in Tregs (from

USP44�/� mice) revealed disruption in the typical patterns of

FOXP3-governed, Treg-associated genes. Specifically, transcripts

encoding the effector cytokines IL2, IL-17, and IFN-c were elevated,

while those for the Treg-associated factors CTLA-4, CD25, GITR,

and IL-10 were depressed in Usp44�/� Tregs compared to WT Tregs

(Fig 5B). Such a destabilization in Treg gene expression was likely a

direct result of undermining USP44-facilited stabilization of the

FOXP3 protein pool, as USP44 deficiency had little-to-no effect on

Foxp3 mRNA levels (Fig 5B).

The above results predict that in the absence of USP44, the

molecular machinery necessary for the suppressive function of

Tregs should be lacking. To test the effect of USP44 deficiency on

Treg function, an in vitro suppression assay was performed using

Tregs from WT and Usp44�/� mice. We found that USP44�/� Tregs

display less suppressive activity than their wild-type-derived coun-

terparts (Fig 5C and D). These findings clearly suggest a supportive

role for USP44 in supporting Treg suppressive function.

USP44-deficient Tregs are less suppressive than wild-type Tregs
in vivo

In order to determine the importance of USP44 for in vivo Treg func-

tion, we utilized a T cell-induced, mouse model of colitis. Briefly,

naı̈ve (CD62Lhigh/CD25-) CD4+ T cells isolated from wild-type

donors by FACS and were injected intraperitoneally into lympho-

penic Rag2�/� mice along with congenically distinct Treg cells

isolated from wild-type or USP44�/� mice. Changes in the body

weight of mice receiving these cells, as well as recipients of naı̈ve

CD4+ only and untreated mice, were assessed weekly. Adoptive

transfer of wild-type Tregs, as expected, prevented the development

of severe, progressive wasting caused by naı̈ve CD4+ expansion in

Rag2�/� mice. In contrast, USP44-deficient Tregs were less effective

at rescuing recipient mice from colitis (Fig 6A). Pathology scoring of

◀ Figure 3. USP44 deubiquitinates and stabilizes FOXP3.

A HEK293T cells were transfected with expression constructs encoding MYC-FOXP3, His-Ubiquitin, and either a wild-type or catalytically inactive (C282S, “cs”) version
of USP44 tagged with FLAG. Transfected cells were treated with 20 lM MG132 for 4 h and subsequently harvested for cell lysis. Pull-down of His-labeled proteins
using Ni-NTA beads allowed recovery of ubiquitinated FOXP3 species that were then visualized by immunoblot probing with antibodies specific for MYC.

B Effect of USP44 knockdown on FOXP3 ubiquitination. Two distinct shRNA lentiviral constructs each containing a G418 resistance cassette were delivered into
HEK293T cells. After selected for 7 days, cells were transfected with MYC-FOXP3 and His-Ubiquitin, and then treated with 20 lM MG132 for 4 h before harvest and
lysis. Ubiquitinated FOXP3 proteins were visualized as in A.

C Levels of polyubiquitinated FOXP3 in the presence or absence of USP44. As in Fig 2B, murine iTregs were generated from naïve CD4+ precursors isolated from wild
type and mice globally deficient in USP44�/� mice (n = 3/group/experiment). Ubiquitinated proteins were extracted from iTreg lysates with anti-ubiquitin
antibodies (anti-Ubi) prior to resolution by SDS–PAGE and immunoblot analysis, probing for FOXP3.

D, E HEK293T cells were transfected with plasmids encoding MYC-FOXP3 and FLAG-USP44 (either wild-type USP44, “wt” or the C282S mutant). These cells were
subsequently treated with cycloheximide (CHX; 5 lg/ml) for the indicated time points before harvested and cell lysis. FOXP3 levels and the relative turnover rate of
this factor were determined by immunoblotting analysis with anti-MYC antibodies.

F, G USP44 knockdown in human Tregs. Naïve CD4+ T cells (CD4+CD25�CD45RA+) were isolated from the peripheral blood of healthy donors by FACS, and iTreg were
generated after 7 days of in vitro skewing conditions. As in Fig 3B, shRNA constructs targeting USP44 were delivered by lentivirus. Here, human iTregs received
either shCK (control), or one of two different shUSP44 constructs. Endogenous FOXP3 and USP44 protein levels were visualized by immunoblot (F), and FOXP3
expression was assessed by intracellular staining followed by flow cytometry (G).

H Murine naïve CD4 T cells (CD62L+/CD25�/CD4+) from WT and USP44�/� mice (n = 2–3/group/experiment) were FACS purified and activated in vitro for 4 days by
CD3/CD28 cross-linking antibodies (1 lg and 4 lg/ml, respectively) in the presence of 100 U/ml IL-2 and the indicated dose of TGF-b. Down-regulation of FOXP3
was observed in USP44�/� mice by intracellular immunostaining and flow cytometry.

Data information: Panels (E), (G), and (H) depict the mean results from three biological replicates � SEM. *P < 0.05, **P < 0.02; Student’s t-test.
Source data are available online for this figure.
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H&E-stained colon tissue sections harvested 10 weeks post-transfer

also suggested that USP44�/� Tregs do not control colon inflamma-

tion as well as their wild-type counterparts (Fig 6B and C). Addi-

tionally, the spleen-, lymph node-, and lamina propria-infiltrating

leukocytes of mice receiving USP44�/� derived Tregs were found to

contain heightened numbers of colitogenic effector cells compared

to the tissues of wild-type Treg recipients, closely resembling the

mice not receiving any Tregs at all (Fig 6D).

In light of USP44’s role in the deubiquitination and stabilization

of FOXP3 protein revealed by our in vitro experiments, we assessed

levels of the transcription factor in the original transferred Tregs.

While most wild-type Tregs recovered from the gut-draining lymph

node of recipient mice retained high expression of FOXP3, more

than half of USP44-deficient Tregs lost expression of FOXP3 (Fig 6E,

left). Notably, despite the low levels of FOXP3 protein signal

detected in the recovered USP44�/� Tregs, the Foxp3 transcript

A B

C D

Figure 4. USP44 co-operates with USP7 to deubiquitinate FOXP3 and stabilize its expression.

A Reciprocal co-IP of USP44 and USP7. HEK293T cells were transfected with constructs encoding MYC-USP44 and FLAG-USP7. These cells were lysed and pertinent
factors were immunoprecipitated using either anti-FLAG or anti-MYC. Pulled-down proteins were observed by immunoblot analysis using either anti-MYC or anti-
FLAG antibodies.

B Effect of USP44 on USP7 levels. HEK293T cells were transfected with MYC-FOXP3. Cells also received combinations of FLAG-USP7 and varying doses of pLVX-USP44
encoding plasmids. FOXP3 was immunoprecipitated using anti-MYC, and immunoblots were analyzed using anti-FLAG, anti-USP44, or anti-MYC antibodies.

C Effect of USP44 and USP7 co-expression on FOXP3 ubiquitination. HEK293T cells were transfected with plasmids encoding MYC-FOXP3, either FLAG-USP44 or FLAG-
USP7 or both, His-ubiquitin. Cells were treated with 20 lM MG132 for 4 h before being harvested, lysed, and incubated on Ni-NTA beads to pull down ubiquitinated
FOXP3, which was visualized by immunoblotting using antibodies specific for MYC.

D (left panel) iTregs were polarized from human naïve CD4+ T cells over 7 days (n = 3 donors/experiment) receiving control (shCK), or shRNA knockdown constructs
targeting USP44 (shUSP44-1, -2), or USP7 (shUSP7-1, -2), or both shRNA constructs. Freshly isolated nTregs were treated with either control or shRNA constructs.
After transduction with lentivirus for 48 h, cells were harvested and run SDS–PAGE gels. Protein levels were visualized by immunoblotting using antibodies specific
for FOXP3, USP44, USP7, and GAPDH. Shown are representative findings from three independent experiments (biological replicates).

Source data are available online for this figure.

ª 2020 The Authors EMBO reports 21: e50308 | 2020 9 of 19

Jing Yang et al EMBO reports



levels seen in these cells were comparable to those observed in

transferred wild-type Tregs (Fig 6E, right) supporting a role for

USP44-mediated support of FOXP3 expression at the protein level.

Furthermore, the number of FOXP3-expressing cells in the originally

transferred Treg compartment (Thy1.2+) was dramatically reduced

in recipients of USP44�/� derived Tregs. In contrast, wild-type Tregs

largely retained FOXP3 across multiple tissues (Fig 6F). These find-

ings illustrate the widespread instability of FOXP3 expression in the

face of inflammation when USP44 is lacking. Supporting this, pro-

inflammatory cytokine production by T effector cells was enhanced

in the group where Tregs lacked USP44 (Fig 6G).

Corroborating results were obtained in a widely used chemically

induced colitis model. Here, USP44fl/flFoxp3-yfp-Cre+ mice and

wild-type control (Foxp3-yfp-Cre+) mice received DSS in their

drinking water (2.5%) for 7 days followed by normal water for an

additional 2 days. As expected, DSS triggered pronounced weight

A

C D

B

Figure 5. Effects of USP44 on FOXP3-mediated gene regulation and Treg function in vitro.

A Jurkat T cells were transfected with the indicated combinations and relative doses of expression constructs encoding MYC-FOXP3, FLAG-USP44 along with an IL-2
promoter-driven firefly luciferase reporter. After 8 h of stimulation with PMA/ionomycin, cells were lysed and luciferase activity, which was observed and
normalized to Renilla luciferase activity.

B Tregs (CD4+/CD25High) were recovered from the lymph nodes and spleens of wild-type C57BL/6 (WT) and USP44�/� mice by FACS purification. Cells were activated
with anti-CD3/CD28 agonist antibodies overnight, and RNA was isolated, and cDNA was generated from these samples for the measurement of several signature
Treg-associated transcripts by qRT–PCR. The relative expression level of these by WT and KO-derived Tregs is shown.

C, D Analysis of the in vitro suppressive function of Tregs isolated from WT mice or age- and sex-matched USP44�/� mice (n = 3/group/experiment). Tregs were mixed
with CFSE-labeled responder naïve T cells from CD45.1+ C57BL/6 mice (n = 3/experiment) for 3 days. CFSE dilution in CD45.1+ T cells was observed by flow
cytometry, and the percent suppression of responder cell proliferation by the co-cultured Tregs was determined.

Data information: Data in panels (A), (B), and (D) depict mean values measured across three biological replicates � SEM, while (C) is representative of at least three
independent experiments (biological replicates). ns, not significant, **P < 0.02, by Student’s t-test.
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loss in both groups, which were similar in body weight at the start

of the experiment (Appendix Fig S4A). However, mice with USP44-

deficient Tregs were prone to more exacerbated disease as

evidenced by the significantly more severe weight loss and gut

histopathology seen in this group relative to wild-type controls

(Appendix Fig S4B–D) indicative of poor immune control. Flow

cytometric analysis revealed that conditional knockout mice also

harbored fewer FOXP3+ Tregs among their colon lamina propria-

A

C

F G

D E

B

Figure 6. USP44 modulates Treg cell activity in vivo.

A Colitis was induced by intravenous coinjection of CD4+ CD25-CD62Lhigh T cells and congenically distinct (CD45.2) CD4+ CD25high Treg cells into Rag2�/� mice
(n = 8/group; 1 × 106 and 2 × 105 cells per Rag2�/� recipient, respectively). Changes in body weight over time were monitored and are expressed as a percentage of
the original weight.

B Representative photomicrographs of the distal colon of Rag2�/� mice after T cell transfer. 10 weeks after transfer, mice were euthanized, and colons were harvested,
fixed in 10% buffered formalin, and processed for standard H&E staining prior to histological analysis. (i)- (iv) present bright-field micrographs (100×).

C H&E slides were scored in a blinded fashion, and colon pathology was scored as described in the Materials and Methods section. Shown are mean scores for each
treatment group.

D Spleen, mesenteric, and lamina propria lymph node cells were isolated from the mice 10 weeks after adoptive T cell transfer, and the number of Teff cells was
determined by flow cytometry.

E Expression of FOXP3 protein and mRNA by adoptively transferred Tregs. Mesenteric lymph nodes were excised from the recipients of WT and USP44�/� Tregs in A.
FOXP3 protein was detected by intracellular immunostaining and flow cytometry (left). Shown are events within the gate for transferred Tregs (CD4+/CD45.1+).
Transferred Tregs were also recovered from mesenteric lymph node cell suspensions by staining for the congenic marker and CD4 followed by FACS, and Foxp3 mRNA
was measured in these recovered Tregs by RT–PCR (right).

F Cell numbers of injected (CD45.2+) Treg cells and FOXP3+ cells were determined by flow cytometry.
G CD4+ T cells were recovered from suspensions of lamina propria-infiltrating leukocytes. These lymphocytes were stimulated ex vivo by PMA/Ionomycin cocktail in the

presence of brefeldin A, and IFN-c and IL-17 production by these lymphocytes was analyzed by ELISA.

Data information: Panel (A) shows the mean weight changes for each group in a representative experiment. Panel (B) depicts representative micrographs from all colons
processed (n = 8/group/experiment), and all others depict the mean results of at least three experiments � SD (panel (C)) or � SEM (all others).
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infiltrating CD4+ T cells (Appendix Fig S4E). Foxp3 mRNA levels

were also measured in Tregs recovered from the colon-infiltrating

leukocytes of these mice by FACS (CD4+/yfp+). In line with a

protein-specific role for USP44 in the stabilization of FOXP3 and

Treg function, we found similarly abundant transcript levels in

Tregs from all groups, mirroring the high levels seen in purified

nTregs (a positive control), but not naı̈ve CD4+ T cells (a negative

control) despite the distinct FOXP3 protein levels and disparate abil-

ity to restrain inflammation of these cells (Appendix Fig S4F). Flow

cytometry also revealed the frequencies of pro-inflammatory cyto-

kine (IFNc, IL-17) producers were elevated in the colons of Usp44fl/

flFoxp3Cre+ mice relative to wild-type controls in this model

(Appendix Fig S4G). Collectively, these in vivo results support a

major role for USP44 in the preservation of FOXP3 expression and

Treg function in vivo.

Treg-specific USP44 deficiency results in stunted tumor growth
and enhanced anti-tumor immunity

We next set out to test the notion that USP44 expression by Tregs

contributes to their pathological suppression of anti-tumor immu-

nity in cancer models. Although it has been reported that mice lack-

ing Usp44 were prone to the development of spontaneous tumors

due to the effect to mitotic checkpoint and chromosome lagging

(Zhang et al, 2012; Mosbech et al, 2013), we observed that tumor

growth was significantly slower in the Usp44-null mice compared to

their littermate, which suggests a complex role for USP44 biology in

tumor-bearing mice. To further dissect the role of USP44 in Tregs,

we generated mice lacking Treg-specific USP44 expression. Indeed,

subcutaneous (s.c.) challenge of Usp44fl/flFoxp3Cre+ mice with the

implantable MC38 colon carcinoma cell line resulted in substantially

delayed tumor growth compared to that seen in wild-type control

mice (Fig 7A). A lack of Treg-specific USP44 expression also signifi-

cantly stunted progression of s.c. B16F10 melanomas and EL4

thymomas (Fig 7B and C)—results both supporting a pro-tumor role

for this DUB and compatible with a significant contribution to

pathological tolerance in the cancer setting.

In line with this notion, analysis of FOXP3+ CD4+ T cell frequen-

cies across the tissues of MC38 tumor-bearing wild-type and

Usp44fl/flFoxp3Cre+ mice revealed marked reductions in the relative

size of the Treg pool when USP44 expression was lacking in these

cells (Fig 7D). This lower Treg presence in Treg-specific USP44-

knockout mice was accompanied by enhanced levels of pro-inflam-

matory cytokine production within the CD4+ and CD8+ T cell

compartments of the spleen, tumor-draining lymph nodes, and

tumors. Specifically, higher proportions and numbers of IFN-

gamma-producing CD4+ and CD8+ T cells were observed in

Usp44fl/flFoxp3Cre+ mice relative to wild-type controls (Fig 7E and

F). CD8+ T cells from tumor-bearing mice lacking USP44 also were

found to express markedly higher levels of TNFa and significantly

higher levels of the effector molecule granzyme B than their wild-

type counterparts (Fig 7G and H). These results suggest that Tregs

devoid of USP44-mediated FOXP3 stabilization are ineffective

suppressors of anti-tumor immune responses. They also implicate

the action of the DUB in the cancer setting may be a significant

contributor to the dampening of effective natural or therapeutically

induced anti-tumor immunity. When considered in concert with our

findings from mouse inflammatory disease (colitis) models, these

results illustrate the important role played by USP44 in promoting

Treg-mediated immune suppression in vivo.

Discussion

In Tregs, stable expression of the transcription factor FOXP3

anchors their characteristic suppressive phenotype. While mechan-

isms for the control of transcription at the Foxp3 gene have been

and are being studied extensively, recently identified post-transcrip-

tional and post-translational events also influence the expression of

FOXP3 and the functional stability of Tregs.

Here, we identify a novel stabilizer of the FOXP3 protein pool in

USP44. USP44 has been recognized as a critical regulator of the

spindle checkpoint, which delays cell entry into anaphase by

deubiquinating Cdc20 (Stegmeier et al, 2007). Previous studies

showed that USP44 localizes both to the cytoplasm and the nucleus of

different cell lines with different targets that play different roles.

USP44 has deubiquitinating enzyme activity involved in centrosome

positioning, and it is known to counteract the DNA double-strand

break response (Zhang et al, 2012; Mosbech et al, 2013). It was also

shown that it has intranuclear localization and enhances the malig-

nancy of glioma via an association with securin (Zou et al, 2017).

USP44 was also found to be a negative regulator of H2B ubiquitylation

(Fuchs et al, 2012; Lan et al, 2016) by mainly associating with

chromatin and forming a complex with N-COR subunits in the

nucleus. Recently, a portion of cytoplasmic USP44 was reported to

migrate to membranes after viral infection to associate with MITA

(Zhang et al, 2020). To our knowledge, a role for USP44 in Tregs and

the regulation of immune responses has previously not been reported.

In this study, USP44 was found to associate with the FOXP3

protein complex in the nucleus and to target K48-linked polyubiqui-

tin modifications for removal from this critical Treg transcription

factor with consequences for both the induction of new FOXP3+

Tregs and the function of established Tregs in vitro and in vivo.

Importantly, the functional defects seen in Tregs upon USP44 dele-

tion were linked to the increased instability of FOXP3. Previously,

the E3 ligase STUB1 was found to reduce the FOXP3 pool through

the addition of degradation-instigating K48-type polyubiquitin

chains (Chen et al, 2013), while a specific deubiquitinating enzyme,

USP7, was found to stabilize FOXP3 expression and function by

counteracting this process (van Loosdregt et al, 2013). Our current

findings suggest that USP44, another DUB without an appreciated

immunoregulatory role, can act as a distinct force to support FOXP3

expression and both Treg phenotype and function. Expression of

this DUB is activated by TGF-b/SMAD signaling, promoting its inter-

action with and removal of K48-linked polyubiquitin modifications

from FOXP3, thereby preventing the proteasomal degradation of the

transcription factor.

The ability of USP44 to promote FOXP3 expression was evident in

our assessment of iTreg induction under limiting TGF-beta levels. In

these experiments, USP44 deficiency resulted in a sizable population

of FOXP3-negative cells, an observation that, at first glance, could be

viewed as more in line with a prevention of FOXP3 up-regulation

than the absence of a stabilizer of the FOXP3 protein pool. While we

cannot decisively rule out that our findings in part stem from a

prevention of up-regulation of FOXP3 through some uncharacterized

USP44-mediated event, a lack of any detectable FOXP3 in this assay
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is not incompatible with a major role for USP44 in the stabilization

of the FOXP3 protein pool. For instance, it is possible that the

FOXP3-negative T cells in USP44�/� iTreg cultures represent cells

that have initiated a level of FOXP3 expression that is quickly lost

during the early stages of iTreg differentiation without the stabilizing

influence of USP44. This could result in an “all-or-nothing scenario”

like the one we observe. Indeed, since FOXP3 has been suggested as

being able to perpetuate a positive feedback on transcriptional

activity at the FOXP3 locus (Zheng et al, 2010), it is possible that

induction of an unstable FOXP3 pool in the absence of USP44, under

some conditions, could result in a failure to maintain both, transcript

and protein levels. Future studies using reporter mice that will enable

the tracking of FOXP3 transcriptional fate may shed some light on

this topic. However, research tools useful for the proper tracking of

the potentially dynamic regulation of FOXP3 protein levels in individ-

ual developing iTregs are presently not available.

A B

C D

E F

G H

Figure 7.
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In the present study, we also found that USP44 appears to coop-

erate with USP7 in the stabilization of the FOXP3 protein pool (sum-

marized in Appendix Fig S5). While this cooperation appeared

prominent in iTregs, it was, however, less critical in nTregs, which

seemed more dependent upon USP7 activity. Since recent studies

show that USP7 can affect Treg function by regulating the stability

of TIP60, a key HAT in Tregs, rather than by deubiquitinating

FOXP3 directly (Wang et al, 2016, 2017), we also explored the

possibility that USP44 and USP7 might cooperate in TIP60 regula-

tion. Indeed, we found that USP44 can promote the stability of

TIP60 in a dose-dependent manner. This finding suggests that in

addition to stabilizing FOXP3 protein levels, USP44 may have an

additional pro-Treg role. The relative importance of these roles

remains uncertain; however, an ongoing investigation is aimed at

achieving a better understanding of the USP44/USP7/TIP60 interac-

tions. Future studies will also explore in-depth the potential cell-

type-specific roles for these DUBs as well as their interplay with

FOXP3-targeting E3 ligases, and the therapeutic potential of

modulating the activity of USP44 and other factors involved in the

post-translational regulation of FOXP3.

Particularly relevant to the development of new and potent

anti-cancer immunotherapies are strategies aimed at undermining

tolerance and unleashing the anti-tumor immune response. The

poor tumor growth and robust anti-tumor immune mobilization

seen in Usp44fl/fl Foxp3Cre+ mice illustrate how FOXP3-stabilizing

DUBs like USP44 may be tempting molecular targets for such

future therapy.

Our findings suggestive of a pro-tumor role for Treg-specific

USP44 are particularly interesting in light of past studies of USP44

in the cancer setting. The literature presents a generally compli-

cated picture of this enzyme’s role in cancer. For example, Zhang

et al found that global knockout of this enzyme has been reported

to facilitate tumorigenesis by allowing compromised centrosome

separation and chromosome segregation errors during cell division.

As such, USP44-deficient mice are more susceptible to the sponta-

neous development of tumors (particularly lung adenomas) than

wild-type mice when examined at 15 months of age—a finding in

line with an observed link between low USP44 expression levels

and poor outcomes in lung cancer (Zhang et al, 2012). Another

recent study found that USP44 deubiquitinates and stabilizes the

expression an activity of the histone methyltransferase EZH2 in

prostate tumor cells as well as oncogenic mutants of this epigenetic

factor with pro-tumor results. In contrast, knockdown of USP44 in

prostate cancer cells reduced tumorigenesis (Park et al, 2019).

USP44 is also over-expressed by subsets of T cell leukemias where

it is thought to induce chromosomal instability (Zhang et al, 2011).

Additionally, USP44 was shown to be important for breast cancer

cell line growth in vitro (Lan et al, 2016), and in other studies,

USP44 over-expression was reported in high grade gliomas and

linked to poor outcomes (Zou et al, 2017). Still other studies

suggest that USP44 is widely down-regulated in other human

cancer types (e.g., colorectal cancer) (Sloane et al, 2014), and a

role for USP44 as a tumor suppressor has also been described in

pancreatic cancer (Yang et al, 2019).

Notably, the potential role of USP44 as a regulator of the anti-

tumor immune response was not explored in any of these studies,

and, indeed, the ability of this and other DUBs to control FOXP3

expression and Treg function in cancer has yet to be explored in

detail. Our present findings suggest that targeting factors such as

USP44 and USP7 that promote FOXP3 expression at the protein level

is a strategy that offers exciting possibilities for the fine-tuning of

immune responses in cancer. A major advantage of such an

approach lies in the significant disruption of Treg function that can

be achieved largely without effect on the transcription of Foxp3

message. It is conceivable that with the transcriptional “blueprints”

of the Treg phenotype intact, re-establishment of Treg function and

immune moderation is possible upon conclusion of therapy after

successful correction of dysregulated immune responses—a scenario

unlike that resulting from wholesale Treg depletion. This and the

growing body of reports describing important modes of post-transla-

tional regulation of both FOXP3 and Treg function provide consider-

able motivation for the necessary continued exploration of these

pathways and their modulation.

Materials and Methods

Animals

All animal experiments were performed in specific-pathogen-free,

Helicobacter-free facilities in the Johns Hopkins Animal Resource

Center following national, state and institutional guidelines. Global

USP44-null mice and Usp44fl/fl mice on a C57BL/6 background

were previously described (Zhang et al, 2012). Age- and sex-

matched wild-type C57BL/6 mice maintained in the same facility

were used as controls for these mice. The Usp44fl/fl mouse was

◀ Figure 7. Treg-specific USP44 deficiency stunts tumor growth and enhances anti-tumor immunity.

A–C MC38 colon carcinoma, B16F10 melanoma, and EL4 thymoma cell lines were s.c. injected into the shaved flanks of Usp44fl/flFoxp3Cre+ mice and their wild-type
(Usp44fl/flFoxp3Cre-) littermates (1 × 105 cells/mouse; n = 5–9 mice/group). Tumor dimensions were measured every 2 days, and changes in the mean tumor
volume over time were observed (lower panels). Upper panels depict representative photographs of excised tumors.

D 21 days post-implantation, proportions of FOXP3+ Tregs in the CD4+ compartment of all MC38 tumor-bearing mice in each experiment were found by flow
cytometry. Suspensions of cells obtained from spleen, tumor-draining lymph nodes, and tumor-infiltrating leukocytes (TILs) were stained for surface CD4 and
intracellular FOXP3 prior to analysis by flow cytometry.

E, F Frequencies of CD4+ and CD8+ cells producing the pro-inflammatory cytokine IFNc were found among the tissues of tumor-bearing mice in the MC38 model by
intracellular cytokine staining (Kralovics et al, 2005) and flow cytometry after ex vivo re-stimulation of recovered leukocytes by PMA and ionomycin in the
presence of brefeldin A.

G, H The capacity of CD8+ cells for effector function in MC38 tumors was further assessed by measuring (G) production of TNFa by ICS and (H) intracellular straining of
the cytotoxic mediator granzyme B followed by flow cytometry.

Data information: Lower panels of (A-C) depict mean tumor volumes over time ( � SEM), and the flow cytometry plots depicted in panels (D-H) are representative of all
mice analyzed over 5 trials. Data shown are representative findings from 3 biological replicates. *P < 0.05, **P < 0.02, ***P < 0.002; Student’s t-test.
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generated by inserting Loxp sites flanking exon 1. This strain was

further back crossed to C57BL/6 mouse for 8 generation to obtain

the Usp44fl/fl in pure C57BL/6 background, which was confirmed

by chromosome typing. Transgenic mice with loxP sites flanking

the Usp44 gene (Usp44 “Floxed” mice) were crossed to cell-type-

specific Cre recombinase-expressing lines in order to generate cell

lineage specific knockout mice (Usp44fl/flFoxp3Cre+). Unless other-

wise indicated, co-housed, Usp44fl/flFoxp3Cre- littermates were

used as “wild-type” controls in studies utilizing conditional USP44

knockout mice. The purity of each strain’s genetic background was

not experimentally verified. Additional strains including Rag2�/�

mice and Foxp3-ires-GFP reporter mice, both on a C57BL/6 back-

ground, were initially purchased from the Jackson Laboratory, and

breeding colonies were maintained in house. All animal protocols

were approved by the Johns Hopkins Animal Care and Use

Committee.

Plasmids and antibodies

Human FOXP3a and USP44 were cloned into the pIP-HA2/MYC2/

FLAG2 vector as described previously. The pLVX-IRES-EGFP vector

was a gift from Zhong Huang (Institut Pasteur of Shanghai, Chinese

Academy of Sciences). The pLKO.1 vector for shRNA expression

was purchased from Open Biosystems and modified for custom-

made shRNA insertion. Antibody recognizing USP44 was obtained

from Abmart (China). Anti-USP7 antibodies were obtained from Cell

Signaling. Fluorochrome-labeled antibodies for flow cytometry

against murine and human T cell surface marker and intracellular

FOXP3 were purchased from eBioscience (USA), as was a special-

ized buffer kit for FOXP3 staining, which was used according to the

manufacturer’s instructions. Anti-HA and anti-MYC antibodies as

well as protein A/G-agarose beads were purchased from Santa Cruz

(USA), and anti-FLAG antibodies were obtained from Sigma (USA)

and anti-GAPDH antibodies (1C4, Sungene Biotech). MG132 was

purchased from Merck (USA). The primers for USP44-C282S were

generated by Sunny Biotechnology Co. Ltd. (Shanghai) as follows:

USP44-C282S-F: 30-GAGAAATTTGGGAAATACTAGCTATATGAATT
CTGTTC-50

USP44-C282S-R: 30-GAACAGAATTCATATAGCTAGTATTTCCCAA
ATTTCTC-50

TRIzol reagent (Invitrogen) and cDNA reverse transcription kits

(TaKaRa) were used as per the manufacturer’s instructions. LPS-EK

was purchased from In vivo Gene (USA).

Cell culture and transfection

HEK 293T cells were cultured in Dulbecco modified Eagle medium

(DMEM) containing 10% fetal bovine serum (FBS) and transfected

using polyethylenimine (PEI) (Polysciences) according to the manu-

facturer’s instructions. Human-derived Jurkat T cells were main-

tained in RPMI 1640 medium containing 10% FBS. Transfection of

Jurkat cells with plasmid DNA was performed by electroporation on

a Gene Pulser X cell apparatus (Bio-Rad Laboratories, USA). Jurkat

T cells were activated using PMA/ionomycin or soluble antibodies

against CD3 (1 lg/ml, Hit3a, BioLegend, USA) and CD28 (1 lg/ml,

CD28.2, BioLegend, USA). Cell lines were obtained from the

laboratory of Drew Pardoll (Johns Hopkins) and were not verified

experimentally.

Immunoprecipitation and immunoblotting

For immunoprecipitation experiments, the indicated transfected cell

lines and primary cells were harvested from culture and washed

with ice-cold 1× PBS and lysed in RIPA buffer (50 mM Tris–HCl, pH

7.5; NaCl, 135 mM; 1% NP-40; 0.5% NaDOC; 21 mM EDTA,10%

glycerol) containing protease inhibitor (1:100, P8340, Sigma-

Aldrich), PMSF (1 mM), and NaF (1 mM) on ice for 30 min.

Proteins of interest were immunoprecipitated from cell lysate super-

natants with the appropriate antibodies for 1 h with rotation at 4°C

followed by addition of protein A/G-agarose beads at 4°C for an

additional 1 h. After washing samples 4 times with RIPA (without

NP-40), an appropriate volume of 2× Laemmli loading buffer was

added to the immunoprecipitates, which were then boiled at 100°C

for 10 min prior to SDS–PAGE resolution and immunoblot analysis

using the indicated antibodies.

Confocal microscopy

Jurkat T cells stably expressing an expression construct encoding

hemagglutinin-tagged FOXP3 (Jurkat-HA-FOXP3a cells) (Li et al,

2007a) and human Treg cells isolated from healthy donor peripheral

blood mononuclear cells (PBMC) were adhered to poly-L-lysine-

coated coverslips for 1 h, then fixed in 4% formaldehyde for 0.5 h

at room temperature, blocked with 1% BSA and permeabilized with

0.5% Triton X-100, and incubated with antibodies to USP44 and

FOXP3 for 1 h at room temperature. Cells were washed three

times with 1× PBS and incubated for 60 min with donkey anti-

mouse-Dylight 488 and goat anti-Rabbit-Dylight 555 in 1 × perme-

abilization buffer containing 10% normal human serum. Cell nuclei

were stained by DAPI dye (1:5,000). And slides were imaged with a

laser confocal microscope (LEICA SP5).

Luciferase-based reporter assays of gene expression

A luciferase-based reporter construct for activity at the human Il2

locus (pGL3-IL-2-luc) was used as previously described (Li et al,

2007a) to assay FOXP3-mediated suppression of effect T cell gene

expression. Also, the �341 bp region of the mouse Usp44

promoter that contained a single SMAD binding site was cloned

into the pGL4-basic vector to generate the pGL4-USP44-luc

reporter construct used to assess Usp44 regulation. HEK 293T

cells or Jurkat T cells were co-transfected with the reporter plas-

mid and a Renilla luciferase encoding plasmid as a control, with

and without the indicted FLAG-SMAD-encoding constructs by PEI

or electroporation. Jurkat T cells were stimulated with PMA and

ionomycin for 4 h before been harvesting for the measurement of

luciferase activity using a Glo-Max (Promega) and a dual-luci-

ferase reporter kit (Promega, USA) as in prior studies (Li et al,

2016).

Quantitative real-time RT–PCR

Total RNA, inclusive of the small RNA fraction, was extracted from

cultured cells with TRIzol reagent (Invitrogen, USA). cDNA was

synthesized using a reverse transcriptase kit (TaKaRa, Japan),

followed by quantitative real-time PCR analysis (SYBR green;

TaKaRa, Japan). Primers for measuring IL-2, CTLA-4, CD25, and
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GITR transcript levels were previously described (Chen et al, 2013).

All other primers used are as follows:

USP44-F: 50-TGCCACCTACCTCAGGTTCT-30

USP44-R: 50-CTGGTCTGAGGGATTTCAGG-30

FOXP3-F: 50-TGCAAAAGGCTTCAGAGACA-30

FOXP3-R: 50-CTCTGTTGGGGTGAAAGGAG-30

USP7-F: 50-TGTCCGGGACCTGTTAGAAG-30

USP7-R: 50-GGCTCGTTGCAGGAGATAAA-30

GAPDH-F: 30-GAGTCAACGGATTTGGTCGT-50

GAPDH-R: 30-GACAAGCTTCCCGTTCTCAG-50

Generation of ubiquitin mutants and pull-down assay

To assess the type of ubiquitination targeted by USP44 on the

FOXP3 molecule, we generated a collection of ubiquitin lysine

mutants. To this end, the 6xHis-ubiquitin cassette was cloned into

the pIP parent vector, and ubiquitin mutants were constructed using

a site-directed mutagenesis kit (Toyobo, Japan). HEK293 cells were

transfected with a construct encoding MYC-labeled FOXP3, pLVX-

USP44, and a construct encoding either a wild-type or specific

mutant ubiquitin. Transfectants were treated with 20 lM MG132 for

4 h before harvest and lysis, and a ubiquitin pull-down assay was

used to recover ubiquitinated proteins as described previously (van

Loosdregt et al, 2013). In short, cell lysates were incubated with Ni-

NTA agarose beads (Qiagen), washed, and the presence of FOXP3

among the ubiquitinated protein fraction was visualized by immu-

noblot analysis after SDS–PAGE resolution.

T cell differentiation and isolation of T cell subsets

Freshly isolated murine Tregs (CD4+ CD25High, “nTregs”) were

isolated from suspensions of lymph node and spleen cells from

wild-type C57BL/6 mice or the indicated transgenic mice and their

wild-type controls (n = 5 group/experiment) by FACS. Purified

populations of CD4+ CD62LhighCD25� naı̈ve T cells were similarly

obtained by FACS. For in vitro activation, 1 × 106 cells were

cultured in 24-well plates containing with soluble anti-CD3 and anti-

CD28 antibodies (2 and 4 lg/ml, respectively; BioLegend). For

polarizing naı̈ve CD4+ T cells into different T cell subsets, the

following cytokines/antibodies were used as in prior studies (Chen

et al, 2013; Ni et al, 2018): for Th1 differentiation: IL-12 (10 ng/ml),

anti-IL-4 (10 lg/ml); Th2: IL-4 (10 ng/ml), anti-IFNc (10 lg/ml), and

anti-IL-12 (10 lg/ml); Th17: IL-6 (10 ng/ml), TGFb1 (1.25 ng/ml),

IL-23 (10 ng/ml), IL-1b (10 ng/ml), anti-IFNc (10 lg/ml), and

anti-IL-4 (10 lg/ml); and induced “iTreg”: TGFb1 (5 ng/ml, or as

indicated) and IL-2 (100 IU/ml). Naı̈ve CD4+ T cells were typically

culture under these conditions for 4 days, unless otherwise indi-

cated. Human nTregs (CD4+ CD25highCD127low) and naı̈ve CD4+ T

cells (CD4+CD25�CD45RA+) were also FACS purified from the

buffy coats of healthy PBMC donors (Shanghai Blood Center) as

described previously (Gao et al, 2012) and in accordance with

guidelines for human sample research. Human blood donors for

experiments were anonymous. Primary human cells for all experi-

ments were sources from healthy donors or freshly drawn whole

blood under a protocol approved by the Shanghai Jiao Tong Univer-

sity Review Board. The informed consent for all human experiments

was approved by the Institutional Review Boards of Shanghai Jiao

Tong University and Institut Pasteur of Shanghai.

Chromatin immunoprecipitation assay

ChIP assays were performed using the MAGnify ChIP system (Invit-

rogen) according to the manufacturer’s guidance. Briefly, CD4+

iTreg cells were generated as described above and FACS prior to

overnight activation with aCD3/aCD28-conjugated beads. iTregs

were then fixed with 2% formaldehyde and sonicated. DNA was

immunoprecipitated with anti-Smad2/3 antibodies (Cell Signaling

Technology). The immunoprecipitated chromatin was analyzed on

a Roche LightCycler 480 by SYBR Green using the following primers

for the murine Usp44 promoter:

Forward: 50-GCACTACATTATGGAATGTG-30

Reverse: 50-CTAAGTAGAAACTCGTCCGG-30

Lentiviral constructs and transduction

shRNA lentiviral constructs targeting USP44 and USP7 expression

(shUSP44, shUSP7), and a control construct (shCK) were introduced

into the pLKO.1 delivery vector. These were transfected into HEK 293T

cells via calcium phosphate transfection along with the lentivirus pack-

ing vector Delta 8.9 and VSVG envelope glycoprotein. Viral super-

natants were harvested after 48 h. Primary T cells were transduced

with virus along with anti-CD3/28 stimuli (1:1 cell to bead ratio). The

following shRNA sequences were generated at Shanghai Sunny

Biotechnology Co. Ltd., and the shRNA sequences usedwere as below:

shCK: 50- CAACAAGATGAAGAGCACCAA-30

shUSP44-1: 50- ACTGAGAATGGACATTCTAAA-30

shUSP44-2: 50-GAGTATCAAGTTAAAGCAGAA-30

shUSP7-1: 50-TTGTGGTTACGTTATCAAATA-30

shUSP7-2: 50-TCCTAAGGACCCTGCAAATTA-30

T cell-induced colitis and in vivo Treg analysis

Naı̈ve CD4+ T cells were isolated from the pooled lymph nodes and

spleens of wild-type C57BL/6 mice (CD45.1+; n = 5/experiment) by

FACS and resuspended in PBS. 4 × 105 naı̈ve T cells were injected

intraperitoneally into lymphopenic Rag2�/� mice (also on a C57BL/

6 genetic background). Approximately 1 week post-injection,

2 × 105 congenically distinct (CD45.2), Treg cells freshly isolated

from wild-type C57BL/6 and USP44�/� mice were injected. Changes

in body weight were assessed weekly, and upon conclusion of the

experiment, colons were removed and fixed in 10% formalin. Five-

micrometer paraffin-embedded sections were cut and stained with

hematoxylin and eosin (H&E). The pathology of colon tissue was

scored in a blinded fashion, on a scale of 0-5 where a grade of 0 was

given when there were no changes observed. Changes associated

with other grades were as follows: grade 1, minimal scattered

mucosal inflammatory cell infiltrates, with or without minimal

epithelial hyperplasia; grade 2, mild scattered to diffuse inflamma-

tory cell infiltrates, sometimes extending into the submucosa and

associated with erosions, with mild to moderate epithelial hyper-

plasia and mild to moderate mucin depletion from goblet cells;

grade 3, moderate inflammatory cell infiltrates that were sometimes

transmural, with moderate to severe epithelial hyperplasia and

mucin depletion; grade 4, marked inflammatory cell infiltrates that

were often transmural and associated with crypt abscesses and

occasional ulceration, with marked epithelial hyperplasia, mucin

depletion; and grade 5, marked transmural inflammation with
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severe ulceration and loss of intestinal glands. Transferred naı̈ve

and Treg cell populations were recovered from the indicated tissues

and characterized by immunostaining surface markers (CD4,

CD45.1, and CD45.2, respectively) and intracellular cytokines and

FOXP3. For cytokine analysis, recovered leukocytes were restimu-

lated as previously described (Chen et al, 2013).

DSS-induced colitis model

USP44fl/flFoxp3Cre+ mice and their wild-type USP44wt/wtFoxp3Cre+

littermates (n = 10/group) were administered a low dose (2.5%) of

DSS in their drinking water over a 7-day period after which normal

drinking was given for an additional 48 h. Cohorts of mice receiving

normal drinking water throughout the experiment served as nega-

tive controls for disease. Changes in mouse body weights in each

group were monitored daily throughout the experiment and 9 days

after disease induction, leukocytes were recovered from the colon

and lymphoid tissues for flow cytometric characterization. The

colons of some mice were harvested, fixed with 10% buffered

formalin and processed for sectioning, H&E staining, and pathologi-

cal scoring by a blinded observed as previously described.

Murine tumor models

B16F10 melanoma, MC38 colon carcinoma, and EL4 thymoma cell

lines were passaged in vitro before s.c. implantation into the shaved

flanks of Usp44fl/flFoxp3Cre+ mice or their wild-type (WT) Usp44fl/

flFoxp3Cre- littermates (1 × 105 cells/mouse; n = 5–9 mice/group).

The development and progression of implanted tumors was moni-

tored by digital caliper measurements of tumor length and width

taken every 2–3 days for the duration of the experiment (21 days

post-injection). Changes in tumor volume over time were thus deter-

mined for both groups using the formula: v = (L×W2)/2. At the

conclusion of MC38 tumor model experiments, the leukocytes infil-

trating the tumors and relevant lymphoid tissues of each group were

recovered and characterized by flow cytometry.

Statistical analyses

Data are presented as mean � SD or SEM as indicated. Student’s t-test

was used to determine statistically significant differences (*P < 0.05,

**P < 0.02, ***P < 0.005) using GraphPad Prism software.

Data availability

All data generated or analyzed during this study are included in this

published article and its supplementary information files. The data-

sets used and/or analyzed during the current study are available

from the corresponding author on reasonable request. No primary

datasets have been generated or deposited.

Expanded View for this article is available online.
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