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Abstract: Background: Thrombotic microangiopathies (TMAs) can be induced by drugs. Recent
works have indicated proteasome inhibitors, including carfilzomib, as a possible new causative agent.
Although the physiopathology and management of carfilzomib-induced TMA are still unknown,
eculizumab seems to be efficient. Results: We report a clinical case of TMA during carfilzomib
treatment for multiple myeloma, possibly triggered by a concomitant influenza infection, suggesting
a multi-hit process. Histologic analysis of the kidney biopsy proved renal TMA. Eculizumab allowed
rapid and long-lasting renal and hematologic recovery. We enriched our work with a systemic
review of published cases of carfilzomib-induced TMA treated by eculizumab. Twelve patients
were included, all of whom presented acute renal failure and nine of them required hemodialysis.
Eculizumab led to TMA resolution in eleven patients and complete renal recovery with hemodialysis
withdrawal for seven of them within a month. One patient died from multiple myeloma progression.
Two patients presented inter-current viral infection. Soluble complement fragment Bb and C5b9s
were found in two patients and genetic benign variant of Factor H (CFH3-CFH1) in four. Conclusion:
Our results suggest that eculizumab is effective in carfilzomib-induced TMA, which could support
its inclusion as a treatment option. Further studies are required to clarify its physiopathology,
complement role, and management.

Keywords: carfilzomib; eculizumab; TMA; multiple myeloma; complement

1. Introduction

Thrombotic microangiopathies (TMAs) are life-threatening syndromes, with various
etiologies requiring prompt and efficient treatment [1-3]. Drug-induced TMAs (DITMAs)
consist of secondary TMAs related to medication exposure, occurring through two main
pathogenic mechanisms: either an immune reaction or a toxic effect. The first occurs within
hours or days of drug exposure and can be proven by drug-dependent antibody detection,
while a toxic dose-dependent mechanism usually arises after long-lasting use, suggesting a
cumulative dose toxicity [1,2,4,5]. In particular, the pathophysiology of toxic dose-related
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DITMAs is unclear and many hypotheses have been proposed, including endothelial
cell dysfunction, increased secretion of von Willebrand factor, decreased production of
prostacyclin and nitric oxide, and dysregulation of the complement pathway [2,4]. Many
other factors may lead to TMAs, including drug molecular properties, individual genetic
susceptibility, and potential triggers such as infections [1,2]. Approximately 75 drugs
have been described as TMA inductors, the most classical of which are gemcitabine, anti-
VEGE, calcineurin inhibitors, and mitomycin [2,4-6]. Recent works have described DITMA
development with proteasome inhibitors (Pls).

PIs are able to block the ubiquitin—proteasome reaction and especially the NF-«B
molecular downstream pathway and VEGF production. Although phases II and III of both
bortezomib and carfilzomib studies have not identified TMAs as possible adverse drug
events, clinical evidence of TMA onset during PI employment has been described [7-9].
Indeed, more than 65 DITMA clinical cases have been associated with carfilzomib use [7,10],
among which only a few patients have benefited from empiric and successful eculizumab
treatment [11-20].

While the physiopathology and management of DITMAs are still poorly understood,
complement alternative pathway activation seems to play a key role in the pathogenic
process, and complement blockage therapies could be indicated.

Because of the rising use of carfilzomib, it is important to underline its potential severe
side effects and suggest possible treatments for clinical practice.

Herein, we present a case of histologically proven TMA (CFZ TMA), induced by
carfilzomib, which was successfully treated with eculizumab. We then review and discuss
published cases of carfilzomib-induced CFZ TMA treated with eculizumab.

2. Case Report

A 48-year-old woman was diagnosed in 2013 with IgG-Kappa multiple myeloma (MM).
She underwent induction chemotherapy with VID (bortezomib-thalidomide-dexamethasone),
followed by an autologous bone marrow transplantation. Upon disease progression, she
received lenalidomide, followed by a pheno-allogenic stem cell transplantation three years
later. Despite these treatments, she rapidly developed a serologic relapse, which was
treated with daratumumab—-pomalidomide-dexamethasone. In 2020, bone lytic progres-
sion required radiation and she was initiated on carfilzomib—dexamethasone, achieving
complete remission. At the time of presentation, she had completed 20 cycles of carfilzomib
maintenance therapy over almost two years, with a cumulative dose of 7761 mg. Her
glomerular filtration rate was >60 mL/min/1.73 m?.

Five days after the last injection, the patient presented to the emergency department
with complaints of new onset of an impaired general condition, incoercible vomiting,
and flu syndrome with hyperthermia. Initially, she presented grade 4 thrombocytopenia
(13 g/L) and grade 1 anemia (12 g/dL) with a schistocyte count at 1.5%, as well as anuric
acute kidney failure KDIGO III requiring hemodialysis at day 1 from hospital admission,
orienting toward thrombotic microangiopathy. Importantly, her blood pressure was normal.

The following day, her anemia and thrombocytopenia worsened (Hg 6 g/dL and PLT
15 g/L) (Figure 1), schistocytes elevating up to 4.3%, with high LDH of 1653UI/L and
undetectable haptoglobin, with a negative Coombs test. Normal activity of ADAMTS13 at
43% and a PLASMIC score at 0% ruled out thrombotic thrombocytopenic purpura (TTP).
Stool cultures and PCRs were negative for shiga-like toxin activity bacteria, which did not
support a typical hemolytic uremic syndrome (HUS) diagnosis. Functional exploration of
alternative complement protein (CD46 activity, Factor H, Factor I, anti-FH, and anti-FI anti-
bodies) disorders was normal. Autoimmune explorations of anti-nuclear factor, anti-DNA
antibodies, ANCA, and anti-phospholipid antibody dosage were negative. Complement
C3 and C4 levels were normal. Moreover, B12 vitamin level was normal, excluding the
pseudo-TMA diagnosis.
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Figure 1. Evolution platelets count and serum creatinine after eculizumab treatment. Hematologic
response with platelet count normalization without relapses. Renal response with creatinine almost
normalized, regular diuresis recovery, and hemodialysis weaning off.

Concurrently, laboratory tests revealed hemophagocytic lympho-histiocytosis syn-
drome with increased ferritin (13,600 g/L), hypertriglyceridemia (4.42 mmol/L), liver
function alteration, and clear macrophagic activation signs on the bone marrow aspiration
(6% of monocyte vacuolized mature cells with cytoplasmic extensions and hemophagocyto-
sis by macrophages on platelets, erythroblasts, and polynuclear neutrophil cells), resulting
in a H-score of 96%. Serum and urine protein electrophoresis with immunofixation did not
identify any monoclonal protein, and there was no plasmacytoid infiltration on the bone
marrow aspiration.

The microbiological investigations revealed an influenza-A-H1N1v upper respiratory
tract infection, without major symptoms. Concomitantly, the patient developed self-limited
colitis, complicated by an Enterococcus faecalis bacteremia. A colonoscopy showed colonic
inflammatory petechiae, while anatomopathological examination found nonspecific lym-
phocytic infiltrate, without signs of vascular thrombosis on the biopsy.

The hemophagocytic lympho-histiocytosis syndrome progressively faded after treat-
ment of the infectious episode, while the MAHA features and AKI lasted.

The hypothesis of a graft-versus-host disease was raised, but there was no evidence
of any other GVHD clinical, biologic, or histologic signs, and the patient was no longer
receiving calcineurine, which could have been a TMA drug inductor.

Complement alternative pathway functional tests were normal and research of genetic
complement mutations in the blood sample could not be performed because of a previous
allogenic stem cell transplantation.

Upon persistence of AKI and TMA, CFZ-induced TMA was suspected, with a viral
and/or bacterial infection as the causal trigger. Because of the persistent anuric KDIGO
II AKTI without any sign of recovery from the CFZ suspension, 900 mg/w of eculizumab
for four weeks, followed by 1200 mg every two weeks, was started 19 days after hospital
admission, with previous anti-meningococcal prevention. Within two days of the first dose,
the hemolytic parameters, platelet count, and renal function improved, and dialysis was
stopped 15 days after starting eculizumab (Figure 1).

After platelet normalization, a kidney biopsy was performed, and one glomerulus was
apoplectic. The other revealed endothelial swelling and nonspecific ischemic glomerular
lesions. We observed mesangiolysis in a few glomeruli, interstitial edema, and acute tubular
injury. Several arterioles showed intimal mucoid edema with narrowed lumina. The im-
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munohistochemical analysis was positive for C3 depositions on the arteriolar walls, with a
nonsignificant glomerular C4d marking, sustaining the diagnosis of TMA (Figure 2). C5b9s
staining on the frozen sample did not reveal arteriolar- or glomerular-specific staining.

Figure 2. Kidney biopsy: Light microscopic features of thrombotic microangiopathy during carfil-
zomib use. Left: Apoplectic glomerulus with myxoid intimal oedema in interlobular arteriol (Jones
stain). Right: Mesangiolysis, subendothelial clear space, and myxoid intimal oedema (Trichrome
stain). Scale bar 50 um.

Follow-up at 12 weeks after eculizumab initiation indicated that the patient remained
off dialysis, with a serum creatinine dose of 108 pmol/L (GFR 54 mL/min/1.73 m?),
normalized levels of hemoglobin and platelet count, and no sign of myeloma relapse nor
eculizumab side effects. Carfilzomib is currently still in suspension.

3. Systematic Review
3.1. Materials and Methods

The PubMed and Google Scholar databases were searched from their inception up to
16 May 2022 for relevant studies, limited to English-language articles. The search strategy
was based on the following keywords: “Thrombotic microangiopathy AND carfilzomib”
and “Thrombotic microangiopathy AND carfilzomib AND eculizumab”. A systematic
review was conducted and reported in compliance with the PRISMA statement, and the
case report adhered to the CARE guidelines.

Articles were selected for review if their title or abstract suggested that they reported
individual patients or group data on patients with a diagnosis of carfilzomib-induced
TMA treated with eculizumab. The selected articles were analyzed independently by two
reviewers by reading the full texts. Articles mentioning eculizumab but not using it were
excluded, as well as previous reviews and posters.

We collected data regarding patients” age, sex, underlying malignant blood disorder,
previous treatments received, time from carfilzomib to DITMA and total dose of carfilzomib
received, peak serum creatinine and hemodialysis treatment, time from DITMA diagnosis
to eculizumab use, and outcomes.

The results are reported as the median and interquartile (IQR) and percentages, as
appropriate. Statistical analyses were performed using Excel.

3.2. Results

The search strategy resulted in 200 records; following the removal of duplicates,
171 abstracts were screened. Of these, 157 were declared not suitable and 14 full-text
articles were assessed for eligibility. Four further articles were excluded (two posters and
two previous reviews). Our systematic review thus included 10 articles (Figure 3).
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Figure 3. Flow chart.

All reported patients among the included articles presented TMA with severe renal
injury after carfilzomib exposition and were treated with eculizumab. None of the articles
described histological findings from a kidney biopsy. The results are described in Table 1.

Altogether, 12 patients were included, 5 (42%) females and 7 (58%) males, with a
median age of 48 years. All patients presented a malignant plasma cell disorder: nine (75%)
multiple myeloma, two plasmacytoma, and one plasma cell leukemia.

All patients presented features of microthrombotic hemolytic anemia (MAHA) and
consumption thrombopenia associated with acute oligo-anuric renal failure KDIGO III, re-
quiring hemodialysis for nine (75%) patients. The median serum creatinine was 5.4 mg/dL,
ranging from 3.2 to 14.4 mg/dL. In all cases, TTP diagnosis was eliminated by normal
ADAMTS13 activity.

Complement functional activity explorations were measured in seven (58%) patients,
finding a normal activity for six of them, except for one case [19]. Interestingly C5b9s and
Bb fragments were found to be elevated in two cases [15,16], reflecting a complement over-
activation. When described, genetic complement pathway research found heterozygous
CFHR3-CFHR1 deletions in four patients [14,18], orienting toward a genetic susceptibility
to uncontrolled complement alternative pathway activation, in which case the diagnosis of
atypical HUS, possibly triggered by carfilzomib introduction, was suggested.
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Table 1. Characteristics of the reported clinical case and the 12 reviewed reported cases. Legend. A: adriamycin/doxorubicin; ASCT: autologous stem cells
transplantation; C: cisplatin; CFZ: carfilzomib; CR: complete response; Cy: cyclophosphamide; D: dexamethasone; Dara: daratumumab; E: etoposide; Flu:
fludarabine; HD: hemodialysis; K: carfilzomib; M: melphalan; MM: multiple myeloma; MTX: methotrexate; NA: not available; P: pomalidomide; PR: partial response;
R:lenalidomide; SCr: serum creatinine; T: thalidomide; TMA: thrombotic microangiopathy; V: bortezomib.
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Time from carfilzomib therapy exposure and TMA onset considerably differed among
the cases: TMA was diagnosed within a few days after the first cycle for only two patients,
orienting toward an immune-mediated mechanism, while for eight (67%) patients, TMA
occurred between the 2nd and 10th cycles, and for two patients, it occurred after long-
standing carfilzomib utilization (18th and the 22nd cycles), suggesting a dose-dependent
toxicity. When the total cumulative dose was available (three patients), the median dose
received was 6628 mg (ranging between 329 and 7761 mg).

Similar to our patient, Rassner et al. described a TMA case that appeared after CFZ ex-
posure and during septic status with influaenzae H3N2 throat infection and Staphylococcus
epidermidis bacteremia and speculated a possible CFZ-induced TMA triggered by infec-
tious stimulus.

Darwin et al. reported a patient treated with allogenic stem cell transplantation, com-
plicated by cutaneous and ocular GHVD controlled by sirolimus administration. Likewise,
with our patient, their case did not present any clinical sign of GVHD relapsing during the
TMA episode. In this case, mTOR inhibition could be involved in TMA.

Plasmapheresis therapy was employed for eight patients, justified by the suspicion of
a TTP, and was discontinued after normal ADAMTS13 activity results.

All patients were empirically treated with eculizumab, an anti-C5a monoclonal an-
tibody, with different injection protocols, the most frequent of which was 900 mg/w for
four weeks followed by 1200 mg every two weeks injections. Eculizumab treatment was
successful for 11 (92%) patients, with hematological recovery (TMA resolution) and re-
nal function recovery, enabling hemodialysis withdrawal within a median period of one
month for seven of the nine (89%) patients on kidney replacement therapy. Unfortunately,
data regarding renal evolution were not always described, but at least 7 of 10 patients
recovered a completely normal renal function. Only one patient [18] did not respond after
five eculizumab injections and died after 154 days of follow-up, due to multiple myeloma
progression and sepsis.

Eculizumab was successfully stopped for four patients within three months of treat-
ment (one case after three months [16], one case after five administrations [17], and two
cases after four administrations [19]). Information regarding the reintroduction of Carfil-
zomib was not available for all described cases.

4. Discussion

This is the first reported case of CFZ TMA, with glomerular injury proven by histolog-
ical and immunohistochemical analyses successfully treated with eculizumab.

In our case, the pathogenesis of TMA could have been the result of complement
activation and direct endothelial damage. Understanding the mechanism of CFZ TMA and
identifying triggers and predisposing factors is likely to have significant therapeutic impact.

Our patient developed TMA after several cycles of carfilzomib treatment (20th cycle),
which was infrequent among the reviewed cases (Table 1), associated with the onset of an
influenza-A-H1NT1 infection and an Enterococcus faecalis bacteremia. Viral infections have
been suspected to be a trigger in other cases of CFZ TMA (rhinovirus, parainfluenza B, and
influenza) [19,21,22]. The observation suggests that viral infection could represent a second
hit that triggers acute disease [23-25], especially in late-onset CFZ TMA.

In a retrospective review including all types of TMA addressed to a clinical apheresis
unit, infection was suspected to act as an acute trigger in 69% of patients with preexisting
predisposing factors of TMA (autoimmune disease, drug, genetic, predisposition) [26]. In a
recent retrospective analysis in four French hospitals, infection was present at the onset of
TMA in 27% of patients, of which 3% were reported to have an influenza infection [27].

Pathogenesis could be the consequence of inflammation-induced damage to platelets
or the endothelium [28], or infection-induced release of DNA and histones, stimulating
thrombosis and causing cytotoxicity [24]. More specifically for influenza infection, neu-
raminidase has been demonstrated to cause erythrocyte fusion and hemolysis, activation
of platelets, and generation of thrombin by exposing the Thomsen-Friedenreich antigen on
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the glomerular endothelium, erythrocytes, and platelets, leading to TMA [29-31]. Thus, in
light of the concomitant CFZ exposure and due to its barely asymptomatic presentation,
influenza infection has been deemed as a trigger.

CFZ TMA could also be driven by complement activation, explaining the effectiveness
of eculizumab. Interestingly, Bb fragments and C5b9s were found to be elevated in one
and four cases, respectively [15,16], reflecting complement alternative pathway activation.
Unfortunately, genetic analyses were not carried out in most reported cases. Heterozygous
CFHR3/CFHR1 deletions, which are considered a common benign variant in proteins
regulating complement activation, were reported in three patients with CFZ TMA [14,18].
It is unclear whether these variants could be predisposed to a genetic susceptibility for
uncontrolled complement activation over a multi-hit process, including carfilzomib toxic
effect and intercurrent infection.

A few other mechanisms may be involved in CFZ TMA. Indeed, carfilzomib is an
irreversible inhibitor of the ubiquitin-proteasome pathway, which results in VEGF inhibi-
tion that could induce endothelial damage [8]. Moreover, inhibition of proteasome activity
leads to accumulation of unfolded proteins, which causes endoplasmic reticulum stress,
resulting in oxidative stress and oxidative hemolysis [30,32,33]. Extracellular heme may
then conduct to TMA by activation of a complement alternative pathway and endothelial
and platelet activation [34,35].

Jindal et al. published a CFZ TMA review of 17 patients [36], 2 of which had con-
comitant viral infections (rhinovirus and parainfluenza) and 13 of which did not receive
eculizumab for treatment. Of these 13 patients, 4 reached complete renal remission in a
median of 60 days (4-270), 5 reached partial renal remission in a median of 42 days (3-56),
and 3 patients did not experience renal recovery. One patient died from TMA complica-
tions. Our systematic review highlights the effectiveness of eculizumab for CFZ TMA.
Indeed, 11 (92%) of the 12 patients were successfully treated with eculizumab within an
average of eight days, with hematological recovery (TMA resolution) and renal function
recovery enabling hemodialysis discontinuation within a median time of a month in seven
out of nine (89%) patients (Table 1). Eculizumab use seems to lead to more frequent and
faster responses.

It should be noted that our patient presented a partial hematological response even
before eculizumab introduction (Figure 1), possibly due to carfilzomib interruption and
sepsis treatment. Meanwhile, a renal response was obtained only after eculizumab in-
troduction, with recovery of diuresis in 3 days and withdrawal of hemodialysis within
15 days. Although there is no consensual administration regimen, eculizumab appears
to be effective in the management of CFZ TMA. Even its late introduction appears to be
beneficial, with a favorable outcome reported after a 17-day delay between TMA onset and
eculizumab introduction [17].

Similar to our case, Yui et al. [9] showed a complete platelet recovery in 5 of 11 patients
within 21 days after IP discontinuation, which could indicate a direct toxic effect of IP
on platelets.

Another interesting feature about our case is colitis. Some intestinal TMAs have
been reported [37—41], usually characterized by edema, redness, and ulcers in endoscopy
and fibrin insulations in the vascular walls, endothelial swelling, and fresh microthrombi
leading to lumen obliteration in histopathology, which does not match our patient’s data.
Gastrointestinal toxicity is also one of the most common adverse events reported with
PIs [42] and a few cases of bortezomib-induced colitis have been published [43-45]. Some
pre-clinical studies have also suggested bortezomib-induced gastrointestinal damage re-
lated to a proinflammatory cytokine secretion [46—48]. No case of carfilzomib-induced
colitis has been reported thus far to the best of our knowledge. Although no definitive
conclusions can be drawn from our case, this association should be further investigated.

Our study has some limitations. Unfortunately, C5b9s analysis could not be performed
in our case and genetic research is not informative because of allogenic stem cell transplanta-
tion. Data about complement testing were lacking in most of the reported cases. Some data



Kidney Dial. 2022, 2

634

were also missing from our review due to the retrospective nature of our analysis. Finally,
the cases included in our review were limited in number, and the presence of unpublished
cases cannot be excluded as far as treatment failure with eculizumab is concerned.

However, we hereby provide the first reported case of TMA histologically proven and
treated by eculizumab, developed during carfilzomib use. It occurred after a long-lasting
carfilzomib exposure, which is infrequent in the reported cases (Table 1) and suggests a
sustained toxic mechanism. The viral infection trigger, simultaneous colitis, and rapid
evolution under eculizumab point to a multi-hit process, characterized by complement
overactivation. Our review of the cases with CFZ TMA treated with eculizumab allows
summarizing the knowledge on this rare occurrence.

Our results suggest that eculizumab is effective in carfilzomib-induced TMA, which
could support its inclusion as a treatment option. Further studies are required to clarify its
physiopathology, complement role, and management.

5. Conclusions

We report the first case of histologically proven TMA associated with long-term
carfilzomib treatment and presumably triggered by influenza infection, successfully treated
with eculizumab. The review of the literature suggested a favorable response of carfilzomib-
induced TMA to treatment with eculizumab. This indirectly suggests an activation of a
complement alternative pathway. This finding remains to be confirmed by further studies.
Because of the increasing use of CFZ, it is crucial to assess its side effects, including TMA.
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ADAMTSI3  a disintegrin and metalloproteinase with thrombospondin type 1 motif, member 13
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AKI acute kidney injury

ASCT autologous stem cell transplantation
CFZ carfilzomib
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GFR glomerular filtration rate

GVHD graft-versus-host disease

HD hemodialysis

Hg hemoglobin

IOR interquartile

KDIGO kidney disease improving global outcomes
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TMA thrombotic microangiopathy
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TTP thrombotic thrombocytopenic purpura
VEGF vascular epithelial growth factor
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