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Abstract

Transplant-associated thrombotic microangiopathy (TA-TMA) is a severe complication of hematopoietic stem cell transplan-
tation, marked by excessive complement activation, endothelial injury, and microangiopathy. Although complement block-
ade benefits some patients, effective prophylactic and therapeutic strategies remain scarce. We, therefore, measured the 
levels of Krüppel-like factor 4 (KLF4), complement proteins and markers of endothelial injury in plasma samples from 20 
TA-TMA patients and 1:1 matched control patients (matched by age, sex, underlying diagnosis, HLA compatibility, graft source, 
and donor-recipient ABO blood type). The KLF4-mediated regulatory mechanism was delineated through integrated in vitro 
and in vivo investigations. In this study, plasma analysis revealed that TA-TMA patients exhibit notably lower KLF4 levels 
compared to matched controls, as well as elevated levels of markers of endothelial injury. In vitro, increased KLF4 expres-
sion in human umbilical vein endothelial cells significantly reduced complement deposition and mitigated endothelial dam-
age induced by TA-TMA plasma. Furthermore, KLF4 overexpression notably decreased apoptosis and preserved endothelial 
barrier integrity. In a mouse model of TA-TMA triggered by dimethyloxalylglycine, upregulation of KLF4 alleviated anemia, 
thrombocytopenia, and renal complement deposition, while diminishing endothelial inflammatory and thrombotic markers. 
Intriguingly, pravastatin treatment produced similar improvements. Mechanistic analyses using CUT&Tag, RNA sequencing, 
luciferase assays, and quantitative real-time polymerase chain reaction revealed that KLF4 binds to the CD46 promoter, 
enhancing its transcription and thus restraining complement activation in endothelial cells. These results identify KLF4 as 
a key negative regulator of complement-mediated endothelial injury in TA-TMA. This conclusion is supported by CD46 knock-
down abolishing KLF4-mediated benefits, highlighting the therapeutic potential of targeting KLF4 or its downstream effec-
tors, including CD46.

Introduction

Transplant-associated thrombotic microangiopathy (TA-
TMA), a microangiopathy complicating hematopoietic stem 
cell transplantation (HSCT), manifests as hemolytic ane-
mia, thrombocytopenia, and organ dysfunction.1 Because 
post-transplant renal biopsy carries significant risk, TA-TMA 
is usually diagnosed clinically and most often manifests 22-
100 days after HSCT; consequently, the reported incidence 
varies widely (0.8%-36%).2 Although certain medications 

(e.g., calcineurin inhibitors), immune reactions (e.g., graft-
versus-host disease [GvHD]), or infectious complications 
have been implicated, the precise pathophysiology remains 
under investigation.3 The recently proposed three-hit model 
outlines sequential triggers: (i) pre-existing complement or 
endothelial vulnerability; (ii) conditioning-regimen-induced 
endothelial injury; and (iii) additional cumulative insults that 
together activate the complement cascade and drive mi-
crothrombus formation.4 Increasing evidence suggests that 
complement dysregulation is central to the pathogenesis 
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of TA-TMA.1,5,6 Patients carrying complement-gene muta-
tions – and recipients of grafts harboring TMA-associated 
variants – have an increased risk of TA-TMA,6,7 underscor-
ing the value of pre-transplant genetic screening. In HSCT 
recipients, activation of the classical and alternative com-
plement pathways causes deposition of the complement 
fragments C5b-9 and subsequent endothelial injury.6,8,9 
Management of high-risk TA-TMA currently combines opti-
mized supportive care with complement inhibitors such as 
eculizumab and narsoplimab, while next-generation agents 
(ravulizumab, coversin) are undergoing clinical evaluation.10-13 
However, despite improved survival, mortality rates still 
exceed 30%,14,15 and survivors often endure chronic kidney 
disease16 and persistent neurological sequelae.17

Endothelial cells, critical regulators of vascular homeosta-
sis, suffer multi-factorial injury during HSCT, in part from 
conditioning regimens, infections, circulating cytokines, 
and complement activation.18 Indeed, patients with TA-TMA 
exhibit elevated serum levels of endothelial injury mark-
ers, including vascular cell adhesion molecule-1 (VCAM-1), 
plasminogen activator inhibitor-1 (PAI-1), and suppression 
of tumorigenicity 2 (ST2).19-21 Since endothelial activation 
precedes immune and complement responses, protection 
of endothelial cells warrants therapeutic prioritization in 
TA-TMA.22 
Krüppel-like factor 4 (KLF4) is a zinc-finger transcription 
factor with anti-inflammatory, antithrombotic, and vasodila-
tory effects in vasculature.23,24 Previous studies have shown 
that KLF4 regulates endothelial transcripts – endothelial 
nitric oxide synthase (NOS3), thrombomodulin (THBD), and 
PAI-123 – and also governs the membrane-bound regula-
tor CD55 in both intestinal epithelial cells25 and human 
umbilical vein endothelial cells (HUVEC).26 Notably, endo-
thelial cell-specific KLF4 overexpression in mice confers 
anti-adhesive and antithrombotic phenotypes24 and pro-
tects against ischemic acute kidney injury.27 Defining the 
role of KLF4 in TA-TMA endothelial injury could enable 
novel prophylaxis.
Our earlier work revealed higher plasma levels of C3b/
C5b-928 and hypoxia-inducible factor-1α (HIF-1α) mRNA 
in TA-TMA patients than in those with other HSCT com-
plications, prompting an investigation of HIF-1α via a di-
methyloxalylglycine-induced (DMOG) hypoxia-complement 
injury model.29 In this study, KLF4 expression was markedly 
reduced in TA-TMA patients relative to controls, inversely 
correlating with markers of endothelial injury. To define the 
role of KLF4, we combined in vitro and in vivo approach-
es. Overexpressing KLF4 in HUVEC curtailed complement 
deposition and mitigated endothelial damage triggered by 
TA-TMA plasma, whereas KLF4 upregulation in vivo atten-
uated key TA-TMA manifestations. Mechanistic analyses – 
CUT&Tag, bulk RNA-sequencing, luciferase reporter assays, 
and quantitative real-time polymerase chain reaction (qPCR) 
– implicate CD46 as a critical downstream effector, because 
CD46 knockdown abolished KLF4-mediated benefits.

Methods

Patients
We retrospectively reviewed 2,387 patients who underwent 
allogeneic HSCT at the First Affiliated Hospital of Soochow 
University from June 2021 to June 2024. Among them, 20 pa-
tients were diagnosed with TA-TMA according to previously 
published criteria (summarized in the Online Supplementary 
Methods).2 Using 1:1 propensity-score matching for age, sex, 
underlying diagnosis, HLA compatibility, graft source, and 
donor–recipient ABO blood type, we identified 20 matched 
controls from the remaining transplant recipients (Table 1). 
Within the TA-TMA cohort, five patients developed acute 
GvHD – one grade I, one grade II, two grade III, and one 
grade IV – and five had concurrent active infections. In 
the matched-control cohort, acute GvHD occurred in four 
patients – two grade I, one grade II, and one grade III – 
and four presented with active infections. EDTA-K2-anti-
coagulated plasma from the TA-TMA group was collected 
at diagnosis, whereas control samples were obtained at 
a median of 44 days after transplantation. Comprehen-
sive clinical and laboratory data at sample collection are 
summarized in Online Supplementary Table S1. Additional 
information on patients’ measurements is provided in the 
Online Supplementary Methods.

Cell model
HUVEC were maintained at 37°C in 5% CO₂ in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
fetal bovine serum (Sigma-Aldrich, #F0193) and 1% peni-
cillin/streptomycin (Invitrogen, #15140122). Once cultures 
reached ~70% confluence, the medium was replaced with 
DMEM containing 10% plasma from TA-TMA patients or 
matched controls and incubated for 24 h, thereby estab-
lishing an in vitro complement-adherent endothelial-cell 
model. Comprehensive descriptions of the cell experiments 
are reported in the Online Supplementary Methods.

Animal model 
The murine allogeneic HSCT model was first established as 
described in the Online Supplementary Methods. To induce 
a TA-TMA-like phenotype in vivo, we used a DMOG-based 
model previously described by our group. Specifically, DMOG 
(800 mg/kg body weight; MCE, #HY-15893) or vehicle control 
(0.9% saline) was administered intraperitoneally once daily 
for two consecutive days from day 15 after allogeneic HSCT. 
Comprehensive protocols for all additional interventions – 
including administration of the KLF4 activator APTO-253, 
in vivo KLF4 overexpression, and pravastatin treatment 
regimens – are also detailed in the Online Supplementary 
Methods.

Statistics
The statistical analyses are described in the Online Sup-
plementary Methods. Data are described using the mean ± 



Haematologica | 111 March 2026

957

ARTICLE - Upregulation of KLF4 ameliorates TA-TMA  S. Jiang et al.

standard deviation, while some data are presented as median 
and interquartile range.

Ethics statement
This study involving human participants was approved by the 
Ethics Committee of the First Affiliated Hospital of Soochow 
University and adheres to the Declaration of Helsinki. Written 
informed consent was obtained from all participants. The 
animal protocol was reviewed and approved by the Ethics 
Committee of Soochow University. 

Results

KLF4 levels and markers of complement activation and 
endothelial injury in patients with transplant-associated 
thrombotic microangiopathy
We first measured plasma levels of complement compo-
nents and inflammatory/thrombotic endothelial markers. 

Compared with matched controls, TA-TMA patients exhib-
ited markedly higher concentrations of C3b (473.0±202.1 vs. 
165.8±92.6 ng/mL; P<0.0001) (Figure 1A, left), soluble C5b-9 
(1,139 [754.1-1461] vs. 485.3 [443.0-564.3] ng/mL; P<0.0001) 
(Figure 1A, center), and intercellular adhesion molecule-1 
(ICAM-1; 110.2 [89.6-157.7] vs. 92.8 [81.1-121.9] ng/mL; P<0.05) 
(Figure 1A, right). Similar increases were noted for VCAM-1 
(892.5 [832.7-920.7] vs. 698.1 [455.4-909.8] ng/mL; P<0.001), 
PAI-1 (133.3 [73.2-290.9] vs. 61.9 [44.9-99.0] ng/mL; P<0.01), 
and ST2 (663.9 [387.8-772.5] vs. 190.5 [76.6-447.3] ng/mL; 
P<0.001) (Figure 1B). By contrast, circulating KLF4 was signifi-
cantly lower in TA-TMA plasma (43.8 [37.7-56.8] pg/mL) than 
in control plasma (56.5 [47.9-88.1] pg/mL; P<0.01) (Figure 1C). 
Assessment of these markers in patients with acute GvHD or 
active infection (Online Supplementary Figure S1A-C) showed 
that the combination of elevated C3b/sC5b-9 and reduced 
KLF4 is relatively specific to TA-TMA. Notably, a small pro-
portion of TA-TMA cases also presented with concomitant 
acute GvHD and/or infections, which may partially account 

Variables
Before matching After matching

Control
N=2,367

TA-TMA
N=20 P Control

N=20
TA-TMA

N=20 P

Age, years, median (IQR) 39
(29-51)

46
(30.25-59.75) 0.064 48

(30.25-54.25)
46

(30.25-59.75) 0.495

Sex, N (%)
Female
Male

1,039 (44)
1,348 (56)

11 (55)
9 (45)

0.303
8 (40)

12 (60)
11 (55)
9 (45)

0.342

Diagnosis, N (%)
ALL
AML
CML
HAL
MPAL
MDS
NHL
SAA
PNH

557 (23)
1,132 (48)

40 (2)
41 (2)
1 (0)

367 (15)
51 (2)
169 (7)
29 (1)

4 (20)
9 (45)
0 (0)
0 (0)
1 (5)

4 (20)
1 (5)
1 (5)
0 (0)

0.281
6 (30)
9 (45)
1 (5)
0 (0)
0 (0)
0 (0)

2 (10)
1 (5)
1 (5)

4 (20)
9 (45)
0 (0)
0 (0)
1 (5)
4 (20)
1 (5)
1 (5)
0 (0)

0.165

HLA, N (%)
HLA-matched
HLA-unmatched

645 (27)
1,742 (73)

5 (25)
15 (75)

0.839
6 (30)

14 (70)
5 (25)
15 (75)

0.723

Transplant source, N (%)
BM
PB
BM + PB

20 (1)
2,038 (85)
329 (14)

0 (0)
18 (90)
2 (10)

0.737
0 (0)

11 (55)
9 (45)

0 (0)
18 (90)
2 (10)

0.034

Donor recipient blood 
type,N (%)

Major unmatched
Major + minor unmatched
Matched
Minor unmatched

431 (18)
178 (8)

1,269 (53)
509 (21)

3 (15)
3 (15)
8 (40)
6 (30)

0.457
2 (10)
2 (10)

10 (50)
6 (30)

3 (15)
3 (15)
8 (40)
6 (30)

0.891

Table 1. Baseline and procedure characteristics before and after propensity score matching.

TA-TMA: transplant-associated thrombotic microangiopathy; IQR: interquartile range; ALL: acute lymphoblastic leukemia; AML: acute myelo-
blastic leukemia; CML: chronic myelocytic leukemia; HAL: hybrid acute leukemia; MPAL: mixed phenotype acute leukemia; MDS: myelodys-
plastic syndromes; NHL: non-Hodgkin lymphoma; SAA: severe aplastic anemia; PNH: paroxysmal nocturnal hemoglobinuria; HLA: human leu-
kocyte antigen; BM: bone marrow; PB: peripheral blood.
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Figure 1. Patients with transplant-associated thrombotic microangiopathy exhibit abnormal complement activation and endo-
thelial injury. (A) Plasma levels of C3b (left panel), sC5b-9 (center panel), and intercellular cell adhesion molecule-1 (right panel) 
in patients with transplant-associated thrombotic microangiopathy (TA-TMA) and controls. N=20 per group. (B) In the left, center, 
and right panels: plasma levels of vascular cell adhesion molecule-1, plasminogen activator inhibitor-1, and suppression of tum-
origenicity 2, respectively, in TA-TMA patients and controls. N=20 per group. (C) Plasma levels of Krüppel-like factor 4 (KLF4) in 
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TA-TMA patients versus controls. N=20 per group. (D) MA plot of complement/endothelium-associated differentially expressed 
genes (red: upregulated; blue: downregulated; gray: not significantly different; dashed horizontal lines: P-value thresholds) in 
human umbilical vein endothelial cells (HUVEC) and circulating endothelial cells (CEC) from RNA-sequencing analysis. N=3 per 
group. (E) Western blot analysis of KLF4 protein levels in HUVEC and CEC. The bar graph shows the relative intensity of KLF4. The 
results are representative of three experiments. N=4 per group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS: not statistical-
ly significant. C3b: complement 3b fragment; sC5b-9: soluble complement factors; ICAM-1: intercellular adhesion molecule-1; 
VCAM-1: vascular cell adhesion molecule-1; PAI-1: plasminogen activator inhibitor-1; ST2: suppression of tumorigenicity 2.

for the overlapping biomarker ranges among cohorts.
Using flow cytometry to analyze circulating endothelial cells 
(CEC), we found that TA-TMA patients displayed significantly 
higher proportions of mature CEC (Online Supplementary 
Figure S1D) and resting CEC (Online Supplementary Figure 
S1E) compared with controls, whereas proportions of en-
dothelial progenitor cells (Online Supplementary Figure S1D) 
and activated CEC (Online Supplementary Figure S1E) did 
not differ significantly. Further quantification indicated that, 
per 106 peripheral blood mononuclear cells, TA-TMA patients 
had 88.5±38.31 mature CEC versus 22.5±7.706 in controls 
(P<0.001), and 92.5±40.24 resting CEC versus 24±8.969 in 
controls (P<0.001) (Online Supplementary Table S2).
To mimic an in vivo TA-TMA milieu, we developed an in-
direct model in which HUVEC were incubated with TA-
TMA plasma. After incubation, non-adherent cells were 
collected as CEC surrogates (termed “CEC” in figures), 
whereas firmly adherent cells represented intact endo-
thelium (termed “HUVEC” in figures); both fractions were 
subjected to RNA-sequencing. In the resulting MA plot 
highlighting complement and endothelial function (Figure 
1D), KLF4 exhibited relatively high baseline expression in 
HUVEC but was markedly downregulated in CEC. Consistent 
with the transcriptomic data, protein analyses confirmed 
that KLF4 levels were indeed lower in CEC than in HUVEC 
(P<0.05) (Figure 1E). Taken together, these findings imply 
that diminished KLF4 expression compromises resistance 
to endothelial injury.

Effects of KLF4 stimulation on complement deposition 
and endothelial injury induced by transplant-associated 
thrombotic microangiopathy plasma 
To validate the in vitro model, we incubated HUVEC with plas-
ma from controls, and plasma from patients with infection, 
acute GvHD, or TA-TMA. Flow-cytometric analysis revealed 
a significant increase in surface C3 deposition exclusively in 
the TA-TMA group (Online Supplementary Figure S2A), con-
firming both the robustness and specificity of the model for 
downstream experiments. Next, to assess the therapeutic 
potential of KLF4, we pretreated HUVEC with the KLF4 stim-
ulator APTO253 (MCE, #HY-16291) for 24 h. Flow cytometry 
showed significant elevations of C3 (Online Supplementary 
Figure S2B) and C5b-9 (Online Supplementary Figure S2C) in 
HUVEC incubated with TA-TMA plasma (termed “TMA plasma” 
in figures) versus control plasma (“Ctrl plasma” in figures). 
APTO253 (10 μM) partially reversed this effect. Hence, 10 μM 
was chosen for further in vitro experiments. Western blot 

confirmed KLF4 upregulation at this concentration (Online 
Supplementary Figure S2D). 
We next examined the expression of multiple complement 
components in HUVEC. Compared with control plasma, TA-
TMA plasma significantly increased the mannose-binding 
lectin pathway component MBL2; the alternative pathway 
component CFB; C4, which converges the classical and 
mannose-binding lectin pathways; and the complement 
convergence points C3 and C5, but did not affect the clas-
sical pathway component C1QA. Treatment with APTO253 
reduced these elevated complement proteins (C3, C5, C4, 
CFB, and MBL2) (Online Supplementary Figure S2E). Con-
sistent with this, immunofluorescence staining revealed 
that deposition of activated complement components (C3, 
C5b-9, C5, C4, CFB, and MBL2) was heightened in HUVEC 
exposed to TA-TMA plasma but inhibited by APTO253 (Online 
Supplementary Figure S2F).
We then evaluated the expression of proinflammatory and 
prothrombotic endothelial markers. TA-TMA plasma incu-
bation elevated ICAM-1 (Online Supplementary Figure S2G), 
VCAM-1 (Online Supplementary Figure S2H), and PAI-1 (Online 
Supplementary Figure S2I), while decreasing NOS3 (Online 
Supplementary Figure S2J) and THBD (Online Supplementary 
Figure S2K). Notably, APTO253 restored these alterations, 
reducing ICAM-1, VCAM-1, and PAI-1 and rescuing the ex-
pression of NOS3 and THBD.
To confirm the protective role of KLF4, we constructed a 
KLF4 overexpression lentiviral vector (designated OEKLF4). 
Successful transduction was verified by flow cytometry (On-
line Supplementary Figure S3A), and significantly higher KLF4 
mRNA and protein levels were confirmed (Online Supple-
mentary Figure S3B, C). Flow cytometry revealed that KLF4 
overexpression markedly decreased C3 (P<0.0001) (Figure 
2A) and C5b-9 deposition in OEKLF4 cells incubated with 
TA-TMA plasma compared with the vector control (designat-
ed PCDH) (P<0.0001) (Figure 2B). Western blot corroborated 
these findings, demonstrating reduced C3, C5, C4, CFB, and 
MBL2 proteins in OEKLF4 cells (P<0.05) (Figure 2C, Online 
Supplementary Figure S3D-F), which was further validated 
by immunofluorescence (Online Supplementary Figure S3G). 
In parallel, qPCR demonstrated that KLF4 overexpression 
lowered ICAM-1, VCAM-1, and PAI-1 levels while enhancing 
NOS3 and THBD under TA-TMA plasma challenge (Online 
Supplementary Figure S3H-L).
Functionally, KLF4 overexpression mitigated plasma-induced 
disruptions of endothelial barrier integrity, as evidenced by 
preserved transendothelial electrical resistance (P<0.0001) 
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(Figure 2D) and decreased fluorescein isothiocyanate-dextran 
leakage (P<0.0001) (Figure 2E) by established methods.30 

Flow cytometry confirmed reduced apoptosis in OEKLF4 
versus the controls (P<0.0001) (Figure 2F). 

KLF4 upregulates CD46 expression in human umbilical 
vein endothelial cells
To clarify the mechanisms of KLF4-mediated endothelial 
protection, we performed CUT&Tag profiling with an an-
ti-KLF4 antibody (Bio-Techne, #AF3640). This ultra-sensitive 
method provides base-pair-resolution maps of transcrip-
tion-factor binding while maintaining minimal background 
noise. KLF4 overexpression reduced transcription start site 
signals (Online Supplementary Figure S4A, B) but increased 
promoter-region occupancy by 65.7% (Online Supplementary 
Figure S4C), demonstrating its promoter-binding specificity. 
Further functional annotation of promoter-region peaks via 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis revealed significant enrichment in pathways tied 
to adherens junctions, tight junctions, leukocyte transen-
dothelial migration, and apoptosis (Online Supplementary 
Figure S4D), highlighting KLF4’s broad regulatory influence 
on endothelial homeostasis.
Parallel RNA-sequencing of TA-TMA plasma-stimulated HU-
VEC revealed that KLF4 overexpression significantly altered 
gene expression compared to controls, with distinct upreg-
ulated and downregulated subsets. (Online Supplementary 
Figure S4E). Consistent with the CUT&Tag findings, KEGG 
enrichment of the upregulated genes indicated prominent 
involvement in the extracellular matrix-receptor interaction 
pathway (Online Supplementary Figure S4F). By integrating 
the CUT&Tag peaks with these transcriptomic profiles, we 
identified 46 genes that not only displayed higher mRNA 
levels under KLF4 overexpression but also exhibited in-
creased KLF4 occupancy at their promoter regions (Online 
Supplementary Figure S4G).
Focusing on complement regulatory genes, we identified 
CD46, a complement-inhibiting membrane cofactor protein, 
as a direct KLF4 target. CUT&Tag signals showed markedly 
enhanced KLF4 binding at the CD46 promoter after stimu-
lation with TA-TMA plasma (Figure 3A). Subsequent qPCR of 
immunoprecipitated genomic DNA confirmed enrichment of 
KLF4 at this locus (Figure 3B). Moreover, luciferase reporter 
assays demonstrated that KLF4 strongly induced CD46 pro-
moter activity (Figure 3C), and qPCR analysis revealed signifi-

cantly increased CD46 mRNA in KLF4-overexpressing HUVEC 
(Figure 3D). KLF4 selectively upregulates CD46 transcription 
in the TA-TMA milieu; by contrast, when OEKLF4 cells were  
stimulated with plasma from patients with acute GVHD or 
infection, CD46 mRNA levels remained indistinguishable from 
those in PCDH controls (Online Supplementary Figure S4H, I).
To pinpoint the promoter elements mediating KLF4-driven 
CD46 transcription, we predicted KLF4-binding sites in the 
CD46 promoter using Jaspar (Online Supplementary Table 
S3) and performed in silico knockout by Basenji, disrupting 
three candidate sites (labeled 1, 2, and 3) (Figure 3E). Figure 
3F shows that ablating site 2 or 3 individually significant-
ly decreased the predicted CD46 expression score versus 
the wild-type sequence, underscoring their roles in CD46 
transcriptional activity (P<0.001). Together, these results 
demonstrate that KLF4 directly regulates CD46 to protect 
endothelium in TA-TMA.
To validate KLF4-mediated protection through CD46, we 
conducted phenotypic rescue experiments using stable 
CD46 knockdown HUVEC (designated ShCD46) (Online Sup-
plementary Figure S4J) treated with 10 μM APTO253. While 
APTO253 reduced C3 and C5b-9 deposition in control cells 
(designated PLKO.1), it failed to do so in ShCD46 cells (Figure 
4A, B). Similarly, western blot analysis revealed that APTO253 
did not lower C3, C5, C4, CFB, or MBL2 in ShCD46 HUVEC 
exposed to TA-TMA plasma (Figure 4C, Online Supplementary 
Figure S4K-M), nor did it reduce elevated ICAM-1, VCAM-1, or 
PAI-1 mRNA levels (Figure 4D-F). Collectively, these findings 
indicate that the endothelial protection conferred by KLF4 
largely depends on its upregulation of CD46.

Upregulation of KLF4 attenuates the transplant-
associated thrombotic microangiopathy phenotype in a 
mouse model
We next evaluated KLF4’s protective effect in our DMOG-in-
duced TA-TMA mouse model.29 Following allogeneic HSCT, 
BALB/C mice were given APTO253 or vehicle (dimethyl-
sulfoxide) as per Online Supplementary Figure S5A, with 
western blot confirming KLF4 upregulation (P<0.01) (Online 
Supplementary Figure S5B). APTO253-treated mice exhib-
ited higher hemoglobin levels (192.0±9.832 vs. 163.5±3.900 
g/L, P<0.05) (Online Supplementary Figure S5C) and platelet 
counts (1,273±259.8 vs. 686.6±214.4×109/L, P<0.01) (Online 
Supplementary Figure S5C) than vehicle-treated mice, along 
with fewer schistocytes (Online Supplementary Figure S5D). 

Figure 2. KLF4 overexpression reduces complement deposition and endothelial injury under challenge with transplant-associ-
ated thrombotic microangiopathy plasma. (A, B) Flow cytometric detection of C3 (A) and C5b-9 (B) in KLF4-overexpressing human 
umbilical vein endothelial cells (HUVEC) (OEKLF4) and control lentiviral-transduced cells (PCDH) incubated with control (Ctrl) or 
transplant-associated thrombotic microangiopathy (TMA) plasma. The bar graphs show mean fluorescence intensities. (C) West-
ern blot of complement proteins (C3, C5, C4, CFB, MBL2, C1QA) in these cells. The bar graphs compare the relative intensities of 
C3, C5 and C4. (D) Relative decrease (ΔTEER) of transendothelial electrical resistance in the indicated groups. (E) Fluorescein 
isothiocyanate-dextran permeability assay reflecting endothelial barrier integrity. (F) Flow cytometric analysis of apoptosis in 
PCDH and OEKLF4 cells treated with control or TMA plasma. The bar graph shows the quantification of apoptotic cells. The re-
sults are representative of three experiments. *P<0.05, ***P<0.001, ****P<0.0001.
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Additionally, APTO253 reduced serum lactate dehydrogenase 
(1,134±176.3 vs. 4,019±1704 U/L, P<0.001) (Online Supple-
mentary Figure S5E), blood urea nitrogen (20.58±2.134 vs. 
30.50±4.604 mg/dL, P<0.001) (Online Supplementary Figure 
S5F), and sC5b-9 (1,211±119.8 vs. 1,556±144.0 ng/mL, P<0.001) 
(Online Supplementary Figure S5G) versus vehicle. Histological 
analysis using hematoxylin & eosin and periodic acid-Schiff 
staining showed that APTO253 ameliorated TA-TMA–associ-
ated kidney lesions, including reduced glomerular capillary 
congestion, endothelial swelling, and detachment (Online 
Supplementary Figure S5H). Immunofluorescence revealed 
decreased C3/C5b-9 deposition in APTO253-treated renal 
sections (Online Supplementary Figure S5I). Since glomerular 
endothelial cell injury is frequently associated with transcrip-
tional changes in key endothelial genes, we measured the 
mRNA levels of Icam-1, Vcam-1, and Pai-1, all of which were 
elevated in DMOG-induced mice but were reduced upon 
APTO253 treatment (Online Supplementary Figure S5J-L). 
APTO253 also partially restored vascular endothelial growth 
factor-a (Vegfa) mRNA (Online Supplementary Figure S5M), 
whose deficiency is linked to TMA.31 Corroborating these 
findings, plasma levels of ICAM-1 (78.97±9.338 vs. 99.97±14.06 
ng/mL, P<0.05) (Online Supplementary Figure S5N), VCAM-1 
(486.5±70.80 vs. 744.6±74.44 ng/mL, P<0.0001) (Online Sup-
plementary Figure S5O), and PAI-1 (37.81±5.231 vs. 57.38±9.77 
ng/mL, P<0.001) (Online Supplementary Figure S5P) were 
diminished after APTO253 administration. While survival 
rates trended higher with APTO253, the difference was not 
statistically significant (Online Supplementary Figure S5Q).
To further validate the protective role of KLF4, we overex-
pressed it in vivo, following the protocol in Online Supple-
mentary Figure S6A. Ex vivo qPCR and western blot analyses 
confirmed successful KLF4 overexpression in renal tissues 
(Online Supplementary Figure S6B, C). Compared with vec-
tor-treated mice, KLF4-overexpressing mice had significant-
ly elevated hemoglobin levels (195.2±9.538 vs. 159.0±13.27 
g/L, P<0.0001) (Figure 5A) and platelet counts (1,217±132.3 
vs. 915.8±117.1×109/L, P<0.01) (Figure 5A) and showed fewer 
schistocytes (Figure 5B). Serum levels of lactate dehydro-
genase (1,238±313.2 vs. 3,722±1,486 U/L, P<0.01) (Figure 
5C), blood urea nitrogen (20.71±2.228 vs. 33.68±9.169 mg/
dL, P<0.01) (Online Supplementary Figure S6D), and sC5b-9 
(1141±62.09 vs. 1544±222.0 ng/mL, P<0.01) (Online Supple-
mentary Figure S6E) were also reduced. Histologically, he-
matoxylin & eosin and periodic acid-Schiff staining revealed 

marked improvements in TA-TMA pathology, including dimin-
ished glomerular congestion and endothelial cell damage 
(Figure 5D), while immunofluorescence showed decreased 
C3/C5b-9 deposition (Figure 5E).
Additionally, qPCR revealed that KLF4 overexpression mark-
edly reduced Icam-1, Vcam-1, and Pai-1 expression while in-
creasing Vegfa levels compared with the levels in the group 
receiving only the vector (Online Supplementary Figure S6F-I). 
Plasma concentrations of ICAM-1 (79.35±10.22 vs. 102.5±14.61 
ng/mL, P<0.05) (Online Supplementary Figure S6J), VCAM-1 
(534.4±105.8 vs. 767.9±89.80 ng/mL, P<0.01) (Online Supple-
mentary Figure S6K), and PAI-1 (37.96±4.431 vs. 57.25±13.78 
ng/mL, P<0.01) (Online Supplementary Figure S6L) were also 
partially reversed in mice receiving mKLF4 plasmid. Notably, 
mKLF4 plasmid significantly improved survival compared to 
that of vector-treated controls (Figure 5F), highlighting its 
therapeutic potential in TA-TMA.

Statins ameliorate transplant-associated thrombotic 
microangiopathy in a mouse model by upregulating KLF4 
expression
Previous research indicates that endothelial KLF4 mediates 
statin-induced renoprotection in ischemic acute kidney injury 
by regulating cell adhesion molecules and inflammation.27 

Further studies revealed that vasoprotective statins can 
robustly induce KLF2/KLF4 expression.32,33 Inspired by these 
findings, we evaluated statins in our TA-TMA mouse model. 
Pravastatin administration (Online Supplementary Figure 
S7A) increased renal KLF4 (P<0.01, Online Supplementary 
Figure S7B).
Pravastatin-treated mice displayed significantly higher hemo-
globin levels (206.8±8.909 vs. 183.2±5.134 g/L, P<0.01) (Figure 
6A) and platelet counts (1,181±165.1 vs. 875.0±142.1×109/L, 
P<0.05) (Figure 6A), with a lower proportion of schistocytes 
than the vehicle group (Figure 6B). Serum lactate dehydro-
genase (1,032±320.5 vs. 3,077±1,010 U/L, P<0.001) (Figure 
6C), blood urea nitrogen (22.40±1.834 vs. 30.16±8.513 mg/
dL, P<0.05) (Online Supplementary Figure S7C), and sC5b-9 
(1165±121.7 vs. 1540±276.6 ng/mL, P<0.01) (Online Supplemen-
tary Figure S7D) levels were notably reduced after pravastatin 
treatment. Histological assessment showed improved TA-
TMA–related pathology in pravastatin-treated mice (Figure 
6D). Immunofluorescence revealed substantially reduced 
renal deposits of C3 and C5b-9 (Figure 6E).
At the molecular level, pravastatin treatment also lowered 

Figure 3. KLF4 transcriptionally activates CD46 gene expression in human umbilical vein endothelial cells. (A) Integrative Ge-
nomics Viewer tracks of CUT&Tag showing enriched KLF4 in the promoter of CD46. (B) Quantitative real-time polymerase chain 
reaction (qPCR) of genomic DNA isolated by CUT&Tag, confirming KLF4 enrichment at the CD46 promoter. (C) Interaction between 
CD46 promoter and KLF4 by dual luciferase reporter assays. The results are representative of three experiments. (D) CD46 mRNA 
levels measured by qPCR in KLF4-overexpressing (OEKLF4) and control lentiviral-transduced cells (PCDH) exposed to trans-
plant-associated thrombotic microangiopathy (TMA) plasma. The results are representative of three experiments. (E) Jaspar-based 
prediction of three KLF4-binding sites in the CD46 promoter identifies transcriptional regulatory elements. (F) Basenji in silico 
knockout identifies sites 2 and 3 as critical regulators of CD46 transcriptional activity. **P<0.01, ***P<0.001, ****P<0.0001. Refseq: 
reference sequence; IgG: immunoglobulin G; TF: transcription factors.
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the mRNA levels of Icam-1, Vcam-1, and Pai-1, while upregu-
lating Vegfa compared with the levels in the vehicle-treated 
group (Online Supplementary Figure S7E-H). Correspondingly, 
plasma ICAM-1 (81.38±8.394 vs. 100.5±14.96 ng/mL, P<0.05) 
(Online Supplementary Figure S7I), VCAM-1 (458.3±177.6 vs. 
782.0±191.1 ng/mL, P<0.01) (Online Supplementary Figure 
S7J), and PAI-1 (42.16±2.785 vs. 64.43±20.28 ng/mL, P<0.05) 
(Online Supplementary Figure S7K) concentrations were 
partially reversed in pravastatin-treated mice. Although 
these mice exhibited a higher overall survival rate than the 
vehicle-treated group, the difference was not statistically 
significant (Figure 6F). Nonetheless, these results suggest 
that pravastatin may protect the endothelium in TA-TMA, 
possibly via KLF4.

Discussion

TA-TMA remains a life-threatening transplant complica-
tion, driven by complement dysregulation and endothelial 
dysfunction. However, many aspects, particularly how early 
endothelial injury contributes to disease onset, remain in-
completely understood. Given the endothelium’s function in 
vascular homeostasis, interventions preserving endothelial 
integrity could improve TA-TMA management.
In this study, we observed that plasma KLF4 levels tended 
to be lower concomitant with elevated C3b/sC5b-9 and 
endothelial injury markers in TA-TMA patients, although 
their distributions partially overlapped. Restoring KLF4 
expression in vitro reduced complement deposition on 
HUVEC challenged with TA-TMA plasma, attenuated endo-
thelial injury, and reinforced barrier function. Consistent 
with these findings, KLF4 overexpression in a murine TA-
TMA model mitigated clinical and histological evidence of 
disease, indicating that KLF4 exerts protective effects on 
the endothelium.
TA-TMA pathophysiology originates from early endothelial 
damage, which triggers complement activation and micro-
thrombus formation. We and others have observed elevated 
levels of ICAM-1, VCAM-1, PAI-1, and ST2 in TA-TMA patients, 
underscoring endothelial involvement.19-21 Identifying the 
specific complement pathways (classical, lectin, or alter-
native) engaged in TA-TMA could reveal damage-associated 
molecular patterns expressed by vulnerable tissues. In our 
in vitro model, we found that the lectin pathway appeared 
to be the initial trigger of complement-mediated damage, 

while the alternative pathway served as a key amplifier of 
endothelial injury. This partial divergence from other studies 
may reflect limitations of our model, as TA-TMA pathophys-
iology often involves either inherited or acquired defects 
in regulating both the classical and alternative pathways.34

KLF4 maintains endothelial homeostasis primarily by regu-
lating anti-inflammatory and antithrombotic pathways.23,24 

In TA-TMA patients, KLF4 downregulation coincided with 
elevated levels of markers of endothelial injury, implying that 
suppression of KLF4 exacerbates microvascular damage. 
This aligns with prior reports that KLF4 expression negatively 
correlates with prothrombotic genes, such as PAI-1, and 
positively correlates with THBD across TMA subtypes.35,36 

Our finding that in vitro KLF4 upregulation mitigates TA-
TMA-plasma-induced endothelial injury corroborates earlier 
reports that KLF4 boosts NOS3 and THBD expression while 
downregulating VCAM-1 and pro-coagulant factors such as 
tissue factor and PAI-1.23 Furthermore, in the TA-TMA micro-
environment, KLF4 appears to safeguard endothelial barrier 
integrity chiefly by strengthening intercellular junctions 
and limiting cellular detachment, rather than by promot-
ing cell migration as previously suggested.37 Importantly, 
we provide the first evidence that the protective effect of 
KLF4 depends on CD46 upregulation, as CD46 knockdown 
abolished KLF4-mediated rescue in HUVEC. These findings 
highlight a novel KLF4-CD46 axis central to complement 
regulation and endothelial protection in TA-TMA.
Beyond inhibiting cholesterol biosynthesis, statins exert 
pleiotropic endothelial-protective effects by enhancing 
endothelial NOS and thrombomodulin38 while reducing 
leukocyte adhesion.39 Endothelial KLF4 is essential for 
statin-mediated kidney protection in ischemic acute kid-
ney injury, acting by regulating adhesion molecules and 
inflammation.27 In line with these findings, we observed 
that pravastatin administration significantly improved the 
TA-TMA phenotype in our mouse model, suggesting that 
statin-induced KLF4 upregulation may protect the endo-
thelium.
Mechanistically, KLF4 directly binds to the promoter of CD46, 
upregulating its transcription and thereby dampening com-
plement activation, endothelial injury, and microthrombus 
formation. CD46, a cofactor for factor I, cleaves C3b and 
C4b, shielding endothelium from complement-mediated 
lysis.40 Moreover, defects in factor H or CD46 underlie cer-
tain cases of non-infectious hemolytic-urea syndrome,41 
and CD46 has been reported to protect the transplanted 

Figure 4. KLF4-mediated protection is abrogated by CD46 knockdown. (A, B) Flow cytometric measurement of C3 (A) and C5b-9 
(B) deposition in CD46 knockdown human umbilical vein endothelial cells (ShCD46) or control cells (PLKO.1) treated with control 
plasma, transplant-associated thrombotic microangiopathy (TMA) plasma, or TMA plasma plus APTO253. The bar graphs show 
mean fluorescence intensities. (C) Western blot showing complement proteins (C3, C5, C4, CFB, MBL2) in each group. The bar 
graphs indicate the relative intensities of C3 and C5. (D-F) Quantitative polymerase chain reaction analysis of ICAM-1 (D), VCAM-1 
(E), and PAI-1 (F). The results are representative of three experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS: not sta-
tistically significant. Ctrl: control; ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cell adhesion molecule-1; PAI-1: 
plasminogen activator inhibitor-1.
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Figure 5. In vivo KLF4 overexpression attenuates transplant-associated thrombotic microangiopathy pathology. (A) Hemoglobin levels 
and platelet counts in mKLF4-transfected mice versus vector controls. (B) Representative peripheral blood smears (×100) illustrating 
fewer schistocytes (arrows) in KLF4-overexpressing mice. Scale bars: 10 µm. (C) Plasma lactate dehydrogenase levels in the indicated 
groups. (D) Representative hematoxylin & eosin and periodic acid-Schiff staining showing glomerular structural improvement in 
mKLF4-transfected mice versus vector controls. Scale bar: 10 µm. The hashtag (#) indicates glomerular congestion; the asterisk (★) 
indicates endothelial swelling/detachment. (E) Immunofluorescent detection of C3 and C5b-9 in renal tissue with Hoechst counterstain. 
The bar graphs show mean fluorescence intensities. Scale bars: 10 µm. (F) Kaplan-Meier survival curves showing significantly improved 
survival in KLF4-overexpressing mice. The results are representative of three experiments and six mice/group. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001, NS: not statistically significant. HGB: hemoglobin; Ctrl: control; DMOG: dimethyloxalylglycine; PLT: platelet; 
LDH: lactate dehydrogenase; H&E: hematoxylin & eosin; PAS: periodic acid-Schiff; DAPI: 4’,6-diamidino-2-phenylindole.
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endothelium from recurrent hemolytic-urea syndrome in 
the majority of affected patients.42 
Notably, our findings point to an intricate link between 
KLF4’s anti-inflammatory and antithrombotic roles and 
endothelial complement regulation.43 For instance, KLF4 
modulates CD55 in intestinal epithelial cells,25 while endo-
thelial KLF4 deficiency increases TMA susceptibility through 
CD55 reduction.44 Although previous studies focused mainly 
on C5b-9-mediated damage or factor H/I-mediated up-
stream regulation, we have identified the KLF4-CD46 axis 
as a novel complement “brake”, supported by CD46 muta-
tions found specifically in TA-TMA patients.6 Collectively, 
these findings indicate that KLF4/CD46 likely collaborates 
with factor H, CD55, CD59, and other regulatory proteins to 
maintain endothelial homeostasis. Further studies should 
determine whether KLF4-CD46 interactions involve direct 
transcriptional control or multi-pathway mechanisms in 
endothelial protection in TA-TMA.

The current management of TA-TMA focuses on mitigating 
triggers through early supportive care, infection control, 
and calcineurin inhibitor withdrawal, when possible. While 
available therapies have improved outcomes in high-risk 
cases, mortality rates still surpass 30%.14,15 Evidence from 
animal models suggests that broad measures to enhance 
endothelial health can protect against various thrombotic 
microangiopathies,45 highlighting the prophylactic value for 
HSCT complications such as TA-TMA.
Our findings demonstrate that KLF4 exerts protective effects 
in DMOG-induced TA-TMA in mice. Pravastatin administra-
tion not only ameliorated the disease phenotype but also 
upregulated KLF4 in renal tissues, suggesting that statins 
may confer endothelial protection partly by boosting KLF4 
in susceptible organs such as the kidneys. However, KLF4 
upregulation represents just one component of statins’ 
pleiotropic effects. Further studies should explore the ther-
apeutic potential of KLF4 in TA-TMA, including enhancing 

Figure 6. Statin treatment ameliorates transplant-associated thrombotic microangiopathy by upregulating KLF4. (A) Hemoglobin 
and platelet counts in mice treated with pravastatin or vehicle. (B) Peripheral blood smears (×100) showing fewer schistocytes 
(arrows) in pravastatin-treated mice. Scale bars: 10 µm. (C) Plasma lactate dehydrogenase in each group. (D) Representative 
staining of renal tissue with hematoxylin & eosin and periodic acid Schiff demonstrating restored glomerular histology in mice 
treated with pravastatin (scale bar, 10 µm). The hashtag (#) indicates glomerular congestion; the asterisk (★) indicates endothe-
lial swelling/detachment. (E) Immunofluorescent staining of C3 and C5b-9 with Hoechst counterstain. The bar graphs show mean 
fluorescence intensities. Scale bars: 10 µm. (F) Kaplan–Meier survival curves for mice receiving pravastatin versus vehicle. The 
results are representative of three experiments and six mice/group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS: not statis-
tically significant. HGB: hemoglobin; Ctrl: control; DMOG: dimethyloxalylglycine; PLT: platelet; LDH: lactate dehydrogenase; DAPI: 
4’,6-diamidino-2-phenylindole; H&E: hematoxylin & eosin; PAS: periodic acid-Schiff. 

Figure 7. Schematic diagram of KLF4 as a 
key negative regulator of complement-me-
diated endothelial injury in transplant-as-
sociated thrombotic microangiopathy. KLF4: 
Krüppel-like factor 4; ICAM-1: intercellular 
adhesion molecule-1; VCAM-1: vascular cell 
adhesion molecule-1; PAI-1: plasminogen 
activator inhibitor-1; CD46: cluster of dif-
ferentiation 46; sC5b-9: soluble terminal 
complement complex; C3b: complement 
3b fragment; TA-TMA: transplant-associat-
ed thrombotic microangiopathy.
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KLF4/CD46 in high-risk patients. Synergy with established 
protocols, such as co-administration of statins and com-
plement inhibitors, could bolster therapeutic efficacy or 
permit dosage reduction. Nonetheless, safety assessments 
of KLF4 overexpression on hematopoiesis and immunity 
require rigorous validation.
Limitations of our study include the potential systemic impact 
of KLF4 upregulation, even though mKLF4 plasmid delivery 
exhibits some organ specificity. Developing endothelial-spe-
cific KLF4 transgenic or knockdown mouse models would 
help to verify the tissue specificity of KLF4’s protective effects 
and more precisely define its functional role. Moreover, we 
primarily investigated the KLF4-CD46 axis; additional studies 
are needed to examine KLF4’s interactions with other com-
plement, immunological, or coagulation pathways. Finally, 
despite our in vitro and in vivo models being validated for 
TA-TMA,29,46 they only partially capture the intricate patho-
physiology of the disease, highlighting the need for KLF4 
studies in alternative TA-TMA models.
In summary, our findings establish KLF4 as a pivotal regulator 
of endothelial homeostasis in TA-TMA by enhancing CD46 
expression and suppressing pro-inflammatory, pro-thrombotic 
pathways (Figure 7). These results advocate for strategies that 
preserve or enhance the activity of KLF4,  whether through 
direct manipulation or via adjunctive agents such as statins, 
to mitigate the incidence and severity of TA-TMA. Further 
mechanistic and clinical studies are essential to optimize 
these approaches and alleviate the disease burden of TA-TMA.
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