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1. INTRODUCTION

1.1. Overview of Hematopoietic Stem Cell Transplantation

Hematopoietic stem cell transplantation (HSCT) means the transplantation of
blood stem cells derived either from the bone marrow, peripheral blood, or umbilical
cord blood into patients with malignant and non-malignant diseases. Since HSCT is
associated with high treatment- related complications, including mortality, the
procedure is limited to patients with life-threatening medical conditions. (1) Allogeneic
HSCT has been available as a therapeutic option for pediatric patients since 1992 in
Budapest.

ALL n=100

AML n=50

Other malignancy n=63

MDS n=52

Other bone marrow failure n=46
Other hematological n=4
Immunodeficiency n=45

Inborn error of metabolism n=27

OOONCCOCOOD

Autoimmun disease n=5

Figure 1

Indications of Pediatric Allogeneic Stem Cell Transplantation in Budapest from
1/1/1992 to 10/31/2017 (n=392)

ALL indicates acute lymphoblastic leukemia; AML, acute myeloid leukemia; MDS,

myelodysplastic syndrome.

1.2. Indications of Allogeneic Stem Cell Transplantation in Childhood

Initially, the use of HSCT was restricted to acute leukemias, severe aplastic
anemia (SAA), and severe combined immmunodeficiency. (2, 3) Allogeneic stem cell
cell transplantation is currently used in different indications during childhood. The
indications have been extended to include other primary immunodeficiencies (4),
myelodysplastic syndromes (5), and certain forms of inherited metabolic disorders (6)

and hematological indications, such as sickle cell anemia (7) or beta thalassemia major.
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(8) In severe autoimmune disorders clinical studies also have shown encouraging
results. (9, 10) Indications of HSCT in the pediatric population from 1992 to 2017 are

shown on Figure 1.

1.2.1. Treatment of Malignancies

The success of transplant for hematologic malignancies derives both from the
ability to treat patients with intensive chemoradiotherapy and from potent graft-versus-
leukemia effects mediated by donor immunity. (11) Exciting progress is being made in
the use of donor lymphocyte infusions to reduce relapse rate. (12) Acute lymphoblastic
leukemia (ALL) is the most frequent malignancy in childhood. (13) Despite of the good
long-term survival data with conventional therapy in pediatric ALL, HSCT is still
required as a curative therapeutic option for the high-risk or relapsed ALL cases. (14,
15) In contrast, acute myeloid leukemia (AML) is still a challenging malignancy in
pediatrics, and treatment recommendations for the subgroups of AML are yet to be
defined. (16) HSCT can improve the outcome in relapsed or therapy refractory patients.
17)

The indication of allogegenic HSCT in Hodgkin (HL) and non-Hodgkin
lymphoma (NHL) is limited to the cases of relapsed lymphoblastic lymphoma, or
relapsed HL or NHL. For patients who relapsed after autologous HSCT, allogeneic
HSCT could be a promising treatment option. (18) In summary, given the many novel
targeted and immunomodulation therapies currently under development, it is important
to identify specific patient subpopulations that may benefit from a HSCT compared
with those who better suited to new approaches. (19)

1.2.2. Bone Marrow Failure Syndromes and Immunodeficiences

Bone marrow failure syndromes and immunodeficiencies are a heterogeneous
groups of pediatric patients, for whom during life-threatening conditions stem cell
transplantation can improve the lacking or dysregulated hematopoiesis or immune
functions.

Inherited bone marrow failure syndromes represent a heterogeneous group of
rare hematological disorders characterized by the impairment of hematopoiesis. Most

prominent examples are the failures of deoxyribonucleic acid (DNA) repair mechanism,
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such in Fanconi anemia, or as a rarer condition, the failure of ribosomal apparatus in
Blackfan Diamond anemia, and failure of telomerase elongation in dyskeratosis
congenita. In these congenital disorders, stem cell transplantation can improve the bone
marrow failure, but can not correct the co-existing extramedullar organ defects. (20)

Immune destruction of hemopoietic stem cells plays an important role in
pathogenesis of severe aplastic anemia. (21) Standard first-line therapy is bone marrow
transplantation, if a human leukocyte antigen (HLA) identical sibling donor is available.
(22) Other treatment options include first-line immunosuppressive therapy or HSCT
with an alternative donor (see in Chapter Graft and Donor Types). (22)

Pediatric myelodysplastic syndromes (MDS) are a heterogeneous group of
clonal disorders with an annual incidence of 1 to 4 cases per million, accounting for less
than 5% of childhood hematologic malignancies. (23) HSCT is the treatment of choice
for many children with myelodysplastic syndromes and is routinely offered to all MDS
patients with excess of blasts, to those with MDS secondary to previously administered
chemoradiotherapy, and to those with refractory cytopenia in childhood associated with
monosomy 7, complex karyotype, severe neutropenia, or transfusion dependence. (5)

Primary immunodeficiencies are genetic immune disorders causing increased
predisposition to infections and autoimmunity. (24) Allogeneic HSCT is an extremely
effective way of restoring immunity in these individuals. (25) In patients with primary
immunodeficiencies, persistent infection and autoimmunity with end-organ damage

cause particular problems in the course of transplantation. (4)

1.2.3. Inborn Errors of Metabolism

The inborn errors of metabolism are a diverse group of diseases arising from
genetic defects, including deficiences in the production of lysosomal enzymes and
abnormalities of the peroxisomal function. (26) Insufficient expression of the affected
gene product can be corrected by hematopoietic cells transplanted from a donor with
normal gene expression. (6) HSCT allows donor-derived, enzyme producing cells to
migrate into the brain and other organs, providing a permanent form of enzyme
replacement. Allogeneic HSCT was investigated in numerous lysosomal diseases, such
as in Hurler-syndrome, Hunter-syndrome, inherited lysosomal leukodystrophies and
Krabbe disease. (26-28)
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1.3. Graft and Donor Types

Stem cells can be obtained from different sources: mobilized peripheral blood
stem cells, bone marrow, and umbilical cord blood. (29) Choice of a stem cell donor
depends on donor availability, donor compatibility and health, recipient disease type,
and recipient condition. (30) Currently, accepted stem cell donors for HSCT are the
matched sibling donors, matched unrelated donors (MUDSs), haploidentical donors, and
umbilical cord blood units. (30) Historically, preferred donors for HSCT have been
HLA-matched sibling donors. (31) However, the possibility of finding a matched
unrelated donor is now more than 70% due to continuous expansion of unrelated donor
registries around the world. (32) The outcome of unrelated stem cell transplants in terms
of transplant-related mortality (TRM), disease-free survival, and overall survival (OS) is
comparable to sibling donors. (32) All types of alternative donors have some advantages
and limitations. (33)

1.4. Conditioning Therapy

The term conditioning refers to the preparative treatment before the infusion of
the hematopoietic stem cells. Patients can be prepared with chemotherapy alone or
combined with radiotherapy with three aims: to reduce the tumor burden -in neoplastic
diseases, to create space for the new bone marrow, and to suppress the recipient’s
immune system, in order to allow engraftment of the stem cells. (34) Conditioning
regimens are classified as myeloablative (such as busulphan- or treosulfan-based, total
body irradiation), non-myeloablative or reduced intensity conditioning (RIC). (35)
Assignment to these categories is based on the duration of cytopenia and on the
requirement for stem cell support: myeloablative regimens cause irreversible cytopenia
and stem cell support is mandatory. Non-myeloablative regimens cause minimal
cytopenia, and can be given also without stem cell support. RIC regimens do not fit
criteria for myeloablative or non-myeloablative regimens: they cause cytopenia of
variable duration, and should be given with stem cell support, although cytopenia may
not be irreversible. (36)

In conclusion, the current aims with conditioning regimens are to reduce the

early regimen-related toxicity and mortality, to find the optimal indications for
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myeloablative or RIC conditioning regimens, and to provide better long term overall
survival and higher quality of life. (37-39)

1.5. Immunosuppression

Maintenance immunosuppressive therapy is administered to almost all recipients
in order to prevent graft rejection or failure, and graft-versus host disease (GVHD). (40)
Graft rejection/failure is a life-threatening complication following allo-HSCT that is
most commonly caused by the reactivity of recipient T cells, natural Killer cells or
antibodies against donor hematopoietic cells. (41) GVHD is the manifestation of an
undesirable immunological reaction between transplanted donor lymphocytes and host
tissues. (42) The aim of immunsuppressive therapy during HSCT is to optimize an
adequate level of immunosuppression to avoid both graft failure and severe GVHD, and
to reduce the incidence of adverse events. (43) The major immunosuppressive agents
applied in various combination, are glucocorticoids, methotrexate, anti-thymocyte
globulin, alemtuzumab, calcineurin inhibitors (cyclosporin A, tacrolimus), rapamycin
(sirolimus), mycophenolate mofetil and post-transplant cyclophosphamide. (43-46)
Cyclosporine A is the most widely used immunosuppressive agent after HSCT. (47)
Conventional maintenance regimens consist of immunosuppressive agents, that differ
by mechanism of action. This strategy minimizes toxicity, and aims to increase optimal
dosing. (48)

1.6. Immune Reconstitution

The recovery of the host immune system after allogeneic hematopoietic stem
cell transplantation is pivotal to prevent infections, relapse, and secondary malignancies.
(49) After conditioning therapy, patients undergo an “aplastic phase” (severe
neutropenia or pre-engraftment phase) until neutrophils recover. The reconstitution of
innate immunity occurs rapidly within 20-30 days after allogeneic HSCT while
reconstitution of adaptive immunity is delayed following HSCT, and can require up to
1 year. (50) Reconstitution of adaptive immunity after alloHSCT is a complex and slow
process that can be influenced by several factors, such as recipient age, type of donor
(related/unrelated, = HLA-matched/HLA-mismatched), type of  conditioning

(myeloablative/reduced intensity; including or not radiation therapy), ex vivo or in vivo
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T-cell depletion of the graft, type of graft-versus-host disease prophylaxis, as well as
occurrence and treatments of GVHD. (50, 51)

Several tools have been developed for monitoring the recovery of the adaptive
immune system after alloHSCT. Some of them are currently used routinely in clinical
laboratories, including measurements of absolute counts and frequencies of main
lymphocyte subsets (CD3+CD4+ and CD3+CD8+ T cells, CD20+ or CD19+ B cells) as
well as quantification of serum immunoglobulin levels. (52) From Human
Immunodeficiency Virus/Acquired Immunodeficiency Syndrome patients, it is known
that numerical and functional CD4 defects increase the risk of opportunistic infections.
(49, 53)

Table 1

Immune Reconstitution after Allogeneic HSCT. BM indicates bone marrow; CBU,
cord blood unit; PBSC, peripheral blood stem cell. (50)

Duration after allogeneic HSCT

Neutrophils >0.5 x 10 9 G/ ~14 days for PBSC; ~21 days for BM; ~ 30 days for CBU

NK cells 30-100 days
CD4+ T cells 100-200 days
CD19+ B cells 1-2 years

10
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1.7. Transplantation-Related Complications
1.7.1. Infectious Complications

The time after HSCT is characterized by a state of profound immunodeficiency,
during which the patients are at considerable risk of opportunistic infections. (54)
Susceptibility to microbial pathogens is generally most pronounced during the first
weeks, and risk is decreasing as different parts of the immune system regain their
functionality. (51)

Three different periods can be distinguished based on the incidence of certain
infections after HSCT. The predominance of the different types of pathogens in each
phase is a reflection of different types of immunodeficiencies. (50, 55) Figure 2

illustrates the most common complications in each phase.

Bacterial Fungal, viral infections/ . c;}V.HD, \«:jral
HsCT  and fungal reactivations, Pneumocystitis carinii m ectlons' (CMV
infections aGVHD and TA-TMA and respiratory
Conditioning viruses)

regimen

10 20 30 40 50 60 70 80 90 100  Days after
HSCT

Pre-engraftment Engraftment Post-engraftment

Figure 2
Time Line of the Most Prevalent Infections and Most Significant Complications
after Allogeneic HSCT.

The figure shows the most prevalent complications according to the three phases of
engraftment. Concomitant infectious complications of bacterial, fungal and viral
pathogens are shown accoring to their occurence with acute and chronic GVHD.

CMV indicates cytomegalovirus; aGVHD, acute graft-versus-host disease; cGHVD,
chronic graft-versus-host disease; HSCT, hematopoietic stem cell transplantation; TA-

TMA, transplantation-associated thrombotic microangiopathy.

The presence of neutropenia and mucosal damage are the leading risk factors in
the early pre-engraftment phase. (54) Patients have an increased risk for fungal

11
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infections, especially during the early neutropenic phase or severe GVHD. (56)
Bacterial infections remain a common complication, especially also in the pre-
engraftment phase. The risk of bacterial infections is mainly related to neutropenia,
mucositis, and the presence of vascular lines. (55) Most parts of the world have
witnessed a shift in epidemiology toward Gram-negative bacteria. (57)

Despite of the post-transplant screening and pre-emptive therapies, viral
reactivations (cytomegalovirus, Epstein-Barr virus, adenovirus) or newly aquired viral
infections remain significant causes of morbidity and mortality after HSCT due to the
severe immunodeficiency. (58, 59) In spite of early introduced pre-emptive antiviral
management, CMV disease occurs in a significant proportion of patients. (59) Routine
Epstein-Barr virus (EBV) DNA monitoring allows to start early pe-emptive rituximab
therapy. Therefore, EBV related post-transplant lymphoproliferative disorders (EBV-
PTLDs) are rare but potentially fatal complications, characterized by uncontrolled
proliferation of EBV-infected lymphocytes. (60) EBV-PTLDs commonly manifest as
fever and lymphadenopathy and may rapidly progress to multi-organ failure and even
death. (61) Intestinal human adenovirus shedding before HSCT confers a greatly
increased risk for invasive infection and disseminated disease post-transplant. (62)
Moreover, pediatric patients are at an increased risk for adenovirus reactivation,

compared to adults. (63)

1.7.2. Graft-versus-host Disease

Acute graft-versus-host disease (GVHD) is a significant cause of morbidity, and
represents a major reason for non-relapse mortality, thus is a major determinant of long-
term survival after HSCT. (64) This condition is the consequence of an undesirable
immunological reaction between transplanted donor lymphocytes and host tissues. (65)

GVHD was first observed in animal models as a combination of symptoms that
often occured after allogeneic HSCT and were referred to as ,,secondary disease” (66).
The biology of these graft-versus-host (GVVH) reactions were first descriped in 1966, the
required conditions for the developement of the GVH reaction were (1) transfer of
immunocompetent cells between two individuals, (2) the individuals must differ
immunologically from each other, and (3) the host must be immunosuppressed around

the time of cell transfer to avoid rejection. (67)

12
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GVHD occurs in acute and chronic forms, each with characteristic symptoms
and distinct pathophysiological mechanisms. (65) Acute GVHD is staged and graded
according to severity of symptoms in the three target organs: skin, liver and
gastrointestinal tract. (42, 68) Figure 3 illustrates skin acute GVHD. The past decade
has brought impressive advances in our understanding of the role of stimulatory and
suppressive elements of the adaptive and innate immune systems from both the donor
and the host side in GVHD pathogenesis. New insights from basic immunology,
preclinical models and clinical studies have led to novel approaches for prevention and
treatment. (65)

Figure 3

Acute Skin Graft-versus-host Disease in the Department

Despite of the use of prophylactic GVHD regimens, a significant proportion of
transplant recipients will develop acute or chronic GVHD following HSCT. (69, 70)
Corticosteroids are standard first-line therapy, but are only effective in roughly half of
all cases with ~50% of patients going on to develop steroid-refractory disease, which
increases the risk of nonrelapse mortality. (70, 71)

Patients with steroid-refractory disease require second-line therapies, with a
combination of immunosuppressive agents, described previously in Immunosuppression
chapter. (72) There is no standard therapy for steroid refractory GVHD. (73)

13
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Therapeutic options include from increasing the dose of steroids to the addition of
polyclonal or monoclonal antibodies, the wuse of immunotoxins, additional
immunosuppressive/chemotherapeutic interventions, extracorporeal phototherapy, and
other means. (74) The choice of initial therapy for patients with acute GVHD depends
upon the organs involved, the severity of symptoms, the prophylactic regimen used,
and, to some extent, the importance of a graft-versus-tumor effect. (75)

1.7.3. Veno-occlusive Disease

Hepatic veno-occlusive disease (VOD), also known as sinusoidal obstruction
syndrome (SQOS), is a potencially life-threatening complication, can develop primarily
after myeloablative hematopoietic stem cell transplantation, but it can also occur after
reduced-intensity conditioning. (76) The pathophysiological cascade of VOD involves
endothelial-cell activation and damage, due to the conditioning regimen, and a
prothrombotic-hypofibrinolytic state. (77, 78) Clinical diagnosis of hepatic VOD is
based on the clinical triad of (1) painful hepatomegaly, (2) hyperbilirubinemia and (3)
unexplained fluid retention. (79)

Defibrotide, a polydisperse mixture of single-stranded oligonucleotide with
antithrombotic and fibrinolytic effects on microvascular endothelium, has emerged as
an effective and safe therapy for patients with severe VOD. (80) Defibrotide can be also
effective in preventing VOD, therefore this indication has now limitations due to the
limited availability of the drug. (81, 82) Recent data suggest that the combination of
high-dose steroids and defibrotide may be superior to defibrotide alone. (83)

1.7.4. Transplantation-associated Thrombotic Microangiopathy

Hematopoietic stem cell transplantation-associated thrombotic microangiopathy
(TA-TMA\) is a potencially severe complication of HSCT that can lead to high risk of
death. (84) TA-TMA may have a benign clinical course, but in its most severe forms,
manifesting with severe Kkidney injury, serositis, pulmonary hypertension, and
multisystem organ failure, mortality rates are high. (84) In those who survive, TA-TMA
may be associated with long-term morbidity including hypertension, chronic kidney
disease, gastrointestinal or central nervous system disease, and pulmonary hypertension.
(85)

14
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However, the diagnosis of TA-TMA requires a very high index of suspicion.
TA-TMA is identified as other thrombotic microangiopathies described in Thrombotic
Microangiopathies Chapter. Patients present with microangiopathic hemolytic anemia,
defined de novo acute anemia and thrombocytopenia not explained by another process,
elevated lactate dehydrogenase (LDH), excessive transfusion requirements, and
shistocytosis in the blood. (85) However, the signs and symptoms of TA-TMA can be
confused with other common transplantation associated or malignancy associated
complications, such as acute GVHD, infections, graft failure, immune-mediated
thrombocytopenia, venoocclusive disease, relapse, medication induced side-effects,
such as hypertension or acute renal failure. (85-87)

To to summarize the knowledge on TA-TMA with more detailes, a brief
overview of thrombotic microangiopathies will be presented in Chapter Thrombotic

Microangiopathies (1.8).

15
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1.8. Thrombotic Microangiopathies
1.8.1. The Role of The Complement

The complement system is an ancient defense mechanism that stimulates the
inflammatory response and destroys pathogens through opsonisation and lysis. (88, 89)
In addition, it constitues a bridge between innate and adaptive immunity. (90) The
responses to inflammatory triggers are mediated through a co-ordinated sequential
enzyme cascade leading to clearance of foreign cells through pathogen recognition,
opsonisation and lysis. (89) Complement also possesses anti-inflammatory functions: it
binds to immune complexes and apoptotic cells, and assists in their removal from the
circulation and damaged tissues. (91)

Complement system is increasingly being recognized as an important driver of
human diseases. (92) Complement dysregulation plays an important role in the
patomechanism of atypical hemolytic uremic syndrome (aHUS), Shiga-toxin—
associated HUS (STEC-HUS), thrombotic thrombocytopenic purpura (TTP),
antiphospholipid antibody syndrome, and the preeclampsia-related HELLP (hemolysis,
elevated liver enzymes, and low platelet count) syndrome. (93, 94) Each one is
characterized by an imbalance in the interrelated complement and coagulation cascades
that fuels a vicious cycle of tissue damage. However, the clinical diversity of these
disorders highlights important differences in the triggers and outcomes of complement
dysregulation. (94)

The cell surface alternative pathway dysregulation plays an important role in
TMAs with different etiologies (Figure 4). (95) Although C3 glomerulopathy and
paroxysmal nocturnal hemoglobinuria (PNH) are also prototypical disorders of
complement dysregulation with complement overactivation, cell surface alternative
pathway dysregulation (aHUS), fluid phase alternative pathway dysregulation (C3
glomerulopathy), or terminal pathway dysregulation (PNH) predominates, resulting in

very different phenotypes seen in these diseases. (95)

16
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Complement regulation

«CFI Ab .__j( aCFH Ab
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Figure 4

Complement Activation and Regulation (96)

The alternative pathway is a positive amplification loop. C3b interacts with factor B
(B), which then is cleaved by factor D to form the alternative pathway C3 convertase
(C3bBb). This enzyme complex is attached to the target covalently via C3b while Bb is
the catalytic serine protease subunit. C3 is the substrate for this convertase, thus creating
a powerful feedback loop. Unchecked, this leads to activation of the terminal
complement pathway with generation of the effector molecules, the anaphylatoxin C5a,
and the membrane attack complex (C5b-9). To protect host cells from damage, the
alternative pathway is down-regulated by complement regulators, including CFH, CHI,
and MCP. Activating mutations in C3 and CFB and loss-of-function mutations in CFH,
CFl, and MCP, in addition to autoantibodies to CFH and CFlI, result in overactivation of
the alternative pathway. (96)

CFB indicates complement factor B; CFH, complement factor H; CFI, complement
factor I; MCP, membrane cofactor protein.

17
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The diagnostic terms hemolytic uremic syndrome (HUS) and thrombotic
thrombocytopenic purpura (TTP) are based on historical and overlapping clinical
descriptions. (97, 98) HUS and TTP describe clinical presentations in the absence of
knowledge about the cause. (97) Figure 5 gives a brief overview of the etiology of
TMAs, marking hereditary, autoimmune, post-infectious and secondary conditions with
different colours.

This chapter focuses on the clinical presentation, brief patomechanism, and
complement pathway abnormalities of the TMAs, for the better understanding of TA-
TMA.

18



DOI:10.14753/SE.2019.2191
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—

Figure 5

An Etiology-based Classification of the Various Forms of Thrombotic
Microangiopathies. (99)

Blue, bold typeface marks the etiology of thrombotic microangiopathy of own research
focus in the dissertation. Hereditary conditions marked with blue, post-infectious
diseases with red, and autoimmune conditions with green.

ADAMTS 13 indicates a disintegrin and metalloprotease with thrombospondin repeats
13; CFB, complement factor B, CFH, complement factor H; CFI, complement factor I,
DKGE, diacylglycerol kinase; HELLP, hemolysis, elevated liver enzymes, and low
platelet count syndrome; HIV, human immunodeficiency virus; MCP, membrane
cofactor protein (CD46); STEC, Shiga toxin- producing Escherichia coli; THBD,
thrombomodulin; VEGF, vascular endothelium growth factor.
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1.8.2. Thrombotic Thrombocytopenic Purpura

The first thrombotic thrombocytopenic purpura case was described by Eli
Moschcowich in 1925 as a clinically and anatomically remarkable disease: ,,An Acute
Febrile Pleiochromic Anemia with Hyaline Thrombosis of the Terminal Arterioles and
Capillaries”. (100) Since we know that ADAMTS13 (a distintegrin and metalloprotease
with thrombospondin-1-like domains, member 13) activity is significantly decreased in
TTP patients. (101, 102) Nonfamiliar TTP is due to an inhibitor of the von Willebrand
factor cleaving protease, whereas the familiar form is caused by a constitutional
deficiency of the protease. (101) TTP is clinically characterised by thrombocytopenia,
microangiopathic hemolytic anemia, neurological symptoms, kidney failure and fever.
(103) In laboratory testing, severely reduced ADAMTS13 activity (generally <10
percent) during an acute episode is a hallmark of acquired TTP. (104) Patients with
hereditary TTP, ADAMTS13 testing shows severe deficiency without an inhibitor.
(105)

1.8.3. HELLP-syndrome

HELLP is an acronym that refers to a syndrome characterized by Hemolysis
with a microangiopathic blood smear, Elevated Liver enzymes, and a Low Platelet
count. (106) HELLP develops in approximately 0.1 to 0.2 percent of pregnancies
overall and in 10 to 20 percent of women with severe preeclampsia/eclampsia. (107)
Upregulation of the alternative pathway of complement plays a role in HELLP
syndrome. (108) HELLP syndrome follows a 2-hit disease model similar to aHUS,
requiring both genetic susceptibility and an environmental risk factor. (109)

1.8.4. Hemolytic Uremic Syndrome

Hemolytic uremic syndrome is characterized by the triad of microangiopathic
hemolytic anemia, thrombocytopenia, and acute renal failure. It has been classified as
either diarrhoeal-associated or non-diarrhoeal/ atypical (aHUS). (110) In children, 90%
of HUS cases are associated with a prodrome of diarrhea caused by infections with
Shiga toxin- producing Escherichia coli that are able to attach to the intestinal wall;
these are known as enterohemorrhagic E. coli (EHEC). (111)
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The atypical form of HUS is characterized by complement overactivation. (96)
As shown on Figure 5 previously, inherited defects in complement genes, and aquired
autoantibodies against complement regulatory proteins have been described. (112, 113)
Incomplete penetrance of mutations in all predisposing genes are reported, suggesting
that a precipitating event or trigger is required to unmask the complement regulatory
deficiency. (96) Overactivity of the alternative pathway is central to the pathogenesis of
aHUS. (95)

Patients with Streptococcal-induced HUS (pHUS) typically present with either
meningitis or pneumonia before progressing to microangiopathic hemolytic anemia,
thrombocytopenia and acute kidney injury. (114) The incidence of pHUS has been
increasing in the recent years. (115) The pathogenesis of of pHUS is attributed to the
enzyme-, neuraminidase, which is produced by the Streptococcus pneumoniae bacteria.
(116) It cleaves the N-acetilneuraminic acid residues on the surface of the red blood
cells, glomerular endothelial cells, and platelets, thereby exposing the hidden T-antigen.
(117)

Cobalamin C-defect is a genetic disorder of cobalamin (vitamin B12)
metabolism and is a rare cause of HUS. (99, 118) This metabolic disease is
characterized by marked heterogeneity of neurocognitive disease (microcephaly,
seizures, developmental delay, ataxia, hypotonia) and variable other organ system
involvement (failure to thrive, cardiovascular, renal, ocular) manifesting predominantly
early in life, sometimes during gestation. (119)

Certain conditions such as infection (streptococcus pneumonia, HIV),
connective tissue disease, pregnancy, malignancy, and drugs (bleomycin, cisplatin,
gemcitabine, mitomycin C, tacrolimus, cyclosporine A, anti-vascular endothelial growth
factor agents, interferon, etc.) may also predispose to TMA. (120) Patients during

hematopoietic stem cell transplantation also have various risk factors to develop TMA.

1.8.5. Transplantation- associated Thrombotic Microangiopathy

The poor understanding of the pathophysiology and the lack of an accepted
definition of TMA have led to a large variety in the published incidence (0,5%-63,6%)
and inconsistent risk factors. (121) Patients after HSCT often develop anemia,

thrombocytopenia, fever, renal dysfunction, elevated LDH and fragmented red blood
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cells from many competing causes. (85-87) In addition, schistocytosis can be absent in
severe forms of TA-TMA, because of the high vascular permeability and extravasation
of erythrocytes observed in TA-TMA. (122)

TA-TMA was first recognised in 1980, as a side effect of cyclosporin A
administration for GVHD prophylaxis in allogeneic HSCT. (123) Cyclosporin A is a
calcineurin inhibitor that suppresses immune response by downregulating the
transcription of various cytokine genes. Since then, calcineurin inhibitors have been
linked to TA-TMA as a potential trigger. (124) Additionaly, clinical studies have
identified a lot of potencial risk factors for TA-TMA: age, the use of unrelated donors,
HLA mismatch, ABO incompatibility, the carriage of HLA-DRB1*11 allele,
composition of the conditioning regimen, mTOR inhibitors (mechanistic target of
rapamycin), development of acute GVHD, and viral and fungal infections. (125-128)
Similarly, liver dysfunction and gastric bleeding are prognostic factors for TA-TMA.
(129) However, the occurence of these risk factors in all patients after HSCT is high,
making the role of the triggers in the pathomechanism hard to determine. (125)
Furthermore, TA-TMA and GVHD have similar triggers and some manifestations are
common, and often occur together. (122)

It is not clear whether one factor alone could trigger the manifestation of TA-
TMA. As an example, calcineurin inhibitors are widely used in patients after organ and
stem cell transplantation. (130) Calcineurin inhibitors have been identified as a risk
factor also after organ transplantation. (130, 131) TA-TMA after kidney transplantation
IS rare but severe condition with poor graft outcomes. (131) Interestingly, calcineurin
inhibitors have several hematological and immunological indications, such as in
asplastic anemia or nephrosis syndrome, where secondary TMA have not been
observed. (132, 133)

Therefore, the pathomechanism of TA-TMA remain poorly understood until the
2010’s, and complement measurements are recommended only in the recently published
criteria in 2015 by Jodele et al. (134) Incidence of TA-TMA depends on the diagnostic
criteria applied. The next chapter gives a brief overview of the changes and the

conclusions of the different diagnostic criteria of TA-TMA.
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1.8.5.1. Changes in Diagnostic Criteria

Several societies have attempted to create criteria for diagnosing TA-TMA
(Table 2). The International Working Group (IWG) proposed that the diagnosis of TMA
requires the fulfillment of all of the following criteria: 1) >4% schistocytes in blood; 2)
de novo, prolonged or progressive thrombocytopenia (platelet count <50x10_9/L or
50% or greater reduction of previous counts); 3) sudden and persistent increase of LDH
concentration; 4) decrease in the hemoglobin concentration or increased transfusion
requirement; and 5) decrease in serum haptoglobin. (135)

Therefore, the Blood and Marrow Transplant Clinical Trials Network (BMT
CTN) Toxicity Committee Consensus Definition for TMA proposed the 4 following
diagnostic criteria for TA-TMA in 2005: 1) red blood cell fragmentation and >2
schistocytes per high-power field on peripheral smear; 2) concurrent increased serum
LDH above institutional baseline; 3) concurrent renal and/ or neurologic dysfunction
without other explanations; 4) negative direct and indirect Coombs test results. The
panel decided against using thrombocytopenia as a diagnostic criteria, because
transplant recipients often have low platelet counts from various causes during the early
post-transplantation period. (136)

According to the Overall Thrombotic Microangiopathy Grouping (O-TMA) by
Cho et al., all of the seven criteria must be met; 1) >2 schistocytes per high-power field
on peripheral smear; 2) increased serum LDH above institutional baseline; 3) de novo,
prolonged or progressive thrombocytopenia (platelet count <50x10 9/L or 50% or
greater reduction of previous counts); 4) decrease in the hemoglobin concentration; 5)
decrease in serum haptoglobin; 6) negative direct and indirect Coombs test results; 7)
normal coagulation assays. Overall Thrombotic Microangiopathy Grouping is similar to
the International Working Group criteria and the BMT CTN criteria, including all
components of the proposed criteria, except it does not include transfusion status and
instead requires a negative Coombs test and normal coagulation assays to exclude
disseminated intravascular coagulation. (121)

A forth set of diagnostic criteria created by the transplantation center City of
Hope included 1) the presence of schistocytes and persistent nucleated RBCs, 2)
prolonged or progressive thrombocytopenia (<50x10 9 G/L or >50% decrease); 3)

LDH greater than twice the upper limit of normal; 4) a decrease in the serum
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haptoglobin; and 5) increase of serum creatinin above >50% baseline. Patients were
defined definite TA-TMA if they fulfilled all the four criteria. Patients were considered
to have probable TA-TMA if they met three of the four criteria. Patients who met the
characteristics of TMA secondary of disease relapse or progression were not classified
as TMA cases. (124)

Jodele et al. used first the O-TMA diagnostic criteria to identify TA-TMA in
pediatric HSCT population. (137) Based on their work on TA-TMA pathophysiology in
children and young adults, seven diagnostic criteria of TA-TMA were decribed in
Cincinnati: 1) elevated LDH (above the upper limit of normal for age); 2) proteinuria (a
random urinalysis protein concentration (>30mg/dl)); 3) hypertension (a blood pressure
at the 95th percentile value for age, sex and height); 4) de novo thrombocytopenia
(platelet count <50x10_9/L or 50% or greater reduction of previous counts);. 5) de
novo anemia (a hemoglobin level below the lower limit of normal for age or anemia
requiring transfusion support); 6) the presence of schistocytes in the peripherial blood or
histologic evidence of microangiopathy on a tissue specimen; 7) terminal complement
activation (elevated plasma concentration of sC5b-9 above upper normal laboratory
limit). (134) Proteinuria (>30mg/dl) and elevated marker of complement activation
(sC5b-9) at TA-TMA diagnosis were found to be associated with poor outcome, and are
additional criteria to diagnose high risk TA-TMA. (138) Important to note, that Jodele
et al. reported first complement measurements for the diagnosis of TA-TMA. (138)
Serum haptoglobin was not included as a criteria in Cincinnatti, but low haptoglobin
was described as a poor prognostic marker in patients with TA-TMA. (134) The
modification of diagnostic criteria that included markers of complement activation,
proteinuria, and hypertension (85), led to an improved and earlier detection of the
developing clinical TA-TMA.

In conclusion, both diagnostic criteria have limitations due to the wide spectrum
from mild to severe forms of TA-TMA cases. The diagnostic criteria used for TA-TMA
recognition include hematologic and renal injury markers, reflecting the presence of
already ongoing, clinically manifest organ damages. Therefore, there is a demanding
clinical need to recognize, or to predict TA-TMA as early as possible, but current

possibilities to achieve these goals are largely limited.
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Five Different Diagnostic Criteria for TA-TMA (121, 124, 135, 136, 138)

Parameter BMT WG O-TMA City of Jodele et
CTN criteria Hope al.
LDH above above above upper | >2x above | above upper
upper limit | upper limit limit of upper limit limit of
of normal | of normal normal of normal | normal of age
Thrombo- No <50x10 9/| <50x10 9/L | <50x10 9 | <50x10 9/L
cytopenia L or 50% or50% or | G/L or >50%| or 50% or
or greater greater decrease greater
reduction | reduction of reduction of
of previous previous previous
counts counts counts
Anemia No decreased | decrease in the No hemoglobin
hemoglobin| hemoglobin level below
or concentration the lower limit
increased of normal for
transfusion age or anemia
requirement requiring
transfusion
support
Schistocytes| >2 per high| >4% >2 per high|presence of{>2 per high
power field power field shisctocytes | power field or
and presence  of
persistent shistocytes on
nucleated tessiu
RBCs specimen
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Parameter BMT WG O-TMA City of Jodele et
CTN criteria Hope al.
Hapto- No Decreased | Decreased No No
globin
Kidney Serum No No Serum proteinuria
function creatinin 2x creatinin (random
above 1,5x  above| >30mg/dl;
baseline (or baseline high risk
neurologica criteria)
I
dysfunction
)
Negative Yes No Yes No No
Coombs
test
Hyper- No No No No Yes (pediatric)
tension
Terminal | No No No No Elevated (high
comple- risk criteria)
ment
complex

BMT CTN indicates Blood and Marrow Transplant Clinical Trials Network; IWG,
International Working Group; LDH, lactate dehydrogenase; O-TMA, Overall
Thrombotic Microangiopathy Grouping.
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1.8.5.2. Tissue Biopsy

Inappropriate complement activation or insufficient inhibition can result in
vascular endothelial injury and thrombotic microangiopathy. (139) The adverse effects
of TA-TMA come from platelet aggregation with microthrombi formation leading to
tissue ischemia and hypoxaemia. The multi-organ injury can involve the kidney, the
gastrointestinal tract, and can lead to pulmonary, cardiac and neurology dysfunction.
(134, 140, 141) TA-TMA may involve the intestinal vasculature and can present with
bleeding and ischemic colitis. (142) In spite of the organ involvement, tissue biopsy is
rarely performed after HSCT in the cases with decreased kidney function or lung
involvement. On the other hand, bowel biopsy in routinly performed to diagnose and
grade graft-versus-host disease. (143, 144) Mucosal petechiae or hemorrhage may
reflect significant bowel vascular injury in patients with systemic high risk TA-TMA.
(142, 145) Defined colonoscopic findings would improve early clinical diagnosis of
intestinal TA-TMA.

1.8.5.3. Complement Dysregulation in TA-TMA

Although significant advances have been made in understanding the
pathogenesis of other thrombotic microangiopathies, TA-TMA remains poorly
understood until the 2010’s.

As our understanding in aHUS has evolved, TA-TMA seems to resemble more
aHUS than other TMAs. (125) The working group in Cincinnati published several
studies, highlighting the role of complement dysregulation in the patomechanism of
TA-TMA. Excessive complement activation (as reflected by increased levels of
anaphylatoxins C3a and C5a, and terminal pathway complement complex) are known to
activate-, among others-, platelets, granulocytes, endothelial cellsand coagulation,
leading to cellular injury and development of TA-TMA. (146-148) Recent observations
about the close association of increased terminal complement pathway activation
complex sC5b-9 levels and worse outcome of TA-TMA are supporting the importance
of complement activation in the pathogenesis of TA-TMA. (134) Jodele et al. (138)
reported that evidence of terminal complement activation (elevated sC5b-9 levels) in the
blood at the time of TMA diagnosis were associated with very poor survival.
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Many different variants in complement genes have been reported to predispose
to aHUS, leading to the overactivation of the alternative pathway. (112, 113) In their
early works, Jodele et al. identified a high prevalence of deletions in CFH-related genes
3 and 1 (delCFHR3-CFHR1) in patients with TA-TMA. (137) Later, they also
performed a hypothesis-driven analysis of 17 different genes that participate in
complement activation in pediatric patients after HSCT. They used gene expression
profiling to examine the functional significance of variance in these genes. 65% of the
patients with TA-TMA had at least one gene variant, as compared with 9% of patients
without TA-TMA. (149) In addition, variants in three or more genes were associated
with increased mortality. (149) These results has not been validated in other studies.
Therefore, studies to understand better the importance of identifying genetic mutations
before HSCT remain to be done. (86)

1.8.5.4. Treatment

Currently available therapeutic modalities for TA-TMA include modification of
drug therapies (ie. withdrawal of calcineurin inhibitors), plasma exchange, and
application of intravenous immune globulin, rituximab, defibrotide, pravastatin and
cidofovir. (150)

However, based on the recent recognition of complement alternative pathway
dysregulation after HSCT, and on the promising results of complement inhibition in
various forms of TMA besides atypical hemolytic uremic syndrome (151, 152),
eculizumab, a humanized monoclonal antibody against complement C5 was also
evaluated in the setting of TA-TMA.

Eculizumab was first shown to be effective and well tolerated in patients with
paroxysmal nocturnal hemoglobinuria (PNH). (153, 154) In PNH patients, eculizumab
improves anemia, and decreases transfusion requirements. (154) Eculizumab has been
also approved to use in aHUS from the 2010’s (155). Eculizumab treatment should
begin immediately when the diagnosis of aHUS is confirmed. (156) For children, a
pediatric weight-based dosing shedule has been established. (157)

In the recent years, several case reports (158, 159) and case-series studies (160-
162) that eculizumab, having an acceptable toxicity profile, may be also a promising
(163) therapeutic option for patients with TA-TMA. Therefore, eculizumab
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pharmacokinetics in HSCT patients differ significantly from reports in other diseases
like aHUS and paroxysmal nocturnal hemoglobinuria. (164)

Patients undergoing eculizumab therapy has an increased risk for meningococcal
infections without adequately functioning complement system. (165) Meningococcal
vaccine is indicated for patients with other indications, but patients with TA-TMA are
severely immunocompromised, and are not able to mount a response to vaccines. (166)
On the other hand, Jodele et. al showed that terminal complement blockade in the early
post-transplant period can be performed without meningococcal vaccination while using
appropriate antimicrobial prophylaxis until complement function is restored after
therapy completion. (163) On the other hand, a high rate of fungal and bacterial
infections were observed among HSCT patients during eculizumab treatment, leading to
therapy failure. (167)

In summary, complement blockade has shown some promising rates of
hematologic responses, however further studies are needed to confirm the role of
complement activation in TA-TMA, and to enhance diagnostic strategy. A number of
complement inhibitors are in the development and may change treatment paradigm.
(168)
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2. AIMS

Transplantation-associated thrombotic microangiopathy (TA-TMA) is a
challenging complication following HSCT. Incidence rates of TA-TMA after HSCT are
reported between 0.5 and 63.6%, this wide range is related to factors including the
inability to obtain a tissue biopsy, the various and changing diagnostic criteria used to
define TA-TMA, and the changes of conditioning regimens in the past years. (86)

The pathogenesis of TA-TMA is related to endothelial injury, only partially
explaining the systemic nature of this complication. Recent observations suggested that
complement alternative pathway dysregulation may also be involved in the
pathogenesis of TA-TMA. (137) Jodele et al. (138) reported that evidence of terminal
complement activation (elevated sC5b-9 levels) in the blood at the time of TMA
diagnosis were associated with very poor survival. However, consecutive changes in
complement profile and complement activation product levels, and their relationship to
complications following HSCT, are scarcely known today.

The recent modification of diagnostic criteria that included markers of
complement activation, proteinuria, and hypertension (134), led to an improved and
earlier detection of the developing clinical TA-TMA. However, to the best of our
knowledge, there are only a few studies that investigated the potential role of the
biomarkers for TA-TMA in the post-HSCT setting, such as soluble adhesion molecule-,
serum neutrophil extracellular trap- and complement activation product levels. (138,
169-171)

Based on the recent diagnostic criteria for TA-TMA, and the description of
alternative pathway dysregulation in TA-TMA patients, on the high risk of developing
TMA in patients with elevated terminal pathway activation marker levels, and on the
first promising results with anti-C5 complement inhibition in TA-TMA, we decided to

focus on potential predictive complement biomarkers in the post-HSCT setting.
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The aims of the work presented in this thesis are:

1) To identify patients with TA-TMA using five different diagnostic TA-TMA criteria

published in literature and to compare the various groups for TA-TMA parameters.

2) To analyze longitudinal changes of complement profile after HSCT in a prospective,

consecutive pediatric cohort.

3) To identify potential complement biomarkers of TA-TMA development.
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3. METHODS

3.1. Patient Population, Sample, and Data Collection

Forty pediatric patients underwent allogeneic stem cell transplantation for
malignant (n=20) and non-malignant (n=20) indications at our center in Budapest from
November 2013 to June 2015. Thirty-three of the 40 patients fulfilled inclusion criteria
and were included in further data evaluation and complement measurements. Exclusion
criterias in this prospective cohort were weight below 10 kg (5 patients were excluded)
and early death (<30 days after transplantation, 2 patients were excluded). The study
flow chart is presented on Figure 6. Informed consent was obtained in accordance with
the Declaration of Helsinki and the study was approved by the institutional Ethics
Committee on Human Research.

Samples were systematically collected before transplantation, representing
baseline level, and on day 28, 56 and 100 after HSCT. Blood sampling followed the
predefined protocol, and no extra samples were taken, if a transplantation related
complication occurred. Samples (serum, EDTA-anticoagulated plasma and sodium-
citrate anticoagulated plasma) were taken from antecubital venipuncture or from central
venous catheter. Cells and supernatants were separated by centrifugation and shipped on
ice for processing. The aliquoted samples were stored below -70°C until use.

3.2. Clinical Monitoring

Demographic, clinical, and laboratory information was collected from the
medical records. The following TMA activity markers were registered: serum LDH,
creatinine and haptoglobin levels, new onset anemia, thrombocytopenia, fragmentocytes
(determined by automated hematology analyzer), Coombs test, proteinuria and
hypertension. Elevation of serum creatinine was regarded as doubling of serum
creatinine from baseline pretransplantation level. Proteinuria was defined as a random
urinalysis protein concentration of 30 mg/dL. Hypertension was defined as the blood

pressure above the 95th percentile value for age, sex, and height.
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Included: 40 allo-HSCT
patients transplanted
between Nov, 2013- June,

2015
5 patients excluded due to <10 kg
body weight
> 2 patients excluded due to
transplantation related mortality
betore day 30
33 allo-HSCT patients
tollowed for 100 post-
HSCT days
J 1 patient died on day 50 after viral
7 reactivation and TMA
Transplantation related
complications ot 32 allo-
HSCT patients until day
100
10 patients :  no complication
10 patients:  multiple complications™
> 9 patients: viral react. or infection only
2 patients: acute GVHD only
1 patient: TA-TMA only
Figure 6
Study Flow Chart.

*The sequence of multiple complications, including acute GVHD (G), viral reactivation
or new viral infection (V), and TA-TMA (T) were as follows: 3 patients G-T; 2 patients
V-G-T; 2 patients G-V-T; 1-1 patient each: V-T, G-V, V-G.

GVHD indicates graft-versus-host disease; HSCT, hematopoietic stem cell
transplantation; PTLD, post-transplantation lymphoproliferative disorder; TA-TMA,

transplantation-associated thrombotic microangiopathy.
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3.3. Determination of Complement and Other Laboratory Parameters

Complement measurements were performed after the collection of the last
follow-up sample. Complement C3 (reference range 0.9 to 1.8 g/L) and C4 (reference
range, 0.15 to 0.55 g¢g/L, Beckman Coulter), factor | and factor B (radial
immunodiffusion, reference range, 70 to 130% for both), factor H (sandwich enzyme-
linked immunosorbent assay (ELISA), 250 to 880 mg/L) levels, total classical (sheep
red blood cell hemolytic titration, reference range, 48-103 CH50/mL) and alternative
pathway activities (Wieslab Comp AP330 kit, 70-125%, Euro Diagnostica Malmo
Sweden) were measured in serum samples. As complement activation products, levels
of fragments C3a (MicroVue C3a desarg EIA A031, range, 70 to 270 ng/mL), C4d
(MicroVue C4d EIA, A008, range, 0.7 to 6.3 ug/mL), and sC5b-9 (MicroVue sC5b-9
Plus EIA, A020, range, 110 to 252 ng/mL) were determined with commercial kits
(Quidel, San Diego, CA, USA) according to the manufacturer’s instructions from
EDTA plasma samples.

The fluorigenic substrate, FRETS-VWF73, was applied for the determination of
ADAMTS13 enzyme activity (reference range, 67 to 151%) from sodium-citrate plasma
samples. The methods were described previously in full detail. (172)

3.4. Definition of Transplant-Related Complications

Acute GVHD was graded according to the Glucksberg criteria. (68) Quantitative
PCR assays (cytomegalovirus (CMV), Epstein-Barr virus (EBV), and adenovirus were
performed weekly to detect viral reactivation or primary infection. We defined viral
infection (n=17) after transplantation as CMV, EBV or adenovirus reactivation (n=15)
or primary infection (n=2) during the first 100 days after HSCT. Acyclovir was started
on the first day of conditioning therapy as herpes virus prophylaxis, and levofloxacin as
antibacterial prophylaxis. All patients received posaconazol or micafungin fungal
prophylaxis. Rituximab, foscarnet, ganciclovir and cidofovir were used as preemptive
therapy. Transplantation failure (TF) was defined if relapse, rejection or transplantation-
related mortality occurred.

Five sets of diagnostic criteria were used to define TA-TMA: 1) the diagnostic
criteria of Blood and Marrow Transplant Clinical Trials Network Toxicity Committee

Consensus Summary (BMT CTN), (136) 2) the clinical criteria of the International
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Working Group (IWG), (135) 3) the diagnostic criteria proposed by Cho at al., (121) 4)
the diagnostic criteria of City of Hope, (124) and 5) the diagnostic criteria proposed by
Jodele et al. (134). The date of diagnosis was defined as the date when all of the TA-
TMA diagnostic criteria proposed by Jodele et al. were fulfilled. In case of early signs
of a developing TA-TMA, withdrawal or change of calcineurin inhibitors was the initial
step to control the process in our clinical practice. Eculizumab as a therapeutic option
for TA-TMA was not available during the whole study period in Hungary.

3.5. Statistical Methods

Because most of the continuous variables showed skewed distribution, and failed
Shapiro- Wilk test, data are presented as median (range or interquartile range) and
nonparametric tests were used for group comparisons (we used Mann-Whitney U test
for two independent groups, and for repeated measures we used the Wilcoxon matched
pairs test for two groups, or Friedman test for multiple groups). Fisher’s exact test was
used to compare categorical variables. The Kaplan-Meier method was used for
estimating TA-TMA event- free survival and the log-rank test was used to compare
survival curves. Two-sided p- values were calculated and p< 0.05 was considered
statistically significant. Analyses were performed using the Statistica 8.0 (StatSoft Inc.,
Tulsa, OK, USA) and the GraphPad Prism 6.03 (GraphPad Software Inc., San Diego,
CA, USA) statistical software.
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4. RESULTS

4.1. Study Cohort Demographics

Enroliment of the 33 pediatric study patients undergoing allogeneic stem cell
transplantation is shown on Figure 7. Forty-eight percent of patients underwent HSCT
for nonmalignant disorders, including bone marrow failure syndromes (82%),
immunodeficiencies (12%) and metabolic disease (6%). Malignant indications (52%)
included acute lymphoblastic leukemia (ALL, 29%), acute myeloid leukemia (AML,
41%), Hodgkin lymphoma (HL, 6 %), non-Hodgkin lymphoma (NHL, 12%) and
juvenile myelomonocytic leukemia (JMML, 12%). The majority of myeloablative
regimens (96%) were treosulfan based reduced toxicity conditioning therapy. Overall,
24 of 33 (73%) patient received treosulfan-based conditioning regimen for malignant
and non-malignant disorders. Busulphan was used in one JMML case. Reduced
intensity conditioning regimens were used in in 8 of 33 (24%) cases. The main stem cell
source was bone marrow (70%) from matched unrelated donors (76%). Haploidentical
donor was used in one malignant case. Conditiong regimens, indications and stem cell
sources are shown in Table 5 in full detail. Patients were followed for 100 days after
transplantation and transplantation related complications were monitored.

Viral reactivation was detected in 15 of 33 patients and was the most common
transplant-related complication in our study population. In addition, 1 patient had
primary CMV infection and 1 patient had primary EBV infection during the study
period.

Eleven (33%) patients experienced grade | or Il acute GVHD. All of the 11
patients had Grade I-Il GVHD and no patients developed severe GVHD (grade 11l to
IV) in the study period. Thirty-one of 33 patients received cyclosporine A, 1 of 33
patients received tacrolimus due to previous hypertension during the first HSCT, and 1
patient received mycofenolate mofetil after haploidentical HSCT as GVHD prophylaxis
with or without methotrexate or anti-thymocyte globulin. Sirolimus was used in 3 cases

as GVHD prophylaxis or treatment.
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4.2. Diagnosis of TA-TMA
All components of the five diagnostic criteria for TA-TMA and all TA-TMA

activity parameters were consecutively monitored.

Table 3

TA-TMA Activity Parameters in the 33 Allogeneic HSCT Patients.

Days after HSCT are shown, if the activity parameters fulfilled the criteria for TA-
TMA.
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1 47 28 relapse
2 20 47 GVHD
3 12
4 16 28
5 12 5 14 |16 14 5 7 GVHD
6 21 EBV, adenovirus
7 68 (33 |83 |77 |100 |29 GVHD
8 21 66 |56 33 CMV, relapse
9 56 relapse
10 |34 |37
11 25 4 27 |31 28 26 CMV, EBV, PTLD
12 |23 |20
13 |25 |28 [98 |98 67 GVHD, adenovirus
14 56
15 |43 |58 [65 |65 60 59 | GVHD, EBV
16 |33 |47 40 GVHD
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17 |18 |32 |56 |53 -4 32 |GVHD, CMV, adeno,
rejection
18 |7 31 |27 |31 |28 14 GVHD
19 CMV, relapse
20 |39 CMvV
21 |26 |26 |44 |43 |40 40 |34 |26 | EBV,adeno, PTLD, MOF
22 | 102 |63 |86 27 32 | CMV, relapse
23 24 24 | GVHD, CMV
24 |40 |36 EBV, PTLD, relapse
25 |34 27 CMvV
26 46 78 | 56 CMvV
27 |48 |27 |90 |90 |28 48 GVHD, CMV, relapse
28
29 65 GVHD, CMV
30 |30 CMvV
31 |54 28
32 129 |15 28
33 |48 |72 |72 |83 |28 60 73 | relapse

Patients are highlighted with blue, if any of the five different diagnostic criteria for
TA-TMA was fulfilled.

CMV indicates cytomegalovirus; creatinin 2x, doubling of baseline pretransplantation
creatinie level; EBV, Epstein-Barr virus; GVHD, graft-versus-host disease; LDH,
lactate dehydrogenase (>2x upper limit of normal); MOF, multiple organ failure; PTLD,

post-transplantation lymphoproliferative disorder.
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Considering these five different diagnostic systems 2 of 33 subject met the BMT
CTN (136), 7 of 33 the IWG criteria (135), 7 of 33 the diagnostic criteria of Cho et al.
(121), 3 of 33 the diagnostic criteria of City of Hope (124) and 10 of 33 patients met the
diagnostic criteria for TA-TMA proposed by Jodele et al.. (134) Altogether, incidence
of TA-TMA was observed in the range of 6% (2 of 33) to 30% (10 of 33) depending on
the diagnostic criteria applied. Figure 7 shows the cumulative incidence of TA-TMA
with the five different diagnostic criteria. Seven out of the 10 patients with TA-TMA
fulfilled at least 3 TA-TMA criteria of the various diagnostic systems. As marked in
Table 4, all patients met the diagnostic criteria for TA-TMA proposed by Jodele et al.,
who met any of the other four diagnostic criteria. Three patients had normal haptoglobin
level and normal kidney function (no doubling of serum creatinine) during the whole
transplantation period and would be defined as TA-TMA only according to Jodele et al.
and/ or City of Hope. (124, 134) All patients developed Coombs-negative hemolytic
anemia, therefore patients fulfilled the IWG (135) and O-TMA (121) criteria on the
same days after transplantation. TA-TMA was typically diagnosed on day 61 after
transplantation (median, range, 16-98) according to Jodele et al.. (134) As presented on
Figure 7, all TA-TMA cases occurred within the first 100 days after HSCT. Different
times of diagnosis are detailed in Table 4 with the five different diagnostic systems.
Surprisingly, grade | to 1l GVHD had almost the same incidence as TA-TMA after

reduced toxicity conditioning regimen in our cohort.
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Diagnosis of TA-TMA with the Five Different Diagnostic Criteria. Numbers show
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the day after transplantation, when the diagnostic criteria of TA-TMA was fulfilled.

Patient Sex - H-SC'-[ Age
code indication

5 M  Malignant Oy

7 M |Nonmalignant 4y 83 83 83
11 M  Malignant Ty 31 31 31
13 M  Nonmalignant ly 96
15 M  Nonmalignant 10y 63
17 F  Nonmalignant Oy 56 56
18 F  Nonmalignant 4y 31 31 31
21 M  Nonmalignant 12y 34 44 44 43 44
27 M  Malignant 6y 90 90 90
33 M  Malignant 14y 83 83 83

BMT CTN indicates Blood and Marrow Transplant Clinical Trials Network; IWG,
International Thrombotic Microangiopathy

Grouping.

Working Group;

O-TMA, Overall

40




DOI:10.14753/SE.2019.2191

Evaluation of the different TMA activity markers revealed (Table 3), that
typically elevated LDH, hypertension and proteinuria occurred earlier. Most often,
patients with TA-TMA developed new onset anemia and trhombocytopenia after
hypertension and elevated LDH. Acute kidney injury was observed only in 2 out of 10
patients, who also fulfilled the diagnostic criteria for TA-TMA according to Blood and
Marrow Transplant Clinical Trials Network. (136) Interestingly, the other 8 patients had
normal kidney function, but hypertension was detected on median 35 (range 4-67) day.
In addition, as a high risk criteria proposed by Jodele et al., 4 of 10 patients had
proteinuria during the study period, typically before the development of anemia and
thrombocytopenia. All 10 patiens required again red blood cell transfusions, and 6 of 10
patients required thrombocyte transfusions. Severe neurological sympmtoms were not
observed, 3 of 10 patients were apathetic at the diagnosis of TA-TMA. There was no
severe gastrointestinal bleeding as a sign of intestinal TA-TMA during the study
period.

In case of early signs of a developing TA-TMA, withdrawal or change of
calcineurin inhibitors were the initial steps to control the process in our clinical practice.
Calcineurin inhibitor was discontinued (n=5) or changed (n=5) by the treating
physicians if hypertension, relapse, minimal residual disease or rapidly elevating LDH
occurred. Defibrotide was used in one case for venooclusive disease therapy, UPN
(unique patient number) 21 had ongoing TA-TMA with acute kidney injury, and died of

multiple organ failure after post-transplantation lymphoproliferative disorder.
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4) Diagnostic criteria created by City of Hope
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Figure 7
Cumulative Incidence of TA-TMA with the Five Different Diagnostic Criteria
BMT CTN indicates Blood and Marrow Transplant Clinical Trials Network.
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4.3. Clinical Characteristics of Patients with TA-TMA

Tables 5 and 6 show the clinical and biomarker characteristics of patient groups
with or without TA-TMA. To include every patient with TA-TMA, we used all
available diagnostic criteria, and altogether 10 of 33 patients were defined as TA-TMA
from mild to severe cases for further data evaluation. There was no association between
TA-TMA and age, gender, transplant history, donor type, stem cell source, conditioning
therapy, time of engraftment and viral infections (Table 5). However, TA-TMA was
clearly associated with acute GVHD. TA-TMA occurred in 7 of 10 (70%) cases with
GVHD, whereas only 4 of the 23 patients without TA-TMA developed GVHD (17%,
p<0.006, Table 5). Viral infection was slightly more frequent in patients with TA-TMA
compared with those without (6/10 vs. 11/23), but this difference was statistically not
significant (p=0.710). However, double virus (CMV, EBV, or adenovirus) reactivation
was registered for 5 of the 17 cases with viral infection, out of which 4 patients also
developed TA-TMA. TA-TMA was preceded by acute GVHD in 3 of 10, by viral

reactivation in 2 of 10, or by both in 4 of 10 cases.
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Table 5.

Basic Demographic,
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Characteristics for the 33 Pediatric Allogeneic HSCT Patients

Therapy and Transplantation-Related Complication

Patients with TA- | Patients without p value
TMA (n=10) TA-TMA (n=23)

Age (y) 8.2 (1.8-14.2) 10.9 (2.5-17.4) 0.15
Male/ Female 8/2 15/8 0.36
Indication of
transplantation
Malignancy 4 (40%) 13 (57%) 0.628
Bone marrow failure 5 (50%) 9 (39%)
Other (Immune deficiency or 1 (10%) 1 (4%)
metabolic disease)
Recent transplantations
0 8 (80%) 20 (87%) 0.328 (for
1 1 (10%) 3 (13%) trend)
2 1 (10%) 0 (0%)
Donor type
Related identical or 4 (40%) 4 (17%) 0.205
haploidentical
Unrelated 6 (60%) 19 (83%)
Stem cell source
Bone marrow 7 (70%) 16 (70%) 0.961
PBSC 2 (20%) 4 (17%)
Cord blood 1 (10%) 3 (13%)
Conditioning therapy
Myeloablative 7 (70%) 19 (83%) 0.646
Reduced intensity 3 (30%) 4 (17%)
Engraftment
Engraftment (day) 17 (17-21) 21 (19-25) 0.131
HSCT related
complications
Acute GVHD before day 100 7 (70%) 4 (17%) 0.006
GVHD before day 28 4 (40%) 1 (4%) 0.019
Viral infection before day 6 (60%) 11 (48%) 0.710
100 3 (30%) 3 (13%)
Viral infection before day 28
None of the two 1 (10%) 10 (43%) 0.015
GVHD or viral reactivation 5 (50%) 11 (48%) (trend)
GVHD and viral reactivation 4 (40%) 2 (9%)
Relapse-related mortality 2 (20%) 5 (22%) 0.648
Transplantation-related 1 (10%) 1 (4%) 0.520

mortality

Data presented are n (%) unless otherwise indicated. Bold typeface indicates statistical
significance. PBSC indicates peripheral stem cell.
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4.4. Longitudinal Analysis of Complement Activation During the First 100 Days
after HSCT

Our first objective was to describe changes in complement activities,
component-, regulator-, and activation product levels during the first 100 days after
transplantation, and to identify associations between complement activation and TA-
TMA (Table 6). Complement terminal pathway activation complex sC5b-9 level was
the only parameter that showed significant changes of the measured complement
parameters. A clear and significant association with TA-TMA was observed, with peak
sC5b-9 levels on day 28 in the TA-TMA group (Table 6 and Figure 8). Baseline sC5b-9
levels did not differ in patients without (200 (144-266) ng/mL, median (interquartile
range)), or with (208 (166- 271) ng/mL) subsequent TA-TMA. However on day 28,
patients who later developed TA-TMA had sC5b-9 concentrations of 411 ng/mL (337-
472, median, interquartile range), whereas patients without TA-TMA had 201 (185-290,
p<0.05).
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Table 6.
Complement Pathway Activities and Activation Product Levels at Different Time

Points Before and After Transplantation

Parameter Before Day 28 Day 56 Day 100 p values
HSCT

Classical pathway activity (CH50/mL)

TA-TMA 59 (54-65) |58 (49-70) | 71(56-86) | 75 (70-76) ns

No TA-TMA | 61 (56-74) |67 (57-79) |62 (52-77) | 66 (60-68)

Alternative pathway activity (%)

TA-TMA 73 (62-82) | 58 (48-70) | 54 (44-77) | 62 (60-70) ns

No TA-TMA | 81(74-93) |82 (67-96) | 78(70-92) | 64 (64-76)

Complement C3 (mg/L)

TA-TMA 139 (1.27- |1.73(1.3- 1.5 (1.41- 1.5 (1.31- ns
1.61) 1.8) 1.54) 1.53)
No TA-TMA | 1.49 (1.3- 144 (1.23- |133(1.12- |13(1.2-1.3)
1.66) 1.79) 1.5)
Anaphylatoxin C3a (ng/mL
TA-TMA 86.3 (78.9- |161.4 102.9 (75.6- | 93.1 (87.1- ns
114.8) (141.9- 147.1) 94.3)
312.3)
No TA-TMA | 113.4 (92.7- | 119.1 (88.3- | 110.2 (77.5- | 140 (75.4-
164) 238.3) 176.7) 190.5)
C4d (ug/mL)
TA-TMA 5.4(3.2-7.2) [ 59(3.7-6) |4.7(4-6.2) |6.8(4.9-8.1) ns
No TA-TMA | 5.3 (4.1-6.3) | 6.0 (3.8- 5.1(3-6.6) |3.7(3.3-3.8)
7.15)
sC5b-9 (ng/mL)
TA-TMA 208.4 (166- | 410.7 324.1 3235 p=0.005 for
270.6) (336.5- (298.3- (197.3- TA-TMA,;
471.2) 371.1) 348.1) p=0.013 for
No TA-TMA | 199.8 201.2 239.2 232 (204.9- | time
(143.6- (184.8- (191.8- 232)
265.5) 290.3) 381.2)
ADAMTS13 activity (%)
TA-TMA 110 (89- 87 (68-108) | 92 (79-99) | 102 (93- ns
136) 116)
No TA-TMA | 95 (79-120) | 78 (63-92) | 87 (78-119) | 100 (89-
103)

P values were obtained with two-way analysis of variance.

Data are presented as median (interquartile range). Bold typeface indicates statistical
significance.

Complement normal values are shown in Methods.

ns indicates not significant.
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Importantly, 10 of 10 patients with later TA-TMA showed an early increase of
sC5b-9 (Table 7 and Figure 8). On day 28, sC5b9 levels of 9 of 10 future TA-TMA
patients exceeded 252 ng/mL, the upper level of reference range, and of 6/10 even 400
ng/mL, whereas among the remaining 23 patients 8 of 23 showed an increase of sC5b-9
by day 28 but the upper limit of the reference range was exceeded by only 5 of 23
patients (p=0.0004).

There was no significant association of TA-TMA with changes in classical and
alternative pathway activities, C3, C4, C4d, and C3a concentrations, and ADAMTS13
activity. Figure 8 illustrates the changes of the complement parameters and
ADAMTS13 activity from the pre-transplantation baseline level (100%) to day 28, day
56 and day 100.
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Figure 8

Changes of the Complement Parameters, Activation Product Levels and
ADAMTS13 Activity from Baseline Pre-transplantation Level (100%) during the
First 100 days after Transplantation in Patiens with or TMA and without TA-
TMA.

CH50 indicates total complement activity; HSCT, hematopoietic stem cell
transplantation; sC5b-9, solubile terminal pathway activation marker; TA-TMA,

transplantation-associated thrombotic microangiopathy.
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Figure 9.

Development of Thrombotic Microangiopathy after HSCT in Relation to Changes
of Terminal Pathway Activation Marker sC5b-9 from Baseline to Day 28. Kaplan
Meier plot showing percentage of TA-TMA event free patients, p=0.0016, log-rank test.
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Next, we analyzed the relationship between early increase of sC5b-9 and
engraftment and additional transplantation related complications (Table 7). Patients
were stratified according to changes between baseline and day 28 sC5b-9 levels, and
TA-TMA showed a clear and remarkable association with early increase of terminal
pathway activation (Figure 9). Ten patients of 19, who had an early increase in sC5b-9,
developed later TA-TMA, whereas none of the 14 patients without an increase of sC5b-
9 developed TA-TMA. Acute GVHD, viral reactivation and/or infection, severe
mucositis, fever, need for major analgetics or intensive care unit treatment, blood stream
infection or transplant failure showed no significant association with early increase of
sC5b-9 levels (Table 7).
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Table 7.
Time of Engraftment and Transplantation- Related Complications of Patients with
or without Early Elevation of sC5b-9

sC5b-9 elevation No change or p value
from baseline to | decrease of sC5b-9
day 28 from baseline to
n=19 day 28
n=14
Engraftment day 21 (17-26) 21 (18-22) ns
TA-TMA  before 10 (53%) 0 (0%) 0.001
day 100
TA-TMA before 1 (5%) 0 (0%)
day 28
Acute GVHD 9 (47%) 2 (14%) ns
before day 100
Acute GVHD 6 (32%) 1 (7%) ns
before day 28
Viral reactivation 11 (58%) 6 (43%) ns
and/or new
infection before
day 100
Viral reactivation 4 (21%) 2 (14%) ns
and/or new
infection before
day 28
Fever on day 28 6 (32%) 5 (36%) ns
Severe mucositis 5 (26%) 3 (21%) ns
Need of major 14 (74%) 6 (43%) ns
analgetics  during
aplasia
Blood stream 4 (21%) 3 (21%) ns
infection
Intensive care 3 (16%) 3 (21%) ns
treatment
Transplant failure 5 (26%) 1 (7%) ns
before 100 days

Data presented are median (interquartile range) or n (%). P values were obtained by
Fisher's exact test. Bold typeface indicates statistical significance.
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Intrigued by the clear association between TA-TMA and early increase of sC5b-
9 levels we looked if early terminal pathway activation was associated with early
laboratory or clinical markers of TA-TMA. As presented in Table 8, hypertension until
day 28 was the only TMA activity marker that was significantly associated with early
increase of sC5b-9 levels, whereas presence of decreased haptoglobin concentrations
showed a tendency for association.
Table 8.
Activity Markers of TA-TMA with or without Early Elevation of sC5b-9 Until Day
28

sC5b-9 elevation No change or p value
from baseline to | decrease of sC5b-9
day 28 from baseline to
n=19 day 28
n=14
Elevated LDH until 7 (37%) 2 (14%) ns
day 28
New onset anemia 1 (5%) 0 (0%) ns
until day 28
New onset 1 (5%) 0 (0%) ns
thrombocytopenia
until day 28
Low haptoglobin 7 (37%) 1 (7%) 0.098
on day 28
Fragmentocytes 8 (42%) 2 (14%) ns
until day 28
Proteinuria until 0 (0%) 1 (7%) ns
day 28
Hypertension until 6 (32%) 0 (0%) 0.027
day 28

Data presented are n (%). P values were obtained by Fisher's exact test.
Bold typeface indicates statistical significance.
LDH indicates lactate dehydrogenase.

Finally, we analyzed if early increase of sC5b-9 levels may help clinical
management of HSCT patients and calculated sensitivity and specificity values to
predict development of TA-TMA. Early sC5b9 elevation was a 100% sensitive
predictive marker for the later development of TA-TMA (10/10 patients with TA-TMA
had early elevation of sC5b9, Figure 6), but it was less specific (10/19 patients with
early sC5b9 increase had TA-TMA events translating to 61% specificity).
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4.5. Patient Survival

Due to the high proportion of treosulfan-based conditioning regimens (24 of 33)
in our cohort, the rate of significant early transplant- related complications was low, and
non-relapse mortality did not associate with TA-TMA (Table 5). Overall survival after a
median 2.6 (interquartile range, 1.5-2.9) year follow-up time was 24 of 33 (73%).
Overall survival was 15 of 16 (94%) in nonmalignant patients. Accordingly, in patients
with malignancy and with treosulfan- based myeloablative regimen, relapse rate was
high, 7 of 17 patients died of relapse, and 1 of 17 patient in transplant-related mortality
(TRM). TRM rate was low (2 of 33; 6%) after day 30. Two patients died due to TRM
before day 30 without any signs-of TA-TMA, and were excluded from the complement
measurements. One patient died on day 50 during the follow-up period of our study due
to multiple organ failure during ongoing TA-TMA and post-transplantation
lymphoproliferative disorder. This patient fulfilled all five diagnostic criteria of TA-
TMA, and had acute kidney failure. Other cause of TRM was also due to PTLD,
multiple organ failure, without any signs of TA-TMA. Seven of 10 patients (70%) with
TA-TMA survived, compared with 17 of 23 (74%) patients without TA-TMA. Two
patients, who were excluded for early (< day 30) non-relapse mortality, had only
available pre-transplantation sC5b-9 levels, and showed no clinical signs of developing
TA-TMA.

Overall survival in our cohort for those with or without TA-TMA is the same
with the diagnostic criteria of the IWG (4/7 vs. 20/26; p=0.35), with the widely used
diagnostic criteria proposed by Cho et. al. (4/7 vs. 20/26; p=0.35) and according to
Jodele et al. (7 of 10 vs. 17 of 23; ns). As peresented on Figure 10, early elevation of

sC5b-9 showed no association with mortality.
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Survival in Patient with or without the Eary Elevation of sC5b-9. Kaplan Meier plot

showing percentage of survival. p= 0.1478, log-rank test
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5. DISCUSSION

The aim of my dissertation was to provide observational data about the
incidence of TA-TMA in our pediatric cohort with different diagnostic criteria, to
observe the complement biomarker changes after HSCT, and to investigate the possible
link between the development of TA-TMA and complement activation. Our results
demonstrate a remarkably strong association between the presence of an early increase
of terminal complement pathway activation and later development of TA-TMA,
translating to 100% sensitivity to predict the occurrence of this complication.

Clinical manifestation of TA-TMA may include thrombocytopenia, Coombs
negative microangiopathic hemolysis, schistocytes on preiferial blood smear, acute
renal failure, mental status changes, pulmonary complications such as severe pulmonary
arterial hypertension, and dysfunction of other organs causing multiple organ failure.
(134, 168, 173) Interestingly, these severe clinical manifestations are not evident in all
patients with TA-TMA, as a number of them resolve after withdrawal of calcineurin
inhibitors. (125) In addition, such manifestations may be seen in patients with other
HSCT-related complications, including GVHD, CMV infection and sepsis. (85-87)
These facts highlight the need of reliable diagnostic criteria and predictive markers of
TA-TMA.

Therefore, we found five different diagnostic criteria of TA-TMA in literature
(121, 124, 134-136), and aimed to compare the incidence of TA-TMA in our pediatric
cohort. Overall, 10 of 33 patients fulfilled any of the diagnostic criteria of TA-TMA. All
patients fulfilled the recent published modification of TA-TMA criteria, that included
markers of complement activation, proteinuria, and hypertension, and excluded
decreased haptoglobin (134). We observed similar incidence of TA-TMA (30%), as
described by Jodele et. al. (134). Similarly to Jodele’s observations (138), elevated
LDH, and as clinical symptoms systolic hypertension and proteinuria occurred earlier in
our patients with TA-TMA. Most often, patients with TA-TMA developed new onset
anemia and trhombocytopenia only after hypertension and elevated LDH. These
observation would help to guide physicians to recognise the developing TA-TMA in
time, before any signs of end-organ damage. On the other hand, patients developed TA-

TMA later, typically on day 61.
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In contrast, acute kidney injury, as a sign of organ injury was observed only in 2
of 10 patients, who also fulfilled the diagnostic criteria for TA-TMA according to Blood
and Marrow Transplant Clinical Trials Network. (136) The lower incidence of TA-
TMA in our cohort with BMT CTN criteria (136), requiring concurrent organ
dysfunction for the diagnosis of TA-TMA, is comparable to other results in adult
cohorts. (121, 174, 175) In addition, incidence of TA-TMA (21%) in our pediatric
cohort is similar to the previously described incidence (19%) in the adult unit in our
hospital. (128), using the O-TMA diagnostic criteria proposed by Cho et al. (121).
Three patients had normal haptoglobin levels during the whole study period, despite of
the changes of other TMA activity markers. The diversity among diagnostic criteria
based on clinical symptoms may lead to difficulty to understanding clinically important
cases that would require immediate intensification of treatment. Altogether, we
identified 10 patients with TA-TMA from mild to severe cases. After reduced toxicity
conditioning regimen, in majority of patients TA-TMA was a mild, self-limiting form,
without any sign of organ damage, and resolved after the withdrawal or change of
calcineurin inhibitor.

Our pediatric data suggest, that incidence and time of the diagnosis may depend
on different diagnostic criteria used. To identify potential complement biomarkers of
TA-TMA development, we aimed to define every patients with TA-TMA form mild to
severe cases. To include every patient with TA-TMA for complement measurements,
we used all available diagnostic criteria, and altogether 10 patients were defined as TA-
TMA from mild to severe cases.

After the accumulation of evidences about the involvement of complement
activation in the pathogenesis of TA-TMA, and with the advent of novel therapeutic
possibilities including complement inhibitory therapy, the clinical interest and
awareness of early diagnosis and possible prediction of TA-TMA largely increased.
Quickly and easily measurable predictive biomarkers or surrogate markers of TA-TMA
could be optimized for prediction or rapid diagnosis, the current list of such markers
include soluble adhesion molecules, serum neutrophil extracellular traps and
complement activation marker levels. (138, 169-171) Moreover, the modified Ham test
has been used to prove complement activation in vitro. (176) Our data further support

the potential utility of terminal pathway activation marker sC5b-9 in this setting, as this
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Is an easily measureable and well-controlled marker that has recently been included in
the international external quality control program of diagnostic complement
laboratories. (177)

The observation of the association between the early increase of sC5b-9 and
later development of TA-TMA is intriguing. Jodele et al. observed elevated median 333
ng/mL concentration of sC5b-9 at the time of TMA diagnosis, and median 201 ng/mL
in those without this complication. (138) Our results (Table 6) are very similar to these
values and provide independent confirmation of these original observations. Important
to note, that complement terminal pathway activation complex sC5b-9 level was the
only parameter that showed significant changes of the measured complement
parameters. There was no significant association of TA-TMA with changes in classical
and alternative pathway activities, other complement activation products, and
ADAMTS13 activity.

Furthermore, Jodele et al. described that the earliest sign of TA-TMA was
hypertension. (138) In accord with this observation, it is interesting to note that
hypertension was the only TMA activity marker that showed significant association
with early increase of sC5b-9. Taken together, we provide independent confirmation
that increased terminal pathway activation is characteristic of the development of TA-
TMA and is associated with its earliest activity marker, hypertension.

We found that early (i.e. from baseline to day 28) increase of sC5b-9, before the
development of most of the complications, can predict later TA-TMA (typically
diagnosed on day 61). This observation is especially interesting in light of the recently
described possible model for the mechanistic link between endothelial injury and TA-
TMA. (171) Gloude et al. proposed that chemotherapy, radiation, and infections lead to
endothelial injury during the early stages of HSCT resulting in IL-8 release, neutrophil
activation and release of neutrophil extracellular traps (NET). These processes may
jointly lead to complement activation, and because NETs are known to activate
complement (178), their amount and presence may determine the extent of complement
activation. Our results about the remarkable strong association between early increase of
complement activation (as reflected by sC5b-9 levels) and later development of TA-
TMA are in line with this model. Therefore, due to the high proportion of treosulfan-

based conditioning regimens (24 of 33) in our cohort the rate of significant early
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transplantation- related complications was reasonably low, (179, 180, 181) and
nonrelapse mortality did not associate with TA-TMA (Table 5). After more aggressive
or toxic conditioning regimens more severe TA-TMA cases could be observed, and
further studies would be needed to validate these observations on adult and on other
conditioning regimen cohorts. TA-TMA defining signs or activity markers, such as
anemia, thrombocytopenia, kidney function, or proteinuria, can be influenced by other
transplant-related complications and/or side effects of drugs. Therefore, our
observations (if validated in an independent cohort) on a predictive marker, analyzed
early before and during engraftment period, when most of the previously mentioned
complications are not present, may bear clinically valuable information.

The dissertation has strengths and limitations. An important strength of our
study is that it was a consecutive and prospective study measuring complement profile
and activation in the whole cohort, independently from any HSCT complications. This
design allowed us to register longitudinal alterations of complement markers, and link
changes with later complications. Furthermore, we used multiple, well-controlled and
reliable assays to directly measure and follow complement activation. The pediatric
cohort with reduced toxicity treosulfan-based conditioning therapy and the sample size
of 33 are the main limitations of our results, making it important to note that results
should be considered as preliminary, until independent confirmation is published, and it
is possible that different results will be observed in adult cohorts and with more

aggressive or toxic conditioning regimens.
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6. CONCLUSION

My Ph.D. dissertation focuses on the better understanding of transplantation-

associated thrombotic microangiopathy.

The conclusions of the dissertation are summerized below:

1) Based on our observations, thrombotic microangiopathy is a frequent
complication of hematopoietic stem cell transplantation. Incidence of TA-TMA was
observed in the range of 6% (2 of 33) to 30% (10 of 33) depending on the diagnostic
criteria applied. Altogether, we identified 10 of 33 patients, from mild to severe TA-
TMA cases in our pediatric cohort. TA-TMA was diagnosed typically on day 61 (range,
16-98) after HSCT. Incidence of TA-TMA and time of diagnosis is influenced by the

diagnostic criteria used.

(2) TA-TMA occurred typically after GVHD and/or viral infection or
reactivation. TA-TMA was preceded by acute GVHD in 3 of 10, by viral reactivation in
2/ of 10, or by both in 4 of 10 cases. After reduced toxicity conditioning regimen, in
majority of patients TA-TMA was a mild, self-limiting form, without any sign of organ

damage, and resolved after the withdrawal or change of calcineurin inhibitor.

3) Complement terminal pathway activation complex sC5b-9 level was the
only parameter that showed significant changes of the measured complement
parameters. There was no significant association of TA-TMA with changes in classical
and alternative pathway activities, C3, C4, C4d, and C3a concentrations, and
ADAMTS13 activity.

(4)  We report results of the first consecutive, longitudinal study on
complement activation during the first 100 days after HSCT, and describe the
remarkable close association between early increase of terminal pathway activation

marker levels and later development of TA-TMA. We found that early (i.e. from
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baseline to day 28) increase of sC5b-9, before the development of most of the
complications, can predict later TA-TMA. Increase in sC5b-9 concentration had 100%
sensitivity and 61% specificity for TA-TMA in our pediatric cohort. Baseline sC5b-9
levels did not differ in patients without (200 (144-266) ng/mL, median (interquartile
range)), or with (208 (166- 271) ng/mL) subsequent TA-TMA, however, on day 28
significant differences were observed (201 (185-290) ng/mL versus 411 (337-471)
ng/mL, p=0.004). Importantly, all 10 patients with TMA showed increase in sC5b-9
level from baseline level to day 28, whereas in patients without TMA the same tendency
was observed for only 9/23 (p=0.031).

(5) Due to the high proportion of treosulfan-based conditioning regimens (24
of 33) in our cohort the rate of significant early transplantation- related complications
was reasonably low, and nonrelapse mortality did not associate with TA-TMA. If our
observations can be validated in an independent cohort with more aggressive or toxic
conditioning regimens, the measurement of complement activation marker sC5b-9 may
be useful, in order to identify patients with early increase of sC5b-9, as a sign of
increased risk of developing later TA-TMA. Early monitoring of complement activation
marker sC5b-9 and activity markers of TA-TMA would guide physicians to facilitate
subsequent therapy decisions, on time. Further studies enrolling higher number of
patients are necessary to determine if terminal pathway activation is an independent
predictor of TMA development after HSCT.

The main conclusions of the dissertation can be summerized in the following three

points:

(1) Based on our observations, thrombotic microangiopathy is a frequent
complication of hematopoietic stem cell transplantation. Development of TA-TMA
occurred in 30% of our patients, typically after GVHD and/or viral reactivation. In
majority of patients TA-TMA was a mild, self-limiting form, without any sign of organ
damage. Incidence of TA-TMA and time of diagnosis is influenced by the diagnostic

criteria used.
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(2)  Complement terminal pathway activation complex sC5b-9 level was the only
parameter that showed significant changes of the measured complement parameters. No
additional complement parameters were closely associated with the development of TA-
TMA.

(3) Early (i.e. from baseline to day 28) increase of sC5b-9, before the development
of most of the complications, was predictive for later development of TA-TMA, and
should therefore be considered as an alarming sign necessitating a careful monitoring of
all TA-TMA activity markers. If our observations can be validated in an independent
cohort, early monitoring of complement activation marker sC5b-9 and activity markers

of TA-TMA would guide physicians to facilitate subsequent therapy decisions, on time.
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7. SUMMERY

Transplantation-associated thrombotic microangiopathy (TA-TMA) is a
challenging complication following hematopoietic stem cell transplantation (HSCT).
Over the past several decades, the cause of TA-TMA has remained unknown, and its
prediction is largely unresolved. Therefore, during my Ph.D. studies we aimed to
identify patients with TA-TMA using five different diagnostic TA-TMA criteria, and
analyze changes of complement profile after HSCT in order to identify potential
markers of TA-TMA development. Thirty- three consecutive pediatric patients (9.6 +
4.4 years old) were included in this study who underwent allogeneic HSCT due to
malignant (n=17) or non malignant (n=16) indications. Five different TA-TMA
diagnostic criteria were applied and all important clinical and laboratory parameters of
TA-TMA activity were registered. Complement pathway activities, components and
terminal pathway activation marker (sC5b-9) levels were systematically measured
before transplantation and on day 28, 56 and 100 after HSCT. During the first 100 days
after HSCT, 1 out of 33 patients patient died (day 50, multiple organ failure), whereas
altogether 10 subjects met the criteria for TA-TMA, typically on day 61 (median, range
16-98). TA-TMA was preceded by acute graft-versus-host disease in 3 of 10, by viral
reactivation in 2 of 10, or by both in 4 of 10 cases. After reduced toxicity conditioning
regimen, in majority of patients TA-TMA was a mild, self-limiting form, without any
sign of organ damage, and resolved after the withdrawal or change of calcineurin
inhibitor. We found that early (i.e. from baseline to day 28) increase of sC5b-9, before
the development of most of the complications, can predict later TA-TMA. Increase in
sC5b-9 concentration had 100% sensitivity and 61% specificity for TA-TMA in our
pediatric cohort. Importantly, 10 of 10 patients with later TA-TMA showed an early
increase of sC5b-9. No additional complement parameters were closely associated with
the development of TA-TMA.

Incidence of TA-TMA is influenced by the diagnostic criteria used. Altogether,
development of TA-TMA occurred in 30% of our patients. Early raise of sC5b-9
activation marker was predictive for later development of TA-TMA, and should
therefore be considered as an alarming sign necessitating a careful monitoring of all
TA-TMA activity markers. Further studies enrolling higher number of patients are
necessary to determine if terminal pathway activation is an independent predictor of
TA-TMA.
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8. OSSZEFOGLALAS

Az Ossejt-transzplantaciohoz tarsult thromboticus microangiopathia (TA-TMA)
felismerése és kezelése nagy kihivast jelent Ossejt-transzplantacié (tx) utan. Pontos
patomechanizmusa ¢s prediktiv tényezOi azonban még nagyrészt ismeretlenek. Ph.D.
munkdm soran célul tiztik ki a TA-TMA-s betegek definialasat ot kiilonb6zo
diagnosztikus kritériumrendszer segitségével. Emellett vizsgaltuk a komplementprofil
valtozasainak szerepét a TA-TMA kialakuldsdban, és célul tlztik ki a valtozasok
prediktiv tényezoként vald értékelését. Prospektiven harminc-harom (9.6 £ 4.4 ¢év)
gyermeket vizsgaltunk, akik malignus (n=17) és nem malignus indikacio (n=16) miatt
estek 4t allogén Ossejt-tx-en. A TA-TMA-t 6t diagnosztikus kritériumrendszer
segitségével definialtuk, valamint monitoriztuk a TA-TMA aktivitasat jelzd klinikai és
laboratoriumi paramétereket. A tx elére meghatarozott idopontjaiban (kondicionald
kezelés el6tt, +28., +56. és +100. napon) meghataroztuk a komplement paramétereket
(komplement ut aktivitdsok, komponenesek, szolubilis terminalis komplement ut
aktivacios komplex (sC5b-9)). A tx utani elsé 100 napban 1/33 beteg meghalt (50. nap,
sokszervi elégtelenség), mig Osszesen tipikusan a +61. napon (median, 16-98) 10/33
beteg teljesitette a TA-TMA diagnosztikus kritériumait. Jellemzéen a TA-TMA graft-
versus host betegség és/vagy virus reaktivacid utdn jelentkezett. A csokkentett
toxicitasu kondicionald kezelés utan a betegek nagy részénél a TA-TMA egy enhye,
onlimital6 formaban zajlott, szervkarosodasra utaldo jelek nélkiil, és calcineurin
inhibitorok elhagyasa vagy valtasa utan a betegek nagy részénél oldodott. Az sC5b-9
korai emelkedése (kiindulési szintrdl a +28. napra), a legtobb szovédmény kialakulasa
elott, elére jelezte a késobbi TA-TMA-t. A sC5b-9 szint korai emelkedése 100%-0S
szenzitiviassal €s 61%-os specifitassal prediktalta a TA-TMA kialakulasat. Tovabba
mind a 10/10 késébb TA-TMA-s betegnél korai sC5b-9 szint emelkedést detektaltunk.
Mias komplement paraméter nem mutatott szorosabb Osszefiiggést a TA-TMA
kialakulasaval.

A TA-TMA incidencidjat befolydsolja, hogy mely diagnosztikus
kritériumrendszer alapjan definidljuk. Osszesen a betegek 30%-4nal alakult ki TA-
TMA. A sC5b-9 aktivacios marker korai emelkedése prediktiv tényezoként értékelhetd
a TA-TMA kialakulasa szempontjabol, és felhivhatja a figyelmet a tobbi TA-TMA-t
jelzd aktivacids termék szoros monitorizalasara. Tovabbi nagy esetszamu vizsgalatok
szlikségesek annak igazolasara, hogy a sC5b-9 korai emelkedése a TA-TMA fiiggetlen
prediktora.
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