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Abstract
Background  A priority in kidney transplant management is the ability to monitor allograft health accurately, 
frequently and less-invasively. Metabolic reprogramming from fatty acid oxidation to glycolysis has been associated 
with kidney injury. Given the histological localisation of T cell-mediated rejection (TCMR) to the tubulointerstitium, 
we hypothesised that expression of glycolytic control proteins contained in urinary extracellular vesicles (UEV) may 
increase during TCMR.

Methods  In this prospective observational study, urine samples were collected from kidney transplant recipients 
prior to indication biopsy. UEV were separated by differential ultracentrifugation. Vesicle markers, glycolytic control 
proteins and CD3 were assayed by immunoblotting. Differences in protein detection were compared across biopsy 
diagnoses (TCMR versus not) and Banff lesion scores.

Results  51 paired urine and biopsy samples from 43 subjects were included. The TCMR group comprised of 6 cases 
of TCMR and 1 borderline TCMR. The remaining 44 samples comprised a “No TCMR” group. There was significant 
increase in phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4) (p = 0.018) in TCMR compared to No 
TCMR, and similarly when tubulitis (p = 0.037) and interstitial inflammation (p = 0.047) were present. Total inflammation 
score ≥ 1 was associated with increases in PFKFB2 (p = 0.027), PFKFB3 (p = 0.090) and PFKFB4 (p = 0.0098). Interstitial 
fibrosis was associated with increased PFKFB2 (p = 0.0045) and PFKFB3 (p = 0.045). CD3 + UEV did not correlate with 
TCMR diagnosis. When combining the four glycolytic control proteins governing the phosphofructokinase-1 step of 
glycolysis (PFK-L, PFKFB2, PFKFB3 and PFKFB4), presence of ≥ 3 markers discriminated TCMR with ROC AUC of 0.73 
(95% CI 0.50–0.96).

Conclusion  Increased rate-limiting enzymes of glycolysis in UEV were detected in association with tubulointerstitial 
inflammation and fibrosis. This suggests altered energy metabolism in the form of increased renal glycolysis occurring 
in the tubular epithelium, consistent with findings in native kidney injury. Further work is required to evaluate 
whether this could serve as a non-invasive strategy to study pathology in kidney transplantation.
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Background
Experimental evidence has associated kidney injury with 
changes in kidney energy metabolism, but the metabolic 
changes during kidney transplant rejection are not well 
understood [1–3]. Tubular cells along the nephron gener-
ate energy from various substrates in order to maintain 
complex homeostatic functions [4]. However, metabolic 
preference is not uniform and depends on the cell type. 
The proximal tubule derives adenosine triphosphate 
(ATP) from mitochondrial oxidative phosphorylation of 
fatty acids and has limited capacity to perform glycoly-
sis [4]. By contrast, distal segments preferentially utilise 
glycolysis due to low oxygen tension in the inner medulla 
[4].

Glycolysis is a series of ten chemical reactions that 
metabolise glucose to pyruvate with the net release of 
two ATP molecules [5, 6]. There are three rate-limiting 
enzymes– hexokinase, phosphofructokinase-1 (PFK-
1) and pyruvate kinase (PK) [7]. Hexokinase catalyses 
the first step of glycolysis to trap glucose inside the cell 
[3]. PFK-1 catalyses the ATP-dependent conversion of 
fructose-6-phosphate to fructose-1,6-bisphosphate, pro-
moting the forward reaction of glycolysis [8]. Phospho-
fructokinase-liver (PFK-L) is the dominant isoform of 
PFK-1 in the kidney [9]. The most potent activator of 
PFK-1 is the level of fructose-2,6-bisphosphate, which 
is controlled by a family of enzymes with bifunctional 
actions, called 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatases (PFKFB) [10]. The four isoenzymes 
PFKFB1-4 differ in relative kinase:phosphatase ratios. 
They also differ in tissue distribution and specifically 
regulate the formation and degradation of fructose-
2,6-bisphosphate in response to cellular requirements 
[11]. PFKFB1 is not expressed in the kidney, whereas 
PFKFB2-4 are distributed throughout the nephron [12]. 
Pyruvate kinase catalyses the last step of glycolysis to 
form pyruvate. In aerobic conditions, pyruvate enters the 
mitochondria and undergoes oxidative phosphorylation. 
In the anaerobic state, it is converted to lactate [4]. Aero-
bic glycolysis (the conversion of pyruvate to lactate under 
normoxic condition) can occur as an adaptive or patho-
logical response [13].

Conventional monitoring of kidney allograft function 
relies on serial measurements of serum creatinine, urine 
protein and biopsies [14]. These methods have low sen-
sitivity and specificity for rejection [15]. Early detection 
and treatment of rejection is a key priority in post-trans-
plant management [16], prompting evaluation of novel 
biomarkers to support this.

Urinary extracellular vesicles (UEV) are a source of 
potential biomarkers. These are nano-sized particles 
released from cells lining the kidney and urinary tract, 
which contain distinctive cargo from their parent cells 
[17]. The protein compartment has been shown to closely 

reflect changes occurring in kidney cells, in particular 
proteins restricted to the renal tubule [18]. An increas-
ing number of physiological roles have been ascribed to 
UEV, including immunomodulation, transfer of cargo 
and mediation of cell-cell communication [19].

The histological hallmarks of T cell-mediated rejection 
(TCMR) are tubulitis and interstitial inflammation, with 
or without arteritis [20]. We hypothesised that TCMR is 
associated with metabolic stress and a shift to increased 
glycolysis, which may be detectable by increased expres-
sion of glycolytic control proteins in UEV, given the 
pathophysiological changes occurring in tubular epi-
thelium contiguous to the urinary space. In this clinical 
proof-of-principle study, we aimed to determine whether 
there are changes in glycolytic control proteins contained 
in the UEV of kidney transplant recipients undergo-
ing allograft biopsy for clinical indications. Variations in 
glycolytic control proteins were correlated to histologic 
diagnosis of TCMR and individual Banff lesions.

Methods
This prospective, cross-sectional study was approved 
by the institutional Human Research Ethics Commit-
tee (HREC/58942/Austin-2019) and written informed 
consent was obtained from participants. Adult kid-
ney transplant recipients (age > 18  years) undergoing an 
indication biopsy were asked to provide 50 mL of urine 
prior to biopsy. Indication biopsies were determined by 
treating clinician to investigate acute graft dysfunction 
due to creatinine rise, proteinuria, or both. Biopsies per-
formed by protocol or for follow up of rejection episode 
were not included. Excluded were recipients within two 
weeks post-transplant due to expected dynamic changes 
in urine composition and graft function, and recipients of 
multi-organ transplantation.

Recommendations from International Society of 
Extracellular Vesicles were followed including report-
ing of pre-analytical parameters, isolation and protein 
characterisation of UEV [19, 21]. The urine sample was 
centrifuged at 1,600xg at 4˚C for 10  minutes to remove 
cellular debris (Megafuge 1.0  R, Heraeus). Supernatant 
was divided into 10  mL aliquots with 100  µL protease 
inhibitor 400 µg/mL (PI, Sigma-Aldrich protease inhibi-
tor cocktail P8340, Missouri, USA) and then stored 
at − 80˚C until required.

Separation of UEV was by differential ultracentrifuga-
tion as described by Wolley et al. [22]. In brief, 10 mL of 
frozen urine was vortexed vigorously until thawed, ali-
quoted into three 3  mL Beckman polycarbonate tubes, 
then centrifuged at 17,000 x g at 4˚C for 15  minutes 
(Optima TLX 120CE ultracentrifuge, Beckman Coulter, 
Inc). The supernatant was incubated with dithiothreitol 
(DTT, Bio-Rad Laboratories Pty Ltd, NSW, Australia) 
at a final concentration of 8.3 mg/mL for 10 minutes at 
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37˚C. The sample was aliquoted into three new poly-
carbonate tubes then ultracentrifuged at 200,000 x g at 
4˚C for 60  minutes to pellet the UEV. The supernatant 
was discarded, and the pellets were resuspended with 
500  µL PBS/PI/DTT solution (125  µL DTT and 125  µL 
PI in 10 mL phosphate buffered saline). The tubes were 
vortexed for 30  seconds and the samples were pooled 
into one new polycarbonate tube. This step was repeated 
to resuspend pellets again in a final volume of 3  mL. 
This sample underwent a second ultracentrifugation at 
200,000 x g at 4˚C for 60 minutes. The supernatant was 
discarded, and the pellet was resuspended in 41 µL PBS/
PI/DTT solution and vortexed for 30  seconds. Subse-
quently, 40  µL was placed into an Eppendorf tube, and 
10  µL SDS sample buffer was added to denature pro-
teins for Western blot analysis. The final sample was vor-
texed for 30 seconds and 20 µL was aliquoted into a new 
Eppendorf tube. This was incubated at 60˚C for 10 min-
utes and then stored at − 80˚C until use.

Particle size and concentration was assessed by 
nanoparticle tracking analysis (NTA) in a representa-
tive sample of four healthy individuals. After differential 
ultracentrifugation, 10 µL from the final UEV pellet was 
diluted in 40  µL phosphate buffered saline (PBS), then 
stored at − 80 °C for NTA. This was conducted using 
NanoSight NS300 (Malvern Instruments, UK) equipped 
with a 488 nm laser. At the time of NTA, PBS was added 
to the sample resulting in a final dilution of 1:50. The 
Brownian motion of particles was recorded with five vid-
eos of 30  seconds duration, and particle size was calcu-
lated using the Stokes-Einstein equation using machine 
software (NTA 3.2 Dev Build 3.2.16).

All proteins were assayed by immunoblotting as pre-
viously described [23]. The panel of glycolytic control 
proteins was determined by reviewing proteomic data-
bases of urinary exosomes (http://www.exocarta.org and 
http://microvesicles.org) on 18 August 2021 [18]. ​H​e​x​o​k​
i​n​a​s​e was not found in urinary exosomes and therefore 
not included in this study [24]. Primary antibodies were 
sourced from commercial suppliers (Table S1), includ-
ing PFK-L, PFKFB2, PFKFB3, PFKFB4, pyruvate kinase-
L/R (PK-L/R), pyruvate kinase-M2 (PK-M2), and T cell 
marker, CD3. UEV markers, CD9 and tumour suscep-
tibility gene 101 (TSG101), and a negative marker, uro-
modulin, were used to characterise vesicles [21]. At the 
time of immunoblotting, sample aliquots of 20  µL were 
loaded into a 10-well 4–15% precast polyacrylamide gel, 
including Precision Plus prestained protein standard, and 
positive controls of ischaemic human kidney lysate and 
peripheral blood mononuclear cells. Protein bands were 
recorded as present or absent.

Indication allograft biopsies were performed accord-
ing to local practice. Histopathologic examination was 
undertaken by blinded pathologists. Using the Banff 2022 
schema, study participants were classified into TCMR 
group based on diagnosis of TCMR or borderline TCMR 
[20]. Other diagnoses were included in No TCMR group.

Statistical analyses were performed using GraphPad 
Prism v10.0.3 and R v4.3.1. For the demographic data, 
continuous variables were compared using unpaired 
t tests and Fisher’s exact test, as appropriate. The per-
centage of samples where bands were present or absent 
was analysed using contingency tables and Fisher’s 
exact test. A p-value < 0.05 was considered significant. 
Receiver operator characteristic area under the curves 
(ROC AUC) were calculated to assess the diagnostic 
performance of glycolytic control proteins, creatinine 
and Δcreatinine, defined as the difference in serum cre-
atinine at the time of indication biopsy and at baseline. 
Correlated ROC AUCs were compared using the DeLong 
method [25].

Results
Study cohort
Participants were recruited from February 2021 to 
August 2023. Fourteen urine samples had insufficient 
volume. Three samples were excluded due to non-
diagnostic biopsy with no glomeruli sampled (n = 1) 
or absent UEV markers (n = 2). Therefore, 51 samples 
from 43 participants were included in the final analysis 
cohort (Fig.  1). Eight participants underwent two indi-
cation biopsies during the study period. The TCMR 
group (n = 7) included 6 TCMR and 1 borderline TCMR 
cases, whilst the No TCMR group (n = 44) comprised 
33 cases with normal biopsy or non-specific changes, 7 

Fig. 1  Flow chart of sample inclusion in the final analysis cohort. Partici-
pants were recruited over a 2.5-year period. The final analysis cohort in-
cluded 51 urine samples with paired indication allograft biopsy samples 
from 43 participants. These were grouped according to biopsy diagnosis 
into TCMR (n = 7) or No TCMR (n = 44) groups. UEV, urinary extracellular 
vesicles; TCMR, T cell-mediated rejection
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antibody-mediated changes, 1 calcineurin inhibitor tox-
icity and 3 recurrent glomerulonephritis.

Technical validation of the differential ultracentrifuga-
tion protocol was undertaken using urine samples from 
four healthy volunteers. Post-separation characterisa-
tion of UEV by immunoblotting confirmed detection of 
positive markers CD9 and/or TSG101 in three out of four 
samples (Figure S1a). Using NTA, we measured particle 
diameter to be < 200 nm, consistent with small extracellu-
lar vesicles [26], and particle concentration ranging from 
36.6–204.5 × 108 particle/mL (Figure S1a, S1b).

Participant characteristics are presented in Table  1. 
Median age was 54  years (inter-quartile range, IQR, 
47–61) and 31% were female. Median time post-trans-
plant was 1.8  years (IQR0.3–9.8). Most participants 
(86%) had received their first kidney transplant and 63% 
were from deceased donors. Participants received basi-
liximab induction immunosuppression in majority of 
cases (78%) and were maintained on prednisolone, myco-
phenolate and tacrolimus. Donor age and time between 
kidney transplantation to biopsy was similar in both 
groups. There were no significant differences in baseline 
demographics between groups.

The predominant clinical indication for biopsy was 
change in serum creatinine (67%), followed by creati-
nine rise with proteinuria (20%), then isolated protein-
uria (14%). Median serum creatinine at baseline was 
130  µmol/L (IQR103-160), defined as pre-biopsy cre-
atinine when the participant was clinically stable and 
without systemic or allograft-related illnesses, and 
164 µmol/L (IQR130-214) at the time of biopsy. Median 
urine protein-creatinine ratio at baseline was 27  mg/
mmol (IQR19-77), compared to 33 mg/mmol (16–98) at 
the time of biopsy.

Urine was collected prior to biopsy in 80% of cases 
and the remaining samples were collected prior to 
commencement of rejection treatment. Samples were 
processed at median 80  minutes following collection 
(IQR60-120); there was no significant difference between 
the two groups (p = 0.58).

Immunoblots
By comparing glycolytic control proteins in TCMR ver-
sus No TCMR, we detected increased PFKFB4 + UEV in 
5/7 (71%) TCMR samples compared to 10/44 (23%) of No 
TCMR samples (p = 0.018) (Table 2). There were no sig-
nificant changes in remainder of glycolytic control pro-
teins (Table 2). CD3 was detected in 29% of TCMR cases, 
compared to 11% of No TCMR cases, which was not sta-
tistically different (p = 0.24).

We proceeded to analyse the detection of glycolytic 
control proteins according to either presence (score ≥ 
1) or absence (score = 0) of individual Banff lesions. A 
representative panel of Western blots of UEV markers, 

glycolytic control proteins and CD3 according to tubulitis 
score is presented in Fig. 2. PFKFB4 expression was simi-
larly increased in samples with tubulitis (p = 0.037) and 
interstitial inflammation (p = 0.047) (Table  3). The pres-
ence of v (intimal arteritis) lesion was not associated with 
altered glycolytic control protein expression (Table  3). 
Expression of PFKFB2 (p = 0.0045) was increased with 
i–IFTA (inflammation in areas of interstitial fibrosis and 
tubular atrophy) (Table  4). Co-expression of PFKFB2 
(p = 0.0045) and PFKFB3 (p = 0.045) was detected in biop-
sies with interstitial fibrosis (Table 4) but not in the set-
ting of tubular atrophy (Table S2). Total inflammation 
(ti) score was strongly associated with increased PFKFB2 
(p = 0.027), PFKFB3 (p = 0.0090) and PFKFB4 (p = 0.0098) 
(Table 4).

There were no significant differences in glycolytic 
control proteins in Banff lesions diagnostic of antibody-
mediated rejection, including ptc (peritubular capil-
laritis), g (glomerulitis), C4d (C4d staining) and cg 
(transplant glomerulopathy) (Tables S5, S6, S7, S8). Anal-
ysis of remaining Banff lesions revealed PK-M2 elevation 
in association with cv (arterial intimal thickening) and ah 
(arteriolar hyalinosis) (p = 0.040 and 0.037 respectively) 
(Tables S3 and S4). Additionally, ah ≥ 1 was associated 
with elevation of PFKFB3 (p = 0.036) (Table S4).

We reviewed individual TCMR cases to understand the 
profile of glycolytic control proteins (Fig. 3). Those who 
had positive glycolytic markers frequently had multiple 
markers detected. Four of 7 (57%) TCMR cases had 4 to 
6 glycolytic control proteins detected. This did not clearly 
relate to the severity of Banff lesions or other clinical 
characteristics. By contrast, only 5/44 (11%) cases in the 
No TCMR group had 4 to 6 glycolytic markers detected 
(p = 0.014). The histological diagnoses in these cases were 
borderline TCMR (n = 2), severe chronic parenchymal 
damage, moderate scarring and normal biopsy.

The PFKFB enzymes regulate PFK-1 which controls a 
key rate-limiting step of glycolysis. Therefore, we selec-
tively analysed these four proteins (PFK-L, PFKFB2, 
PFKFB3 and PFKFB4) as a panel, instead of individu-
ally, to determine whether this could be useful in dis-
criminating TCMR from No TCMR. The ROC AUC 
was 0.73 (95% CI 0.50–0.96) (Fig.  3). By contrast, ROC 
AUC for creatinine was 0.62 (95% CI 0.43–0.81) and for 
Δcreatinine was 0.60 (95% CI 0.34–0.86). The panel of 
glycolytic control proteins did not perform better when 
compared to creatinine (AUC 0.73 vs 0.62, Z = 1.03, 
p = 0.31) and Δcreatinine (AUC 0.73 vs 0.60, Z = 1.31, 
p = 0.19). Using a threshold of  ≥ 3 glycolytic control pro-
teins, this detected TCMR with 57% sensitivity (95% CI 
25–84) and 91% specificity (95% CI 79–96). The positive 
predictive value was 50% (95% CI 22–78) and negative 
predictive value was 93% (95% CI 81–98), in this cohort 
with a TCMR prevalence of 14% (Table S9).
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Table 1  Baseline participant and transplant characteristics in the total cohort, T cell-mediated rejection (TCMR) and No TCMR groups
Total cohort
(n = 51)

TCMR
(n = 7)

No TCMR
(n = 44)

p-value

Participant characteristics
Age (years) 54 (47–61) 51 (41–60) 55 (47–63) 0.38
Sex
Female
Male

16 (31%)
35 (69%)

4 (57%)
3 (43%)

12 (27%)
32 (73%)

0.11

Primary kidney disease
Glomerulonephritis
Hypertension
Reflux nephropathy
Diabetic nephropathy
FSGS
Other

24 (47%)
5 (10%)
5 (10%)
4 (8%)
3 (6%)
10 (20%)

2 (28%)
1 (14%)
2 (28%)
0 (0%)
0 (0%)
2 (28%)

22 (50%)
4 (9%)
3 (7%)
4 (9%)
3 (7%)
8 (18%)

0.37

Years between transplantation and biopsy 1.8 (0.33–9.8) 2.1 (0.67–9.8) 1.2 (0.33–9.5) 0.87
Body mass index (kg/m2) 26.9 (24.4–34.7) 28.3 (26.0–36.7) 26.9 (24.1–32.1) 0.30

Transplant characteristics
Graft number
First
Second
Third

44 (86%)
6 (12%)
1 (2%)

6 (86%)
1 (14%)
0 (0%)

38 (86%)
5 (11%)
1 (2%)

>0.99

Donor type
Deceased donor
Living donor

32 (63%)
19 (37%)

5 (71%)
2 (29%)

27 (61%)
17 (39%)

0.70

Donor age 52 (52–60) 57 (45–62) 51 (39–60) 0.52
ABO incompatible 6 (12%) 1 (14%) 5 (12%) >0.99
DSA at transplant 8 (16%) 1 (14%) 7 (17%) >0.99
HLA mismatch
5–6
3-4
1–2
0

10 (20%)
17 (34%)
23 (46%)
0 (0%)

3 (43%)
1 (14%)
3 (43%)
0 (0%)

7 (16%)
16 (36%)
20 (45%)
0 (0%)

0.20

Induction agent
Basiliximab
rATG
Unknown

40 (78%)
1 (2%)
10 (20%)

5 (71%)
0 (0%)
2 (29%)

35 (80%)
1 (2%)
8 (18%)

0.67

Maintenance immunosuppression
Prednisolone
Mycophenolate
Azathioprine
Tacrolimus
Cyclosporin
mTOR

50 (98%)
46 (90%)
1 (2%)
47 (92%)
4 (8%)
2 (4%)

7 (100%)
6 (86%)
0 (0%)
7 (100%)
0 (0%)
1 (14%)

43 (98%)
40 (91%)
1 (2%)
40 (91%)
4 (9%)
1 (2%)

>0.99
0.54
>0.99
>0.99
>0.99
0.26

Sample characteristics
Biopsy indication
Creatinine rise
Proteinuria
Both

34 (67%)
8 (14%)
9 (20%)

6 (86%)
0 (0%)
1 (14%)

28 (64%)
8 (18%)
8 (18%)

0.71

Serum creatinine (µmol/L)
Baseline
At time of biopsy

130 (103–160)
164 (130–214)

143 (122–161)
168 (157–241)

123 (101–159)
158 (125–212)

0.95
0.70

Urine PCR (mg/mmol)
Baseline
At time of biopsy

27 (19–77)
33 (16–98)

29 (18–50)
131 (8–284)

26 (19–84)
33 (16–98)

0.38
0.53

Tacrolimus level (ug/L) 5.5 (4.5–6.9) 4.7 (4.1–6.0) 5.6 (4.7–6.9) 0.20
Continuous variables are presented as median (inter-quartile range) and differences between two groups were compared using unpaired t test. Categorical 
variables were analysed by Fisher’s exact test and presented as number (%). Missing data in donor age (n = 50), ABO incompatible (n = 50), DSA at transplant (n = 49), 
HLA mismatch (n = 50), urine protein-creatinine ratio at baseline (n = 40), urine protein-creatinine ratio at time of biopsy (n = 39) and tacrolimus level (n = 44). Serum 
creatinine at baseline not available for one participant as baseline not yet established post-transplant (n = 50). FSGS, focal segmental glomerulosclerosis; DSA, donor-
specific antibody; HLA, human leucocyte antigen; rATG, rabbit anti-thymocyte globulin; mTOR, mammalian target of Rapamycin; urine PCR, urine protein-creatinine 
ratio
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Discussion
To our knowledge, this is the first study to focus on urine 
biomarkers of energy metabolism in kidney transplant 
rejection. In contrast to unbiased proteomic evaluation 
of UEV which detected various candidate biomarkers 

[27–31], this directed approach incorporates the existing 
understanding of kidney energy metabolism [3].

A key finding of this study is increased PFKFB4 + UEV 
in association with TCMR compared to No TCMR. 
When analysing Banff lesions diagnostic of TCMR, 
PFKFB4 + UEV was consistently increased when tubulitis 
and interstitial inflammation was present. This raises the 
possibility that altered energy metabolism in the form of 
increased renal glycolysis is occurring in tubular epithe-
lium during TCMR.

Elevations of PFKFB enzymes in various combina-
tions, was observed in association with tubulointer-
stitial inflammation and fibrosis. I–IFTA, which can 
represent a transitional lesion of T cell-mediated acute 
inflammation to fibrosis [32], was associated with eleva-
tion of PFKFB2 + UEV. Another important observation 
was the strong association of the ti score, which encom-
passes inflammation in the scarred and non-scarred cor-
tex [33], with the greatest number of glycolytic control 

Table 2  Detection of glycolytic control proteins and CD3 in 
TCMR and No TCMR cohorts

TCMR
(n = 7)

No TCMR
(n = 44)

p-value

PFK-L 3 (43%) 7 (16%) 0.13
PFKFB2 4 (57%) 12 (27%) 0.19
PFKFB3 3 (43%) 6 (14%) 0.095
PFKFB4 5 (71%) 10 (23%) 0.018*
PK-L/R 1 (14%) 4 (9%) 0.54
 PK-M2 6 (86%) 30 (68%) 0.66
CD3 2 (29%) 5 (11%) 0.24
Contingency table and Fisher’s exact test were used to compare the two groups

Fig. 2  Representative Western blots of vesicle markers, glycolytic control proteins and CD3 in UEV of participants with no tubulitis (n = 3) and tubulitis 
(n = 4) and positive controls. Each lane represents an individual urine sample from an individual patient. Uncropped blots are presented in Supplementary 
Materials. UEV, urinary extracellular vesicles; PFK-L, phosphofructokinase-liver; PFKFB2, phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2; PFKFB3, 
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PFKFB4, phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4; PK-L/R, pyruvate kinase-L/R; PK-
M2, pyruvate kinase-M2; HKL, human kidney lysate; PBMC, peripheral blood mononuclear cell
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proteins (PFKFB2-4 isoforms) in this study. We also 
detected increased PFKFB2 and PFKFB3 in association 
with chronic interstitial fibrosis, which could represent 
sequelae of chronic rejection, other pathologies or donor 
factors [32]. Taken together, these results demonstrate 
increased glycolytic marker expression overlapping in 
acute tubulointerstitial inflammation and chronic injury 
settings.

We focussed on analysing PFK-L and associated PFKFB 
isoenzymes as a panel given our data and their collective 
role in the most important rate-limiting step of glycolysis 
[34]. The threshold of ≥ 3 glycolytic control proteins dis-
criminated biopsies with TCMR compared to No TCMR 
with a ROC AUC of 0.73 (95% CI 0.50–0.96).

PFK-1 controls a critical step of glycolysis, which com-
mits glucose to this metabolic pathway [34]. The PFK-L 
isoform is particularly concentrated in the S3 segment 
of the proximal tubule as well as the distal nephron, 
which are both located in the medulla and susceptible 
to changes in oxygen levels [12]. The ability of PFKFB 
isoenzymes to co-ordinate the formation and break-
down of fructose-2,6-bisphosphate results in tight 
regulation of glycolytic flux. In our study, increased 
expression of PFK-L in cases of TCMR was often asso-
ciated with increased expression of PFKFB2-4, which are 

enzymes that promote the forward reaction of glycolysis. 
PFKFB2 is found in the kidney cortex, whereas PFKFB3 
is concentrated in the medulla [12]. Although all PFKFB 
enzymes are hypoxia inducible, PFKFB3 has the highest 
kinase:phosphatase ratio of 700:1, meaning it strongly 
promotes the formation of fructose-2,6-bisphosphate and 
thus, activation of PFK-1 and the forward reaction of gly-
colysis [10, 34]. Notably, we observed that PFKFB4 was 
increased in UEV in association with TCMR and tubu-
litis. Although little is known about the specific role of 
PFKFB4 in the kidney, our group has previously observed 
increased UEV expression of PFKFB4 in women with 
pre-eclampsia [35]. We identified a threshold of ≥ 3 glyco-
lytic control proteins as highly specific for TCMR, which 
highlights the collective co-ordination of the glycolytic 
control proteins involved in the PFK-1 step of glycolysis.

In the setting of hypoxia, tubular cells can switch 
from fatty acid oxidation to anaerobic glycolysis and 
lactate production. With injury, tubular cells may also 
transition to aerobic glycolysis in the presence of suf-
ficient oxygen, known as the Warburg effect [13]. There 
are multiple possible reasons for increased glycolysis 
in TCMR. Rosenberger et al. demonstrated increased 
hypoxia inducible factor (HIF-1α) detection by immuno-
histochemistry in kidney transplant biopsies with clinical 

Table 3  Number of bands present (%) on Western blot of glycolytic control proteins in UEV based on renal biopsy tubulitis (t), 
interstitial inflammation (i) and intimal arteritis (v) scores on Banff criteria

Tubulitis (t) Interstitial inflammation (i) Intimal arteritis (v)
Score 0 ≥ 1 p-value 0 ≥ 1 p-value 0 ≥ 1 p-value
n 38 13 41 10 46 4
PFK-L 5 (13%) 5 (38%) 0.099 7 (17%) 3 (30%) 0.39 9 (20%) 1 (25%) >0.99
PFKFB2 10 (26%) 6 (46%) 0.30 12 (29%) 4 (40%) 0.71 15 (31%) 1 (25%) >0.99
PFKFB3 5 (13%) 4 (31%) 0.21 5 (12%) 4 (40%) 0.061 7 (15%) 1 (25%) 0.51
PFKFB4 8 (21%) 7 (54%) 0.037* 9 (22%) 6 (60%) 0.047* 12 (26%) 2 (50%) 0.31
PK-L/R 3 (8%) 2 (15%) 0.59 4 (10%) 1 (10%) >0.99 4 (9%) 1 (25%) 0.35
– 27 (71%) 9 (69%) >0.99 27 (66%) 9 (90%) 0.25 33 (72%) 2 (50%) 0.57
CD3 5 (13%) 2 (15%) >0.99 5 (12%) 2 (20%) 0.61 6 (13%) 1 (25%) 0.46
Comparison made using contingency tables and Fisher’s exact test. Missing data in one participant for intimal arteritis (v) score as arteries not represented in biopsy 
sample

Table 4  Number of bands present (%) on Western blot of glycolytic control proteins in UEV based on renal biopsy inflammation in 
areas of interstitial fibrosis and tubular atrophy (i–IFTA), interstitial fibrosis (ci) and total inflammation (ti) scores on Banff criteria

Inflammation in areas of interstitial fibro-
sis and tubular atrophy (i–IFTA)

Interstitial fibrosis (ci) Total inflammation (ti)

Score 0 ≥ 1 p-value 0 ≥ 1 p-value 0 ≥ 1 p-value
n 34 17 34 17 32 19
PFK-L 4 (12%) 6 (35%) 0.065 5 (15%) 5 (29%) 0.27 4 (13%) 6 (32%) 0.15
PFKFB2 6 (18%) 10 (59%) 0.0045* 6 (18%) 10 (59%) 0.0045* 6 (19%) 10 (53%) 0.027*
PFKFB3 4 (12%) 5 (29%) 0.14 3 (9%) 6 (35%) 0.045* 2 (6%) 7 (37%) 0.0090*
PFKFB4 8 (24%) 7 (41%) 0.21 7 (21%) 8 (47%) 0.10 5 (16%) 10 (53%) 0.0098*
PK-L/R 3 (9%) 2 (12%) >0.99 3 (9%) 2 (12%) >0.99 1 (3%) 4 (21%) 0.058
PK-M2 25 (74%) 11 (65%) 0.53 24 (71%) 12 (71%) >0.99 21 (66%) 15 (79%) 0.36
CD3 5 (15%) 2 (12%) >0.99 3 (9%) 4 (24%) 0.20 3 (9%) 4 (21%) 0.40
Comparison made using contingency tables and Fisher’s exact test
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TCMR compared to unremarkable biopsies [36]. It was 
postulated that this was due to increased tubular oxygen 
consumption in tubulitis [6]. Importantly, HIF-1α expres-
sion is known to increase expression of both PFKFB3 
and PFKFB4, upregulating glycolysis [37]. Furthermore, 
metabolic reprogramming to aerobic glycolysis has also 
been demonstrated in pre-clinical models of renal fibro-
sis [38]. In TCMR, persistence of intra-epithelial T cells is 
thought to induce fibrotic transformation [38]. Therefore, 
increased glycolysis may be an essential repair response 
following immune-mediated damage to the tubular epi-
thelium [38]. It remains uncertain whether this metabolic 
adaptation is beneficial or in fact exacerbates progression 
to fibrosis. In ischaemia-reperfusion injury, persistence 
of glycolytic phenotype is understood to be deleterious 
and to lead to chronic kidney disease [2, 39].

This study has several limitations. Firstly, whilst it is 
known that UEV predominantly arise from the kidney 
[40], it is possible that some glycolytic control proteins 
may be derived from EV released by intra-epithelial 
lymphocytes. Immune cells are known to secrete EV, 

which have pro- and anti-inflammatory functions [41]. 
Activated T cells also exhibit the Warburg effect, which 
is thought to be essential for T cell survival, prolifera-
tion, marker expression and cytokine release [42]. We 
attempted to clarify the origin of UEV by including CD3, 
a membrane-bound protein universally expressed by 
T cells and associated with the T cell receptor [43]. We 
did not find significantly different expression of CD3 in 
TCMR compared to No TCMR, which was unexpected. 
Park et al. utilised a magneto-electrochemical detection 
method for CD3 + UEV and found it was elevated in 15 
patients with TCMR compared to 15 non-rejecting con-
trols (p = 0.0008) [44]. In our study, CD3 detection in the 
positive control of peripheral blood mononuclear cells 
excluded a technical issue related to the immunoblot. It 
suggests that the number of T cell-derived UEV are low, 
compared to total UEV released from tubular epithelial 
cells, and that the glycolytic control proteins detected 
in this study were therefore predominantly from tubular 
cells.

Fig. 3  (a) Detection of glycolytic control proteins and CD3 in TCMR (n = 7) and No TCMR (n = 44) groups. Each column represents one individual; Banff le-
sions t (tubulitis), i (interstitial inflammation) and v (intimal arteritis) are included. Protein detection is highlighted by red shading and absence is denoted 
by grey shading. TCMR, T cell-mediated rejection; caTCMR, chronic active TCMR; b TCMR, borderline TCMR. (b) ROC AUC analysis. ROC AUC for the panel 
of four glycolytic control proteins (PFK-L, PFKFB2, PFKFB3, PFKFB4) was 0.73 (95% CI 0.50–0.96). ROC AUC for creatinine at the time of indication biopsy 
was 0.62 (95% CI 0.43–0.81) and for Δcreatinine was 0.60 (95% CI 0.34–0.86). (c) Waterfall plot of the panel of four glycolytic control proteins. Each bar 
represents one participant (n = 51). The threshold of  ≥  3 glycolytic control proteins distinguished TCMR from No TCMR with sensitivity of 57% (95% CI 
25–84) and specificity of 91% (95% CI 79–96) in this cohort with TCMR prevalence of 14%
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Another issue is the contribution of EV from native 
kidneys versus kidney allografts. Oshikawa-Hori et al. 
demonstrated reduced aquaporin and TSG101 detection 
in UEV from individuals with stage 5 chronic kidney dis-
ease compared to healthy volunteers, which may indicate 
overall reduction of UEV released in advanced chronic 
kidney disease [45]. Most participants in this study (63%) 
received deceased donor kidney transplants, meaning 
these were dialysis-dependent individuals prior to trans-
plantation, and were median time 1.8 years (IQR0.3–0.8) 
post-transplant at the time of study participation, reduc-
ing the likelihood of native urine output in most cases.

It is unclear whether our findings are specific for TCMR 
or represent a common response that may occur with 
other causes of tubulointerstitial injury. We observed 
increases in glycolytic control proteins in some cases 
without TCMR and have previously observed increases 
in UEV expression of PFKFB2-4 in pre-eclampsia [35]. 
It is possible that upregulation of glycolytic control pro-
teins occurs across a broader range of tubular insults. 
The present study was of insufficient size to conduct sub-
group analyses of TCMR group (active TCMR, chronic 
active TCMR, borderline TCMR) and non-rejection 
diagnoses such as BK virus-associated nephropathy and 
biopsies without significant abnormalities. Further stud-
ies in larger and more varied cohort of kidney allografts 
are required to address this knowledge gap. Prospective 
validation in an independent cohort of kidney allografts 
would enhance the reliability of our study findings.

In this study, one case of borderline TCMR was 
included in the TCMR group due to similar histopatho-
logical lesions and is often treated similarly to TCMR 
[46]. However, we recognise that borderline TCMR may 
reflect diverse immunological responses of variable clini-
cal significance. Longitudinal studies have found that up 
to a third of untreated borderline TCMR progressed to 
TCMR [47, 48] or graft loss [49], whilst a large propor-
tion also resolve without specific treatment. Future larger 
studies may enable examination of TCMR and borderline 
TCMR as separate entities to identify and characterise 
any between-group differences.

Conclusion
We detected elevations in rate-limiting enzymes of gly-
colysis released from kidney allografts. Particular impor-
tance of PFKFB isoenzymes was found in association 
with TCMR and also more broadly with tubulointersti-
tial inflammatory and fibrotic lesions. Glycolytic con-
trol protein expression in UEV have potential as a way 
to non-invasively study renal glycolysis occurring in the 
tubular epithelium, enabling increased understanding of 
allograft pathology and assessment of the health of kid-
ney transplants.
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