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Abstract

Hematopoietic cell transplantation (HCT) is a potentially curative therapy for patients with high-risk malig-
nant and nonmalignant conditions. Nevertheless, various post-allogeneic HCT (allo-HCT) complications with di-
verse chronology, etiology, and pathophysiological background can develop, including general and organ-
specific complications, such as graft dysfunction, infectious, and non-infectious etiologies, as well as non-
infectious pulmonary complications (NIPCs). Post-transplant complications can also be related to conditioning in-
tensity and drug-specific side effects. However, treatment options for these complications are suboptimal at pre-
sent.

Poor graft function (PGF) is a potentially life-threatening post-allo-HCT complication and is reported in 5-30%
of patients. Nevertheless, consensus guidelines to define and treat PGF are not available. Most therapies are
symptomatic with variable success rates. NIPCs are diverse and difficult to diagnose. The pathophysiology of
NIPCs remains ill-defined, and effective treatment approaches have not been standardized, with mortality ex-
ceeding 50% for some conditions, such as idiopathic pneumonia syndrome (IPS). Modification of the condition-
ing regimen intensity and introduction of novel agents have been used to decrease post-allo-HCT complications,
including infections, non-infectious complications, graft-versus-host disease (GvHD), as well as cardiopulmonary,
neurological, hepatorenal, and other complications. Transplant-associated thrombotic microangiopathy (TA-
TMA) is a lethal post-allo-HCT complication that may be associated with functional and genetic abnormalities in
complement activation and related to the use of calcineurin inhibitors, such as cyclosporine and tacrolimus. The
introduction of complement inhibitors has transformed TA-TMA from a lethal complication to a treatable syn-
drome.
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thrombosis, and non-infectious complications. Graft-

Introduction versus-host disease (GvHD) is a major complication of

Hematopoietic cell transplantation (HCT) is a poten-
tially curative therapy that has been widely performed
for various genetic and acquired high-risk malignant
and non-malignant diseases. However, highly intensified
conditioning regimens can lead to serious morbidity and
mortality, such as major organ dysfunction, life-
threatening graft dysfunction, infections, bleeding,

allogeneic HCT (allo-HCT) procedures and constitutes
a major additional cause of transplant-related morbidity
and mortality; however, non-immune post-transplant
complications are not uncommon.

Post-transplant complications can be organ specific
and involve every organ in the body, with specific fea-
tures that depend on the affected system. In this review,
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we address post-transplant complications, including
Poor graft function (PGF), pulmonary complications,
conditioning regimen modifications, and transplant-
related thrombotic microangiopathy.

Defining and Treating Poor Graft Function after
Hematopoietic Cell Transplants

PGF is an important and potentially life-threatening
complication of allo-HCT. No consensus guidelines for
defining PGF are available. Some authors as well as
our team have defined PGF as a failure to recover
granulocytes and platelets within 28 days post-
transplant in patients with complete donor hematopoie-
tic chimerism'. Patients with incomplete donor hema-
topoietic chimerism were excluded from the study. PGF
is distinguished from graft rejection, a term that should
only be used in the presence of convincing evidence to
confirm recipient anti-donor immune response and graft
failure, when the recipient recovers normal blood
granulocyte and platelet counts but subsequently fails to
meet the normal range for one or both’. Additionally,
we excluded the concept that the bone marrow is the
target of acute or chronic GVHD’ from our definition of
PGF as we consider it incorrect. Data from animal
models in which confounding effects of infection and
anti-GvHD therapies can be excluded have provided no
convincing support for this concept’.

Owing to these complexities in defining PGF and the
different thresholds for defining normal blood granulo-
cyte and platelet numbers, the reported incidence of
PGF varies substantially. Reports indicate a range of 5-
30%, depending on whether platelet count < 100 X 10
E+9/L is included in the definition of PGF".

Variables reported to be associated with the risk of
PGF include auto-versus allotransplants, HLA- and
ABO-disparities between donor and recipient, low-
intensity pre-transplant conditioning regimens, low graft
dose of nucleated bone marrow cells or CD34-positive
cells, graft-type (blood versus bone marrow versus um-
bilical cord blood), fresh versus frozen grafts, intensive
post-transplant immune suppression with bone marrow
suppressing drugs, anti-donor human leukocyte antigen
(HLA) antibodies, cytomegalovirus (CMV) and other
infections and their therapies, iron overload,
splenomegaly (mistakenly), acute and/or chronic GvHD
(discussed above), GVHD therapy, and other factors'”.

PGF can arise from abnormalities in hematopoietic
stem or progenitor cell function, abnormalities in the
bone marrow microenvironment, or abnormal interac-
tions between them. Some data suggest that high levels
of intracellular reactive oxygen species*’; bone marrow
microenvironmental abnormalities, including dysfunc-
tional endothelial cells and abnormal mesenchymal stro-

mal cells®’; disease-related bone marrow abnormalities,
such as myelofibrosis; and production of pro-
inflammatory cytokines such as interleukin 2 (IL-2) and
tumor necrosis factor-o. (TNF-o), may also contribute
to PGF’. Adverse effects of synchronous and/or metach-
ronous conditions and their therapy, including infec-
tions, drugs, ionizing radiation GvHD, can cause or
complicate PGF and hinder differential diagnosis.

Notably, no consensus guidelines for PGF treatment
are available. Therapies include red blood cell (RBC)
and platelet transfusions, intravenous immunoglobulin,
molecularly cloned myeloid hematopoietic growth fac-
tors (granulocyte- and granulocyte/macrophage colony-
stimulating factors [G- and G/M-CSF]), boost of donor
blood or bone marrow cells, mesenchymal stromal
cells, and/or a second transplant from the same or a dif-
ferent donor®’. However, these interventions are only
partially effective. Providing an additional boost of do-
nor hematopoietic cells, including CD34-positive cells
without the donor CD3 component, has variable effi-
cacy’. G-CSF and GM-CSF sometimes improve blood
granulocyte counts; however, these responses are short-
lived. Second transplants are sometimes effective’. Evi-
dence favoring the use of eltrombopag for PGF is based
on retrospective studies and case reports'™''. A recent re-
view of eltrombopag and romiplostim in post-transplant
thrombocytopenia reported response in 70-80% recipi-
ents, most of which were transient”. Statins have been
reported to improve in vitro bone marrow endothelial
progenitor cell (EPC) function obtained from persons
with PGF". Two prospective clinical trials reported that
N-acetyl-cysteine facilitated bone marrow recovery in
persons with PGF; however, these findings are not con-
vincing and need to be confirmed in future studies.

In conclusion, there is considerable disagreement and
confusion in defining PGF; therefore, its incidence can-
not be accurately determined. A consensus definition is
required to help advance this field. Without a clear defi-
nition, it is impossible to critically analyze the safety
and efficacy of interventions. Most interventions are
symptomatic and fail to address the underlying etiolo-
gies, which are likely to be different in different per-
sons. Given these complexities, more research is needed
in this field to achieve advances in defining and resolv-
ing the problem of PGF.

Management of Non-infective Pulmonary Compli-
cations: What is New?

Non-infectious pulmonary complications (NIPCs) are
an unsolved problem following allo-HCT. The etiology
is multifactorial and includes pre-transplant chemother-
apy and irradiation, infections, and GvHD'". Clinically,
NIPCs are often experienced by patients with signs and
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symptoms of pneumonia as well as evidence of wide-
spread alveolar damage in the absence of lower respira-
tory tract infections and cardiac, renal, or iatrogenic eti-
ology". Risk factors for developing NIPCs include pre-
vious infections, advanced age with impaired perform-
ance status prior to allo-HCT, conditioning intensity,
total-body irradiation (TBI) in high doses, and high-
grade GvHD'"™™. The pathophysiology of NIPCs re-
mains ill-defined and effective treatment approaches
have not been standardized. The American Thoracic So-
ciety (ATS) recently proposed that NIPCs should be
categorized anatomically into interstitial tissue, vascular
endothelium, or airway epithelium disease'®; however,
diagnosing NIPCs according to these criteria remains
difficult because affected patients are often too unwell
to permit evaluation of the pulmonary lesion. In prac-
tice, NIPCs include idiopathic pneumonia syndrome
(IPS) and late-onset non-infectious pulmonary compli-
cations (LONIPCs).

IPS is characterized by an acute lung dysfunction of
non-infectious etiology with a median time of onset of
19 d (range 4-106 d) after allo-HCT"”. In contrast,
LONIPCs are major pulmonary events occurring > 3
months after allo-HCT in up to 20% of allotransplant
recipients”, leading to various clinical sequelae and are
often associated with increased morbidity and mortality.

IPS is usually associated with respiratory failure and
mortality rates > 50%. TNF-o. has been implicated in
the pathophysiology of IPS. High-dose systemic ster-
oids (2 to 4 mg/kg) and, in selected cases of refractory
disease, the addition of etanercept, a soluble TNF-o-
binding protein (0.4 mg/kg administered twice weekly
up to a maximum of 8 doses) have been beneficial®™.

After allo-HCT, two clinical situations lead to the di-
agnosis of LONIPCs: (1) development of respiratory
symptoms, such as dyspnea, cough, sputum, and
wheezing, or (2) deterioration of lung function based on
sequential post-allo-HCT screening pulmonary function
tests. Although lung biopsy is the gold standard for LO-
NIPCs diagnosis, certain patients after allo-HCT can
undergo lung surgery due to associated complica-
tions™*. Thus, most LONIPC diagnoses rely mainly on
PFT and CT scan data and are categorized as interstitial
pneumonia, cryptogenic organizing pneumonia (COP),
bronchiolitis obliterans syndrome (BOS), and lung fi-
brosis.

According to the 2005/2014 National Institutes of
Health consensus criteria®, BOS is the only diagnostic
manifestation of chronic pulmonary GvHD. A diagnosis
of BOS requires at least one other distinctive manifesta-
tion of chronic GvHD in a separate organ system, ex-
cluding respiratory tract infections. Functional diagnosis
criteria for BOS are as follows: ratio of forced expira-
tory volume in 1* second (FEV1)/forced vital capacity

allo-HCT complications 25

(FVC) < 0.7, FEV1 < 75% of the predicted value, and
residual volume (RV) > 120% of the predicted vol-
ume”. Air trapping can be visualized on a high-
resolution lung CT scan showing a mosaic pattern of
intensified attenuation on expiratory cuts. Bronchial
thickening, bronchiectasis, and centrilobular micronod-
ules have also been associated with a diagnosis of
BOS”.

To date, no treatment has been shown to cure BOS.
Despite the absence of evidence for efficacy, systemic
steroid administration is the standard therapy”. Cur-
rently, the development of more effective treatment
strategies for BOS is needed, focusing on patients with
early stage BOS who are likely to be more responsive
to treatment. Several studies have assessed the efficacy
of various immunosuppressive drugs including rituxi-
mab, bortezomib, extracorporeal photopheresis, iburu-
tinib, and ruxolitinib with variable success™”. In addi-
tion to these limited treatment options, pulmonary reha-
bilitation may be an important adjunctive therapy to im-
prove patient’s quality of life”. Lung transplantation is
currently a suitable therapeutic option in selected allo-
HCT recipients with post-BOS chronic respiratory fail-
ure34<35.

Overall, the pathophysiology of NIPCs remains ill-
defined and effective treatment approaches have not
been standardized. Moreover, the prognosis of NIPCs
remains unclear. For example, the impact of the stem
cell source (bone marrow versus peripheral blood ver-
sus umbilical cord blood) has not been fully evaluated
as a cause for NIPCs, and the effect of the expanded
use of peripheral blood and umbilical cord blood from
unrelated donors on the incidence and severity of dis-
ease has not been elucidated. In addition, cooperation
with long-term follow-up teams in screening and early
detection strategies for LONIPCs should be revisited at
each transplantation center.

TA-TMA-diagnosis, Risk Factors, and Treatment

Introduction

Complement is an elaborate system that participates
in the innate immune response. Genetic variants and
autoantibodies that lead to unregulated complement ac-
tivation are implicated in the pathogenesis of various
human diseases™. Paroxysmal nocturnal hemoglobinuria
(PNH) is a prototypical model of complement activation
and inhibition. Eculizumab, a first-in-class complement
inhibitor, was initially approved for PNH, followed by
approval for complement-mediated diseases/complemen-
topathies across specialties, including atypical or
complement-mediated hemolytic uremic syndrome
(aHUS or CM-HUS), myasthenia gravis, and neuromye-
litis optica spectrum disorder. In addition to revealing
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unmet needs and paving the way for next-generation
complement therapeutics, preclinical and clinical studies
have also delineated other diseases that might benefit
from complement inhibition.

Transplant-associated Thrombotic Microangiopa-
thy (TA-TMA)

TA-TMA is a life-threatening complication of allo-
HCT and is observed in 7-39% of allo-HCT recipients.
It manifests with the clinical triad of TMA: thrombocy-
topenia, microangiopathic hemolytic anemia, and organ
damage (primarily involving the kidneys or central
nervous system)”. Diagnosis is largely hindered by the
high incidence of cytopenia and organ dysfunction in
allo-HCT recipients. Currently used diagnostic criteria
include the Bone Marrow Transplant Clinical Trials
Network and the International Working Group crite-
ria”*. Both sets of criteria have been criticized for their
diagnostic sensitivity. Therefore, the diagnosis remains
complex due to the high incidence of cytopenia and or-
gan dysfunction in allo-HCT, as well as the lack of sen-
sitivity of the current diagnostic criteria®. In the pediat-
ric population, the proposed severity criteria have incor-
porated a rough marker of complement activation (sol-
uble C5b-9) to facilitate early diagnosis and treatment™.

Our understanding of TA-TMA pathophysiology is
evolving rapidly. Initially, the syndrome was considered
and treated as a form of thrombotic thrombocytopenic
purpura (TTP). However, plasma exchange has a lim-
ited efficacy in these patients. In line with these find-
ings, studies have shown that ADAMTSI3 is not defi-
cient in TA-TMA and, therefore, cannot be used as a
disease marker. A better understanding of CM-HUS has
helped researchers and clinicians understand that both
pathophysiological and clinical aspects of TA-TMA re-
semble those of CM-HUS more than those of TTP. This
notion is supported by the genetic and functional evi-
dence of complement activation in TA-TMA. Jodele et
al were the first to describe complement-related muta-
tions in pediatric allo-HCT recipients®, with additional
data on a poor prognosis in patients harboring APC-
related mutations.

Genetic susceptibility data supports that the two-hit
hypothesis is true for TA-TMA. The second hit may re-
sult from several clinical factors that have been associ-
ated with TA-TMA, including age, donor type, condi-
tioning regimen, calcineurin or mTOR inhibitors, graft-
versus host disease, or infections. Although several
cross-sectional associations have been reported, only a
few studies have investigated the underlying mecha-
nisms. Notably, complement dysregulation has been im-
plicated in GvHD regulation in mice and humans. Ad-
ditional links between GVHD and complement activa-
tion have been demonstrated in human cutaneous tis-

sues, where C3 inhibition by compstatin reduced CD4"
T-cell proliferation and Th1/Th17 polarization. A recent
in vitro study also implicated the C5a/C5aR IL-17A
axis in chronic GvHD. Furthermore, C3 levels have
been associated with sclerotic cutaneous GvHD, and
patients with sclerotic GvHD have shown abnormalities
in complement factor H and APC functional assays.
Complement activation has also been linked at thrombin
generation in patients treated with antithymocyte globu-
lin.

Indeed, accumulating genetic and functional data
suggest increased complement activation and possible
genetic predisposition in both the adult and pediatric
population with TA-TMA*. In this complex setting of
predisposing endothelial injury syndromes, other mark-
ers of endothelial damage, such as neutrophil extracel-
lular traps, have also been found to increase and merit
further study”*. In this context, MASP-2 (mannan-
binding lectin serine protease 2) has emerged as a po-
tential therapeutic target based on its involvement in the
complement pathway and direct interactions with the
coagulation system. As in vitro data on MASP-2 levels
in TA-TMA are very limited, experts do not support its
use as a marker in this setting. Therefore, the potential
role of the lectin pathway in TA-TMA requires further
investigation.

In the pre-eculizumab era, the standard of care for
TA-TMA involved cessation of calcineurin or mammal-
ian target of rapamycin (mTOR) inhibitors, supportive
treatment, corticosteroids, and sometimes plasma ex-
change or rituximab, according to each center’s policy.
Most patients with TA-TMA are refractory to conven-
tional treatment, leading to high mortality rates, reach-
ing 100% (median, 75%). In recent years, eculizumab
has been increasingly used to treat both adult and pedi-
atric patients with TA-TMA. Despite high response
rates to eculizumab treatment (up to 93%), the overall
survival remains low (approximately 30%) in early re-
ports on the adult population. Notably, Jodele et al.
achieved an increased 1-year survival rate of 66% in 64
pediatric eculizumab-treated patients compared to 17%
in a historic control group. Although the results are en-
couraging compared to the mortality rates in the pre-
eculizumab era, the timing of initiation, appropriate pa-
tient selection, dosing, and duration of therapy remain
to be further investigated in this complex field of pa-
tient with transplants.

Regarding novel complement inhibitors, the C5 in-
hibitor conversin was successfully used in a patient
with TA-TMA with a C5 variant that caused resistance
to eculizumab treatment. Interestingly, a phase 2 single-
arm, open-label study of the MASP-2 inhibitor narsop-
limab in 19 patients with TA-TMA also reported an in-
creased median overall survival compared to the histori-
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Table 1. Complement inhibitors under advanced clinical development in TA-TMA

Agent Target Disease Phase of development
Pegcetacoplan C3 TA-TMA E Phase 2
arly access program
Narsoplimab MASP-2 TA-TMA Expanded access program
Ravulizumab C5 TA-TMA Phase 3
Coversin C5 and LTB4 TA-TMA Phase 3
inhibition

MASP-2, mannose-binding protein-associated serine protease 2; TA-TMA, transplant-asso-
ciated thrombotic microangiopathy; LTB4, leukotriene B4

cal control using conventional treatment (347 versus 21
days from TA-TMA diagnosis). This drug is currently
under priority review by the FDA. It should be also
noted that novel drugs approved for PNH are currently
evaluated in TA-TMA: ravulizumab in a phase 3 trial of
adult (NCT04543591) and pediatric (NCT04557735)
patients with TA-TMA (NCT02946463), and pegcetaco-
plan in a phase 2 study (NCT05148299). Finally, cov-
ersin or nomacopan, a C5 inhibitor that also blocks leu-
kotriene B4, was evaluated in a two-part phase 3 trial in
pediatric TA-TMA (NCT04784455). A summary of
these results is presented in Table 1.

In conclusion, complement inhibition transformed
TA-TMA from a lethal complication into a treatable
syndrome. Further advances in the field are required to
provide access to testing and enable early initiation of
complement inhibition. Additionally, better understand-
ing of the absence of response to eculizumab and per-
sonalized algorithms for novel inhibitors are required.

Conclusions

Post-allo-HCT complications, including graft dys-
function, pulmonary non-infectious complications, and
TA-TMA, are common. They are difficult to diagnose
and no standardized treatment approaches are available.
Conditioning intensity modifications and the introduc-
tion of novel agents can ameliorate post-allo-HCT com-
plications and improve post-transplant outcomes. The
introduction of disease-specific novel agents can over-
come some of the obstacles in the allo-HCT procedure.
Future research is needed to improve our understanding
and treatment of these complications.
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