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SUMMARY

Late antibody-mediated rejection (ABMR) is a cardinal cause of kidney
allograft failure, manifesting as a continuous and, in contrast with early
rejection, often clinically silent alloimmune process. While significant pro-
gress has been made towards an improved understanding of its molecular
mechanisms and the definition of diagnostic criteria, there is still no
approved effective treatment. In recent small randomized controlled trials,
therapeutic strategies with promising results in observational studies, such
as proteasome inhibitor bortezomib, anti-C5 antibody eculizumab, or high
dose intravenous immunoglobulin plus rituximab, had no significant
impact in late and/or chronic ABMR. Such disappointing results reinforce
a need of new innovative treatment strategies. Potential candidates may be
the interference with interleukin-6 to modulate B cell alloimmunity, or
innovative compounds that specifically target antibody-producing plasma
cells, such as antibodies against CD38. Given the phenotypic heterogeneity
of ABMR, the design of adequate systematic trials to assess the safety and
efficiency of such therapies, however, is challenging. Several trials are cur-
rently being conducted, and new developments will hopefully provide us
with effective ways to counteract the deleterious impact of antibody-
mediated graft injury. Meanwhile, the weight of evidence would suggest
that, when approaching using existing treatments for established antibody-
mediated rejection, “less may be more”.
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General considerations

Late antibody-mediated rejection (ABMR) is well-

established to be a major determinant of allograft out-

come [1]. Nevertheless, in contrast with early acute

ABMR, there is still no treatment proven to modify its

natural course [2]. There is a need of new innovative

therapeutic approaches, which will have to be evaluated

for their safety and efficiency in adequately designed

intervention trials. Our increasing understanding of the

pathophysiology of ABMR, its natural course and diag-

nosis, including its different subphenotypes, may pro-

vide a valuable basis for a robust study design. In

search of new treatment concepts, transplant medicine

may learn substantially from other medical disciplines,

such as rheumatology or haematology, where numerous

new developments have enabled considerable success in

the treatment of B cell- and plasma cell-driven diseases.
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However, we are still lacking in our understanding of

the natural history of ABMR, a point that must be

remembered when evaluating any study that does not

have a randomized control design.

Pathogenesis of ABMR

Key elements of ABMR pathogenesis as well as potential

treatments and their targets are illustrated in Fig. 1. A

major trigger of ABMR is the formation of donor-speci-

fic antibodies (DSA) against mismatched HLA class I

and, particularly in chronic rejection, HLA class II anti-

gens [1]. Upon binding to the endothelium, DSA may

initiate a cascade of molecular events that result in

endothelial activation and inflammation in the micro-

circulation, ultimately culminating in irreversible tissue

injury. A driving force of HLA antibody formation is

the extent of tissue incompatibility between recipient

and donor, suggesting that a precise definition of

immunogenic HLA mismatches may significantly con-

tribute to alloimmune risk stratification to accurately

predict the risk of de novo DSA formation [3–5]. Major

approaches in this context – not the primary topic of

this review – may be the implementation of novel allo-

cation strategies to improve the precision of traditional

HLA antigen mismatching and/or the use of immuno-

suppressive regimens, such as costimulation inhibitors,

that a priori prevent the formation of deleterious DSA

and the subsequent development of rejection [5,6].

As illustrated in Fig. 1, DSA may trigger a sequence

of different events that may contribute to tissue injury,

including possible direct signalling via HLA molecules

(although this has only been demonstrable in in vitro

systems), induction of Fc gamma receptor-dependent

cellular effects, and/or activation of the complement

cascade, primarily via the classical pathway (CP) [7]. In

this context, also natural killer (NK) cells have recently

gained attention. Studies support an involvement of

transcripts related to Fc gamma receptor IIIA-mediated

NK cell activation [8,9]. In addition, morphological and

molecular evidence of NK cell infiltration was associated

with ABMR and inferior graft survival [10]. DSA-trig-

gered CP activation and the subsequent release of ana-

phylatoxins, the recruitment of inflammatory cells with

complement receptors and the formation of the mem-

brane attack complex may contribute to tissue injury

[11,12]. However, the frequent finding of C4d-negative

rejection [13] and the limited success of complement

inhibitory treatment (see also below) [14–17] have

questioned the dominant importance of complement

cascade activation in late ABMR.

ABMR diagnosis and subphenotypes

Since its first description as a separate entity, the diag-

nosis of ABMR has been refined in subsequent amend-

ments of the Banff classification [18–20]. Diagnostic

criteria are the detection of typical morphological

lesions in the microcirculation, which include

glomerulitis (g), peritubular capillaritis (ptc), transplant

glomerulopathy (cg), serological evidence of circulating

DSA and/or the finding of C4d as a specific marker of

DSA-triggered complement activation in the microvas-

culature. The phenotypic presentation of ABMR is

heterogenous, and, according to recent updates of the

Banff scheme, not all criteria need to be fulfilled for its

diagnosis. For example, ABMR is often C4d-negative, or

under certain conditions (e.g. positive C4d staining

reflecting recent/current antibody interaction with vas-

cular endothelium), this type of rejection may be diag-

nosed without serological DSA detection. In addition,

the innovative diagnostic tool of gene expression analy-

sis using validated platforms, such as the Molecular

Microscope Diagnostic system (MMDx) [21,22], has

been in included in the Banff scheme to further increase

diagnostic precision [20].

Antibody-mediated rejection can occur at any time,

but is most frequent in the late phase after transplanta-

tion [22–24]. According to its timing, many authors

distinguish between early and late ABMR, the latter

being commonly defined by its diagnosis beyond

6 months post-transplantation, often associated with

anti-HLA DSA, sometimes in the context of underim-

munosuppression (“minimization”) or nonadherence.

In addition, ABMR may present with different subphe-

notypes, classified according to morphological, molecu-

lar and/or serological characteristics.

The Banff 2017 scheme defines two major variants,

that are, (i) active (formerly ‘acute active’ ABMR) and

(ii) chronic active ABMR, based on the absence or pres-

ence of time-dependent “stage” lesions: cg or the ultra-

structural finding of capillary basement membrane

multilayering [20]. These two phenotypes may occur at

any time, with active ABMR, without any chronic

lesions being occasionally found even many years post-

transplantation [25]. At the same time, gene expression

analysis, e.g. using the innovative principle of unsuper-

vised archetypal analysis, may allow for an alternative

classification of rejection subphenotypes that differ sub-

stantially with respect to timing, intensity and prognos-

tic impact (early stage versus fully developed versus

late-stage ABMR) [22]. Late ABMR is commonly associ-

ated with de novo DSA (also referred to as type 2
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rejection [26]), but in this respect, transplant centres

may differ substantially: series including a high propor-

tion of high immunological risk patients subjected to

desensitization at the time of transplantation have also

shown an accumulation of late ABMR cases among

patients with preformed DSA [25].

Of particular relevance for the design and interpreta-

tion of intervention trials is that the individual screen-

ing strategies applied to identify ABMR may critically

influence rates and phenotypes detected in distinct

patient cohorts (e.g. prospective protocol biopsies versus

indication biopsies; longitudinal versus cross-sectional

DSA screening). For example, in a recently published

cross-sectional evaluation (BORTEJECT trial) of 741 kid-

ney transplant recipients in outpatient care >6 months

after transplantation (estimated glomerular filtration

rate (eGFR) > 20 ml/min/1.73 m2), 111 DSA-positive

recipients were identified (15%), and 86 of these

patients were subjected to protocol biopsies. ABMR was

diagnosed in 44 recipients, at the median time of

5 years after transplantation (6% of the screened popu-

lation) [25]. Every second ABMR patient had a history

of presensitization, which was more frequent than

expected. Moreover, there was a marked heterogeneity

of morphological subphenotypes, a case mix of active

and chronic active (C4d-positive or C4d-negative)

ABMR cases [25]. In another cohort, prospective serial

DSA monitoring in nonsensitized patients without pre-

formed DSA revealed an initially low but steadily

increasing incidence of de novo DSA, with rates of 2%,

10% and 19% after 1, 5 and 10 years, respectively [27].

In this study, 76% of the recipients who underwent

DSA-triggered protocol biopsies showed active ABMR

[27].

Clinical impact of ABMR

Antibody-mediated rejection diagnosis is commonly

associated with progressive deterioration of graft func-

tion and premature allograft failure. The cardinal

impact of ABMR as a trigger of transplant failure may

have major implications for patient survival, given the

well-documented increased risk in death following allo-

graft loss [28]. In a large cohort of 885 kidney trans-

plant recipients who underwent biopsies for graft

dysfunction, ABMR morphology was shown to be

Figure 1 Pathogenesis of antibody-mediated rejection and potential therapeutic targets. A primary trigger of B cell alloimmunity may be the

interaction of follicular T helper cells with naive B cells. This leads to B cell proliferation and differentiation, and the generation of B memory

cells and antibody-producing plasma cells. Binding of alloantibodies to the endothelium may trigger direct signalling, induce Fc gamma recep-

tor (FccR) dependent cellular effects, such as natural killer (NK) cell (and macrophage) activation, and trigger complement activation via the

classical pathway (CP). Costimulation blockers, monoclonal antibodies (mAb) that target the interleukin-6 (IL-6)/IL-6 receptor (IL-6R) axis, or B

lymphocyte stimulator may prevent proper B cell activation/differentiation and affect the generation or integrity of plasma cells. IL-6 antago-

nists may also enhance the formation of regulatory T cells. Proteasome inhibitors and CD38 mAb may deplete alloantibody-producing plasma

cells, the latter affecting also NK cells and regulatory T cells. Complement inhibitors and membrane filtration target the C1 complex, a key

component of the CP, or by interference with the terminal component C5 (eculizumab), the formation of the membrane attack complex and

anaphylatoxin C5a. The mode of action of intravenous immunoglobulin is multifaceted and may include interference with B and T cell activa-

tion, antibody formation and recycling, as well as complement activation.
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tightly associated with adverse graft survival [29]. Eight-

year graft survival was 53% in C4d-positive and 66% in

C4d-negative ABMR, as compared with 81% in patients

without any rejection features. In mixed models, the

calculated annual slope of eGFR among C4d-positive

recipients or patients with histomorphological evidence

of ABMR was between �8 and �9 ml/min/1.73 m2

[29].

In a cohort of 508 nonsensitized renal allograft recip-

ients de novo DSA formation was associated with an

eGFR slope of �3.63, compared with �0.65 ml/min/

1.73 m2 per year in DSA-negative patients [27]. Among

DSA-positive subjects, those with graft dysfunction at

the time of antibody detection had a steeper annual

eGFR decline (mean �5.61 ml/min/1.73 m2) than sub-

clinical cases (mean �3.15 ml/min/1.73 m2). Outcome

analysis revealed a tight relationship between eGFR

slope and graft survival, showing a highly significant

increase (by 6%) in the risk of graft loss for each 1 ml/

min/1.73 m2 decease in eGFR at 3 years postsubclinical

de novo DSA onset [27].

The clinical course of ABMR may vary substantially

between individuals, and may critically depend on vary-

ing characteristics, such as the extent of graft dysfunc-

tion at baseline [27], capillary C4d staining, the

complement-fixing capability of detected DSA (which

may correlate mainly with antibody levels in the circula-

tion and the amount of antibody bound in solid phase

assays) [30,31], and the presence or absence of chronic

microcirculation injury (cg) [32].

Treatment of late ABMR – concepts evaluated
in RCTs

Potential anti-rejection therapies and their targets

in ABMR are illustrated in Fig. 1. Numerous therapeu-

tic concepts, amongst them apheresis (plasmaphere-

sis, immunoadsorption), intravenous immunoglobulin

(IVIG), CD20 antibody rituximab, proteasome inhibitor

bortezomib, and anti-C5 antibody eculizumab have been

evaluated in the treatment of ABMR. Levels of evidence,

however, have remained low [33]. Only three distinct ther-

apies – IVIG/rituximab, bortezomib and eculizumab –
have now been tested systematically in the specific context

of late/chronic ABMR, but results of RCTs are disappoint-

ing (Table 1) [16,34,35].

IVIG plus rituximab

Many authors promote the use of high dose IVIG com-

bined with rituximab as a treatment of ABMR. For late/

chronic ABMR, however, treatment efficiency is still

controversial.

Observational studies suggesting treatment efficiency

In a small observational study (four patients with

chronic ABMR) by Fehr et al. [36], IVIG/rituximab was

associated with a reduction in DSA levels over time and

improved graft function. These results were supported

by a series from Heidelberg (six paediatric recipients),

which showed improved renal function 12 months after

treatment [37]. Four years later, the same group

reported on an extended cohort of 20 paediatric recipi-

ents followed for 2 years [38]. Again, combined treat-

ment was associated with a decline in the mean

fluorescence intensity (MFI) of detected DSA and, in

parallel, improved renal function and follow-up biopsy

results (less C4d staining), whereby response rates were

higher among patients without features of chronic

injury (100% vs. 45% in patients with chronic lesions)

[38].

In a recent single-centre observational study of the

Wisconsin group, Parajuli et al. [39] evaluated out-

comes among 78 kidney transplant recipients with late

acute or chronic active ABMR subjected to high dose

steroids and IVIG or steroids and IVIG/rituximab (one

dose of 375 mg/m2). Treatment was associated with a

significant decline in DSA-MFI and microvascular

inflammation in follow-up biopsies performed within

6 weeks. The authors reported that patients who

received rituximab less often experienced graft failure

(15% graft loss at 1 year vs. 32% in patients who did

not receive rituximab, P = 0.02). This outcome effect

was independent in multivariate analysis. In contrast

with the results of the Heidelberg study, the extent of

chronic injury had no significant clinical impact [39].

Finally, Redfield et al. [40] reported on a large obser-

vational series of 123 consecutive kidney transplant

recipients diagnosed with chronic ABMR. Ninety-three

percent of the patients received anti-rejection treatment,

including steroids (93%), steroids/IVIG (87%), ritux-

imab (30%), plasmapheresis (13%) and anti-thymocyte

globulin (ATG) (10%). Overall, the median graft sur-

vival after diagnosis of rejection was only 1.9 years. Ret-

rospective analysis revealed that the use of steroids/

IVIG, as compared with no treatment, was associated

with a reduced risk of graft loss. Patients treated with

additional rituximab or ATG showed superior survival

rates, however, observed differences did not achieve sta-

tistical significance. Discussing their results, the authors

pointed out that the ability to detect differences was

778 Transplant International 2019; 32: 775–788

ª 2019 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT

B€ohmig et al.



T
a
b
le

1
.
R
an

d
o
m
iz
ed

co
n
tr
o
lle
d
tr
ia
ls
in

la
te

an
d
/o
r
ch
ro
n
ic

A
B
M
R
af
te
r
ki
d
n
ey

tr
an

sp
la
n
ta
ti
o
n
.

A
u
th
o
r,
ye
ar

Tr
ia
l
d
es
ig
n

In
cl
u
si
o
n
cr
it
er
ia

Tr
ea
tm

en
t

Pa
ti
en

ts
Im

m
u
n
o
su
p
p
re
ss
io
n

Fo
llo
w
-u
p

M
aj
o
r
EP

M
aj
o
r
re
su
lt
s

K
u
lk
ar
n
i,

2
0
1
7
[1
6
]

Si
n
g
le

ce
n
tr
e

n
o
n
b
lin
d
ed

R
C
T

H
LA

-D
SA

+
,

2
0
%

eG
FR

d
ec
lin
e
u
p
o
n

1
2
m
o
n
th
s

Ec
u
liz
u
m
ab

,
6
0
0
m
g
/

w
ee
k
fo
r

4
w
ee
ks
;
9
0
0
m
g

ev
er
y
2
w
ee
ks

fo
r
2
6
w
ee
ks

Tr
ea
tm

en
t:
n
=
1
0

C
o
n
tr
o
l:
n
=
5

N
o
t
sp
ec
ifi
ed

1
ye
ar

Pr
im

ar
y
EP
:

eG
FR

d
ec
lin
e

Se
co
n
d
ar
y
EP
:

ac
u
te

re
je
ct
io
n
;

tr
ea
tm

en
t
fa
ilu
re

(d
ea
th
,
g
ra
ft
lo
ss
,

lo
ss

to
fo
llo
w
-u
p

o
r
w
it
h
d
ra
w
al

fr
o
m

tr
ia
l);

b
io
p
si
es

at
3
,

6
an

d
1
2
m
o
n
th
s,

D
SA

M
FI

an
d
C
1
q

fi
xa
ti
o
n

M
ar
g
in
al

im
p
ro
ve
m
en

t

o
f
eG

FR
tr
aj
ec
to
ry

(P
=
0
.0
9
);
n
o

ef
fe
ct

o
n
m
o
rp
h
o
lo
g
ic
al

an
d

m
o
le
cu
la
r
b
io
p
sy

re
su
lt
s

M
o
re
so
,

2
0
1
8
[3
5
]

M
u
lt
ic
en

tr
e

p
la
ce
b
o
-

co
n
tr
o
lle
d
R
C
T
*

H
LA

-D
SA

+
,

ch
ro
n
ic

A
B
M
R
(c
g
>
0
)

IV
IG
x4

(0
.5

g
/k
g
)

ev
er
y
3
w
ee
ks

R
TX

(3
7
5
m
g
/m

2
)

1
w
ee
k
af
te
r
th
e

la
st

IV
IG

in
fu
si
o
n

Tr
ea
tm

en
t:
n
=
1
3

Pl
ac
eb

o
:
n
=
1
2

Ta
c/
M
M
F

Ta
c
C
0
:
5
–1

0
n
g
/m

l

1
ye
ar

Pr
im

ar
y
EP
:
eG

FR
d
ec
lin
e

Se
co
n
d
ar
y
EP
:
p
ro
te
in
u
ri
a,

b
io
p
si
es

at
1
2
m
o
n
th
s,

D
SA

M
FI

N
o
ef
fe
ct

o
n
eG

FR
d
ec
lin
e,

b
io
p
sy

re
su
lt
s
an

d
D
SA

-M
FI
;
n
o

d
if
fe
re
n
ce
s
in

ad
ve
rs
e
ev
en

ts

Es
ka
n
d
ar
y,

2
0
1
8
[3
4
]

Si
n
g
le

ce
n
tr
e

p
la
ce
b
o
-

co
n
tr
o
lle
d
R
C
T

H
LA

-D
SA

+
,

la
te

A
B
M
R

af
te
r
>
1
8
0
d
ay
s

B
o
rt
ez
o
m
ib

(t
w
o

cy
cl
es
;
ea
ch

fo
u
r
in
je
ct
io
n
s,

1
.3

m
g
/m

2
;

3
-m

o
n
th

in
te
rv
al
)

Tr
ea
tm

en
t:
n
=
2
1

Pl
ac
eb

o
:
n
=
2
3

Tr
ip
le

im
m
u
n
o
su
p
p
re
ss
io
n

Ta
c
C
0
:
7
–1

0
n
g
/m

l

C
yA

C
0
:
8
0
–1

2
0
n
g
/m

l

2
ye
ar
s

Pr
im

ar
y
EP
:
eG

FR
sl
o
p
e

Se
co
n
d
ar
y
EP
:
p
ro
te
in
u
ri
a;

b
io
p
si
es

at
2
4
m
o
n
th
s,

D
SA

M
FI

N
o
ef
fe
ct

o
n
eG

FR
d
ec
lin
e,

b
io
p
sy

re
su
lt
s
an

d
D
SA

M
FI

H
ig
h
er

ra
te

o
f
SA

Es

A
B
M
R
,
an

ti
b
o
d
y-
m
ed

ia
te
d
re
je
ct
io
n
;
D
SA

,
d
o
n
o
r-
sp
ec
ifi
c
an

ti
b
o
d
y;

eG
FR
,
es
ti
m
at
ed

g
lo
m
er
u
la
r
fi
lt
ra
ti
o
n
ra
te
;
EP

,
en

d
p
o
in
t;
M
M
F,

m
yc
o
p
h
en

o
la
te

m
o
fe
ti
l;
M
FI
,
m
ea

n
fl
u
-

o
re
sc
en

ce
in
te
n
si
ty
;
R
C
T,

ra
n
d
o
m
iz
ed

co
n
tr
o
lle
d
tr
ia
l;
SA

E,
se
ve
re

ad
ve
rs
e
ev
en

t;
Ta

c,
ta
cr
o
lim

u
s.

*
Pl
an

n
ed

sa
m
p
le

si
ze
:
2
5
p
at
ie
n
ts

p
er

g
ro
u
p
(n
o
t
ac
h
ie
ve
d
b
ec
au

se
o
f
b
u
d
g
et
ar
y
co
n
st
ra
in
ts

an
d
sl
o
w

p
at
ie
n
t
re
cr
u
it
m
en

t)
.

Transplant International 2019; 32: 775–788 779

ª 2019 The Authors. Transplant International published by John Wiley & Sons Ltd on behalf of Steunstichting ESOT

Treatment of late antibody-mediated rejection



limited by an inherent selection bias and a small

number of cases [40].

Observational studies suggesting no treatment efficiency

Bachelet et al. [41] reported on a series of 21 patients

with transplant glomerulopathy who received four doses

of IVIG and two doses of rituximab. Results were com-

pared with those obtained in a control group of 10

patients. 24-month graft survival was similar in both

groups, and there was only a marginal difference in

DSA-MFI. The number of adverse events, however, was

higher in the treatment group [41]. More recently,

Pineiro et al. [42] evaluated a cohort of 62 patients with

chronic active ABMR, of whom 23 received treatment

with IVIG/rituximab together with plasmapheresis (PP).

The other 39 recipients (control group) did not receive

any therapy. Combined treatment had no effect on

eGFR decline and graft survival, but was associated with

significantly higher infection rates [42].

TRITON trial

This multicentre (six transplant units in Spain) ran-

domized controlled double-blinded trial was designed to

evaluate the effect of IVIG plus rituximab in patients

with chronic ABMR [35]. The study included subjects

with transplant glomerulopathy (cg score > 0) and anti-

HLA DSA (predominance of HLA class II antibodies),

but stable graft function between the index biopsy and

trial inclusion. Patients with an eGFR below 20 ml/min/

1.73 m2 and severe IFTA were excluded. Treatment con-

sisted of four doses of 0.5 g/kg IVIG and rituximab at

375 mg/m2. The study was powered to detect a

10 � 10 ml/min/1.73 m2 inter-group difference in

eGFR decline over 1 year. The calculated sample size

was 25 subjects per group, but because of financial con-

straints and a low case number, patient recruitment was

prematurely stopped, and only 25 subjects were

enrolled. One major result was that there was no signifi-

cant difference in the eGFR decline within the first year

(�4.2 � 14.4 vs. �6.6 � 12.0 ml/min/1.73 m2 in the

treatment versus placebo group). Moreover, treatment

did not affect renal lesions in follow-up biopsies, the

course of proteinuria, or DSA-MFI. Graft loss rates were

low, with one loss in each group. Treatment was well-

tolerated, and there were no differences regarding

adverse events and hospitalization rates, respectively.

Although underpowered to provide definitive answers,

this trial may argue against a relevant therapeutic effect

of IVIG/rituximab [35].

Proteasome inhibition

Inhibition of the 26S proteasome in myeloma is well-

established to prevent the proper degradation of mis-

folded proteins, a trigger of endoplasmatic reticulum

stress and a proapoptotic condition promoting the

death of malignant plasma cells. In the last decade, the

use of proteasome inhibitors to affect the integrity of

nonmalignant plasma cells has gained increasing interest

in transplant medicine [43,44].

Uncontrolled studies

In early studies, treatment of kidney transplant recipi-

ents with the first-generation proteasome inhibitor

bortezomib was shown to trigger apoptosis of alloanti-

body-producing bone marrow plasma cells [45]. Since

then, this agent has been broadly used for recipient pre-

transplant desensitization or ABMR treatment, com-

monly in combination with other therapies [46–50]. A
large number of case series was thereby supportive of a

treatment effect, even though interpretation of results

was complicated by considerable therapeutic polyprag-

masia (i.e. administering of multiple drugs) and the lack

of robust RCTs. In an observational cohort study,

Walsh et al. [48] reported therapeutic efficiency of

bortezomib in combination with PP, IVIG and ritux-

imab in early ABMR. This was supported by a marked

improvement of eGFR and a considerable morphologi-

cal response. However, in the same study, patients with

late ABMR were less responsive, suggesting limited

treatment efficacy in this indication. As in many other

observational studies, the concomitant use of “standard

of care” treatment (PP, IVIG), however, complicated a

valid interpretation of results [48].

BORTEJECT trial

Very recently, Eskandary et al. [34] reported a double-

blinded single centre RCT evaluating bortezomib as the

sole treatment of late ABMR. Forty-four recipients with

late ABMR were randomized to receive either two cycles

of bortezomib or placebo. The primary endpoint was the

course of eGFR over 2 years as a surrogate endpoint pre-

dicting long-term graft survival, whereby, anticipating an

eGFR slope of about �9 ml/min/1.73 m2 per year, the

study was powered to detect an annual 5 ml/min/

1.73 m2 difference in the eGFR slope. A key finding in

this study was that groups did not differ with respect to

kidney function, both showing an eGFR slope of approxi-

mately �5 ml/min/1.73 m2 per year. Notably, the eGFR
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decline in the control arm was less pronounced than

expected, and the study was not powered to detect smal-

ler changes in kidney function. There was, however, no

effect of bortezomib on other secondary outcomes,

including the course of DSA-MFI and the morphological

and molecular results of 24-month follow-up biopsies.

Bortezomib, however, was associated with a trend

towards more severe adverse events, in particular, gas-

trointestinal side effects and haematological toxicity [34].

A recent nonhuman primate model has provided possible

explanations for the disappointing results of the BORTE-

JECT trial [51]. In this study, animals were sensitized by

incompatible skin allografts. Treatment with bortezomib

led to a transient decrease in antibody-secreting cells,

however, was followed by an immediate increase in ger-

minal centre T cells and reconstitution of B cells as well

as antibody secreting cells [51].

New concepts

Experimental data suggest that the rebound of humoral

alloimmunity may be overcome by the combination of

bortezomib with costimulation blockers. In a study by

Burghuber et al. [52], in a sensitized nonhuman pri-

mate transplant model, such combined treatment was

found to effectively prevent sensitization and transplant

rejection. However, in this experimental study consider-

able rates of severe infections and deaths were reported

[52]. As shown in Table 2, there are currently two

ongoing registered trials where bortezomib (two cycles)

is applied as an add-on to other treatments, such as PP,

steroids, rituximab and/or IVIG [53,54]. Finally, a

potentially interesting concept may also be the use of

alternative proteasome inhibitors, such as carfilzomib,

which in contrast with bortezomib is an irreversible

proteasome inhibitor with a favourable toxicity profile.

This compound was recently evaluated in an observa-

tional study including 14 lung transplant recipients

believed to have acute ABMR [55]. In this study, carfil-

zomib was used in addition to PP and IVIG. The

authors reported on 10 responders in whom treatment

led to a decrease in DSA levels and C1q fixation, which

was associated with less chronic graft dysfunction and

ABMR progression [55].

Complement blockade

Anti-C5 antibody eculizumab

In a study from the Mayo clinic, C5 blockade using the

monoclonal antibody was suggested to prevent acuteT
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ABMR in flow crossmatch-positive kidney transplant

recipients (comparator: historical control group), even

though long-term treatment failed to counteract the

development of chronic ABMR [14,15,56]. In a subse-

quent (still unpublished) RCT, eculizumab has failed to

prevent acute ABMR in sensitized live donor kidney

transplant recipients [57]. In the setting of chronic

ABMR there is one small nonblinded RCT available

[16]. In this study, 15 patients were included to receive

either eculizumab (n = 10) or no such treatment

(n = 5). There was no effect on gene expression pat-

terns in follow-up biopsies. However, the authors noted

a marginal effect on the course of allograft function

(trajectories of eGFR). The study was limited by its

small sample size, which complicated interpretation of

results [16].

Anti-C1s antibody BIVV009

There is evidence of limited efficacy of C5 blockade in

late ABMR, and one may argue that terminal comple-

ment inhibition does not preclude earlier key steps of

DSA-triggered complement activation, such as C3 cleav-

age and the release of the anaphylatoxin C3a. In this

respect, early blockade of complement at the level of

key component C1 may be of interest. One compound

of interest is the C1s monoclonal antibody BIVV009

(former term TNT009) which allows for a selective

blockade of the CP. In a phase 1 study, this antibody

was shown to abrogate CP activity in healthy volunteers

[58], and in a subsequent uncontrolled pilot trial, the

antibody was tested in patients with late ABMR associ-

ated with features of complement activation (C4d stain-

ing and/or complement fixation to microbeads) [17].

Patients received four doses of BIVV009, which led to

complete CP blockade in peripheral blood for at least

5 weeks. A major finding was that in follow-up biopsies

C4d staining was markedly reduced, suggesting that CP

was also effectively inhibited at tissue level. Nevertheless,

treatment failed to affect gene expression patterns in

biopsies performed after 5 weeks. In parallel, there was

no significant effect on features of microcirculation

inflammation (glomerulitis or peritubular capillaritis

scores) [17].

C1 esterase inhibitor

Another approach is the use of purified C1 esterase

inhibitor (C1-INH), which might have a variety of rele-

vant pharmacological actions beyond the dissociation/

inactivation of C1, including interference with the

lectin pathway, the alternative pathway, coagulation

and the kallikrein-kinin system [59]. In a randomized

controlled two-centre study by Montgomery et al.

[60], C1-INH was suggested to prevent the develop-

ment of chronic injury. However, no significant effect

was seen in early follow-up biopsies (the primary end-

point), but in a subset of patients with late biopsies,

there was less development of cg. At the same time,

the authors reported a trend towards an improved

graft function. These data may be in line with an

uncontrolled study evaluating patients with refractory

ABMR [61]. Comparison with a historical control

group revealed some benefit, including improved kid-

ney function and regression of ABMR features in fol-

low-up biopsies [61]. Currently, a large multicentre

study evaluating C1-INH as add-on to standard treat-

ment in acute ABMR, which plans to enroll 90

patients, is underway [62].

Treatment of late ABMR – concepts in the
pipeline

IL-6/IL-6R interference

IL-6 is a pleotropic cytokine involved in many facets of

innate and adaptive immunity. Blockade of the Il-6/IL-

6R axis, a concept well-established for the treatment of

rheumatoid arthritis [63], was discussed to slow ABMR

progression because of its effects on B cell immunity,

including the generation and integrity of antibody-pro-

ducing plasma cells [64]. Moreover, a beneficial mode

of action may be an altered balance between effector

and regulatory T cells [64].

Recently, Choi et al. [65] reported on a series of 36

paediatric and adult kidney transplant recipients with

chronic ABMR refractory to IVIG/rituximab plus/minus

PP, who all underwent monthly treatment with anti-IL-

6R monoclonal antibody tocilizumab. The authors

reported an acceptable safety profile, favourable graft

survival rates (80% at 6 years, a significant reduction in

DSA levels over time, stabilization of renal function,

and a reduction in microcirculation inflammation and

C4d staining in follow-up biopsies [65]. These data sup-

port a therapeutic impact of tocilizumab in ABMR.

However, interpreting these data, concerns about the

varying natural history of rejection need to be consid-

ered, and the true safety and efficacy of IL-6(IL-6R)

antagonists will need to be clarified in a systematic trial

with rigorous controls.

An interesting approach in this respect may be the

use of clazakizumab, a genetically engineered anti-IL6
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monoclonal antibody that has earlier been shown to be

highly effective in rheumatoid arthritis and psoriasis

arthritis [66,67]. As shown in Table 2, two pilot trials

evaluating clazakizumab in late/chronic ABMR are cur-

rently underway [68–70], and, very recently, a large

multicentre trial has been registered in the NIH data-

base [71]. One concern about these biologicals is what

toxicities will be incurred in fully immunosuppressed

kidney transplant recipients: it is likely to be higher

than the toxicity in rheumatoid patients, who are not

on full immunosuppression.

Targeting B-lymphocyte stimulator

Another interesting strategy to modulate B cell alloim-

munity may be targeting B-lymphocyte stimulator

(BLyS), a cytokine that enhances B cell survival and

proliferation and significantly contributes to the plasma

cell niche [72]. Belimumab, a humanized anti-BLyS

antibody was shown to be effective in the treatment of

systemic lupus erythematosus [73] and has now entered

clinical research in transplantation. In a phase 2 ran-

domized double-blind trial, belimumab was evaluated

as an induction treatment in 28 kidney transplant

recipients [74]. There was no significant effect on the

primary endpoint, na€ıve B cell counts in peripheral

blood from baseline to week 24. However, the IL-10/IL-

6 ratio of the B cell profile was skewed towards a more

regulatory profile, and activated memory B cells and

plasmablasts were significantly reduced. In parallel, tis-

sue-specific antibodies in serum were lowered. Gene

expression analysis in peripheral blood suggested atten-

uation of genes coding for immunoglobulin G (IgG),

and at the same time markers of T cell proliferation

were reduced [74]. Of course, the study was too small

to be powered for detection of clinical outcome differ-

ences, but some of the preliminary results of this trial

may be of interest for the context of ABMR treatment.

Currently, there is a study underway, where belimumab

– combined with bortezomib, PP and rituximab – is

evaluated as a pretransplant desensitization therapy [75]

(Table 2).

Targeting CD38

Another target of potential interest may be the trans-

membrane protein CD38, which is expressed at high

levels in plasma cells. Daratumumab, a humanized

monoclonal anti-CD38 antibody, has now been

approved for the treatment of relapsed or refractory

myeloma [76,77]. Its mode of action includes the

induction of complement-dependent cytotoxicity and

apoptotic signalling in CD38-expressing cells. One may

argue that this antibody also depletes alloantibody-pro-

ducing plasma cells, perhaps being an effective way to

counteract alloantibody production. In addition, an

interesting mode of action may be the induction of frat-

ricide of CD38-expressing NK cells [78]. Considering

the discussed pathogenetic role of NK cells in rejection,

one may argue that this effect could be beneficial in

ABMR treatment. In support of effective interference

with humoral alloimmunity, Chapuy et al. [79] reported

on the successful use of daratumumab for red cell reple-

tion in a case of ABO-incompatible allogeneic stem-cell

transplantation, presumably the result of a marked

effect on ABO antibody production. One concern using

this antibody in transplant patients may be the earlier

shown reduction of CD38-expressing regulatory T cells,

an effect that may be advantageous in the context of

cancer treatment, as it promotes host-antitumor

immune responses [77]. To our knowledge there are no

published studies that have evaluated the use of daratu-

mumab or other CD38 antibodies, such as isatuximab

[80] in organ transplant rejection. Nevertheless, the

unique mode of action may be of interest for the pre-

vention and treatment of ABMR.

Apheresis

Apheresis (PP, immunoadsorption) to deplete circulat-

ing alloantibodies is broadly used in the treatment and

prevention of acute ABMR. Even in this setting, how-

ever, evidence levels are low, and only few small RCTs

are available [33,81]. Some authors have promoted the

use of apheresis, combined with other treatments, for

use in late or chronic ABMR [42]. However, given the

lack of randomized studies, the true efficiency of extra-

corporeal antibody depletion in this specific context

remains unclear. Different techniques may vary consid-

erably in their treatment efficacy. This may include the

depletion of DSA as well as other components that

potentially contribute to injury, such as complement

proteins. For example, the combined use of a porous

membrane filter and conventional immunoadsorption,

the latter to eliminate IgG, was recently shown to mark-

edly enhance the depletion of macromolecules, includ-

ing IgM and CP key component C1q [82]. Currently, a

controlled trial is underway, where double filtration

plasmapheresis to selectively remove macromolecular

plasma components versus conventional PP, both in

combination with rituximab, are evaluated in chronic

ABMR [83].
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Immunoglobulin G–degrading enzyme of
Streptococcus pyogenes

There is now increasing interest in the use of

immunoglobulin G–degrading enzyme of Streptococcus

pyogenes (IdeS) for enzymatic degradation of alloanti-

bodies [84]. Recent studies have shown that, upon vir-

tually complete elimination of intact IgG, IdeS creates a

window of opportunity allowing for transplantation

across major HLA antibody barriers [85,86]. A caveat is

its short half-life and a rapid neutralizing anti-IdeS anti-

body response that impedes repeated administration

[87]. Moreover, transient cleavage of the IgG type of B

cell receptor resulting in a profound inhibition of recep-

tor signalling and memory B cell activation [88] may

not be able to considerably affect rebound antibody

responses: first studies on the use of IdeS as a pretrans-

plant desensitization treatment have shown that, despite

effective IgG elimination, a significant proportion of

treated patients developed rejection, which was attribu-

ted to a rapid rebound of antibody [85,86]. It was sug-

gested that the type of adjunctive immunomodulatory

treatment might be decisive in preventing this phe-

nomenon. In this respect, however, a major challenge is

that IdeS also inactivates therapeutic antibodies (e.g.

IVIG, rituximab or rabbit ATG). IdeS has to our best

knowledge so far not been tested in late (chronic)

ABMR. Given its short half-life and the transient effect

on IgG integrity, respectively, one may argue that IdeS

would have limited therapeutic efficiency in this specific

context.

Alternative strategies studied in ongoing trials

Other new strategies tested in ongoing registered trials

are corticotropin [89] and the use of mesenchymal stem

cell transplantation [90], both as an add-on to centre-

specific standard treatment, in an effort to modulate

alloimmunity in chronic rejection.

The challenge of trial design

There is a need for robust interventional trials to clarify

the efficiency of innovative treatment concepts in

ABMR. However, the design of a high standard trial in

late ABMR, given the variation in natural history, must

use the gold-standard of a randomized placebo-con-

trolled design, which represents a unique challenge. Sev-

eral important aspects, such as adequate case selection,

stratification for stage and the choice of an appropriate

primary endpoint that precisely predicts long-term

allograft survival, need to be considered. This also

includes the definition of a proper sample size to meet

the goal of detecting meaningful outcome differences.

The use of hard clinical endpoints, in particular, graft

survival, would require the recruitment of hundreds of

patients and, given rather low overall event rates, pro-

longed observation periods. Early alternative outcome

parameters that are able to reliably predict the long-

term fate of allografts may be an effective strategy to

substantially reduce sample size requirements. One use-

ful surrogate endpoint may be the slope of eGFR, which

in the context of de novo DSA was shown to be tightly

associated with long-term renal allograft survival [27].

However, to detect meaningful slope differences, still a

considerable number of patients need to be included,

which supports the choice of a multicentric approach.

In this respect, much has been learned from the BOR-

TEJECT trial, where a power analysis based on registry

data (average eGFR decline and its variation in an Aus-

trian transplant population) revealed the need of a com-

paratively small sample size (44 patients) to establish an

annual slope difference of 5 ml/min/1.73 m2 between

study groups [91]. This difference was chosen on the

basis of retrospective data that suggested an eGFR slope

of �8 ml/min/1.73 m2 per year for patients with late

C4d-positive ABMR, and the assumption that borte-

zomib would approximate the course of eGFR to that

of nonrejecting patients. At the end, deterioration of

graft function in the BORTEJECT trial, however, was

far less pronounced than expected, likely because many

cases were subclinical at ABMR diagnosis. Placebo (and

bortezomib) patients had an annual eGFR decline of

approximately �5 ml/min/m2. Thus, reaching the end-

point would have required a slope reduction to zero in

patients receiving treatment, which is unrealistic and

highlights the importance of a careful sample size calcu-

lation adjusted to the studied patient population, and of

course the critical importance of controls [34].

Another (invasive) surrogate endpoint may be the

read-out of systematic follow-up biopsies. Lesions

reflecting microcirculation inflammation are well-known

to be associated with the development of chronic

lesions, such as transplant glomerulopathy or basement

membrane multilayering in peritubular capillaries [92],

and chronic microcirculation injury has shown to be a

strong predictor of graft survival [32]. In addition, one

may argue that detecting patterns of transcript expres-

sion that specifically reflect the extent of rejection and

injury may help to dissect treatment responsiveness (or

nonresponsiveness) early after initiation of a given inter-

vention. Gene expression analysis using the MMDx
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platform has been used as a secondary endpoint in two

prospective intervention trials conducted in late ABMR,

the BORTEJECT study and a trial evaluating C1s inhibi-

tor BIVV009 [17,34]. The result of absent changes in gene

expression patterns thereby paralleled the lack of any rele-

vant treatment effect on transplant outcomes [17,34].

Again, a major point is that enhanced immunosup-

pression to counteract rejection confers a risk of

increased toxicity. Besides substance-specific patterns of

toxicity, compounds that effectively target critical key

steps of B cell immunity and/or affect plasma cell integ-

rity, can be expected to confer a substantial risk of over-

immunosuppression and associated adverse events, in

particular, infections. This may be of particular rele-

vance for the transplant setting, where most treated

patients are already on multi-compound baseline

immunosuppression, with a history of prior anti-rejec-

tion treatments in many cases. In this specific context,

the choice of appropriate medication dosage, paired

with careful patient monitoring and adjustment of base-

line immunosuppression, needs to be considered.

Planning a systematic evaluation of new therapeutic

concepts, one attractive strategy may be the design of

one or more (controlled or uncontrolled) pilot trials

conducted in advance of a larger RCT adequately pow-

ered to detect relevant outcome differences. Pilot studies

may provide first insights on the safety and efficacy of a

given treatment, supporting the appropriate design of a

subsequent pivotal trial. A representative example is the

current multi-step approach for the evaluation of IL-6

monoclonal antibody clazakizumab in late ABMR. This

compound, which has been successfully tested in

patients with autoimmune disease, is now being evalu-

ated in the context of late and/or chronic ABMR. Two

small independent investigator-initiated short-term pilot

trials are currently underway, primarily to explore the

safety and tolerability of clazakizumab in patients on

standard immunosuppression [68–70]. Moreover, in

both studies an array of efficacy endpoints including

protocol biopsies will be evaluated. Preliminary results

can be expected to provide a valuable foundation for

the design of a large multicentre RCT (IMAGINE trial)

which is planned to include more than 300 recipients

with an extended follow-up of 5 years to detect mean-

ingful differences in eGFR slope and graft survival,

respectively [71].

Conclusion

Currently, there is no treatment proven to be effective

in late and/or chronic ABMR. For sole treatment with

bortezomib, and the combined use of high dose IVIG

plus rituximab, double-blind RCTs have failed to

demonstrate a meaningful short-term effect on ABMR

progression. Complement inhibitors may have limited

efficacy, as small studies – including one controlled

pilot trial – revealed no or only marginal clinical effects.

However, there are several promising new treatment

concepts in the pipeline, which require careful evalua-

tion in robust intervention trials before they can be

introduced into broad clinical practice.
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