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González,

Guillermo

Vilanova, Mehek

Ningoo, Nada

Marjanovic, Juan
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Small-molecule TIP60 inhibitors enhance
regulatory T cell induction through
TIP60-P300 acetylation crosstalk

Francisco Fueyo-González,1,2 Guillermo Vilanova,3 Mehek Ningoo,1,2 Nada Marjanovic,4

Juan A. González-Vera,4,5 Ángel Orte,4,5 and Miguel Fribourg1,2,6,*
SUMMARY

Foxp3 acetylation is essential to regulatory T (Treg) cell stability and function, but pharmacologically
increasing it remains an unmet challenge. Here, we report that small-molecule compounds that inhibit
TIP60, an acetyltransferase known to acetylate Foxp3, unexpectedly increase Foxp3 acetylation and
Treg induction. Utilizing a dual experimental/computational approach combined with a newly developed
FRET-based methodology compatible with flow cytometry to measure Foxp3 acetylation, we unraveled
the mechanism of action of these small-molecule compounds in murine and human Treg induction cell cul-
tures. We demonstrate that at low-mid concentrations they activate TIP60 to acetylate P300, a different
acetyltransferase, which in turn increases Foxp3 acetylation, thereby enhancing Treg cell induction. These
results reveal a potential therapeutic target relevant to autoimmunity and transplant.

INTRODUCTION

Regulatory T (Treg) cells are one of the main mediators of central and peripheral tolerance,1–3 which are key immune processes in transplant,

autoimmune disease, and malignancy. A reduction in Treg cell numbers or function is a hallmark of autoimmune disease in animal models4

and in humans,5 while increased numbers of Treg cells have been shown to promote murine transplant tolerance and are associated with

prolonged transplant survival in humans,.6,7 Increasing Treg cell frequency in autoimmune disease and transplantation, either by promoting

endogenous Treg8–10 or through autologous Treg transfer,11,12 constitutes a promising therapeutic endeavor. However, only a few small mol-

ecules have been described to promote Treg cells.13–15

The transcription factor forkhead box P3 (Foxp3) is themaster regulator of the immunosuppressive program in Treg cells.16 Foxp3 levels in

Treg cells are regulated through multiple molecular mechanisms including methylation of the Foxp3 promoter gene region,17,18 Foxp3

dimerization,19 as well as Foxp3 post-translational modifications such as cleavage,20 ubiquitination,21 and acetylation.22,23 Of these, Foxp3

acetylation confers stability to the protein and promotes its translocation to the nucleus to induce an immunosuppressive program.24 Phar-

macologically increasing Foxp3 acetylation remains an unmet challenge.

Designing molecules that modulate the activity of acetyltransferases has major therapeutical potential and has been explored extensively

in the cancer field.25–28 TIP60 and P300 are two acetyltransferases described to be involved in the regulation of Foxp3 acetylation. Their Foxp3

acetylating activity has been demonstrated when these proteins were overexpressed in HEK293 cells.29 It has also been elegantly established

in differentmurinemodels, including conditional knockouts in Treg cells, that absence of TIP60 and P300 precludes Foxp3 acetylation thereby

thwarting Treg cell induction and function.29–32 A set of small molecules that target the acetyltransferase TIP60 have been described, whose

function has been tested in biochemical in vitro assays using histones as the substrate. These TIP60 inhibitors vary widely in chemical structure

and have been identified either by rational design or through screening,33,34 but only three of them (NU9056, MG149, and TH1840) are

selective for TIP60.35–37 NU9056, MG149, and TH1840 have shown to reduce TIP60-mediated acetylation of histones at high concentrations

and have thus been classified as TIP60 inhibitors. In contrast, we report that these molecules have an unexpected effect in increasing Foxp3

acetylation.

To unravel the mechanism of action of these small-molecule TIP60 inhibitors on Foxp3 acetylation, we used a newly developed Förster

resonance energy transfer (FRET)-basedmethodology tomeasure protein acetylation compatible with flow cytometry. Combining an in silico
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mechanistic computational model with experiments in murine and human Treg induction cultures, we identified a previously unrecognized

indirect mechanism by which TIP60 inhibitors increase P300-mediated Foxp3 acetylation to increase Treg cell numbers.
RESULTS

TIP60 inhibitors enhance Treg cell induction

We first decided to explore the effect in murine Treg cell induction cultures of the three selective TIP60 small-molecule inhibitors: NU9056,

MG149, and TH1834 (Figure 1A). We isolated naive splenic CD4+ T cells (defined as CD44lo CD62hi purity >95%) from wild-type C57BL/6 (B6)

animals, cultured them for 5 days with aCD3/aCD28 activating beads under Treg cell polarizing conditions (IL-2 and TGFb) in the presence of

either vehicle or increasing concentrations of the inhibitors (Figure 1B), and measured using flow cytometry the frequency of Foxp3+ cells

(Treg) at the end of the culture.

tIn contrast with TIP60’s described acetylating activity on Foxp3,29,30 all three TIP60 inhibitors showed a dose-dependent increase in

the number of Foxp3+ cells at the end of the cultures (Figures 1C–1E), starting at 0.1 mM and reaching their maximum effect at 20–25 mM

(NU9056 1.8-fold increase at 20 mM, MG149 2.3-fold increase at 25 mM, TH1834 2.6-fold increase at 25 mM) (Figure 1E). At higher con-

centrations, the fraction of apoptotic cells in the culture significantly increased (Figure S1A) and cellular viability started to decline (Fig-

ure S1B). Of note, at the level of maximum Treg induction enhancement the number of cells at the end of the culture remained stable,

i.e., the number of Treg did not decrease (Figure S1C), and the expression of the gene encoding for TIP60 (Kat5) remained unaffected.

(Figure S1D).

To verify that CD4+Foxp3+ T cells induced in the presence of TIP60 inhibitors retain the ability to suppress effector T cells, we performed

in vitro suppression assays. We induced Foxp3+CD4+ T cells in the presence or absence of MG149 culturing CD4+ naive T cells from Foxp3-

GFP animals. After confirming the MG149-mediated increase in Foxp3+ cells, we sorted Foxp3-GFP+ cells by flow cytometry. We then as-

sessed their ability to suppress the proliferation of conventional T (Tconv) cells labeled with a proliferation dye and stimulated in the presence

of aCD3/aCD28. These assays demonstrated that Foxp3+CD4+ T cells induced in the presence ofMG149 (20 mM) exhibit a similar suppressive

capacity to those induced in the absence of the TIP60 inhibitor (Figure 1F).

These results indicate that small molecules targeting TIP60 can enhance Treg cell induction without affecting their suppressive function.
TIP60 inhibitors increase HAT and KAT activity at low-mid concentrations

Even though TIP60 acetylates multiple substrates, including Foxp3,38 studies of the inhibitory effects of NU9056, MG149, and TH1834 have

been limited to cell lines and in vitro biochemical assays evaluating their acetyltransferase activity on histones (histone acetyltransferase, HAT

activity) performed at high concentrations (mainly 50 mMor higher).35–37 Our finding that TIP60 inhibitors enhance Treg cell induction promp-

ted us to investigate whether these inhibitors might exhibit differences in activity at lower concentrations or depending on the substrate (i.e.,

histones versus Foxp3). We first utilized the peptide-based HAT activity in vitro biochemical assay previously used to study the effect of these

molecules on TIP60’s enzymatic activity for an expanded concentration range that includes lower concentrations (0, 1, 10, 100, 1000, and

2000 mM). This assay detects the colorimetric change of a dye, tetrazolium. In addition, it requires (i) a histone peptide sequence (amino acids

1–23 from histone 3), (ii) the enzymeNADH reductase, (iii) its cofactor acetyl-CoA, and (iv) the acetyltransferase enzyme of interest (here, TIP60

recombinant protein). As TIP60 recognizes the peptide sequence and transfers the acetyl group from acetyl-CoA to the peptide, the NADH

reductase is activated, triggering the tetrazolium dye oxidation. This oxidation produces a colorimetric change, which can bemeasured using

a spectrophotometer (Figure 2A). Consistent with our hypothesis of the concentration-dependent dual effects of thesemolecules, the results

using this assay with only TIP60 protein present indicate that all three molecules increase TIP60 HAT activity at low-mid concentrations

(1–100 mM) and decrease it at high concentrations (1–2 mM) (Figure 2B).

To studywhether TIP60 inhibitors had the same effects on Foxp3 acetylation, we adapted theHAT assay tomeasure Foxp3 acetylation.We

did this by replacing the histone peptide substrate with a sequence spanning the two lysines in positions 262 and 267 of the Foxp3 protein

known to be acetylated by acetyltransferases TIP60 and P300 and conserved between human andmurine Foxp3.39 We will refer to the Foxp3-

adapted assay as the lysine acetyltransferase (KAT) assay. Our results indicate an analogous dose-dependent dual effect of the TIP60

inhibitors on TIP60 acetyltransferase activity on Foxp3 but a less pronounced inhibitory effect (Figure 2C).

To ensure that these inhibitors acted selectively on TIP60 and not on P300, we compared the effects of TIP60 inhibitors using our KAT assay

with the TIP60 or the P300 protein. Compared at the same concentration and in the absence of inhibitors, P300 acetylated the Foxp3 peptide

approximately twice as much as TIP60 (Figure 2D). In contrast, with the addition of TIP60 inhibitors at low-mid concentrations (NU9056 at

20 mM, MG149 and TH1834 at 25 mM), we only observed an increase in TIP60 acetyltransferase activity. Consistently, addition of a P300 inhib-

itor (C646 at 20 mM) only affected P300’s ability to acetylate its substrate demonstrating that NU9056MG149 and TH1834 selectivelymodulate

TIP60 acetyltransferase activity (Figure 2E). TIP60 has been described to autoacetylate, i.e., onemolecule of TIP60 can acetylate another TIP60

molecule thereby increasing its acetyltransferase activity.40We further performedwestern blot analyses of the acetylation of the TIP60 protein

in our biochemical assay in the presence of the TIP60 inhibitors. Our results revealed that these molecules increase TIP60 acetylation at low-

mid concentrations and either not affect or decrease it at high concentrations (Figure S2) consistent with the effects observed on the peptidic

substrates.

Together these results support the idea that NU9065, MG149, and TH1834 are not TIP60 inhibitors but rather TIP60 modulators that

enhance the enzyme’s direct acetyltransferase activity on Foxp3 at low-mid concentrations and inhibit it at high concentrations.
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Figure 1. TIP60 inhibitors enhance Treg cell induction

(A) Molecular structures of TIP60 inhibitors NU9056, MG149, and TH1834.

(B) Description of experimental Treg cell induction cultures in the presence of TIP60 inhibitors and controls.

(C) Representative scatterplots and gating strategy obtained at the end of Treg cell cultures treated with NU9056 (20 mM), MG149 (25 mM), TH1834 (25 mM) or

vehicle, and (D) summary results.

(E) Dose-response curves of the Treg cell-induction enhancing effect. Gray shading indicates concentrations at which viability was <95% (see Figure S1) (meanG

SEM, n=4–8 per group, three independent experiments, ANOVAwith post-hoc TukeyHSD test, *p< 0.05, #p<0.01, differences in E are in comparison to vehicle).

(F) Representative histograms and results summary of the suppression capacity of Treg cells induced in the presence of vehicle or MG149. Suppression capacity

was calculated as the relative decrease in proliferation in the presence of Treg cells (comparisons at each Tconv: Treg ratio were non-significant; mean G SEM,

n = 3 of three independent experiments ANOVA with post-hoc Tukey HSD test).
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An FRET-based technique to measure Foxp3 acetylation in Treg cells

We hypothesized that TIP60 inhibitors enhance Treg cell induction by increasing Foxp3 acetylation. To test this hypothesis, we first used a

proximity ligation assay (PLA), which we and others have successfully used to measure Foxp3 acetylation.41,42 We set up Treg cell induction

cultures treated with vehicle or NU9056 (20 mM) and compared the levels of Foxp3 after 5 days. Consistent with our hypothesis, when

compared with vehicle, cells cultured with NU9056 showed increased levels of Foxp3 acetylation (Figure 3A).

Despite being the current state-of-the-art tomeasure Foxp3 acetylation in situ (i.e., not using cell lysates and western blot), PLA has strong

limitations: (i) it is a semiquantitative method that requires the amplification of a nucleotide sequence, and (ii) it mainly relies on microscopy
iScience 26, 108491, December 15, 2023 3



Figure 2. TIP60 inhibitors increase HAT and KAT activity at low-mid concentrations

(A) Description of the peptide-based assay to determine TIP60 histone acetyltransferase (HAT) and Foxp3 lysine acetyltransferase (KAT) activities.

(B and C) Dose-response curve for the effect of TIP60 inhibitors NU9056, MG149, and TH1834 on TIP60 B HAT and C KAT activities.

(D) Baseline TIP60 and P300 KAT activity on Foxp3 and (E) differential effect of TIP60 inhibitors and P300 inhibitor C646 (20 mM) on P300 and TIP60 KAT activity

(mean G SEM, n = 3–5 from at least two independent experiments, B, C, and E one-way ANOVA followed by Tukey post-hoc test, all comparisons with

normalized baseline; D mean G SEM, t-test; *p < 0.05, #p < 0.01).
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which only allows assessing a limited number of cells. Thus, PLA is not well adapted to study Treg cells, which constitute only a fraction of the

cells in the culture (see Figure 1C). To overcome these limitations, we developed a FRET-basedmethod to quantify protein acetylation, which

(i) is compatible with different instruments, including flow cytometry and fluorescent microscopy, (ii) is versatile and allows us to measure pro-

tein acetylation in different subpopulations, and (iii) is easily scalable to a large number of samples.

In our FRET-based approach, we stain cells with two antibodies labeled with fluorophores selected based on their spectral overlap: an

antibody against Foxp3 conjugated to a donor fluorophore (Alexa Fluor 488, AF488 which recognizes amino acids 75–125 of the mouse

Foxp3 protein, see STAR Methods) and a second antibody that binds to all acetylated lysines conjugated to an acceptor fluorophore (Alexa

Fluor 555, AF555). When the donor fluorophore is excited by 488 nm visible light, its excitation energymay be transferred through FRET to the

acceptor, triggering its emission, provided the two fluorophores are in close proximity (<10 nm, given the Förster distance, R0, for the pro-

posed FRET pair is approximately 7 nm43) (Figure 3B). Hence, we can use the extent of the sensitized FRET signal as ameasure of the degree of
4 iScience 26, 108491, December 15, 2023



Figure 3. A FRET-based technique to measure Foxp3 acetylation in Treg cells

(A) Representative image and violin plots depicting the distribution of Foxp3-acetylation by proximity ligation assay (PLA) (solid line represents the median,

dotted lines indicate quartiles, n = 394–480 cells per group from three independent experiments, only cells with at least one spot included; #p < 0.01, Mann-

Whitney test).

(B) Description of the FRET-based flow cytometry strategy to measure Foxp3 acetylation.

(C) Green channel and FRET channel mean fluorescence intensities (MFI) in Foxp3- and Foxp3+ cells at the end of Treg cell cultures as described in Figure 1 (n = 3,

from 2 independent experiments, t test,*p < 0.05, #p < 0.01, see also Figure S1 for controls).

(D) Representative histograms depicting the FRET channel signal intensity in the Foxp3+ compartment at the end of Treg cell induction cultures treated with

NU9056, MG149, and TH1834 (20 mM) or vehicle and summary results.

(E) Representative violin plots depicting the distribution of FRET Efficiency per cell (see STAR Methods for details) in Foxp3+ cells in the same cultures and

statistical summary of the results (D and E summaries depict mean G SEM, n = 4–5 of three independent experiments, ANOVA followed by Tukey post-hoc

test, *p < 0.05, #p < 0.01).
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Foxp3 acetylation selectively in CD4+ Foxp3+ cells (Treg cells, identified based on the donor signal) (Figures 3C and S1). We can thus obtain

the degree of acetylation per cell (FRET intensity value in each cell) as well as the average signal in the Foxp3+ compartment by measure the

mean fluorescence intensity (MFI). Furthermore the apparent FRET efficiency per cell typically used in microscopy experiments44,45 and

defined as %FRET (intensity of the acceptor*100/(intensity of the acceptor + intensity of the donor), can also be calculated in flow cytometry

experiments. This measurement is less sensitive to noise and is corrected for spectral bleed-through in each channel using the corresponding

singly-stained controls (see STAR Methods).

Using the FRET-based method, we measured Foxp3 acetylation at the end of Treg cell induction cultures in the presence of vehicle or

NU9056, MG149, and TH11834. Consistent with the results obtained with PLA (Figure 3A), we observed an increase in FRET signal (Figure 3D)

and FRET efficiency (Figure 3E, less sensitive to noise and is thus less variable) in the CD4+Foxp3+ compartment at the end of Treg cell in-

duction cultures.

Together, our results indicate that we can (i) successfully use a FRET-based technique to measure protein acetylation in thousands of

CD4+Foxp3+ cells using flow cytometry and (ii) target TIP60 with small molecules to enhance Foxp3 acetylation.

Computational prediction of a P300-dependent mechanism of action of TIP60 inhibitors

Wedecided to investigatewhether the increased TIP60 activity and the direct effects on Foxp3 observed in our peptide-based assay (Figure 2)

could be enough to explain the dramatic increase in Foxp3+ cells at the end of the Treg induction cultures (Figure 1) In addition to its direct

acetylating effect, TIP60 has been postulated to act in a concerted manner with P300 to increase Foxp3 acetylation.29 However, the mecha-

nism underlying this interaction remains to be elucidated. We used an in silico approach to generate hypotheses regarding the potential

contribution of TIP60 inhibitors (NU9056, MG149, and TH1834) to this concerted mechanism. We built an ordinary differential equation
iScience 26, 108491, December 15, 2023 5



Figure 4. Computational prediction of a P300-dependent mechanism of action of TIP60 inhibitors

(A) Diagram depicting the symmetric and asymmetric computational models tested to ascertain a potential modulatory mechanism of P300 activity by TIP60

inhibitors through TIP60/P300 heteromer formation.

(B) Extent of TIP60/P300 heteromer formation once the symmetric and asymmetric versions of the model have reached a steady state.

(C) Computational simulations of the effect of TIP60 activation on TIP60/P300 heteromer formation, acetylated P300, acetylated Foxp3, and transcription of a

representative immune gene by Foxp3 (see Data S1 for details). Values are normalized to the corresponding asymmetric and symmetric baseline values

(steady state).

(D) Proposed direct and P300-dependent acetylation fluxes that lead to Foxp3 acetylation in Treg and the mechanism of action of TIP60 inhibitors that result in

their increase.
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(ODE) mechanistic model of Foxp3 acetylation that includes direct acetylation of Foxp3 by TIP60 and P300, as well as differentmodes of inter-

action between P300 and TIP60 (see details Data S1).

Acetyltransferases are promiscuous and acetylate other acetyltransferases in the cell. In most cases, acetylation enhances their acetyltrans-

ferase activity.46–49 As mentioned previously, our in vitro results using TIP60 in its active form indicate that TIP60 inhibitors can enhance its

acetyltransferase activity (Figure 2). Through computational simulations, we studied the effect of an increase in TIP60 activity on Foxp3 acet-

ylation in versions of the models with two possiblemechanisms for TIP60/P300 interaction: one previously postulated in the literature in which

TIP60 and P300 form a complex and mutually acetylate each other (symmetric),29 and one in which activated TIP60 binds to P300 and acet-

ylates P300 to increase its activity (asymmetric) (Figure 4A). Following findings by other groups, our model incorporates the assumption that

P300 acetylates Foxp3more efficiently than TIP60.29,31,50,51 Of note,multiple proteins in the cell control the activity of TIP60 and P300, with one

of theirmechanisms being through acetylation.52,53 In themodels, we lumped these into a single reaction that the TIP60 inhibitors can activate

or inhibit (see Data S1 for all model assumptions, complete sensitivity analysis, and all the modes of TIP60/P300 interaction explored).

At steady state (i.e., allowing each model to equilibrate) and in the absence of TIP60 inhibitors, the symmetric model predicts a higher

degree of TIP60/P300 complex formation (Figure 4B). These differences are due to the complete reliance of Foxp3 acetylation on the forma-

tion of the TIP60/P300 complex in the symmetric model. Strikingly the model predicts that TIP60 inhibitors exploit the asymmetry of the

model, and their enhancing of TIP60 activity in the asymmetric model results in a sharp increase in TIP60/P300 formation, acetylated P300,

acetylated Foxp3, and subsequent Foxp3-mediated gene induction in the simulations. In contrast, all these features slightly decrease in

the symmetric case upon TIP60 activation (Figure 4C).
6 iScience 26, 108491, December 15, 2023
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Our previous experimental findings indicate that NU9056, MG149, and TH1834 increase Foxp3 acetylation in Treg cell induction cultures

(Figure 3), which the asymmetric model would support. Mechanistically, the asymmetric in silico model posits that although TIP60 inhibitors

enhance the direct effect of TIP60 on Foxp3 acetylation, their effects on Foxp3 acetylation are mainly driven by an increase in affinity of acet-

ylated TIP60 for P300. In turn, this favors TIP60/P300 heteromer formation, acetylation of P300 by TIP60, and subsequent increase in Foxp3

acetylation (Figure 4D). In the following sections, we experimentally assess the postulated contribution of this P300-mediated mechanism to

the increase in Foxp3 acetylation and enhancement of Treg induction by TIP60 inhibitors.

TIP60 inhibitors modulate P300 acetyltransferase activity on Foxp3

To test the P300-dependent molecular mechanism proposed by our computational model, we first explored whether TIP60 inhibitors

increased TIP60/P300 interactions in our Treg cell induction cultures. To measure these interactions, we adapted our FRET-based method

by using antibodies recognizing TIP60 and P300 (Figure 5A), which allows us to detect the formation of the heterodimer. Our results indicate

that the treatment of Treg cell induction cultures with NU9056, MG149, and TH1834 at low-mid concentrations (maximum Treg enhancing

effect while preserving viability, see Figure 1) increased the TIP60/P300 FRET signal and the average FRET efficiency per cell in the

Foxp3+ subpopulation consistent with an increase of TIP60/P300 complex formation (Figures 5B and S4A).

P300 and TIP60 have been postulated to acetylate each other as part of their interaction with Foxp3 based on results in cell-lines and full

deletion studies in vivo.29–32 To unravel the flux (direct vs. through P300modulation) of acetylation in primary T cells (Figure 4D), wemeasured

at the end of our Treg cell induction cultures the changes in TIP60 acetylation, TIP60/P300 heteromer formation, and P300 acetylation elicited

by the TIP60 modulator MG149, in the presence or absence of a small molecule that inhibits the catalytic site of P300 and prevents it from

acetylating its substrates (C646).53,54 We measured P300 and TIP60 acetylation using an analogous FRET-based approach to that used to

measure Foxp3 acetylation (Figure 3) in which we swapped the AF488-bound a-Foxp3 antibody with antibodies that recognize P300 and

TIP60, respectively.

We first identified a dose of C646 that would not completely abrogate Treg cell formation in the culture. C646 exclusively inhibited Treg

induction in a dose-dependent manner in our culture, and completely abrogated Foxp3+ formation at 25 mM (Figure S4B). Treatment with

MG149 (25 mM) increased the percentage of Foxp3+ cells at the end of the cultures, but this effect disappeared in the presence of a medium

dose of C646 (1 mM, associated with 40% reduction in Treg induction Figure S4B). C646 alone reduced the percentage of Foxp3+ cells, consis-

tent with the strong dependence of Foxp3 acetylation on P30041,50 (Figure 5C).

Consistent with the predicted acetylation sequence for the TIP60/P300 effect by the computational model (Figure 4D), in our ex-

periments MG149 increased TIP60 acetylation, TIP60/P300 heteromer formation, P300 acetylation, and Foxp3 acetylation. Of note, in

the presence of MG149 at 25 mM combination of TIP60 with P300 in our in vitro assay also increased the Foxp3 peptide acetylation

when compared to TIP60 alone (35.43 G 0.10% increase; p value = 0.029). Blocking P300’s ability to acetylate its substrates did not

affect the levels of acetylated TIP60, TIP60/P300 heteromer, and acetylated P300 (Figures 5D and 5E). Instead, these were driven by

the presence (increase) or absence of TIP60 inhibitor (compared to baseline), suggesting that TIP60 inhibitors enhance P300 acety-

lation through the TIP60/P300 heteromer. At the medium dose used (1 mM), C646 alone only partially reduced Foxp3 acetylation,

consistent with a direct contribution of TIP60 on Foxp3 acetylation (Figure 5F). Supporting our hypothesis that TIP60 inhibitors

enhance both the direct and P300-dependent mechanisms, in cells treated with MG149 + C646 (Figure 5E) we observed a 2-fold in-

crease in Foxp3 acetylation compared to that of cells treated with C646 alone (Figure 5F). Interestingly, C646 alone reduced TIP60/

P300 formation suggesting that P300 acetylation might play a role in its formation/stabilization in the absence of inhibitors. We next

performed immunoprecipitations with antibodies recognizing TIP60, P300, and Foxp3 from cell lysates at the end of Treg induction

cultures in the presence or absence of MG149 (25 mM, a concentration that did not affect viability, see Figure S1), and blotted with an

antibody that recognizes acetylated lysines. MG149 increased TIP60, P300, and Foxp3 acetylation (Figure 6), consistent with the

FRET-based method results, further validating our findings.

Together, these results support the hypothesis put forward by the computationalmodel (Figure 4C) that TIP60 inhibitors exertmost of their

effect through a TIP60-mediated increase of P300 acetyltransferase activity on Foxp3.

TIP60 inhibitors enhance Treg cell induction in human cells

Given our results in murine cells, we decided to explore whether the TIP60 inhibitors could also enhance human Treg cell inductions.

We set up analogous Treg cell induction culture experiments by isolating CD4+ naive T cells (CD45RA+CD45RO�, >95% purity as-

sessed by flow cytometry) from peripheral blood mononuclear cells (PBMCs) and culturing them with aCD3/aCD28 activating beads

under Treg cell polarizing conditions (IL-2 and TGFb) in the presence or absence of TIP60 inhibitors (NU9056, MG149, and TH1834)

(Figure 7A). Consistent with our findings with murine cells (Figure 1) all three TIP60 inhibitors increased the number of Foxp3+ cells at

the end of the Treg cell cultures (Figure 7B). The FRET-based approach revealed an analogous molecular mechanism responsible for

their Treg cell induction enhancement that increased TIP60 acetylation, heteromer formation, P300 acetylation, and Foxp3 acetyla-

tion (Figures 7C and S4D). When compared with murine cultures (Figure 5), the effect on Treg induction was moderate, which was

concomitant with a higher increase in TIP60/P300 heteromer and lower P300 acetylation, suggesting that higher levels of heterome-

rization might be required in human cells to achieve the increase in P300 acetylation.

To further confirm the effect of TIP60 inhibitors on Foxp3 acetylation, we employed the FRET-based assay in confocal microscopy at the

end of Treg cell induction cultures treated with or without MG149. Unlike flow cytometry, confocal microscopy does not allow us to analyze
iScience 26, 108491, December 15, 2023 7



Figure 5. TIP60 inhibitors modulate P300 acetyltransferase activity on Foxp3

(A) FRET-based strategy to measure TIP60/P300 heteromer formation and representative histograms indicating FRET signal in CD4+ Foxp3+ cells from Treg cell

induction cultures treated with or without TIP60 inhibitors (NU9056 20 mM, MG149 and TH1834 25 mM) and (B) FRET-Efficiency summary results.

(C) Representative scatterplots and summary results indicating the percentage of Foxp3+ cells at the end of Treg induction cultures in the presence of MG149

(20 mM), C646 (1mM), or MG149 + C646.

(D–F) Summary results of TIP60 acetylation, TIP60/P300 heteromer formation, P300 acetylation, and Foxp3 acetylation measured by FRET (FRET Efficiency) in

identical cultures treated with MG149 (D), MG149 + C646 (E) or C646 alone (F). (Bar graphs depict mean G SEM, n = 4 from three independent experiments.

ANOVA followed by post-hoc Tukey HSD test. (D–F) The ANOVA was performed for the same FRET pair across Vehicle, MG149, C646, and MG149 + C646

groups and all comparisons referred to vehicle; *p < 0.05, #p < 0.01).
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thousands of cells. However, such microscopy experiments provide an extremely sensitive and direct visualization of individual cells. For this

analysis, we collected > 7 images of different fields of view containing several cells. In each image, we selected Foxp3+ cells by applying an

intensity threshold to the AF488 channel. Then, we reconstructed the percentage FRET images (Figures 7D and S5) using the same equation

employed in flow cytometry experiments. We performed a single-cell analysis of all the collected images using a segmentation procedure

implemented in ImageJ. Consistent with our flow cytometry results, we observed an increase in FRET efficiency in cells treated with

MG149 compared to vehicle (Figure 7D). This result further emphasizes the versatility and suitability of the FRET-based assay to measure

protein acetylation, not only using flow cytometry but also microscopy experiments.
8 iScience 26, 108491, December 15, 2023



Figure 6. Immunoprecipitation studies

TIP60, P300, and Foxp3 protein was immunoprecipitated fromCD4+ Foxp3+ cells from Treg cell induction cultures lysates treated with or without MG149 (20 mM)

and blotted with an antibody recognizing acetylated lysines (lanes were loaded with the same amount of protein obtained after immunoprecipitation).

Representative blots (top) and quantification (bottom) (ImageJ, see STAR Methods) (mean G SEM, n = 3 per group, t test, *p < 0.05, #p < 0.01).
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Finally, we tested the functionality of human Treg cells induced in the presence of TIP60 inhibitors. Sorted CD4+CD25hiCD127� cells from

cultures treated with and without MG149 suppressed T cell proliferation with comparable efficiency (Figure 7E), confirming that small mol-

ecules that target TIP60 can enhance Treg induction in human cultures by increasing Foxp3 acetylation.
DISCUSSION

In this work, we demonstrate that TIP60 inhibitors increase Foxp3 acetylation in T cells through the modulation of P300 activity and subse-

quent acetylation of Foxp3, thereby enhancing Treg cell inductions in human and murine cells. We also describe a newly developed

FRET-based method to measure acetylation compatible with flow cytometry and microscopy and utilize it to establish the contribution of

this mechanism to Foxp3 acetylation.

Given that TIP60 can also directly acetylate Foxp3, the fact that it can modulate the P300-mediated Foxp3 acetylation (and divert the acet-

ylation flux) reveals the crosstalk in terms of signaling between these two pathways. We acknowledge that many proteins, including deace-

tylases, are involved in modulating the acetylation fluxes in cells that lead to Foxp3 acetylation.16,30,31,55,56 The studies presented herein

contribute to the current knowledge in the field and describe a previously unrecognized mechanism to modulate these fluxes

pharmacologically.

Our results reveal that the three small-molecule TIP60 inhibitors (NU9056, MG149, and TH1834) exert a dual effect on TIP60 activity: acti-

vation at lower-mid concentrations and inhibition at higher concentrations. Of note, we observed no effects on phosphorylation of TIP60, a

marker of activation57 (data not shown). AlthoughMG149 can inhibit other acetyltransferases, NU9056 and TH1834 have been described to be

selective for TIP60 (an MYST acetyltransferase) versus other histone acetyltransferases from both the MYST family (MOF) and other families

(P300, and PCAF).34–37 With the advent of molecular tools to study the mechanism of action of small molecules on protein activity, the

complexity of their modulatory effects is being unraveled.58 One such complex behavior recently being recognized is inhibitor-induced

activation.59 Taking inspiration from these findings, we could postulate the existence of two binding sites as an explanation for the dual

behavior of these compounds in TIP60: (i) an activating allosteric site available at lower-mid concentrations, and (ii) an orthosteric site that

becomes occupied at higher concentrations. We have generated additional simulations in which we included a reaction in the computational

model describing the orthosteric inactivation of TIP60 activity at high concentrations (seeData S1) and recapitulated the dual results obtained

in Figure 2, supporting that the allosteric/orthosteric hypothesis is compatible with the results. Notably, the three compounds have signifi-

cantly different chemical structures. DecipheringwhetherNU9056,MG149, and TH1834 share orthosteric and/or allosteric TIP60 binding sites

will require structural biology studies, which are beyond the scope of this work. These resultsmight shed some light on the paradoxical effects

of certain compounds on enzymatic activity reported in the literature.60,61

The peptide-based in vitrobiochemical assay used to study the direct effects of TIP60 on Foxp3 (Figure 2) provides a unique opportunity to

study the effects of TIP60 in isolation, using peptides that include the most common acetylation sites described in the literature and shared

between mice and humans.39 Lysines K262 and K267 are outside the leucine-zipper domain in which K249 and K251 (K250 and K252 in

humans) are located. As described by Song et al.,19 this domain is responsible for the oligomerization of Foxp3 and is selectively acetylated

by P300. In their experiments, heterologous expression of Foxp3 in Jurkat cells leads to acetylation at other lysines by P300 as well as by other

acetyltransferases. We acknowledge that the results in Figure 2 could be due to differences in acetyltransferase activity of TIP60 and P300 on

these two lysines. However, our results indicate that this assay successfully predicts the pharmacological properties of NU9056, MG149, and

TH1834 in primary T cells and it could be easily adapted to test other acetylation sites in the Foxp3 protein.

To our knowledge, this is the first report of an FRET-based assay to measure acetylation in combination with flow cytometry. We demon-

strate that this novel approach can be used to study Foxp3 acetylation in murine and human Treg cells. Furthermore, its flexibility makes it
iScience 26, 108491, December 15, 2023 9



Figure 7. TIP60 inhibitors enhance Treg cell inductions in humans

(A) Representative scatterplots and (B) summary results of Foxp3+ cells at the end of human Treg cell induction in the presence of vehicle, and 10 mM NU9056,

MG149, or TH1834.

(C) TIP60 acetylation, heteromer formation, P300 acetylation, and Foxp3 acetylation measured by FRET (FRET Efficiency) in MG149 treated cultures when

compared to vehicle (mean G SEM, n = 3 from three independent experiments, t test for each FRET comparing vehicle and MG149, *p < 0.05, #p < 0.01).

(D) Representative FRET images comparing vehicle and MG149-treated cultures, see also Figure S3, using a pseudocolor scale to indicate the %FRET efficiency;

and results of the single-cell segmentation analysis for MG149 treated cultures (3 independent repetitions) compared to vehicle (values in boxes are from at least

7 different images that contain at least 3 different cells in the field of view; mean values are indicated in bold, box size indicates SEM, and whiskers represent s.d.;

ANOVA followed by post-hoc Tukey HSD test performed for the MG149 repetitions; all comparisons referred to vehicle. #p < 0.01).

(E) Representative histograms and results summary of the suppression capacity of Treg cells induced in the presence of vehicle or MG149. Suppression capacity

was calculated as the relative decrease in proliferation in the presence of Treg cells (comparisons at each Tconv:Treg ratio were non-significant; mean G SEM,

n = 3 of three independent experiments ANOVA with post-hoc Tukey HSD test).
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easily adaptable to measure the acetylation of other proteins and even heteromerization (Figure 3). Application of FRET in flow cytometry is

limited (i) by a lower signal-to-noise ratio (SNR) than the signal coming from only one fluorophore and (ii) cell autofluorescence, which in the

context of microscopy can be addressed using fluorescence life microscopy (FLIM).62 These two aspects could become limiting if the cellular

expression of the molecule under study is low. Studying the role of TIP60 and P300 on Foxp3 acetylation through plasmid expression in cell

lines29 has the advantage of working with increased amounts of protein to perform western blots and co-immunoprecipitations, but might

provide a distorted view of the interactions happening in Treg cells. Our FRET-based approach overcomes these limitations and those of

the PLA. It allows us to study acetylation in Treg cells by providing seamless integration with flow cytometry and surface markers to analyze

multiple subpopulations simultaneously. Our simple approach is powerful for discriminating different acetylation states, although an in-depth

study of the specific acetylation sites would require more intricate techniques and analysis, such as mass spectrometry.63

Recently published work has reported that two small molecule compounds that bind to TIP60 without affecting its catalytic activity

(referred to by the authors as allosteric modulators) can restore Foxp3-TIP60 interactions lost in Treg cells through the most common

Foxp3 gene mutations in immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX).32 Our findings propose an

additional mechanism through which targeting TIP60 can enhance Foxp3 activity. We acknowledge that in our suppression assays we did

not observe an increase in suppressive capacity in cells treated with TIP60 inhibitor over control, when comparing the same number of cells.

We contend that the increase in percentage at the end of the culture strongly suggests that Foxp3 activity might bemore stable, which would

be further enhanced by the fact that lysine acetylation precludes its ubiquitination and subsequent target for degradation.64,65 We also

acknowledge that TIP60-P300-Foxp3 might form a ternary complex and that our studies do not identify in which degree the modulatory
10 iScience 26, 108491, December 15, 2023
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effects of TIP60 occur in the cytoplasm and the nucleus. The exact sequence of events that leads to Foxp3 acetylation will be the subject of

further work.

To date, only a few small molecules have been described to promote Tregs, such as: Vitamin A, D, B3, B9, and bile acids derivatives.13,66–68

These physiological metabolites, not newly synthetic drugs, play a key role in the inductions of mucosal Tregs, especially in intestinal inflam-

mation, modulating the balance between Treg/Th17 cells. Our finding that TIP60 inhibitors can promote Treg inductions in vitro from naive

T cells is of particular relevance for autologous Treg therapy, a strategy currently being evaluated for autoimmune disease and to prolong

allograft survival.11,12

The mechanistic prediction put forward by the computational model and supported by our experimental data highlights an asymmetry in

the fluxes of acetylation that lead to Foxp3 acetylation. Our findings reveal the importance of these asymmetries in understanding the

acetylome and how they could be harnessed for therapeutic manipulation of Treg cell activity and function.

Limitations of the study

Weacknowledge that all the proteins implicated in the TIP60-P300mechanismdescribed herein are highly regulated and are likely affectedby

deacetylases andubiquitination.Wealso recognize that the FRETmethodpresented tomeasure Foxp3acetylation, despite being compatible

with flowcytometry and studying theFoxp3 in its native state, doesnotallowus todiscriminate specificacetylatedFoxp3 lysines. In contrast, the

peptide assay provides lysine-specific information but does not use the whole Foxp3 protein, thus making these assays complementary.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-Cy7 anti-mouse CD4 antibody antibody eBiosciences Cat# 25-0041-82 RRID:AB_469576

PerCP Cy5.5 anti-mouse CD45 antibody Invitrogen Cat# 45-0451-82 RRID:AB_1107002

FITC anti-mouse CD3 antibody Invitrogen Cat# 11-0031-85 RRID:AB_464883

TIP60 (C-7) AF488 SantaCruz Cat# Sc-166323

P300 (F-4) AF488 SantaCruz Cat# Sc-48343

TIP60 (C-7) AF546 SantaCruz Cat# Sc-166323

BV450 anti-human Foxp3 eBiosciences Cat# 48-4776-42 RRID:AB_1834364

eFluor450 anti-mouse Foxp3 eBiosciences Cat# 48-5773-82 RRID:AB_1518812

A488 anti-mouse Foxp3 eBiosciences Cat# 53-5773-82 RRID:AB_1518812

FITC anti-mouse CD25 antibody BD Biosciences Cat# 553072 RRID:AB_394604

APC anti-annexin V antibody BD Biosciences Cat#550474 RRID:AB_2868885

Mouse anti-mouse anti-human Foxp3 antibody PLA assay eBioscience Cat# 14-7979-80 RRID:AB_468499

Rabbit anti-mouse anti-human acetylated lysines PLA assay CellSignaling Cat# 9441 RRID:AB_331805

aCD3 mouse BioLegend Cat# 100201 RRID:AB_312658

aCD3 human BD Biosciences Cat# 566685

FITC anti-human Foxp3 eBiosciences Cat# 11-4777-42 RRID:AB_1518812

PerCP Cy5.5 anti-human CD4 antibody BD Biosciences Cat# 552838 RRID:AB_394488

APC anti-human CD25 antibody eBiosciences Cat# 17-0259-42 RRID:AB_1582219

PE anti-human CD127 antibody BD Biosciences Cat# 557938 RRID:AB_2296056

FITC anti-human CD4 antibody eBiosciences Cat# 11-0042-86 RRID:AB_464898

Anti-Acetyl Lysine-HRP Immunechem Cat# ICP0381

Chemical, peptides and recombinant proteins

Recombinant murine IL-2 Peprotech Cat# 212-12

Recombinant TGFb1 Peprotech Cat# 100-21C

Recombinant human IL-2 BD Pharmingen Cat# 554603

CellTrace violet Cell Proliferation Thermofisher Cat# C34557

C646 SigmaAldrich Cat# SML0002

NU 9056 Tocris Cat#4903

MG 149 MedChemExpress Cat#HY-15887

TH 1834 axonmedchem Cat#2339

Ivermectin SigmaAldrich Cat#18898

KAT5 (TIP60), Active SigmaAldrich Cat#SRP0706

Recombinant P300 protein ActiveMotif Cat#31124

Histone Acetyltransferase (HAT) Activity Assay Kit SigmaAldrich Cat#EPI001-1KT

Dye Removal Columns ThermoScientific Cat#22858

AlexaFluor488 Carboxylic acid, succinimil ester Invitrogen Cat#A20000

AlexaFluor55 Carboxylic acid, succinimil ester Invitrogen Cat#A20009

eFluor 780 Fixable viability dye eBioscience Cat# 65-0865-14

ACK lysis buffer Roche Cat# 11814389001

5X RIPA Buffer ThermoScientific Cat# J62524.AE

Pierce BCA protein assay ThermoScientific Cat# 23228

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Protein G MagBeads GenScript Cat# L00274

Laemmli SDS sample Buffer, reducing (6x) Millipore Cat# J61337.AC

Immobilon�- P Transfer Membrane (Pore 0.45mm) Millipore Cat# IPVH00010

Immobilon� Western Chemiluminescent HRP Substrate ThermoScientific Cat# WBKLS0100

TritonX-100 Immunechem Cat# A16046.AE

AffinityScript MultiTemp RT Agilent Cat# 600105

PlatinumTaq DNA polymerase Invitrogen Cat# 11804011

SYBR Green Invitrogen Cat# 4402959

Critical commercial assays

EasySep� Mouse Naı̈ve CD4+ T Cell Isolation Kit STEMCELL Technologies Cat# 19765

EasySep� Human Naı̈ve CD4+ T Cell Isolation Kit STEMCELL Technologies Cat# 19555

EasySep� Mouse T Cell Isolation Kit STEMCELL Technologies Cat# 19851

EasySep� Mouse CD90.2 Positive Selection Kit II STEMCELL Technologies Cat# 18951

aCD3/aCD28 stimulating beads murine Gibco Cat# 11-161D

aCD3/aCD28 stimulating beads human Gibco Cat# 11-456D

Duolink� In Situ PLA� Probe Anti-Mouse PLUS Sigma Aldrich Cat# DUO92001

Duolink� In Situ PLA� Probe Anti-Rabbit MINUS Sigma Aldrich Cat# DUO92005

Duolink� In Situ Detection Reagents Red Sigma Aldrich Cat# DUO92008

Duolink� In Situ Mounting Medium with DAPI Sigma Aldrich Cat# DUO82040

Intracellular/transcription factor staining buffer kit eBiosciences Cat# 00-5523-00

Experimental models: Organisms/strains

C57BL/6J (B6) The Jackson Laboratory Stock No: 000664

BALB/cJ (BALB/c) The Jackson Laboratory Stock No: 000651

Software and algorithms

Computational model mechanism of TIP60/P300

heteromer formation and Foxp3 acetylation

Fribourg Lab (this manuscript) https://doi.org/10.5281/zenodo.10067436

FCS Express 7 De Novo Software N/A

Matlab Mathworks N/A

SpotCountPLA Matlab Toolbox Fribourg Lab https://doi.org/10.5281/zenodo.5794212

ImageJ NIH N/A

Rstudio Rstudio.com N/A

SymphoTime 64 PicoQuant N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Miguel Fribourg

(miguel.fribourg@mssm.edu).
Materials availability

Wewill provide Foxp3-AF488 and AcK-AF555 conjugated antibodies to requesting labs that have received approval for the use of thesemice

via an MTA with the Icahn School of Medicine at Mount Sinai.
Data and code availability

� All original code and computational has been deposited in Zenodo. The DOI is listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Male and female C57BL/6 (H-2Kb) and BALB/c (H-2Kd) were purchased from The Jackson Laboratory (stocks #000664 and #000651, respec-

tively) and bred atmouse facilities of the Icahn School ofMedicine atMount Sinai. Foxp3-GFPmice (Figure 1) was purchased from the Jackson

Laboratory (stocks #023800). Data depicted in the figures include male and female mice as we used both male and female mice for Treg cell

inductions (Figures 1, 2, 3, 4, and 5), suppression assays (Figure 1), HAT and KAT assays (Figure 2), FRET experiments (Figures 3 and 5), andWB

experiments (Figure 6). This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of

Laboratory Animals and under the protocol (IACUC-2018-2) approved by the Institutional Animal Care and Use Committee of the Icahn

School of Medicine at Mount Sinai. All animals were housed in the animal facilities at the Icahn School of Medicine at Mount Sinai.

Human subjects

For experiments in human cells (Figure 7) we used peripheral blood mononuclear cells (PBMCs) from buffy coats obtained from anonymous

donors to the New York Blood Bank.

METHOD DETAILS

Lymphocyte isolation from the spleen and PBMCs

Spleens were harvested in PBS andmechanically disaggregated through amesh strainer (70 mm) with the aid of the back of a syringe plunger.

PBS was decanted after centrifugation and red blood cells lysed (ACK lysis buffer, 2 min at room temperature, Roche). Cells were then centri-

fuged, re-suspended in PBS and filtered again through a 70 mm nylon mesh. The isolated single-cell suspension of enriched either spleen or

PBMCs leukocytes was processed for different assays, or used to isolate naive CD4+ T cells naive T cells using magnetic separation (EasySep

Mouse or Human Naive CD4+ T cell Isolation Kit, STEMCELL Kit) for Treg cell induction cultures.

Flow cytometry, transcription factor and acetyltransferases staining

Cells were evaluated for surface antigen expression following incubation with fluorescently conjugated antibodies in PBS or a buffer consist-

ing of 2% rat serum 2 mM EDTA according to the manufacturer’s instructions. For Foxp3, AcK, p300, and TIP60 staining, cells were permea-

bilized using an intracellular/transcription factor staining kit (eBiosciences) and stained with Foxp3, AcK, p300, and TIP60 antibodies. Data

were acquired on a 3-laser FACSLyric flow cytometer (BD bioscience) and analyzed using FCS express 7 software.

In vitro Treg cell inductions

For in vitro Treg cell inductions either T CD4+ naı̈ve or Human peripheral blood mononuclear cells (PBMCs) were isolated from spleens or

buffy coats by Ficoll density gradient centrifugation (Histopaque, SigmaAldrich) at 490g. Naı̈ve CD4+ T cells were enriched from murine

splenocytes (CD44loCD62hi) or human peripheral bloodmononuclear cells (CD45RA+CD45RO-) (EasySep�Mouse Naı̈ve CD4+ T Cell Isola-

tion Kit, EasySep�HumanNaı̈ve CD4+ T Cell Isolation Kit, respectively, STEMCELL Technologies) and their purity checked by flow cytometry.

Mouse cultures: 200,000 naı̈ve CD4+ T cells were incubatedwith IL-2 (2.75 ng/ml, Peprotech), TGFb (0.7 ng/ml, Peprotech) and stimulatedwith

aCD3/aCD28 (15 ml/million cells, Gibco) (polyclonal). Human cultures: 200,000 naı̈ve CD4+ T cells were cultured with IL-2 (100 U/ml, BD Phar-

mingen), TGFb (3 ng/ml, Peprotech) and stimulated with aCD3/aCD28 (15 ml/million cells, Gibco).

Treg cell suppression assays

Mice. 200,000 conventional B6 T cells (EASYSEP) labeled with a cell tracker (CellTrace violet) were stimulated by aCD3/aCD28 in the presence

of different amounts of induced Treg cell with aCD3/aCD28 (polyclonal), previously sorted as Foxp3-GFP+ (Foxp3-GFP mice) (Figure 1).

Human. 200,000 PBMCs labeledwith CellTrace violet were stimulated with aCD3/aCD28 (1ng/ml, BD Biosciences) in the presence of different

amounts of polyclonally inducedTreg cell, previously sorted asCD4+CD25hiCD127- (Figure 6). Both formouse and human suppression assays,

the percentage of proliferating cells was determined by flow cytometry based on cell tracker dilution 5 days after stimulation.

In vitro HAT and KAT assays

HAT and KAT activity was determined using HAT assay according to the manufacturer’s instructions (EPI001-1kt, Sigma-Aldrich, H3 peptide

1-21 sequence ARTKQTARKSTGGKAPRKQLA) using either KAT5 (TIP60 active recombinant protein, #SRP0706, Sigma-Aldrich, St.Louis, MO,

USA) or recombinant P300 protein (#81158, Active Motif, California, USA) at 10 nM (Figure 2). KAT activity measurements were adapted from

HAT assay to measure Foxp3 peptide acetylation replacing histone peptide sequence to Foxp3 peptide sequence described below. Both,

HAT and KAT assays were performed in HAT assay buffer in the presence or absence of TIP60 inhibitors for 2 hours at 37�C. Reactions were
stopped and measured by spectrophotometer according to the manufacturer’s instructions.

Peptide synthesis

Foxp3 peptide (LAGKMALAKAPS) was purchased from GenScript, (New Jersey, USA) (Figure 2).
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Cell lysates KAT assays

Cells extracts were obtained from Treg cell inductions in the presence or absence of TIP60 inhibitors at day 5 usingNE-PERNuclear and Cyto-

plasmic Extraction Reagents (#78833, Thermo Scientific, USA). KAT activity measurements from combined nuclear and cytoplasmic extracts

were determined using KAT assay according to the protocol indicated above (Figure 2). Cell extracts were standardized based on protein

concentration, measured through NanoDrop� OneC Microvolume UV-Vis Spectrophotometer. The final protein concentration utilized to

KAT activity measurements from the Treg cell extracts was 2.5 mg/mL. The enzymatic reaction was performed for 2 hours.

Proximity ligation assay (PLA) for acetylated Foxp3

Cells from mouse Treg cell induction cultures in presence or absence of MG149 (25 mM) were harvested and cultured for 2 hours at 37�C in

50-100 ml drops containing 50,000 cells on top of coverslips previously coated with poly-D-lysine and laminin. Coverslips were then washed

and the cells attached to it fixed by immersion in 3.7% PFA for 10 min at room temperature, and permeabilized by immersion in 70% ethanol

for 20 min. The proximity ligation assay was then performed following the manufacturer’s recommendations and the particularizations

described in the protocol from Hancock and Beier31 using primary antibodies against Foxp3 (raised in mouse, eBiosciences) and acetylated

lysines (raised in rabbit, Cell Signaling), Duolink� In Situ PLA� Probe Anti-Mouse PLUS Reagents (Sigma Aldrich) together with Anti-Rabbit

MINUS (Sigma Aldrich) and Duolink� In SituDetection Reagents Red. Finally, the coverslips weremounted on slides using a DAPI-containing

mounting medium (Figure 3).

PLA image acquisition

Cells were imagedwith and upright epifluorescencemicroscope, Axioplan 2 (Zeiss), with a 100x oil immersion objective and a numerical aper-

ture of 1.3. The microscope was controlled by AxioVision software and was equipped with a Zeiss AxioCam MRm camera. Images were

acquired in brightfield. The laser exposure time for the red PLA probes was adjusted for every experiment and ranged between 1 and 2 sec-

onds. 20-25 fields were obtained from each coverslip with 2-10 per field. Multiple coverslip per mouse and per treatment were analyzed per

experiment. Control experiments were performedwith only one primary antibody (either Foxp3 or acetylated lysines) to establish background

levels and specificity of the signal.

PLA image analysis

The nuclear image from the blue channel (DAPI) and the spot image from the red channel (PLA) are processed separately. Briefly, both the

nuclear image and the spot image are (i) normalized to maximum intensity, (ii) contrast-enhanced using adaptive histogram equalization,

(iii) and a threshold applied to them to eliminate background. To segment the cells, we utilized an extended maxima transform followed by

a watershed transform to define a region of influence for each cell. The spot image was sharpened using the unsharp masking technique,

and the spots identified by labeling connected components in a binary version of the image. The images with the regions of influence and

with the spots were overlaid and each spot assigned to the corresponding cell provided it was at a distance shorter than 150 pixels from

the nucleus of the cell. To establish fair comparisons of levels of Foxp3 acetylation between treatments, cells with zero spots were excluded

from each group reasoning that they were not Foxp3+. In Treg cell induction experiments, at least 40% of the cells had at least one spot.

The image analysis was implemented in Matlab and is accessible at Matlab Central (https://www.mathworks.com/matlabcentral/

fileexchange/103185-spotcountpla).

ODE computational model

The ODEmodel of P300 and TIP60 effects of Foxp3 was implemented and simulated in Matlab. Please refer to supplemental information for

details on model equations parameters and other details. The model will be made publicly available upon publication of the article at the

BioModel bioarchive (http:/ebi.ac.uk/biomodels/).

FRET flow cytometry

Cells were harvested at the end 5-day mouse or human Treg cell induction cultures in the presence or absence of TIP60 inhibitors (NU9056,

MG149, and TH1834 for mice, MG149 for humans) and were surface staining with aCD4 antibody together with a fixable viability dye (or an

a�Annexin V antibody). For Foxp3, Acetylated lysines (AcK), P300, and TIP60 intracellular staining, cells were fixed/permeabilized using an

intracellular/transcription factor staining kit (eBiosciences). Each biological sample was divided into 3 for distinct staining: (i) FRET donor anti-

body alone (Foxp3, P300, or TIP60) labeled with AF488, (ii) FRET acceptor antibodies alone labeled with AF555 (AcK, TIP60, or CD3) and (iii)

both together. Antibodies were labeled with the appropriate fluorophores using a protein labeling kit (#A20174, Thermo Fisher Scientific,

USA). Samples were analyzed in an AttuneNxT flow cytometer (Thermo Fisher Scientific) acquiring either the donor (excitation 488 nm; detec-

tion, green; blue1 in Attune) and acceptor channel (excitation 555 nm; detection, yellow; yellow 1 in Attune) alone, or the donor and FRET

(excitation 488 nm; detection; blue 4 in Attune) channels together. Additional controls swapping donor and acceptor antibody-proteins

and with non-colocalized proteins were performed. A full list of antibodies used are available in the Reagents section.

FRET flow cytometry analysis

Flow cytometry data and analyzed using FCS express software.
iScience 26, 108491, December 15, 2023 17

https://www.mathworks.com/matlabcentral/fileexchange/103185-spotcountpla
https://www.mathworks.com/matlabcentral/fileexchange/103185-spotcountpla
http://ebi.ac.uk/biomodels/


ll
OPEN ACCESS

iScience
Article
For FRET efficiency calculation flow cytometry.fcs files were parsed using scripts programmed in R. For each cell the apparent FRET effi-

ciency was obtained as:

%FRET Eff : =

�
Acceptor Intensity � Mean Background Acceptor Intensity

��100
Donor Intensity � Mean Background Donor Intensity

(Equation 1)

where theMean Background Acceptor and Donor Intensities were estimated from the counterpart mono-stained samples restricted to CD4+

cells. All subtracted intensities which resulted in a negative number were set to 0 to avoid negative FRET efficiencies. A channel with %FRET

efficiency with the calculated value for each cell was created in the.fcs file and the mean %FRET efficiency for each subcompartment (Foxp3-

and Foxp3+) cells obtained using conventional gating in FCS Express.
FRET confocal imaging and analysis

Cells from human Treg cell induction cultures in presence or absence of MG149 (25 mM) were harvested and cultured for 2 hours at 37�C in

50-100 ml drops containing 50,000 cells on top of coverslips previously coated with poly-D-lysine and laminin. Coverslips were then washed

and the cells attached to it fixed by immersion in 3.7% PFA for 10 min at room temperature, and permeabilized by immersion in 70% ethanol

for 20 min. Foxp3 was stained with the primary antibodies against Foxp3 labelled with AF488 (eBiosciences) as the donor and acetylated

lysines labelled with AF555 (Cell Signaling) as an acceptor. Confocal images were obtained with a Leica TCS SP8 microscope in the AF488

and AF555 (FRET) channel exciting with the 488nm laser.

All image analysis was performed using SymphoTime 64 (PicoQuant) and ImageJ distribution FIJI.69 The FRET efficiency reconstructed

image was obtained pixelwise by applying the same Equation 1 described above. An intensity threshold in the donor channel was applied

to select Foxp3+ cells, including pixels with intensity above 25 photons. For cellwise analysis, obtaining the average%FRET value of individual

cells in Figure 6D, a segmentation procedure was carried out using the Analyze Particles script in FIJI.
Western Blot and immunoprecipitation

Cells were harvested on day 5 of Treg induction cultures and were lysed in 1x RIPA buffer (Thermo Scientific). After centrifugation, the soluble

fractions were collected and protein concentration was determined using Pierce BCA protein assay (Thermo Scientific). Equal protein

amounts were then incubated with aTIP60 or aP300 or aFoxp3 labeled-protein G MagBeads (Genscript) overnight at 4�C. The precipitates

were then washed three times with 0.1% TritonX-100 buffer (Thermo Scientific) and boiled for 5 min with Laemmli SDS sample buffer (Thermo

Scientific). Samples (or TIP60 protein for in vitro biochemical assays) were analyzed by SDS-PAGE, transferred to polyvinylidene difluoride

membrane (Millipore), and probed with the respective antibodies. Immunocomplexes were detected using Immobilon Western Chemilumi-

nescent horseradish peroxidase (HRP) Substrate (Millipore). Membranes were imaged using Li-Cor Odyssey Fc (LiCor Biosciences) and quan-

tified using ImageJ.
Quantitative RT-PCR

RNA expression was quantified using quantitative RT-PCR. cDNAwas synthesized from total RNA using AffinityScript MultiTemp RT (Agilent)

with an oligo(dT)18 primer. Real-time PCRwas performedusing PlatinumTaqDNApolymerase (Invitrogen) and SYBRGreen (Invitrogen) on an

ABI7900HT thermal cycler (Applied Biosystems), as described previously.70 A robust global normalization algorithm, using expression levels

of the housekeeping genes ribosomal protein S11 (Rps11), b-actin (Actb), and a-tubulin (Tuba), was used for all experiments, as described

elsewhere.70,71 In brief, all crossing threshold values (Ct) were first adjusted by median difference of all samples from Actb. Each individual

sample was then further corrected by the median crossing threshold value of the three corrected housekeeping control for that sample

and the corrected DCt obtained.
QUANTIFICATION AND STATISTICAL ANALYSIS

Foxp3 acetylation (spot count, no normal distribution of the data assumed) were compared between groups using a MannWhitney test. Sup-

pression data were fitted to a one-site total binding curve followed by an extra-sum-of-squares F test to determine if the curves are different.

For the rest of the comparisons we applied unpaired t-tests (two groups) or one-way ANOVA followed by Tukey’s post-hoc HSD test (multiple

groups). All analyses were done using Prism (GraphPad Software). In all legends and figures, mean G S.E.M. is shown, and *p < 0.05,

#p < 0.01,and n.s., non-significant.
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