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Abstract

Antibody-mediated rejection (AMR) is a major barrier preventing successful discor-

dant organ xenotransplantation, but it also occurs in allotransplantation due to anti-

HLA antibodies. Symptomatic acute AMR is rare after heart allograft but carries a high

risk of mortality, especially >1 year after transplant. As complement activation may

play a major role in mediating tissue injury in acute AMR, drugs blocking the termi-

nal complement cascade like eculizumab may be useful, particularly since “standards

of care” like plasmapheresis are not based on strong evidence. Eculizumab was suc-

cessfully used to treat early acute kidney AMR, a typical condition of “active AMR,”

but showed mitigated results in late AMR, where “chronic active” lesions are more

prevalent. Here, we report the case of a heart recipient who presented with acute

heart failure due to late acute AMR with eight de novo donor-specific anti-HLA anti-

bodies (DSA), and who fully recovered allograft function and completely cleared DSA

following plasmapheresis-free upfront eculizumab administration in addition to thy-

moglobulin, intravenous immunoglobulins (IVIG), and rituximab. Several clinical (acute

onset, abrupt and severe loss of graft function), biological (sudden high-level produc-

tion of DSA), and pathological features (microvascular injury, C4d deposits) of this

cardiac recipient are shared with early kidney AMR and may indicate a strong role

of complement in the pathogenesis of acute graft injury that may respond to drugs

like eculizumab. Terminal complement blockade should be further explored to treat

acute AMR in recipients of heart allografts and possibly also in recipients of discordant

xenografts in the future.
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1 INTRODUCTION

Antibody-mediated rejection (AMR) is one of the major barriers pre-

venting discordant organ xenotransplantation because of naturally

occurring antibodies against xenoantigens (like anti-pig-Gal in humans
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and nonhuman primates), but it also occurs in allotransplantation

mainly due to anti-HLA antibodies.1 Symptomatic acute AMR is quite

rare after heart allograft but it remains a major therapeutic challenge,

with unpredictable response to treatment and high risk ofmortality.2–5

Currently available therapeutic options are numerous but they are
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mostly based on retrospective and uncontrolled studies collected from

small heterogeneous patient populations (e.g., acute and chronic AMR,

early and late AMR, and so on) with inconsistent and conflicting

results.2 The disparity observed in the treatment effects may, how-

ever, also arise from thevariability of thepossible interactions between

donor-specific antibodies (DSA) and allograft endothelial cells (e.g.,

complement cascade activation, direct signaling via HLAmolecules, Fc

gamma receptor-dependent cellular effects), whichmay not be equally

relevant in all AMR cases, and which are differently targeted by each

particular therapy.

One of the most important pathogenic processes leading to tissue

injury in allograft and xenograft acuteAMR is the activation of the clas-

sical pathway of the complement cascade by endothelial-bound DSA,

with ensuing C4d deposition, microvascular inflammation, thrombosis,

and capillary obstruction.6,7 In that setting, the use of drugs inhibit-

ing complement-like eculizumab is appealing. Eculizumab is a human-

ized monoclonal antibody that binds to the C5 complement compo-

nent, preventing its conversion to anaphylatoxin (C5a) andblocking the

constitutionof the cellmembraneattack complex (C5b-9),which finally

results in a powerful inhibition of the complement cascade.

In kidney allotransplantation, eculizumab has been successfully

used to prevent acute AMR in sensitized high-risk recipients8 or to

treat early acute AMR together with plasmapheresis in sensitized

recipients with abrupt posttransplant DSA rise and rapidly evolv-

ing allograft dysfunction,9 a condition known to be complement-

dependent. Of note, our group also reported successful eculizumab

administration instead of extracorporeal antibody removal,10,11 with

the idea that immediate direct neutralization of the pathogenetic

effects of DSA by terminal complement blockade may favorably

replace the more invasive, cumbersome, and slowly working plasma-

pheresis or immunoadsorption procedures.6 Of importance also, ther-

apeutic attempts with eculizumabwere not all successful, for example,

withmitigated results in late AMR12 orwhen eculizumabwas used as a

rescue therapy after other treatments failed.13

In heart transplantation (HTx), eculizumab given during 3 months

after transplant was very recently shown to better prevent AMR

than peri-operative plasmapheresis and intravenous immunoglob-

ulins (IVIG) in highly sensitized recipients with positive virtual

crossmatch.14 However, the experience with eculizumab for estab-

lished AMR is still preliminary and mainly restricted to refractory

AMR after plasmapheresis.15 To our best knowledge, the only report

about eculizumab use is a retrospective analysis of 14 pediatric heart

recipients.16 Only 11 of them had endomyocardial biopsy (EMB)

proven AMR, the remaining three receiving eculizumab for AMR pre-

vention after HTx with a positive crossmatch. The global outcome was

poor, with 50% early mortality.

Here, we report the case of a heart allotransplant recipient with

sudden acute heart failure due to late acute AMR with eight de novo

quickly rising DSA who fully recovered allograft function following

plasmapheresis-free eculizumab administration, and who completely

cleared circulating DSA with thymoglobulin, IVIG, and rituximab sub-

sequently given to suppress DSA production. We suggest that block-

ing the terminal complement pathway may become a useful strategy

to treat cardiac acute AMR associated with abruptly occurring severe

allograft dysfunction, intense DSA production, evident microvascular

injury, and C4d deposition on EMB. In the future, similar therapeu-

tic strategies may also apply to treat AMR in discordant xenotrans-

plantation.

2 CASE REPORT

The patient is a 43-year-old male who presented with severe heart

failure due to de novo dilated cardiomyopathy diagnosed 5 months

before HTx. Because of severely depressed left ventricular ejection

fraction (LVEF) at presentation (9% on cardiac MRI), severe functional

mitral regurgitation, and poor response tomedical therapy, the patient

was rapidly listed for HTx and a left ventricular assist device (LVAD)

(Heartmate 3, Abbott cardiovascular, Chicago, IL, USA) was inserted

4 weeks after admission as a bridge to transplantation. Screening for

HLA antibodies class I and II (single antigen bead assay by Luminex

technology) was negative (<1000 MFI) before LVAD and slightly pos-

itive 3 weeks after for one epitope later classified as non-donor-

specific (anti-Cw15 1500 MFI). HTx occurred 16 weeks after LVAD

placement. No detectable anti-HLA antibodies were present at the

time of transplant. Induction immunosuppression included basiliximab

20 mg at days 0 and 4 and five daily doses of intravenous methyl-

prednisolone (500 mg at day 0 to 125 mg at day 4). Maintenance

immunosuppression consisted of ciclosporin, mycophenolate, and oral

prednisolone as per our standard protocol. At 1 year, the patient was

doing well (NYHA2) and underwent per-protocol investigations show-

ing 61% LVEF on echocardiography, no circulating DSA, no rejection

(0R/pAMR0) on EMB, and no cardiac allograft vasculopathy (CAV) on

coronary angiography (Figure 1). Thirty-two days later, during per-

protocol prednisolone tapering from 10 to 5mg, he complained of pro-

gressing dyspnea over 48 h and was admitted with severe allograft

dysfunction (LVEF 17%) and suspected acute rejection. Pending EMB

scheduled for the next morning, the patient received 5oo mg methyl-

prednisolone and thymoglobulin 1 mg/kg but still deteriorated rapidly,

with cardiogenic shock needing high-dose inotropic support 12 h

after initiating therapy (cardiac index 1.9 L/min/m2 and SvO2 49% on

dobutamine 400 μg/min). The EMB revealed a pAMR2 rejection with

four de novo circulating anti-HLA class-I DSA (anti-B27/B52/A1/Cw12

at 4041/2234/1685/1298 MFI) and four de novo anti-HLA class-

II DSA (anti-DQ6/DQ5/DR15/DR1 at 15011/8637/8477/4866 MFI)

(Figure 1). The patient was immediately treated with eculizumab

900 mg (days 1 and 8) with complete complement inhibition during

17 days (CH-50 < 10%). Methylprednisolone 500 mg and thymoglob-

ulin 1 mg/kg were continued for 2 additional days, IVIG 2 g/kg was

started on day 4 and repeated six times monthly thereafter, and rit-

uximab 375 mg/m2 was finally introduced on day 11 and repeated on

day 22.

Hemodynamics improved strikingly quickly after eculizumab initia-

tion with cardiac index and SvO2 measured at 2.9 L/min/m2 and 58%

on reduced dobutamine dosing (300 μg/min) 18 h after infusion, and at

3.2 L/min/m2 respectively 64% on dobutamine 200 μg/min, 36 h after
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F IGURE 1 (A) Allograft function (LVEF) and donor-specific antibodies (DSA) strength (MFI) over time. Day 1=AMR diagnosis. Day -32= time
of routine evaluation 1 year after transplant. (B) C4d staining (immunochemistry) showing intense complement deposition in capillaries=
immune-pathological criterium for AMR (pAMR I+). (C) CD68 staining (immunochemistry) showing intra-capillary macrophage deposition=
immune-pathological criterium for AMR (pAMR I+). (D) Hematoxillin-eosin staining showing intra-vascular activatedmononuclear cells=
morphologic criterium for AMR (pAMRH+) (pAMR I+ and pAMRH+ together= pAMR2). H&E, 400x. (E) Hematoxillin-eosin staining. Control
biopsy (5months) showing complete AMR recovery. H&E, 200x (F) Coronary angiography 32 days before AMRwith no CAV (G) Coronary
angiography 5months after AMRwith no CAV

infusion. Inotropic support terminated on day 5 and LVEF increased

to 28%, 35%, 39%, and 47% on days 3, 6, 12, and 30, respectively,

before normalization on day 85 (58%). DSA progressively decreased

over 4 weeks and was undetectable for 6 months after treatment with

no CAV at angiography (Figure 1).

Importantly, the patient also received prophylactic phe-

noxymethylpenicillin to prevent Neisseria meningitidis infection

between the first dose of eculizumab and CH-50 recovery as well

as valganciclovir and trimethoprim-sulfamethoxazole to prevent

Cytomegalovirus and Toxoplasma gondii reactivation during 3 months.

No significant infectious or oncologic complication occurred after

rejection therapy.

3 DISCUSSION

In this case of acute pathologically proven AMR with severe allo-

graft dysfunction, a poly-therapy consisting of steroids, thymoglob-

ulin, IVIG, and upfront eculizumab was successfully used to block

tissue injury and suppress DSA production. Although we acknowl-

edge that all agents might have contributed to the successful

outcome, the short delay observed between eculizumab infusion

and hemodynamic improvement in a patient actually deteriorat-

ing after methylprednisolone and thymoglobulin administration sug-

gests that eculizumab played a central role in AMR resolution.

Furthermore, as far as plasmapheresis or immunoadsorption was

not used in this patient and as far as IVIG was only started on

day 4, complement blockade with eculizumab was the sole under-

taken intervention that directly targeted acute AMR before early

improvement.

This finding underscores the key role complement can play in

mediating tissue injury in AMR, both in allo- or xenotransplanta-

tion. Indeed, the currently contemplated pig-to-human kidney trans-

plantation trials1 would not be possible without introducing at least

one human complement-regulatory transgene into the engineered

pigs to provide some protection against AMR.18 In both allo- and
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xenotransplantation, acute AMR is anyway a potentially dramatic

event if not properly diagnosed and treated.

According to the current International Society for Heart and Lung

Transplantation (ISHLT) working formulation, the diagnosis of cardiac

AMR is based on morphological and immune-pathological abnormali-

ties found on EMBs. The main histopathologic feature of cardiac AMR

is microvascular injury, with “activated mononuclear cells” accumulat-

ing against interstitial capillary walls, whereas the immunophenotypic

characteristics of AMR consist of multifocal C4d staining on ≥50%

capillary endothelium or occurrence of ≥10% CD68-positive cells

(macrophages) within capillary walls. Depending on the evidence of

onlymorphological (pAMR1H+), immune-pathological (pAMR1 I+), or

both (pAMR2) features on an EMB, AMR is regarded as “suspicious”

or “definite,” with “severe” AMR (pAMR3) being eventually consid-

ered when additional extensive tissue injury is also observed.19 In our

case, EMB was pAMR2, which we have previously shown to be more

likely associated with DSA and overt graft dysfunction than pAMR1.3

Nevertheless, the pAMR grading system is only modestly correlated

to the outcome, with similar cardiovascular mortality among pAMR1

H+, pAMR1 I+, and pAMR2 patients,20 and it does not provide defi-

nite guidance for patient management per se.21 In fact, the natural his-

tory of AMR is more predicted by its clinical phenotype, and treatment

recommendations are mainly based on the occurrence of concomitant

graft dysfunction whatever underlying pAMR grade.2

Actually, the clinical presentation of cardiac AMR ranges from

asymptomatic detection on routine EMB to severe allograft dysfunc-

tion and cardiogenic shock despite a seemingly similar appearance

on EMB.22,3–5 Overall, the incidence of overt clinical AMR is lower

than that of asymptomatic AMR (8.3–47% of cases depending on the

definition of AMR and graft dysfunction2,3) and intriguingly increases

with time from transplantation (9.1% of patients with C4d-CD68

positive EMBs during the first 4 months vs. 50% during the following

5–12 months,3 and 25% during the first year vs. 50% afterward5).

Furthermore, the outcome of treated symptomatic cardiac AMR is

better with early (<1 year) than with late (>1 year) AMR, with 100%

1-year retransplant-free survival for early cases versus 65% for late

ones.5 Hodges et al and Coutance et al found even poorer outcome in

their population of late (>1 year) symptomatic AMR, with 50% 1-year

mortality despite therapy.4,22 Currently, our comprehension of the

pathways regulating graft injury, clinical phenotype, outcome, and

response to therapy is too limited to elucidate these observations.23

Nevertheless, elements of understanding may come from the field

of kidney allotransplantation, where the timing of clinically apparent

AMR is also closely related to outcome. Indeed, prompt therapy com-

pletely prevented graft loss and enabled graft function to recover to a

near-normal level at 13 months in kidney recipients with early AMR,9

whereas estimated glomerular filtration rate (eGFR) progressively and

irremediably declined irrespective of the kind of therapy attempted in

the large majority of patients with allograft dysfunction and late AMR

in another cohort.24

As opposed to heart transplantation, early renal AMR is restricted

to a very specific phenotype of humoral rejection. Indeed, it occurs

within the first 30 postoperative days as an anamnestic response of

memory B-cells in presensitized patients with or without DSA at trans-

plant time. Its clinical course is very aggressive, with an abrupt and

intense rise of DSA accompanied by a fast eGFR decline eventually fol-

lowed by oliguria and graft loss if untreated. By contrast, lateAMRusu-

ally presents as a more indolent process, with usually no or only mild

allograft dysfunction at diagnosis, progressive GFR loss over years,

and it is associated with either preexisting or de novo DSA. At the

biopsy level, early and late AMR also differ in both morphologic and

immune-pathologic patterns.Whereas earlyAMRalways displays typi-

cal features of “active AMR,” late AMRmay exhibit both “active” and/or

“chronic active” lesions. “Active AMR” is characterized by acute tis-

sue injury (e.g., microvascular inflammation, arthritis, acute thrombotic

microangiopathy) and is interpreted as an initial and reversible pro-

cess in the evolutive course of humoral rejection, while “chronic active

AMR,” depicted by transplant glomerulopathy, peritubular capillary

basement membrane multilayering or arterial intimal fibrosis, feature

more advanced and definitive lesions.12,25 Of note, the current ISHLT

working formulation does not discriminate between both entities in

cardiac AMR19 and this gap may account for some of the prognostic

variations observed according to time from cardiac transplant.

In addition, early and late kidney AMR also differ in their immune-

phenotypic pattern, with almost invariable C4d deposition in early dis-

ease but frequent C4d negative specimen in late cases.25 But of impor-

tance, the effect of eculizumab in both prevention and treatment of

early AMR indicates that the activation of the complement cascade in

this particular condition is not only a marker of antibody-endothelium

interaction but also a central pathogenic player in the generation of

graft dysfunction and tissue injury. Indeed, regular pre-emptive infu-

sions of eculizumab during the initial 1–12 post-transplant months

enabled near-complete AMR avoidance at 1 year in a cohort of 26

recipients of positive crossmatch renal transplants.8 Furthermore, Tan

et al recently showed that eculizumab (with or without plasmaphere-

sis) administered as a primary therapy in 15 kidney recipients with

early AMR prompted a rapid and sustained improvement of allograft

function, with the recovery of “active” lesions in 87.3% of cases and no

graft loss at 1 year.9 In contrast, therapies targeting complement inhi-

bition showed poor efficacy in late AMR, questioning the importance

of the complement cascade activation in the generation of tissue injury

and graft dysfunction when chronic lesions are established.12 Hence,

eculizumab was given as a salvage therapy neither reversed the pace

of progressive graft dysfunction nor prevented graft loss in five kidney

recipients with late AMR,26 and eculizumab had at best a mild effect

on the eGFR trajectorywith no influence on endothelial cell-associated

transcripts in a small unblinded randomized control trial on 10 treated

patients and five controls.27 Altogether, these findings show how

diverse themechanism of graft injury can be in AMR, with complement

cascade activation playing amajor role only particularly in early cases.

Notwithstanding post-transplant timing, our acuteAMRcase shares

many characteristics with early kidney AMR that may hypothetically

suggest complement-dependent tissue injury and sensitivity to thera-

peutic terminal complement blockade. First, DSA increased extremely

abruptly and intensely, with a transition from undetectability to

46,249 MFI in total after 32 days. Although pretransplant screening
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did not reveal any relevant anti-HLA antibodies to the implanted organ

in our patient, we cannot exclude cryptic pre-sensitization and late

anamnestic response at the time of steroid tapering, especially since

pretransplant LVAD use confers a significant risk factor for anti-HLA

antibodies production,28 and since de novo DSA usually does not rise

at such a pace. Second, the initial rapid decline of allograft function

with normal LVEF 32 days earlier appears very close to the clinical

phenotype of kidney early AMR. Third, the EMB displayed unambigu-

ous “microvascular injury” lesions that approximate quite well the

“active” pattern typical of early kidney AMR with diffuse complement

activation andC4d deposition in nearly all capillaries. Fourth, the quick

and sustained response to therapy can be seen as a retrospective

hallmark of “active” AMR as opposed to “chronic active” AMR. In

brief, what our case of late AMR suggests, is that the phenotype of

abrupt loss of allograft function conjugated to intenseDSAproduction,

microvascular injury, and C4d deposit on EMB may be more reflective

of complement-mediated injury than time from transplant.

To our best knowledge, our case report is the first detailed descrip-

tion of the successful use of eculizumab to treat acute cardiac AMR.

It contrasts with the series reported by Law et al, where six of the

11 eculizumab-treated pediatric heart recipients with AMR expired at

a median time of 21 days.16 Although many similitudes can be found

between their series and our patient (all with DSA, most with hemo-

dynamic compromise), there was the main difference in the timing of

eculizumab initiation: a couple of hours from diagnosis in our case ver-

sus 0–23 days in Law et al. Indeed, late administration of eculizumab

(e.g., as salvage therapy after plasmapheresis or immunoadsorption

failed), may occur at a stage where early active lesions already evolved

to some form of chronic active AMR, with possible less importance of

complement in graft injury mediation and hence less drug benefit.

Finally, the treatments implemented beyond eculizumab and aimed

atDSAsuppression also likely contributed to the remarkable long-term

outcomeofourpatient,withno relapsingAMRandnosubsequentCAV.

Indeed, DSA strikingly decreased over 4 weeks, enabling eculizumab

discontinuation after only two doses, andwere undetectable 6months

after treatment initiation. The control of DSA production is usually

attempted with agents targeting B- (e.g., IVIG and Rituximab) and T-

cells (e.g., corticosteroids and thymoglobulin) in different combinations

despite few supporting data and conflicting results.17 As illustrated

here, time from DSA onset to detection may be an important fac-

tor determining therapeutic response and early DSA may be easier to

suppress.17

Prospective multicenter randomized-controlled studies will be

needed in the future to assess the optimal timing of eculizumab admin-

istration, to compare its efficacy and safety with more established

therapeutic modalities like plasmapheresis, and to precise which clin-

ical profile can best predict treatment benefit. Meanwhile, we believe

that our experience added to the recent knowledge on prevention and

treatment ofAMRwith eculizumabmayhelp to reduce the high fatality

burden of this syndrome in heart transplantation.

We also believe that experience with eculizumab in allotransplan-

tation may be relevant in discordant xenotransplantation, particularly

in the near upcoming trials of pig-to-human kidney transplantation.

Although the use of organs from triple KO pigs (GalT-KO, CMAH-KO,

and B4GalNT2-KO) is anticipated to lessen the risk of hyper-acute

rejection in humans,29 delayed active or acute AMR is still possible

through de novo production of DSA directed against various antigens

like swine leucocytes antigens class I.1,30 Furthermore, overexpression

of transgenes coding for human complement regulatory proteins like

CD46 does not completely prevent complement-dependent injury in

pig hearts exposed to human blood.31 Like in allotransplantation, the

implementation of strategies combining immediate tissue injury block-

ade with desensitization will certainly be necessary to overcome AMR

and improve xenotransplant survival. In that sense, eculizumabbut also

other newcomplement-blocking or complement-depleting compounds

such as C1 esterase inhibitors, C3b inhibitors, and cobra venom factor

will potentially have a role to play in the prevention and/or treatment

of xenotransplant AMR1.
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