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Donor-specific antibodies (DSAs) are the main risk factor for antibody-mediated rejection
(ABMR) and graft loss but could have variable pathogenicity according to their IgG
subclass composition. Luminex-based test might lack sensitivity for the detection of IgG
subclasses and this test does not allow quantifying the relative abundance of each IgG
subclass. We investigated the precise repartition of each DSA subclass and their role in
ABMR occurrence and severity, using an innovative mass spectrometry-based method.
Between 2014 and 2018, we enrolled 69 patients who developed de novo DSA (n = 29
without ABMR, and n = 40 with ABMR) in two transplant centers. All IgG subclasses
were detected in every samples tested: 62.7% were IgG1, 26.6% were IgG2, 6.6% were
IgG3, and 4.2% were IgG4. The IgG3 proportion was significantly higher in the ABMR+
compared to the ABMR- group (8.4% vs. 5.6%, p = 0.003). The proportion of IgG1,
IgG2, and IgG4 of DSA was similar between the two groups. Higher IgG3 level was
associated with higher C4d deposition, higher microvascular inflammation scores, and
glomerular filtration rate decline >25%. IgG3 proportion was not correlated with DSA
MFI. Multivariate analysis showed that proteinuria and high level of IgG3 DSA were the
only two factors independently associated with ABMR. In conclusion, de novo DSA are
always composed of the four IgG subclasses, but in different proportions. High IgG3
proportion is associated with ABMR occurrence and severity and with poorer outcome,
independently of DSA MFI.
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INTRODUCTION

Antibody-mediated rejection (ABMR) is now recognized as the
leading cause of long-term renal transplant loss (1). ABMR
results from the interaction between endothelial cells and donor-
specific antibodies (DSAs), mainly against HLA antigens, leading
to endothelial cell activation, complement activation via the
classical pathway, inflammatory cell recruitment within the
graft microcirculation (glomerular capillaries and peri-tubular
capillaries), and graft dysfunction (2).

De novo DSA (i.e., DSA appearing after transplantation) are
detected in ~20% of transplant recipients in the first 5 years (3),
and are a major risk factor for ABMR and graft loss. However, the
clinical course after de novo DSA detection is very heterogeneous,
ranging from absence of detectable graft injury to rapid graft
function deterioration and graft loss (4). Therefore, anti-HLA
antibodies seem to have variable pathogenicity. DSA level (mean
fluorescence intensity, MFI, using the Luminex Single Antigen
test) and ability to bind to the complement component 1q (C1q)
contribute to the graft rejection risk, but do not explain the
outcome disparities (5, 6).

On the other hand, the different immunoglobulin (Ig) G
subclasses significantly modulate antibody function and could
be crucial for DSA pathogenicity. Indeed, each IgG subclass
contributes differently to complement-dependent cytotoxicity
(CDC) and antibody-dependent cellular cytotoxicity (ADCC).
IgG3 displays the greatest potential for complement activation,
followed by IgG1 (7). IgG2 and 1gG4 show little or no binding to
Clq and complement activation. Moreover, IgG3 and IgG1 have
the best affinity for the FcyRIIIa activating receptor for natural
killer cell-mediated ADCC (8).

Several research groups had studied the DSA subclass
distribution with the Luminex test, and some of them found a
correlation between IgG3 detection and poor outcome after renal
transplantation (9, 10). However, this test might lack sensibility
for IgG subclass detection, as suggested by the fact that any
subclass was detected in only about of 20% of iDSA analyzed
in these studies. Furthermore, the Luminex test does not allow
quantifying the relative abundance of each IgG subclass.

Therefore, we developed an innovative mass spectrometry-
based method to assess the relative IgG subclass composition
of DSA after their capture on HLA Luminex beads. The aim of
this study was to evaluate the distribution of the different DSA
subclasses and their role in ABMR occurrence and severity.

MATERIALS AND METHODS

Study Population

From 01/01/2014 to 01/03/2018, all patients who developed de
novo DSA and had a kidney biopsy after kidney transplantation
were prospectively enrolled at two French transplant centers
(Montpellier Hospital and Bordeaux Hospital) (Figure 1). At
both centers, routine anti-HLA DSA screening with a single
antigen bead (SAB) assay (One Lambda, Canoga Park, CA)
was performed at day 0, and then at month 3, month
12, and every year after transplant, and in the case of

increased creatinine or proteinuria. All serum samples were pre-
treated with EDTA to avoid the prozone effect (11, 12), and
beads with a normalized MFI value >1,000 were considered
positive. De novo DSA was defined as an antibody that was
detected only after transplantation. For patients with multiple
DSA, only the immunodominant DSA (iDSA), defined as the
DSA with the highest MFI value, was considered for the
subclass distribution analysis. Kidney biopsy was performed
at the time of DSA detection, or of increased creatinine or
proteinuria. Serum samples were prospectively collected for DSA
subclass analysis at the time of kidney biopsy, and stored at
—80°C. Patients with combined organ transplantation, ABO-
incompatible kidney transplantation, and patients with DSA
or positive CDC cross-match were excluded. The recipients’
characteristics [age, sex, transplant number, blood type, initial
nephropathy, immunosuppression, T cell-mediated rejection
(TCMR) prior to DSA occurrence], kidney function at biopsy
time, and the donors’ characteristics were collected by reviewing
the medical records. All enrolled patients gave their written
informed consent for using their data for research purposes
according to the Declaration of Helsinki (clinicaltrials.gov
identifier: NCT04026087).

ABMR was diagnosed according to the last diagnostic criteria
revised at the 2017 Banff Conference (13). C4d staining was
assessed by immunochemistry (rabbit monoclonal anti-C4d
antibody, clone A24-T, DB Biotec). Clinical AMBR was defined
by an estimated glomerular filtration rate (eGFR) decline >20%
(calculated with the MDRD formula) (14) or occurrence of
proteinuria (proteinuria/creatininuria ratio >0.5 g/g) at the
time of graft biopsy associated with ABMR histological criteria
[C4d staining score; glomerulonephritis + peritubular capillaritis
(g+ptc) score; intimal or transmural arteritis (v) score; tubulitis
+ interstitial inflammation (t+1i) score; chronic glomerulopathy
(cg) score; mesangial matrix expansion (mm) score, vascular
fibrous intimal thickening (cv) score; interstitial fibrosis and
tubular atrophy (IFTA) score]. Subclinical ABMR was defined by
the presence of DSA and ABMR histological criteria, but without
kidney dysfunction.

Characterization of Immunodominant DSA

Subclasses

Isolation of Immunodominant DSA

Protein G affinity purification

Total IgG was purified from 500 pl of plasma by protein G-
based affinity chromatography using the Nab Protein G Spin
Kit (Thermofisher) according to the manufacturer’s instructions.
Samples were dialyzed with phosphate-buffered saline and
concentrated using Amicon centrifugal filters (100 kDa cutoff)
to a final IgG concentration of 10 mg/ml. IgG concentration
was determined by measuring the absorbance at 280 nm on a
Nanodrop spectrophotometer.

DSA IgG isolation using monospecific HLA luminex beads

DSA were isolated from total IgG using Luminex FlowPRA®
single-antigen beads (One Lamda, Inc.). These beads, which
are routinely used for DSA detection, are coated with a single
HLA antigen. Each bead batch contain beads specific for nine
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Kidney biopsy after de novo DSA detection
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FIGURE 1 | Study flow chart.

different HLA antigens. First, beads that interacted with the DSA
were sorted by flow cytometry (Facs ARIA, Becton Dickinson).
Then, total IgG were incubated with the selected beads for
1h, and beads were washed three times with ammonium
bicarbonate buffer.

In parallel, the specific binding of DSA to HLA Luminex
beads was controlled by flow cytometry, according to the
manufacturer’s instructions.

Quantification of the iDSA Subclasses

Sample preparation for mass spectrometry

Total IgG (10 pg) and DSA-specific IgG were resuspended in
200mM Tris buffer, pH 8.6, with 8 M urea for denaturation.
After cysteine reduction (incubation with 10mM DTT and
100 mM NH4HCO3; at 55°C for 45min) and protein alkylation
(incubation with 55 mM iodoacetamide and 100 mM NH4HCO3
in the dark at room temperature for 30 min), samples were
diluted four times with protease buffer. Trypsin (sequencing
grade, Promega) was diluted in 100 mM NH4HCO3/5 mM
CaCly, to a final protease-to-substrate ratio of 1:20, and
samples were digested at 37°C overnight. Trifluoroacetic acid
concentration was adjusted to 0.05% in samples prior to
desalting using Omix CI18 tips (Agilent Technologies). The
resulting peptides were dried under vacuum and stored at —20°C
until analysis.

LC separation and MS/MS detection

The peptide mixtures were dissolved in 10 ul of 0.1% formic
acid (FA), and loaded on an Ekspert 425 nanoLC system
(Eksigent) equipped with a C18 column (Discovery BIO Wide
Pore, Supelco). The mobile phases were solvent A (water, 0.1%
FA) and B (acetonitrile, 0.1% FA). Injection was performed with
98% solvent A at a flow rate of 5 pLl/min. Peptides were separated
at 30°C with the following gradient: 2% to 40% B for 105 min, 40—
80% B for 5 min. The column was washed with 80% solvent B for
5min and equilibrated with 98% solvent A. Peptide separation
was monitored online with the coupled TripleTOF 5600

mass spectrometer (Sciex). External calibration was performed
using trypsin-digested beta-galactosidase (Sciex). The total ion
chromatogram acquisition was made in information-dependent
acquisition (IDA) mode using the Analyst TF v.1.7 software
(Sciex). Positive ion profiling was performed from m/z 350-
1,500, followed by a MS/MS product ion scan from m/z 100-
1,500 with the abundance threshold set at more than 100 cps.
The accumulation time for ions was set at 250 ms for MS scans,
and 100 ms for MS/MS scans. Target ions were excluded from the
scan for 10 s after detection. The IDA advanced “rolling collision
energy (CE)” option was employed to automatically ramp up the
CE value in the collision cell as the m/z value was increased.
A maximum of 25 spectra were collected from candidate ions
per cycle.

IgG sub-class relative quantification

Peptides and proteins were identified using the ProteinPilot
software v.5.0 (Sciex). Each MS2 spectrum was searched against
the UniProt/Swiss-Prot database using the following parameters:
sample type: identification; cys alkylation: iodoacetamide;
digestion: trypsin; instrument: TripleTOF 5600; special factors:
urea denaturation; species: Homo sapiens; search effort:
thorough; ID focus: biological modifications.

Among the available label-free quantification strategies,
spectral counting, defined as the number of peptides assigned to a
protein in an MS2 experiment, is a straightforward quantification
method especially suitable for estimation of high abundance
proteins (15).

Each IgG subclass was quantified using two unique
proteotypic peptide sequences listed in Supplementary Table 1.
Some of these sequences were previously selected for IgG
subclass quantification studies by LC-MS in multiple reaction
monitoring mode (16-18). Only proteotypic peptides identified
with a confidence score >99 were retained. For each IgG
subclass, the spectral count was determined. As the sequence
SCDTPPPCPR is present, three times in the IgG3 heavy-chain
backbone, counts for this sequence were divided by 3. To
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TABLE 1 | Patient characteristics at biopsy time.

All patients (n = 69) DSA+ ABMR-(n = 29) DSA+ ABMR+ (n = 40) p-value
Recipient characteristics
Age (years), mean + SD 473 £16.7 46.8 +£14.8 47.6 £18 0.82
Male sex, n (%) 39 (56.5) 17 (58.6) 22 (55.0) 0.81
Transplant number, first Tx (%) 58 (84.1) 26 (89.7) 32 (80) 0.33
Initial nephropathy, n (%) 0.10
Diabetes 7(10.1) 4(13.8) 3(7.5)
Glomerulopathy 24 (34.8) 10 (34.5) 14 (35)
PKR and uropathy 20 (29.0) 4(13.8) 16 (40)
Others 18 (26.1) 11(37.9) 7(17.5)
Donor characteristics
Age (years), mean + SD 427 £17.4 46.2 +16.6 40.2+17.8 0.16
Deceased donors, n (%) 61 (88.4) 25 (86.2) 36 (90) 0.71
Transplant characteristics
Cold ischemic time 17.6 £ 8.6 14.4£71 19.7 £8.9 0.01
Delay graft function 5(6.3) 3(10.3) 2 (5) 0.64
Induction therapy 0.79
ATG, n (%) 48 (69.6) 21 (72.4) 27 (67.5)
Basiliximab, n (%) 21(30.4) 8(27.6) 13 (32.5)
HLA mismatch (ABDR), mean + SD 44+£14 44+£13 41 +15 0.35
Characteristics of all DSA:
Number (mean + SD) 1.31 £0.70 1.24 £ 0.64 1.37 £0.74 0.44
HLA class (class |, class Il, both), n 16/48/5 6/22/1 10/26/4 0.56
Characteristics of iDSA
HLA class: class I/class II, n (%) 18 (26.1)/51 (73.9) 7 (24.1)/22 (75.9) 11 (27.5)/29 (72.5) 0.79
MFI median (IQR) 6,500 [3,200-19,000] 5,460 [1,975-8,650] 7,700 [4,325-20,000] 0.05
Time post Tx (years), median [IQR] 5.3 [1.56-9.3] 4.0 [0.6-6.6] 7.5[2.3-10.8] 0.01
Immunosuppression, n (%)
Tacrolimus 41 (59.4) 23 (79.9) 18 (45) 0.01
Cyclosporine 13(18.8) 1(3.4) 12 (30) 0.01
mTORi 12(17.4) 5(17.2) 7(17.5) 0.99
IMPHDI ou AZA 62 (89.9) 26 (89.7) 36 (90) 0.99
Corticoids 50 (72.5) 22 (75.9) 28 (70) 0.78
Serum creatinine (Lmol/L) 146 [113-189] 145 [106-188] 148 [114-191] 0.64
eGFR (MDRD) (ml/min/1.73 m?) 46.0 [31-57.5] 45 [30-63] 47 [32-55.7] 0.69
Proteinuria/creatininuria ratio (9/g) 0.3[0.14-0.77] 0.19 [0.09-0.62] 0.36 [0.18-0.90] 0.03
Rejection treatment
Plasma exchange + high dose IVIg 38 (65.1) 0(0) 38 (95) <0.001
Rituximab 12(17.4) 0(0) 12 (30) <0.001
Follow-up post biopsy (years) 1.7+1.2 16+1.2 1.7+1.2 0.69
Histological characteristics
g score, mean + SD 1.31 £1.23 0.18 £0.48 2.13+0.92 <0.001
cpt score, mean + SD 1.16 £ 1.04 0.52 +0.83 1.63 £ 0.93 <0.001
i + t score, mean + SD 1.43 £ 1.67 1.07 £1.71 1.69 + 1.61 0.018
cg score, mean + SD 0.34 £ 0.78 0.07 £ 0.25 0.55 +0.89 0.007
IF/TA score, mean + SD 1.23 £0.83 1.07 £ 0.96 1.35+0.70 0.11
cv score, mean + SD 1.37 £0.83 1.11 £ 0.69 1.56 4+ 0.88 0.03
C4d score, mean + SD 1.25+1.35 0.46 £1.0 1.8+1.29 <0.001
TCMR prior to DSA occurrence, n (%) 13(18.8) 6 (20.7) 7(17.5) 0.76
Type of ABMR
Active/chronic active ABMR, n (%) 25 (62.5)/15 (37.5) - 25 (62.5)/15 ( ) -

Pure ABMR/mixed rejection, n (%)
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evaluate the relative abundance of each IgG subclass in a sample,
spectral counts were normalized to the total sum of the spectral
counts of all subclasses.

This choice was validated by the similar results obtained
in two test samples using the recognized immunoturbidimetric
method (Biomnis, Lyon, France) (data not shown).

Statistical Analysis

Normality was assessed with the Shapiro-Wilk test and
graphically using quantile-quantile plots. Continuous variables
were described as means (£SD) or medians [25th and 75th
percentile] according to their distribution. Categorical variables
were represented as proportions. The t-test, Wilcoxon test, chi-
square, and Fisher’s exact tests were used to compare groups, as
appropriate. Receiver operating characteristic (ROC) curves were
used to identify the IgG3 DSA and MFI cutoft values that best
predicted ABMR, and the best possible cutoff was defined with
the Youden Index ([sensitivity + specificity] - 1).

The relationship between ABMR and the different
clinical and biological variables of interest was assessed by
logistic regression analysis. The included variables were
as follows: patient characteristics (sex, age, and transplant
number), donor and graft characteristics (sex, age, donor
origin, cold ischemia time, number of HLA mismatches,
and delayed graft function), immunosuppressive treatment
(induction therapy and therapy at biopsy time), eGFR,
proteinuria/creatininuria ratio, DSA characteristics (number
of DSA, sum of DSA MFI, iDSA MFI, and IgG3 DSA level:
high vs. low). The relevant variables for ABMR prediction

were identified by multivariable analysis with a stepwise
backward elimination. Variables with a p < 0.2 were kept in
the model.

GFR decline was defined by an eGFR decrease >25% or need
of hemodialysis (graft loss). The eGFR decline-free survival rate
was assessed with the Kaplan-Meier method, and compared
among groups with the log-rank test. The eGFR decline-free
survival rate was calculated from the date of kidney biopsy to
the date of eGFR decrease or graft loss. Cox proportional-hazards
models were used to estimate the hazard ratio (HR) and 95%
confidence intervals (CI) for each studied variable: the previously
described patient characteristics and immunological factors and
also the histological characteristics according to the Banff 2017
criteria. Factors with a p < 0.20 were included in the multivariate
Cox model.

p < 0.05 were considered significant. Analyses were
performed using GraphPad Prism version 8.00 (GraphPad
Software, La Jolla, CA, USA) and STATA version 12 (College
Station, TX: StataCorp LP).

RESULTS

Patients’ Characteristics

From January 2014 to March 2018, de novo DSA antibodies
were detected in 69 patients who underwent kidney biopsy
in the two transplant centers. Forty patients had DSA with
ABMR at biopsy time (DSA+/ABMR+ group), and 29
patients had DSA without ABMR (DSA+/ABMR- group)
(Figure 1). Overall, the median interval between transplantation

100— p=0.016
80+ -1
5 % —
= 40
20
0 1 I
DSA Total IgG
25+
- p<0.0001
20+
8 15
K= —
X 104 |__|
L =
0

1 1
DSA Total IgG

FIGURE 2 | Comparison of the IgG subclass distribution in total IgG and iDSA samples from all patients.
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and DSA detection was 5.3 years and was longer in the
DSA+/ABMR+ than in the DSA+/ABMR- group (7.5 vs.
4.0 years; p = 0.01). Similarly, immunosuppression at biopsy
time, cold ischemic time, and proteinuria/creatininuria ratio
were different in the two groups (Table1). Patients in the
DSA+/ABMR+ group took more frequently cyclosporine,
had longer cold ischemic time (19.7 vs. 14.4h, p = 0.01),

and higher proteinuria/creatininuria ratio (0.36 vs. 0.19 g/g,
p = 0.03). Conversely, eGFR at biopsy time was similar
between groups.

Multiple DSAs were detected in 15 patients with a mean
DSA number of 1.31. DSA against class I HLA were detected
in 23.2% of patients, DSA against class II HLA in 69.6% of
patients, and against both class I and class II HLA in 7.2%

A DSA

100

p=0.56
_I_
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80+
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40-

% lgG1
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T T
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c DSA
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FIGURE 3 | Comparison of the IgG subclass distribution in de novo iDSA isolated from DSA+/ABMR+ and DSA+/ABMR- patients. Proportion of IgG1 (A), IgG2 (B),
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TABLE 2 | Patients and DSA characteristics associated with ABMR.

Univariate analysis

Multivariate analysis

Variables OR 95% ClI p-value OR 95% CI p-value
Recipient sex (male) 0.86 0.32 2.26 0.765

Recipient age (years) 1.00 0.97 1.03 0.831

Transplantation rank 2.16 0.52 9.00 0.287

Donor age (years) 0.97 0.95 1.00 0.160

Donor type (living vs. deceased) 1.44 0.328 6.30 0.628

Cold ischemia time (h) 3.16 1.16 8.59 0.024 1.10 0.99 1.22 0.051
Delay graft function 0.46 0.07 3.00 0.421

HLA MM 0.87 0.62 1.22 0.420

iDSA class (Il vs. 1) 0.83 0.27 2.51 0.754

DSA number 1.60 0.48 5.31 0.443

iDSA MFI (log) 3.59 1.09 11.78 0.035

DSA Sum MFI (log) 3.53 1.18 10.96 0.029

DSA IgG3 (high vs. Low)? 6.12 212 17.65 0.001 11.15 2.24 55.37 0.003
ATG induction 0.69 0.23 2.04 0.505

Corticosteroids 0.74 0.25 2.20 0.591

Tacrolimus 0.21 0.07 0.63 0.006

Cyclosporine 12.00 1.46 98.60 0.021

mTOR inhibitors 1.01 0.28 3.59 0.978

IMPDH inhibitors 1.03 0.21 5.03 0.963

GFR (ml/min/1.73 m?) 0.99 0.97 1.01 0.519

Proteinuria/creatininuria (log g/g) 2.19 0.86 5.60 0.099 5.18 1.14 23.48 0.033

aLow and high IgG3 DSA were defined according to the percentage of IgG3: <6.5 and >6.5%, respectively.

of patients. The iDSA belonged to class I in 26.1% of patients
and to class II in 73.9% of patients. These distributions were
not significantly different between the DSA+/ABMR+ and
DSA+/ABMR- groups (Table 1). Conversely, the median iDSA
MFI value was higher in the DSA+/ABMR+ than in the
DSA+/ABMR- group: 7,700 [4,325-20,000] vs. 5,460 [1,975-
8,650], p = 0.05. Graft loss occurred in 13 patients (18.8%), and
no patient died during the follow-up.

In the DSA+/ABMR+ group, 38 patients (95%) had at least
five plasma exchange sessions followed by four infusions of high-
dose IVIg (2 g/kg). Twelve patients (30%) received one perfusion
of rituximab (375 mg/kg). Two patients did not receive any
specific ABMR treatment, one because of severe graft function
impairment and the other one because of active tuberculosis at
the time of ABMR diagnosis. In the DSA+/ABMR- group, no
patient received any specific treatment.

DSA Are Composed of all IgG Subclasses

With a Specific Distribution

The IgG subclass distribution was analyzed in each iDSA and
total IgG sample by mass spectrometry. The four IgG subclasses
were detected in all iDSA and total IgG samples (Figure 2) but
with different distributions. The proportion of IgGl (62.7 vs.
58.2%, p = 0.016), IgG3 (6.6 vs. 4.9%, p < 0.0001), and IgG4 (4.2
vs. 2.0%, p < 0.0001) was higher, whereas that of IgG2 was lower
(26.6 vs. 35.0%, p < 0.0001) in iDSA than in total IgG samples
(Figure 2).

Percentage of IgG3 iDSA Is Correlated

With ABMR Occurrence and Severity

The percentage of IgG3 iDSA was significantly higher in the
DSA+/ABMR+ compared to DSA+/ABMR- group: 8.4% [5.9-
10.1] vs. 5.6% [5.1-6.4], respectively, p < 0.001 (Figure 3C).
Conversely, the percentage of IgG1, IgG2, and IgG4 iDSA was
comparable between groups (Figures 3A,B,D).

Moreover, the IgG3 iDSA percentage was significantly
associated with ABMR severity. In the group DSA+/ABMR+,
IgG3 iDSA level was higher when C4d was positive (8.9% [6.2-
12.2] vs. 7.0% [4.5-9.1]) than when C4d was negative, p = 0.018
(Figure 4A). IgG3 level was also associated with the intensity of
microvascular inflammation: 10.8% [7.4-16.7] in patients with
g+ptc>4 vs. 7.6% [5.6-9.6] in patients with g+ptc<4, p = 0.022
(Figure 4B).

Univariate and multivariate logistic regression analyses to
identify patient and DSA characteristics associated with ABMR
diagnosis (Table 2) indicated that high IgG3 iDSA level and
proteinuria/creatininuria ratio were independent risk factors of
ABMR (odds ratio [OR] = 11.15, 95% CI [2.24-55.37], p = 0.003,
and OR = 5.18, 95% CI [1.14-23.48], p = 0.033, respectively).

Higher IgG3 iDSA Percentage Is
Associated With Poorer Outcome

Patients were then divided into two sub-groups according to the
IgG3 iDSA percentage: “Low IgG3” (patients with 1gG3<6.4%)
and “High IgG3” (patients with IgG3>6.4%) and according to
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TABLE 3 | Characteristics of the low and high IgG3 groups and low and high MFI groups at biopsy time.

Patients with low Patients with high p-value Patients with low MFI Patients with high MFI (n  p-value

19G3 DSA (n = 35) 1gG3 DSA (n = 34) (n=39) = 30)
DSA characteristics
iDSA Class 0.99 0.002
IDSA class | 9(25.7) 9 (26.5) 16 (41) 2(6.7)
IDSA class Il 26 (74,3) 25 (73,5) 24 (59) 28 (93.9)
MFI DSA 6,000 [2,000-12,000] 7,100 [4,225-19,380] 0.39 4,000 [1,900-5,500] 19,685 [10,770-21,360] <0.0001
Histological characteristics
g + cpt score, mean + SD 1.8+17 3.2+20 0.006 1.8+1,5 33+18 0.003
i + t score, mean + SD 1.3+1.6 1.6+1.7 0.56 1.1+£15 1.8+£18 0.06
v score, mean + SD 0.1+£0.5 0.1+£0.2 0.99 0.1+£0.2 0.1+£06 0.81
cg score, mean + SD 02+05 05+09 0.08 0.1+05 06+0.8 0.002
IF/TA score, mean £ SD 1.3+09 1.2+0.8 0.85 1.1+08 1.3+0.8 0.29
cv score, mean =+ SD 1.0+ 0.6 1.8+0.9 <0.001 1.4+0.8 1.3+0.8 0.38
C4d score, mean + SD 09+13 16+14 0.048 09+1.2 1.8+1.3 0.01
Clinical characteristics
Serum creatinine (wmol/L) 127 [107-178] 151 [120-200] 0.06 149 [114-203] 145 [113-185] 0.55
eGFR MDRD (ml/min/1.73 m2) 47 [38-64] 445 [24-51.3) 0.09 44 [28-56) 48 [34-60] 0.41
PU/CU ratio (9/g) 0.25[0.10-0.42] 0.41[0.16-1.55] 0.05 0.33[0.16-0.90] 0.21[0.10-0.72] 0.20
Time post Tx (years) 4.1 [1.0-7.1] 7.7 [3.0-10.3] 0.02 3.7 [0.9-7.9] 6.9 [4.1-11.2] 0.003
ABMR status <0.001 0.09
No ABMR, n (%) 25 (65.7) 6(17.6) 20 (51.3) 9 (30)
ABMR rejection, n (%) 12 (34.3) 28 (82.4) 19 (48.7) 21 (70)
Subclinical ABMR, n (%) 6(17.1) 10 (29.4) 9(23.1) 7(23.3)
Clinical ABMR, n (%) 6(17.1) 18 (52.9) 10 (25.6) 14 (46.7)

PU, proteinuria.
CU, creatininuria.
Time post Tx, time post-transplantation.

the iDSA MFI value: “Low MFI group” (patients with MFI <
7,500) and “High MFI” (patients with MFI > 7,500). The cutoff
values of 6.4% for 1gG3 and 7,500 for MFI were determined
based on the ROC curve analysis and corresponded to the most
relevant values for ABMR prediction (Supplementary Figure 1).
IgG3 percentage has shown a better AUC than MFI although
not statistically significant (0.76 [0.61-0.86] vs. 0.62 [0.51-0.77],
respectively, p = 0.3). Sensitivity and specificity were 72.5 and
72.4% for IgG3 and 62.5 and 62.1% for MF]I, respectively.

Comparison of the characteristics of the Low IgG3 and High
IgG3 groups (Table 3) showed higher g+ptc score (3.2 vs. 1.8,
p =0.006), cv score (1.8 vs. 1.0, p < 0.0001), C4d score (1.6
vs. 0.9, p = 0.048), and proteinuria/creatininuria ratio (0.41 vs.
0.25g/g, p = 0.05) in the High IgG3 compared with the Low IgG3
group. Conversely, iDSA class distribution, iDSA MFI value, and
eGFR were similar between groups.

Comparison of the characteristics of the Low and High MFI
groups (Table 3) showed that the percentage of class II iDSA,
g+ptc score (3.3 vs. 1.8, p = 0.003), cg score (0.6 vs. 0.1, p =
0.002), and C4d score (1.8 vs. 0.9, p = 0.01) were higher in the
High than in the Low MFI group.

The eGFR decline-free survival rate was lower in the High
than in the Low IgG3 group (Figure 5A, p = 0.001). At 1 year
post-graft, eGFR decrease >25% was observed in 50% of patients

in the High IgG3 group and in 11.4% of patients in the Low
IgG3 group. The same analysis only in DSA+/ABMR+- patients
showed again that high IgG3 iDSA was associated with higher
risk of impaired renal function (Figure 5B, p = 0.01). Conversely,
the eGFR decline-free survival rate was not significantly different
in the Low and High MFI groups from the entire sample
(Figure 5C) and from the DSA+/ABMR+ group (Figure 5D).
Percentage of IgG1, IgG2, and IgG4 did not affect either eGFR
decline >25%.

Graft survival was not significantly different in the Low I1gG3
and High IgG3 DSA groups and in the Low MFI and High MFI
groups (data not shown). Finally, univariate and multivariate Cox
regression analyses (Table 4) showed that high IgG3 iDSA (HR =
5.68, 95% CI [1.82-17.8], p = 0.003), low eGFR at time of biopsy
(HR =0.95, 95% CI [0.93-0.98], p = 0.002), and number of DSA
(HR = 2.04, 95% CI [1.17-3.58], p = 0.013) were independent
risk factors of eGFR decline >25%.

DISCUSSION

Here, we assessed the distribution of the donor IgG subclasses by
mass spectrometry after iDSA occurrence. We found for the first
time that all de novo DSA were composed of all IgG subclasses
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FIGURE 5 | Kaplan-Meyer curves for eGFR decline-free survival according to IgG3 level in all patients (A) and in DSA+ABMR+ group (B), and according to MFI level
in all patients (C) and in DSA-+ABMR+ group (D).

and that higher percentage of IgG3 iDSA was correlated with
ABMR occurrence and severity, and poorer graft outcome.

By using mass spectrometry after iDSA isolation, we
detected the four IgG subclasses in each isolated iDSA.
We demonstrated that the alloimmune response is always
polyclonal. Contrary to Luminex technique, this innovative
method not only detected the different IgG subclass, but
also allowed their relative quantification. We found that IgG1
is the predominant DSA subclass (62.2% of the total IgG
DSA), followed by IgG2 (23.1%), IgG3 (7.8%), and IgG4
(4.7%). Previous studies that analyzed the composition of
DSA Ig subclasses and their impact on kidney transplantation
outcome adapted the generic Luminex Single Antigen assay
for DSA subclass detection by flow cytometry (9, 10, 19-
21). They used secondary antibodies specific for the different
IgG subclasses detection, and defined the presence of a
subclass by an MFI value above a fixed cutoff. In this
way, Lefaucheur et al. detected a single subclass in 31% of
iDSA (mainly IgG1), two and three subclasses in 21% and
24% of iDSA, respectively, and the four subclasses only in
7% of iDSA (10). By using the Luminex IgG assay, any
subclass was detected in 16% to 21% of iDSA, especially in
iDSA with low MFI value (10, 20, 21). This suggests that
this test lacks sensitivity for subclass detection. Moreover,

cross-reactivity of secondary antibodies could be observed when
they are not fully specific for one subclass. However, this
non-specific reactivity seems to have not exceeded 5% of the
binding (22).

Our study showed that the DSA class composition is antigen-
specific and that IgG subclass distribution is different from
that in total IgG. Indeed, the I1gG1, IgG3, and IgG4 fractions
were higher in the DSA antibody population than in total
IgG. Immunoglobulin class switching is a complex mechanism
that mainly depends on the antigen nature and the interaction
between B cells and their environment. Polysaccharide and
glycolipid antigens usually promote 1gG2 production (23) and
protein antigens mainly drive IgGl and IgG3 production
(24). On the other hand, chronic antigen exposure leads
to IgG4 production (25). The B-cell microenvironment is
also involved in class switching. Class switching typically
occurs following interaction with CD4+4 T cells via the
receptors CD40-CD40L and cytokines (26, 27). Avery et al.
elegantly showed that IL-4 induces the switch to IgGl in
CD40L-stimulated human naive B cells, whereas IL-21 mainly
induces IgG3 production (28). High percentage of IgGl and
IgG3 could easily be explained by a T-dependent alloantigen
presentation after kidney transplantation. Moreover, high IgG4
percentage is not surprising in a context of chronic antigen
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TABLE 4 | Patients and DSA characteristics associated with GFR decline.

Univariate analysis

Multivariate analysis

Variables HR 95% CI p-value HR 95% CI p-value
Recipient sex (male) 0.48 0.23 1.08 0.059

Recipient age (years) 0.99 0.96 1.01 0.287

Donor age (years) 0.97 0.95 0.99 0.017

Donor type (living vs. deceased) 1.75 0.41 7.4 0.448

Cold ischemia time (h) 1.05 0.50 2.21 0.890

HLA mismatches 0.90 0.68 1.19 0.448

iDSA class (Il vs. I) 0.73 0.33 1.60 0.432

DSA number 1.75 1.16 2.65 0.008 2.04 117 3.58 0.013
iDSA MFI (log) 2.18 0.91 52 0.079

DSA IgG3 (high vs. Low) 4.23 1.80 9.97 0.001 5.69 1.82 17.8 0.003
ATG induction 0.47 0.22 0.98 0.045

Corticosteroids 0.84 0.37 1.91 0.684

Tacrolimus 0.60 0.29 1.25 0.170

Cyclosporine 1.08 0.44 2.67 0.871

mTOR inhibitors 0.79 0.30 2.09 0.641

IMPDH inhibitors 1.60 0.38 6.77 0.521

GFR (ml/min/1.73 m?) 0.96 0.94 0.98 0.001 0.95 0.93 0.98 0.002
PU/CU (log g/9) 1.12 0.96 1.30 0.157

C4d score 1.77 1.30 2.40 0.001

g + copt score 117 0.96 1.43 0.126

v score 0.77 0.26 2.23 0.625

i + t score 1.14 0.91 1.41 0.276

cg score 1.54 0.99 2.39 0.054

FIAT score 1.67 1.07 2.61 0.025

PU, proteinuria.
CU, creatininuria.
Time post Tx, time post-transplantation.

exposure, as observed in patients who underwent kidney
graft. However, the signals that control isotype switching
are incompletely defined, and more studies are needed,
particularly in the context of alloimmunization to improve
ABMR understanding.

Several studies reported that detection of IgG3-iDSA with
the Luminex test is associated with higher ABMR risk
after transplantation of kidney and also of other organs,
particularly liver (10, 20, 29-31). Lefaucheur et al. detected
IgG3 in 23% of iDSA, and their presence was associated
with ABMR and poorer graft outcome (10). Our results
confirmed IgG3’s deleterious role and also highlighted the
predominant role of IgG3 relative proportion in ABMR
risk. Indeed, our technique allowed comparing the relative
proportion of each iDSA subclass and showing that ABMR was
associated with iDSA IgG3 > 6.4%, independently of the other
subclass distribution.

IgGl and IgG3 are known to activate the classical
complement pathway, and IgG3 display the best ability
to bind to and activate the complement cascade (7). In
agreement, the percentage of IgG3 iDSA was associated with
C4d-positive ABMR and with eGFR decline in our study.

Conversely, IgG1l percentage was similar in DSA+/ABMR+
and DSA+/ABMR- patients. Moreover, the IgG subclass
affects also the affinity for FcyRIIla and the capacity for
natural killer cell recruitment (8). IgG3 1is the subclass
with the most affinity for this receptor, and we found a
correlation between the inflammatory microvascular lesions and
IgG3 percentage.

Finally, we found that high MFI was a risk factor for ABMR,
as previously reported (5, 32-34). However, MFI value was not
correlated with the I1gG3 level. In our multivariate analysis, the
only three factors associated with GFR decline were eGFR at
diagnosis, number of DSA, and high IgG3 percentage. While
high IgG3 percentage was associated with ABMR occurrence and
histological severity and also with eGFR decline, the difference
in graft survival was not statistically significant between the High
and Low IgG3 groups. This is explained by limited number of
graft losses (18.8%) in a relatively short follow-up period (mean:
1.7 years). In previous studies, the median time to graft loss after
ABMR diagnosis was >5 years (35).

Our work has some limitations. First, we did not monitor
the iDSA subclass distribution at different times during the
follow-up, but only at the time of kidney biopsy after DSA
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occurrence. Therefore, we do not know whether the iDSA
subclass proportions vary over time, and whether changes are
influenced by ABMR treatment. Second, we focused only on de
novo DSA. As the therapeutic management and clinical course
after pre-formed DSA and de novo DSA are not similar (36), our
results cannot be extrapolated to patients with pre-formed DSA.
Moreover, we did not analyze iDSA with the C1q or C3d Luminex
assays, which would have allowed comparing the percentage of
IgG3 in mass spectrometry and DSA ability to fix complement
in vitro. However, the routine use of C1q/C3d Luminex assays to
better predict rejection and graft loss remains controversial (37,
38). Finally, our mass spectrometry-based technique is relatively
complex, although it brings useful information to understand
ABMR mechanism.

In conclusion, we reported for the first time that de novo
DSA are polyclonal antibodies always composed of the four IgG
subclasses, and that the IgG3 proportion is crucial for their
pathogenicity. High I1gG3 percentage is associated with ABMR
occurrence and severity and with higher risk of eGFR decline.
Better knowledge of the mechanism implicated in class switching
of DSA may lead to the development of new therapeutic
approaches in ABMR.
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