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ABSTRACT

Introduction: Kidney transplant rejection remains an important clinical problem despite the develop-
ment of effective immunosuppressive therapy. Two major types of rejection are recognized, T-cell-
mediated rejection (TCMR) and antibody-mediated rejection (ABMR), which have a different pathophy-
siology and are treated differently. Unfortunately, long-term outcomes of both TCMR and ABMR remain
unsatisfactory despite current therapy. Hence, alternative therapeutic drugs are urgently needed.
Areas covered: This review covers novel and investigational drugs for the pharmacological treatment
of kidney transplant rejection. Potential therapeutic strategies and future directions are discussed.
Expert opinion: The development of alternative pharmacologic treatment of rejection has focused
mostly on ABMR, since this is the leading cause of kidney allograft loss and currently lacks an effective,
evidence-based therapy. At present, there is insufficient high-quality evidence for any of the covered
investigational drugs to support their use in ABMR. However, with the emergence of targeted therapies,
the potential arises for individualized treatment strategies. In order to generate more high-quality
evidence for such strategies and overcome the obstacles of classic randomized controlled trials, we
advocate the implementation of adaptive trial designs and surrogate clinical endpoints. We believe
such adaptive trial designs could help to understand the risks and benefits of promising drugs such as
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tocilizumab, clazakizumab, belimumab, and imlifidase.

1. Introduction

Kidney transplant rejection remains an important clinical pro-
blem despite the development of effective immunosuppres-
sive drug combination therapy. Incidence rates of kidney
transplant rejection at six months post-transplant have stabi-
lized at 10-20% in recent years [1]. The Banff 2019 classifica-
tion divides kidney transplant rejection in different categories
and grades based on histological and clinical features [2]. Two
major types of rejection are discerned: T-cell-mediated rejec-
tion (TCMR) and antibody-mediated rejection (ABMR). In
TCMR, kidney injury is caused directly by cytotoxic
T lymphocytes and T-cell-mediated cytokine release, whereas
in ABMR, kidney injury is caused by pathogenic antibodies [3].
These antibodies can be directed against blood-group anti-
gens, human leukocyte antigens (HLA) and other antigens
(non-HLA), such as the angiotensin type 1 receptor which is
expressed on endothelial cells [3]. For both ABMR and TCMR,
acute and chronic subtypes are distinguished based on histo-
logic features and clinical course [2].

In general, patients with TCMR are treated with pulse high-
dose glucocorticoids as first-line therapy [4]. Severe TCMR or
glucocorticoid-resistant TCMR is treated with lymphocyte-
depleting antibodies [4]. Rabbit anti-thymocyte globulin

(rATG) is currently the only registered lymphocyte-depleting
antibody for the treatment of acute kidney transplant rejec-
tion [5]. There is no generally accepted and evidence-based
therapy for ABMR. In most centers, patients with ABMR are
treated with pulse glucocorticoids (to suppress the inflamma-
tory response), intravenous immunoglobulins (IVIG; to modu-
late the immune response), or plasma exchange (to remove
the pathogenic antibodies from the blood) or a combination
of these modalities [4].

TCMR generally responds well to glucocorticoid therapy
or lymphocyte-depletion in short-term. However, long-term
allograft survival is negatively affected by an episode of
TCMR, with a fourfold increase in death-censored graft loss
and a twofold increase of all-cause graft loss after a first
episode of TCMR in a for-cause biopsy [6]. With regard to
acute ABMR, short-term outcomes have improved with cur-
rent treatment but long-term outcomes have remained poor
[7]. Chronic ABMR typically does not respond to current
treatment and is the most important cause of chronic allo-
graft failure [7].

The unsatisfying long-term outcomes of both TCMR and
ABMR and the lack of effective, evidence-based treatment for
chronic ABMR, have instigated the search for alternative ther-
apeutic drugs to treat rejection. These drugs, with various
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Article highlights

e IL-6 plays a critical role in the pathophysiology of chronic ABMR and
IL-6 directed therapy (tocilizumab and clazakizumab) holds potential
for the treatment of chronic ABMR.

e Belimumab holds potential as B lymphocyte-targeted therapy, as it
blocks the binding of BLyS to the B cell receptor, thereby preventing
the survival of B lymphocytes and their differentiation into plasma
cells, without causing general lymphocyte depletion.

e (Cleavage of IgG-molecules and antigen-bound IgG by imlifidase
could potentially replace plasma exchange in the treatment of ABMR.

e Complement inhibition is a potential, effector-mechanism targeted
therapy for subtypes of ABMR characterized by high levels of com-
plement activation.

¢ Implementation of adaptive trial designs and the use of surrogate
clinical endpoints should be stimulated in kidney transplantation in
order to facilitate more efficient data collection to enable rapid
evaluation of new therapies of interest, and to develop individualized
treatment strategies.

mechanisms of action such as depletion of immune cells,
modulation of co-stimulatory signals, elimination of antibo-
dies, and inhibition of effector mechanisms, are reviewed here.

2. Cellular-depleting therapies
2.1. Alemtuzumab

Alemtuzumab is a monoclonal antibody directed against the
CD52 membrane protein. Its mechanism of action is to cause
depletion of circulating CD52 positive cells by complement-
dependent cytotoxicity, antibody-dependent cellular cytotoxi-
city, and induction of apoptosis (Figure 1) [8]. CD52 positive
cells affected by alemtuzumab are B and T lymphocytes, nat-
ural killer (NK) cells, dendritic cells, and monocytes. The drug is
registered for the treatment of relapsing-remitting multiple
sclerosis [9] but has been used for many years for other
indications, including transplantation.

In solid organ transplantation (SOT), alemtuzumab has been
evaluated as an alternative to rATG, because of its apparent
efficacy, easier mode of administration and superior tolerability
[8]. In kidney transplantation, in addition to induction therapy,
alemtuzumab has been used to treat severe or glucocorticoid-
resistant acute rejection. Although alemtuzumab is not a novel
therapy in kidney transplantation, recent publications and new
insights regarding its pharmacokinetic and pharmacodynamic
properties are reason to cover it in this review.
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Figure 1. Schematic representation of investigational drugs for the treatment of kidney transplant rejection and their targets.

This figure presents a B- and T lymphocyte, macrophage, natural killer cell, plasma cell, and a cluster of antigen-presenting cells (dendritic cells, macrophages, B lymphocytes) with their
surface receptors. Abbreviations: IL, interleukin; IL-6 R, interleukin-6 receptor; BAFF-R, B cell-activating factor-receptor; BLyS, B lymphocyte stimulator; BAFF, B cell-activating factor; IdeS,
immunoglobulin-G-degrading enzyme of the human pathogen Streptococcus pyogenes; Ig, immunoglobulin; HLA, human leukocyte antigens; TCR, T cell receptor; MHC, major

histocompatibility complex



No randomized controlled trial (RCT) comparing alemtuzu-
mab with rATG head-to-head for the treatment of kidney
allograft rejection has been conducted and it is unlikely that
such a trial will ever be performed. A retrospective, propensity
score-corrected comparison of alemtuzumab and rATG for
severe or glucocorticoid-refractory rejection, which included
n = 224 kidney transplant recipients, was reported by van der
Zwan et al. [10]. This analysis demonstrated comparable
patient and allograft survival but a superior infection-free
survival for alemtuzumab compared to rATG [10]. Favorable
results of alemtuzumab for the treatment of late ABMR (stabi-
lization or improvement of renal function in 10 out of 12
patients) have been reported by others [11].

Compared with rATG, a slower lymphocyte reconstitution
was observed after alemtuzumab. Only 55.7% of patients had
a T cell count >200 x 10%/L one year after treatment [10]. This
prolonged lymphocyte depletion may in part explain the
increased risk of infection, secondary auto-immunity and
malignancy that have been associated with alemtuzumab
[12]. Currently, alemtuzumab is most often prescribed as
a fixed-dose of 30 mg. Plasma alemtuzumab concentrations
have, however, shown substantial interpatient variability [13].
An individualized dose might lead to faster lymphocyte recov-
ery and less adverse events. In kidney transplantation, weight-
based dosing led to faster lymphocyte repopulation, less infec-
tion, and comparable rejection rates [14]. Furthermore, a lower
dose (20 mg) was found to be effective [15]. These findings
indicate that individualized alemtuzumab dosing may improve
the balance between efficacy and toxicity. The use of
a pharmacokinetic model, such as was recently developed
for children who underwent stem cell transplantation [16],
may allow for such individualized alemtuzumab dosing.

2.2. Rituximab

Rituximab is a monoclonal antibody directed at CD20, which is
expressed on B lymphocytes and its precursor cells, but not on
plasma cells. Its mechanism of action is to deplete
B lymphocytes by various mechanisms (Figure 1) [17].
Rituximab is registered for the treatment of hematologic
malignancies, rheumatoid arthritis, granulomatosis with poly-
angiitis, and microscopic polyangiitis. It has also been used
off-label in a variety of other diseases characterized by patho-
genic auto-antibody formation [18].

In transplant rejection, B lymphocytes play a versatile role.
They can differentiate into (donor-specific) antibody-secreting
plasma cells and influence the T lymphocyte response by
acting as antigen presenting cells (APC) and through the
production of cytokines [19]. Because of the central role of
B lymphocytes and donor-specific anti-HLA antibodies (DSA)
in ABMR, rituximab has been investigated extensively for this
indication. In a murine transplantation model, repeated doses
of rituximab reduced alloantibody formation against donor
splenic cells and prolonged graft survival independent of anti-
body-secretion, suggesting rituximab inhibited both antibody-
mediated and antibody-independent rejection mechanisms
[20]. In human kidney transplantation, rituximab was effective
in reducing blood group antibodies in blood group-
incompatible  transplantation and in reducing the
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concentration of DSA in highly immunized recipients [21].
However, rituximab was not effective in preventing TCMR
when prescribed as an induction agent [22].

Although several retrospective case series and cohort stu-
dies reported favorable results of rituximab therapy for ABMR,
this was not confirmed in RCTs [23]. In two recent RCTs,
Moreso et al. (n = 25) and Shiu et al. (n = 23) compared
rituximab with placebo for chronic ABMR in kidney transplan-
tation [24,25]. They could not demonstrate a beneficial effect
of rituximab on renal outcomes [24,25]. Additionally, no
effects on DSA concentrations were observed [24].
Importantly, both trials were terminated prematurely due to
low inclusion rates and were therefore underpowered.

Sautenet et al. conducted a RCT for active ABMR in which
n = 38 patients were randomized to receive methylpredniso-
lone, plasma exchange and high-dose IVIG or methylpredni-
solone, plasma exchange, high-dose IVIG plus rituximab. They
found a comparable one-year graft survival between the two
groups [26]. There was no significant difference in DSA con-
centrations [26]. Associated side effects of rituximab were
infection-related: opportunistic infections occurred more fre-
quently after rituximab (six versus one) [26]. A recently pub-
lished, follow-up study of this cohort study reported equal
long-term outcomes between the two therapies [27]. The
modest sample size and high cross-over (8 out of 19 control
patients received rituximab) should, however, be taken into
account when these results are interpreted.

2.3. Bortezomib

Bortezomib is a proteasome inhibitor that is registered for the
treatment of multiple myeloma [28]. Its mechanism of action is
to inhibit the degradation of intracellular proteins, such as
misfolded immunoglobulins, pro-apoptotic kinases, and pro-
tein inhibitors of cell survival pathways, which in the end
causes apoptosis (Figure 1) [28]. Malignant and normal plasma
cells are hypersensitive to bortezomib, possibly because of
their extremely high protein synthesis [29]. In vitro, bortezo-
mib caused human plasma cell apoptosis and prevented DSA
production [30]. Therefore, bortezomib was suggested as
a treatment option for ABMR [30,31].

Bortezomib as monotherapy for kidney transplant recipi-
ents suffering from late ABMR was investigated by Eskandary
et al. [32]. They screened kidney transplant patients for the
presence of DSA and performed a kidney biopsy in case of
a positive DSA test result. Forty-four kidney transplant recipi-
ents with biopsy-proven ABMR were subsequently included
and randomized to receive bortezomib (n = 21) or placebo
(n = 23). After a follow-up of 24 months, no significant differ-
ences were observed between the two groups in estimated
glomerular filtration rate (eGFR) slope, graft survival or rejec-
tion phenotype in follow-up biopsies [32]. Treatment with
bortezomib was, however, associated with gastrointestinal
and hematologic toxicity [32]. A RCT evaluating bortezomib
for chronic, active ABMR has recently been completed
(ClinicalTrials.gov identifier: NCT02201576). As opposed to
the RCT of Eskandary et al, bortezomib was used as
a supplement to plasma exchange, glucocorticoids, and IVIG.
A total of 60 kidney transplant recipients were planned to be
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recruited. No results have been published at time of writing
this manuscript.

2.4. CD38-directed therapy

CD38 is a glycoprotein which is expressed on the surface of
plasma cells, as well as NK cells, B- and T lymphocytes, and has
an important function in cell adhesion and cell activation [33].
Therefore, CD38 is a promising therapeutic agent in ABMR.

Daratumumab is a monoclonal antibody directed against
CD38. Like bortezomib, it is registered for the treatment of
multiple myeloma [34]. Its mechanism of action is to deplete
plasma cells and lymphocytes via complement-dependent cell
lysis and antibody-dependent cytotoxicity (Figure 1).
Daratumumab is proposed as ABMR therapy [33]. In maca-
ques, treatment with daratumumab significantly reduced
DSA concentrations and prolonged kidney graft survival.
However, regulatory lymphocytes were also depleted after
daratumumab, which could have contributed to the develop-
ment of TCMR [35].

For the treatment of ABMR in kidney transplantation, dar-
atumumab has only been described in three case reports [36—
38]. Doberer et al. described a kidney transplant recipient with
both smoldering myeloma and chronic, active ABMR in which
graft function stabilized after a nine-month course of daratu-
mumab. This was accompanied by improved histology on
kidney biopsy (resolution of the microvascular inflammation)
[36]. Jordan et al. reported a patient with severe ABMR that
was resistant to plasma exchange, IVIG, rituximab, and com-
plement-inhibition who was treated with four-weekly doses of
daratumumab (16 mg/kg). After treatment, ABMR resolved but
the patient developed severe TCMR. It was postulated that the
depletion of regulatory B lymphocytes by daratumumab may
have caused this TCMR [37]. Spica et al. presented a patient
with ABMR due to anti-blood group antibodies. This patient
did not respond to immunoadsorption, high-dose glucocorti-
coids, rATG and complement inhibition and was then treated
with daratumumab because of persistent antibody formation.
After daratumumab treatment, kidney function recovered and
antibody titers decreased [38].

At present, there is too little evidence to recommend dar-
atumumab for the treatment of ABMR. In fact, the possibility
of adverse immunological effects like the development of
TCMR which may have been caused by the depletion of
regulatory B lymphocytes, is reason for concern [37]. These
concerns were shared by others [35,36,38]. To our knowledge,
no trials that evaluate daratumumab for the treatment of
ABMR are currently planned.

Another CD38-directed drug is felzartamab. Its mechanism
of action is to deplete plasma cells and NK cells trough anti-
body-dependent cellular cytotoxicity, but without comple-
ment activation (Figure 1) [39]. It has been deemed safe in
a phase I-lla trial in patients with refractory multiple myeloma
[39], and is currently being evaluated for membranous
nephropathy (ClinicalTrials.gov identifier: NCT04145440;
NCT04733040). To our knowledge, no data about the use of
felzartamab in ABMR is available at this point. However,
a study protocol for a phase Il trial to assess safety, tolerability,

and efficacy of felzartamab in late ABMR has recently been
published (ClinicalTrials.gov identifier: NCT05021484) [40].

Isatuximab is another CD38-specific monoclonal antibody
developed for treatment of relapsed or refractory multiple
myeloma [41]. Its mechanism of action is comparable to dar-
atumumab and felzartamab (Figure 1). Although isatuximab
has not yet been evaluated as ABMR therapy, it has recently
been evaluated for desensitization in kidney transplantation
(ClinicalTrials.gov identifier: NCT04294459). No results of this
trial have been published at the time of this review. If isatux-
imab is well tolerated in kidney transplant recipients and
shows effective DSA-reduction, isatuximab might be consid-
ered as a new therapeutic agent in ABMR.

3. Non-depleting antibodies

In contrast to the discussed cell-depleting therapies, non-
depleting antibodies disturb pathways responsible for graft
rejection without inducing cell lysis. Currently, two non-
depleting antibodies are being evaluated, belimumab, and
iscalimab.

3.1. Belimumab

Belimumab is a humanized, monoclonal, anti-B lymphocyte
stimulator (BLyS) immunoglobulin (Ig) G1-antibody. Its
mechanism of action is to bind members of the tumor necro-
sis factor (TNF) receptor superfamily, which prevents binding
with BLyS (Figure 1). Three TNF receptors are identified as
a binding site for BLyS: BAFF-R (BR3; B cell-activating factor-
receptor), TACI (transmembrane activator and calcium mod-
ulator and cyclophilin ligand interactor) and BCMA (B-cell
maturation antigen) [42,43]. BLyS (also known as BAFF; B-cell
activating factor) is a cytokine of the TNF ligand family. BLyS is
expressed in B cell lineage cells and on various other cell
types (monocytes, dendritic cells, and bone marrow stromal
cells) [44-46]. Binding of belimumab to the TNF receptor
prevents the survival, maturation and activation of
B lymphocytes and their differentiation into plasma cells.
Moreover, it prevents stimulation of T lymphocyte-
dependent and -independent antibody responses and
T lymphocyte co-stimulation [47-50]. Belimumab is currently
licensed for use in patients with systemic lupus erythemato-
sus [51], where high circulating levels of BLyS result in an
abnormally high pathogenic antibody production and auto-
immune disease [52].

Over the last years, belimumab has been tested in kidney
transplantation, since BLyS was found to be expressed in
biopsies of rejecting kidney allografts [47]. Furthermore,
higher levels of soluble BLyS are associated with a higher
risk of DSA formation [49]. Experimental, non-human primate
studies demonstrated that anti-BLyS therapy could prevent
production of de novo DSAs and slightly extent allograft sur-
vival [53-55]. In contrast, anti-BLyS therapy was found to be
ineffective in terms of meaningfully lowering DSA concentra-
tions in highly sensitized patients with end-stage kidney dis-
ease [56,57].

Belimumab has been studied for the prevention of ABMR in
one double-blind RCT, in which n = 28 kidney transplant



recipients were treated with belimumab for a total of seven
doses during 20 weeks, followed by a six month follow-up
without belimumab [58]. Patients received belimumab
(10 mg/kg) intravenously (IV) (n = 14) or placebo (n = 14) on
the day of kidney transplantation (day 0), day 14 and 28,
followed by an infusion every four weeks. All patients received
standard-of-care consisting of basiliximab, tacrolimus, myco-
phenolate mofetil, and glucocorticoids. Primary safety and
efficacy endpoints were analyzed using the modified inten-
tion-to-treat population (n = 25), which consisted of partici-
pants who received at least one dose of belimumab (n = 12) or
placebo (n = 13) on day 0 [58].

Safety analysis did not demonstrate a new safety signal.
TCMR occurred in both groups (in one of eight (13%) and
three of eight (38%) participants in the belimumab and pla-
cebo groups, respectively). During both treatment phases, no
excess serious infections were observed. There was a similar
frequency of BK virus and cytomegalovirus infection among
participants in both groups [58].

Efficacy analysis, assessed by the change in concentration
of naive B lymphocytes from baseline to week 24, demon-
strated that the total B lymphocyte concentrations in both
groups were similar during the study period. Due to the
small number of participants and since some participants
only received one dose of belimumab, the sample size was
not powered for clinical endpoints. However, data from
exploratory endpoints revealed that the remaining
B lymphocytes after treatment had a greater capacity to pro-
duce interleukin (IL)-10 compared with IL-6 [58]. This could be
relevant for the treatment of rejection since IL-10 is an immu-
nosuppressive cytokine with tolerogenic properties. In addi-
tion, activated memory B lymphocytes were significantly
reduced and tissue-specific antibodies in serum were lowered
[58].

To the best of our knowledge, no other studies are cur-
rently investigating the use of belimumab in kidney transplan-
tation. An open-label, single-arm, pilot study evaluating the
addition of belimumab to standard-of-care therapy in prevent-
ing de novo DSA was initiated (ClinicalTrials.gov identifier:
NCT03591380). Unfortunately, this study has terminated due
to recruitment complications caused by Coronavirus disease
2019 (COVID-19) (December 2021). The results of this study
have not been published. Although belimumab is not cur-
rently being investigated for rejection, it is reviewed because
it holds promise as treatment in kidney transplant rejection.
B lymphocytes had a greater capacity to produce IL-10 com-
pared with IL-6 after treatment with belimumab [58]. This
might be of clinical relevance considering the role of IL-6 in
kidney transplant rejection [59], which will be discussed in the
section on IL-6 directed therapy.

3.2. Iscalimab

Iscalimab (CFZ533) is a non-B lymphocyte-depleting anti-CD40
monoclonal antibody [60]. Its mechanism of action is to bind
the transmembrane glycoprotein CD40, which prevents bind-
ing with its ligand CD154 (CD40L) (Figure 1). CD40 belongs to
the TNF receptor superfamily and is expressed on APCs and
B lymphocytes [61-63]. CD154 is expressed on various cell
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types such as platelets, B lymphocytes, and activated
T lymphocytes [63-65]. This CD40-CD154 costimulatory path-
way has a function in the primary T lymphocyte-dependent
antibody response: it generates germinal center formation,
differentiation of memory B lymphocytes and Ig-isotype
switching [66-68]. Stimulation of the CD40 pathway also
induces the secretion of various cytokines and plays a role in
dendritic cell maturation and macrophage survival [69,70]. The
cascade of this immune response is known to contribute to
lymphocyte activation in inflamed tissue and is involved in the
pathology of some autoimmune diseases [71,72]. This cascade
has been recognized as important in SOT rejection [73-78].
Available evidence of iscalimab is therefore discussed in this
review, even though no evaluation of iscalimab as treatment
for kidney transplant rejection has yet been undertaken.

Promising results from non-human primate [60,79] and
in vitro [80] studies generated high expectations for iscalimab
in kidney transplantation. The drug was found to be able to
prolong survival of kidney allografts in the absence of
B lymphocyte depletion, to completely inhibit primary and
recall T lymphocyte-dependent antibody responses and to
block germinal center formation, when administered as mono-
therapy in a non-human primate kidney transplantation model
[60]. A following non-human primate study confirmed the
ability of iscalimab to be immunosuppressive [79]. After stop-
ping iscalimab treatment and soon after the serum iscalimab
concentration dropped below the therapeutic level, the pri-
mates regained normal lymphatic tissue architecture and
immune function [79]. Notably, in vitro and in vivo studies
done by the same study group, demonstrated that iscalimab
did not induce human platelet activation [80], where previous
anti-CD154 monoclonal antibodies had an unacceptable inci-
dence of thromboembolic events [74-76,81].

The study of Espie et al, was the first in-human RCT
(n = 76), that tested different doses of iscalimab and com-
pared it with placebo. Iscalimab was shown to be safe and
well tolerated at single doses up to 30 mg/kg IV, with no
increased risk of infection or thromboembolic events.
Pharmacokinetic/pharmacodynamic studies confirmed com-
plete CD40 receptor occupancy on  whole-blood
B lymphocytes when the therapeutic level of iscalimab was
reached (>0.3-0.4 pg/L) [73].

Another multicenter, RCT (ClinicalTrials.gov identifier:
NCT02217410), investigated iscalimab (10 mg/kg IV) with
a tacrolimus-free immunosuppressive regimen (n = 33) and
compared it with standard-of-care immunosuppression (tacro-
limus, mycophenolate mofetil, and glucocorticoids) in de novo
kidney transplant recipients (n = 18). Iscalimab was dosed
every four weeks. All patients received basiliximab induction
and glucocorticoids. Primary endpoints were the pharmacoki-
netics and efficacy of iscalimab, defined by the frequency and
severity of treated biopsy-proven acute rejection, over
a duration of 12 months. Preliminary data, presented as an
abstract [82,83], showed non-inferiority in terms of acute rejec-
tion and a good safety profile. Allograft biopsies were per-
formed in a subset of patients and demonstrated better
kidney histology (chronic allograft damage index score <1) in
patients treated with iscalimab (three out of five patients)
compared to biopsies of patients who received the tacrolimus-
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based regimen (none out of seven patients; p < 0.01) [82,83].
Although these results were promising, a full-length article
was never published.

The partially blinded, multicenter, dose range-finding RCT
(CIRRUS-I, ClinicalTrials.gov identifier: NCT03663335) investi-
gated the ability of iscalimab to possibly replace calcineurin
inhibitors. In n = 418 de novo and maintenance kidney trans-
plant recipients, three different doses of iscalimab (with
a tacrolimus-free regimen) were compared to standard-of-
care (tacrolimus, mycophenolate mofetil, and glucocorticoids).
The primary outcome was the proportion of patients reaching
the composite endpoint (consisting of biopsy-proven acute
rejection, graft loss, or death) over a duration of 12 months.
However, the CIRRUS-I trial was recently discontinued follow-
ing an interim analysis which demonstrated an unacceptably
high incidence of rejection in the iscalimab treated group
compared to the standard-of-care treated group
(September 2021) [84]. Currently, the data from the CIRRUS-I
trial is being reviewed and no final results have been
published.

The manufacturer of iscalimab, Novartis Pharma, has
announced that current and actively recruiting studies inves-
tigating the potential of iscalimab will continue. One of these
studies is a multicenter, RCT evaluating iscalimab in de novo
liver transplant recipients (CONTRAIL-I, ClinicalTrials.gov iden-
tifier: NCT03781414).

4. IL-6 directed therapy

IL-6 is a critical cytokine in inflammation. It stimulates the
synthesis of acute-phase proteins, regulates the activation,
proliferation, and differentiation of lymphocytes, stimulates
antibody synthesis and induces a pro-inflammatory pheno-
type of monocytes and endothelial cells [59]. IL-6 exerts its
inflammatory effects via different mechanisms. Classically, IL-6
binds to the membrane-bound IL-6 receptor (IL-6 R) which is
expressed on lymphocytes, myeloid cells and hepatocytes, and
induces intracellular signaling [59]. Alternatively, IL-6 is able to
induce intra-cellular signaling by binding to soluble IL-6 R,
which can interact with the membrane-bound glycoprotein
130 and activate downstream signaling pathways [59]. This
‘trans-signaling’ can occur on IL-6 R-negative cells, thereby
significantly expanding the effector functions of IL-6 [59].

IL-6 is proposed to contribute to ABMR in SOT by pro-
moting antibody synthesis and stimulating B lymphocyte
differentiation into plasma cells [59]. Animal studies have
demonstrated significant decreases in alloantibody produc-
tion after anti-IL-6 treatment [85,86]. Proposed roles of IL-6
in TCMR are the promotion of the expansion of the CD8"*
T lymphocyte population and by promoting naive CD4"
T lymphocytes to differentiate to pro-inflammatory T helper
lymphocytes [59]. Anti-IL-6 therapy was found to signifi-
cantly reduce the number of pro-inflammatory T helper lym-
phocytes by 10% and increase regulatory T lymphocyte
numbers by 10% in a murine skin transplantation model
[85]. In a murine model using IL-6 deficient cardiac allo-
grafts, decreased activation of CD4" and CD8*
T lymphocytes was observed resulting in increased allograft
survival [87]. IL-6 directed therapy is a novel therapeutic

approach for kidney transplant rejection. Currently, two
drugs with anti-IL-6 activity have been approved for clini-
cal use.

4.1. Tocilizumab

Tocilizumab is a recombinant, monoclonal antibody with spe-
cificity for both soluble and membrane-bound IL-6 R [88]. Its
mechanism of action is to inhibit the effector functions of IL-6
by blocking the IL-6 R (Figure 1). It is currently registered for
use in rheumatoid arthritis, systemic juvenile idiopathic arthri-
tis, and polyarticular idiopathic arthritis [88]. Additionally, it
has recently been recommended as treatment of severe
COVID-19 infection by the World Health Organization [89].

Tocilizumab has shown promise as treatment for chronic
ABMR after kidney transplantation. Choi et al. reported a six-
year graft survival probability of 80% after the diagnosis of
chronic ABMR when tocilizumab was used as rescue therapy
(n = 36) [90]. Lavacca et al. treated n = 15 chronic ABMR
patients with first-line tocilizumab monotherapy and observed
a graft survival of 93% and stabilization of kidney function
after a median follow-up of 21 months [91]. In both studies,
patients had a relatively preserved kidney function at baseline
[90,91]. Both studies lacked a control group and included low
patient numbers. The most important side effect was
increased susceptibility to bacterial infection, possibly due to
associated neutropenia.

The only comparative study of tocilizumab in ABMR was
performed by Massat et al., who published a retrospective,
propensity score matched comparative study of n = nine
patients who received rescue treatment with tocilizumab
after treatment with rituximab, plasmapheresis, and IVIG and
compared this with n = 37 patients who received rituximab,
plasmapheresis, and IVIG only [92]. No differences were
observed in one-year graft survival or kidney function decline
[92]. It should be noted that the included patients suffered
from both acute and chronic ABMR, as well as mixed-type
rejection, which may have influenced the outcomes.

A large RCT evaluating tocilizumab for chronic ABMR is
ongoing.  (INTERCEPT-trial:  ClinicalTrials.gov identifier:
NCT04561986). INTERCEPT is a randomized, open-label study
to evaluate the efficacy and toxicity of tocilizumab for chronic,
active ABMR. Endpoints include change in kidney function and
histologic changes (assessed in kidney transplant biopsies).
The number of patients to be included is 50.

4.2. Clazakizumab

Clazakizumab is a humanized monoclonal antibody with
a high affinity for the cytokine IL-6 (not its (soluble) receptor
which is the target of tocilizumab) [93]. Its mechanism of
action is to bind to IL-6 cytokines, which prevents association
of IL-6 with IL-6 R and inhibits its effector functions (Figure 1).
It is currently not registered for any specific condition but the
drug has been evaluated for both psoriatic arthritis [93] and
rheumatoid arthritis [94] and is under evaluation for severe
COVID-19  (ClinicalTrials.gov identifier: ~ NCT04494724;
NCT04659772). Clazakizumab seems a promising therapy for



stabilizing kidney function in late, active and chronic, active
ABMR.

Doberer et al. published a pilot RCT of clazakizumab as
monotherapy for late, active and chronic, active ABMR [95].
Twenty patients were randomized to receive clazakizumab or
placebo for 12 weeks. After a period of 12 weeks, less kidney
function decline (measured as eGFR slope) was observed in
the clazakizumab group [95]. Subsequently, all patients
received clazakizumab for 40 weeks, which significantly
improved the eGFR slope of the patients who were initially
treated with placebo [95]. Overall, eGFR stabilized over the
course of 40 weeks [95]. Median eGFR at baseline was 39 mL/
min per 1.73 m? [95]. The response to therapy appeared
smaller in patients who had a lower eGFR at baseline. Its use
was associated with increased infection susceptibility and the
occurrence of diverticulitis [95].

Jordan et al. recently published a prospective single cohort
study (n = 10) of clazakizumab for therapy-resistant, chronic,
active ABMR. They reported stabilization of previously dete-
riorating kidney function and reductions of ABMR-related fea-
tures in kidney transplant biopsies after 12 months of
clazakizumab therapy [96].

A large RCT evaluating clazakizumab for ABMR is ongoing
(IMAGINE-trial:  ClinicalTrials.gov identifier: NCT03744910).
IMAGINE is a blinded, placebo-controlled RCT evaluating the
efficacy of clazakizumab for chronic, active ABMR. Endpoints
include allograft loss and kidney function. The number of
patients to be included is 350.

5. Antibody targeted therapy
5.1. Imlifidase

Imlifidase is an IgG-degrading enzyme of the human pathogen
Streptococcus pyogenes (IdeS). Its mechanism of action is IgG
removal by cleaving of I1gG in a two-step process. In a rapid
first reaction, 1gG is cleaved by the hinge region generating
one F(ab’) fragment and single cleaved IgG. In the second
longer reaction, two F(ab’) fragments and a fully separated
Fc fragment are generated within hours (Figure 1) [97-101].
The cleaved IgG has lost its Fc-mediated activities, such as
phagocytosis, antibody-dependent cell-mediated cytotoxicity,
and complement activation [102-104], one of the major effec-
tor mechanism of ABMR in kidney transplantation [105-107].

In contrast to plasma exchange, imlifidase rapidly depletes
IgG within hours and also cleaves extravascular IgG, when
doses of 0.12 or 0.24 mg/kg bodyweight IV were administered
in n = 29 healthy male subjects in a phase | study by Winstedt
et al. [108]. However, imlifidase has a short-term effect since
intact 1gG returned within one week to two months [108].
Subjects all had detectable (IgG) anti-ldeS antibodies at base-
line, with subsequent higher concentrations of these antibo-
dies after imlifidase administration [108-110]. This
phenomenon is likely to limit repeated imlifidase administra-
tion. Furthermore, B lymphocytes treated with imlifidase are
unable to execute signaling through their B cell receptor, and
memory B lymphocyte differentiation is inhibited, subse-
quently reducing the amount of IgG-producing cells.
Imlifidase does not cleave IgA and IgM, and is restricted to
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(all four subclasses of) IgG [111]. Since then, imlifidase has
been demonstrated to be efficient as a desensitization drug
in highly sensitized patients awaiting kidney transplantation
(n = 50). These four studies demonstrated disappearance of
DSAs after treatment with imlifidase and successful kidney
transplantation hereafter [109,112-114]. This has led to
a conditional approval by the European Medicines Agency.
Currently, a phase lll RCT investigating the use of imlifidase
as a desensitization drug in n = 64 kidney transplant recipients
in comparison with standard-of-care desensitization drugs or
plasma exchange is ongoing (ConfldeS-trial: Clinicaltrials.gov
identifier: NCT04935177).

Imlifidase is regarded to have potential in the treatment of
ABMR, due to its properties to reduce the amount of DSAs.
Recently, an multinational, open-label, phase Il RCT completed
the enrollment of n = 30 kidney transplant recipients with
active or chronic ABMR according to Banff 2017 criteria and
at least a 25% rise in serum creatinine compared with last
measurement prior to the ABMR (Clinicaltrials.gov identifier:
NCT03897205). Primary outcome is the maximum reduction in
mean DSA level at any time point during the five days follow-
ing the start of treatment with imlifidase compared to plasma
exchange. Efficacy and safety is monitored over a six-month
period post-treatment. Patients were treated with one dose of
imlifidase IV (0.25 mg/kg) (n = 20) or five to ten sessions of
plasma exchange (n = 10). All patients received standard-of-
care consisting of pulse methylprednisolone for three days,
started prior to first treatment, followed by a tapering sche-
dule with prednisolone. Additionally, they received high dose
IVIG three days after imlifidase infusion or directly after last
plasma exchange, and a single dose of rituximab was given
five days after completed IVIG infusion. Complete results are
expected in March 2023.

6. Complement inhibition

The classical pathway of complement activation is a known
effector of acute and chronic ABMR [115]. Inhibiting the clas-
sical pathway of complement activation or its effector
mechanisms, are therefore interesting therapeutic strategies
for ABMR [116,117]. In vitro, anti-complement antibody C1
TNT009 was shown to inhibit HLA antibody-triggered comple-
ment activation [118]. Anti-complement antibody C5 effec-
tively prevented rejection of heart and skin grafts in
sensitized mice [119-121]. Given these positive experimental
results, several complement inhibitors have been evaluated in
humans.

6.1. C1 esterase inhibitors

C1 esterase inhibitors are serine proteases isolated from
human plasma. Their mechanism of action is to inactivate C1
esterase by binding to its reactive site, thus inhibiting the
classical pathway of complement activation (Figure 1) [122].
Berinert® and Cinryze™ are currently on the market and are
registered for the treatment of hereditary angio-edema [122].

In a comparative study in ABMR, the addition of a C1
esterase inhibitor to high-dose IVIG significantly improved
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kidney function in late, active ABMR when it was compared to
a historical cohort [123]. In a small randomized, placebo-
controlled pilot study (n = 18) in acute ABMR, no effect on
kidney function was observed after 30 days although less
chronic endothelial injury in protocol biopsies occurred after
eculizumab was added as co-treatment [124]. In both studies,
C1 esterase inhibitors were well tolerated, although their use
was associated with gastrointestinal toxicity [123,124].

6.2. Eculizumab

Eculizumab is a monoclonal antibody that targets C5. lts
mechanism of action is to bind C5, inhibit cleavage of C5
into C5a and C5b and prevent the formation of the C5b-C9
membrane attack complex, which is the final common path-
way effector of the complement system (Figure 1) [125]. It is
currently registered for paroxysmal nocturnal hemoglobinuria,
atypic hemolytic uremic syndrome, refractory generalized
myasthenia gravis and neuromyelitis optica spectrum disorder
[126]. Its use is, however, associated with increased suscept-
ibility to meningococcal infection and with hepatotoxi-
city [126].

The evaluation of eculizumab as therapy for ABMR is hin-
dered by the lack of adequately sized, controlled trials. Small
patient series and retrospective, non-comparative studies have
reported favorable kidney outcomes especially in (hyper)
acute, severe ABMR when eculizumab treatment was started
shortly after diagnosis [127-131]. However, these positive
results were not confirmed in a retrospective comparative
study [132]. The only prospective, pilot RCT included n = 15
patients who were at least six months after their first trans-
plantation, had high de novo DSA-titers, a 20% reduction in
eGFR during the previous year and antibody-mediated injury
in kidney biopsies [133]. It showed no significant differences in
kidney function or histology six months after eculizumab ther-
apy [133].

6.3. Anti-C1s antibodies

Anti-C1s antibodies are monoclonal antibodies that specifi-
cally target the activated C1 protein of the complement sys-
tem. Their mechanism of action is to bind and block activated
C1 protein, thereby inhibiting the classical pathway of com-
plement activation (Figure 1). Eskandary et al. evaluated an
anti-C1s antibody (BIVV009) in a phase | trial (n = 8) [134]. They
treated kidney transplant recipients with late, active ABMR
with four weekly doses. BIVV009 was well tolerated and led
to reduced or eliminated C4d-deposition in kidney biopsies
after five weeks from the start of treatment [134].

Another anti-C1s antibody, BIVV020, is currently being eval-
uated for prevention of ABMR in sensitized recipients and
treatment of patients with active ABMR (ClinicalTrials.gov
identifier: NCT05156710). The study is expected to complete
in 2025.

7. Conclusion

Treatment of kidney transplant rejection remains
a challenging clinical problem and has prompted the search

for alternative treatments. Many new drugs targeting different
mechanisms in the pathogenesis of kidney transplant rejection
are currently actively investigated. Unfortunately, for all dis-
cussed drugs there is yet no high-quality evidence demon-
strating their efficacy in the treatment of kidney transplant
rejection. The relatively small patient numbers in clinical trials,
large heterogeneity in rejection subtypes and absence of vali-
dated, short-term outcome measures, all contribute to this
sparsity of high-quality evidence.

8. Expert opinion

All kidney transplant recipients, with the exception of mono-
zygotic twins, are at risk of developing graft rejection, which
remains an important complication after kidney transplanta-
tion [3]. Improvements in the treatment of kidney transplant
rejection will lead to longer graft and patient survival and
better quality of life [135]. Furthermore, fewer re-
transplantations will shorten the waiting list for patients with
end-stage renal disease [135].

Improvement of rejection therapy has mainly focused on
ABMR, since ABMR is the leading cause of graft loss and lacking
an effective, evidence-based therapy [7]. As illustrated by this
review, there are many investigational therapies available for
ABMR with different mechanisms of action (Figure 1). Although
there is no conclusive scientific evidence to support any of these
therapies yet, future applicability of each treatment strategy can
be discussed by taking the underling mechanisms of action and
(dis)advantages into account (Table 1).

Depletion of lymphocytes or plasma cells is a rational treat-
ment strategy to counter ABMR, when the central role of these
immune cells in ABMR and the effectiveness of lymphocyte
depletion in TCMR are considered. However, the potential risks
of infection, malignancy, and recurrent rejections due to long-
lasting cell depletion and subsequently altered immune recon-
stitution after cell depletion therapies are worrisome.
Furthermore, some kidney allografts are lost despite intensive
depletion therapy. This underlines the importance of
a personalized approach for such therapies to optimize the
risk-benefit ratio for individual patients. Prediction models,
like a recently developed prediction model for alemtuzumab
[136], could facilitate this personalized approach.

More specific targeted therapies, such as belimumab and isca-
limab instead of all-or-nothing depletion therapies, could also help
to optimize risk-benefit ratios for individual patients. Many poten-
tial therapies have been evaluated in recent years including non-
depleting antibodies. Although the mechanism of action of non-
depleting antibodies is promising, belimumab and iscalimab have
not yet been evaluated for kidney transplant rejection. Especially
belimumab, with its effect on IL-6 production, could be beneficial
in treating chronic ABMR in the near future. However, this potential
can be questioned, considering the ineffectiveness of anti-BLyS
therapy in lowering DSAs in highly sensitized patients awaiting
kidney transplantation [56,57]. Nevertheless, the availability of
numerous other potential targets on B- and T lymphocytes,
emphasize the high potential of non-depleting antibody treat-
ment strategies in kidney transplant rejection in the near future.

Given the critical role of IL-6 in chronic ABMR [137], IL-6
directed therapies have high potential to counteract chronic
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Table 1. Summary of investigational drugs for the treatment of kidney transplant rejection.

Type of
immunosuppression Mechanism of action Therapeutic effect Advantages Disadvantages Reference
Cellular-depleting therapies
Alemtuzumab B/T lymphocyte and NK In retrospective analysis, allograft survival Applicable in ABMR, TCMR Long-lasting [8]
cell depletion comparable to rATG and mixed rejection lymphocyte
depletion with risk of
infection,
malignancy, auto-
immunity
Rituximab B lymphocyte depletion ~ No clear evidence for beneficial effect in Specifically targets Higher risk of infection, [26]
ABMR B lymphocytes plasma cells
unaffected
Bortezomib Inhibits degradation No conclusive evidence for beneficial Specifically targets plasma High rate of gastro- [32]
intracellular protein effect in ABMR cells intestinal and
hematological
toxicity
Daratumumab Plasma cell, B/T Anecdotal evidence only, regarding use  Targets plasma cells and Possibly increased [36-38]
lymphocyte and NK cell in ABMR lymphocytes rejection rate due to
depletion loss of regulatory
cells
Non-depleting antibodies
Belimumab Blocks binding of BLyS to No clear evidence for beneficial effect in Specifically targets Ineffective in lowering  [58]
B cell receptor, ABMR. B lymphocytes possibly have B lymphocytes DSAs
preventing greater capacity to produce IL-10
B lymphocyte survival compared with IL-6 post-treatment
and differentiation
Iscalimab Binds CD40, preventing In vitro and non-human primate studies B lymphocyte sparing, no Short-term effect, [84]
activation of the CD40- only. Clinical trial results awaited platelet activation (in necessitating
CD154 costimulatory comparison to anti-CD154 continued dosing.
pathway antibodies)
Interleukin-6 directed therapy
Tocilizumab Blocks IL-6 R, thereby No conclusive evidence for beneficial Specifically targets IL-6, Risk of neutropenia [92]
preventing effector effect in chronic ABMR modulating immune
functions of IL-6 responses without cellular
depletion, potential co-
treatment
Clazakizumab Binds IL-6, thereby Stabilization of kidney function in small  Specifically targets IL-6, Risk of gastro-intestinal [95,96]
preventing effector numbers of patients with chronic modulating immune adverse effects, most
functions of IL-6 ABMR response without cellular notably diverticulitis.
depletion, potential co-
treatment
Antibody targeted therapy
Imlifidase Cleavage of IgG-molecules Ongoing trial in ABMR (Clinicaltrials.gov  Specifically targets 1gG Short-term effect [108]
and antigen-bound IgG identifier NCT03897205), registered as molecules resulting in rapid (week-months) with
desensitization drug removal of circulating possibility of
DSAs, so high potential in rebound effect of
ABMR DSAs
Complement inhibition
C1 esterase Binding and inactivating  No conclusive evidence for beneficial Specifically targets Gastro-intestinal [124]
inhibitors C1 esterase effect acute and late, active ABMR complement, modulating toxicity
immune responses without
cellular depletion
Eculizumab Inhibits cleavage of C5in  No conclusive evidence for beneficial Specifically targets Increased [133]
active components effect in ABMR complement, modulating meningococcal
immune responses without infections and
cellular depletion hepatotoxicity
Anti-C1s antibodies  Binds and blocks activated No conclusive evidence in ABMR, only  Specifically targets Safety unclear. Safety ~ [134]

C1 protein phase | trials

complement, modulating
immune responses without
cellular depletion

data only available
from small patient
numbers

Abbreviations: NK, natural killer; rATG, rabbit anti-thymocyte globulin; ABMR, antibody-mediated rejection; TCMR, T-cell-mediated rejection; BLyS, B lymphocyte
stimulator; IL, interleukin; DSA, donor-specific anti-human leukocyte antigens antibodies; Ig, immunoglobulin; IdeS, immunoglobulin-G-degrading enzyme of the

human pathogen Streptococcus pyogenes; IL-6 R, interleukin-6 receptor

ABMR. This was reflected by the results from recent trials
[91,92,95,96]. Furthermore, IL-6 directed therapies can be
dosed repetitively over longer time-periods with acceptable
toxicity. Since chronic ABMR is characterized by low-grade
immune activation and an insidious course [137], it can be
argued chronic ABMR needs such repetitive, long-term treat-
ment strategies.

A different approach in treatment of ABMR is therapy which is
targeted at the removal of DSAs. Imlifidase could hypothetically
prevent further injury to the kidney graft in ABMR, by specifically
cleaving IgG molecules with a rapid removal of circulating DSAs,
much faster than plasma exchange in which multiple sessions
are needed [138]. However, concern remains regarding its costs
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and its short half-life with a rebound effect of DSAs and asso-
ciated ABMR [109,112-114]. This suggests imlifidase might need
to be dosed repetitively, which in turn can be complicated by the
presence and rebound of anti-drug antibodies after imlifidase
treatment. To evaluate the potential effectiveness and pitfalls of
imlifidase in ABMR treatment, high-quality trials are necessary.

Complement inhibition is another interesting approach to
the treatment of ABMR. It differs to other approaches, because
it does not modulate the immune response but inhibits one of
its effector mechanisms. The potential applicability of comple-
ment inhibitors in ABMR is hampered, however, because com-
plement activation is not the only mechanism by which
antibodies cause damage to the kidney allograft in ABMR
[137]. Furthermore, the importance of complement activation
in the pathophysiology of ABMR and potential treatment
effects of complement inhibitors seem to differ between dif-
ferent subclasses of ABMR [137]. Thus, complement inhibition
in particular holds potential as a personalized treatment
strategy.

As discussed by Lefaucheur et al., rejection phenotypes and
its outcomes are more complex in clinical practice than in
theory [139]. Differences in immunological features of various
rejection phenotypes may explain the discrepancy of treat-
ment outcomes between them [137]. New cellular and mole-
cular biotechnologies could lead to immunological subtyping
of kidney transplant rejection and guide therapeutic strategies
[140]. This could lead to personalized medicine and optimize
treatment outcomes in kidney transplant rejection.

As illustrated in this review, the evaluation of alternative
therapies for ABMR is hindered mainly by the lack of adequately
powered, robust clinical trials. The RCT is currently the gold
standard of clinical trials for determining the applicability of
novel therapies. However, as discussed by other authors, the
low number of eligible patients and the high number of potential
therapies, complicate the design and execution of such RCTs in
kidney transplant rejection [141]. To overcome these obstacles
and in order to maximize the probability of promising experi-
mental drugs reaching their potential in kidney transplant rejec-
tion, researchers should consider implementing adaptive trial
designs and clinical research consortia. These are already rela-
tively common in medical oncology [141]. Because adaptive trial
designs incorporate flexibility in their designs, by allowing adap-
tation of the trial based on the outcomes of enrolled patients and
the development of new therapeutic strategies, they facilitate
more efficient data collection [141]. Importantly, adaptive trial
designs work best with short-term outcomes, because rapid
evaluation of the therapy of interest is necessary to timely
adapt the trial [141,142]. Examples of these surrogate endpoints
are eGFR slope over 12 months and a combination of functional,
histological, and immunological prognostic risk factors called the
iBox [142]. More validated surrogate clinical endpoints are neces-
sary and advances in this field are underway [143].

Many promising drugs are currently under investigation for
the treatment of kidney transplant rejection. With the imple-
mentation of alternative trial designs, the use of surrogate
clinical endpoints, and the development of next-generation
transplant diagnostics, high-quality evidence of these novel
therapies will become available in the next few years and

facilitate personalized treatment of rejection. Hopefully, this
will significantly improve outcomes for kidney transplant
recipients.
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