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Background: The major reason for graft loss is chronic tissue damage, as interstitial
fibrosis and tubular atrophy (IF/TA), where complement activation may serve as a
mediator. The association of complement activation in a stable phase early after kidney
transplantation with long-term outcomes is unexplored.

Methods: We examined plasma terminal C5b-9 complement complex (TCC) 10 weeks
posttransplant in 900 patients receiving a kidney between 2007 and 2012. Clinical
outcomes were assessed after a median observation time of 9.3 years [interquartile
range (IQR) 7.5–10.6].

Results: Elevated TCC plasma values (≥0.7 CAU/ml) were present in 138 patients
(15.3%) and associated with a lower 10-year patient survival rate (65.7% vs. 75.5%,
P < 0.003). Similarly, 10-year graft survival was lower with elevated TCC; 56.9% vs. 67.3%
(P < 0.002). Graft survival was also lower when censored for death; 81.5% vs. 87.3%
(P = 0.04). In multivariable Cox analyses, impaired patient survival was significantly
associated with elevated TCC [hazard ratio (HR) 1.40 (1.02–1.91), P = 0.04] along with
male sex, recipient and donor age, smoking, diabetes, and overall survival more than 1
year in renal replacement therapy prior to engraftment. Likewise, elevated TCC was
independently associated with graft loss [HR 1.40 (1.06–1.85), P = 0.02] along with the
same covariates. Finally, elevated TCC was in addition independently associated with
death-censored graft loss [HR 1.69 (1.06–2.71), P = 0.03] as were also HLA-DR
mismatches and higher immunological risk.
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Conclusions: Early complement activation, assessed by plasma TCC, was associated
with impaired long-term patient and graft survival.
Keywords: biomarker, complement, kidney transplantation, graft survival, patient survival
INTRODUCTION

Along with major improvements in posttransplant management,
there has been an improvement in kidney graft survival after year
2000 (1). This is more pronounced in the long-term than in the
short-term after transplantation. Still, the major reason for graft
loss is caused by chronic tissue damage, as interstitial fibrosis and
tubular atrophy (IF/TA), where complement activation may
serve as a mediator. More knowledge on this process is needed
to further improve long-term outcomes after successful
kidney transplantation.

After transplantation, the innate immune system is activated
by ischemia–reperfusion injury through damage-associated
molecular patterns (DAMPs) released by injured cells. DAMPs
are recognized by pattern recognition molecules that are present
as receptors of innate immune cells either as Toll-like receptors or
as soluble molecules such as upstream complement proteins (2).
This activation is independent of allotype differences. In addition,
if donor-specific antibodies (DSAs) are already present in the
recipient at the time of transplantation, acute antibody-mediated
tissue injury may be triggered by the adaptive immune system but
mediated by complement activation through antibody-mediated
activation of the classical pathway. Both mechanisms of
complement system activation have implications for long-term
outcome (3). Prolonged complement system activation is
predictive of cardiovascular events, especially in diabetes and
kidney failure patients undergoing dialysis (4–6). Molecules
involved in the activation of the complement system have also
been associated with all-cause mortality and death due to
infections and cardiovascular disease in renal transplant
recipients (7, 8). Thus, the role of complement in kidney
transplantation is complex and multifaceted (9).

The complement system plays an important role in the
pathophysiology of human diseases, and therapeutic inhibition
of complement is rapidly approaching the clinic (10). Initial
activation of complement can occur through three different
pathways (Figure 1). The classical pathway is typically triggered
by antibodies, e.g., DSA, and acute-phase proteins like C-reactive
protein (CRP). The lectin pathway is initiated by recognition
molecules like mannose-binding lectins, ficolins, and collectins,
activated by DAMPs. Finally, the alternative pathway mainly acts
as an amplification loop of the previous two pathways, increasing
the activation by 80%–90% (11). All pathways converge on the
level of C3, which is cleaved to the anaphylatoxin C3a and forms
the C5-convertase. The latter cleaves C5 into the potent
anaphylatoxin C5a, and C5b, which binds C6-C9 to form the
terminal C5b-9 complement complex (TCC). TCC exists in two
forms: (i) the membrane C5b-9 attack complex (MAC), which is
inserted into lipid membranes, e.g., a microbe or a cell, and either
leads to lysis of the microbe or cell or induces inflammation in
org 2
sub-lytic doses; (ii) soluble TCC (sC5b-9) that is formed in the fluid
phase, principally in the same way as MAC, but regulatory proteins
are attached to the complex to render it hydrophilic enough to be
soluble in plasma and other body fluids. TCC is the most stable of
the complement activation products (12) and was used in the
present study as a biomarker for complement activation.

Acute rejection due to DSA is dependent on systemic
complement activation with positive short-term effects of
complement inhibition (eculizumab) (13–15), but these effects
are not seen in long-term follow-up (16). Long-term graft loss
due to chronic tissue injury and scarring has, however, been
postulated to be dependent on renal complement production and
activation (17–20). The presence of urinary TCC (21) at 1 year
after transplantation as well as C5 and C3 polymorphisms (22,
23) is associated with impaired renal function. It has further been
hypothesized that the complement system might not be
mandatory for maintaining the chronic kidney inflammation
process leading to chronic tissue injury and scarring, as initial
complement activation may lead to increased cellular infiltration,
starting a self-fueling mechanism (24). It is unknown if systemic
complement activation is present after the initial posttransplant
phase, how it affects timing of chronic graft loss, if it is associated
with cardiovascular and/or infectious events and overall survival
of kidney transplant recipients, and if it is feasible to assess
systemic TCC during posttransplant follow-up.

We aimed to investigate if early posttransplant complement
system activation, measured as TCC in a single blood sample,
was associated with decreased long-term kidney graft and overall
survival in 900 consecutive kidney transplant recipients.
Furthermore, the predictive ability of TCC for cause of death
was investigated as a secondary outcome.
METHODS

Patients
All kidney transplants in Norway are performed at the Oslo
University Hospital–Rikshospitalet. Patients were followed at the
transplant center for up to 3 months. Before transfer to their local
nephrology unit, an in-depth investigation including blood sample
biobanking was performed in a stable phase without ongoing
infection/acute rejection episodes (the Diagnostic and Treatment
biobank “Nyrefysiologisk laboratorium”, Biobank no. 266-2005-
142234). Long-term outcomes were monitored on a national level
in the Norwegian Renal Registry, a consent-based national
medical quality registry with >99.9% individual coverage.

The study was approved by the Regional Medical and Health
Research Committee South-East Norway (number: 2014/455).
Written informed consent was obtained from all patients before
October 2021 | Volume 12 | Article 738927
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any data and biological material were included in the Norwegian
Renal Registry and the biobank. Other analyses from the study
have been presented previously (25–27). Included in this analysis
were 900 consecutively transplanted adult kidney recipients in
the period October 15, 2007, to October 18, 2012, from each of
whom a 10-week blood sample was biobanked. Observation
period was from time of kidney transplantation to graft loss,
death, or censoring date, February 24, 2020.

Immunosuppressive Therapy
All standard immunological risk patients received basiliximab and
methylprednisolone induction therapy. Patients with DSA at time
of transplantation, or receiving an ABO-incompatible transplant,
i.e., immunologically high-risk patients, also received intravenous
human immunoglobulin and rituximab pretreatment, while
panel-reactive antigen (PRA)-positive (≥20%) patients received
short-course antithymocyte globulin instead of basiliximab.
Standard maintenance immunosuppression was a combination of
a calcineurin inhibitor (CNI), mycophenolate, and prednisolone.
Frontiers in Immunology | www.frontiersin.org 3
During the study period, the preferred CNI therapy changed,
according to new center preferences in January 2011 from
tacrolimus (Tac) in patients younger than 50 years and
cyclosporine (CsA) in older patients and those with high body
mass index (BMI) (>30 kg/m2) or impaired glucose tolerance toTac
for all patients except those with impaired glucose tolerance.

Therapeutic drug monitoring was performed for CNI therapy,
aiming for low trough concentrations according to the Symphony
study (28) for the immunological standard-risk patients (Tac: 3–7
µg/L, CsA: 75–125 µg/L fromday of transplantation). For high-risk
patients, target trough levels were tapered to 6–10 µg/L (Tac) and
100–150 µg/L (CsA) by 10 weeks after transplantation. Twice daily
750 mg mycophenolate mofetil (540 mg mycophenolate sodium)
was used in combination with Tac and 1,000 mg (720 mg) in
combination with CsA. Mycophenolate dose adjustments were
performed in case of side effects. Prednisolone was initiated with
80 mg at time of transplantation and tapered according to a fixed
schedule to 10 mg at 10 weeks and maintenance of 5 mg/day after
month 6.
FIGURE 1 | The complement system with focus on the terminal C5b-9 complement complex (TCC). Initial activation occurs through the classical, lectin, and
alternative pathways that all converge on C3 that further activate C5 by cleavage into the potent proinflammatory fragment C5a and C5b. The latter initiates the
formation of the TCC. TCC is a macromolecule composed of C5b, C6, C7, C8, and a couple of C9 molecules. If this assembly occurs at a surface of a lipid
membrane like a microbe or cell, the macromolecule gets amphiphilic after C7 assembly and attaches to the lipid membrane. This is followed by binding of C8 and
C9 within the membrane, and the complete assembly product (C5b-9) penetrates the lipid membrane and may lead to lysis. This form of TCC is frequently termed
membrane attack complex (MAC) and is a pure physiochemical penetration of a lipid membrane based on molecular changes (lower right). If TCC assembles in the
fluid phase (lower left), like in plasma with no lipid membrane close to the activation, a fluid-phase analog is formed. Two regulatory proteins (Vn, vitronectin; Cl,
clusterin; marked yellow in the box bottom left) are necessary to cover the lipophilic sites of this macromolecule, also termed soluble TCC (sC5b-9). TCC can be
detected in plasma and other body fluids and is the most frequently used complement activation product to evaluate the degree of complement activation in vivo.
This complex is detected in ELISA, taking advantage of a monoclonal antibody (aE11) highly specific for a neoepitope exposed in C9 only when C9 is incorporated in
TCC (both sC5b-9 and MAC, see bottom left and right). Thus, MAC, which is an important pathogenic factor of complement activation, inducing both inflammation
and lysis, can be detected in the tissue by immunohistochemistry using the C9 neoepitope-specific antibody, whereas the TCC, which is inert and harmless, in
contrast to MAC, can be detected by the same antibody in plasma using ELISA. Most importantly, TCC is a surrogate marker for C5a, which is a highly pathogenic
mediator. C5a is, however, more difficult to detect in vivo, since it binds to the C5a receptors and has a very short half-life of 1 min, whereas TCC has a half-life of
1 h and is a very stable activation product also in vitro.
October 2021 | Volume 12 | Article 738927
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Complement Activation Measurement
EDTA blood samples were centrifuged for 10 min at 1,800 × g
within 1 h from sampling, and decanted plasma was stored at
-70°C until analysis. Plasma (200 µl) was used for TCC
measurement, principally as described originally in 1985 using
a monoclonal antibody (aE11) as a highly specific antibody
against activated C9, exposed only in C9 incorporated TCC
(29). The first TCC ELISA assay was designed using this
antibody as capture antibody (30). The assay has later been
improved, still using aE11 as capture antibody but changing the
detection to a biotinylated monoclonal antibody [mAb 9C4 (31)]
against human C6, and the assay was completed with avidin–
peroxidase. Results are given in complement arbitrary units
(CAU)/ml according to an international standard, which set
threshold for complement activation as TCC ≥0.7 CAU/ml (12).

Endpoints
Graft loss (continuous dialysis or retransplantation) and death
are reported continuously to the Norwegian Renal Registry from
the locally treating nephrology centers. Estimated glomerular
filtration rate (eGFR) was calculated by the MDRD-4
(modification of diet in renal disease, 4 variable) formula (32).

Statistical Analyses
All continuous data were checked for normal distribution and
presented as mean (SD) or median [interquartile range (IQR)], as
appropriate. Mann–Whitney U test was applied for group
comparison of independent samples. Pearson’s chi-square test
was used to compare frequencies between two groups. Fisher’s
exact test was used where expected cell count was less than 5.
Survival rates (patient, uncensored graft, and death-censored
graft) are presented as Kaplan–Meier actuarial survival
estimates. Log-rank test was used to compare survival rates.
Censoring date was February 24, 2020. Multivariable Cox
regression models are based on backward stepwise selection,
with statistical significance assessed by the Wald test. Included
covariates were recipient age, male gender, diabetes at time of
transplant, active smoking, renal replacement therapy (RRT)
before transplant (1–12 months, 13–24 months, and above 24
months), deceased/living donor, cold ischemia time ≥14 h,
cytomegalovirus positive to negative serostatus, any HLA-DR
mismatch, higher immunological risk (PRA positivity or DSA
positivity or incompatible ABO transplant or more than two
previous kidney transplants), and TCC ≥0.7 CAU/ml at week 10
posttransplant. All covariates were check for the proportional
hazards assumption and also for correlations with TCC values.
Recipient age and time in RRT showed significant correlation with
TCC levels but with low correlation coefficients (0.25 and 0.09,
respectively) and low linear regression betas (0.0029 per year of
age and 0.00053 per month in RRT, respectively). Restricted cubic
spline plots for the final multivariable models are shown in
Supplementary Figure S1. Clinical sensitivity and specificity for
TCC as a biomarker for survival outcomes were performed by
receiver operating characteristic (ROC) curve analyses, assessing
specificity and sensitivity for the chosen cut point of 0.7 CAU/ml.
Statistical analyses were performed using IBM SPSS Statistics
version 26 (IBM Corp., Armonk, NY, USA) software or
Frontiers in Immunology | www.frontiersin.org 4
R (cmprsk-package and Gray’s test for the competing risk
analysis of death-cause analysis).
RESULTS

Patients
During the inclusion period, 1,317 adult kidney transplantations
were performed in Norway, and 900 patients were included for
this analysis. Exclusion causes were graft loss before the 10-week
investigation (n = 22), understaffing at the Laboratory for Renal
Physiology (n = 176), and other causes of not attending the
10-week investigation such as medical condition or early
transfer to local nephrology units due to disabilities (n = 219).
Demographics of the 417 patients not included were similar to the
900 included patients, but they hadmore often received a deceased
donor kidney (P < 0.0001) and experienced a higher frequency of
deaths during the follow-up period (P = 0.0005).

The cohort of patients investigated was divided according to
the measured TCC level 10 weeks after transplantation: 138
patients with high plasma TCC (≥0.7 CAU/ml) vs. the other 762
patients (TCC <0.7 CAU/ml) (Table 1). Patients with high TCC
were older (and hence more often treated with CsA than Tac),
more frequently male, had a longer period of RRT before the
transplantation and were more often retransplanted (Table 1).

Patient and Graft Survival According
to Plasma Terminal C5b-9
Complement Complex
Ten weeks after transplantation, median plasma TCC in the
normal-range group (<0.7 CAU/ml) was 0.41 CAU/ml (range
0.12–0.69, IQR 0.33–0.50) and in the high-range group 0.87 CAU/
ml (range 0.70–5.86, IQR 0.78–1.09). Renal function was not
different between groups; median (IQR) eGFR in the normal-
range group was 55 (43–66) ml/min/1.73 m2 compared to 52
(40–63) ml/min/1.73 m2 in the high-range group (P = 0.12).

The median observation time for patient survival was 9.4
years (IQR 7.7–10.6, range 0.3–12.4 years) and for graft survival
9.1 years (IQR 7.3–10.5, range 0.3–12.4 years). In the observation
period, 208 patients (23.1%) died and 97 patients (10.8%)
experienced isolated graft loss.

Elevated TCC (≥0.7 CAU/ml) was associated with impaired
patient survival (P < 0.003) with a 10-year survival rate of 65.7%
(95% CI 57.7%–73.7%) compared with 75.5% (95% CI 72.2%–
78.8%) (Figure 2A). Similarly, the graft survival uncensored for
death was shorter in the high-range group compared with the
normal-range group (P < 0.002), with 10-year graft survival rates
of 56.9% (95% CI 48.7%–65.1%) and 67.3% (95% CI 63.8%–
70.8%), respectively (Figure 3A). Also, the 10-year death-
censored graft survival was shorter: 81.5% (95% CI 74.2%–
88.8%) and 87.3% (95% CI 84.6%–90.0%) in the respective
groups (P = 0.04; Figure 4A).

Similar results were obtained for patient survival, uncensored
graft survival, and death-censored graft survival when comparing
TCC tertiles: 0.12–0.37, 0.38–0.52, and 0.53–5.86 CAU/ml,
respectively (Figures 2B, 3B, 4B). Cause of death from
October 2021 | Volume 12 | Article 738927
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cardiovascular disease, infection, and malignancy did not show
significant compliance with overall patient death, although a
trend (P = 0.09) was observed for cardiovascular disease between
the two TCC groups (Figure 5).

Cox Regression Models for Patient
and Graft Survival
Univariate and multivariable Cox regression models for patient
survival are shown in Table 2. Elevated TCC was independently
associated with mortality. Other significant factors were recipient
age and donor age over 60 years, diabetes at time of
transplantation, time in RRT before transplantation (>12
months), and current smoking.

Univariate and multivariable Cox regression models for overall
(uncensored) graft survival are shown in Table 3. Elevated TCC
was independently associated with reduced overall graft survival.
The same variables that were associated with patient survival were
also associated with uncensored graft loss, except for diabetes.
Time in RRT was only a risk factor for uncensored graft loss if
performed for more than 2 years before transplantation.

Univariate and multivariable Cox regression models for
death-censored graft survival (isolated graft loss) are shown in
Table 4. Elevated TCC was independently associated with
impaired death-censored graft survival. Increased risk for
isolated graft loss included recipient age, donor age over 60
years, male sex, deceased donor, any HLA-DR mismatch, and
immunological high-risk profile as independent factors.
Frontiers in Immunology | www.frontiersin.org 5
Diabetes, time in RRT before transplantation, and current
smoking were not risk factors for death-censored graft loss.

Sensitivity analyses of the three Cox regression models when
also adjusting for eGFR revealed that TCC remained a significant
independent factor for all three outcome measures (SDC, Results
Supplementary Tables 1–3).

Sensitivity and Specificity of Terminal
C5b-9 Complement Complex
as Biomarker
Sensitivity and specificity of TCC as a clinical biomarker for
overall patient survival using a ROC curve analysis showed an
AUC of 0.624 (95% CI 0.583–0.665) (Figure 6). The specificity
was 0.87 for a TCC cutoff level of 0.7 CAU/ml, with an
accompanying sensitivity of 0.22. Similar analyses for
uncensored and death-censored graft survival, using TCC as a
biomarker, showed AUC of 0.604 (95% CI 0.565–0.644) and
0.535 (95% CI 0.475–0.596), respectively (Figures 7, 8).
DISCUSSION

This study demonstrated that complement activation, measured
as plasma TCC in a stable phase 10 weeks after kidney
transplantation, was significantly associated with reduced
long-term patient and graft survival. These novel findings
point toward an important role of the complement system for
TABLE 1 | Demographics of 900 kidney transplant recipients according to TCC ≥0.7 CAU/ml (n = 138, 15.3%) and TCC <0.7 CAU/ml (n = 762, 84.7%).

Demographics Total N = 900 TCC <0.7 N = 762 TCC ≥0.7 N = 138 P-value

Age, years (IQR) 55.5 (42.9–64.3) 55.0 (42.4–64.1) 58.3 (48.9–70.0) 0.005
Male sex, no. (%) 610 (67.8) 502 (65.9) 108 (78.3) 0.004
Diabetes, no. (%) 150 (16.7) 133 (17.5) 17 (12.3) 0.14
Current smoker at Tx, no. (%) 161 (17.9) 140 (18.4) 21 (15.2) 0.37
Months RRT before Tx (IQR) 12.0 (0.3–32) 11.0 (0.0–31.0) 16.5 (3.0–40.5) 0.01
Months RRT before Tx for non-preemptive only (n=676) (IQR) 19.5 (9.0-41.0) 19.0 (8.8-40.0) 22.5 (11.8-87.8) 0.02
Preemptive transplantation, no. (%) 224 (24.9) 196 (25.7) 28 (20.3) 0.17
Retransplanted, no. (%) 137 (15.2) 103 (13.5) 34 (24.6) 0.001
Deceased donor, no. (%) 591 (65.7) 499 (65.5) 92 (66.7) 0.79
Donor age, years (IQR) 52.0 (42.0–61.0) 52.0 (41.0–61.0) 54.0 (44.8–63) 0.08
Donor beyond 60 years, no. (%) 265 (29.4) 221 (29.0) 44 (31.9) 0.49
CMV positive to negative, no. (%) 154 (17.1) 128 (16.8) 26 (18.8) 0.56
Cold ischemia time, h (IQR) a 10.2 (3.7–15.3) 10.2 (3.7–15.4) 10.2 (3.7–14.6) 0.31
Cold ischemia time ≥14 h, no. (%) 297 (33.0) 259 (34.0) 38 (27.5) 0.06
Higher immunological riskb(%) 117 (13.0) 100 (11.1) 17 (12.3) 0.80
PRA positive, no. (%) 51 (5.7) 46 (6.0) 5 (3.6) 0.26
DSA positive, no. (%) 58 (6.4) 52 (6.8) 6 (4.3) 0.28
ABO–incompatible, no. (%) 20 (2.2) 17 (2.2) 3 (2.2) >0.99
>2 prior kidney transplants 20 (2.2) 14 (1.8) 6 (4.4) 0.11
HLA DR mismatch (1 or 2), no. (%) 528 (58.7) 448 (58.8) 76 (55.1) 0.42
Tacrolimus, no. (%) 435 (48.3) 392 (51.4) 43 (31.2) 0.001
Cyclosporine, no. (%) 457 (50.8) 365 (47.9) 92 (66.7) 0.001
Octob
er 2021 | Volume 12 | Article
All continuous data have a nonparametric distribution, presented as median (IQR).
Mann–Whitney U test for comparison of continuous data as all data have nonparametric distribution.
Pearson chi-square test for all dichotomous data, Fisher’s exact test where expected cell count is less than 5.
aCold ischemia time in deceased donor transplants only (n = 591).
bAny of the following: PRA-positive, DSA-positive (2009–2012), ABO-incompatible transplant, or more than two prior kidney transplants.
CMV, cytomegalovirus; DSA, donor-specific antibody; IQR, interquartile range; PRA, panel-reactive antigen; TCC, terminal C5b-9 complement complex; Tx, transplantation; HLA DR,
Human leukocyte antigen DR.
Bold values indicate significant variables.
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long-term outcomes, moving it beyond the acknowledged
pathophysiological effects and efficient complement inhibition
treatment in acute humoral rejection (33).

Activation of the complement system in several kidney diseases
suggests that this part of the innate immune system has a critical
role in the pathophysiology of renal damage. Despite increased
understanding of the role of complement system in renal
transplantation, renal inflammaging is poorly understood.
Inflammaging is a systemic chronic proinflammatory status and
is a risk factor for multiple chronic diseases including chronic
kidney disease (34). The histological features of naturally kidney
aging are also observed in transplant injured kidneys, including IF/
TA. This process may even start before donation. Previous studies
have found increased systemic levels of TCC in transplantation
with deceased donors but not in living donors and have linked this
to a higher rejection rate (35). Once the acute ischemia–reperfusion
injury experienced during transplantation is over, the complement
system normalizes in most recipients. Continuous low-grade
proinflammation triggering the complement system may play a
crucial role for further tissue effects. TCC is a robust marker of
complement activation and implies a complete activation of the
complement system. In this study, plasma concentration over 0.7
CAU/ml was associated with impaired long-term patient and graft
outcomes. Although the absolute value can be debated, we also
confirmed our results by grouping patients into tertiles of plasma
TCC values. Using ROC curve analyses, the cutoff value of
0.7 CAU/ml showed a low sensitivity but a high specificity for
long-term patient survival outcome.
Frontiers in Immunology | www.frontiersin.org 6
Patient Survival
The hazard ratio for death associated with elevated TCC
concentration was meaningful and significant even when
adjusted for acknowledged factors such as age, smoking,
diabetes, and time in RRT. Obviously, an association to
A

B

FIGURE 2 | Kaplan–Meier estimates of overall patient survival after kidney
transplantation according to plasma terminal C5b-9 complement complex (TCC)
concentration 10 weeks after transplantation; (A) cut point of <0.7 CAU/ml and
(B) tertiles.
A

B

FIGURE 3 | Kaplan–Meier estimates of uncensored graft survival after kidney
transplantation according to plasma terminal C5b-9 complement complex
(TCC) concentration 10 weeks after transplantation; (A) cut point of <0.7
CAU/ml and (B) tertiles.
A

B

FIGURE 4 | Kaplan–Meier estimates of death-censored graft survival after
kidney transplantation according to plasma terminal C5b-9 complement
complex (TCC) concentration 10 weeks after transplantation; (A) cut point of
<0.7 CAU/ml and (B) tertiles.
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premature death may not be uniform with respect to the cause of
death. In our analysis of cause-specific mortality, high TCC
indicates the strongest impact on cardiovascular deaths,
although not significantly different as was also the case for
deaths from infections and malignancies. These results are in
line with a previous long-term follow-up study on kidney
transplant patients reporting an association of increased
collectin kidney 1 (a recognition molecule for the lectin
pathway) with increased cardiovascular mortality (7). The
same authors also reported an association of decreased Map44
levels (an inhibitory effector molecule of the lectin pathway) with
increased infectious disease mortality (8), and that a high level of
ficolin-3, a receptor of the complement lectin pathway, at the
time of transplantation was associated with late graft loss (36).
Frontiers in Immunology | www.frontiersin.org 7
These studies focused on initial events of the lectin pathway and
not on global complement activation, as assessed by TCC in the
present study. However, even though complement activation
predicted premature death in kidney transplant recipients in the
present study, a potential cause–effect needs to be verified in
interventional studies inhibiting the complement system.

Graft Survival
Global complement activation is probably necessary to elicit a
transplant rejection episode. The overall loss of kidney grafts was
significantly higher in recipients with elevated TCC. This was
found for both the composite end point of graft loss including
death with a functioning graft as well as for death-censored graft
losses. The isolated graft losses were also, in addition to TCC,
FIGURE 5 | Kaplan–Meier estimates of (Red) cardiovascular, (Black) infectious, and (Blue) malignancy patient survival after kidney transplantation according to
plasma terminal C5b-9 complement complex (TCC) concentration 10 weeks after transplantation; cut point of <0.7 CAU/ml.
TABLE 2 | Univariable and multivariable Cox regression models with TCC for patient survival after kidney transplantation 2007–2012, n = 900.

Explanatory Variable Univariable analyses HR (95% CI) P-value Final Multivariable Modela, HR (95% CI) P-value

Recipient age, years 1.09 (1.07–1.10) <0.001 1.08 (1.07–1.10) <0.001
Male sex 1.15 (0.87–1.52) 0.33
Diabetes at time of Tx 1.88 (1.39–2.53) <0.001 1.51 (1.11–2.05) 0.008
Smoking at time of Tx 1.73 (1.29–2.31) <0.001 1.79 (1.33–2.41) <0.001
RRT before Tx 0 months <0.001 <0.001
RRT before Tx 1–12 months 1.12 (0.73–1.73) 0.60 1.38 (0.90–2.13) 0.14
RRT before Tx 13–24 months 2.30 (1.52–3.48) <0.001 1.60 (1.06–2.44) 0.03
RRT before Tx >24 months 2.29 (1.57–3.33) <0.001 2.20 (1.50–3.21) <0.001
Deceased donor 3.15 (2.23–4.47) <0.001
Donor beyond 60 years 3.30 (2.55–4.27) <0.001 1.80 (1.37–2.37) <0.001
Cold ischemia time ≥14 h 1.64 (1.26–2.12) <0.001
CMV positive to negative status 0.88 (0.62–1.25) 0.48
HLA DR mismatch (1 or 2) 1.01 (0.78–1.31) 0.96
Higher immunological riskb 0.76 (0.50–1.16) 0.21
TCC ≥0.7 CAU/ml 1.60 (1.17–2.18) 0.003 1.40 (1.02–1.91) 0.04
October 2021 | Volume 12 | Article
a Multivariable backward Wald Cox regression, chi-square 260.1, df = 8, P < 0.001.
bAny of the following: panel-reactive antigen positivity, donor-specific antibody positivity (2009–2012), ABO-incompatible transplantation, more than two prior kidney transplants.
CMV, cytomegalovirus; RRT, renal replacement therapy; TCC, terminal C5b-9 complement complex; Tx, transplantation; HLA DR, Human leukocyte antigen DR.
Bold values indicate significant variables.
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independently associated with any HLA-DR mismatch,
immunological high risk, and donor kidney status. Thus,
patients positive for the abovementioned covariates are easily
identifiable and could form a subgroup of kidney transplant
patients suitable for future interventional studies evaluating
complement inhibition and long-term graft survival.

A previous study staining for C4d and C3 in protocol kidney
graft biopsies, early posttransplant (1 week), revealed that local
complement deposition is uneventful when only the proximal C4d
fragment is found but associated with graft loss when it proceeds
to C3 deposits (37). Similarly, intrarenal increase of a number of
complement transcripts has been associated with decreased graft
function and survival (38). In this study, it appears that plasma
TCC, a marker of global complement activation, independently
predicted long-term graft loss. This implies that systemic
Frontiers in Immunology | www.frontiersin.org 8
complement activation is present, although the initial activation
takes place locally in the transplanted kidney.

The pathophysiological mechanisms of immunologically
driven IF/TA are complex and not fully explored. Preclinical
studies have indicated that late graft losses are dependent on
renal complement component production and activation (17, 18),
consistent with the postulation that complement promotes
intrarenal inflammation (24). Fibrosis is the main component
of IF/TA (39, 40), but a significant association between the degree
of initial renal inflammation, the BANFF i-score, and systemic
inflammation has also been described (41). All these observations
support the present findings of complement activation, shown to
be a major mediator of kidney fibrosis through the C5a/C5aR1 axis
(42), and thereby act as a key factor in development of late
kidney graft losses. The findings extend the role of complement
TABLE 3 | Univariable and multivariable Cox regression models with TCC for overall (uncensored) graft survival after kidney transplantation 2007–2012, n = 900.

Explanatory Variable Univariable analyses HR (95% CI) P-value Final Multivariable Modela, HR (95% CI) P-value

Recipient age, years 1.04 (1.03–1.05) <0.001 1.03 (1.02–1.05) <0.001
Male sex 1.25 (0.97–1.60) 0.08
Diabetes at time of Tx 1.52 (1.15–1.99) 0.003
Smoking at time of Tx 1.70 (1.31–2.20) <0.001 1.66 (1.28–2.16) <0.001
RRT before Tx 0 months <0.001 0.001
RRT before Tx 1–12 months 1.29 (0.91–1.84) 0.16 1.35 (0.95–1.93) 0.10
RRT before Tx 13–24 months 1.81 (1.25–2.61) 0.002 1.35 (0.93–1.96) 0.12
RRT before Tx >24 months 2.14 (1.55–2.95) <0.001 1.93 (1.38–2.69) <0.001
Deceased donor 2.05 (1.57–2.68) <0.001 1.30 (0.96–1.75) 0.09
Donor beyond 60 years 2.45 (1.96–3.07) <0.001 1.68 (1.32–2.15) <0.001
Cold ischemia time ≥14 h 1.41 (1.13–1.79) 0.003
CMV positive to negative status 1.01 (0.75–1.36) 0.94
HLA DR mismatch (1 or 2) 1.07 (0.86–1.35) 0.55 1.24 (0.98–1.57) 0.07
Higher immunological riskb 1.13 (0.82–1.56) 0.47
TCC ≥0.7 CAU/ml 1.54 (1.17–2.03) 0.002 1.40 (1.06–1.85) 0.02
October 2021 | Volume 12 | Article
aMultivariable backward Wald Cox regression, chi-square 161.5, df = 9, P < 0.001.
bAny of the following: panel-reactive antigen positivity, donor-specific antibody positivity (2009–2012), ABO-incompatible transplantation, more than two prior kidney transplants.
CMV, cytomegalovirus; RRT, renal replacement therapy; TCC, terminal C5b-9 complement complex; Tx, transplantation; HLA DR, Human leukocyte antigen DR.
Bold values indicate significant variables.
TABLE 4 | Univariable and multivariable Cox regression models with TCC for death-censored graft survival after kidney transplantation 2007–2012, n = 900.

Explanatory Variable Univariable analyses HR (95% CI) P-value Final Multivariable Modela, HR (95% CI) P-value

Recipient age, years 0.99 (0.97–1.00) 0.03 0.98 (0.97–0.99) 0.005
Male sex 1.59 (1.02–2.47) 0.04 1.65 (1.05–2.59) 0.03
Diabetes at time of Tx 1.20 (0.73–1.96) 0.48
Smoking at time of Tx 1.41 (0.90–2.23) 0.13
RRT before Tx 0 months 0.06
RRT before Tx 1–12 months 1.34 (0.79–2.30) 0.28
RRT before Tx 13–24 months 0.83 (0.41–1.67) 0.60
RRT before Tx >24 months 1.74 (1.05–2.89) 0.03
Deceased donor 1.22 (0.82–1.82) 0.34 1.59 (1.03–2.46) 0.04
Donor beyond 60 years 1.42 (0.95–2.12) 0.09 1.58 (1.03–2.43) 0.04
Cold ischemia time ≥14 h 1.14 (0.76–1.69) 0.53
CMV positive to negative status 1.01 (0.75–1.36) 0.94
HLA DR mismatch (1 or 2) 1.57 (1.05–2.35) 0.03 1.64 (1.08–2.48) 0.02
Higher immunological riskb 1.95 (1.24–3.07) 0.004 2.12 (1.33–3.37) 0.002
TCC ≥0.7 CAU/ml 1.61 (1.01–2.55) 0.04 1.69 (1.06–2.71) 0.03
aMultivariable backward Wald Cox regression, chi-square 35.4, df = 7, P < 0.001.
bAny of the following: panel-reactive antigen positivity, donor-specific antibody positivity (2009–2012), ABO-incompatible transplantation, more than two prior kidney transplants.
CMV, cytomegalovirus; RRT, renal replacement therapy; TCC, terminal C5b-9 complement complex; Tx, transplantation; HLA DR, Human leukocyte antigen DR.
Bold values indicate significant variables.
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involvement beyond the common view that complement solely is
involved in antibody-mediated rejection.

Strengths and limitations. Strengths of the study are the large
number of patients and a blood sample taken at a standardized time
after transplantation, after the immediate complement activation
occurred during ischemia–reperfusion with acute and transient
Frontiers in Immunology | www.frontiersin.org 9
release of TCC (43). There was minimal selection of patients,
limited to clinical events that prevented blood sampling, and more
than two-thirds were included with none lost to follow-up. This
ensures proper generalizability of the results. Furthermore, the
whole material was analyzed in one batch, avoiding interassay
variation over years, and with previously non-thawed plasma. A
possible concern could be the different storage time of plasma in the
freezer. However, using TCC as the marker of complement
activation is a strength and an advantage since TCC reflects
activation of the whole cascade and thus indirectly indicates
release of all upstream products including the highly potent
proinflammatory C5a. C5a has a short half-life of 1 min (44),
rendering it more difficult to detect than TCC with a half-life of 1 h
(45). Furthermore, TCC is the most stable of all activation products
as we have previously reported that plasma stored for 3 years at
-70°C reveals the same TCC results as when analyzed fresh in non-
stored plasma (46), later also shown to be the case for samples
stored for 10 years, and it is resistant to freeze–thawing up to 10
times (12). A weakness is that only one single plasma sample was
obtained in this protocol, preventing us from studying the sequence
profile of complement activation. An additional limitation of the
study is the low sensitivity for TCC in predicting patient survival
(0.22); the specificity was however substantially higher (0.87).
Despite the limitations, the fact that increased TCC was
significantly associated with both patient and graft survival, the
latter also when censored for death, supports our main conclusions.
While pretransplant donor-specific anti-HLA antibodies (DSAs)
are included in the “high immunological risk” variable, dnDSA
levels were not available in our database and the specific effects of
dnDSAs on complement activation should be studied in the future.

In conclusion, the present study showed that complement
activation measured as elevated plasma TCC in an early phase
after kidney transplantation predicted premature death and
FIGURE 6 | Receiver operating characteristic (ROC) curve analysis of plasma
terminal C5b-9 complement complex (TCC) concentration, 10 weeks after
transplantation, as a biomarker of overall patient survival. A cutoff value of
<0.7 CAU/ml resulted in a specificity of 0.87 and sensitivity of 0.22.
FIGURE 7 | Receiver operating characteristic (ROC) curve analysis of plasma
terminal C5b-9 complement complex (TCC) concentration, 10 weeks after
transplantation, as a biomarker of uncensored graft survival.
FIGURE 8 | Receiver operating characteristic (ROC) curve analysis of plasma
terminal C5b-9 complement complex (TCC) concentration, 10 weeks after
transplantation, as a biomarker of death-censored graft survival.
October 2021 | Volume 12 | Article 738927
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long-term graft loss. Whether the complement activation
actually is the cause of these adverse outcomes remains to be
elucidated and should lead to trials investigating complement
inhibition as a therapeutic approach for these patients.
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