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ABSTRACT
Elevated plasma concentrations of TNF receptors 1 and 2 (TNFR1 and TNFR2) predict development
of ESRD in patients with type 2 diabetes without proteinuria, suggesting these markers may contribute to
the pathogenesis of renal decline. We investigated whether circulating markers of the TNF pathway
determine GFR loss among patients with type 1 diabetes. We followed two cohorts comprising 628
patients with type 1 diabetes, normal renal function, and no proteinuria. Over 12 years, 69 patients developed estimated GFR less than 60 mL/min per 1.73 m2 (16 per 1000 person-years). Concentrations of
TNFR1 and TNFR2 were strongly associated with risk for early renal decline. Renal decline was associated
only modestly with total TNFa concentration and appeared unrelated to free TNFa. The cumulative incidence of estimated GFR less than 60 mL/min per 1.73 m2 for patients in the highest TNFR2 quartile was
60% after 12 years compared with 5%–19% in the remaining quartiles. In Cox proportional hazards analysis, patients with TNFR2 values in the highest quartile were threefold more likely to experience renal
decline than patients in the other quartiles (hazard ratio, 3.0; 95% conﬁdence interval, 1.7–5.5). The risk
associated with high TNFR1 values was slightly less than that associated with high TNFR2 values. TNFR
levels were unrelated to baseline free TNFa level and remained stable over long periods within an individual. In conclusion, early GFR loss in patients with type 1 diabetes without proteinuria is strongly
associated with circulating TNF receptor levels but not TNFa levels (free or total).
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In a companion manuscript about nephropathy
in type 2 diabetes (T2D), we report that elevated
plasma concentrations of TNF receptor 1 (TNFR1)
and receptor 2 (TNFR2) predict the development
of ESRD. 1 Particularly interesting was the ability
of these values to predict ESRD not only in proteinuric patients but also in nonproteinuric patients whose ESRD onset was 6–12 years after
measurement of those receptors. On the basis of
this ability to anticipate far-distant events, we
speculate that the concentrations of these receptors are not merely markers of the injury leading
to ESRD but also are involved in the inception of
renal function decline.
516

ISSN : 1046-6673/2303-516

The 55-kD TNFR1 and 75-kD TNFR2 are cell
membrane–bound receptors involved in apoptosis,
survival, and key aspects of inﬂammation and immune response.2,3 In addition to their presence at
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the cell surface, they are released into the extracellular space.
For example, circulating TNFR1 is released by two mechanisms:
the inducible cleavage of the 34-kD TNFR1 ectodomain by a
disintegrin and metalloproteinase 17 (ADAM17) and constitutive release of full-length 55-kD TNFR1 within exosome-like
vesicles.4–6 Whether the same mechanisms apply to TNFR2 release, how this process is regulated and subsequent effects of the
circulating forms of TNF receptors are not well known.
Some authors consider the receptors as proxies for exposure
to TNFa, but empirical support for this theory is lacking. This
uncertainty is put in the spotlight by our ﬁnding in T2D that
the receptors were predictors of ESRD but TNFa was not—
despite strong correlation at baseline.1 Tracking changes in the
concentrations of TNFa and its receptors over time could shed
light on this issue. Unlike in our companion study of patients
with T2D, this was feasible in patients with type 1 diabetes
(T1D) because follow-up samples were available.
In two prospective Joslin Kidney Studies of patients with
T1D, we showed that progressive deterioration of renal
function commences in a subset of patients with high
normoalbuminuria or microalbuminuria, well before the
onset of proteinuria.7–10 Because renal function is normal at
the onset of this deterioration, we designate it early GFR loss
rather than late renal function loss in patients who have already developed CKD.
These two Joslin Kidney Studies in patients with T1D and
high normoalbuminuria or microalbuminuria provide an opportunity to investigate whether the ﬁndings in nonproteinuric
patients with T2D extend to T1D and, if so, to explore the roles
of TNF markers in the development of the early GFR loss,
which is manifested as progression to CKD stages 3 and higher
(CKD‡3). We have reported an inverse association of concentrations of circulating TNF pathway markers with renal function in the baseline data of the second Joslin Kidney Study.11
Although consistent with a role for TNF receptors as a determinant of renal function, that cross-sectional analysis could
not distinguish a pure association parallel with GFR loss
from an actual effect on the course of renal function during
follow-up. By contrast, the current study traces early renal
function changes for 5 to 12 years.

RESULTS
Characteristics of Patients According to Study Cohort

Patient characteristics are summarized in Table 1 according to
cohort: 275 patients from the ﬁrst Joslin Kidney Study and 353
from the second. All had high normal GFR estimated from the
serum concentration of cystatin C (eGFRcystatin) at baseline.
Although age at diabetes diagnosis and age at enrollment were
younger in the ﬁrst than in the second Joslin Kidney Study, distributions of sex, hemoglobin A1c (HbA1c), and eGFRcystatin
were similar. By design, albumin excretion rate (AER) was lower
in the second study because it included patients with high normoalbuminuria as well as microalbuminuria. Treatment with
J Am Soc Nephrol 23: 516–524, 2012
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renin-angiotensin system inhibitors was less frequent in the
earlier cohort because it was not commonly prescribed when
patients were enrolled. The cohorts had similar distributions
of all TNF markers (free TNFa, total TNFa, TNFR1, and
TNFR2), even though some of the differences were signiﬁcant
because of different selection of the cohorts.
During follow-up, CKD$3 determined by serial measurements of serum cystatin C developed in 38 patients in the ﬁrst
Joslin Kidney Study and 31 in the second, giving similar incidence rates of 15 (95% conﬁdence interval [CI], 11–21) and
17 (95% CI, 12–24) per 1000 person-years, respectively. Given
the close similarity of baseline values of TNF markers in the
cohorts and their nearly identical risks of CKD$3, the two
cohorts were combined for further analysis.
Markers of TNF Pathway and Risk for CKD‡3:
Univariate Analysis

To explore how CKD$3 risk varied with baseline concentrations of TNF pathway markers, we examined the incidence
rate according to quartiles of their distributions (Table 2). A
disproportionate number of cases occurred in the fourth quartile for each marker. This pattern was strongest for TNFR2: 48/
1000 person-years in the fourth quartile, 9/1000 in third and
second quartiles, and just 3/1000 in the ﬁrst quartile
(P,0.0001). For TNFR1, the gradient was almost identical.
In contrast, it was less steep for total TNFa and insigniﬁcant
for free TNFa.
Serum concentrations of TNFR1 and TNFR2 were highly
correlated (Spearman r=0.78; P,0.0001) (Figure 1). In Figure
1, red squares represent patients who developed CKD$3, and
gray circles represent those whose renal function remained
stable and within the normal range over time. Vertical and
horizontal lines are quartile boundaries. Almost all cases of
CKD$3 in the fourth quartile of one receptor were also in the
fourth quartile of the other. This ﬁnding illustrates the redundancy of information in the two receptors.
To see the effects of marker concentration on the temporal
pattern of occurrence of CKD, we plotted the cumulative risk
for CKD$3 according to follow-up time and marker quartile.
For patients in the highest quartile of TNFR2, the cumulative
risk for CKD$3 increased steeply at a constant rate from the
start of observation (Figure 2). For patients in the lower quartiles of TNFR2, cases were few and occurred late. The 12-year
cumulative risk for CKD$3 for the highest TNFR2 quartile
was 60% and ranged from 5% to 19% for the lower quartiles.
Results were similar for quartiles of TNFR1 (data not shown).
Markers of the TNF Pathway and Risk for CKD‡3:
Multivariate Analysis

Table 3 shows results of univariate and multivariate Cox proportional analysis. Whereas many baseline clinical covariates
showed an association with risk for CKD$3 in univariate
analysis, almost all of them became insigniﬁcant when analyzed together. Only HbA1c, AER, and eGFRcystatin remained
signiﬁcant (see Concise Methods) in multivariate analysis.
TNF Receptors Predict CKD in Diabetes
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Table 1. Baseline characteristics of study groups with T1D and incidence of CKD$3 during
follow-up according to cohort
Variable

First Joslin Kidney Study (n=275)

Second Joslin Kidney Study (n=353)

P Valuea

MA
1991–1992
10-12

High NA or MA
2003–2005
5-7

,0.0001

51
3168
2564
122614
7668
200642
51
1468
1869
8.961.5
56 (37, 101)
133630
34

53
39612
2765
121613
7368
187630
44
18611
2169
8.461.3
41 (24, 79)
129630
58

0.61
,0.0001
,0.0001
0.45
,0.0001
,0.0001
0.10
,0.0001
,0.0001
,0.0001
0.07
0.06
,0.0001

Study characteristics
albuminuria category
calendar years of recruitment
follow-up interval (yr)
Patient characteristics
men (%)
age (yr)
body mass index (kg/m2)
systolic BP (mmHg)
diastolic BP (mmHg)
serum cholesterol (mg/dl)
ever smoking (%)
age at diabetes diagnosis (yr)
diabetes duration (yr)
HbA1c (%)
AER (mg/min)
eGFRcystatin (ml/min per 1.73 m2)
treated with RASi/AHTN (%)
Markers at baseline (pg/mL)
free TNFa
total TNFa
TNFR1
TNFR2
Incidence of CKD$3
rate per 1000 person-years (95% CI)
cases (n)

4.2 (3.2, 5.4)
8.7 (5.7, 12.2)
1345 (1156, 1598)
2161 (1732, 2673)
15 (11–21)
38

5.0 (3.4, 6.7)
8.9 (4.9, 13.5)
1382 (1180,1709)
2230 (1869, 2695)
17 (12–24)
31

0.30
0.08
0.17
0.12

0.05

Data expressed with a plus/minus sign are the mean 6 SD. Markers at baseline are expressed as the median (25th, 75th percentiles). MA, microalbuminuria; NA,
normoalbuminuria; NS, nonsigniﬁcant; RASi/AHTN, renin-angiotensin system inhibitors and/or other antihypertensive agent.
a
Bonferroni correction was applied.

summarized in Figure 3 with the hazard
ratio and 95% CI for each TNF pathway
marker after adjustment for clinical covariates. The effect of TNFR2 was strongest
Incidence per 1000 Person-Years (No. of Events)
and that of TNFR1 a close second. The efQuartile
Patients (n)
Free TNFa
Total TNFa
TNFR1
TNFR2
fect of total TNFa and free TNFa did not
remain signiﬁcant in the multivariate analQ1
157
10 (11)
9 (9)
5 (6)
3 (4)
Q2
157
11 (12)
8 (9)
9 (10)
9 (10)
ysis. When markers were added pairwise,
Q3
157
14 (13)
9 (10)
10 (11)
9 (10)
TNFR2 emerged as the dominant inﬂuQ4
157
24 (21)
33 (29)
45 (42)
48 (44)
ence. With TNFR2 and total TNFa in the
P for trenda
0.048
,0.0001
,0.0001
,0.0001
model, the effect of TNFR2 was only
Q1–Q4, quartiles 1–4. Quartile boundaries for 25th, 50th, and 75th percentiles, respectively, are as
slightly reduced (broken lines in Figure
follows (pg/ml for all values). Free TNFa: 3.3, 4.6, 6.1; total TNFa: 5.5, 8.8, 12.7; TNFR1: 1170, 1371,
2). With TNFR1 and total TNFa in the
1670; TNFR2: 1810, 2197, 2690.
a
Bonferroni correction was applied.
model, the result was the same (data not
shown). Finally, with TNFR1 and TNFR2
in the model, the effect of TNFR2 was again only slightly reWe assessed the independent effect of each TNF marker on
duced (hazard ratio, 2.5; 95% CI, 1.3–4.8) whereas that for
the risk for CKD$3 by adding it to a Cox proportional hazards
TNFR1 was not signiﬁcant (hazard ratio, 1.6; 95% CI, 0.8–3.3).
model of the inﬂuential clinical characteristics: HbA1c, AER,
and eGFRcystatin. Each marker was represented in this analysis by an indicator variable for the contrast of the fourth Temporal Variation in Concentrations of TNF
quartile with the lower quartiles, a representation that capPathway Markers
tured the dose-response relationship more completely than a
From the ability of a single assay of TNF pathway markers to
second-order polynomial (See Table 2 and Statistical Analyses
predict the future onset of CKD$3, we inferred that baseline
in Concise Methods). The results of this set of models are
concentrations either persisted unchanged or changed, but
Table 2. Incidence of CKD$3 in patients with T1D during 5- to 12-year
follow-up according to quartiles of distributions of baseline circulating
TNF pathway marker concentrations
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over time within the individual. Furthermore, the belief that in circulation free
TNFa drives TNFRs levels was not supported
by the negative and mostly nonsigniﬁcant
correlations between baseline free TNFa
concentration and subsequent changes in
the concentrations of the receptors.
TNF Pathway Protein Expression on
Leukocytes and Soluble Receptors

Figure 1. Scatter plot of circulating concentrations of TNFR1 and TNFR2 in baseline
samples from study participants with T1D and normal renal function (Spearman correlation between TNFR1 and TNFR2: r=0.78; P,0.0001). Gray circles represent patients whose renal function remained normal at the end of follow-up. Red squares
represent patients whose renal function declined to CKD$3. Vertical and horizontal
lines are the 25th, 50th, and 75th percentiles of the respective markers.

In an ancillary study we measured the expression of proteins of the TNF pathway
on fresh leukocytes in patients with high
or low serum total concentrations of TNF
receptors. We recruited 34 nonproteinuric
patients with T1D or T2D and eGFRcystatin
greater than 60 ml/min per 1.73 m2 in the
Joslin Clinic and measured circulating
TNFR1 and TNFR2. We divided the group
at the median serum TNFR2 concentrations and compared the expression of
membrane-bound TNFa, TNFR1, and
TNFR2 and ADAM17 on their leukocytes.
The results are summarized in Table 5. Expression of those proteins on neutrophils,
monocytes, or lymphocytes did not differ
between the two subgroups.

DISCUSSION

Elevated serum concentrations of TNFR1
and TNFR2 are strongly associated with early
renal function loss (progression to CKD3 or
higher) that starts in patients with T1D who
have normal renal function. The association
is independent of circulating TNFa (free or
total) and relevant clinical covariates: age,
HbA1c, urinary AER, baseline eGFRcystatin,
BP, and treatment with renin-angiotensin
system inhibitors. These data in T1D are
consistent with and further expand our ﬁndings in T2D detailed in our companion manFigure 2. Cumulative risk for CKD$3 in patients with T1D during 12 years of follow-up uscript.1 In T2D, high concentrations of
according to quartile (Q1–Q4) of circulating TNFR2 at baseline.
TNF receptors are strong predictors of renal
function loss (progression to ESRD) in nonproteinuric as well as proteinuric patients.
Together, these associations point to the involvement of TNF
with rank order preserved. To test this, we measured the conreceptors and their independent role in the cause of early and
centrations of TNF markers in 77 patients from the ﬁrst Joslin
late renal function loss in both types of diabetes.
Kidney Study in samples obtained at baseline and follow-up
Our study demonstrates the strongest association with
samples obtained 2–3 years later (Table 4).
TNFR2, with TNFR1 being a close second. TNFR1 is abundant
Rank correlations between the two measurements were high
on all nucleated cells, but TNFR2 expression is restricted
(0.72–0.81) except for the moderate correlation for total
mainly to endothelial cells and leukocytes,12 although this
TNFa (0.56). Moreover, changes in the means were tiny. Together these ﬁndings indicate that concentrations were stable varies between normal and diseased tissues.13–15 Each receptor
J Am Soc Nephrol 23: 516–524, 2012
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Table 3. Cox proportional hazard analysis of risk for CKD$3 in patients with T1D according to clinical characteristics
and circulating markers of TNF pathway in univariate and multivariate models
Baseline Characteristic

Univariate Model: Hazard Ratio (95% CI)

Multivariate Model: Hazard Ratio (95% CI)
Clinical Predictors Only Clinical Predictors and Markersa

b

Clinical predictors
sex (male)
age
body mass index
systolic BP
diastolic BP
serum cholesterol
ever smoking
age at diabetes diagnosis
Diabetes duration
HbA1c
AER
eGFRcystatin
treated with RASi/AHTN
cohort (JKS2 versus JKS1)
Circulating markers: Q4 versus Q1–Q3c
free TNFa
total TNFa
TNFR1
TNFR2

0.55 (0.33–0.90)
1.44 (1.15–1.81)
1.11 (0.93–1.32)
1.12 (0.95–1.32)
1.03 (0.83–1.28)
1.39 (1.11–1.75)
1.18 (0.73–1.91)
1.37 (1.10–1.71)
1.08 (0.91–1.30)
1.52 (1.28–1.79)
1.59 (1.33–1.91)
2.00 (1.71–2.32)
2.17 (1.30–3.61)
2.03 (1.13–3.66)

—
—
—
—
—
—
—
—
1.61 (1.36–1.90)
1.20 (0.99–1.47)
1.88 (1.61–2.19)
—
—

—
—
—
—
—
—
—
—
1.59 (1.33–1.90)
1.16 (0.95–1.42)
1.64 (1.37–1.95)
—
—

2.14 (1.23–3.74)
4.89 (2.81–8.51)
6.42 (3.90–10.6)
7.16 (4.31–11.9)

—
—
—
—

1.44 (0.80–2.59)d
1.87 (1.00–3.48)d
2.53 (1.36–4.67)
3.04 (1.67–5.52)

RASi/AHTN, renin-angiotensin system inhibitors and/or other antihypertensive agent; JKS, Joslin Kidney Study; Q1–Q4, quartiles 1 to 4.
a
The effect of each circulating marker was examined separately while controlling for clinical predictors. Hazard ratios for clinical predictors are from the multivariate
model with TNFR2.
b
Hazard ratios for each clinical covariate are for a one-quartile increase in their respective distribution except for categorical variables and for eGFRcystatin, for
which it is a one-quartile decrease.
c
Clinical characteristics of patients with fourth quartile versus ﬁrst through third quartiles are shown in Supplemental Table 1.
d
Effects of free and total TNFa were not signiﬁcant in the multivariate model.

not be the most relevant source of circulating
receptors or implies a more complex regulation of circulating TNFR levels.3,6,20 TNFR1
has been recently reported to be released in
the intact form through exocytosis and to
circulate afterward in exosome-like vesicles.6 Indeed, this mechanism would not directly affect levels of TNFR1 expression on
the cell surface.
One plausible nonleukocyte cellular
Figure 3. Effect of each TNF pathway marker at baseline on the risk for CKD$3 in T1D source of both the cleaved and the intact
patients followed up to 12 years. Hazard ratios are estimates from a Cox proportional circulating TNFRs is the activated endohazards model for a fourth-quartile effect versus ﬁrst through third quartiles and adjusted thelium. 18,21 Urinary concentrations of
for HbA1c, AER, and eGFRcystatin. Diamonds and solid lines represent the point esti- TNFRs have not correlated strongly with
mates and 95% CIs for individual markers adjusted by clinical covariates. Diamonds and the circulating receptors and have not conbroken lines marked with an asterisk represent point estimates and 95% CIs adjusted by founded the effect of the latter ones on risk
clinical covariates and with both TNFa total and TNFR2 in the model.
for CKD3 (data shown in Supplemental Tables 2 and 3). It points out that a systemic
rather than a local kidney source of TNF receptors is contribmay play distinct roles in inﬂammation and apoptosis,13,14,16
uting to increased risk for early renal function loss.
but they also cooperate to regulate many of their downstream
How may circulating concentrations of TNFR1 and TNFR2
effects.17–19 TNFRs are released from the cell surface by the
be associated with early GFR loss? One possibility is that their
action of ADAM17.4,5 In our study, however, variation in cirelevation reﬂects the presence of a disease process in kidneys
culating TNFRs was not accompanied by differences in their
that leads to early GFR loss. However, this interpretation is
surface expression or that of ADAM17 on peripheral blood
undermined by our ﬁndings that high circulating concentrations
mononuclear cells. This ﬁnding indicates that leukocytes might
520
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Table 4. Concentrations of circulating TNF markers in 77 patients with T1D at baseline and early follow-up__
Time of Examination
Markers

free TNFa
total TNFa
TNFR1
TNFR2

Baseline (pg/ml)

Early Follow-Up
(pg/ml)b

5.362.0
9.265.5
14736446
25196725

5.362.2
8.664.8
14786606
252261049

Spearman Correlations
Change from Baseline
versus Follow-Upa
0.0461.6
20.665.5
46409
36726

Baseline versus
Follow-Up

Baseline Free TNFa
versus Change during
Follow-Up

0.72c
0.56c
0.77c
0.81c

NA
20.07
20.11
20.23d

Data expressed with a plus/minus sign are the mean 6 SD. NA, not applicable.
a
No change was statistically signiﬁcant.
b
Median (25th, 75th percentiles) = 2.5 (2, 3) years after the baseline examination.
c
P,0.001.
d
P,0.05.

Table 5. Serum concentrations of soluble TNF receptors and ﬂow cytometry analysis of surface expression of TNFa-pathway
proteins on peripheral blood cells stratiﬁed by group-speciﬁc median serum concentration of TNFR2
Characteristic
Serum sTNFR2 (pg/ml)
Serum sTNFR1 (pg/ml)
Leukocyte counts (3109/L)
neutrophils
lymphocytes
monocytes
Surface expression of TNFa-pathway proteinsc
TNFa protein on
neutrophils
T lymphocytes, CD3+
monocytes
TNFR1 protein on
neutrophils
T lymphocytes, CD3+
monocytes
TNFR2 protein on
neutrophils
T lymphocytes, CD3+
monocytes
ADAM17 protein on
neutrophils
T lymphocytes, CD3+
monocytes

Group Stratiﬁcation (TNFR2 Median)a

P Valueb

Low (n=17)

High (n=17)

24426260
13106276
6.661.7
4.462.0
2.864.5
0.460.1

407961098
22916773
6.461.9
4.261.3
1.560.6
0.560.2

By design
,0.001
0.63
0.81
0.25
0.07

24621
1.461.8
24617

17625
1.561.8
25631

0.24
0.87
0.76

105658
2.061.7
135671

87682
1.562.8
1216104

0.24
0.50
0.37

27610
966
122632

2467
964
115631

0.34
0.97
0.48

7766.2
3.161.1
141613

7466.6
3.361.3
133617

0.15
0.62
0.12

Data are the mean 6 SD.
a
Low and high denote strata below and above median TNFR2 in each group (2769 pg/ml), accordingly.
b
P value for t test on log-transformed values.
c
Data are mean ﬂuorescence intensities, the differences between the intensities for the surface marker and the isotype control.

of TNF receptors persist in patients, are stable within the
individual, and precede the development of CKD by 5–12 years.
An alternative is that their elevation contributes directly to the
renal injury underlying early GFR loss, or that it is a risk factor
for the injury. We also discussed this issue in our earlier crosssectional report.11
How could circulating TNFRs affect kidney function?
Exposure of kidney organ culture to either receptor increases
J Am Soc Nephrol 23: 516–524, 2012

apoptosis, mainly in tubules.13 Individual knockout mice
models of TNFR1 or TNFR2 have a delay in the ﬁbrotic response in a mouse model of tubulointerstitial ﬁbrosis,22
whereas TNFR2 deﬁciency alone protects from development
of GN.14 Unfortunately, little research has been done on this in
the diabetic kidney. Laboratory studies have focused mainly
on the effects of TNFa on the kidney, as recently reviewed,15,23
and a particular role of TNFRs in diabetic nephropathy has not
TNF Receptors Predict CKD in Diabetes
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been investigated. TNFa increases albumin permeability,24
and its inhibition in a diabetic animal model decreases albuminuria.25 However, improved albuminuria is not necessarily
paralleled by improvement in GFR.26,27 Interestingly, as we examined in the patients participating in the second Joslin Kidney
Study, circulating TNFRs did not affect the course of albuminuria during follow-up (Supplemental Table 4). The effect of
TNFa pathway inhibition on a GFR-oriented outcome has not
been studied so far. The current studies prompt a question about
whether therapeutic interventions in diabetic nephropathy
should focus on modulation of TNFRs speciﬁcally.
Some authors consider elevated circulating concentrations
of TNFRs as a slow-release reservoir of TNFa,2 but the role of
circulating TNFRs must be more complex. The concentration
of circulating TNFa at baseline was correlated with serum
concentrations of TNFRs to some extent; at the same time,
in both our studies of T1D and T2D, none of the circulating
TNFa forms (free or total) was associated with renal function
loss if the effect of one TNF receptor was accounted for. Moreover, TNFa concentration at baseline was not associated with
subsequent changes in circulating TNFRs. These ﬁndings call
into question speculation on whether circulating forms of
TNFRs function as decoys for TNFa or that their concentrations
reﬂect long-term exposure to this pro-inﬂammatory cytokine.
In patients from the second Joslin Kidney Study, we also
investigated the association between early renal function loss
and circulating concentrations of other inﬂammatory markers
(IL-8, monocyte chemotactic protein-1, interferon-g–inducible
protein-10, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, Fas ligand, and C-reactive protein), receptors
of other cytokines (Fas, IL-1R, IL-2R, IL-4R, and IL-6R), and
receptor for advanced glycation end products. None were signiﬁcantly associated with early GFR loss (data not shown).
These ﬁndings agree with our results reported in the companion manuscript. In that study we showed that in patients with
T2D, high risk for ESRD was predicted speciﬁcally by circulating levels of TNFR1 and TNFR2, but not by any of the other
markers of systemic inﬂammation or markers of endothelial
damage.1 Therefore, our ﬁndings in T1D and T2D point to the
speciﬁc involvement of TNFR-mediated pathway rather than a
general inﬂammation in the development of renal function
decline and progression to ESRD. We acknowledge that
chronic low-grade inﬂammation has been postulated in the
literature23,28–30 as being involved in the development of diabetic nephropathy. However, those studies were inconclusive
regarding the speciﬁc mechanisms or biomarkers involved in
the disease process underlying renal function decline. We hope
that our ﬁndings will reinvigorate of this area of research.
Among the strengths of our study are its large size, prospective
design, consistency with the data in T2D, and further expansion
of these data. Some may consider the lack of direct measurements
of GFR a weakness. However, multiple determinations of serum
cystatin C over time reliably indicate the course of renal function
change.7,31 It is unlikely that the associations between elevated
serum cystatin C as an indicator of CKD3 and high serum levels
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of TNFRs are spurious as result of the inﬂammatory properties
of both.32 For example, in our recent study we demonstrated that
in the patients with diabetes, CKD$3 determined by serum cystatin C was a much stronger predictor of ESRD than was CKD$3
determined by serum creatinine (Krolewski et al., submitted). In
addition, in the companion manuscript we demonstrated that
high serum levels of TNFRs were very strong predictors of
ESRD in patients with T2D.1
Finally, there are some differences between the ﬁndings of
this study in T1D and our ﬁndings in T2D. However, the
differences are more apparent than real. First, the hazard ratios
for the development of ESRD according to circulating levels of
TNF receptors in the T2D study were much higher than those
for the development of CKD3 in the T1D study. However, the
CIs for the hazard ratios overlap. Second, in the univariate
analyses for both T1D and T2D, the major effect on risk for early
and late renal function loss was clearly conﬁned to the highest
concentrations of TNF receptors. Because of the lack of cases of
ESRD in the lowest quartile of the plasma TNFR concentrations,
we were not able to examine a nonlinear relationship in T2D as we
did in this study examining risk for CKD3 in T1D.

CONCISE METHODS
Study Cohorts
The study group comprised two cohorts of patients with T1D who
were recruited while attending the Joslin Clinic (Table 1). The protocols and consent procedures for both studies were approved by the Joslin
Diabetes Center Institutional Review Board. The ﬁrst Joslin Kidney
Study cohort was recruited in 1991–1992 and was followed for 8–12
years. For the subset of 302 patients with an AER in the microalbuminuria range (30–300 mg/min), results regarding the natural history of
microalbuminuria and the occurrence of early GFR loss have been published.7,33 From that study, we included the 275 patients whose follow-up
was complete and for whom a baseline blood sample was still available
for analysis. The second Joslin Kidney Study cohort was recruited in
2003–2005, and 353 patients have had 5–7 years of follow-up.10 Eligible
for the current study were those with high-normal AER (15–29 mg/min)
(n=146) or microalbuminuria (30–300 mg/min) (n=207) at enrollment.
The 314 patients with low-normal AER less than 15 mg/min were ineligible because they had not been followed as a result of their very low
risk for early GFR loss.7,10 In both studies 94% of patients identiﬁed
themselves as white. Recruitment and examination protocols and definitions of clinical characteristics have been described elsewhere.7,10,11,33

Measurement of Markers of TNF Pathway
Protocols for measuring concentrations of TNFa (free and total) and
its receptors (TNFR1 and TNFR2) have been described elsewhere.1,11
The ﬁrst two were measured in plasma. We discovered that measurements obtained from serum underestimated total TNFa in particular
(data not shown). Assay results for the receptors are identical in
serum and plasma (data not shown) and were measured in serum.
Protocols to measure additional markers in ancillary studies are described at the end of the Concise Methods.
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Measurement of Renal Function
The eGFRcystatin values were calculated according to the following
formula:34

eGFRcystatin in ml=min per 1:73m2
¼ 127:7 3 cystatin C in mg=L 2 1:17 3 age 2 0:13
ð3 0:91 when femaleÞ
The eGFRcystatin correlates closely with measured GFR and, unlike
GFR estimates based on serum creatinine, tracks changes accurately
even in the normal or elevated range.7,31 Moreover, in patients with
T1D and T2D, CKD stage 3 according to eGFRcystatin predicts the
risk for ESRD more accurately than do estimates based on serum
creatinine (Krolewski et al., submitted).35
In the ﬁrst Joslin Kidney Study, cystatin C was assayed in all
available serum samples (median, six) in the Joslin Research Laboratory between 2004 and 2006 using the BN ProSpec System nephelometer (Dade Behring Diagnostics, Newark, DE [currently Siemens
Healthcare Diagnostics Inc]).7 Our interassay coefﬁcient of variation
was less than 3.9%. In the second Joslin Kidney Study, all available
serum samples (median, ﬁve) were assayed in 2009 and 2010 at the
Collaborative Studies Clinical Laboratory at the University of Minnesota using BN ProSpec and calibrated to internal standards supplied by the manufacturer. Their interassay coefﬁcient of variation
was approximately 4.7%. To develop a formula (based on duplicate
assays) to calibrate the 2003–2006 serum cystatin C determinations to
the 2009–2010 determinations, a random sample of 60 serum specimens from the ﬁrst Joslin Kidney Study was included with the 2009–
2010 set. The serum cystatin C values from the ﬁrst study were then
adjusted to be comparable to those from the second study.
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was assessed in the presence of the relevant clinical covariates that
contained HbA1c, AER, and eGFRcystatin and was controlled for the
cohort. There were no missing data in the variables retained in the
ﬁnal model except for HbA1c, for which 8% of observations were
missing. The other clinical covariates (age, systolic BP, renoprotective treatment, and smoking) did not remain signiﬁcant and did not
confound the effects of TNFa or TNFRs, so they were not retained
in the ﬁnal model.

Methods for Studies of Peripheral Blood Cells
Thirty-four patients attending the Joslin Clinic with T1D (n=19) and
T2D (n=15), an AER below the proteinuria range, and an eGFRcystatin
greater than 60 ml/min per 1.73 m2 were recruited to the study in
September–October 2010. Fifteen were male (44%) and twenty-three
(63%) had microalbuminuria. Medical questionnaire data, blood, and
urine were collected, and circulating marker concentrations were
measured as described in earlier in the Concise Methods.
Blood was obtained in EDTA-anticoagulant for a three-color ﬂuorescence ﬂow cytometric analysis of TNFa-pathway–related proteins
(TNFa, TNFR1, TNFR2, and ADAM17) on peripheral blood cell subsets.
Commercial sources of phycoerythrin (PE), ﬂuorescein-isothiocyanate
(FITC), allophycocyanin (APC)-conjugated mouse (m) antihuman
monoclonal antibodies, and IgG isotype controls are as follows: antimembrane TNFa/PE (mIgG1), anti-TNFR1/PE (mIgG1), antiTNFR2/FITC (mIgG2a), and anti-ADAM17/FITC (mIgG1) from
R&D Systems (Minneapolis, MN); mIgG1/FITC, mIgG1/PE,
mIgG1/APC, mIgG2a/FITC, and mIgG2a/APC from Biolegend (San
Diego, CA); APC conjugated anti-CD3 for T cells, anti-CD11b for
neutrophils (gating on CD11b high cells), and anti-CD14 for monocytes from Biolegend (San Diego, CA).

Deﬁnition of Early GFR Loss
We monitored renal function during follow-up to determine which
patients developed impaired function (CKD$3), deﬁned as an eGFRcystatin less than 60 ml/min per 1.73 m2. The date of the ﬁrst sample
with a qualifying eGFRcystatin was taken as the date of onset.

Statistical Analyses
Analyses were performed using SAS software, version 9.2 (SAS
Institute, Cary, NC). We explored the dose-response relationship
between TNF pathway markers and risk for CKD‡3 by analyzing each
marker in quartiles. The pattern appeared nonlinear, with a disproportionate risk in the fourth quartile. To accommodate this pattern,
markers were examined both as a continuous second-order polynomial and as quartiles in Cox proportional hazards models. With both
representations in the model, an indicator variable for the fourth
quartile fully captured the shape of the dose-response relationships
between markers and risk for CKD$3, leaving an insigniﬁcant effect
for the second-order polynomial (likelihood ratio test). Therefore,
the markers were modeled in subsequent analyses as indicator variables for the fourth quartile.
The baseline clinical covariates were examined in a Cox proportional hazards model (Table 3). The model was subsequently reduced by minimizing the Schwartz (Bayesian) information criterion,
and the independent effect of each TNF marker on the risk for CKD$3
J Am Soc Nephrol 23: 516–524, 2012
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