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TRPM7 activity drives human CD4 T-cell activation and differentiation in a 1 

magnesium dependent manner  2 
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Summary: TRPM7 is crucial to maintaining cellular Mg2+ homeostasis and regulates human 22 

CD4 T-cell activation by modulating early Ca2+ signaling events in response to TCR-mediated 23 

stimulation subsequently, influencing T-cell differentiation in a Mg2+ dependent manner.  24 
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Abstract  27 

T lymphocyte activation is a crucial process in the regulation of innate and adaptive immune 28 

responses. The ion channel-kinase TRPM7 has previously been implicated in cellular Mg2+ 29 

homeostasis, proliferation, and immune cell modulation. Here, we show that pharmacological 30 

and genetic silencing of TRPM7 leads to diminished human CD4 T-cell activation and 31 

proliferation following TCR mediated stimulation. In both primary human CD4 T cells and 32 

CRISPR/Cas-9 engineered Jurkat T cells, loss of TRPM7 led to altered Mg2+ homeostasis, Ca2+ 33 

signaling, reduced NFAT translocation, decreased IL-2 secretion and ultimately diminished 34 

proliferation and differentiation. While the activation of primary human CD4 T cells was 35 

dependent on TRPM7, polarization of naïve CD4 T cells into regulatory T cells (Treg) was not. 36 

Taken together, these results highlight TRPM7 as a key protein of cellular Mg2+ homeostasis 37 

and CD4 T-cell activation. Its role in lymphocyte activation suggests therapeutic potential for 38 

TRPM7 in numerous T-cell mediated diseases.   39 
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Introduction 40 

Immune cell function is essential for health and disease. Both innate and adaptive immune 41 

responses involve various cell types and are precisely regulated (Parenti et al., 2016; Walker, 42 

2022). CD4 T lymphocytes are critically involved in both innate and adaptive immune 43 

responses (Parenti et al., 2016; Dong, 2021). Through different cellular subsets, CD4 T cells 44 

initiate adaptive immune responses against various kinds of pathogens. They have a crucial 45 

function in anti-cancer immunity, but also play a key role in the development of autoimmune 46 

diseases (Yatim & Lakkis, 2015; Bonilla & Oettgen, 2010; ABBAS, 2019; Walker, 2022). 47 

Robust receptor-mediated cell activation, including various costimulatory signals, is crucial for 48 

lymphocyte function and ultimately leads to cell proliferation and differentiation into specific 49 

effector cell types (Bonilla & Oettgen, 2010; Heinzel et al., 2018; Martínez-Méndez et al., 50 

2021). Accordingly, T-cell activation is the target of several established and emergent 51 

pharmacological strategies for immune modulation. Thus, gaining further insights into T-cell 52 

activation and the involvement of interaction partners is necessary to gain a better 53 

understanding of potential therapeutic targets.  54 

Melastatin-like Transient Receptor Potential, member 7 (TRPM7), is a protein ubiquitously 55 

expressed in mammals, showing high expression in lymphocytes (Beesetty et al., 2018; 56 

Krishnamoorthy et al., 2018). Embryonic development, thymopoiesis and cellular proliferation 57 

critically rely on TRPM7 activity (Beesetty et al., 2018; Nadler et al., 2001; Nadolni et al., 58 

2020; ). Expressing an ion channel in the plasma membrane, TRPM7 conducts divalent cations, 59 

such as Mg2+, Ca2+ and Zn2+ (Schmitz et al., 2003; Nadler et al., 2001; Liang et al., 2022). 60 

Mutations in the TRPM7 gene are associated with several clinical phenotypes in humans and 61 

mice. Most of the symptoms induced by TRPM7-mediated pathologies including 62 

macrothrombocytopenia, reduced Mg2+ serum levels and signs of systemic inflammation, and 63 

can be by Mg2+ supplementation (Krishnamoorthy et al., 2018; Chubanov et al., 2024; Stritt et 64 

al., 2016; Sahni & Scharenberg, 2008). Different studies have characterized TRPM7 as a key 65 
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player of cellular Mg2+ uptake (Cherepanova et al., 2016; Hoeger et al., 2023; Stritt et al., 2016), 66 

while other proteins proposed for this role, such as MagT1 transporter, have lost scientific 67 

support (Cherepanova et al., 2016; Li et al., 2011; Ravell et al., 2020). Moreover, the TRPM7 68 

ion channel domain is covalently linked to a cytosolic serine/threonine kinase domain (Schmitz 69 

et al., 2003; Nadler et al., 2001; Liang et al., 2022). Different in vitro and native TRPM7 kinase 70 

substrates have been found, including myosin II, Annexin A1, phospholipase C gamma 2, 71 

SMAD2 and AKT (Clark et al., 2008; Dorovkov & Ryazanov, 2004; Romagnani et al., 2017; 72 

Hoeger et al., 2023). In recent years important insights have been gained regarding the role of 73 

TRPM7 in mammalian immune cells. Absence of TRPM7 channel function has been linked to 74 

reduced store-operated Ca2+ entry and proliferation arrest in DT40 chicken B cells and a kinase-75 

deficient mouse model (Faouzi et al., 2017; Sahni & Scharenberg, 2008; Krishnamoorthy et al., 76 

2018; Beesetty et al., 2018). Here, we shed light on the role of TRPM7 in human T lymphocyte 77 

homeostasis and activation. We demonstrated TRPM7 to be crucial for maintenance of cellular 78 

Mg2+ homeostasis, activation and proliferation of Jurkat T cells and primary CD4 T cells, as 79 

well as subsequent effector functions including cytokine release and polarization.  80 
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Results 81 

TRPM7-mediated Mg2+ homeostasis is essential for Jurkat T-cell proliferation 82 

Jurkat T cells are a well characterized and a commonly used cell line to study T lymphocyte 83 

function and signaling. We utilized this model to gain insights into the role of TRPM7 in 84 

functions of human T cells including T-cell activation. Applying CRISPR-Cas9 genome editing, 85 

we generated two clones of a novel TRPM7 KO Jurkat cell line harboring a genomic base pair 86 

insertion, which results in a frameshift in exon 4. The successful base pair insertion was 87 

confirmed through sequencing of the TRPM7 gene (ThermoFisher). We were able to confirm 88 

the expected abolition of TRPM7 currents in these cells via whole cell patch-clamp 89 

experiments, thereby functionally verifying the knock-out (Fig. 1A, B and Suppl.Fig. 1A, B). 90 

While being morphologically indifferentiable to WT cells (data not shown), the cells of our 91 

TRPM7 KO clones showed a clear reduction of proliferation rates in standard Jurkat T cell 92 

media and died within five days. However, culturing these TRPM7 KO cells in media 93 

supplemented with 6 mM MgCl2 restored normal proliferation and prevented cell death (Fig. 94 

1C, D and Suppl. Fig. 1C, D). To further examine the nature of the TRPM7 KO T cells’ need 95 

for MgCl2 supplementation, we performed inductively coupled plasma mass spectrometry 96 

(ICP-MS), which revealed a reduction of cellular magnesium content in TRPM7 KO cells (Fig. 97 

1E and Suppl.Fig. 1E), while culturing them in medium supplemented with 6 mM MgCl2 98 

restored intracellular Mg2+ levels (Fig. 1E and Suppl.Fig. 1E). In parallel, we employed the 99 

known pharmacological inhibitor of the TRPM7 channel, NS8593 (Chubanov et al., 2012), 100 

which similarly abolished TRPM7 currents in WT Jurkat T cells (Fig. 1F, G). Culturing WT 101 

Jurkat T cells in the presence of NS8593 produced a similar effect as the TRPM7 KO. Treatment 102 

markedly reduced cell proliferation and viability within five days, with survival and 103 

proliferation being partially restored by supplementing extracellular MgCl2 (Fig. 1H, I). Since 104 

NS8593 has been known to also inhibit SK2-channels in other cell types, we controlled for a 105 

potential SK2-dependent effect by employing the SK2-inhibitor apamin, which did not 106 
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influence TRPM7 currents in respective patch-clamp experiments (Suppl. Fig. 2 A, B). Apamin 107 

likewise did not affect lymphocyte growth and viability (Suppl. Fig. 2 C, D). Similar to Jurkat 108 

TRPM7 KO clones, treatment with NS8593 also resulted in reduced cellular Mg2+ levels, as 109 

analyzed by ICP-MS (Fig. 1J). Likewise, Mg2+ supplementation of the medium restored 110 

intracellular Mg2+ levels (Fig. 1J). In line with previous studies on TRPM7 (Zierler et al., 2011), 111 

these findings emphasize the importance of the channel for cell proliferation and Mg2+ 112 

homeostasis in Jurkat T cells. 113 

TRPM7 channel activity is essential for Jurkat T-cell activation 114 

Having tested the general functionality of our genetic and pharmacological models in Jurkat T 115 

cells, we proceeded with studies to decipher the role of TRPM7 in the activation process of 116 

human lymphocytes. Previously, TRPM7 was linked to altered store-operated Ca2+ entry 117 

(SOCE) in DT40 chicken B lymphocytes (Faouzi et al., 2017). As an important early step in 118 

lymphocyte activation, we designed our experiments to first characterize the effects of TRPM7 119 

in Ca2+ signaling. Using Fura-2 as a ratiometric Ca2+ indicator, we performed Ca2+ imaging 120 

experiments comparing Jurkat TRPM7 WT and KO cells. Following depletion of the 121 

intracellular Ca2+
 stores using thapsigargin, TRPM7 KO cells exhibited a strongly reduced rise 122 

in cytosolic Ca2+ concentration ([Ca2+]i) (Fig. 2A and Suppl. Fig. 1F), suggesting SOCE to be 123 

defective in Jurkat T cells lacking TRPM7. We performed the experiment with Jurkat T cells in 124 

the absence and presence of the specific TRPM7 channel inhibitor NS8593. Similar to the effect 125 

seen in the KO model, cells treated with the blocker exhibited a strong reduction of the [Ca2+]i 126 

elevation (Fig. 2G). To quantify the amount of Ca2+ present in the cytosol during the 127 

measurement, we calculated the area under the curve of the Ca2+ traces (Fig.2B and 2H 128 

respectively and Suppl. Fig. 1G). They, too, show a marked reduction of [Ca2+]i in both the KO 129 

T cells and the NS8593 treated Jurkat T cells, indicating an early activation defect. This Ca2+ 130 

signaling defect would likely affect subsequent transcription factor recruitment. Given that an 131 

increase in [Ca2+]i is directly responsible for calcineurin-mediated dephosphorylation and 132 
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subsequent nuclear translocation of NFAT molecules (Maguire et al., 2013; Park et al., 2020; 133 

Lin et al., 2019), we next tested Ca2+ induced NFATc1 translocation. Basal levels of nuclear 134 

NFATc1 were comparable in WT and KO cells. Again, using thapsigargin as stimulant, we were 135 

able to induce the translocation of NFATc1 to the nucleus in WT control cells. Thapsigargin-136 

induced translocation was diminished in both in TRPM7 KO cells and in cells treated with 137 

NS8593 (Fig. 2C-D and I-J respectively and Suppl. Fig. 1H-I). Having observed altered 138 

transcription factor recruitment, we assessed mRNA expression levels of IL-2, a well-known 139 

NFAT target gene (Maguire et al., 2013; Sakellariou et al., 2024). Both, TRPM7 KO cells and 140 

cells after application of the TRPM7 inhibitor showed a remarkable reduction of IL-2 mRNA 141 

(Fig. 2E, K respectively). One important feature of T-cell activation is the expression of 142 

activation markers on the cell surface, of which CD69 is robustly upregulated in stimulated 143 

Jurkat T cells. In line with data shown by Mendu et al., who found an upregulation of CD69 in 144 

TRPM7-deficient murine thymocytes (Mendu et al., 2020), representative FACS plots for 145 

gating strategy are shown in Suppl. Fig. 3A, depicted a similar picture for human Jurkat T cells. 146 

24 h after activation, viable TRPM7 WT and KO cells upregulated CD69 to a similar extent 147 

(Fig. 2F). Interestingly, treatment with NS8593 lead to a significant reduction of CD69 148 

upregulation in Jurkat T cells, (Fig. 2M), while apamin treatment did not affect CD69 149 

upregulation (Suppl. Fig. 2E). Thus, treatment with a TRPM7 blocker affected T-cell activation 150 

whereas genetic TRPM7 ablation did, possibly because TRPM7 KO cells had developed 151 

compensatory mechanisms, in clear contrast to the acute blockade of TRPM7 activity by its 152 

specific inhibitor. Overall, these data show a role of TRPM7 in modulating Ca2+ signaling and 153 

downstream Ca2+ dependent translocation of transcription factors and gene expression.  154 

TRPM7 inhibition alters Ca2+ signaling and NFAT translocation in primary human CD4 T 155 

lymphocytes  156 

Having validated NS8593 as an applicable pharmacological tool able to mimic the absence of 157 

TRPM7 protein in lymphocytes, we broadened the scope of the study to primary human CD4 158 
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T cells. Studying primary human lymphocytes instead of cell lines strongly increases the 159 

transferability of in vitro findings to immunological processes in human health and disease. 160 

CD4 T lymphocytes, isolated from healthy human PBMCs, were used to shed light on both 161 

naïve as well as conventional (CD4+ CD25- effector) CD4 T cells. Isolated populations were 162 

validated by Flow Cytometry (Suppl. Fig. 3B, C). Using whole-cell patch clamp, we were able 163 

to show functional channel expression of TRPM7 in naïve CD4 T cells and the conventional 164 

CD4 T cell population. In both cell populations TRPM7 currents were absent after treatment 165 

with NS8593 (Fig. 3A, G). Analogous to our Jurkat experiments, we characterized the Ca2+ 166 

dependent activation cascade of primary CD4 T cells. We used antibodies against CD3 and 167 

CD28 to elicit TCR-dependent Ca2+ signaling, which was analyzed by Fura-2 based Ca2+ 168 

imaging. After applying stimulating antibodies to isolated naïve primary human CD4 T cells, a 169 

robust increase in [Ca2+]i followed by oscillations of Ca2+ concentration,  in a large subset of T 170 

cells (Fig. 3B). Cells treated with the specific TRPM7 channel inhibitor NS8593 showed no 171 

reduction in basal Ca2+ influx as well as in changes in intracellular Ca2+ concentrations (Fig. 172 

3C-E), but had altered kinetics of [Ca2+]i increase. Importantly, cytosolic Ca2+ oscillations, 173 

which have been shown to be crucial for activation-induced gene expression, were absent upon 174 

TRPM7 inhibition (Fig. 3F). Studying the CD4+ CD25- effector T cell population, also referred 175 

to as conventional CD4 T lymphocytes, displayed similar results. The average Ca2+ 176 

concentration increased similarly, but showed altered kinetics. NS8593, as a specific TRPM7 177 

inhibitor, almost eliminated Ca2+ oscillations in treated cells (Fig. 3H-L). Application of the 178 

SK2 channel inhibitor apamin, however, did not reduced Ca2+ oscillations (Suppl. Fig. 2F). 179 

With both the amount of Ca2+ as well as the characteristic Ca2+ oscillations known to be crucial 180 

for NFAT translocation to the nucleus (Maguire et al., 2013; Park et al., 2020; Lin et al., 2019), 181 

we proceeded by studying this process. We quantified NFATc1 residing in the nucleus after 182 

TCR-mediated stimulation in naïve and conventional CD4 T cells, as well as in cells treated 183 

with NS8593. Here, we saw in both cell subsets that TRPM7 inhibition resulted in reduced 184 
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activation-dependent NFAT-translocation (Fig. 3M-P). This NS8593-induced defect in 185 

NFATc1-translocation highlights the importance of the Ca2+-oscillations, which were also 186 

diminished in cells with TRPM7 blockade (Fig. 3M-P). These results suggest an important role 187 

of TRPM7 in the early activation process of primary naïve and conventional CD4 T cells with 188 

large implications on activation-dependent gene expression. 189 

TRPM7 inhibition affects activation of primary human CD4 T cells 190 

As transcription factor recruitment is crucial for IL-2 expression (Maguire et al., 2013; 191 

Sakellariou et al., 2024), we next investigated the stimulation-dependent release of this 192 

autocrine and paracrine cytokine of CD4 T cells. After 48 h stimulation control cells had 193 

secreted significantly more IL-2 into the supernatant than cells treated with NS8593. This effect 194 

could be partially rescued by MgCl2 supplementation (Fig. 4A, F). We next investigated 195 

activation-induced protein expression. Upregulation of CD69 and CD25 are important 196 

hallmarks of T-cell activation, both being physiologically significant and well-studied 197 

(Nisnboym et al., 2023; Peng et al., 2023; Poloni et al., 2023). In response to CD3/CD28-198 

stimulation, both activation markers were upregulated in primary CD4 lymphocyte cells, shown 199 

by representative FACS plots and gating strategy in Suppl. Fig. 3A. Both in naïve CD4 T cells 200 

(Fig. 4B-E) and conventional CD4 T cells (Fig. 4G-J) treated with NS8593, upregulation of 201 

CD69 and CD25 was markedly reduced, an effect that could be reverted with MgCl2 202 

supplementation. MgCl2 supplementation also increased the upregulation of activation marker 203 

in control cells, underlining the importance of Mg2+ in T-cell activation (Fig. 4B-E and G-J). 204 

While TCR-mediated CD69- and CD25-upregulation was, as expected, less pronounced in 205 

naïve T cells compared to the conventional CD4 T cells, inhibition of TRPM7 yielded similar 206 

effects in both cell populations (Fig. 4B-E and G-J). Titration of inhibitor NS8593 showed a 207 

dose-dependent reduction of CD69 and CD25 upregulation in CD4 T cells (Suppl. Fig. 4B, C). 208 

To improve methodic robustness, we repeated our experiments with another known specific 209 

TRPM7 channel inhibitor, waixenicin A (Zierler et al., 2011). By whole-cell patch clamp, we 210 
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were able to confirm blockade of TRPM7 currents upon pharmacological treatment with 211 

waixenicin A (Fig. 4K). Both inhibitors yielded a very similar upregulation of CD69 and CD25 212 

in these cells upon TCR-mediated stimulation (Fig. 4L-O), which strongly supports a TRPM7-213 

dependent effect. In summary, TRPM7 to affects transcription marker recruitment, IL-2 214 

secretion and the upregulation of activation-dependent surface markers in both, naïve and 215 

conventional CD4 T cells.  216 

TRPM7-induced Mg2+ deficiency promotes human naïve CD4 T cell to iTreg differentiation  217 

In proliferation experiments following anti-CD3/CD28 stimulation, we observed robust 218 

proliferation of the activated CD4 control cells within five days. Treatment with NS8593 219 

strongly reduced cell proliferation (Fig. 5A, B). This effect was dose-dependent and could be 220 

partially reversed by supplementation with MgCl2 (Fig. 5A, B). An important hallmark of 221 

adaptive immunity and a consequence of successful T-cell activation is increased proliferation, 222 

clonal expansion and differentiation. Mendu et. al recently linked TRPM7 with thymic 223 

development of regulatory T cells (Treg) cells in a TRPM7 knockout mouse model (Mendu et 224 

al., 2020). Thus, we investigated the role of TRPM7 in the differentiation of naïve CD4 T cells 225 

to iTregs. Interestingly, in the presence of the TRPM7 inhibitor NS8593, we observed a reduction 226 

of CD25+ iTregs (Fig 5C), correlating with our data on reduced CD4 T-cell activation upon 227 

TRPM7 inhibition. However, the successfully differentiated cells showed a higher FOXP3 228 

expression upon NS8593 treatment compared to control (Fig. 5D-E). Repeating these 229 

experiments with the afore employed specific TRPM7 inhibitor waixenicin A, showed similar 230 

results. In addition, our experiments revealed a negative effect of Mg2+ on Treg polarization, 231 

which could be rescued with TRPM7 inhibition (Fig. 5F, G). These findings point towards a 232 

modulatory role of TRPM7 in iTreg differentiation, most likely by controlling Mg2+ homeostasis, 233 

as summarized in Fig. 5H.  234 

Altogether, our collective results depict TRPM7 as a primary player of T-cell activation and 235 

cellular Mg2+ homeostasis. In conclusion, we have shown that absence of TRPM7 channel 236 
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activity strongly diminishes activation-dependent T-cell signaling, NFATc1-translocation, IL-2 237 

expression and secretion, as well as proliferation in both Jurkat T cells and primary human CD4 238 

lymphocytes. Many of these effects are rescued by supplementation with MgCl2. Thus, TRPM7 239 

could be a valuable pharmacological target modulating T-cell function.   240 
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Discussion 241 

Lymphocyte activation, specifically of T lymphocytes, is an important process with 242 

implications for the whole immune system. The ability to pharmacologically influence and 243 

reduce T-cell activation is a primary therapeutic strategy for many autoimmune defects (Walker, 244 

2022; Sakaguchi et al., 2020; Rock et al., 2011). Therefore, further insight into the complex 245 

activation process of these cells is needed to unravel the pathogenesis and treatment options for 246 

a multitude of immunopathologies. We, here, conducted the first functional study on TRPM7 247 

activity in primary human T lymphocytes. While TRPM7 had already been linked to numerous 248 

aspects of T-cell activation in different mouse models and cell lines (Beesetty et al., 2018; 249 

Romagnani et al., 2017; Mellott et al., 2020), we now characterize TRPM7 as an important and 250 

potentially druggable player of human lymphocyte activation. We utilized pharmacological 251 

inhibitors to study the role of TRPM7 in primary human T cells. The risk of unspecific 252 

pharmacologic effects was mitigated by validating our approach in lymphocytes in comparison 253 

to a genetic TRPM7 knockout model in Jurkat cells, and by using two different specific TRPM7 254 

inhibitors in key experiments. Rescue experiments by supplementation with MgCl2 further 255 

underline the importance of TRPM7 activity for CD4 T cell function. Which proteins facilitate 256 

cellular Mg2+ uptake, and whether TRPM7 is one of them, has been a contentious issue in the 257 

past (Li et al., 2011; Stangherlin & O'Neill, 2018; Castiglioni et al., 2023). MagT1, long 258 

believed to be a Mg2+ transporter, has now been shown to be a subdomain of the N-linked 259 

glycosylation apparatus (Ravell et al., 2020). Moreover, the authors showed no alterations in 260 

total and ionized serum magnesium levels in patients diagnosed with XMEN disease, who carry 261 

a loss of function mutation in MagT1 (Ravell et al., 2020). For now the predominant 262 

interpretation seems to be TRPM7 being connected to cellular and systemic Mg2+ homeostasis 263 

(Zou et al., 2019; Schmitz et al., 2003; Ryazanova et al., 2004). Similar to many other cell types 264 

(Chubanov et al., 2024; Schmitz et al., 2003; Hoeger et al., 2023; Hardy et al., 2023; Mellott et 265 

al., 2020), our study further supports a role for TRPM7 as the primary Mg2+ uptake pathway in 266 
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lymphocytes. Given that many effects of impaired TRPM7 function can be restored with Mg2+ 267 

supplementation, also supported by the data shown here, TRPM7-independent pathways of 268 

Mg2+ uptake must exist, for example through transporter proteins. Different potential Mg2+ 269 

transporters, such as CNNM2 and SLC41A1-3, have been proposed, but findings have so far 270 

been inconclusive (Bai et al., 2021; Mellott et al., 2020).  271 

Recently, Mendu et al. showed mice harboring a thymus-specific deletion of TRPM7 to be 272 

resistant to Concanavalin-A-induced autoimmune hepatitis (Mendu et al., 2020).  In their study, 273 

Mendu et al. reported TRPM7-deleted CD4 T cells to prefer Treg lineage and non-Treg CD4 cells 274 

to activate normally (Mendu et al., 2020). Partially in line with these findings, our results 275 

suggest that inhibition of TRPM7 influences iTreg differentiation of human CD4 T cells, as we 276 

observed enhanced FOXP3 expression upon TRPM7 blockade. Our findings, in conjunction 277 

with the data shown by Mendu et al, highlight a possible therapeutic effect of TRPM7 inhibition 278 

in T-cell mediated autoimmune diseases. Importantly, immunological self-tolerance is mediated 279 

via naturally occurring CD4 regulatory T cells. Furthermore, these cells have been shown to 280 

play key roles in maintaining immune homeostasis, development of autoimmune diseases or 281 

graft-versus-host disease in patients with organ transplants (Sakaguchi et al., 2020; Haxhinasto 282 

et al., 2008; He et al., 2024). Induction of iTregs is dependent on retinoic acid, short-chain fatty 283 

acids and TGF-ß. Previous findings support the notion that TRPM7 kinase moiety is influencex 284 

by TRPM7 channel conductance, while the kinase activity is not essential for channel function 285 

(Hoeger et al., 2023; Nadolni et al., 2020; Romagnani et al., 2017; Ryazanova et al., 2004). 286 

Since TRPM7 kinase has been shown to influence T-cell activation ( (Beesetty et al., 2018; 287 

Romagnani et al., 2017), this mechanism of connected channel and kinase function might very 288 

well be the case for some of the effects observed in this study and will remain subject of further 289 

investigations. However, despite several available TRPM7 channel blockers, the scientific 290 

community still lacks pharmacological tools to target TRPM7 kinase, making it especially 291 

challenging to interpret the actions of TRPM7 kinase versus channel function.  292 
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Activation of the AKT signaling pathway can impair Treg development in vivo, while inhibition 293 

of this pathway, combined with TCR signaling, can induce FOXP3 expression in these cells 294 

(Sakaguchi et al., 2020; Sauer et al., 2008; Haxhinasto et al., 2008). In addition, SMAD proteins 295 

have been reported to have diverse functions in T-cell differentiation. While SMAD4 is 296 

indispensable for Th17 differentiation, deletion of SMAD2 has been suggested to promote 297 

FOXP3 transcription (Dong, 2021; Martinez et al., 2010). Of note, a direct phosphorylation of  298 

AKT SMAD2, via the TRPM7 kinase, influencing downstream signaling has recently been 299 

demonstrated for murine and human immune cells (Hoeger et al., 2023; Romagnani et al., 2017; 300 

Nadolni et al., 2020). Consequently, kinase-deficient murine naïve T cells were unable to 301 

differentiate into the pathogenic Th17 linage, while Treg development was not impaired. 302 

Moreover, lack of TRPM7 kinase activity in a murine GvHD model ameliorated disease onset 303 

and severity (Romagnani et al., 2017). In line with this study, we here demonstrated for the first 304 

time that the impact of TRPM7 on pro-and anti-inflammatory T-cell homeostasis may be 305 

translated from mice to men.  306 

Contrary to our findings showing diminished activation of human CD4 T cells after blockade 307 

of TRPM7, Mendu et al. showed that murine non-Treg CD4 cells can still be activated (Mendu 308 

et al., 2020). This discrepancy could be due to functional differences in human and murine cells. 309 

Moreover, their genetic model may induce altered thymocyte development and differentiation, 310 

which is not easily comparable to physiologically differentiated cell populations. In line with 311 

our recent findings, Faouzi et al. and Beesetty et al. described TRPM7 to been linked to altered 312 

SOCE in DT40 chicken B cells and a TRPM7 kinase-deficient mouse model, respectively 313 

(Beesetty et al., 2018; Faouzi et al., 2017). However, underlying key mechanisms still remain 314 

unclear and demand further investigation.  315 

In summary, TRPM7 is an important regulator of human T lymphocyte function regarding not 316 

only immune system homeostasis, but potentially also lymphatic malignancy. Being an 317 

important pathway for Mg2+ entering the cells, TRPM7 regulates T-cell signaling by influencing 318 
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Mg2+ dependent cellular activation processes. While further research into TRPM7 and its effects 319 

on immune cell function including TRPM7 kinase related signaling is needed, this study 320 

underlines TRPM7 as a potentially druggable target in T-cell-dependent pathologies.  321 

  322 
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Materials and Methods  323 

Jurkat cells and cell culture 324 

TRPM7-deficient (clone E12, KO1 and clone A03, KO2, both ThermoFisher Scientific) Jurkat 325 

clones were generated by CRISPR/Cas-9 genome editing at ThermoFisher Scientific (US). 326 

Primary lymphocytes and Jurkat cells (Jurkat E6.1 (WT)) were cultured in Roswell Park 327 

Memorial Institute (RPMI) medium containing 10% HI-FBS and 1% penicillin/ streptomycin 328 

in a humidified atmosphere at 37°C containing 5% CO2. Medium of KO cells was supplemented 329 

with 6 mM MgCl2.  330 

 331 

Primary human T cell isolation 332 

Cells were isolated from peripheral blood of healthy donors according to the respective ethics 333 

approvals. PBMCs were isolated by density gradient centrifugation using Lymphoprep 334 

(Stemcell Technologies, Vancouver, BC, Canada). Isolation of respective lymphocyte subsets 335 

was achieved using magnetic cell specific separation kits. For naive CD4 T cells EasySep™ 336 

Human Naïve CD4 T Cell Isolation Kit II was used, for CD4 T cells, the EasySep™ Human 337 

CD4T Cell Isolation Kit was used. For both CD4+ CD25- effector cells and CD4+ CD25+ Treg 338 

cells, EasySep™ Human CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit was used, 339 

according to the manual. A minimum of two different donors were used in primary human T 340 

cell experiments.  341 

 342 

TRPM7 inhibitors  343 

Synthetic TRPM7 inhibitor NS8395 was purchased from Alomone.  344 

Waixenicin A is a natural compound inhibitor and was isolated as following: Freeze-drive 345 

biomass of Sarcothelia edmonsoni Verill, 1928 was ground and extracted with hexane. After 346 

removal of solvent and elution through a C18 solid phase extraction column, the extract was 347 

subjected to reversed phase HPLC (column: SiliCycle dt C18, 30 x 100 mm, 5μm; mobile 348 
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phase: acetonitrile/water gradient, 50-80% acetonitrile from 0-2 min, 80-100% acetonitrile 349 

from 2-6 min; 100% acetonitrile from 6-12 min). Waixenicin A eluted at 6,01 min and was 350 

aliquoted into 50 μg single use vials. Purity was confirmed at >95% by LC-MS with 351 

evaporative-light scattering detector.  352 

 353 

Electrophysiology 354 

TRPM7 currents were acquired via whole-cell patch clamp. A ramp from -100 mV to + 100 mV 355 

over 50 ms acquired at 0,5 Hz and a holding potential of 0 mV was applied. Inward and outward 356 

current amplitudes were extracted at -80 and + 80 mV, respectively. Data were normalized to 357 

the cell size measured after whole-cell break-in (pA/pF). Capacitance was measured using the 358 

capacitance cancellation (EPC-10, HEKA). Mg2+-free extracellular solution (in mM): 140 359 

NaCl, 3 CaCl2, 2.8 KCl, 10 HEPES-NaOH, 11 glucose (pH 7.2, 290-300 mOsm/l). Intracellular 360 

solution (in mM): 120 Cs-glutamate, 8 NaCl, 10 Cs-EGTA, 5 EDTA (pH 7.2, 290-300 mOsm/l). 361 

 362 

Proliferation and viability measurements 363 

Jurkat cells were seeded at a density of 500,000 cells into 24-well plates and cultured in normal 364 

RPMI or RPMI with 6 mM MgCl2 for 5 days. Proliferation was analyzed daily using Guava 365 

ViaCount on a Guava Easycyte 12HT flow cytometer (Cytek Bioscoences, Fermont, TX, USA). 366 

Proliferation experiments on primary T cells followed a similar procedure. Alternatively, T cells 367 

were stained with CFSE dye (1 μM, Biozym), washed and cultured for 5 days, before 368 

monitoring proliferation traces (dye dilutions) on a BC Cytoflex flow cytometer.  369 

 370 

Inductively coupled plasma mass spectrometry 371 

Mg2+ content was determined by inductive couple plasma mass spectrometry (ICP-MS) by ALS 372 

Scandinavia (Sweden). Jurkat WT and KO cells were incubated overnight in RPMI  6 mM 373 

MgCl2, washed 2x with dPBS (w/o Mg2+ or Ca2+; Sigma Aldrich). Likewise, Jurkat WT cells 374 
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were cultured overnight in RPMI  6 mM MgCl2 containing 30 µM NS8593. Cells were seeded 375 

with a density of 5 million cells per condition, cell pellets were dried overnight at 70°C and 376 

stored at -80°C. Collected samples were shipped on dry ice for further analysis via ICP-MS.  377 

 378 

Jurkat cell Ca2+ imaging 379 

Jurkat cells were loaded with 3 µM Fura-2 AM and 0.05% Pluronic®F-127 (Invitrogen) in 380 

imaging buffer, 15 min at 37°C. Cells were washed with imaging buffer to remove excess dye. 381 

Imaging buffer consisted of Ca2+ - and Mg2+-free HBSS supplemented with (in mM): 2 CaCl2, 382 

0.4 MgCl2, 1 glucose. Cells were seeded into Poly-L-lysine pre-coated µ-Slide 8-well high, 383 

chambered coverslips and incubated for 10 min before start of the measurement. Time lapse 384 

images were acquired on an AnglerFish imaging system (Next Generation Fluorescence 385 

Imaging/NGFI, Graz, Austria), using 5 µM thapsigargin (Thermo Fisher) to mobilize Ca2+ from 386 

intracellular stores. The specific TRPM7 channel inhibitor NS8593 was used at a concentration 387 

of 30 µM. Viable cells, identified by their ionomycin response at the end of the measurement, 388 

were analyzed with Fiji. 389 

 390 

Ca2+ imaging of primary lymphocytes  391 

Primary CD4 cells were loaded with 3 µM Fura-2 AM in RPMI supplemented with 10% FBS, 392 

30 min at 37°C while in reaction tubes. Cells were washed twice with imaging buffer to remove 393 

excess dye. Imaging buffer contained (in mM): 140 NaCl, 2 CaCl2, 1 MgCl2, 2.8 KCl, 10 394 

HEPES-NaOH, 11 glucose (pH 7.2, 290-300 mOsm/l). Cells were incubated for 15 min at RT 395 

and then slowly pipetted onto chambered, antibody-coated coverslips. Intracellular Ca2+ was 396 

monitored with Fura-2 AM (SantaCruz) using dual excitation at 340 nm and 380 nm, detection 397 

at 520 nm. Fluorescence images were acquired on a TillVisIon imaging system (TILL 398 

photonics).  399 

 400 
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Immunofluorescence staining  401 

Localization of NFATc1 was acquired on a Zeiss LSM 780 microscope or Zeiss LSM 900 402 

confocal microscope, using a 63x oil objective. Jurkat cells were stimulated with 5 µM 403 

thapsigargin for 30 min or left unstimulated. Primary human T cells were stimulated with plate-404 

bound α-CD3/α-CD28 antibodies for 45 min. TRPM7 channels were inhibited using 30 µM 405 

NS8593 and compared against cells treated with DMSO as solvent control. Cells were 406 

permeabilized with 0.1% Triton X-100 for 5 min and stained for intracellular NFAT using anti-407 

NFATc1 antibody (1:100, Santa Cruz, #7A6) in 0.2% BSA/1% normal goat serum in PBS, and 408 

secondary anti-mouse antibody AF647 (1:1000, Cell Signaling). Cells were counterstained with 409 

DAPI (0.2 µg/mL) and mounted onto glass coverslips using Antifade ROTIMount FluorCare 410 

(Carl Roth). Zen 3.5 software was applied. Nuclear NFAT levels were analyzed, therefore 411 

regions of interest (ROI) were defined by nuclear outlines (DAPI signals). AF647 signal 412 

intensity was corrected by background signals. 413 

 414 

Flow cytometry of activation markers 415 

Lymphocytes were seeded in 96-well plates at 2*105 cells per condition in 100µl RPMI with 416 

10% FBS. Cells were treated with 0.1% DMSO, NS8593 (30 µM, 20 µM or 10 µM, as 417 

indicated) or 6 mM MgCl2 as indicated. 15 min after treatment, cells were stimulated with 418 

antibodies against CD3/CD28 (2 µg/mL CD3 and 1 µg/mL CD28 antibodies, ImmunoCult™ 419 

Human CD3/CD28 T Cell Activator, Stemcell Technologies, or eBioscience) or PMA (20 420 

ng/mL and ionomycin (1 µg/mL) (both from SigmaAldrich). After 24 or 48 h, respectively, cells 421 

were stained according to the manufacturer’s instructions. Cells were washed twice after 422 

staining. Isotype controls or FMO controls were performed. Cells were analyzed using a Guava 423 

Easycyte 6-2L flow cytometer (Luminex Corporation, Austin, TX, USA), or a Beckman Coulter 424 

CytoFLEX. The following antibodies were used: anti-human CD4-VioBlue (Miltenyi 425 
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REA623), anti-human CD45RA-APC-Vio770 (Miltenyi, REA562), anti-human CD69-APC 426 

(Miltenyi, REA824), anti-human CD25-VioBright515 (Miltenyi, REA570). 427 

 428 

IL-2 quantification  429 

Lymphocytes were seeded in 96-well plates at 2*105 cells per conditions in 100 µl RPMI with 430 

10% FBS. Cells were treated with 0.1% DMSO, 30 µM NS8593, or 6 mM MgCl2 as indicated. 431 

15 min after treatment, cells were stimulated with antibodies against CD3/CD28 432 

(ImmunoCult™ Human CD3/CD28 T Cell Activator, Stemcell Technologies, as before). Cell 433 

supernatants were collected 48 h after cell stimulation and stored at -80°C. IL-2 concentrations 434 

were analyzed using a Biogems Precoated Human IL-2 ELISA kit (Biogems International, Inc., 435 

USA) according to manufacturer’s instructions by measuring absorbance at 405 nm on a BMG 436 

Labtech Clariostar Plus plate reader. 437 

 438 

mRNA isolation  439 

Jurkat TRPM7 KO cells were cultured overnight in normal RPMI without additional MgCl2 440 

supplementation, KO cells and WT cells were seeded at a density of 4*106 cells per conditions 441 

and stimulated for 3 h with 10 ng/µL PHA. mRNA was isolated from cell pellets using RNeasy 442 

Mini Kit (Qiagen) following manufacturer’s instructions. mRNA concentrations were 443 

determined via OD measurement.  444 

 445 

cDNA synthesis and quantitative real-time PCR (qRT-PCR)  446 

For cDNA synthesis, 0.5 µg mRNA was diluted in H2O, mixed with 1 mM dNTPs (Promega) 447 

and 0.5 µg Oligo(dT)12-18 (Promega) and incubated for 5 min at 70°C. On ice, 5x First-Stand 448 

Buffer, SuperScriptTM II Reverse Transcriptase (Promega) and DEPC-treated H2O was added 449 

and incubated for 60 min at 42°C. The resulting cDNA was diluted 1:4. Transcripts were 450 

analyzed by specific primer pairs. Master mixes additionally contained cDNA and SYBR-451 
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GreenTM (Sigma-Aldrich). Transcripts were measured in technical triplicates on a CFX-96 452 

cycler (BioRad): 50°C 2’, 95°C 10’ (preincubation), 95°C 15’’, 62°C 30’’, 72°C 30’’, 40 cycles 453 

(amplification), 95°C 10’’, 60°C 1’ (melting), 40°C 10’ (cooling). Primer pairs (all human 5´-454 

3´): hIL2 (fw) TTTACATGCCCAAGAAGGCC and (rev) 455 

GTTGTTTCAGATCCCTTTAGTTCCA and hHPRT1 (fw) CCCTGGCGTCGTGATTAGTG 456 

and (rev) TCGAGCAAGACGTTCAGTCC. A minimum of three independent experiments 457 

were performed. CT values of housekeeping transcripts were subtracted from measured CT 458 

values, to calculate 2^(-CT) values. 459 

 460 

iTreg differentiation and flow cytometry staining 461 

Naïve CD4 T cells were seeded at a density of 1* 105
 cells per condition into a 96-well plate, 462 

and treated with 30 µM NS8593 or equivalent volume of DMSO. Induction medium contained 463 

a-CD3/a-CD28 dynabeads (ThermoFisher), 10 ng/µL rh IL-2 (Immunotools), 5 ng/µL TGF-ß 464 

(Immunotools) and 100 nM ATRA (Sigma Aldrich). Cells were cultured for 6 days in a 465 

humidified atmosphere at 37°C containing 5% CO2, with intermediary medium exchange on 466 

day 4. Cells were analyzed using a Guava Easycyte 6-2L flow cytometer (Luminex Corporation, 467 

Austin, TX, USA). The following antibodies were used: anti-human CD4-VioBlue (Miltenyi 468 

REA623), anti-human CD25-PE (BioLegend, BC96), anti-human CD45RA-APC-Vio770 469 

(Miltenyi, REA562), anti-human CTLA4-BV605 (BioLegend, BNI3), anti-human FoxP3-APC 470 

(Miltenyi, REA1253). Naïve CD4 T cells were used as gating control.  471 

 472 

Ethics 473 

Peripheral blood of healthy volunteers was obtained by venipuncture. The study was conducted 474 

according to the guidelines of the Declaration of Helsinki and, approved by the local ethics 475 

boards of the Johannes Kepler University Linz (EK 1064/2022) as well as the Ludwig-476 

Maximilians-Universität München (Az.21-1288). 477 
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Statistics 478 

Data were plotted using Graphpad Prism 8 (Graphpad Software, Boston, MA, USA) or higher. 479 

Statistical analysis of the difference of two data sets was performed using Student’s T-test or 480 

Mann Whitney U test. Comparison of three or more data sets was performed using one- or two-481 

way-ANOVA, Kruskal-Wallis test or Friedmann test, depending on the respective experimental 482 

design.  483 

  484 
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Supplementary Materials  485 

Supplementary information is available in the online version of the manuscript.  486 

Supplementary Figure 1: Validation of Jurkat TRPM7 KO clone 2 shows reduced proliferation 487 

and activation  488 

Supplementary Figure 2: Apamin as control substance for potential off target effects on NS8593  489 

Supplementary Figure 3: T cell isolation controls and additional FACS data  490 

Supplementary Figure 4: Dose-response curve of TRPM7 inhibitor NS8593 on CD4 T cells  491 

 492 

  493 
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AUC – area under the curve; ICP-MS – inductively coupled plasma mass spectrometry; IL-2 – 674 
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679 

Figure 1: TRPM7-mediated Mg2+ homeostasis is essential for Jurkat T-cell proliferation 680 

A) TRPM7 current densities and B) TRPM7 I/V relationship of Jurkat cells during whole-cell 681 

patch clamp experiment with Mg2+-free intracellular solution. WT (WT, black) and TRPM7 KO 682 

Jurkat clones (KO, red), n(WT)=9; n(KO)=10. C) Cell counts and D) viability of natively 683 

proliferating TRPM7 WT and KO Jurkat clones in RPMI medium with 10% FBS, with and 684 

without supplementation with 6 mM MgCl2, n=3, measured in duplicates. E) Cellular Mg2+ 685 

content quantified by ICP-MS. WT and TRPM7 KO Jurkat clones, cultured in regular 686 

(WT-)media for 18 h ahead of sampling, n=4. And WT and TRPM7 KO Jurkat clones, cultured 687 

in regular (WT-)media supplemented with 6 mM MgCl2 for 18 h ahead of sampling, n=4. F) 688 

TRPM7 current densities and G) TRPM7 I/V relationship of Jurkat cells during whole-cell 689 

patch clamp with Mg2+-free intracellular solution. WT Jurkat cells, treated with DMSO as 690 

solvent control (Ctrl, black) or treated with 30 µM NS8593 (NS, red), n(Ctrl)=6; n(NS)=10. H) 691 

Cell counts and I) viability of natively proliferating Jurkat cells in RPMI medium with 10% 692 

FBS, with and without supplementation with 6 mM MgCl2, and treated with DMSO as solvent 693 

control (Ctrl, black) or treated with 30 µM NS8593 (NS, red), n=4. J) Cellular Mg2+ content as 694 

measured with ICP-MS. Jurkat WT cells, treated with DMSO as solvent control (Ctrl, black) or 695 

treated with 30 µM NS8593 in DMSO (NS, red), cultured in regular (WT-) media without and 696 

with supplementation with 6 mM MgCl2 for 18 h ahead of sampling, n=4. Statistics: Two-way 697 
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ANOVA (C, D, H, I) or one-way ANOVA (E, J). * P<0.05; ** P<0.005; *** P<0.0005 and **** 698 

P<0.0001. Data are mean  SD.   699 
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 701 

Figure 2: TRPM7 is essential for Jurkat T-cell activation 702 

A) Fura-2 based imaging of cytosolic Ca2+ concentration of Jurkat cells. Stimulation with 5 µM 703 

thapsigargin at the indicated time point (arrow) of WT (WT, black) and TRPM7 KO (KO, red) 704 

Jurkat cells, n(WT)=111; n(KO)=113. B) Quantification of the area under the curve (AUC) of 705 

respective curves shown in A. C) Representative immune-fluorescent images of the NFATc1 706 

localization in WT and KO cells before (basal) and after 30 min stimulation (stim.) with 5 µM 707 

thapsigargin, scale bar = 2 μm. NFATc1 in red, DAPI in blue. D) Quantification of nuclear 708 

NFATc1 levels (corresponding to AF647 signal intensity) upon stimulation of TRPM7 WT (WT, 709 

black) and KO (KO, red) cells, n(WT)= 261; n(KO)=279. E) Relative IL-2 mRNA expression 710 

levels of Jurkat WT (WT, black) and KO (Ko, red) cells, n=4. F) CD69 expression of stimulated 711 

Jurkat cells, WT (WT, black) and KO (KO, red), n=5. G) Ca2+ imaging of WT Jurkat, treated 712 

with DMSO as solvent control cells (Ctrl, black) or cells treated with 30 µM NS8593 (NS, red). 713 

Stimulation with 5 µM thapsigargin at indicated time point (arrow), n(Ctrl)=95; n(NS)=94. H) 714 

Quantification of the area under the curve (AUC) of respective curves shown in G. I) 715 

Representative immune-fluorescent images of NFATc1 localization in DMSO treated cells as 716 

solvent control (Ctrl, black) or treated cells with 30 µM NS8593 (NS, red) before and after 30 717 

min stimulation with 5 µM thapsigargin, scale bar = 2 μm. J) Quantification of nuclear NFATc1 718 

levels upon stimulation of cells treated with DMSO as solvent control (Ctrl, black) or cells 719 

treated with 30 µM NS8593 (NS, red), n(Ctrl)=196; n(NS)=195. K) Relative IL-2 mRNA 720 
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expression levels of cells treated with DMSO as solvent control (Ctrl, black) or cells treated 721 

with 30 µM NS8593 (NS, red), n=7. M) CD69 expression of cells treated with DMSO as solvent 722 

control (Ctrl, black) or cells treated with 30 µM NS8593 (NS, red), after α-CD3 stimulated, 723 

n=6-7. Statistics: Student´s t test (B, D, F, H, I, M) and Mann-Whitney U test (E, K). ** 724 

P<0.005; *** P<0.0005; **** P<0.0001 and n.s.—not significant. Data are mean  SD.   725 
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 728 

Figure 3: TRPM7 inhibition alters Ca2+ signaling and NFAT translocation in primary 729 

human CD4 T lymphocyte 730 

A) TRPM7 I/V relationship of naïve CD4 T cells during whole-cell patch clamp with Mg2+-free 731 

intracellular solution. Cells treated with DMSO as solvent control (Ctrl, black) or cells treated 732 

with 30 µM NS8593 (NS, red). B) Representative trace of naïve CD4 T cells Fura-2 based 733 

imaging of cytosolic Ca2+ concentrations following anti-CD3/CD28 stimulation. Antibodies 734 

bound to microscopy chamber bottom with cells sinking down in saline containing 2 mM Ca2+ 735 

during running measurement, coming to rest in focus plane with contact to stimulation 736 

antibodies. Cells treated with DMSO as solvent control (Ctrl, black) or treated with 30 µM 737 

NS8593 (NS, red). Respective quantification of Ca2+ imaging experiments of naïve CD4 T cells 738 

for C) basal, D) delta Ca2+, E) AUC and F) oscillation frequency, n=29-30 cells. G) TRPM7 I/V 739 

relationship of conventional CD4 T cells during whole-cell patch clamp with Mg2+-free 740 

intracellular solution. Cells treated with DMSO as solvent control (Ctrl, black) or cells treated 741 

with 30 µM NS8593 (NS, red), n(Ctrl)=5, n(NS)=5. H) Representative trace of conventional 742 

CD4 T cells Fura-2 based imaging of cytosolic Ca2+ concentrations following anti-CD3/CD28 743 

stimulation. Antibodies bound to microscopy chamber bottom with cells sinking down in saline 744 
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containing 2 mM Ca2+ during running measurement, coming to rest in focus plane with contact 745 

to stimulation antibodies. Cells treated with DMSO as solvent control (Ctrl, black) or treated 746 

with 30 µM NS8593 (NS, red). Respective quantification of Ca2+ imaging experiments of 747 

conventional CD4 T cells for I) basal, J) delta Ca2+, K) AUC and L) oscillation frequency, n= 748 

39-48 cells. M) Representative immune-fluorescent images of NFATc1 localization (NFATc1 749 

in red, DAPI in blue) and intensity profile of subcellular NFATc1 distribution (Ctrl in black, NS 750 

in red, respective DAPI in blue) of naïve CD4 T cells treated with DMSO as solvent control 751 

and TRPM7 inhibited cells upon 30 min stimulation with anti-CD3/CD28, scale bar = 2 μm. N) 752 

Quantification of nuclear NFATc1 levels upon stimulation of cells treated with DMSO as 753 

solvent (Ctrl, black) or in presence of 30 µM NS8593 (NS, red) cells, n(Ctrl)=149; n(NS)=144. 754 

O) Representative immune-fluorescent images of NFATc1 localization (NFATc1 in red, DAPI 755 

in blue) and intensity profile of subcellular NFATc1 distribution (Ctrl in black, NS in red, 756 

respective DAPI in blue) of conventional CD4 T cells of Ctrl and TRPM7-inhibited cells upon 757 

30 min stimulation with anti-CD3/CD28, scale bar = 2 μm. NFATc1 in red, DAPI in blue. P) 758 

Quantification of nuclear NFATc1 levels upon stimulation and treatment with DMSO as solvent 759 

control (Ctrl, black) or in presence of 30 µM NS8593 (NS, red) cells, n(Ctrl)=155; n(NS)=132. 760 

Statistics: Student´s t test (C-F, I-L, N, P). * P<0.05; **** P<0.0001 and n.s.—not significant. 761 

Data are mean  SD.   762 
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 765 

Figure 4: TRPM7 inhibition affects activation of primary human CD4 T cells 766 

A) IL-2 quantification of supernatant of naïve CD4 T cells 48 h after anti-CD3/CD28 767 

stimulation, n=4-5. Histograms and quantification of upregulated activation markers CD69 (B-768 

C) and CD25 (D-E) in naïve CD4 T lymphocytes 48 h after stimulation. Cells treated either 769 

with DMSO as solvent control (Ctrl, black) or with 30 μM NS8593 (NS, red), both with and 770 

without supplementation with 6 mM MgCl2. F) IL-2 quantification of supernatant of 771 

conventional CD4 T cells 48 h after anti-CD3/CD28 stimulation or cells treated with DMSO as 772 

solvent control (Ctrl, black) or with 30 µM NS8593 (NS, red), both with and without 773 

supplementation with 6 mM MgCl2, n=4-5. Histograms and quantification of upregulated 774 

activation markers CD69 (G-H) and CD25 (I-J) in conventional CD4 T lymphocytes 48 h after 775 

stimulation. Cells treated either with DMSO as solvent control (Ctrl, black) or 30 μM NS8593 776 

(NS, red), both with and without supplementation with 6 mM MgCl2. K) TRPM7 I/V 777 
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relationship of conventional CD4 T cells during whole-cell patch clamp with Mg2+-free 778 

intracellular solution. Cells treated with EtOH as solvent control (Ctrl, black) or cells treated 779 

with 10 µM waixenicinA (WxA, green). Histograms and quantification of upregulated 780 

activation markers CD69 (L-M) and CD25 (N-O) in conventional CD4 T lymphocytes 48 h 781 

after stimulation. Cells treated either with EtOH as solvent control (Ctrl, black) or 10 μM 782 

waixenicinA (WxA, green), both with and without supplementation of 6 mM MgCl2, n=7. 783 

Statistics: One-way ANOVA (A, C, E, F, H, J, M, O). * P<0.05; ** P<0.005; *** P<0.0005; 784 

**** P<0.0001 and n.s.—not significant. Data are mean  SD.   785 

 786 
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 788 

Figure 5: TRPM7-induced Mg2+ deficiency promotes human naïve CD4 T cell iTreg 789 

differentiation  790 

A) Representative histograms of dose-dependent proliferation (CSFE dye dilution) of 791 

conventional CD4 T cells in presence of various NS8593 concentrations, with (right) and 792 

without (left) supplementation with 6 mM MgCl2. Cells gated on T cell population, single cells 793 

and CD4 cells. Color code as in B. Cells gated on T cell population, single cells and CD4 T 794 

cells. B) Respective quantification of NS8593 dose dependent proliferation of conventional 795 

CD4 T cells, with and without supplementation with 6 mM MgCl2, corresponding to H, n=4-7. 796 

C) Representative FACS plots and gating path of iTreg cells after 6 days of differentiation of 797 

naïve CD4 T cells, cells treated with DMSO as solvent control (upper panel) or treated with 30 798 

µM NS8593 (lower panel). D) Representative histogram overlay of FOXP3 signal in Boolean 799 

gate of DMSO controls (Ctrl, black) or in presence of 30 µM NS8593 (NS, red). E) Respective 800 

quantification of FOXP3 signal of cells treated with DMSO as solvent control (Ctrl, black) or 801 

30 µM NS8593 (NS, red), n(Ctrl)=14; n(NS)=8. F) Respective quantification of FOXP3 signal 802 

of cells treated with EtOH as solvent control (Ctrl, black), 10 µM waixenicin A (WxA, blue) or 803 

10 µM waixenicin A (WxA, green), n(Ctrl)=14; n(10 µM WxA)=11; n(30 µM WxA)=4. G) 804 

Respective quantification of FOXP3 signal of EtOH controls (Ctrl, black), DMSO Ctrl + 6 mM 805 

MgCl2 (Ctrl+MgCl2, blue), 30 µM waixenicin A + MgCl2 (WxA+MgCl2, turquoise), 806 
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n(Ctrl)=20; n(Ctrl+MgCl2)=20; n(30 µM WxA + MgCl2)=12.  H) Graphical summary of 807 

TRPM7-independent iTreg differentiation. Pharmacological blockade of TRPM7 reduces 808 

intracellular Mg2+ levels and results in reduced IL-2 secretion, impaired upregulation of T-cell 809 

activation markers CD69 and CD25 and diminished proliferation in presence of TCR stimulus. 810 

TRPM7 inhibition followed by polarization of naïve CD4 T cells in presence of anti-811 

CD3/CD28, IL-2, TGF-ß and ATRA, an iTreg polarization cocktail, results in lower iTreg 812 

numbers but enhanced FOXP3 expression. Figure created in https://BioRender.com. Statistics: 813 

One-way ANOVA (B, F, G) and Student´s t test (E). * P<0.05; ** P<0.005; *** P<0.0005; **** 814 

P<0.0001 and n.s.—not significant. Data are mean  SD.   815 
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Supplementary Figure 1: Validation of Jurkat TRPM7 KO clone 2 shows reduced proliferation 20 

and activation  21 

A) TRPM7 current densities and B) TRPM7 I/V relationship of Jurkat cells during whole-cell patch 22 

clamp experiment with Mg2+-free intracellular solution. WT (WT, grey) and TRPM7 KO2 Jurkat clone 23 

(KO2, orange). n(WT)=9; n(KO2)=10. C) Cell counts and D) viability of natively proliferating TRPM7 24 

WT and KO2 Jurkat clone in RPMI medium with 10% FBS, with and without supplementation with 6 25 

mM MgCl2. n=3, measured in duplicates. E) Cellular Mg contents quantified by ICP-MS. WT and 26 

TRPM7 KO2 Jurkat clone, cultured in regular (WT-)media or in medium supplemented with 6 mM 27 

MgCl2 for 18 h ahead of sampling, n=4. F) Fura-2 based imaging of cytosolic Ca2+ concentration of 28 

Jurkat cells. Stimulation with 5 µM thapsigargin at indicated time point (arrow). WT (WT, grey) and 29 

TRPM7 KO2 (KO2, orange) Jurkat clone, n (WT) =111; n (KO2) = 59; G) Quantification of the area 30 

under the curve (AUC) of respective curves shown in F. H) Representative immuno-fluorescent images 31 

of NFATc1 localization in WT and KO2 clone before (basal) and after 30 min stimulation (stim.) with 5 32 

µM thapsigargin, scale bar = 2 μm.  NFATc1 in red, DAPI in blue. I) Quantification of nuclear NFATc1 33 

levels upon stimulation of TRPM7 WT (WT, grey) and KO (KO2, orange) clone. n (WT) = 261; n 34 

(KO2) = 149. Statistics: Two-way ANOVA (C, D), one-way ANOVA (E) or Student´s t test (G, I). * 35 

P<0.05; and **** P<0.0001. Data are mean  SD.   36 
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 37 

Supplementary Figure 2: Apamin as control substance for potential off target effects of NS8593  38 

A) TRPM7 current densities and B) TRPM7 I/V relationship of Jurkat T cells during whole-cell patch 39 

clamp experiment with Mg2+-free intracellular solution. Controls (Ctrl, grey) and cells treated with 1 40 

µM apamin (Apamin, blue), n (Ctrl)=9, n (Apamin)=6. C) Cell counts and D) viability of natively 41 

proliferating Jurkat cells in RPMI medium with 10% FBS, with and without 1 µM apamin (Apamin, 42 

blue), n=4. E) Flow cytometry of upregulation of activation markers CD69 in primary CD4 T-43 

lymphocytes 48 h after anti-CD3/CD28 stimulation. Cells treated either as control (Ctrl, grey) or with 1 44 

µM apamin (Apamin, blue), n=4. F) Representative trace of CD4 T cells Fura-2 based imaging of 45 

cytosolic Ca2+ concentrations following anti-CD3/CD28 stimulation. Antibodies bound to microscopy 46 

chamber bottom with cells sinking down in saline containing 2 mM Ca2+ during running measurement, 47 

coming to rest in focus plane with contact to stimulation antibodies. Cells measured as control (Ctrl, 48 

grey) or in presence of 1 µM apamin (Apamin, blue). Statistics: Student´s t test (D). n.s.—not 49 

significant. Data are mean  SD.   50 

 51 
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 52 

Supplementary Figure 3: T cell isolation controls and additional FACS data  53 

A) Representative FACS plots and gating strategy for CD69 and CD25 visualization, shown for Jurkat 54 

WT cells. B) Representative FACS plots and gating strategy to confirm identify of isolated naïve CD4 55 

T cells and C) conventional CD4 T cells.  56 
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 58 

Supplementary Figure 4: Dose response curve of TRPM7 inhibitor NS8593 on CD4 T-cell 59 

activation  60 

A) Representative FACS plots and gating strategy for CD69 and CD25 shown for conventional CD4 T 61 

cells. B+C) Quantification of flow cytometry data of NS8593 dose-dependent upregulation of CD69 62 

(B) and CD25 (C) expression on conventional CD4 T cells, 48 h after anti-CD3/CD28 stimulation or 63 

PMA/ionomycin stimulation, respectively, n=3-4. Statistics: One-way ANOVA (B, C). * P<0.05; ** 64 

P<0.005 and n.s.—not significant. Data are mean  SD.   65 

 66 
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