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Abstract 

Plasma ultrafiltration in the kidney occurs across glomerular capillaries, which are 25 

surrounded by epithelial cells called podocytes. Podocytes have a unique shape maintained 26 

by a complex cytoskeleton, which becomes disrupted in glomerular disease resulting in 27 

defective filtration and albuminuria. Lack of endogenous thymosin β4 (TB4), an actin 28 

sequestering peptide, exacerbates glomerular injury and disrupts the organisation of the 29 

podocyte actin cytoskeleton, however, the effect of exogenous TB4 therapy on 30 

podocytopathy is unknown. Here, through interrogating single-cell RNA-sequencing data of 31 

isolated glomeruli we demonstrate that Adriamycin, a toxin which injures podocytes and 32 

leads to leakage of albumin in the urine of mice, results in reduced levels of podocyte TB4. 33 

Systemic administration of an adeno-associated virus vector encoding TB4 prevented 34 

Adriamycin-induced podocyte loss and albuminuria. Adriamycin injury was associated with 35 

disorganisation of the actin cytoskeleton in vitro, which was ameliorated by exogenous TB4. 36 

Furthermore, Adriamycin administration in mice was associated with increased prevalence 37 

of podocyte vesicles, a mechanism by which albumin may leak into the urine, which was 38 

also prevented by TB4. Collectively, we propose that TB4 gene therapy prevents podocyte 39 

injury and maintains glomerular filtration via modulation of the podocyte cytoskeleton thus 40 

presenting a novel treatment strategy for glomerular disease.  41 
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Introduction 

One in ten people worldwide have chronic kidney disease (CKD).
1
 A subset of patients with 42 

CKD progress to end-stage kidney disease (ESKD), which requires dialysis or transplantation 43 

and is a risk factor for cardiovascular disease and all-cause mortality.
1
 CKD progression is 44 

linked to breakdown of the glomerular filtration barrier, the site of ultrafiltration in the 45 

kidney, which consists of endothelial cells, the glomerular basement membrane (GBM) and 46 

epithelial podocytes.
2,3

 Podocytes have a unique architecture with foot processes that 47 

extend from their cell bodies, interdigitate and form slit diaphragms facilitating size and 48 

charge-selective filtration and preventing the loss of plasma proteins.
4,5

 In health, podocyte 49 

shape is maintained by a complex, highly regulated actin cytoskeleton, which supports the 50 

foot processes,
6,7

 and anchors the cell to the GBM.
8
 During glomerular disease, the 51 

podocyte cytoskeleton becomes disorganised often leading to podocyte loss accompanied 52 

by impaired filtration and leakage of plasma proteins, such as albumin, into the urine.
6,9–11

 53 

Albuminuria is a hallmark of glomerular disease, irrespective of the underlying aetiology.
12

 54 

Therefore, therapies that protect the podocyte cytoskeleton could provide a novel strategy 55 

to preserve the integrity of the glomerular filtration barrier, prevent albuminuria and 56 

improve glomerular disease progression. 57 

Thymosin β4 (TB4) sequesters monomeric G-actin in mammalian cells
13,14

 and maintains 58 

high concentrations of G-actin available for polymerisation into actin filaments (F-actin).
15

 59 

Our previous work has shown that endogenous TB4 is expressed in podocytes and plays a 60 

protective role in glomerular disease. We found that lack of endogenous TB4 worsens 61 

albuminuria, renal function and glomerular injury in a mouse model of glomerulonephritis, 62 

concomitant with redistribution of podocytes from the glomerular tuft, where they 63 
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contribute to filtration barrier integrity, to the Bowman’s capsule. Furthermore, a direct role 64 

for endogenous TB4 on the podocyte cytoskeleton was established in vitro, with a shift from 65 

cortical actin to cytoplasmic actin stress fibres and enhanced migration observed in 66 

podocytes lacking TB4.
16

 67 

These findings raise the possibility that exogenous TB4 could be used as a therapy to protect 68 

the podocyte cytoskeleton and slow the progression of glomerular disease. Exogenous TB4 69 

has already shown promise as a treatment for a diverse range of conditions, such as 70 

myocardial infarction,
17

 dry eye syndrome,
18

 stroke
19

 and inflammatory lung disease.
20

 71 

Furthermore, exogenous TB4 is protective in several animal models of kidney injury,
21

 72 

including diabetic nephropathy,
22

 unilateral ureteral obstruction
23,24

 and acute ischaemia 73 

reperfusion injury,
25

 but none of these studies examined the specific effect of exogenous 74 

TB4 on podocytes. Additionally, the studies above administered TB4 peptide, which has a 75 

relatively short half-life with enhanced levels in the plasma evident for only 6 hours 76 

following injection.
26

 To overcome the rapid metabolic turnover of TB4, recombinant adeno-77 

associated virus (AAV)-mediated gene therapy provides a solution through its ability to 78 

induce stable, long term transgene expression via a single injection.
27–29

 Indeed, TB4-79 

encoding AAV constructs have been successfully used for tissue-specific (muscle, heart) or 80 

systemic upregulation of TB4 in mouse, rabbit and pig disease models with therapeutic 81 

effects.
30–32

 82 

In this study, we show that podocyte injury induced by a toxin (Adriamycin (ADR)) is 83 

associated with reduced expression of endogenous TB4 through interrogating single-cell 84 

RNA sequencing (scRNAseq) data of isolated glomeruli. Using systemic gene therapy, 85 

upregulation of the plasma concentration of TB4 was able to prevent ADR-induced 86 
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albuminuria and podocyte loss. Further examination of the podocyte F-actin structures in 87 

vitro revealed that exogenous TB4 prevented ADR-induced cytoskeletal disorganisation. 88 

Collectively, our work shows that gene therapy-mediated systemic administration of TB4 89 

presents a novel treatment strategy to protect podocytes from injury and preserve the 90 

integrity of the glomerular filtration barrier. 91 

Results  

ADR is associated with the downregulation of TB4 in podocytes 92 

To induce glomerular damage in vivo, we administered ADR, a chemotherapeutic drug, to 93 

male BALB/c mice. In BALB/c mice ADR replicates some of the features of human focal 94 

segmental glomerulosclerosis (FSGS)
33

 and has toxic effects on podocytes in vitro and in 95 

vivo, including cytoskeletal disorganisation, foot process effacement and a loss of podocyte 96 

viability
9,34,35

. Firstly, we examined if ADR administration altered glomerular TB4 expression. 97 

To do this, we isolated glomeruli from ADR-administered BALB/c mice by Dynabead 98 

perfusion
36

 and using quantitative real-time PCR (qRT-PCR), we found that there was a 99 

downregulation of the mRNA transcript for TB4, Tmsb4x, at 7 days post ADR administration 100 

compared with saline injected mice (P=0.076) but not at 14 days (Figure 1a). To further 101 

interrogate the expression of Tmsb4x in specific glomerular cells following ADR injury, we 102 

analysed a published scRNAseq dataset obtained from glomeruli isolated by Dynabeads of 103 

healthy or ADR-injured C57BL/6J mice
37

. Using unsupervised clustering analysis we derived 104 

ten transcriptionally distinct cell types (Figure 1b), which using established markers of 105 

glomerular cell types, we identified to represent all the known glomerular cell types 106 

(Supplementary Figure 1a). Confirming the identity of podocytes, the podocyte cluster 107 

expressed both nephrin (Nphs1) and podocin (Nphs2), components of the podocyte slit 108 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Mason et al. 

 6 

diaphragm (Figure 1c). Comparison of control and ADR-injured glomeruli showed 109 

representation of all cell types in both groups (Supplementary Figure 1b). As previously 110 

described
37

, we found a reduction in the proportion of podocyte cells in the ADR-injured 111 

glomeruli compared with controls (Supplementary Figure 1c). ADR injury was associated 112 

with significant downregulation of Tmsb4x in the glomerular tuft, assessed by grouped 113 

analysis of glomerular endothelial, mesangial and podocyte cells (Figure 1d; 0.14 log fold 114 

change; P<0.05). When podocyte cells were analysed individually, we found a larger 0.37 log 115 

fold reduction in Tmsb4x in those obtained from ADR-injured compared with healthy 116 

glomeruli (Figure 1e; P<0.05). Collectively, these findings demonstrate that ADR injury is 117 

associated with reduced Tmsb4x expression in the glomerulus and specifically in podocytes. 118 

Systemic upregulation of TB4 using gene therapy 119 

We then assessed the effects of exogenous TB4 administration on ADR-induced glomerular 120 

disease. We took a preventative strategy and BALB/c mice were administered intravenously 121 

AAV serotype 2/7 expressing either Tmsb4x or the LacZ gene as a control.
30,32

 Three weeks 122 

after AAV injection ADR was administered (day 0). Fourteen days later the animals were 123 

euthanised and we compared mice administered either: (i) AAV-Tmsb4x and ADR 124 

(Tmsb4x/ADR); (ii) AAV-LacZ and ADR (LacZ/ADR) and (iii) AAV-LacZ and saline as our control 125 

group (LacZ/saline) (Figure 2a). Initially, we examined if AAV-Tmsb4x altered Tmsb4x mRNA 126 

levels in the liver, as this is the primary site of transduction following systemic injection of 127 

AAV 2/7.
38

 We found a 10-fold increase in liver Tmsb4x mRNA levels in the Tmsb4x/ADR 128 

group compared with the LacZ/ADR group (P<0.001) (Figure 2b). This corresponded with 129 

strong positive immunostaining for TB4 in the liver in Tmsb4x/ADR mice (Figure 2c). 130 

Additionally, as TB4 is a secreted peptide
39

, we measured circulating levels using ELISA and 131 
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found a 2-fold increase in the Tmsb4x/ADR group compared with either the LacZ/ADR 132 

(P<0.05) or LacZ/saline group (P<0.01) (Figure 2d). Using qRT-PCR on whole kidney lysates 133 

we found no difference in Tmsb4x mRNA levels between the three experimental groups 134 

(Figure 2e) in agreement with previous reports that AAV 2/7 does not specifically target the 135 

kidney.
38

 136 

TB4 prevents ADR-induced albuminuria 137 

Next, we examined the effect of TB4 administration on ADR injury in vivo. Firstly, as an 138 

overall measure of health, we weighed the mice throughout the time course of the 139 

experiment. All mice administered ADR lost a significantly greater proportion of their body 140 

weight 48 hours following ADR injection compared with LacZ/saline animals (Figure 3a). This 141 

difference was sustained at both day 7 and 14 after ADR injection. At all time-points there 142 

was no difference between ADR mice administered AAV-LacZ and AAV-Tmsb4x.  143 

We then analysed the levels of albumin in the urine, a marker of glomerular filtration barrier 144 

integrity.
40

 Prior to ADR injection, there was no difference in the levels of urinary albumin 145 

(LacZ/saline group: 95 ±16 μg/24 hours, LacZ/ADR group: 41 ±16 μg/24 hours, Tmsb4x/ADR 146 

group: 60 ±32 μg/24 hours). Similar levels were found two days after ADR administration 147 

with no differences between the three groups of mice (LacZ/saline group: 103 ±20 μg/24 148 

hours, LacZ/ADR group: 65 ±11 μg/24 hours, Tmsb4x/ADR group: 73 ±7 μg/24 hours). 149 

Conversely, at 14 days post ADR injection, albuminuria significantly increased to 1448 ±115 150 

μg/24 hours in the LacZ/ADR mice compared with 107 ±22 μg/24 hours in LacZ/saline 151 

animals (P<0.001). Strikingly, gene therapy with TB4 prevented this increase with a urinary 152 

albumin excretion of 214 ±43 μg/24 hours in the Tmsb4x/ADR group (P<0.01 versus 153 

LacZ/ADR group) (Figure 3b). At 14 days, the albumin to creatinine ratio of the LacZ/ADR 154 
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group was also increased 25-fold in comparison with LacZ/saline mice (P<0.001). This 155 

increase was prevented in the ADR mice treated with TB4 (P<0.001 versus LacZ/ADR group; 156 

Figure 3c). Urea is freely filtered through the glomerular filtration barrier and increased 157 

plasma blood urea nitrogen (BUN) concentration is an indicator of declining kidney 158 

function
41

. However, we found that there were no significant changes between any of the 159 

groups 14 days after ADR administration (Figure 3d).  160 

Previously the protective effect of TB4 in CKD has been linked to its anti-inflammatory 161 

properties 
16,24,42

. Therefore, we quantified F4/80
+
 macrophage numbers within and around 162 

the glomerular tuft by immunohistochemistry (Supplementary Figure 2a). F4/80
+
 163 

macrophages within the glomerular tuft were rare across all three groups (Supplementary 164 

Figure 2b). The number of macrophages outside the glomerular tuft was similar among the 165 

groups (Supplementary Figure 2c), excluding a role for inflammation in our model and 166 

suggesting that the protective effect of TB4 in ADR-induced glomerular injury occurs by 167 

other means.  168 

TB4 prevents ADR-induced podocyte injury in vivo 169 

Next, we assessed the effect of exogenous TB4 on podocytes in this model. As ADR has been 170 

shown to cause podocyte loss
43

 we quantified the number of Wilms Tumour 1 positive 171 

(WT1
+
) podocytes in the glomerulus

44
 (Figure 4a). When analysing the results obtained per 172 

mouse, we found lower podocyte number and density (WT1
+
 podocytes/glomerular area) in 173 

the LacZ/ADR group compared with the LacZ/saline and Tmsb4x/ADR groups, however this 174 

was not statistically significant (Figure 4b, c). Since one of the features of FSGS is that not all 175 

glomeruli are affected to the same extent
45

, we also examined podocyte number at the 176 

level of individual glomeruli by assessing a total of at least 250 glomeruli from 5 different 177 
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mice in each group. Here, we found a significant decrease in podocyte number (8.85 ±0.31 178 

podocytes) and density (5.31x10
-3 

±0.18x10
-3

 podocytes/μm
2
) in the LacZ/ADR group 179 

compared with LacZ/saline (10.94 ±0.25 podocytes and 6.59x10
-3 

±0.13x10
-3 

podocytes/μm
2
 180 

respectively) (P<0.001 in both cases). TB4 treatment prevented the ADR-induced podocyte 181 

loss and preserved podocyte number (10.38 ±0.34 podocytes) (P<0.001 versus LacZ/ADR 182 

group) and podocyte density (6.57x10
-3 

±0.20 podocytes/μm
2
) (P<0.001 versus LacZ/ADR 183 

group) (Figure 4d, e).  184 

Alterations to podocyte F-actin have been associated with foot process effacement and 185 

albuminuria in vivo 
9,10

. We hypothesised that the protective effect of TB4 in ADR injury may 186 

be partly mediated by its ability to sequester G-actin and regulate F-actin 187 

polymerisation.
13,14,46

 Using synaptopodin as a podocyte marker,
47

 and phalloidin to 188 

visualise F-actin filaments, we quantified F-actin in the synaptopodin-positive regions 189 

(Figure 4f). We found that there was no difference in the mean podocyte F-actin 190 

fluorescence between any of the groups (Figure 4g). There were also no changes to the total 191 

area (μm
2
) or percentage of podocyte area covered by F-actin, which remained at 192 

approximately 65% (Figure 4h, i), indicating that neither ADR nor TB4 alter the amount of F-193 

actin within podocytes. 194 

Albumin leakage can also occur via transcellular transport mediated by endocytosis of 195 

albumin in podocyte vesicles followed by excretion to the urinary space.
48–51

 Double staining 196 

of glomeruli with synaptopodin and F-actin revealed vesicle-like structures with a diameter 197 

of 1-1.3μm within podocytes (Figure 5a-c). There was a significant increase in the number of 198 

podocyte vesicles per glomerulus in LacZ/ADR (7.17 ±0.32) compared with LacZ/saline 199 

treated mice (5.33 ±0.26; P<0.001). TB4 treatment prevented this increase (5.58 ±0.26 200 
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vesicles per glomerulus; P<0.01) (Figure 5d). To account for changes in glomerular area, 201 

vesicle number was normalised to glomerular area (vesicle density). LacZ/saline glomeruli 202 

had a vesicle density of 2.29 x10-3 ±0.11 x10
-3

 vesicles per μm
2
 which increased to 2.71 x10

-3
 203 

±0.11 vesicles per μm
2
 after ADR treatment (P<0.001). Tmsb4x/ADR treated glomeruli had a 204 

significantly lower vesicle density than LacZ/ADR glomeruli (2.24 x10-3 ±0.09 x10
-3

 vesicles 205 

per μm
2
; P<0.05) (Figure 5e). 206 

TB4 prevents ADR-induced podocyte F-actin reorganisation in vitro 207 

As we have previously shown that lack of endogenous TB4 affects the organisation of F-actin 208 

fibres in cultured podocytes
16

, we next sought to perform a detailed assessment of 209 

podocyte F-actin architecture in vitro. Cultured differentiated mouse podocytes, an 210 

established model to study the regulation of the podocyte cytoskeleton
52,53

 were treated 211 

with a low (0.0125 μg/ml) or high (0.125 μg/ml) dose of ADR and the potential of synthetic 212 

TB4 (100 ng/ml) to abrogate the effects of ADR was assessed (Figure 6a). ADR treatment 213 

reduced Tmsb4x expression in cultured podocytes which was significant at the high dose 214 

(60% decrease; P<0.01; Figure 6b) mirroring our findings in vivo. Treatment with 0.125 215 

μg/ml of ADR led to a significant decrease in podocyte viability (P<0.05) and podocyte cell 216 

area (P<0.01) compared with podocytes treated with media alone, which was not prevented 217 

by co-administration of exogenous TB4 (Figure 6c, d). Next, we quantified podocyte F-actin. 218 

Treatment with ADR did not alter podocyte mean F-actin fluorescence, which remained 219 

unaffected by TB4 (Figure 6e), in agreement with our in vivo finding that neither ADR nor 220 

TB4 alter the amount of F-actin within podocytes. 221 

Finally, to study podocyte F-actin organisation in more detail, we classified F-actin 222 

arrangements into cortical actin stress fibres, cytoplasmic stress fibres or unorganised fibres 223 
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(see examples in Figure 6f). Prior to ADR administration, the majority of podocytes (61.2 224 

±2.2%) had a prevalence of cortical actin stress fibres, compared with 26.4 ±2.5% podocytes 225 

with cytoplasmic stress fibres and 12.4 ±2.0% podocytes with unorganised actin fibres. 226 

Treatment with 0.0125 μg/ml of ADR changed this distribution with significantly reduced 227 

cortical stress fibre prevalence to 33.2 ±2.3% of podocytes (P<0.001) and increased 228 

prevalence of unorganised actin fibres (31.2 ±3.2% of podocytes, P<0.01) compared with 229 

untreated podocytes. Treatment with exogenous TB4 prevented the ADR-induced F-actin 230 

reorganisation and significantly increased the proportion of podocytes with cortical actin 231 

stress fibres (62.8 ± 1.4%, P<0.001) and decreased the proportion of podocytes with 232 

unorganised actin fibres (20 ±2.6%, P<0.05) compared with the group treated with low dose 233 

ADR. Treatment with 0.125 μg/ml of ADR led to exacerbated cytoskeletal disorganisation, 234 

reducing cortical stress fibre prevalence to 25.2 ±2.1% of podocytes (P<0.001) and 235 

increasing unorganised actin fibre prevalence to 50.4 ±4.2% of podocytes (P<0.001) 236 

compared with the untreated group. Co-treatment with exogenous TB4 ameliorated the 237 

effects of ADR with cortical stress fibre frequency at 57.2 ±2.6% (P<0.001) and unorganised 238 

actin fibre frequency at 24 ±4.2% of podocytes (P<0.001) (Figure 6g-i). 239 

Discussion 

In this study we have shown that ADR injury results in reduced Tmsb4x mRNA levels in 240 

glomeruli and particularly in podocytes. Systemic upregulation of TB4 using AAV-mediated 241 

gene therapy prevents ADR-induced albuminuria and podocyte loss in vivo and treatment 242 

with synthetic TB4 prevents ADR-induced cytoskeletal disorganisation in vitro. Thus, we 243 

have provided the first evidence that exogenous TB4 can protect podocytes from injury and 244 

improve glomerular disease. 245 
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Previous studies have demonstrated the expression of endogenous Tmsb4x in mouse 246 

glomeruli predominately in podocytes.
16,54,55

 The effect of glomerular disease on TB4 levels, 247 

however, is less clear. A proteomic study using the rat kidney remnant model of renal 248 

fibrosis found that TB4 levels increased threefold in sclerotic versus normal glomeruli.
56

 Our 249 

group previously demonstrated that Tmsb4x levels were not altered in whole kidneys 250 

obtained from mice with glomerulonephritis or in glomerular extracts obtained from human 251 

biopsy specimens from patients with rapidly progressive glomerulonephritis or lupus 252 

nephritis.
16

 These studies, however, did not assess Tmsb4x levels in a cell type-specific 253 

manner. Here, we have shown that ADR injury results in a transient reduction of Tmsb4x 254 

levels in glomeruli and we have performed analysis of a scRNAseq dataset
37

 to demonstrate 255 

reduced Tmsb4x levels specifically in podocytes. 256 

Since endogenous TB4 has a protective role in glomerular disease,
16,42

 we hypothesised that 257 

treatment with exogenous TB4 would be beneficial in ADR injury. Indeed, we found that TB4 258 

administration prevented the onset of albuminuria in mice injured with ADR. Podocyte cells 259 

are a crucial component of the glomerular filtration barrier and they are the primary target 260 

of ADR injury in the kidney.
33

 We demonstrated that TB4 prevented podocyte loss in ADR-261 

injured mice. Loss of podocytes from the glomerular tuft may result from cell death or from 262 

injury that causes podocyte detachment.
2
 The actin cytoskeleton is critical to maintain 263 

podocyte shape
57

 and attachment to the GBM.
8
 We developed a novel method to quantify 264 

podocyte F-actin in vivo and found that neither ADR nor TB4 affected the amount of F-actin 265 

in the podocytes. However, detailed analysis of the F-actin cytoskeleton in cultured 266 

podocytes revealed that even though there were no changes in the amount of F-actin, ADR 267 

injury increased the proportion of podocytes with unorganised actin and this was prevented 268 
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by treatment with TB4. These findings demonstrate that TB4 protects the podocyte 269 

cytoskeleton, prevents podocyte injury and loss which is associated with an improvement in 270 

albuminuria following ADR injury. In the epidermis, lack of endogenous TB4 results in 271 

hindered eyelid closure and hair follicle angling and defects in planar cell polarity (PCP) with 272 

impaired stability of adherens junctions, aberrant F-actin distribution and changes in cell 273 

shape.
58

 PCP is also implicated in podocyte health in development and disease.
59

 Van 274 

Gogh-like 2 (Vangl2), a core PCP protein, is required for the normal differentiation of 275 

glomeruli
60,61

 and podocyte-specific deletion of Vangl2 exacerbates experimental 276 

glomerulonephritis in mice.
62,63

 It is therefore possible that some of the effects of TB4 on 277 

podocyte cells might be mediated via PCP pathways. 278 

Another mechanism that contributes to albuminuria is the endocytosis of albumin in 279 

podocyte vesicles and subsequent excretion to the urinary space. This mechanism has been 280 

demonstrated by confocal, electron and intravital multiphoton microscopy in rat models of 281 

glomerular injury
48–51

 and has been estimated to contribute 10% of total albumin 282 

filtration.
49

 We observed podocyte vesicle-like structures with a diameter of 1-1.3μm, 283 

consistent with the size of vesicles reported in the aforementioned studies. These vesicles 284 

were more prevalent in ADR-injured glomeruli and their occurrence was reduced by TB4 285 

treatment. Local actin polymerisation is critical for the formation of endocytic vesicles.
64

 TB4 286 

gene therapy may reduce the formation of endocytic vesicles by preventing local actin 287 

polymerisation. Indeed, it has been demonstrated that excess concentration of TB4 inhibits 288 

endocytosis in vitro.
65

 A recent study has demonstrated that TB4 binds to the endocytic 289 

receptor, low density lipoprotein receptor related protein 1 (LRP1), and regulates whether 290 

endocytosed protein complexes are recycled to the cell surface or targeted for lysosomal 291 
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degradation.
66

 It remains to be investigated whether TB4 may interact with receptors that 292 

facilitate albumin endocytosis and downstream processing in the kidney. The regulation of 293 

vesicle formation and transcytosis of albumin by exogenous TB4 may thus represent a novel 294 

strategy to limit albuminuria in glomerular disease. 295 

Previous studies have shown that endogenous and exogenous TB4 can improve 296 

inflammation in animal models of kidney injury including nephrotoxic nephritis,
16

 297 

angiotensin-II induced hypertensive nephropathy
42

 and acute ischaemia reperfusion 298 

injury.
25

 In our study, we assessed the effects of TB4 in the early stages of ADR injury when 299 

macrophage infiltration is not present, demonstrating that the protective effect of TB4 is 300 

likely independent of its anti-inflammatory properties in this case. 301 

In this study, we used AAV-mediated systemic gene therapy to achieve long term transgene 302 

upregulation.
38

 Previous studies have used administration of TB4 protein, which maintains 303 

enhanced circulating TB4 levels for only 6 hours.
26

 Our strategy circumvents the quick 304 

turnover of TB4 thus achieving sustained levels of upregulation five weeks after AAV 305 

administration. Future studies could target TB4-encoding AAVs to the kidney, however, 306 

systemic administration of AAV serotypes 1-9 has shown no efficient transduction in the 307 

kidney.
38

 Transcriptional targeting,
67

 synthetic AAVs
68

 and novel administration routes, such 308 

as administration by retrograde ureteral and subcapsular injections
69

 or by injection into the 309 

renal vein,
70

 have shown promise and they could be utilised to achieve kidney-specific 310 

overexpression of TB4. Inducible AAVs
71,72

 would enable regulation of the timing of TB4 311 

upregulation to assess its ability to improve the progression of established glomerular 312 

disease. 313 
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In summary, we have shown that ADR injury results in reduced levels of endogenous TB4, 314 

podocyte loss and proteinuria. Systemic gene therapy with TB4 prevents proteinuria and 315 

podocyte loss, likely by protecting the actin cytoskeleton and limiting albumin transcytosis. 316 

These findings suggest that treatment with TB4 could be a potential novel therapeutic 317 

strategy to prevent podocyte injury and maintain filtration in glomerular disease. 318 

Materials and methods 

scRNAseq analysis 319 

scRNAseq analysis was performed using RStudio for Macintosh (RStudio Inc., v1.2.5042) 320 

using R (v4.0.2). The complete annotated R code used to perform the analyses and generate 321 

plots used in the manuscript has been deposited in GitHub and can be accessed at 322 

https://github.com/davidlonglab/Mason_TB4_2021.  323 

Data acquisition 324 

The raw scRNAseq dataset used in this analysis was acquired from a study characterising the 325 

single-cell transcriptome of murine ADR nephropathy using the 10X Genomics platform
37

. 326 

Matrices of gene counts per droplet, generated after alignment of reads to genes, were 327 

acquired from the National Center for Biotechnology Information Gene Expression Omnibus 328 

(GSE146912) and are available at 329 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146912.  330 

Quality control, data processing and integration 331 

All the following analysis was performed using the Seurat toolkit
73

. The count matrices from 332 

n = 2 control samples (8,412 cells) and n = 2 samples with Adriamycin nephropathy (8,296 333 

cells) were merged into a single object. Genes expressed in two or fewer droplets were 334 

excluded and droplets with < 200 and > 4000 detected genes and > 10% of features 335 
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mapping to the mitochondrial genome were excluded. The counts were then normalized 336 

using the NormalizeData function and scaled by all detected genes using the ScaleData 337 

function before principal component analysis (PCA), using the top nine components for 338 

downstream analyses. Integration and matching of cell types between experimental 339 

conditions was performed using the Harmony package for R
74

.  340 

Clustering, cell type identification and counting 341 

Shared nearest neighbor graphing was performed using the FindNeighbors function. 342 

Unsupervised clustering was performed with the FindClusters function using the Louvain 343 

algorithm and a resolution of 0.4, generating 14 transcriptionally distinct clusters, before 344 

dimension reduction using Uniform Manifold Approximation and Projection (UMAP). Cell 345 

type identification was performed by assessing the top ten differentially expressed genes 346 

per cluster calculated using the FindAllMarkers function and canonical markers for 347 

glomerular cell types were compared from previous scRNAseq studies.
37,75,76

 By grouping 348 

clusters with a common cell identity together, ten glomerular cell types were subsequently 349 

identified and assigned. The number of cell types by experimental condition was exported 350 

and graphed in Prism (GraphPad, v9.0.0) 351 

Comparison of Tmsb4x expression 352 

The FindAllMarkers function was used to compare the scaled expression of Tmsb4x between 353 

ADR injury and control datasets. The average log fold change was calculated for podocytes 354 

or all glomerular cell types (glomerular endothelial cells, mesangial cells and podocytes) 355 

between experimental conditions. Wilcoxon Rank Sum tests was used to assess statistical 356 

significance, with an adjusted P value of ≤ 0.05. 357 
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Adeno-associated viral generation  358 

The recombinant AAV-Tmsb4x and AAV-LacZ vectors were produced using triple 359 

transfection in HEK293 cells. Cells were harvested and virus was purified by iodixanol-360 

gradient centrifugation. The virus was further purified using Sepharose G100 SF resin 361 

(Merck, Darmstadt, Germany) in Econopac colums (Bio-Rad, Watford, UK). Virus was 362 

concentrated in PBS using Amicon Ultra-15 Centrifugal Filter Units (Merck) and stored at 363 

4°C.
31,77,78

 Viral titre was quantified by inverted terminal repeat probe quantitative 364 

polymerase chain reaction (PCR). Helper plasmid delta F6 was purchased from Puresyn 365 

(Malvern, PA).  366 

Experimental animals and procedures 367 

All experiments were carried out according to a UK Home Office project and were compliant 368 

with the UK Animals (Scientific Procedures) Act 1986. Male BALB/c mice aged between 7-10 369 

weeks were administered with AAV (sub-serotype 2/7; 5x10
12

 viral particles per mouse) 370 

expressing LacZ (AAV-LacZ) or Tmsb4x (AAV-Tmsb4x) via the tail vein. To induce glomerular 371 

injury, mice were intravenously injected with 10 mg/kg of ADR (Merck) or vehicle (0.9 % 372 

saline) 21 days after AAV administration.  373 

Renal function 374 

Urine was collected from mice by housing them individually in metabolic cages overnight. 375 

Blood samples were collected from the lateral saphenous vein. Albumin concentrations 376 

were measured by enzyme-linked immunosorbent assay
36,79

 (Bethyl Laboratories, 377 

Montgomery, TX). Urinary creatinine concentrations were quantified using a commercially 378 

available kit (Cayman Chemicals, Ann Arbor, MI). Blood urea nitrogen was assessed using a 379 

commercially available assay kit validated in mice (BioAssay Systems, Hayward, CA).
80

 380 
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TB4 enzyme linked immunosorbent assay (ELISA) 381 

The plasma concentration of TB4 was determined by ELISA based on the protocol previously 382 

described by Mora et. al.
26

  Standards of 10,000 ng/ml, 5,000 ng/ml, 2,500 ng/ml, 1,250 383 

ng/ml, 625 ng/ml, 312.5 ng/ml, 156 ng/ml, 78 ng/ml and 39 ng/ml TB4 were prepared using 384 

synthetic TB4 (ReGeneRx Biopharmaceuticals Inc, Rockville, MD) diluted in incubation buffer 385 

((pH 7.4, Na2HPO4 (0.01M), NaCl (0.15M), Tween-20 (0.055 % v/v), BSA (1 % v/v)). Equal 386 

volumes of standards or samples, incubation buffer and TB4 antibody prediluted at 1:4000 387 

(AF6796; R&D Systems, Minneapolis, MN,) were added to sterile borosilicate tubes and 388 

incubated overnight at 4 
O

C. A flat bottom 96 well plate was coated with 100 μl of 50 ng/ml 389 

recombinant TB4 in carbonate-bicarbonate buffer and incubated overnight at 4
 O

C. Negative 390 

control wells were coated with buffer only. The plate was washed with washing buffer ((pH 391 

7.4, Na2HPO4 (0.01M), NaCl (0.15M), CaCl2 (1 mM), MgCl2 (0.5 mM), Tween-20 (0.55% v/v)), 392 

blocked with 200 μl of blocking buffer (5 % dry fat milk in incubation buffer) and 100 μl of 393 

each standard and sample were added to the appropriate wells and incubated for 2 hours. 394 

Following washing, 100 μl of goat anti-sheep HRP-conjugated secondary antibody (61-8620, 395 

Thermo Fisher Scientific) diluted 1:2000 in incubation buffer was added to each well and 396 

incubated for 1 hour before washing. Substrate solution (100 μl per well) containing equal 397 

parts stabilised H2O2 and stabilised tetramethylbenzidine was added and 15 minutes later 398 

the reaction was stopped with the addition of 50 μl of 2M sulphuric acid per well and 399 

absorbance was read at 450 nm using a plate reader (M200 Pro, Tecan, Männedorf 400 

Switzerland). 401 
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Tissue processing and immunostaining 402 

Tissues were fixed in 4% paraformaldehyde in PBS. To prepare wax sections, tissues were 403 

dehydrated, embedded in paraffin and 5 μm thick sections were prepared. To prepare 404 

cryosections, tissues were placed overnight in 30% sucrose in PBS, embedded in Tissue-Tek 405 

optimal cutting temperature compound (Agar Scientific, Stansted, UK) and 8 μm sections 406 

were prepared.  407 

Immunohistochemistry was performed for TB4 (AF6796, R&D Systems) followed by 408 

secondary rabbit anti-sheep antibodies (Thermo Fisher Scientific, Waltham, MA) and 409 

ImmPRESS polymer anti-rabbit IgG reagent (Vector Laboratories, Burlingame, CA) 410 

conjugated to horseradish peroxidase and detected by 3,3'-diaminobenzidine. Images were 411 

obtained on a Leica DM5500 B brightfield microscope (Leica Biosystems, Milton Keynes, 412 

UK).  413 

Immunofluorescence was performed
81

 using primary antibodies against WT1 (AB89901, 414 

Abcam, Cambridge, UK), synaptopodin (163-004-SY, Synaptic Systems, Goettingen, 415 

Germany) and F4/80 (MCA497R, Bio-Rad), followed by appropriate AlexaFluor594 and 416 

AlexaFluor488 (Thermo Fisher Scientific, Waltham, MA) secondary antibodies. Negative 417 

controls consisted of omission of primary antibodies. Acti-Stain 488
TM

 Phalloidin 418 

(Cytoskeleton, Denver, CO) was used to visualise actin filaments. Images were acquired 419 

using a Zeiss Laser Scanning 880 confocal microscope with a 63x NA1.4 Oil Plan Apochromat 420 

objective (Carl Zeiss, Oberkochen, Germany). 421 

The number of WT1
+
 cells found within the glomerular tuft was counted in 50 glomeruli per 422 

mouse. Podocyte density was calculated as the number of WT1
+
 cells in the glomerular tuft, 423 

normalized to the glomerular area (measured using ImageJ
82

). F4/80
+
 cells within the 424 
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glomerular tuft and in the peri-glomerular area were counted in 50 glomeruli per mouse. 425 

Podocyte vesicles were identified as circular structures that were surrounded by F-actin and 426 

were between 1 and 1.3 μm in diameter. The number of vesicles and vesicle density 427 

(number of vesicles/glomerular area) was counted in 50 glomeruli per mouse. For 428 

automated quantification of podocyte F-actin, a macro was generated, which has been 429 

deposited in GitHub (https://github.com/DaleMoulding/Fiji-430 

Macros/blob/master/README.md#podocyte-f-actin--synaptopodin). A Gaussian blur with a 431 

Sigma (radius) value of 2.0 was applied to each channel to create a solid mask of 432 

synaptopodin to outline the podocyte area. The mean fluorescence of F-actin within the 433 

synaptopodin positive area was measured along with the total area (μm
2
) and percentage 434 

area of F-actin in the synaptopodin positive regions. 435 

Cell culture  436 

Mouse podocytes
52

 were cultured as described
60

 and allowed to differentiate for 14 days. 437 

Cells were treated with 100 ng/ml synthetic TB4 (ReGeneRx Biopharmaceuticals Inc) and 438 

either a low (0.0125 μg/ml) or a high (0.125 μg/ml) dose of ADR for 24 hours.  439 

Cell viability was determined by the methyltetrazolium assay. To visualize F-actin filaments, 440 

podocytes were fixed in 4% paraformaldehyde and 4% sucrose and stained with Acti-stain
TM 441 

488 Phalloidin (Cytoskeleton) and 50 cells per condition were assessed. The area of each cell 442 

and the mean F-actin fluorescence were quantified using ImageJ. Actin filaments were 443 

classified as cortical stress fibers, cytoplasmic stress fibers or unorganised actin.  444 

Quantitative real-time PCR 445 

RNA extracted from mouse whole-kidney (500 ng), glomerular extracts (100 ng; isolated by 446 

Dynabeads
36

 (Thermo Fisher Scientific) or cultured podocytes (100 ng) was used to prepare 447 
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cDNA (iScript kit, Bio-Rad), and quantitative real-time PCR was performed as described 448 

previously
36

 with GapDH as a housekeeping gene. All measurements were performed in 449 

duplicate. 450 

Statistical analysis 451 

All samples were assessed by independent observers blinded to treatment group. Data are 452 

presented as mean ± SEM and were analysed using GraphPad Prism v9 (GraphPad Software, 453 

La Jolla, CA). Normal distribution was assessed by Shapiro-Wilk test. When differences 454 

between 2 groups were evaluated, data were analysed using a t test. When 3 or more 455 

groups were assessed, 1-way ANOVA with Tukey’s multiple comparison post hoc tests were 456 

used. Data affected by 2 variables were analysed using 2-way ANOVA with Tukey’s multiple 457 

comparison post hoc tests. For analysis of individual glomeruli, data were analysed by 458 

Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparisons. Statistical 459 

significance was accepted at P ≤ 0.05. 460 
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Figure Legends 671 

Figure 1. Podocyte-specific Tmsb4x is downregulated in murine Adriamycin nephropathy. 672 

(a) Expression of Tmsb4x as assessed by quantitative reverse transcriptase polymerase chain 673 

reaction in glomeruli of mice administered with 10 mg/kg of Adriamycin (ADR). (b) Uniform 674 

manifold approximation and projection (UMAP) from single-cell RNA sequencing data of 675 

8,412 glomerular cells from two wildtype (control) mice and 8,296 glomerular cells from 676 

mice with Adriamycin nephropathy (ADR). After analysis and cell type assignment, ten 677 

transcriptionally distinct cell populations were discriminated including arterial endothelial 678 

cells (AEC), glomerular endothelial cells (GEC), macrophages (MΦ), mesangial cells, 679 

monocytes (Mono), parietal epithelial cells (PEC), podocytes, smooth muscle cells (SMC), T 680 

cells, tubular epithelial cells (TEC). The markers used for cell type identification and 681 

assignment, and the numbers of cell types per condition, are shown in Figure S1. (c) Feature 682 

plots showing expression of nephrin (Nphs1) and podocin (Nphs2), canonical markers of 683 

podocytes, across the dataset. (d) Violin plot comparing the scaled expression of Tmsb4x of 684 

all glomerular cells (podocytes, GECs, mesangium) between ADR (n = 5,602 cells) and 685 

control (n = 7,190 cells). An average log fold decrease of 0.13 was detected in ADR 686 

compared to control (*: adjusted p value < 0.0001). (e) Violin plot comparing the scaled 687 

expression of Tmsb4x of podocytes between ADR (n = 378 cells) and control (n = 1,486 cells). 688 

An average log fold decrease of 0.36 was detected in ADR compared to control (*: adjusted 689 

p value < 0.0001).  690 

Figure 2. AAV2/7 causes systemic upregulation of thymosin β4 in vivo. (a) BALB/c mice 691 

were injected with AAV-LacZ or AAV-Tmsb4x three weeks prior to 10 mg/kg ADR or vehicle 692 

(saline) administration and culled 14 days after ADR/saline injection. (b) Liver expression of 693 
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Tmsb4x mRNA. (c) Expression of TB4 peptide in the liver. Arrowheads refer to cells with 694 

particularly high expression of TB4. Scale bars = 50 µm. (d) Plasma concentration of TB4. (e) 695 

Whole kidney expression of Tmsb4x gene. All experiments were repeated a minimum of 5 696 

times. For gene analysis and plasma concentration, assays were performed in duplicate and 697 

the data are presented as the mean±SEM. *P ≤ 0.05, **P ≤ 0.01, ***P≤ 0.001. TB4, Tmsb4x, 698 

thymosin β4; ADR, Adriamycin; LacZ, β-Galactosidase; AAV, adeno-associated virus. 699 

Figure 3. Renal function following ADR/TB4 treatment. (a) Mouse weight change 2, 7 and 700 

14 days after ADR/vehicle injection. Statistical annotations using * refer to comparison 701 

between LacZ/saline & LacZ/ADR. Annotations using # refer to comparison between 702 

LacZ/saline & Tmsb4x/ADR. (b) Twenty-four hour urinary albumin excretion 0, 2 and 14 days 703 

after ADR/vehicle injection. (c) Urinary albumin to creatinine ratio 14 days after ADR/vehicle 704 

injection. (d) Blood urea nitrogen concentration 14 days after ADR/vehicle injection. 705 

*P ≤ 0.05, **P ≤ 0.01, ***P≤ 0.001. TB4, Tmsb4x, thymosin β4; ADR, Adriamycin; LacZ, β-706 

Galactosidase. 707 

Figure 4. Analysis of podocytes in vivo after ADR/TB4 treatment. (a) Representative images 708 

of WT1
+
 cells in glomeruli from LacZ/saline, LacZ/ADR and Tmsb4x treated mice. White 709 

arrowheads indicate podocyte nuclei. White dashed line indicates glomerular tuft boundary. 710 

Quantification of (b) number of WT1
+ 

cells in glomeruli and (c) glomerular WT1
+
 density. 50 711 

glomeruli were analysed per sample. Quantification of (d) WT1
+ 

cell count and (e) 712 

glomerular WT1
+
 density when analysing individual glomeruli. At least 250 glomeruli were 713 

analysed per condition. (f) Representative images of glomeruli from LacZ/saline, LacZ/ADR 714 

and Tmsb4x treated mice immunostained to visualise synaptopodin and F-actin. White 715 

arrows indicate F-actin in synaptopodin
+ 

areas. Images have been edited to crop out positive 716 
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staining outside of the glomerular tuft in aid of the macro used for analysis. Quantification 717 

of (g) mean synaptopodin
+
 F-actin fluorescence, (h) area of synaptopodin

+
 covered by F-718 

actin (µm
2
) and (i) percentage of synaptopodin

+
 area that was F-actin

+
. Scale bars = 20 µm 719 

and the white dashed line indicates glomerular tuft boundaries. Each group contained at 720 

least 5 mice and 50 glomeruli were analysed per mouse. Data are presented as mean±SEM. 721 

*** P ≤ 0.001. TB4, Tmsb4x, thymosin β4; ADR, Adriamycin; WT1, Wilms tumour 1; LacZ, β-722 

Galactosidase. 723 

Figure 5. TB4 prevents ADR-induced podocyte vesicle formation. Representative images of 724 

(a) synaptopodin, (b) F-actin and (c) the composite including nuclei stained with Hoechst 725 

33342 from a LacZ/ADR treated glomerulus. White arrows indicate vesicles. Scale bar = 5 726 

µm. Quantification of (d) the number of vesicles per glomerulus and (e) vesicle density. Each 727 

group contained at least 5 mice and 50 glomeruli were analysed per mouse. Data are 728 

presented as mean±SEM. *P≤0.05, **P≤0.01, ***P≤0.001. TB4, Tmsb4x, thymosin β4; ADR, 729 

Adriamycin; LacZ, β-Galactosidase. 730 

Figure 6. Effect of exogenous TB4 on ADR-injured podocytes in vitro. (a) Conditionally 731 

immortalised mouse podocytes were treated with RPMI-1640/ADR/TB4 and analysed after 732 

24 hours. (b) Expression of podocyte Tmsb4x mRNA after ADR/TB4 treatment. Effect of 733 

ADR/TB4 on (c) cell viability, (d) podocyte cell area and (e) podocyte mean F-actin 734 

fluorescence. (f) Representative images of podocytes stained with Acti-Stain
TM

 488 735 

Phalloidin displaying cortical actin stress fibres, cytoplasmic stress fibres and unorganised 736 

actin fibres. Scale bar = 10 μm. Percentage of podocytes displaying (h) cortical actin stress 737 

fibres, (i) cytoplasmic stress fibres and (j) unorganised stress fibres. All experiments were 738 

repeated a minimum of 4 times. For F-actin analysis 50 cells were analysed per experiment 739 
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*P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001. TB4, Tmsb4x, thymosin β4; ADR, Adriamycin; IFN-b, 740 

interferon-gamma; OD, optical density; GapDH, Glyceraldehyde 3-phosphate 741 

dehydrogenase; MTT, methyltetrazolium. 742 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


a c

e

p = 0.076

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M

A
P

_
2

GEC
Mesangium
Podocyte
AEC
Macrophage
PEC
SMC
Monocyte
TEC
T lymphocyte

GEC

AEC

Mono

ΜΦ
T cell

SMC

Podocyte

PEC

TEC

Mesangium

UMAP 1

U
M

A
P

 2

b Nphs1

Nphs2

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M
AP

_2

0

1

2

3

Nphs2

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M
A
P
_
2

0

1

2

3

Nphs1

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M
A
P
_
2

0

1

2

3

Nphs2

dd

0

1

2

3

4

Ctrl Adr

Identity

E
xp

re
ss

io
n 

Le
ve

l

Ctrl
Adr

Tmsb4x

1.0

2.0

3.0

4.0

S
ca

le
d 

gl
om

er
ul

ar
 T
m
sb
4x

ex
pr

es
si

on

Con
tro

l

ADR

*
d

2.0

2.5

3.0

3.5

Pod
oc

yte

Identity

Ex
pr

es
si

on
 L

ev
el

Ctrl
Adr

Tmsb4x

2.0

2.5

3.0

3.5

S
ca

le
d 

po
do

cy
te

 T
m
sb
4x

ex
pr

es
si

on

Con
tro

l

ADR

*
e

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 1

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


Day -21Day-22 Day 0 Day 2 Day 14

Urine and
plasma
collected

Administration of
rAAV.Tmsb4x or 
rAAV.LacZ

Administration of 
10 mg/kg ADR or
vehicle (saline)

Urine 
collected

Mice culled, kidneys 
and liver collected, 
urine and plasma 
collected

a b

c

d

LacZ/saline LacZ/ADR Tmsb4x/ADR
0

2

4

6

P
la

sm
a 

TB
4 

co
nc

en
tra

tio
n 

(n
g/

m
l)

Plasma TB4 concentration

*
**

LacZ/saline LacZ/ADR Tmsb4x/ADR
0.0

0.5

1.0

1.5

2.0

2.5

Tm
sb
4x
/G
ap
D
H

Kidney Tmsb4x expression

Li
ve

r  
   

   
   

   
   

   
   

   
  T

B
4

LacZ/saline Tmsb4x/ADRLacZ/ADR

e

LacZ/ADR Tmsb4x/ADR
0

5

10

15

Tm
sb
4x
/G
ap
D
H

Liver Tmsb4x expression

***
.CC-BY-NC-ND 4.0 International licenseavailable under a

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 
The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 2

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


0 2 14
1

10

100

1000

10000

Days after ADR/saline

A
lb

um
in

 e
xc

re
tio

n
ov

er
 2

4h
rs

 (µ
g)

Albuminuria

LacZ/saline

LacZ/ADR

Tmsb4x/ADR

*** **

LacZ/saline LacZ/ADR Tmsb4x/ADR
0

20

40

60

80

BU
N

 (m
g/

D
L)

Blood Urea Nitrogen
at 14 days

a b

c d

LacZ/saline LacZ/ADR Tmsb4x/ADR
1

10

100

1000

10000

Al
bu

m
in

:c
re

at
in

in
e 

(µ
g/

m
g)

Albumin to creatinine ratio
at 14 days

*** ***

0 2 7 14
94

96

98

100

102

104

Days after ADR/saline

P
er

ce
nt

ag
e 

bo
dy

 
w

ei
gh

t c
ha

ng
e

Mouse body weights

LacZ/saline

LacZ/ADR

Tmsb4x/ADR
# #
*** #

**

#
***

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 3

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


P
od
oc
yt
es

W
T1

LacZ/saline LacZ/ADR Tmsb4x/ADR

Synaptopodin F-actin Composite

La
cZ
/s
al
in
e

La
cZ
/A
D
R

Tm
sb
4x
/A
D
R

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0

50

100

150

M
ea

n 
po

do
cy

te
 

F-
ac

tin
 fl

uo
re

sc
en

ce

Podocyte F-actin 
fluorescence

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0.01

0.1

1

10

100

1000

10000

A
re

a 
of

 p
od

oc
yt

es
 

co
ve

re
d 

by
 F

-a
ct

in
 (µ

m
2 )

 

Area of podocyte 
F-actin 

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0

50

100

P
er

ce
nt

ag
e 

of
 s

yn
ap

to
po

di
n 

co
ve

re
d 

by
 F

-a
ct

in

Relative podocyte F-actin area in vivo

a b

c d e

f g

h

i

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0

5

10

15

20

W
T1

+  
ce

ll 
nu

m
be

r

Podocyte number

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0.000

0.002

0.004

0.006

0.008

0.010

W
T1

+  
ce

lls
/ g

lo
m

er
ul

ar
 

ar
ea

 (µ
m

2 )

Podocyte density

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0

10

20

30

40

W
T1

+  
ce

ll 
nu

m
be

r

Podocyte count -
individual glomeruli

*** ***

La
cZ

/sa
lin

e

La
cZ

/A
DR

Tm
sb
4x

/A
DR

0.000

0.005

0.010

0.015

0.020

0.025

W
T1

+  
ce

lls
/a

re
a 

(µ
m

2 )

Podocyte density - 
individual glomeruli

*** ***

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 4

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


Synaptopodin F-actin Composite

a b c

d e

Lacz/saline LacZ/ADRTmsb4x/ADR

0

10

20

30

40

50

N
um

be
r o

f s
us

pe
ct

ed
 v

es
ic

le
s 

pe
r g

lo
m

er
ul

us

Vesicle count 

*** **

Lacz/saline LacZ/ADRTmsb4x/ADR

0.000

0.005

0.010

0.015

0.020
N

um
be

r o
f s

us
pe

ct
ed

 v
es

ic
le

s 
pe

r g
lo

m
er

ul
ar

 a
re

a 
(µ

m
2 )

Vesicle density 
*** *

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 5

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/


Day -15 Day -1 Day 0 Day 1

Maintaining 
cells 

at 33oC in the 
presence of 

IFN-ɣ

Thermo-switch 
to 37oC 

without IFN-ɣ

Differentiation

Plate cells 
onto 

dish for 
assay

Treat with 
ADR/TB4

End points

0 0.0125 0.125
0.0

0.5

1.0

1.5

ADR (µg/ml) 

Tm
sb
4x
/G
ap
D
H

Tmsb4x

**

0 0.0125 0.125
0.0

0.1

0.2

0.3

0.4

0.5

ADR (µg/ml) 

O
D

 (5
65

 n
m

)

Cell viability

0

100  

TB4 (ng/ml)*

0 0.0125 0.125
0.0

0.5

1.0

1.5

ADR (µg/ml) 

R
el

at
iv

e 
po

do
cy

te
 a

re
a

Podocyte cell area

0

100

TB4 (ng/ml)
**

C
yt

os
ke

le
to

n 
   

   
   

   
   

   
  F

-a
ct

in

Cortical stress fibres Cytoplasmic stress fibres Unorganised fibres

0 0.0125 0.125
0

20

40

60

80

100

ADR (µg/ml) 

P
er

ce
nt

ag
e 

of
 c

el
ls

 w
ith

 
co

rti
ca

l a
ct

in
 s

tre
ss

 fi
br

es

Cortical stress fibres

0

100

***
***

***
***

TB4 (ng/ml)

0 0.0125 0.125
0

20

40

60

80

100

ADR (µg/ml) 

P
er

ce
nt

ag
e 

of
 c

el
ls

 w
ith

 
cy

to
pl

as
m

ic
 a

ct
in

 s
tre

ss
 fi

br
es

Cytoplasmic Stress fibres

0

100

**
TB4 (ng/ml)

0 0.0125 0.125
0

20

40

60

80

100

ADR (µg/ml) 

P
er

ce
nt

ag
e 

of
 c

el
ls

 w
ith

 
un

or
ga

ni
se

d 
ac

tin
 fi

br
es

Unorganised fibres

0

100

TB4 (ng/ml)***
**

*
***

a b

c d e

f

g h i

0 0.0125 0.125
0.0

0.5

1.0

1.5

ADR (µg/ml)

R
el

at
iv

e 
m

ea
n 

F-
ac

tin
 

flu
or

es
ce

nc
e

Podocyte F-actin fluorescence

0

100

TB4 (ng/ml)

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445384doi: bioRxiv preprint 

Elisavet Vasilopoulou
Figure 6

https://doi.org/10.1101/2021.05.24.445384
http://creativecommons.org/licenses/by-nc-nd/4.0/

