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Introduction
Polyclonal anti-human T lymphocyte IgGs (antithymocyte glob-
ulins [ATGs]) from various animal sources have been used since 
the very beginning of allotransplantation (1, 2). ATGs are adminis-
tered either immediately following surgery (refereed to as “induc-
tion treatment”) to decrease early rejection (3) or as treatment 
for acute rejection (4), particularly in steroid-resistant cases (5). 

Despite being associated with a higher incidence of bacterial and 
viral opportunistic infections and their related complications (3, 
6), ATGs are being increasingly used as induction treatment in 
patients exhibiting high immunological risks (3, 7, 8). ATGs are 
also used in other T cell–mediated diseases, such as malignancies, 
graft-versus-host disease (9), and aplastic anemia (10).

ATG treatment, which involves a polyclonal and foreign 
anti–T cell agent, has been associated with severe side effects, 
such as cytokine release storm (11), or immune complex disease 
symptoms, ranging from fever and skin rashes to serum sickness 
disease (SSD) (12). SSD occurs in almost all cases in which ATG 
is not associated with immunosuppressive drugs (13). Early bio-
chemical characterization of the major antigenic determinants 
of ATG stressed the role of “heterophilic” epitopes and, partic-
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disease (25). Significantly, use of sialyl chips has provided evidence 
of a shift in the pattern of recognition of Neu5Gc conformational 
epitopes following immunization (26), making at least theoreti-
cally understandable the paradox of a deleterious effect of elicited 
anti-Neu5Gc compared with that of “natural” anti-Neu5Gc.

In this article, using a large and clinically homogeneous 
cohort of patients treated with rabbit ATG in an induction treat-
ment strategy, we assessed long-term graft survival according 
to patient SSD status. Furthermore, we additionally aimed to 
compare the immunization statuses of two matched subgroups 
of patients (patients with SSD [SSD+] and without SSD [SSD–]) 
against several kinds of xenogenic antigens: anti-Neu5Gc, anti-
Gal, and anti-global ATG antibodies.

Results

Overall characteristics of cohort A
As shown in Figure 1A, the 889 patients in cohort A were retained 
from an initial cohort of 1,370 first graft recipients treated with 

ularly, of the Neu5Gc antigen, coined as the “serum sickness 
antigen” (12, 14–16). Humans cannot synthesize the sialic acid 
Neu5Gc (glycolyl form of neuraminic acid) from the acetylated 
form, Neu5Ac, following the mutation of the cytidine monophos-
phate-N-acetylneuraminic acid hydroxylase (CMAH) (17, 18). In 
addition, humans have preexisting anti–galactose-α(1,3)-galac-
tose (Gal) and anti-Neu5Gc antibodies (19, 20).

While early immune complex–related clinical symptoms have 
mostly been considered as merely a severe discomfort, the possi-
ble long-term deleterious role of anti-ATG immune complex for-
mation on the graft clinical outcome following induction treatment 
has not been yet established in allograft recipients. However, there 
are several theoretical possibilities supporting an eventual long-
term detrimental effect of anti-xenogenic response after ATG 
treatment, involving the generation of soluble immune complexes 
during the acute stage of the disease and also, as endothelial cells 
(ECs) can accumulate detectable diet-derived Neu5Gc moieties 
(21–23), a possible direct attack on the recipient and graft vessel 
walls (24), following the paradigm of an “in situ immune complex” 

Figure 1. Flow chart of the study 
cohorts. (A) Cohorts A and (B) 
B are shown, along with the 
selection of the SSD+ group and 
the control SSD– group matched 
for five clinical variables. See 
“Patients” for details on the 
selection procedure. 
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fold relative risk of late graft failure (death censored) compared 
with SSD– patients (95% CI = 1.08–2.72), P = 0.02). Death-cen-
sored graft survival is shown in Figure 2, and survival of these 
patients is shown in Table 3. At 15 years posttransplantation, 
352 recipients (315 SSD– and 37 SSD+) of the initial global sam-
ple returned to dialysis, 169 died (153 SSD– and 16 SSD+), and 
272 remained alive with a functioning kidney (246 SSD– and 26 

rabbit ATG induction therapy. Baseline characteristics are pre-
sented in Table 1.

Differences between SSD+ and SSD– patients in cohort A
Among the 889 patients, 86 (9.7%) exhibited a SSD within the first 
month following induction onset. They were younger (P = 0.02) 
and received allografts from younger donors (P = 0.02) than SSD– 
patients (Table 1). Multivariate analysis identified three vari-
ables significantly associated with SSD occurrence status: young 
donor, recipient ages, and transplantation before 1990 (Table 
2). Patients from the SSD+ group exhibited significantly more 
biopsy-proven acute rejection episodes (AREs, n = 39, 45.3%) 
compared with SSD– patients (n = 236, 29.4%, P = 0.003). AREs 
occurred after SSD onset with no time overlap, at a median of 4.7 
months after transplant, and only one patient had an ARE diag-
nosed within the first month.

Relationship between SSD occurrence and graft survival in cohort A
Multivariate analysis showed that SSD occurrence was signifi-
cantly associated with late graft failure (>10 years), with a 1.72-

Table 1. Population and transplantation characteristics of SSD+ (n = 86) and SSD– patients (n = 803) at baseline

Total (n = 889) SSD+ (n = 86) SSD– (n = 803) P value
n (%) n (%) n (%)

Population characteristics
Male sex 554 (62.3) 55 (64.0) 499 (62.1) 0.832
Recipient age ≥55 years old 254 (28.6) 9 (10.5) 245 (30.5) <0.001
Recipient age ≥40 years old 545 (61.3) 42 (48.8) 503 (62.6) 0.017
Body mass index 0.512
 <20 72 (8.6) 10 (11.8) 62 (8.3)
 20–25 724 (86.7) 72 (84.7) 652 (86.9)
 >25 39 (4.7) 3 (3.5) 36 (4.8)
Initial relapsing nephropathy 301 (37.4) 26 (32.1) 275 (38.0) 0.355
No preexisting dialysis 86 (10.1) 13 (15.1) 73 (9.5) 0.147
Detectable PRA class I 235 (28.5) 23 (26.7) 212 (28.7) 0.796
Detectable PRA class II 195 (39.2) 30 (41.1) 165 (38.8) 0.812
History of diabetes mellitus 103 (11.6) 9 (10.5) 94 (11.7) 0.869
High blood pressure 613 (69.0) 62 (72.1) 551 (68.6) 0.590
History of cardiovascular events 127 (14.3) 7 (8.1) 120 (14.9) 0.121

Donor characteristics
Deceased donor 863 (97.1) 83 (96.5) 780 (97.1) 0.733
Donor age ≥55 years 90 (10.1) 4 (4.7) 86 (10.7) 0.114
Donors age ≥40 years 325 (36.6) 21 (24.4) 304 (37.9) 0.020
Cardiovascular cause of death for donor 266 (31.1) 19 (7.1) 247 (18.0) 0.098

Transplantation characteristics
Year of Tx 0.048
 1985–1989 351 (39.5) 43 (50.0) 308 (38.4)
 1990–1998 538 (60.5) 43 (50.0) 495 (61.6)
Combined kidney-pancreas Tx 96 (10.8) 12 (14.0) 84 (10.5) 0.419
Cold ischemia time ≥36 hours 413 (47.1) 44 (51.8) 369 (46.6) 0.427
Delayed graft function 363 (41.8) 36 (42.91) 327 (41.7) 0.931
HLA mismatches ≥4 431 (48.6) 35 (40.7) 396 (49.4) 0.153
Protocol with steroids 760 (85.5) 79 (91.9) 681 (84.8) 0.109

Recipients with SSD+ were significantly younger (P = 0.02), received a kidney from younger donors (P = 0.02), and were mostly transplanted between 1985 
and 1989 (P = 0.05) compared with SSD– recipients (see Methods). Tx, transplantation.

Table 2. Clinical features associated with the occurrence of 
SSD following ATG induction treatment: multivariate logistic 
regression model (n = 889)

OR 95% CI P value
Recipient age (≥55 yr/<55 yr) 0.30 0.14–0.57 <0.001
Transplantation yr (≥1990/<1990) 0.61 0.38–0.98 0.040
Donor age (+10 yr) 0.80 0.68–0.95 0.011

Significant risk factors for SSD were recipient age <55 years and 
transplantation performed before 1990 (see Methods). OR, odds ratio.
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Cross-sectional study of the immune response against total ATG, 
Neu5Gc, and Gal antigens in cohort B
In a secondary aim of the study, 13 SSD+ recipients of a first allo-
graft treated with ATG induction therapy were paired with 13 SSD– 
patients according to five variables: recipient age, year of transplan-
tation, PRA class I, PRA class II, and number of HLA mismatches 
(Figure 1B). To take into account the kinetics of antibody levels 
among samples taken within the first year posttransplantation (T1), 
those taken more than 4 years posttransplantation (T2), and those 
taken before transplantation (T0), SSD+ and SSD– groups were 
compared using ΔT1 as the difference between T1 and T0 antibody 
levels and ΔT2 as the difference between T2 and T0 levels.

Pre-graft sera. Pre-graft anti-ATG levels did not differ from 
those of age/gender-matched healthy individuals (mean 17.5 ± 
26.3 ng/μl), whatever the post-graft SSD status (Supplemental Fig-
ure 2A). In the same way, there was no difference in pre-graft anti-
Neu5Gc or anti-Gal antibody levels compared with those in sera 
from healthy individuals, whatever the SSD status (Supplemental 
Figure 2, B and C). 73.1% of recipients and 83.1% of healthy indi-
viduals were found to be positive for anti-Neu5Gc antibodies, with 
a mean of 2.6 ng/μl (0.01% of total IgGs).

Post-graft sera comparison of T0 and T1 antibody levels. No sig-
nificant increase in total anti-ATG antibodies was observed in the 
two groups in the year post-graft (Figure 3A). In the same way, no 
significant difference was observed between paired SSD+ and SSD– 
patients when looking at the early evolution (ΔT1) in anti-Neu5Gc 
antibody levels (Figure 3B) and anti-Gal antibody levels (Figure 3C).

Post-graft sera comparison of T0 and T2 antibody levels. We 
noted a significant increase of anti-ATG antibody levels in the 
T2 samples (ΔT2, P = 0.04, Figure 3D) from patients exhibiting 
a SSD compared with paired grafted controls. Moreover, the 
difference in ΔT2 anti-Neu5Gc antibody levels was highly sig-
nificant (P = 0.007, Figure 3E) when comparing the two groups 
of patients. These results suggest a long-term anti-Neu5Gc 
response and exposure following SSD. No difference was noted 
in anti-Gal antibodies at this time point (Figure 3F).

Longitudinal study of the immune response against total ATG, Neu5Gc, 
and Gal antigens in cohort B
In the longitudinal study, the total number of patients reached 
14 SSD+ and 41 SSD– (including the 13 SSD+ and 13 SSD– patients 
described previously, see “Patients”). Again, no difference was 
noted between pre-graft antibody levels and those in healthy vol-
unteers in this extended cohort (data not shown). In the SSD+ group, 
no increase in anti-ATG antibodies was noted in T1 samples (Fig-
ure 4A, P = 0.3), but a highly significant rise in anti-ATG levels was 
observed in T2 samples compared with pre-graft samples (Figure 4B,  

SSD+). In SSD– patients, the survival probabilities at 5, 10, 15, and 
20 years posttransplantation were estimated to be 79.7% (95% 
CI = 76.9–82.7), 64.0% (95% CI = 60.5–67.7), 52.2% (95% CI 
= 58.4–56.3), and 42.6% (95% CI = 38.4–47.2), respectively. In 
SSD+ patients, the survival probabilities at the same posttrans-
plantation times were estimated at 77.2% (95% CI = 68.5–87.1), 
67.1% (95% CI = 57.2–78.7), 47.6% (95% CI = 37.0–61.3), and 
32.2% (95% CI = 22.2–46.7), respectively. The other factors 
also associated with a higher risk of graft failure were male 
sex, presence of class I panel-reactive antibodies (PRAs) before 
engraftment (pre-graft), age of donor, prolonged cold ischemia 
time, and occurrence of an ARE (Table 4). Table 5 and Supple-
mental Figure 1 (supplemental material available online with 
this article; doi:10.1172/JCI82267DS1) show the differences in 
ATG doses and responses in the SSD+ and the SSD– matched 
controls (see “Patients”). There was no significant difference in 
the mean ATG infusion time, total doses, or rate and magnitude 
of T cell depletion, as recorded by blood lymphocyte numbers 
or the number of mononucleated cells able to form rosettes with 
sheep red blood cells (an estimation of CD2-positive lympho-
cytes; ref. 27). Length of ATG treatment was slightly truncated 
in only 3 patients exhibiting SSD, with no significant difference 
in the total dose. The mean onset time of SSD was 14.2 ± 3.7 
days, suggesting that there was no suboptimal immunosuppres-
sion linked to SSD.

Figure 2. Death-censored graft survival curves estimated from cohort A, 
according to SSD status. The SSD+ and SSD– populations have different 
rates of late graft survival (P = 0.02). The median follow-up was 9.0 years 
(interquartile range, from 3.4 to 16.5 years).

Table 3. Number of at-risk patients

Years following transplantation
2 4 6 8 10 12 14 16 18 20

SSD– 643 573 506 430 373 337 283 206 165 112
SSD+ 70 62 56 52 43 37 29 25 18 15

Survival of at-risk SSD– and SSD+ patients from cohort A over the years after transplantation is shown.
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cohort with sera sampled at 0, 7, 14, 21, 60, and 90 days after ATG 
induction onset (Supplemental Figure 4). There was no decrease 
in circulating total anti-ATG antibodies, suggesting a moderate 
effect on rabbit IgG bioavailability from the recipient preexisting 
anti-Neu5Gc or anti-Gal antibodies (Supplemental Figure 4A). In 
contrast, there was a significant decrease in anti-Neu5Gc (P < 0.01 
at days 14, 21, 60, and 90 (Supplemental Figure 4B) and anti-Gal 
IgGs (P < 0.05 at day 14, Supplemental Figure 4C) early following 
transplantation, compared with preexisting antibody levels. No 
difference was observed in total post-graft anti-ATG IgM levels 
(Supplemental Figure 4D). Levels of circulating thymoglobulin 
were also investigated in the whole cohort, with a maximum mean 
concentration measured at day 7 (57.5 ± 8.2 μg/ml, ranging from 
6.7 to 114.6 μg/ml, Supplemental Figure 4E); however, there was 
no link between serum thymoglobulin concentrations and levels 
of anti-Neu5Gc or anti-Gal antibodies (data not shown).

Rabbit IgGs display Neu5Gc, but no Neu5Ac, epitopes and baseline 
levels of Gal
Supplemental Figure 5 presents the mass spectrometric confir-
mation of preliminary results, showing borderline positivity of 
Gal expression on rabbit IgGs, using the IB4 Gal-specific lectin in 
an ELISA assay. Only a few Galα-1,3Galβ-1,4GlcNAc branchings 
are observed following β galactosidase treatment. However, thy-
moglobulin was found to express substantial levels of Neu5Gc, 
without Neu5Ac residues. These data unambiguously validate the 
presence of xeno-sugar antigens on rabbit IgGs.

Presence of Neu5Gc on fresh human aortic ECs and activation of ECs by 
anti-Neu5Gc–containing sera
Sera from patients with substantial amounts of anti-Neu5Gc anti-
bodies can activate ECs toward an inflammatory profile. TNF-α and 
culture media were used as positive and negative controls, respec-
tively. Stimulated ECs were cultured for 2 weeks with Neu5Gc-con-

P = 0.001). Moreover, anti-Neu5Gc levels were increased in T1 sam-
ples (Figure 4C, P = 0.047), and a borderline statistical significance 
was also noted in anti-Neu5Gc IgGs in T2 samples compared with 
T0 samples (Figure 4D, P = 0.054). No difference was found in anti-
Gal antibodies in the SSD+ group. Anti-ATG, anti-Neu5Gc, and anti-
Gal IgG levels remained stable in the patients from the control SSD– 
group at all the follow-up times studied (data not shown).

Finally, there was no significant decrease of recipient total IgG 
serum levels among the T0, T1, and T2 samples (data not shown).

Association of anti-Neu5Gc, anti-Gal, and anti-ATG levels with clinical 
outcome
First, we found no significant correlation between preexisting anti-
Neu5Gc, anti-Gal, or anti-ATG levels and early clinical events (SSD, 
ARE, delayed graft function) or graft failure (data not shown). Next, 
we attempted to assess a possible long-term association of expo-
sure to high titers of anti-Neu5Gc antibodies and late graft survival, 
whatever the patient SSD status. Patients with sera available at 7 ± 3  
years after transplantation (median of the T2 sampling time) and 
with a functional kidney allograft through this period were included 
in order to analyze homogeneous data in terms of the time interval 
of the post-graft assay (n = 36 patients). The third of patients with 
the highest levels of antibodies (n = 12) constituted the “high level” 
group, and the remaining patients constituted the “low level” group 
(n = 24). This procedure was similarly performed for anti-Neu5Gc, 
anti-ATG, and anti-Gal antibody levels. No significant differences 
were observed in the occurrence of delayed graft function, ARE, 
or anti-HLA antibodies between the groups (Supplemental Table 
1), but patients with “high anti-Neu5Gc levels” had a lower graft 
survival compared with patients from the “low anti-Neu5Gc level” 
group (Supplemental Figure 3A, P = 0.004). In contrast, no signifi-
cant association between the levels of total anti-Gal or anti-ATG 
and graft survival was observed (Supplemental Figure 3, B and C).

Early kinetics of anti-ATG, anti-Neu5Gc, and anti-Gal antibodies
The short-term kinetics of the anti-ATG antibody level variations 
were tested in 17 recipients, all SSD–, from the “early response” 

Table 4. Clinical variables associated with an increased risk of 
graft failure: results of the multivariate Cox model (n = 889)

HR 95% CI P value
ARE 2.86 2.29–3.57 <0.001
SSD 0.023
 Before 10 yr of follow-up 0.90 0.59–1.39 0.643
 After 10 yr of follow-up 1.72 1.08–2.72 0.022
PRA class I (positive/negative) 1.51 1.20–1.89 <0.001
Donor age (+10 years) 1.26 1.17–1.36 <0.001
Cold ischemia time (≥36 h/<36 h) 1.25 1.02–1.54 0.032
Recipient age (≥55 yr/<55 yr) 1.03 0.80–1.31 0.843
Transplantation yr (≥1990/<1990) 1.06 0.84–1.33 0.628
HLA mismatches (≥4/<4) 0.82 0.67–1.01 0.058

ARE occurrence, SSD occurrence, PRA class I positivity, older donor age, and 
prolonged cold ischemia time (>36 hours) were significantly associated with 
an increased risk of graft failure. SSD impact was significant after 10 years 
of follow-up, with a hazard ratio (HR) at 1.72 (95%CI = 1.08–2.72, P = 0.02).

Table 5. ATG treatment parameters in SSD+ or SSD– patients

SSD+ (n = 23) SSD– (n = 23) P value
Duration of ATG delivery (d) 11.87 (± 3.63) 11.04 (± 5.59) 0.56
Total dose of ATG (mg) 2651.1 (± 1397) 2214.1 (± 1291) 0.24
ATG interruption for SSD 3 /17 NA NA
Mean % SRBC rosettes 6.10 (± 4.74) 6.56 (± 8.15) 0.82
% of days with SRBC <2% 51.2 (± 29.5) 55.0 (± 29.2) 0.67

Lymphocyte counts
d7 360.2 (± 272.6) 322.9 (± 214.9) 0.64
d15 373.1 (± 208.1) 419.8 (± 467.8) 0.70

Lymphocyte count drop (%)
d0–d3 83.2 (± 0.08) 76.7 (± 0.17) 0.19
d0–d7 74.5 (± 0.19) 76.1 (± 0.20) 0.82
d0–d15 75.3 (± 0.19) 67.2 (± 0.44) 0.48

Variables are expressed as mean ± SD. There was no significant difference 
in the ATG infusion time (days), total doses, or rate and magnitude of T 
cell depletion, as shown by blood lymphocyte numbers or the number of 
mononucleated cells able to form rosettes with sheep red blood cells (used 
as a mean to estimate CD2-positive lymphocytes). NA, not applicable; 
SRBC, sheep red blood cells.
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taining fetal calf serum and displayed the same levels of membrane 
Neu5Gc as fresh aortic ECs (Supplemental Figure 6). Supplemental 
Figure 7 shows an accumulation of all the transcripts tested in ECs 
(VCAM1, ICAM1, E selectin, ADAM10, TNFA, IL1B, IL6, and IL8) 
following incubation of ECs for 4 hours with 3 sera containing high 
levels of anti-Neu5Gc (from 29.8 to 75.9 ng/μl). There was no accu-
mulation following incubation with the 3 patient sera without detect-
able anti-Neu5Gc. When tested undiluted, 2 sera were positive for 
anti-HLA: 1 serum of 3 without anti-Neu5Gc was positive for anti-
HLA class I. Reactivity disappeared at the dilution used in the EC 
stimulation test (1:100). This serum did not activate ECs. Another 
serum was positive for anti–HLA class II. The anti–class II antibodies 
were still detectable at a 1:100 dilution. This serum, which belongs 
to the group with anti-Neu5Gc, elicited only a borderline activation 
of ECs. The serum with the strongest stimulating effect on ECs in 
this group of sera with anti-Neu5Gc was negative for anti-HLA, even 
undiluted. These data, using several sera and particularly “immune” 
sera from patients primed by ATG, complements and reinforces 
previous data using a serum from a normal individual (28). Despite 
restrictions on available sera, which do not allow relevant statistical 
analysis, the increase of all transcript species tested and the strong 
transcript accumulation (for instance, for VCAM1, IL1, and IL8) sug-
gest that anti-Neu5Gc antibodies activate ECs.

Discussion
In this study, we bring the first evidence to our knowledge that SSD 
occurrence is a significant risk factor for long-term allograft loss in 

first kidney transplant recipients who have received an induction 
treatment with rabbit anti-human lymphocyte IgGs. In addition, we 
show an increased humoral immune response against rabbit IgGs 
following SSD and, more specifically, against xenogeneic Neu5Gc 
epitopes, despite exposure to major immunosuppressive drugs.

If restricted to prospective randomized studies, the incidence 
of SSD following thymoglobulin treatment of kidney recipients 
ranges from 4% to 28% (6, 29–31). The 9.7% incidence reported in 
our study included only SSD with arthralgia, irrespective of other 
“minor” symptoms, such as skin rashes, fever, or headaches. SSD is 
considered as the human paradigm of the experimental “one shot” 
immune complex disease, as described in the rabbit following the 
seminal work of Dixon et al. (32). SSD occurs in all patients receiving 
ATG treatment without additional immunosuppressive medications 
(13). However, SSD in transplant recipients differs by the fact that 
the foreign protein is administered over roughly a week or two and 
with major immunosuppressive and antiinflammatory drugs given 
during and after the treatment with the xenoantigen. Furthermore, 
almost all humans have preexisting anti-ATG, anti-Gal, and anti-
Neu5Gc antibodies, and, significantly, anti-Neu5Gc antibodies can 
affect ECs through a model of “planted immune complexes” (25), 
due to the existence of dietary-derived Neu5Gc on ECs, which may 
affect the graft tissues in the long term. Our multivariate Cox model 
identified SSD as a variable affecting long-term graft outcome. The 
etiology of this late failure following SSD remains a matter of spec-
ulation. Owing to the immune complex nature of SSD, early graft 
vasculature damage in the course of SSD may restrict the long-term 

Figure 3. Cross-sectional analysis of anti-ATG, anti-Neu5Gc, and anti-Gal IgG serum levels in SSD+ and SSD– patients from cohort B. Results are 
expressed as mean ± SEM of the ΔT1 or ΔT2 values. Comparisons between SSD+ and SSD– matched patients were performed using a Wilcoxon paired test. 
(A) In SSD+ patients, anti-ATG levels increased from a mean of 9.49 ± 9.02 ng/μl in T0 sera to 17.41 ± 13.74 ng/μl in T1 sera, while SSD– patients had T0 
levels of 10.33 ± 4.95 ng/μl and T1 levels of 13.85 ± 11.90 ng/μl (ΔT1, NS). (B) In SSD+ patients, anti-Neu5Gc levels increased from 1.3 ± 1.87 ng/μl (T0 sera) 
to 2.28 ± 3.08 ng/μl in T1 sera, in comparison with SSD– patients (T0 = 12.10 ± 29.22 ng/μl vs. T1 = 6.91 ± 14.64 ng/μl, ΔT1, NS). (C) In SSD+ patients, anti-Gal 
levels remained stable (5.62 ± 5.24 ng/μl in T0 sera vs. 5.78 ± 7.33 ng/μl in T1 sera), in comparison with SSD– patients (T0 = 5.83 ± 3.89 ng/μl vs. T1 = 3.13 
± 2.48 ng/μl, ΔT1, NS). (D) In SSD+ patients, anti-ATG levels increased from a mean of 9.49 ± 9.02 ng/μl in T0 sera to 16.48 ± 12.99 ng/μl in T2 sera, while 
SSD– patients had T0 levels of 10.33 ± 4.95 ng/μl and T2 levels of 13.85 ± 19.33 ng/μl (ΔT2, P = 0.04). (E) In SSD+ patients, anti-Neu5Gc levels significantly 
increased from 1.3 ± 1.87 ng/μl to 9.85 ± 19.8 ng/μl in T2 sera, in comparison with SSD– patients (T0 = 12.10 ± 29.22 ng/μl vs. T2 = 4.55 ± 13.54 ng/μl, ΔT2,  
P = 0.007). (F) In SSD+ patients, anti-Gal levels remained stable (5.62 ± 5.24 ng/μl in T0 sera vs. 5.5 ± 5.41 ng/μl in T2 sera), in comparison with SSD– 
patients (T0 = 5.83 ± 3.89 ng/μl vs. T1 = 4.42 ± 3.02 ng/μl, ΔT2, NS).
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adaptation to the nephron functional overload following transplan-
tation (33) and can be accelerated by many factors, such as cal-
cineurin inhibitor (CNI) toxicity, hypertension, hyperlipidemia (see 
ref. 34 for review), or inadequate nephronic mass (35) for instance. 
The patients experiencing SSD may have a strong responder pheno-
type. Indeed, AREs were more frequent in the SSD group than in the 
control group. This increased frequency is not explained by subop-
timal immunosuppression (Table 5). As a severe early inflammation 
episode, SSD may also be responsible for an aspecific stimulation 
of recipient immune response, leading to an increased occurrence 
of rejection but also to increased production of Neu5Gc. However, 
anti-Gal antibody levels were not increased, arguing against this 
interpretation. In addition, as elicited anti-Neu5Gc antibodies rec-
ognize different patterns of Neu5Gc epitopes than “natural” ones 
(26) and their presence results in increased long-term exposure 
of Neu5Gc-positive ECs to these antibodies, they may trigger a 
chronic inflammation of graft vascular walls, as further discussed 
below. Indeed, in Cmah KO mice, an animal model unable to bio-
synthesize Neu5Gc, similarly to humans, it has been demonstrated 
that anti-Neu5Gc antibodies can stimulate chronic inflammation in 
dietary Neu5Gc-charged tissues (36).

A number of types of antibody specificities against rabbit IgG 
were explored. First of all, we confirmed that sera from healthy indi-
viduals as well as pretransplantation sera of all patients contained 
anti-ATG and anti-Gal antibodies and that 83% of all patient sera 
contained anti-Neu5Gc, a close match with studies performed in 
other smaller cohorts (20, 37). No significant association was noted 
between the preexisting titers and early post-graft clinical events. 
We did not detect an early increase in overall global titers of total 
anti-ATG, anti-Neu5Gc, or anti-Gal within the first 3 months after 
treatment. Instead, there was a slight decrease in these antibodies. 
In contrast to the sialic acid Neu5Gc, which was clearly evidenced 
on rabbit IgGs using an anti-Neu5Gc polyclonal IgY, Gal was not evi-
denced on rabbit IgGs (using the Gal-specific lectin IB4 for detec-
tion, data not shown). However, mass spectrometry unambiguously 
demonstrates the presence of Gal on thymoglobulin, although at a 

much lower level than for Neu5Gc epitopes. Of note, rabbit IgG (as 
well as horse IgGs) did not display Neu5Ac (Supplemental Figure 5). 
Immunosuppressive drugs should not influence dramatically the 
titers of these preformed antibodies during this early period after 
surgery, suggesting that part of the preexisting anti-Neu5Gc and 
anti-ATG antibodies is complexed by the infused ATG.

Both cross-sectional and longitudinal studies suggest that 
recipients who have experienced SSD have a distinct immune status 
compared with those who have not, in particular, a delayed increase 
in anti-Neu5Gc and total anti-ATG antibodies, despite sustained 
and major immunosuppression. It is possible that chronic exposure 
to immune complexes with Neu5Gc-bearing epitopes of dietary ori-
gin (21, 23, 28), which are able to activate the complement, offers 
optimal conditions for B cell response through a more efficient dis-
play on dendritic follicular cells in the lymph nodes (38).

Unfortunately, we were not able to study the antibody 
response at the time of SSD. Finally, our data, which require con-
firmation from a larger cohort, suggest that a higher risk of graft 
failure is associated with high anti-Neu5Gc levels, whatever the 
SSD status. In contrast, late graft failure was not significantly 
associated with global anti-ATG or anti-Gal antibody levels tested 
in a similar procedure.

Despite the fact that a possible causal link between anti-Neu5Gc 
antibody levels and long-term graft survival cannot be confirmed 
from this clinical study, we show that living, fresh, uncultured 
human ECs express substantial amounts of Neu5Gc on their cell 
surface. Furthermore, human ECs displaying surface membrane 
Neu5Gc, mimicking the flow cytometry pattern of fresh aortic ECs, 
cultured for 4 hours in the presence of patient sera with high titers of 
anti-Neu5Gc, exhibited an increased expression of VCAM1, ICAM1, 
E selectin, ADAM10, TNFA, IL1B, IL6, and IL8 transcripts (Supple-
mental Figure 7), a profile highly suggestive of an inflammatory phe-
notype of the stimulated ECs (39). Of potential interest, ADAM-10, 
which is not usually regulated by TNF-α (40) and involved in several 
cytokine “maturation processes” (41), has been found to be overex-
pressed by ECs (42). Despite being highly dispersed, our data, using 

Figure 4. Longitudinal analysis of anti-ATG and anti-Neu5Gc IgG serum levels in SSD+ patients from cohort B. T0, T1, and T2 samples for each patient in 
the SSD+ group were assessed for (A and B) anti-ATG and (C and D) anti-Neu5Gc antibody levels. Antibody levels were quantified using ELISA assays, with 
median and interquartile range shown for each group. Comparisons between time points for one patient were performed using a Wilcoxon paired test. (A) 
Anti-ATG IgGs in T0 (mean 9.99 ± SD 10.96 ng/μl) and T1 (15.06 ± 12.78 ng/μl) samples (n = 9 patients at T1, NS). (B) Anti-ATGs in T0 (mean 7.04 ± SD 1.93 
ng/μl) and T2 (16.89 ± 12.83 ng/μl) samples (n = 12 patients at T2, P = 0.001). (C) Anti-Neu5Gc IgGs in T0 (mean 0.74 ± SD 0.91 ng/μl) and T1 (2.46 ± 2.92 
ng/μl) samples (n = 9 patients at T1, P = 0.047). (D) Anti-Neu5Gc in T0 (mean 1.41 ± SD 1.91 ng/μl) and T2 (9.78 ± 19.82 ng/μl) samples, n = 12 patients at 
T2, P = 0.054. Similar analysis in the SSD– group did not yield significant differences (data not shown).
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a tritherapy (CNI, MMF, and prednisone), whereas 14.5% were treated 
with only CNI and MMF (patients were part of controlled randomized 
assays on corticoid avoidance). All patients received a peroperative 
bolus of hydrocortisone. To avoid heterogeneity of ATG indication, only 
patients treated before 1999 were considered, since after this time point, 
indication of ATG was restricted to immunologically high-risk patients at 
our institute. ATG was administered over 6 days at 1.5 mg/kg. Donor and 
recipient data were extracted from the prospectively harvested Données 
Informatisées et Validées en Transplantation (DIVAT) data bank (www.
divat.fr, Commission nationale de l’informatique et des libertés [CNIL] 
reference for the French Research Ministry RC12_0452, May 2013) (46). 
Codes were used to ensure donor and recipient anonymity.

Cohort B. The secondary objective of the study was to analyze the 
xenogenic immunization statuses in two subgroups of patients who 
have received ATG induction treatment: SSD+ and SSD– patients. Two 
types of analysis were done: cross-sectional comparisons (SSD+ and 
SSD– matched control group) and longitudinal comparisons (various 
values obtained for each patient at different times after transplanta-
tion). For this specific purpose, first graft recipients exhibiting SSD 
transplanted between 1995 and 2008 were included, due to poor 
serum availability from patients grafted prior to 1995. All biologi-
cal samples from the patients from cohort B were obtained from the 
DIVAT data bank and were not harvested specifically for this study.

Cross-sectional study. A paired SSD– control group was selected 
by taking into account five clinical variables chosen for their clinical 
relevance (immunization status of recipients) or for their association 
with poor graft survival in cohort A univariate analysis: recipient age, 
± 10 years; transplantation year, ± 2 years; PRA class I positivity; PRA 
class II positivity; and number of HLA mismatches (≥4/<4). Each SSD+ 
patient (n = 13) was thus paired with one highly matched SSD– control 
patient (n = 13). Figure 1B shows the control cohort selection proce-
dure. Regarding the relative heterogeneity of the times posttransplan-
tation at which sera was sampled for each SSD+ and SSD– patient, one 
post-graft sample obtained within the first year posttransplantation 
(T1) and one late sample obtained >4 years posttransplantation (T2) 
were considered, in addition to the pretransplantation sera (T0). Sam-
ples from patients who returned to dialysis were excluded.

Longitudinal study. T0, T1, and T2 samples from each patient were 
compared. In this serial analysis, which did not require pairing, addi-
tional patients with available sera, but which were not fully matched 
in the paired process described above, were included (n = 14 SSD+ and 
n = 41 SSD– patients, including those from the cross-sectional study). 
Finally, we also compared patient anti-xenoantibody values with those 
of 70 control healthy volunteers matched for age and sex. Healthy con-
trol serum samples were obtained from the Etablissement Français du 
Sang Pays de la Loire, and all donors signed a consent form.

Demographic data and clinical characteristics. For cohorts A and 
B, donor parameters studied were sex, age, and cause of death. For 
the recipients, the variables collected at time of transplantation were 
sex, age, weight and body mass index, history of diabetes mellitus, 
initial nephropathy (classified into relapsing or not), kidney or com-
bined pancreas-kidney allograft, preemptive grafts, HLA-A-B-DR 
mismatches, pretransplantation anti-HLA immunization (historical 
peak of class I or class II PRA determined by complement-dependent 
cytotoxicity and Luminex screening), and duration of cold ischemia 
time. Class II PRAs could not be considered in the entire cohort, as 
they were not part of routine screening before 1989. Delayed graft 

Q-PCR, confirm a previous report on the increased cytoplasmic 
content of several cytokines following stimulation of Neu5Gc-posi-
tive cells (28). Our study identified a set of proinflammatory genes, 
including adhesion molecules, which are upregulated in ECs by anti-
Neu5Gc–containing sera. This pattern suggests that anti-Neu5Gc 
antibodies may activate the NF-κB pathway. This pattern of regula-
tion was not observed in response to anti-HLA antibodies, as in our 
previous studies. Findings from our group indicated that anti–class I 
(43) and anti–class II (44, 45) HLA antibodies mediate proliferative 
and protective effects, respectively, mostly via PI3 kinase signal-
ing. Importantly, the sole serum with anti-HLA in the anti-Neu5Gc 
group induced only a low inflammatory response on ECs, whereas 
the serum displaying the strongest stimulation on ECs did not dis-
play anti-HLA in the Luminex assay. Further studies using affinity- 
purified anti-Neu5Gc antibodies are nevertheless required. How-
ever, our data differ from those in Pham’s study (28), since our sera 
were obtained from patients primed by ATG who have exhibited a 
SSD, instead of from an unaffected individual. Furthermore, our sera 
were diluted to 1:100 (instead of 1:2), diluting other potential anti-
bodies, and with final anti-Neu5Gc concentration close to that of the 
unaffected individual’s sera. As mentioned previously, anti-Neu5Gc 
epitope recognition by serum IgG drastically differs between primed 
and unprimed individuals (26). Therefore, different patterns of 
Neu5Gc epitopes recognized by elicited anti-Neu5Gc antibodies 
in primed individuals, as in our study, in addition to exposure to 
increased levels of anti-Neu5Gc, may be important in understand-
ing a potential role of such antibodies in this unique situation of a 
“physiological” immune complex condition.

We are conscious of some limitations of our study. Particularly, 
as in any study on long-term clinical outcome, the cohort, even 
with a homogeneous treatment, is subjected to the continuous evo-
lution of the techniques of patient monitoring and clinical manage-
ment, the differences in surgical methods, and the quality of the 
data dating from 1985, restricting the possible confounding factors 
analyzed, despite the comparison with variables-matched controls 
(including graft year) in the initial design of our study. We also sug-
gest, but do not formally demonstrate, the detrimental effect of an 
increased exposure of ECs to elicited anti-Neu5Gc antibodies; an 
interaction with graft epithelial cells may also be involved.

Taken together, our data show that, despite providing valu-
able aid in the clinical management of allografts, rabbit anti- 
human lymphocyte IgGs are not without toxicity. In particular, we 
show for the first time to our knowledge that SSD is associated 
with poor long-term graft survival. Our data warrant further study 
on the immune response of graft recipients receiving animal- 
derived material and foster the development of animal-derived 
ATG without Neu5Gc content.

Methods

Patients
Cohort A. First kidney (n = 793) or first combined kidney-pancreas (n = 96) 
recipients from the Centre Hospitalier Universitaire de Nantes between 
1985 and 1998 were included (Figure 1A). Only recipients receiving ATG 
(Thymoglobulin, Genzyme) as induction therapy associated with CNI 
and mycophenolic acid (MMF) (2 g/d) were considered, whatever their 
status concerning prednisone (Table 1). 85.5% of the patients received 
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Anti-Gal antibodies
An ELISA was adapted from Buonomano et al. (49). Plates were coated 
with Gal1-3Gal-polyacrylamide conjugate (5 μg/ml; PAA-Bdi, Lectinity) 
overnight at 4°C and then blocked with PBS 0.5% fish gelatin (Sigma- 
Aldrich) for 2 hours at 37°C. Human sera (at 1:100, 1:500, and 1:1,000 
in PBST) were incubated for 2 hours at 37°C. A rabbit anti-human 
IgM+G and a HRP goat anti-rabbit antibody (1:2,000, 309-005-107, 
and 1:2,000, 111-035-144, respectively; Jackson ImmunoResearch) were 
used as secondary antibodies. A titration curve used serial dilutions of 
human IVIg (Privigen), with an initial working concentration of 50 ng/μl.

Blood thymoglobulin levels
Thymoglobulin circulating levels were measured using a commercial 
Rabbit IgG ELISA Quantitation Set (Bethyl Laboratories Inc.), and the 
assay was performed according to the manufacturer’s specifications.

Measurement of total IgG levels
Total IgG assays were performed on a Cobas 8000 C502 (Tina-
quant IgG Gen.2. Roche Diagnostics GmbH), using an immunotur-
bidimetry method.

Analysis of Neu5Gc, Neu5Ac, and Gal moieties on rabbit IgGs by mass 
spectrometry
Rabbit thymoglobulin (50 μg) was reduced with dithiothreitol (Sigma- 
Aldrich), alkylated with iodoacetamide (Sigma-Aldrich), and digested 
with trypsin (2 μg, Promega). The digestion mixture was separated 
by reversed-phase HPLC. Pooled glycopeptide fractions were further 
digested with β-galactosidase from bovine testes (Prozyme). All MS 
analyses were performed on an UltrafleXtreme mass spectrometer 
(Bruker Daltonics) equipped with LID-LIFTTM technology for tandem 
MS experiments. Dihydroxy benzoic acid was used as the matrix.

EC preparation and stimulation
Human aortic ECs (HAECs) were isolated from unused aortic pieces 
harvested from organ donors at the Centre Hospitalier Universitaire 
de Nantes following the specific agreement of the national Biomed-
icine Agency (PFS08-017). Aortas were incubated with collagenase 
A (2.2 U/ml; Roche Diagnostics GmbH) for 40 minutes at 37°C, and 
cells harvested by mild scrapping of the lumen. ECs were selected 
using CD31-Dynabeads (Invitrogen, ThermoFisher Scientific) for 20 
minutes at 4°C, washed 3 times, plated on plastic dishes, and grown in 
Endothelial Cell Basal Medium (Promocell) supplemented with 10% 
FCS, glutamine (200 mM), penicillin and streptomycin (100 UI/ml), 
ECGS (0.004 ml/ml), hEGF (0.1 ng/ml), hbFGF (1 ng/ml), hydrocor-
tisone (1 μg/ml), and Heparin (90 μg/ml) at 37°C in a 5% CO2. Passage 
5 HAECs were used for stimulation experiments.

For quantification of Neu5Gc by flow cytometry, fresh, uncultured 
HAECs were used immediately after the selection step. Fresh HAECs 
were labeled with mouse anti-CD31-PE (555446, BD Pharmingen) 
and chicken anti-Neu5Gc (clone Poly21469, Biolegend), revealed by 
donkey anti-chicken IgY-A647 (703-606-155, Jackson Immunore-
search) in a 0.5% gelatin fish buffer, read on BD FACSCanto II (BD 
Biosciences), and analyzed by FlowJo software.

For the stimulation experiments and PCR, HAECs cultured in FCS+ 
or human serum (HuS+; Sigma-Aldrich) EC medium for 15 days were 
incubated for 4 hours with 3 SSD+ patient sera with high anti-Neu5Gc lev-
els (29.76 to 75.92 ng/μl) and 3 sera with negative Neu5Gc titers, diluted 

function (the need for dialysis in the first week after surgery) was also 
recorded. Only overt SSD, as defined by a combination of arthralgia 
and painful temporomandibular joint/trismus, was considered. Renal 
function was assessed yearly by serum creatininemia and estimated 
glomerular filtration rate. Biopsy-proven (according to the histological 
criteria of the year of diagnostic) AREs were recorded.

Supplemental “early response” cohort. An additional group of 17 
recently transplanted patients from the Institute for Clinical and 
Experimental Medicine, Department of Nephrology, with pre-graft 
and serially harvested posttransplantation sera sampled at 7, 14, 21, 30, 
60, and 90 days, was used specifically and exclusively for the analysis 
of the early response to ATG and for measurement of thymoglobulin 
blood levels. None of these patients, who were treated with CNI and 
MMF, exhibited a SSD. All patients gave informed consent.

Test tubes were coded by personnel from outside the study, and 
all ELISA tests were carried out blind.

Total anti-rabbit IgG and IgM antibodies
Quantification of human serum IgGs against anti-rabbit IgGs (Thymo-
globulin, Genzyme) was adapted from Prin Mathieu et al. (47). Plates 
(NUNC Maxisorp; NUNC AB) were coated overnight with thymoglobulin 
(1 μg/ml) in 50 mM sodium carbonate-bicarbonate buffer (pH 9). Wells 
were blocked for 2 hours at 37°C with PBS, 0.05% Tween20 (Sigma- 
Aldrich), and 1% Ovalbumin (PBSTO, Sigma-Aldrich). Human serum 
samples diluted 1:400 in PBS 0.05% Tween20 (PBST) were added 
and incubated for 2 hours at 37°C, before the addition of a HRP donkey 
anti-human IgG (H+L) (1:7,000, 709-035-149, Jackson Immunoresearch) 
for 1 hour at 37°C and development using TMB substrate (Sigma-Aldrich). 
For standard curves, wells were coated with serial dilutions of human IVIg 
(concentrations started at 800 ng/ml; Privigen, CSL Berhing SA).

A similar protocol was used for quantification of human serum 
IgM against thymoglobulin, with serum dilutions of 1:50 and 1:100 
and a HRP goat anti-human IgM (μ-chain–specific) secondary anti-
body (A0420, Sigma-Aldrich). For the standard curve, human- 
purified IgM (I8260, Sigma-Aldrich) was used, with the initial working 
concentration of 200 ng/ml.

Anti-Neu5Gc antibodies
Anti-Neu5Gc antibodies were quantified using a modified ELISA orig-
inally described by V. Padler-Karavani et al. (26, 48). This assay uses 
mouse serum proteins as coating antigens in the ELISA plate, offer-
ing an exhaustive display of the major epitopes containing Neu5Gc 
(48). The plates were coated overnight at 4°C with wild-type C57BL/6 
mouse sera (Janvier Labs) at 1 μg per well diluted in 50 μl of coating 
buffer. Diluted human sera were preincubated for 2 hours at 4°C with 
Cmah KO mouse sera (CMAH-deficient mice, B6.129X1-Cmahtm1Avrk/J 
adult females, The Jackson Laboratory) diluted 1:100 in PBSTO. After 
washing and blocking, pretreated human sera were added to the plates 
for 2 hours at room temperature. IgGs were detected as described 
previously (26). Again, serial dilutions of IVIg at concentrations start-
ing from 200 ng/ml served as standards. Sera from KO mice were 
screened for the potential presence of mouse antibodies cross-react-
ing with human serum determinants, as described by V. Padler-Kar-
avani et al. (48). Positive KO mouse sera were excluded. The absence 
of Neu5Gc antigens in KO mouse sera was checked using the Neu5Gc- 
specific chicken IgY antibody (clone Poly21469, Biolegend) and sec-
ondary HRP-coupled anti-IgY antibody (ab97135, Abcam).
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2004, CNIL, Ministère de l’enseignement supérieur et de la recher-
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10 or 100 fold. Controls consisted of EC medium only or TNF-α at 500 
U/ml (R&D Systems). Total RNA was isolated using the TRIzol method 
(ThermoFisher Scientific). Total RNA (500 ng) was reverse transcribed 
with the Omniscript Reverse Transcription Kit (Qiagen) according to the 
manufacturer’s instructions. Quantitative realtime PCR was performed 
in an ViiA 7 Real-Time PCR System using labeled TaqMan probes (Ther-
moFisher Scientific). The following ready-to-use primers/probe mixes 
were used: VCAM1 (Hs01003372_m1), ICAM1 (Hs00153853_m1), 
E selectin (Hs00950401_m1), ADAM10 (Hs00153853_m1), TNFA 
(Hs01113624_g1), IL1B (Hs04555410_m1), IL8 (Hs00174103_m1), and 
IL6 (Hs00174131_m1). GAPDH (Hs99999905_m1) was used to normal-
ize the amounts of RNA. Relative expression was calculated according 
to the 2–DDCt method, in which the reference represents 1-fold expression.

Statistics
Cohort A. The main objective of the study was to evaluate the graft 
survival of the SSD+ patients compared with that of the SSD– patients. 
Comparisons of baseline characteristics between SSD+ and SSD– 
patients were based on χ2 tests for identifying potential confounding 
factors. The time to event was the time between the transplantation 
and graft failure (i.e., return to dialysis). Patient deaths were considered 
right censored. Survival curves were estimated using the Kaplan-Meier 
estimator. A multivariate Cox model (50) was used to take into consid-
eration the previous potential confounding factors. Univariate analyses 
were performed for first variable selection (P < 0.20). If the log-linear-
ity assumption was unconfirmed, the quantitative variable was cate-
gorized according to usual thresholds. Then, a step-by-step backward 
selection method was manually performed: no significant variable was 
progressively removed, taking out the less significant variable at each 
step (P < 0.05). To guarantee the comparability between the SSD+ and 
the SSD– patients, adjustments were at least performed for all of the 
following pretransplant confounding factors: recipient age, transplan-
tation period (before or after 1990), HLA-A-B-DR mismatches, and 
pretransplantation anti-HLA immunization (historical peak of class 
I PRA). The proportional hazard assumption was checked by plotting 
log-minus-log survival curves and by using weighted residuals analy-
sis (51). To consider nonproportional covariates, the Cox model with 
time-dependent regression coefficients (52) was used. Statistical anal-
yses were performed using version 3.0.1 of the R software (53).

Cohort B. For antibody level analyses, comparisons between the 
two groups (SSD+ and SSD–) and comparisons among sampling times 
(T0, T1, and T2) for every patient inside the groups were performed 
using Wilcoxon paired tests. Kidney allograft survival, according to 
antibody levels, was analyzed using a log-rank test.

Study approval
All patients provided informed consent, allowing use of clinical, bio-
logical, and histological information in the DIVAT cohort. This non-
interventional DIVAT study complies with the guidelines for good 
practice of the Centre Hospitalier Universitaire de Nantes and was 
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