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Life is like a bag of stem cells,  

you never know what you're gonna get. 





 

 

Populärvetenskaplig sammanfattning  
 

En stamcellstransplantation innebär att man tar en frisk donators 

benmärgsstamceller och överför dem till en sjuk patient. På detta sätt kan man 

bota sjukdomar genom att ersätta sjuka celler med friska donatorsceller. Hur går 

detta till i praktiken och vilka utmaningar finns det för att genomföra en lyckad 

transplantation? I den här sammanfattningen kommer ni att få veta mer om hur 

en stamcellsdonation går till och vilka faktorer som kan påverka utfallet av en 

transplantation. Vi kommer sedan att fokusera på några viktiga aspekter som rör 

vad som händer med stamcellsprodukten när den befinner sig mellan donatorn 

och patienten. 

Det hela börjar med att donatorn och patienten måste ”matcha” genetiskt. Vid 

en sådan matchning bekräftas det att donatorn är tillräckligt frisk för att kunna 

donera stamceller. Idag samlas de flesta stamceller direkt via blodet, men det går 

även att samla via benmärgsdragning. I denna avhandling fokuserar vi enbart på 

stamceller som samlas direkt från blodet.  

För att starta en stamcellssamling måste donatorn först ta en medicin för att få 

ut stamceller från benmärgen ut till blodet. Sedan låter man donatorns blod 

passera en så kallad aferesmaskin som avskiljer olika delar av blodet. När vi 

samlar stamceller från blodet kommer det ofta med en hel del vita blodkroppar. I 

studie I har vi jämfört andelen av specifika vita blodkroppar i en stamcellspåse 

när vi samlar celler med två olika aferesmaskiner. Där har man sett att det finns 

en betydligt högre andel vita blodkroppar i stamcellsprodukter från en äldre 

maskin. Tittar man vidare på vad som händer efter transplantationen har det 

visat sig att produkter från dessa aferessamlingar med höga andel vita 

blodkroppar oftare attackerade patienten efter transplantationen. Detta gav oss 

inblick i hur olika inställningar i själva samlingsprocessen kan påverka utfallet hos 

patienterna. 

Det är sällan bra att ha för mycket eller för lite av det goda. Samma sak gäller för 

stamceller och andra vita blodkroppar i en stamcellspåse. I studie II har vi gått 

igenom historiska data om olika celltyper i stamcellspåsen och jämfört hur ofta 

patienter får olika problem efter stamcellstransplantation. Det visade sig att för 

mycket av vissa vita blodkroppar var kopplat till vissa komplikationer. Lite 



oväntat var också att högre doser stamceller också var förknippat med sämre 

utfall jämfört med de som fick en ”lagom” dos. 

Man kan ofta behöva transportera stamceller mellan sjukhus, eftersom donatorn 

och patienten inte alltid befinner sig på samma plats. Ibland kan donatorn också 

befinna sig på en annan kontinent, vilket innebär betydande resetider. Man har 

tidigare sett att stamceller och vita blodkroppar dör när de förvaras under lång 

tid utanför kroppen. Vi har i studie III mätt hur många celler i stamcellsprodukten 

som har dött eller håller på att dö efter transporten. Där har man sett att längre 

restider innebär fler döda celler och att en högre andel döda celler i 

stamcellsprodukten var förknippat med sämre ettårsöverlevnad för patienter.  

I den sista studien, studie IV, ville vi inte bara undersöka antalet celler som en 

markör för hur bra stamcellsprodukten var utan också om cellerna i produkten 

kunde göra sitt jobb. En funktionell studie handlar om att aktivera celler och se 

hur väl de kan växa i en odling. Resultatet visade att patienter som fick 

stamcellsprodukter med bättre tillväxt hade färre fall av en viss virusinfektion. Ett 

annat fynd var att ett visst svar efter stimulering kunde vara förknippat med en 

högre risk för att cancersjukdomen skulle återkomma. 

Sammanfattningsvis har studie I-IV visat att stamcellssamlingen, transporten, 

cellsammansättningen och funktionen av stamcellsprodukten spelar en roll i 

utfallet av en stamcellstransplantation. Vi behöver förbättra vår kunskap om de 

faktorer som kan påverka stamcellsprodukten. Framöver kommer det också att 

komma fler cell- och genterapier där aferesmaskiner, logistik och 

cellsammansättning kan komma att spela en avgörande roll för framgången för 

dessa behandlingar. 

 



 

 

Abstract 
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) involves the 

collection of a stem cell graft from a healthy donor and its infusion into a patient. 

The graft contains functional immune cells that may confer beneficial effects, 

including relapse control through the graft-versus-leukemia (GvL) effect, or 

adverse effects, such as graft-versus-host disease (GvHD). In clinical practice, 

peripheral blood stem cell (PBSC) grafts are commonly characterized by their 

CD34+ cell dose, even though stem cells typically constitute less than 2% of the 

total graft cell content. Consequently, information on graft composition is often 

limited, and there is no clear consensus on how such data should guide clinical 

practice. The studies presented here investigate how graft composition, viability, 

and function influence clinical outcomes following allo-HSCT.  

In Study I, we evaluated the effects of changing apheresis devices on graft 

composition and clinical outcomes in 71 HLA-matched sibling donors at 

Karolinska. The introduction of the Optia device (MNC program) produced a 

significantly lower lymphocyte yield than the older Cobe Spectra device, 

following the addition of an elutriation step. Recipients of Optia-collected grafts 

had lower rates of acute GvHD (aGvHD) grades II–IV and lower transplant-

related mortality. Unexpectedly, chronic GvHD (cGvHD) was more frequent after 

Optia grafts, while relapse and overall survival did not differ. These findings 

indicate that a small but significant change in apheresis settings can alter graft 

characteristics. 

Graft composition was further investigated in Study II. The study included 299 

adults who underwent transplantation with PBSC grafts from sibling donors (n = 

97) or unrelated donors (n = 202). Graft lymphocyte subsets were quantified by 

flow cytometry and assessed in relation to clinical outcomes. In unrelated donor 

grafts, a higher CD8+ T cell dose was associated with a lower incidence of relapse, 

with the lowest relapse incidence observed in the highest quartile. In contrast, a 

higher CD34+ dose was associated with increased transplant-related mortality 

(TRM) and a higher incidence of relapse. Among recipients of sibling donor grafts, 

a higher CD19+ dose was associated with severe aGvHD and TRM, while a higher 

CD4/CD8 ratio was also associated with aGvHD. Although these data are 

significant, several other studies report contradictory findings. The relationship 

between graft composition and clinical outcomes is complex, and many 

confounding factors are difficult to control for. 



Transporting the graft is critical, as viability declines with longer ex vivo duration. 

In Study III, we assessed graft viability using Annexin V, an apoptosis marker, in 

combination with 7-AAD. Grafts transported for two days had lower viability than 

those transported for one day (median Annexin V/7-AAD viability, 83.2% vs. 

86.4%). Recipients of grafts with viability below the median (85.1%) had lower 1-

year survival (63.7% vs. 88.9%). Low graft viability remained an independent 

predictor of TRM in the multivariable analysis. Overall, Annexin V and 7-AAD 

measurements of graft viability were associated with a significant effect on 1-

year survival.  

The third important aspect of the graft is its function. In Study IV, we investigated 

whether graft responses to pokeweed mitogen (PWM), staphylococcal 

enterotoxin A (SEA), or specific stimuli such as CMV, EBV, adenovirus, candida, 

and zoledronate (γδ	T cell response) were associated with infectious 

complications, relapse, and GvHD. In unrelated-donor grafts, low proliferative 

responses to PWM and SEA were associated with increased CMV reactivation. 

Interestingly, the graft response to CMV-specific stimuli was not associated with 

CMV reactivation. After PWM stimulation, high PD-1 expression on activated 

CD8+ T cell blasts was associated with relapse and inferior overall survival. This 

finding may have a mechanistic explanation, as PD-1 is often expressed on 

activated T cells and is part of an inhibitory signaling pathway that is highly 

expressed on exhausted cells. To better understand this finding, further 

experimental studies are needed.  

In conclusion, these studies highlight different aspects of the PBSC graft and the 

complex ways it is handled, which ultimately affect graft quality and clinical 

outcomes. As cell therapies become an increasingly common treatment option, 

a better understanding of the starting material may lead to small but meaningful 

clinical improvements. 

 

 



 

 

List of scientific papers 
 

I. 
Wang T, Remberger M, Axdorph Nygell U, Sundin M, Björklund A, 

Mattsson J, Uhlin M, Watz E. Change of apheresis device decreased 

the incidence of severe acute graft-versus-host disease among 

patients after allogeneic stem cell transplantation with sibling 

donors. Transfusion. 2018 Jun;58(6):1442-1451. doi: 10.1111/trf.14579. 

Epub 2018 Mar 13. PMID: 29536557. 

 
II. 

Svenberg P, Wang T, Uhlin M, Watz E, Remberger M, Ringden O, 

Mattsson J, Uzunel M. The importance of graft cell composition in 

outcome after allogeneic stem cell transplantation in patients with 

malignant disease. Clin Transplant. 2019 Jun;33(6):e13537. doi: 

10.1111/ctr.13537. Epub 2019 May 7. PMID: 30873642. 

 
III. 

Wang T, Remberger M, Björklund A, Watz E. The impact of 

transportation time on apoptosis in allogeneic stem cell grafts and 

the clinical outcome in malignant patients with unrelated donors. 

Cytotherapy. 2022 May;24(5):508-515. doi: 

10.1016/j.jcyt.2021.11.008. Epub 2022 Feb 21. PMID: 35210189. 

 
IV. 

Söderström A*, Wang T*, Törlén J, Lindahl H, Valentini D, Mielke S, 

Högelin KA, Robertson RA, Uhlin M. The lymphocyte function of 

allogeneic peripheral blood stem cell grafts is associated with 

relapse and cytomegalovirus reactivation. Transfusion. 2026 Aug 

20. doi: 10.1111/trf.70374. PMID: 42619477. 

 

* Shared first authors 

 

 
 



Contents 
1 Introduction .................................................................................................................................................... 1 

1.1 Allogeneic stem cell transplantation .............................................................................. 1 

1.1.1 Transplantation indications and patient selection ............................... 1 

1.1.2 Donor selection ............................................................................................................. 2 

1.1.3 HLA matching and CMV matching .................................................................. 3 

1.1.4 Age/sex/timing ............................................................................................................... 4 

1.1.5 Conditioning ..................................................................................................................... 4 

1.1.6 Immune reconstitution ............................................................................................ 5 

1.1.7 Complications ................................................................................................................ 7 

1.2 Transplantation immunology .............................................................................................. 11 

1.2.1 Antigen presentation and HLA ........................................................................... 11 

1.2.2 T cells ................................................................................................................................... 12 

1.2.3 T cell activation, co-stimulation and co-inhibition ........................... 13 

1.2.4 B cells .................................................................................................................................. 14 

1.2.5 Exhaustion and anergy ........................................................................................... 15 

1.2.6 Apoptosis and necrosis – immunological effects ............................ 15 

1.3 Stem cell graft ............................................................................................................................... 17 

1.3.1 Peripheral stem cell graft ...................................................................................... 17 

1.3.2 Mobilization ..................................................................................................................... 17 

1.3.3 Collection ......................................................................................................................... 18 

1.3.4 Transportation and storage .............................................................................. 20 

1.3.5 Graft manipulation ................................................................................................... 20 

2 Research aims .......................................................................................................................................... 23 

3 Materials and methods ..................................................................................................................... 25 

3.1 Patients, donors and clinical data ................................................................................ 25 

3.2 Ethical implications ................................................................................................................. 25 

3.3 HLA typing ...................................................................................................................................... 25 

3.4 Mobilization and apheresis collection ...................................................................... 26 

3.5 Transportation and storage .............................................................................................. 28 

3.6 Flow cytometry – composition and viability ....................................................... 28 

3.7 Functional graft assay .......................................................................................................... 30 

3.8 Cytokine analysis ..................................................................................................................... 30 

3.9 Statistics ............................................................................................................................................ 31 

4 Results ............................................................................................................................................................ 33 



 

 

4.1 The effect of collection method and association with graft 

cellular content ........................................................................................................................... 33 

4.1.1 Graft composition in Cobe vs Optia ........................................................... 33 

4.1.2 Possible reasons for the discrepancies in graft 

composition .................................................................................................................. 35 

4.1.3 Differences in clinical outcome ..................................................................... 36 

4.2 Graft lymphocyte composition – the current perspective ..................... 38 

4.2.1 Cohorts and clinical outcome ........................................................................ 38 

4.2.2 CD8+ lymphocyte dose and relapse .......................................................... 39 

4.2.3 High CD34+ dose and negative outcome ............................................... 40 

4.2.4 CD4/CD8 and CD19+ in the graft correlates with GvHD ................ 41 

4.3 Viability and transportation .............................................................................................. 42 

4.3.1 Graft viability – Apoptosis and necrosis ................................................. 42 

4.3.2 Survival based on graft viability .................................................................... 44 

4.4 The functional analysis of the graft ............................................................................ 45 

4.4.1 CMV reactivation and graft function ......................................................... 46 

4.4.2 CMV-specific response vs overall graft response ........................... 47 

4.4.3 T cell PD-1 expression and relapse risk .................................................... 48 

4.5 Considerations and limitations ...................................................................................... 50 

5 Conclusions ................................................................................................................................................ 52 

6 Points of perspective ......................................................................................................................... 55 

7 Acknowledgements ............................................................................................................................ 59 

8 Declaration about the use of generative AI ...................................................................... 63 

9 References ................................................................................................................................................. 65 

 

 



List of abbreviations 

7-AAD 7-aminoactinomycin D 

ACD Acid citrate dextrose-A 

AIM Automatic Interface Monitoring (Optia system) 

AML Acute myeloid leukemia 

APC Antigen-presenting cell 

ATG Antithymocyte globulin 

BAFF B-cell activating factor 

BM Bone marrow 

CAR Chimeric antigen receptor 

CAST Cell therapy and Allogeneic Stem cell Transplantation 

CCE Counterflow centrifugation elutriation 

CD Cluster of differentiation 

CE1/CE2 Collection efficiency 1/2 

CFU Colony-forming unit 

cMNC Optia continious mononuclear cell program 

CMV Cytomegalovirus 

CsA Cyclosporine A 

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 

CXCL12/SDF-1 
C-X-C motif chemokine ligand 12 / stromal cell-

derived factor 1 

CXCR4 C-X-C chemokine receptor type 4 

DLI Donor lymphocyte infusion 

EBV Epstein-Barr virus 

EVF Erythrocyte volume fraction 

FASCIA 
Flow cytometric assay of specific cell-mediated 

immune response in activated whole blood 

FasL Fas ligand 



 

 

G-CSF Granulocyte colony-stimulating factor 

GvHD Graft-versus-host disease 

GvL Graft-versus-leukemia 

HLA Human leukocyte antigen 

HSPC Hematopoietic stem and progenitor cell 

HSCT Hematopoietic stem cell transplantation 

IFN-γ Interferon-gamma 

IL Interleukin 

ISHAGE 
International Society for Hematotherapy and Graft 

Engineering 

LAG3 Lymphocyte-activation gene 3 

LPS Lipopolysaccharide 

MAC Myeloablative conditioning 

MAGIC 
Mount Sinai Acute GvHD International Consortium 

staging algorithm 

MHC Major histocompatibility complex 

MRD Measurable residual disease 

MTX Methotrexate 

NGS Next-generation sequencing 

NK Natural killer 

NKG2D Natural killer group 2 member D 

NMDP National Marrow Donor Program 

OS Overall survival 

PBSC Peripheral blood stem cell 

PCR Polymerase chain reaction 

PD-1 / PD-L1 Programmed death-1 / programmed death ligand 1 

PE Phycoerythrin 

PEG-G-CSF Pegylated granulocyte colony-stimulating factor 

PS Phosphatidylserine 



PTLD Post-transplant lymphoproliferative disorder 

PWM Pokeweed mitogen 

RIC Reduced-intensity conditioning 

SEA Staphylococcal enterotoxin A 

SSO Sequence-specific oligonucleotide 

SSP Sequence-specific priming 

TBI Total body irradiation 

TBV Total blood volume 

TCR T cell receptor 

TGF-β Transforming growth factor beta 

Th1/Th2/Th17 T helper 1/2/17 cells 

TIM3 T cell immunoglobulin and mucin domain 3 

TNF-α Tumor necrosis factor alpha 

TRM Transplant-related mortality 

UCB Umbilical cord blood 

URD Unrelated donor 

WBC White blood cell 

WMDA World Marrow Donor Association 

 

 



 

  

1 Introduction 
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a well-

established therapeutic modality for treating a variety of malignant and non-

malignant hematological diseases and genetic disorders [1,2]. The advent and 

progressive refinement of multiple graft sources—including peripheral blood 

stem cells (PBSC), bone marrow (BM), and umbilical cord blood (UCB)—have 

significantly expanded the utility and success of allo-HSCT. Each graft source 

has a distinct cellular composition and functional profile, influencing engraftment 

kinetics, immune reconstitution, and post-transplant complications [3]. 

Among available graft types, PBSC grafts have become the preferred source in 

many clinical settings due to their ease of collection and rapid engraftment 

potential [4]. Mobilization of hematopoietic stem and progenitor cells (HSPCs), 

predominantly characterized by CD34 cell surface expression, into the 

peripheral circulation is primarily achieved via granulocyte colony-stimulating 

factor (G-CSF) administration, followed by collection through leukapheresis. 

While the procedural framework of PBSC mobilization and collection is well 

established, significant variability remains in graft composition, which comprises 

not only HSPCs but also mature immune cells and accessory populations. These 

cellular constituents collectively define graft function and ultimately impact 

clinical outcomes post-transplant. 

Beyond graft composition, critical procedural factors such as graft 

transportation and storage conditions, and various graft manipulation 

strategies—including cell selection and depletion—may profoundly influence 

graft viability and functional integrity. The logistics of stem cell transport, inter-

facility transfer timelines, and storage modalities present operational challenges 

that can affect cell survival, potency, and patient outcomes. Similarly, evolving 

graft-processing techniques aim to optimize graft quality, minimize the risk of 

graft-versus-host disease (GvHD), and enhance overall transplant success [5–7]. 

This thesis aims to provide a niched appraisal of the biology and clinical 

relevance of stem cell grafts with a particular focus on PBSCs. Emphasis is 

placed on the cellular composition and functional properties of grafts, the 

influence of apheresis methodologies, the impact of transportation and storage 

on graft quality, and the implications of functional graft assays. By addressing 

these facets, this work aims to elucidate the determinants of graft function that 



 

 

inform transplantation outcomes and to develop strategies for improving graft 

handling and clinical management. 
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1.1 Allogeneic stem cell transplantation 

 

1.1.1 Transplantation indications and patient selection 

Hematological malignancies constitute the majority of indications for allo-HSCT, 

accounting for more than 60% of transplantations in Europe, with myeloid 

malignancies — led by acute myeloid leukemia (AML), which alone accounted for 

42% of all transplantations in the 2024 EBMT survey — as the largest group. Non-

malignant disorders, including severe aplastic anemia, inherited disorders of 

hematopoiesis, hemoglobinopathies, and immunodeficiencies, make up the 

remaining indications [8]. 

For an individual patient, selection is guided by two principal assessments. The 

first is disease-related risk: the probability of cure following transplantation 

varies according to diagnosis, disease stage, and cytogenetic or molecular risk 

profile. Formal instruments, including the Disease Risk Index and the EBMT risk 

score, stratify this risk. Patients undergoing transplantation for advanced or 

relapsed disease have substantially higher relapse risk than those transplanted 

in remission [9,10]. The second assessment concerns patient fitness. Transplant-

related mortality (TRM) is predicted by comorbidity burden, and by age. 

Although age is no longer an absolute contraindication, transplantation rates 

among patients older than 70 continue to increase, and outcomes improve with 

reduced-intensity conditioning, it remains associated with higher non-relapse 

mortality [11,12].  

Despite the expanding availability of novel therapies, including CAR T cell 

therapy and targeted agents, the demand for allo-HSCT continues to increase. 

Allo-HSCT activity increased steadily in recent survey years, reaching its highest 

annual volume in 2024 [8,13] (Fig. 1). This trend reflects an increase in demand 

and in patient eligibility. Targeted agents have improved remission rates and 

survival in AML; however, they rarely achieve durable disease control in patients 

with biologically high-risk disease. Consequently, patients with adverse 

cytogenetic features, persistent measurable residual disease (MRD), or relapse 

after these therapies remain standard candidates for transplantation [14,15]. At 

the same time, advances in supportive care and reduced-intensity conditioning 

(RIC), along with broader donor availability, including haploidentical donors, have 

made transplantation feasible for those with comorbidities who were previously 

considered ineligible [13].  



 

 2 

 

 

Figure 1. Number of allo-HSCT in Europe. Type: ALL – Acute lymphoblastic leukemia , AML - 

Acute myeloid leukemia, CML - Chronic myeloid leukemia, MDS - Myelodysplastic syndrome, 

MPN - Myeloproliferative neoplasm, NPD - Non-malignant disease, PCD - Plasma cell disease. 

Source: Greco R. et al. The 2024 EBMT activity report: crossing one million HCTs and 20,000 

CAR-T. A landmark in cellular therapy. Bone Marrow Transplant. 2026. CC-license. 

1.1.2 Donor selection 

Allogeneic stem cell donation is a voluntary process in which donors provide 

stem cells to recipients with whom they may be related or unrelated. Donations 

are typically collected via PBSC collection or BM harvest. Unrelated donors (URD) 

are identified through national or international registries, which coordinate 

human leukocyte antigen (HLA) typing and administrative procedures related to 

donation.  

More than 44 million donors are currently registered worldwide. The World 

Marrow Donor Association (WMDA) facilitates international exchanges between 

donor and transplant centers [16]. Despite the large number of registered donors, 

some patients still never find a suitable match [17]. A person’s ethnicity affects 

their chances of finding a donor, as the largest registries are in North America 

(NMDP) and Europe (DKMS) [18]. By comparison, Sweden’s registry, 
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Tobiasregistret, has more than 280,000 registered donors, representing about 3 

percent of the Swedish population [19]. 

A key component of donor selection is the assessment of potential risks to both 

the donor and recipient. In PBSC donation, donor risks are primarily associated 

with G-CSF stimulation or the apheresis procedure. Approximately 90% of 

donors experience bone pain, which is typically mild to moderate and responds 

well to paracetamol. Other common adverse effects include headache, flu-like 

symptoms, fatigue, mild gastrointestinal complaints, and injection-site reactions. 

Most side effects resolve soon after G-CSF is discontinued [20]. Although 

studies have demonstrated that donation is generally safe, cases of severe 

adverse events and, rarely, life-threatening complications have been reported 

[21,22].  

 

1.1.3 HLA matching and CMV matching 

HLA matching has been central to donor selection since the first successful 

transplant, performed between HLA-identical siblings in 1968 [23]. URD can now 

be matched at ten alleles across HLA-A, -B, -C, -DRB1, and -DQB1 (a 10/10 

match). Registry analyses have shown that mismatches at class I and class II loci 

increase the risks of GvHD and mortality [24–26]. HLA matching does not 

guarantee freedom from GvHD: minor histocompatibility antigens can sustain 

GvHD even in well matched donors/recipients [27]. With post-transplant 

cyclophosphamide or αβ/CD19 depleted grafts, haploidentical donors have also 

become acceptable options [28,29]. Despite advances in HLA typing and donor 

matching, HLA matching remains complex, and HLA mismatches may confound 

studies involving URDs. In the current era of haplo-transplantation, the role of 

HLA matching is also a topic for further discussion. Studies I-IV only include 

HLA-matched sibling donors or URDs while haplotransplantations were excluded. 

The importance of CMV in allo-HSCT has previously been described in detail, 

matching donor and recipient CMV status is standard clinical practice [30]. 

CMV-positive donors in general have sustained CMV-specific T cell clones in 

circulation that contributes to controlling the virus. Matching CMV-positive 

recipients with CMV-positive donors gives the recipient viral control during the 

early phases after HSCT, while a mismatch, especially with CMV-negative donors 

to CMV-positive recipients, can increase the risk of CMV reactivation [31,32]. 
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Complications associated with CMV reactivation and treatment is discussed in 

section 1.1.7  

 

1.1.4 Age/sex/timing 

Younger donor age has been associated with better survival with lower relapse 

risk [33,34]. Donor age is among the few donor characteristics clearly associated 

with survival after allo-HSCT. In large registry analyses of HLA-matched URD 

transplantation, each ten-year increment in donor age increased the mortality 

hazard, and younger age was the only donor factor that remained significant 

when other characteristics were tested [33,34]. The effect is not uniform across 

settings. In a study with mixed myeloablative and non-myeloablative 

conditioning transplantation using PBSC graft, donors aged sixty years or older 

did not adversely affect engraftment, GvHD, or TRM [35]. Donor age did not 

influence overall survival in Australian URD transplantations up to donor age 59 

[36]. Donor age should therefore be weighed against donor availability, CMV 

serostatus, and logistical urgency rather than treated as an absolute criterion. 

Female donor to male recipient is also a known risk factor for GvHD, caused by 

immunization against minor antigens during pregnancy, for instance, the anti-H-Y 

antibody [37,38]. Therefore, male donors to male recipients are preferred if all 

other factors are equal. 

 

1.1.5 Conditioning 

Before allo-HSCT, conditioning is required to clear residual cancer, create space 

for engraftment, and reduce the risk of rejection of the transplanted HSCs. 

Conditioning regimens have evolved continuously over the past 60 years since 

the introduction of HSCT. A wide range of regimens is available to optimize 

therapeutic effects while minimizing toxicity to non-malignant cells. 

Myeloablative conditioning (MAC), a classical regimen developed during the 

early era of transplantation, aims to achieve complete marrow ablation. It may 

involve total body irradiation (TBI) combined with alkylating agents, primarily 

cyclophosphamide [39]. Later, reduced-intensity conditioning (RIC) was 

introduced in the 1990s, with reduced exposure to alkylators and TBI [40], 

enabling transplantation for older patients and those with comorbidities who 

were previously excluded from allo-HSCT due to the toxicity of myeloablative 
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regimens [41]. For the patient, conditioning is the principal treatment-related 

toxicity of transplantation. Myeloablative regimens cause severe cytopenias, 

prolonged neutropenia, and mucosal barrier injury, increasing infection risk 

during the pre-engraftment phase. TBI-based regimens can also lead to late 

endocrine and gonadal complications [42]. RIC reduces, but does not eliminate, 

the above-mentioned toxicities. Its reduced cytoreduction is offset by greater 

reliance on the GvL effect, potentially increasing relapse risk for some diagnosis 

[43]. 

 

1.1.6 Immune reconstitution 

Allo-HSCT replaces the patient's immune system and entire hematopoiesis. The 

immune system requires time to be reconstituted post-HSCT. The origin of 

reconstituting immune cells is partly from the graft and partly from de novo 

production of immunological cells post-infusion [44–48]. The first wave is 

mediated by mature lymphocytes infused with the graft, which expand in the 

lymphopenic host through homeostatic peripheral expansion, providing early but 

incomplete defense against pathogens and GvL activity. The second wave, de 

novo lymphopoiesis from donor stem cells, depends on thymic function to 

generate a more diverse naïve repertoire. Full T cell regeneration takes one to 

two years, with B-cell recovery often slower still [46] (Fig. 2). 
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Figure 2. Schematic overview of the timing of immune reconstitution after allo-HSCT. The risk of 

infection follows the reconstitution dynamics. Other factors, such as poor graft function, ATG 

use, and GvHD, can alter the reconstitution dynamics. Created with Biorender.com 

 

Reconstitution tempo differs sharply by lineage. Myeloid and NK cells recover 

within weeks, whereas T cells require months to years, particularly in older 

recipients with age-related thymic involution. γδ T cells reconstitute earliest 

among T cells and mediate anti-infective and anti-leukemic surveillance without 

provoking GvHD [49,50]. Memory αβ T cells reappear after that, largely from the 

graft-derived compartment, whereas naïve cells depend on thymopoiesis. It has 

earlier been shown that CD4⁺ recovery above 50 cells/µL at day 100 is 

associated with faster viral clearance and superior survival [47]. B-cell recovery is 

the slowest, with hypogammaglobulinemia and impaired vaccine responses 

persisting one to two years, especially after GvHD [46]. 

Several other factors shape reconstitution such as; recipient age and thymic 

capacity, HLA disparity, conditioning intensity, CMV reactivation, and GvHD [51]. 

Pharmacological GvHD prevention is likewise a major determinant: anti 

thymocyte globulin (ATG) delays T cell recovery for up to six months and 

depletes the naïve compartment, and exposure-guided dosing improves 

immune recovery and survival [52,53].  
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Delayed T cell recovery increases the risk of opportunistic infections, most 

prominently CMV reactivation, and increased TRM, whereas early recovery of 

lymphocyte compartments predicts superior survival [54,55]. Antimicrobial 

prophylaxis shifts but does not abolish this risk, which is largely determined by 

the pace of reconstitution [55]. Most relevant to this thesis, the cells of the first 

wave are supplied by the graft: the number, viability, and function of the infused 

lymphocytes define the immunological starting point of the transplantation. 

 

1.1.7 Complications 

1.1.7.1 Infections 

Infectious complications are a common cause of TRM and morbidity after allo-

HSCT. Immune reconstitution after allo-HSCT is a dynamic process, and infection 

risk depends on which immunological compartment is defective or suppressed 

at the time [56]. During the pre-engraftment phase of severe neutropenia and 

mucosal barrier injury, bacterial bloodstream infections can be caused by Gram-

negative organisms, often drug resistant [57]. From engraftment through the first 

months, the dominant deficit is cellular, such as delayed T cell reconstitution. 

This T cell deficiency can also be aggravated by GvHD and the associated 

immunosuppressive treatment. This deficiency permits invasive mold infections 

and reactivation of the herpesviruses, of which CMV is clinically the most 

important [58,59]. In the late phase, defective humoral immunity and cGvHD 

predispose to infections with encapsulated bacteria and to late viral disease 

[59,60]. 

CMV infection after allo-HSCT ranges from asymptomatic reactivation to severe 

CMV end-organ disease. CMV syndrome presents with fever, leukopenia, and 

thrombocytopenia. More serious end-organ disease includes pneumonitis and 

gastrointestinal involvement, with colitis, and, less frequently, hepatitis, 

encephalitis, or retinitis [59]. Beyond direct tissue injury, CMV reactivation can 

amplify the risk of graft failure, worsen GvHD through its immunomodulatory 

effects, and is independently associated with increased TRM [30,59]. 

Reactivation occurs in a large proportion of seropositive recipients, and the 

donor-recipient serostatus combination determines much of this risk [30,61]. 

Prevention changed decisively with the introduction of letermovir prophylaxis, 

which reduced the incidence of clinically significant CMV infection and closed 

the mortality gap between seropositive and seronegative recipients [62,63]. 
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Prophylaxis reshapes immunity as well: CMV-specific T cell reconstitution is 

delayed under drug pressure, and infections cluster after prophylaxis cessation, 

driven by aGvHD and by grafts from CMV-seronegative donors, which lack the 

pre-formed virus-specific T cells that seropositive grafts carry [64,65]. 

Established treatment consists of ganciclovir or valganciclovir as first-line 

therapy, with foscarnet and cidofovir reserved for resistant disease. These 

agents have toxicities, nephrotoxicity and myelosuppression, and generate 

further complications. [59]. Studies I–III were conducted before the introduction 

of letermovir and maribavir; in the current treatment era, CMV reactivation rates 

have declined [66]. 

 

1.1.7.2 GvHD prophylaxis and ATG 

GvHD is the principal immunological complication of allo-HSCT and a leading 

cause of TRM. It develops when immunocompetent donor lymphocytes, 

particularly T cells, that recognize recipient tissues as foreign and attack both 

healthy and malignant cells [67]. Despite HLA matching, GvHD affects a 

substantial proportion of recipients because alloreactivity is driven not only by 

mismatched HLA but also by minor histocompatibility antigens and 

inflammatory amplification [68]. In recent years, the role of the microbiota in 

GvHD has been widely discussed [69,70]. Although this topic warrants 

consideration, it falls outside the scope of these studies. 

GvHD is divided into acute and chronic forms, nowadays more defined by 

clinical features rather than time since transplantation [71]. aGvHD affects the 

skin, gastrointestinal tract, and liver within the first months post HSCT. In 

contrast, cGvHD presents later as a multisystem, autoimmune-like disease with 

tissue fibrosis as its hallmark. Commonly used aGvHD gradings are the 

Glucksberg scale or MAGIC per-organ staging [72].  

aGvHD is a common and potentially serious complication in allo-HSCT [73]. It 

typically presents within the first months after transplantation, classically before 

day 100, as a clinical syndrome of maculopapular rash, nausea, vomiting, 

diarrhea, and hyperbilirubinemia, reflecting inflammation of the skin, the 

gastrointestinal tract, and the liver [68]. Severity is graded from the degree of 

skin, gut, and liver involvement. The staging scale was formulated by Glucksberg 

in 1974 and still remains the basis for the grade I–IV classification used in most 
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studies  [74]. Modern consensus criteria separate acute from chronic disease 

based on clinical features rather than on the 100-day limit alone [71].  

cGvHD is the leading cause of late TRM after allo-HSCT. It typically emerges 

months after transplantation, and it behaves as a multisystem, autoimmune-like 

disorder in which inflammation progresses toward fibrosis [69]. The clinical 

spectrum includes sclerotic skin with joint contractures, sicca and mucosal 

disease, gastrointestinal involvement, and bronchiolitis obliterans with 

progressive breathlessness [75]. Severity is staged by the National Institutes of 

Health consensus criteria [71]. Treatment requires years of immunosuppression, 

with infection and metabolic complications as its cost; corticosteroids are first-

line, and ruxolitinib as second line treatment option [76]. Extracorporal 

photopheresis is a safe treatment for refractory cGvHD based on ex vivo 

extraction of lymphocytes, followed by a selective  induction of apoptosis in a 

subset of mononuclear cells before reinfusion of the modified cells to the 

patient. The basic idea is that apoptotic cells will be processed by DC and 

induce a more tolerogenic response in the recipient [77].  For many patients, 

cGvHD converts a curative transplantation into a years-long chronic illness, and 

reducing its incidence without sacrificing GvL activity remains an unmet clinical 

need  [69]. 

Prophylaxis and treatment of GvHD rely on broad immunosuppression, and every 

strategy involves the same central trade-off between GvHD and GvL activity 

[78]. Standard prophylaxis combines a calcineurin inhibitor, ciclosporin or 

tacrolimus, with short-course methotrexate. This combination has improved 

GvHD disease-free, relapse-free survival in randomized comparisons [79].  

ATG is widely used for in vivo T cell depletion, particularly in patients receiving 

grafts from URDs [80]. Polyclonal ATG antibodies bind multiple T cell surface 

antigens and deplete circulating T cells through complement-mediated lysis, 

antibody-dependent cell cytotoxicity, and Fas/FasL-triggered apoptosis. This 

targets naïve T cells most heavily while sparing some memory populations, which 

is why it acts as in vivo T cell depletion that prevents GvHD but delays immune 

reconstitution. Several randomized trials and meta-analyses have shown 

reduced incidence of acute and chronic GvHD with ATG, particularly in URD 

PBSC [80]. However, OS has not been uniformly improved and both graft failure 

and relapse remain concerns [78]. ATG is central to part of Study II – IV where all 

URD with malignant diseases receive ATG at Karolinska.  
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1.1.7.3 Relapse 

Relapse is now the leading cause of treatment failure after allo-HSCT, a direct 

consequence of decades of success against TRM [81,82]. The GvL effect, 

mediated by donor T cells recognizing minor histocompatibility and leukemia-

associated antigens is a strong immunological defense against relapse. Relapse 

can arise through antigen-presentation escape, clonal evolution, and progressive 

dysfunction of donor T cells in the post-transplant marrow [83,84]. Since the 

lymphocytes that mediate GvL early post HSCT are infused as part of the graft, 

the quality of that graft — its cellular composition, its viability after collection and 

transport, and the functional state of its lymphocytes — defines the 

immunological starting point of the transplant. 

Because relapse begins below the threshold of clinical detection, surveillance 

depends on laboratory monitoring rather than symptoms. The disease-specific 

instrument is measurable residual disease (MRD) monitoring, which quantifies 

malignant cells through fusion transcripts, aberrant immunophenotypes, or 

mutation burden, and defines molecular relapse often weeks before overt 

disease [85]. Rising MRD feeds directly into clinical decisions: tapering 

immunosuppression and pre-emptive donor lymphocyte infusion are 

considered while disease burden remains subclinical. MRD markers, however, are 

not available for every patient, detection depends on the disease carrying a 

trackable lesion. Where no suitable MRD marker exists, lineage-specific 

chimerism can serve as the surrogate. Donor–recipient hematopoiesis is 

quantified by PCR-based markers on sorted cell subsets, and rising recipient 

fractions within the disease-relevant lineage signal imminent relapse in the same 

window that MRD would [86]. However, because recipient-derived cells are not 

necessarily malignant, chimerism should be interpreted alongside disease-

specific MRD assessments whenever possible [86]. Both modalities are used to 

guide clinical interventions such as tapering immunosuppression or pre-emptive 

DLI ahead of overt hematological relapse. 

DLI re-arms the GvL effect by infusing unmodified lymphocytes from the donor 

[87,88]. Because the T cells that mediate GvL also mediate GvHD, DLI is typically 

given as sequential escalating doses, each step increased only after assessing 

response and toxicity, so that the lowest dose clearing MRD is found before the 

dose causing GvHD [89,90].  
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1.2 Transplantation immunology 

The following section outlines basic immunological functions that are important 

for understanding some of the challenges associated with allo-HSCT. It begins 

with the distinction between self and non-self and then examines specific 

components of the adaptive immune system relevant to these studies. Immune 

activation is tightly regulated to prevent unintended damage to healthy cells. 

This section also highlights that transplantation immunology encompasses far 

more than the topics addressed in this thesis. Other aspects of the immune 

system, such as innate immune activation, thymic function, and stem cell niches, 

are equally important but were omitted from this introduction due to space and 

time limitations. Nevertheless, the topics discussed below should provide an 

introduction to concepts relevant to Studies I-IV. 

 

1.2.1 Antigen presentation and HLA 

The discovery of HLA and understanding its role in antigen presentation, along 

with its polymorphic nature, has been a cornerstone of transplantation 

immunology [91]. Understanding antigen presentation and its restrictions helps 

explain which signals modify the immune system in the transplantation setting, in 

immune reconstitution, in infections and overall disease susceptibility [92]. 

The classical HLA genes are located on chromosome 6p21 within the major 

histocompatibility complex [93]. The polymorphism relevant to transplantation is 

concentrated to the exons encoding the peptide-binding groove: exons 2 and 3 

of the class I genes (encoding the α1 and α2 domains) and exon 2 of the class II 

β-chain genes (encoding the β1 domain) — the antigen recognition domain. 

Conventional typing older techniques only targeted these exons. Now with the 

introduction of next-generation sequencing which resolves full gene sequences, 

it reduces ambiguities that arise when alleles are identical across the antigen 

recognition domain but differ elsewhere.  

HLA class I molecules consist of a heavy membrane-spanning α-chain, β₂-
microglobulin, and the bound peptide. Together, these components form a 

heterodimer or heterotrimer (with the peptide). Without the peptide in the 

groove, HLA class I is unstable on the cell surface [94]. Normally, an 8-10 amino 

acid peptide can bind to the class I groove, but there are variations in the 

structure based on the HLA type, resulting in variation in the binding preferences 
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of different amino acids [95]. Almost all nucleated cells in the body present HLA 

class I, which in turn presents all proteins produced in the cell.  

HLA class II, also a heterodimer with an alpha and beta chain, is usually only 

present on professional antigen-presenting cells (APC). The target peptides 

presented by HLA class II are usually externally produced peptides that have 

been phagocytosed or endocytosed. Some of the most common APCs that will 

not be discussed further here are dendritic cells, macrophages, B cells, and 

thymic epithelial cells [96].  

 

 

Figure 3. TCR activation with signal 1 via TCR, signal 2 costimulatory/inhibitory signal, signal 3 

cytokine signaling. Created with Biorender.com.  

 

1.2.2 T cells 

T cells are some of the most well studied cells in the transplantation setting [97]. 

This is due to the central role in the coordination of tolerance or severe 

immunological effector function, able to damage both host cells and pathogens.  

T lymphocytes are conventionally divided by their antigen-recognition module 

and their differentiation status. The αβ T cell compartment separates into CD8⁺ 
cytotoxic T cells, which recognize peptides presented on HLA class I and kill 
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infected or malignant target cells through perforin–granzyme-mediated lysis and 

Fas–FasL engagement, and CD4⁺ helper T cells, which recognize peptides on HLA 

class II and coordinate the immune response through cytokine secretion and 

licensing of antigen-presenting cells. Naïve CD4⁺ cells differentiate into 

functionally specialized lineages under the direction of polarizing cytokines and 

lineage-defining transcription factors — Th1 (IFN-γ, cellular immunity), Th2 (IL-

4/IL-5/IL-13, humoral and anti-helminth immunity), Th17 (IL-17, mucosal and 

fungal immunity) and T follicular helper cells (B-cell support in germinal centres) 

[98]. 

Gamma delta (γδ) T cells constitute a small, atypical T cell lineage important for 

transplantation outcomes for several reasons. The γδ T cells respond rapidly, to 

stressed and transformed cells. They can mediate cytotoxicity through NKG2D 

and perforin/granzyme pathways and producing IFN-γ early after transplantation. 

Anti-leukemic activity against AML and other hematological malignancies has 

been demonstrated both preclinically and in clinical correlative studies [99]. 

Their reactivity is largely directed against infected and malignant cells rather 

than healthy alloantigens. γδ T cells have been associated with antiviral 

protection, particularly against CMV, with comparatively little evidence of a 

pathogenic role in GvHD [100]. Consistent with this favorable ratio of GvL to 

GvHD, γδ T cells are among the earliest lymphocyte populations to reconstitute 

after transplantation. 

 

1.2.3 T cell activation, co-stimulation and co-inhibition 

T cell activation requires three converging signals. Signal 1 is antigen-specific: the 

T cell receptor recognizes its peptide presented on HLA, with CD4 or CD8 

stabilizing the interaction and transmitting early tyrosine-kinase signals through 

the CD3 complex. Signal 1 alone is insufficient and, without further instruction, 

induces anergy. Signal 2 is co-stimulation, delivered mainly by CD28 on the T cell 

engaging CD80/CD86 on an activated antigen-presenting cell, it licenses 

survival, interleukin-2 production and proliferation; inhibitory receptors such as 

CTLA-4 and PD-1 compete at this step to set the response ceiling. Signal 3 is the 

surrounding cytokine environment: IL-12, IL-6, IL-2 and other polarizing cytokines 

direct the activated cell toward effector lineages, Th1, Th17, cytotoxic or 

regulatory, thereby determining not only whether the T cell responds, but what 

kind of response it delivers. 
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After initial antigen encounter, T cells diversify into subsets with distinct 

migration and function. Upon activation, some become short-lived effector cells 

that mediate immediate defense; others persist as memory cells. Memory T cells 

are conventionally divided into central memory cells (TCM, CCR7⁺CD45RA⁻), 
which home to lymph nodes and replenish the pool, and effector memory cells 

(TEM, CCR7⁻ CD45RA⁻), which reside in tissues and exert rapid cytotoxic or 

cytokine responses [101]. With repeated stimulation, TEM cells can further lose 

CD27 and CD28 and acquire a late, terminally differentiated phenotype (TEMRA), a 

state reached fastest under the pressure of persistent viral infections [102]. Treg 

cells also play a role in inducing tolerance and regulate the system [103]. This 

heterogeneity means that a total T cell count conceals functionally distinct 

populations, both in the graft and in the patient. 

 

1.2.4 B cells 

B cells derive from hematopoietic stem cells and mature through an ordered 

sequence of immunoglobulin-gene rearrangements in the bone marrow 

[104,105]. Rearrangement of the immunoglobulin heavy-chain locus at the pro-B-

cell stage generates the pre-B-cell receptor, whose expression marks 

productive heavy-chain assembly and drives clonal expansion. Subsequent 

light-chain rearrangement yields the surface immunoglobulin B-cell receptor of 

the immature B cell. B cell precursors failing to express a functional receptor are 

eliminated, ensuring that only B cells carrying an intact antigen receptor 

proceed. Immature B cells then undergo central tolerance, receptor editing or 

deletion of autoreactive clones, before emigrating to the periphery as 

transitional B cells. There they complete maturation into follicular and marginal-

zone subsets under the survival control of BAFF-R signaling. 

Upon antigen encounter with T cell help, follicular B cells enter germinal centers, 

where their immunoglobulin genes undergo somatic hypermutation and class-

switch recombination. Clonal selection on antigen affinity and T cell co-

stimulation determines survival. The process yields two outputs: memory B cells, 

which mediate rapid anamnestic responses, and plasma cells. Antibody 

production is therefore not a single event but the endpoint of a developmental 

program spanning receptor assembly, tolerance, affinity maturation, and terminal 

differentiation. 



 

  15 

Peripheral blood contains circulating naïve and memory B cells, together with 

transitional B cells and variable numbers of plasmablasts, but does not fully 

represent germinal-center, tissue-resident memory, or long-lived plasma-cell 

compartments. This is important for understanding how the B cell compartment 

of a PBSC graft influences early humoral reconstitution [106,107]. 

 

1.2.5 Exhaustion and anergy 

The three-signal T cell activation framework requires a specific strength and 

duration to produce a positive signal. However, insufficient or chronic activation 

in a transplantation setting can lead to different outcomes. Two distinct states of 

functional failure dominate this discussion. Anergy is the acute, antigen-specific 

unresponsiveness that follows signal 1 without signal 2. Without co-stimulation, 

the T cell neither proliferates nor functions upon re-encounter with antigen [108]. 

Exhaustion is the progressive loss of effector function that develops under 

chronic antigen stimulation, characterized by sustained expression of inhibitory 

checkpoints PD-1, TIM-3, and LAG-3 [108,109]. The allogeneic recipient post 

transplantation provides ideal conditions for both. Persistent antigen is 

unavoidable, from residual leukemia, CMV reactivation and other inflammatory 

states [109]. Lymphopenia drives homeostatic proliferation of graft-derived 

memory cells toward exhaustion-like differentiation. Marrow memory T cells 

from relapsing patients carry an exhausted epigenetic signature [110]. Exhaustion 

is clinically consequential: exhausted cytotoxicity associates with relapse, and its 

reversal by early donor lymphocyte infusion predicts effective anti-leukemic 

responses [111,112]. Most relevant to this thesis, the exhaustion program is 

measurable in the graft before infusion. PD-1 expression on activated CD8⁺ T cell 

blasts in Study IV identified recipients at relapse risk at the time of 

transplantation. 

 

1.2.6 Apoptosis and necrosis – immunological effects 

Cell death occurs through mechanistically distinct pathways with different 

immunological consequences. Apoptosis is caspase-dependent and preserves 

membrane integrity: phosphatidylserine (PS) is externalized as an eat-me signal. 

Apoptotic cells are cleared before their contents are released, and the 

engulfment process itself is actively anti-inflammatory, shifting antigen 
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presentation toward deletion and regulation rather than priming [113,114]. 

Phagocytosis of apoptotic cells drives the production of anti-inflammatory 

cytokines such as TGF-β and IL-10, promotes deletion of T cells recognizing 

antigens presented in this context, and supports the expansion of regulatory T 

cells. Apoptosis is therefore not merely a passive way for a cell to disappear, but 

an active tolerogenic program that the immune system reads as a signal to stay 

quiet [115]. 

Necrosis is the opposite situation: uncontrolled lysis and regulated lytic 

pathways release damage-associated molecular patterns (DAMPs) such as 

HMGB1, extracellular ATP, and mitochondrial DNA. These molecules engage 

pattern-recognition receptors on APCs and provide the inflammatory 

costimulation that matures dendritic cells and licenses them to prime rather 

than delete. In the allogeneic setting, where alloantigen is abundant from the 

moment of infusion, DAMP exposure supplies the second signal that converts 

harmless antigen presentation into priming, and drives the inflammatory first 

phase of aGvHD, for example [116,117]. 

There is no clear cut between apoptosis and necrosis. Apoptotic cells that 

escape timely clearance undergo secondary necrosis and convert from 

tolerogenic to pro-inflammatory stimuli, whereas cells approaching the 

apoptotic threshold may recover if the initiating stimulus is removed [118]. The 

immunological outcome of a dying cell is therefore decided dynamically, by the 

balance between the speed of clearance and the progression of membrane 

injury, rather than by the initiating pathway alone [115]. These considerations 

apply directly to graft handling. Transportation injury in Study III produced a 

predominantly early-apoptotic, PS signature rather than membrane loss. The 

immunological fate of apoptotic graft cells after infusion, silent clearance, 

recovery, or secondary necrosis with DAMP release, remains unclear. 
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1.3 Stem cell graft 

 

1.3.1 Peripheral stem cell graft 

PBSC grafts are heterogeneous, comprising a mixture of hematopoietic cells at 

various stages of maturation rather than an isolated population of stem cells 

[119,120]. CD34+ hematopoietic stem and progenitor cells constitute only a small 

fraction of the collected cells, whereas the majority are mature myeloid and 

lymphoid cells [119]. Nevertheless, the CD34+ cell dose remains the principal 

quantitative measure used to assess graft adequacy and guide collection, 

reflecting its established importance for hematopoietic engraftment [121,122]. 

Other graft components have received less systematic attention, despite 

substantial variation in their abundance. The relative proportions of granulocytes 

and lymphocytes vary between grafts and are influenced by mobilization and 

collection conditions [123]. PBSC graft composition should be considered 

beyond the CD34+ compartment, particularly when investigating the potential 

contributions of other infused cell populations to clinical outcomes related to 

the immunological function of the graft. 

Experience with graft manipulation highlights the importance of cellular 

composition in balancing the beneficial and adverse effects of allo-HSCT. 

Positive selection of CD34+ cells markedly reduces the number of donor T cells 

and can lower the risk of GvHD. However, extensive T cell depletion may 

compromise immune reconstitution, and its effects on engraftment and disease 

control depend on the transplantation setting. More selective approaches, such 

as depletion of CD45RA+ naïve T cells from DLI, aim to reduce alloreactivity while 

retaining memory T cells and their potential contribution to immune protection 

and GvL activity. Early clinical studies have demonstrated feasibility and a low 

incidence of DLI-associated GvHD, although preservation of the GvL effect 

requires further evaluation [124]. These observations illustrate that altering the 

cellular composition of an infused product can influence distinct clinical 

outcomes, rather than simply reducing its overall immunological activity.  

 

1.3.2 Mobilization 

In healthy donors, circulating CD34+ hematopoietic stem and progenitor cells in 

the peripheral blood are scarce, typically numbering 1–3×106 cells/L or fewer. 
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Without mobilization, these low concentrations generally preclude collecting a 

clinically sufficient cell dose by apheresis [125]. Mobilization is a critical step to 

access PBSC, and the extent of mobilization also influences the ratio of 

peripheral blood cells to stem cells in the graft. 

Granulocyte colony-stimulating factor (G-CSF) is an endogenous cytokine that 

regulates neutrophil production by promoting the proliferation, differentiation, 

and survival of granulocytic precursors. It also supports the survival and 

functional activity of mature neutrophils. G-CSF is produced by several cell 

types, including fibroblasts, endothelial cells, monocytes, and macrophages. Its 

production increases in response to microbial components, such as 

lipopolysaccharide (LPS), and inflammatory mediators, including interleukin-1 (IL-

1) and tumour necrosis factor-α (TNF-α), thereby linking inflammatory signalling 

to increased granulopoiesis [126].  

G-CSF mobilizes CD34+ hematopoietic stem and progenitor cells primarily 

through indirect effects on the bone marrow microenvironment. These effects 

reduce stem cell retention and weaken adhesive interactions between the cells 

and the BM niche. Proliferation of myeloid cells, such as granulocytes, also 

releases proteases and other enzymes that affect the BM niche and the CXCR4-

SDF-1 (CXCL12) interaction, resulting in the release of progenitors into peripheral 

circulation. Plerixafor, a more recent mobilizing agent, is a direct antagonist of 

CXCR4, blocking its interaction with SDF-1. For simplicity, all grafts were 

mobilized using only G-CSF. Plerixafor was recently approved for healthy donors 

and was not an option during Study I-IV [127]. 

G-CSF is typically administered subcutaneously at a total daily dose of 1 ME/kg 

for four days before PBSC collection. The daily dose may be divided into two 

administrations to enhance mobilization, although once-daily dosing is also used. 

Pegylated G-CSF (PEG-G-CSF) has a longer elimination half-life than non-

pegylated G-CSF, allowing less frequent administration. However, a comparative 

study found no significant improvement in stem cell mobilization with the 

pegylated formulation [128]. 

 

1.3.3 Collection 

The donor will arrive at the collection center after mobilization. The main 

requirements for a successful PBSC collection are as follows: 
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- Sufficient CD34+ cell count in peripheral blood, typically exceeding 10 
million CD34+ cells per liter. 

- Well-established venous accesses, through peripheral or central lines 
- Hemodynamically stable donor without ongoing infections 

Most donors will meet these criteria, and collection begins on day 1. A 

measurement of the CD34+ cell dose in the peripheral blood will be performed 

after starting the apheresis. Based on the CD34+ values in the peripheral blood, a 

prediction can be made regarding how many liters of blood need to be 

processed before reaching the target cell dose. Two methods for calculating 

collection efficiency can be used.  

 

Collection efficiency 1 (CE1) 

𝐶𝐸1 =
𝑇𝑜𝑡𝑎𝑙	𝐶𝐷34!𝑐𝑒𝑙𝑙𝑠	𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

(𝑃𝑟𝑒 + 𝑃𝑜𝑠𝑡) 2⁄ × 𝑇𝐵𝑉	𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 

 

Collection efficiency 2 (CE2) 

𝐶𝐸2 = 	
𝑇𝑜𝑡𝑎𝑙	𝐶𝐷34!𝑐𝑒𝑙𝑙𝑠	𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
𝑃𝑟𝑒	 × 	𝑇𝐵𝑉	𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑  

  

Pre – The number of CD34+ cells in the peripheral blood before apheresis. 

Post – The number of CD34+ cells in the peripheral blood after apheresis. 

TBV – Total blood volume 

 

Most centers use CE2 because CD34+ cells are not measured after apheresis 

collection. The CE2 will omit dynamics in the CD34+ in peripheral blood during 

the day. Depending on the kinetics of the donor's G-CSF response, the CD34+ 

cell concentration in peripheral blood may change significantly during the day. 

CE2 will be artificially high when the CD34+ count is increasing during the day 

and artificially low when the donor's CD34 count is decreasing during the day. 

However, CE2 is still a viable prediction, especially for predicting when target cell 

doses are reached [129]. 
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1.3.4 Transportation and storage 

Storage of stem cell grafts can be categorized into two main types. The first is 

short-term storage used during transport between the collection and 

transplantation centers. The second is long-term cryopreservation of grafts 

using DMSO. Cryopreservation was more commonly employed during the COVID 

pandemic while there were uncertainties about donor availability [130].  

The recommended temperature for transporting fresh PBSC grafts is 2-8 °C, with 

a validated optimal temperature of 4 °C [131]. Several other studies have 

separately validated the storage temperature of other stem cells with similar 

conclusions [132,133]. Current practice recommends transport in a cooled cryo-

transportation box with thermal properties to maintain temperature for the 

duration of the transportation [134]. A temperature log accompanies the product 

at all times, and transportation conditions are evaluated upon arrival at the 

transplantation center. Deviations from the recommended temperature intervals 

are investigated and discussed with the transplantation unit. The option of not 

using the graft or changing the donor is rarely available, but viability and cell 

dose can provide information about possible engraftment time and risk for graft 

failure [135]. 

Cell concentration in the graft and transportation temperature are two key 

variables influencing cell viability [136]. These factors are also controllable at the 

donor center through validated transportation and dilution of the final graft with 

donor plasma. 

 

1.3.5  Graft manipulation 

Clinical studies evaluating various ex vivo graft manipulations provide the 

clearest evidence that graft composition can influence clinical outcomes. The 

earliest and most direct intervention was T cell depletion. In early randomized 

comparisons of monoclonal antibody-treated marrow, T cell depletion reduced 

GvHD but increased graft failure and relapse [137]. Another commonly used graft 

manipulation technique is the positive selection of CD34+ cells in the graft, which 

removes most co-contaminating cells. CD34+ selection could reduce T cells to 

fewer than 10⁴/kg, enabling transplantation from fully haplotype-mismatched 

family donors. However, this practice was associated with the risks of delayed T 

cell reconstitution, opportunistic infection, and relapse [138]. The current 
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refinement of this approach is to deplete only the αβ T cell receptor population 

together with CD19+ B cells, which preserves NK and γδ T cells. In pediatric 

haploidentical transplantation, this produces outcomes approaching those of 

HLA-matched donors [139]. This also demonstrates that GvHD protection can be 

separated from immune competence when the depletion is precise. 

Another example is the depletion of naïve CD45RA+ T cells from the graft was 

developed to mitigate the risk of GvHD while preserving antiviral and 

antileukemic activity. This approach targets the naïve T cell population that 

mediates alloreactivity against minor histocompatibility antigens, while sparing 

the memory compartment that carries antiviral and antileukemic activity. This 

produced lower cGvHD in phase II trials: a 3-year cumulative incidence of 7%, 

with no severe disease and no apparent excess of relapse [140]. These results 

show that different cell subsets carry different clinical liabilities, and removing 

one shifts the risk profile rather than simply diminishing immune function [141]. In 

this sense, selecting and depleting different subsets in the graft highlight the 

clinical meaning of graft composition and that much of allo-HSCT is a balancing 

act between sufficient and harmful immune responses.   
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Figure 4. Schematic overview of the studies in this thesis. 
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2 Research aims 
 

The overall aim of this thesis was to gain a deeper understanding of how the 

composition, handling, and function of PBSC grafts affect outcomes after allo-

HSCT. Focus was placed on steps of the graft process that were less studied — 

apheresis collection and transportation — and on whether functional analyses of 

the graft could complement cell counting as quality measures.  

 

- STUDY I: To investigate how different apheresis collection methods affect 
the cellular composition of PBSC grafts and whether the collection 
method influences clinical outcomes. 

 

- STUDY II: To explore how lymphocyte subsets in the PBSC graft correlate 
with OS, TRM, GvHD, and relapse, including potentially adverse dose 
effects. 

 

- STUDY III: To evaluate the impact of transportation time on apoptosis and 
viability in PBSC grafts, and whether graft viability affects clinical outcome. 

 

- STUDY IV: To evaluate functional assays of PBSC graft lymphocytes using 
in vitro proliferative responses to mitogen and antigen stimulation. To find 
possible associations between the functional assay and the clinical 
outcome 
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3 Materials and methods 

3.1 Patients, donors and clinical data 

All patients and donors were managed at Karolinska University Hospital, where 

both the apheresis collection and the transplant procedure were performed. At 

the time of apheresis, standard flow cytometry panels quantified stem cell 

content in the donor's peripheral blood and, subsequently, in the graft 

component; these analyses were performed at the Stem Cell Laboratory. We 

retrieved clinical data from the quality registry administered by the 

transplantation department (CAST). The registry encompasses transplant-

related variables, including diagnosis, conditioning regimen, engraftment, GvHD, 

relapse, and OS, as well as other clinically relevant parameters. See table 1. 

 

3.2 Ethical implications 

The Regional Ethics Review Board in Stockholm region approved all studies in 

this thesis in accordance with the Declaration of Helsinki. All studies were 

retrospective, and data were acquired within standard clinical practice. No 

additional sampling or invasive procedures were performed on the recipient or 

the donor. We maintained strict donor-recipient confidentiality during the 

studies, and we did not report individual donor-recipient pairs in the results. To 

balance ethical considerations, these studies aim to improve transplant 

outcomes, which would directly benefit the patient group, not the individual 

included in the study, by mitigating complications and reducing the need for DLI 

from future donors.  

 

3.3 HLA typing 

Currently at Karolinska, donors matched at 10/10 HLA loci (HLA-A, HLA-B, HLA-C, 

HLA-DR, and HLA-DQ) are considered fully matched. Previously low-resolution 

SSO typing was used for initial screening, followed by confirmatory SSP typing at 

four-digit resolution. NGS typing was introduced in the past years, replacing SSP 

for confirmatory typing. Given the time span between Studies I-IV, we used 

several HLA typing methods, and the definition of a fully matched donor shifted 

toward higher-resolution typing and better matching over the course of the 
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thesis. HLA matching was taken into consideration in multivariable analysis and 

mismatch was accounted for as a confounding factor. 

 

3.4 Mobilization and apheresis collection 

In Study I, all steps of the mobilization and apheresis process were documented 

in a registry within the apheresis unit. Donors received as close as possible 1 

ME/kg/day of G-CSF, with dosage intervals limited by prefilled injectors 

containing 30 ME or 48 ME per injection. No donors received plerixafor in this 

study. For Studies II-IV, external collection centers handled the mobilization and 

donation process without our knowledge of any local methodologies for donor 

mobilization or apheresis device preferences. 

Either two peripheral venous accesses or a single double-lumen femoral dialysis 

catheter could be used for apheresis, ensuring sufficient flow to establish a 

stable buffy-coat layer. We measured pre-collection CD34+ values in peripheral 

blood in the morning before apheresis began, along with basic blood status 

parameters, to provide the apheresis operator with input parameters to adjust 

apheresis settings. Normal inlet flow was usually 50-70 mL/min, depending on 

venous access quality and donor body weight, ensuring the ACD infusion rate 

stayed below 1.2 mL/min/L TBV, below the level where citrate toxicity could 

affect the donor. On the Cobe Spectra (Terumo BCT), manual interface 

positioning was used to achieve a colorogram value of around 3-5% EVF, while 

on the Spectra Optia (Terumo BCT), a collection preference value was used to 

adjust the layer using the AIM system.   
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Figure 5. Spectra Optia collection interface. The WBC port used for collection during the MNC 

program. The counter flow centrifugal elutriation is built in the tubing set and centrifugal forces 

are in the opposite direction as the flow.  

 

The counterflow centrifugation elutriation (CCE) in the MNC program/kit is 

designed to target cells based on cell size rather than relying solely on the 

density gradient at the Cobe interface (Fig. 5). The dual-step method, with 

density selection followed by size-based elutriation, was, in theory, intended to 

increase collection efficiency by using the highly packed buffy coat layer and 

then returning some of the packed platelets to the patient via elutriation. 

However, handling this two-step method and the time spent waiting while the 

elutriation chamber was flushed reduced collection speed. This is one of the 

main reasons why the graft composition differs between Cobe and the Optia 

MNC program. A newer Optia program, called cMNC, returned the apheresis 

process to something similar to Cobe, removing the elutriation step which was 

important for the MNC program.  

An important note: throughout this thesis, Optia refers to the Optia MNC 

program. For more than 5 years, many centers have run Optia with the cMNC 

program, which functions differently from MNC. These results should be 

interpreted with the MNC program as the background, recognizing that the 

cMNC lacks the elutriation step, which is important for the functionalities and 
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graft composition acquired with MNC. Nevertheless, Study I should provide an 

understanding of how changes in apheresis programs can result in differences in 

the PBSC graft. 

 

3.5 Transportation and storage 

One of the most important aspects of Study III is transportation time and its 

effect on cell viability after different transport times. For all transports, a personal 

courier was assigned to the graft and handled the product between the sending 

and receiving sites. The transportation boxes used were validated for the task 

and designed to maintain a standard temperature of 4°C. A temperature log was 

mandatory for all transports and was checked upon arrival. If the graft arrived 

after late office hours, it was stored in a validated refrigerator in transfusion 

medicine overnight. Transplantation was then performed the following day. When 

requesting cells from an external collection center, we do not specify the 

transportation WBC limit. Other centers set the upper limit to between 200-300 

x 109 leucocytes/L. At our site, PBSC requested with storage and transportation 

will be diluted with donor plasma to <300x109 leukocytes/L. 

 

3.6 Flow cytometry – composition and viability  

Flow cytometry is a core method used in these studies to describe the cellular 

composition of peripheral blood or graft [142]. The basics of the method involve 

labeling cells with fluorochromes that emit different wavelengths when excited 

by a specific laser. A sheath fluid creates a laminar flow, and cells pass a laser 

and detector in a single-cell stream, recording emissions from various cells. Size 

and granularity are recorded through forward and side scatter. In combination 

with detected extracellular or intracellular markers, cells can then be categorized 

through a series of gating strategies.  

Graft cellular composition and viability were assessed by flow cytometry at the 

Stem Cell Laboratory, Karolinska University Hospital, Huddinge. Leukocyte counts 

in the graft samples were measured on an automated blood cell counter 

(Sysmex) to determine the absolute nucleated cell content before staining.  

CD34+ cells were enumerated by single-platform flow cytometry using the 

ISHAGE gating strategy (International Society for Hematotherapy and Graft 



 

  29 

Engineering) for all the studies [143]. The absolute CD34+ count was calculated 

relative to the bead count and reported as CD34+ cells × 10⁶/L in peripheral 

blood, and CD34+ cells × 10⁶/kg recipient body weight in the product. 

Lymphocyte subsets were quantified in the graft using slightly different methods 

across studies due to time differences and an upgrade in flow cytometer from 

FC500 to DxFlex in the clinical routine.  The primary lymphocyte panel was the T 

B NK cell panel with CD45 /CD56 /CD19/CD3/CD16. Regulatory T cells was 

defined as CD4+CD127low CD25high (CD3, CD4, CD127, CD25) and measured in the 

grafts for Study II. Study IV used a nine-color panel (CD3, CD16, CD56, CD45, 

CD4, CD19, CD8, CD25, CD127) which simplified the staining and acquisition with 

better resolution between colors with more modern equipment with multiple 

lasers (acquired on a DxFlex, Beckman Coulter).  

Viability was measured for Study III with two dyes marking different stages of cell 

death: early apoptosis is detected by Annexin V binding to PS translocated to 

the outer plasma membrane, while loss of membrane integrity is marked by 7-

AAD intercalation in dying (necrotic or late-apoptotic) cells [144]. Graft viability 

was defined as the percentage of cells double-negative for Annexin V and 7-

AAD, early apoptotic cells as Annexin V-positive/7-AAD-negative, and necrotic 

cells as all 7-AAD-positive cells (Fig. 6). The distinction between necrotic and 

early apoptotic cells is not clear-cut but reflects markers of accumulated cell 

damage during graft handling and transport. 

 

 

Figure 6. Gating strategy for viability markers. Lower left gate: Live cells (Annexin V negative, 7-

AAD negative). Upper left gate: Apoptotic cells (Annexin V positive, 7-AAD negative). Right gate: 

necrotic cells (Annexin V +/-, 7-AAD positive). 



 

 30 

 

In addition to phenotyping, graft lymphocyte function was assessed in vitro by 

blast formation upon mitogen and superantigen stimulation, expression of 

activation markers (PD-1 and HLA-DR), and cytokine production — the assay 

details are given under "Functional graft assay." 

 

3.7 Functional graft assay 

The functional assay involves stimulating the PBSC graft for 7 days with various 

mitogens/antigens, with blast count serving as a readout of proliferation. 

Supernatant from the stimulated cells was stored for further cytokine analysis. 

Detailed description can be found in the methods description of Study IV.  

This method was adapted from a previously described method for Flow 

cytometric Assay of Specific Cell-mediated Immune response in Activated 

whole blood (FASCIA), which has been published in several studies [145–147]. 

One difference with PBSC compared with whole blood is that it contains ACD as 

an anticoagulant, which binds calcium. Extracellular calcium is important for the 

activation of T cells and therefore extra calcium is added to the sample to 

neutralize any residual ACD before stimulation [148]. A further modification to 

this protocol compared with previous studies was the inclusion of PD-1 and HLA-

DR markers. These markers were initially added to confirm the activation status 

of the blast population; however, their inclusion provided a separate readout 

following stimulation. 

 

3.8 Cytokine analysis 

Cytokines in the supernatant after stimulation were measured using the Luminex 

xMAP technology [149]. The method is a multiplexed, bead-based sandwich 

immunoassay in which each analyte is assigned to its own microscopic bead set 

[150]. The bead sets are internally labeled with two fluorophores in defined 

proportions, giving each set a unique spectral address — analogous to the 

distinct bead populations sorted in flow cytometry. Each bead set is coated with 

an antibody specific for one cytokine, allowing a single small-volume sample to 

be incubated with multiple different capture antibodies simultaneously [151]. 

Cytokine captured from the sample is detected by a biotinylated secondary 
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antibody and quantified using streptavidin-conjugated phycoerythrin (PE). The 

median fluorescent intensity per bead set was converted to concentration using 

a standard curve, and multiplex standard-curve analysis was applied 

accordingly. 

 

3.9 Statistics 

Descriptive results are presented as medians with ranges for continuous 

variables and as counts with proportions for categorical variables. Given the 

limited sample sizes and departures from normality in several continuous 

variables, non-parametric methods were used throughout. Continuous variables 

were compared between groups with the Mann–Whitney U test. Categorical 

variables were compared with the chi-square test, or with Fisher's exact test 

when expected cell counts were fewer than five. Non-parametric associations 

between graft variables were assessed with Spearman's rank correlation. 

3.9.1.1 Survival analysis 

Overall survival (OS) was defined as the time from transplantation to death from 

any cause, with patients alive at last follow-up censored. Survival probabilities 

were estimated with the Kaplan–Meier method and compared between groups 

with the log-rank test. Factors associated with OS were analyzed with the Cox 

proportional hazards model.  

3.9.1.2 Competing risks 

TRM and relapse were modeled as competing events, with death in remission 

competing with relapse and vice versa; the cumulative incidence of each was 

estimated while accounting for the competing risk. Acute and chronic GvHD 

were analyzed as time-to-event endpoints with death as a competing event 

[152]. In Studies I–III the associations between graft cell doses and TRM, relapse, 

and GvHD were analyzed using the proportional subdistribution hazard 

regression model of Fine and Gray. 
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Table 2. List of endpoints and competing events. 

 

In Study IV, relapse was instead analyzed with cause-specific Cox regression, in 

which competing events are censored and the hazard describes the event rate 

among patients still alive and event-free. This setup addresses the etiological 

question, whether a graft property changes the relapse rate, and the hazard ratio 

remains interpretable even when several risks are small-numbered.  

3.9.1.3 Multivariable models 

For multivariable models, factors with a p-value below 0.10 in the univariable 

analysis in Studies I–II, below 0.40 in Study III, and below 0.50 in Study IV were 

entered into backward-elimination multivariable analysis, with factors detailed in 

the studies. In Study IV, a series of sensitivity analysis were also performed to 

test the robustness of the models, adding clinically relevant factors into the 

models rather than a p-value-driven backward elimination. CMV reactivation 

within three months after transplantation was analyzed with logistic regression, 

and results are reported as odds ratios. 

A p-value below 0.05 was considered statistically significant in all studies. 

Analyses were performed in R (3.3.1 - 4.4.1, R Core Team, Vienna, Austria), and 

Stata version 14 (StataCorp, College Station, TX). 
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4 Results 
The graft that reaches the patient is the product of a chain of small steps, 

including donor selection, mobilization, apheresis, transportation, and storage, 

each of which can affect its cellular composition and functional state before any 

clinical variable has come into play. 

The following sections will highlight the major findings from the four studies and 

how they relate to the flow from donor to patient. The clinical implications and 

outcomes illustrate the complexity of allo-HSCT: no single factor in the graft 

determines the entire outcome, but small changes at the start of transplantation 

can sometimes increase the chances of a positive outcome after allo-HSCT. 

 

4.1 The effect of collection method and association with graft cellular 
content 

Study I was initiated by the observation that grafts collected using the Cobe and 

Optia devices differed in product volume and processed blood volume. This 

prompted us to examine additional graft data, which also revealed differences in 

lymphocyte yield. During the same period, the transplant unit reported a lower 

incidence of grade III-IV aGvHD, with no other major changes in clinical practice. 

Given these observations and the established role of lymphocyte dose in GvHD 

development [106,153–155], we hypothesized that the change in apheresis 

device might be associated with clinical outcome.  

 

4.1.1 Graft composition in Cobe vs Optia 

All 71 patients in Study I received PBSC grafts from HLA-identical sibling donors, 

collected by leukapheresis at Karolinska University Hospital between 2011 and 

2015, without post-collection manipulation. During the study period, the 

apheresis device was changed from Cobe Spectra to Spectra Optia, creating a 

random comparison of collection methods in which donor and patient selection 

remained unchanged: 31 grafts were collected with Cobe Spectra and 40 with 

Spectra Optia. All the important graft changes are stated in Table 3. Note the 

roughly 30% difference in product volume, which consists of dilution based on 

flushing of the elutriation chamber. The TNC between Optia and Cobe remained 

comparable, as well as the product EVF.  
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Table 3: Pre-collection values, collection efficiency and graft composition, a comparison 

between Cobe and Optia. CE2 – Collection efficiency 2, WBC – white blood cell count, PLT – 

platelets, EVF – Erythrocyte volume fraction, TNC – Total nucleated cells, MNC – Mononuclear 

cells.  

The lymphocyte collection efficiency (CE2) was higher in the Cobe compared 

with the Optia. Lymphocyte CE2 was on average around 10% higher on the Cobe 

compared with the Optia, whereas CD34+ CE2 did not differ between the two 

machines. Previous validations and comparisons between these apheresis 

devices has mainly compared CD34+ yield as the standard target fraction [156]. 

These lymphocyte CE2 values on the Optia fall within a lower range compared 

with steady-state DLI apheresis or CART apheresis, where CD3 CE2 usually are 

around 60-80% (unpublished data on cMNC). 
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Figure 7. Lymphocyte dose received by the patient (cells/kg recipient), comparing Cobe and 

Optia. * p < 0.05. ** p < 0.01. *** p < 0.001. 

 

However, the CE2 differences and processed blood volumes together resulted in 

a significantly lower lymphocyte dose administered to patients with Optia grafts 

compared with Cobe grafts (Fig. 7). The difference in CD34+ dose was not large 

but still borderline significant, with Cobe at a median of 8.2 x106/kg and Optia at 

7.3 x 106/kg (p < 0.05).  

 

4.1.2 Possible reasons for the discrepancies in graft composition 

Cell composition in the graft depends on how the buffy coat layer is separated in 

the centrifuge and which layer we collect the cells from. The Cobe and Optia 

differs in several important steps in the separation of cells and how to target the 

right cell type. The Cobe and Optia differ in how densely the buffy coat layers 

are packed and in what the operator can control. See section 3.4 for methods. 

As noted above, elutriation selects cells based on size. However, the literature 

provides limited evidence for distinguishing CD34+ cells from normal 
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lymphocytes by size alone. Smaller lymphocytes could theoretically pass 

through the CFC system without being collected and returned to the donor; 

however, this possibility remains speculative in the absence of measurements 

from the elutriation kit.  

Another important factor, difficult to account for, is the individual adjustments 

made by the apheresis nurse. The apheresis nurse makes multiple important 

calls during the collection, based on experience, to best optimize the collection. 

A clean venous access, a relaxed patient, and a stable and optimal collection 

interface are crucial for a successful apheresis collection. Complications during 

collection, such as clotting in the machine, could greatly impact graft 

composition; however, these factors were not recorded between machines and 

were assumed to be randomly distributed. 

A previous study has shown a difference in graft composition between 

unmobilized donors using Cobe and Optia [157]. Two major weaknesses with that 

study was that one procedure was set on a standard time, while the other 

endpoint was set as a set number of processed blood volume. This could be 

because the Optia needs to pause when emptying the elutriation chamber, 

resulting in lower processed blood volume over the same unit of time. At the 

same time, the rinsing step to empty the elutriation chamber creates a larger 

product volume because it requires fluids to flush the chamber. The final PBSC 

product consists of a larger volume and lower cell concentration for the Optia. 

This could in theory be beneficial when transporting the PBSC product with 

sufficient plasma and nutrients, which has been described in previous studies, 

but not evaluated in Study I [134]. 

4.1.3 Differences in clinical outcome 

Comparison between the two apheresis devices showed a difference in aGvHD 

grades II–IV, with an incidence of 23% for the Optia recipients versus 45% for the 

Cobe recipients. This finding was even stronger when comparing severe aGvHD 

grade III-IV between the groups (5% vs 23%, p = 0.03) (Fig. 8). 

Considering the relatively large difference in aGvHD grade III-IV, it was no 

surprise that TRM also differed between the groups (2.5% versus 16%, p < 0.05). 

However, we did not further analyze the cause of TRM in these cases. For some 

reason, patients receiving Optia grafts had a significantly higher risk of cGvHD. 

The data clearly showed a higher incidence of cGvHD among Optia patients. We 
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did not stratify cGvHD based on severity which would have been useful to 

determine the characteristics of the complication.  

In the multivariable analysis, the CD3+ dose was the strongest predictor of 

aGvHD grade II-IV and III-IV. The apheresis machines were not significant in this 

analysis. A possible cause could be the strong collinearity between the use of 

Cobe and CD3+ dose in the product. For cGvHD, patients receiving grafts from 

the Optia was the strongest predictor. There was also a small but significant 

correlation between CD19+ dose and cGvHD. Relapse and OS did not differ 

between the devices. 

 

Figure 8. Acute and chronic GvHD, cumulative incidence comparison between Cobe and Optia. 

These findings are in line with previous findings, as high CD3+, especially CD8+ are 

associated with aGvHD pathophysiology [158]. It is still uncertain whether the 

difference in cell dose, roughly 30% difference between apheresis devices, 

would be clinically significant, given that PBSC grafts contain 3-10 times more 

lymphocytes than BM grafts [159]. BM and PBSC are not directly comparable 

because of several differences between these grafts, including G-CSF-driven T 

cell skewing, possible co-contaminating cells in BM, and other factors that 

influence graft function. This study standardizes the comparison across several 

confounders by using both apheresis devices at the same center, with the same 

graft handling and no transportation time. All subsequent clinical treatments of 

the patients were the same, largely because the transplant unit was effectively 

blind to which apheresis machine was used for which patient. 
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The direction of the effect is unfortunately not uniformly beneficial. One possible 

explanation is that the two devices collect a different cellular product. Interface-

based two-stage separation collects a more defined mononuclear fraction, and 

the reduced lymphocyte co-collection reduces acute GvHD, which is associate 

with graft CD3+ content. However, the higher cGvHD incidence in this group is 

difficult to understand. A larger cohort from our transplant center, proposed 

several possible explanations [160]: one was that no ATG was given to HLA-

matched sibling donors. The second reason could be that patients with URDs 

receive longer and higher doses of immunosuppression compared with patients 

receiving grafts from related donors. This still does not explain why cGvHD 

differed between apheresis machines, given that aGvHD was associated in the 

opposite direction. It would have been interesting to examine the lymphocyte 

profiles in more detail based on cell size.  

In conclusion, Study I compared two apheresis devices in terms of cellular 

composition and clinical outcomes. It has been demonstrated that a purely 

technical change, not a change in donors, patients, or transplant indication, 

shifted the clinical risk profile, establishing collection methodology as a 

modifiable determinant of graft composition with measurable clinical 

consequences. Several other apheresis systems are available, and new programs 

have been introduced for existing devices. Further standardized comparisons 

among apheresis devices are warranted.  

 

4.2 Graft lymphocyte composition – the current perspective 

The lymphocyte composition of grafts is monitored at our clinic to assess and 

ensure the quality of all cellular products processed by the stem cell laboratory. 

Study II used these data to examine the association between graft lymphocyte 

content and clinical outcomes. The findings should be interpreted in light of the 

dataset’s age, as current clinical practices have improved the outcome. The 

following section relates each major finding of Study II to recent evidence on 

graft lymphocyte content and clinical outcomes. 

 

4.2.1 Cohorts and clinical outcome 

In Study II, 299 patients with malignant hematological diseases (97 HLA-identical 

related donors, 202 unrelated donors; transplanted 2006–2013) were analyzed, 
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correlating the flow-cytometric content of the graft, CD34⁺ cells, 

CD3⁺/CD4⁺/CD8⁺ T cells, CD19⁺ B cells, NK cells and regulatory T cells (CD4⁺ 
CD127low CD25high), with clinical outcomes. The cohorts were analyzed separately, 

due to ATG usage in the URD group compared to no ATG for the sibling group. 

Five-year overall survival was similar between cohorts, but relapse incidence was 

lower with sibling donors (24% vs 35%, p = 0.04). (Fig. 9) 

 

Figure 9. Cumulative incidence in patients with a) sibling donors b) unrelated donors. aGVHD, 

acute graft-versus-host disease grade II to IV; OS, Overall survival; RI, relapse incidence; TRM, 

transplant-related mortality 

4.2.2 CD8+ lymphocyte dose and relapse 

In the URD cohort, a higher CD8+ T cell dose was associated with significantly 

lower relapse (HR 0.94 per 10⁸/kg, 95% CI 0.90–0.98, p = 0.006), indicating a 

dose-dependent GvL signal that can be measured in the graft before infusion. 

Although this finding is robust, it remains unclear which CD8⁺ subsets contribute 

to the lower relapse risk. Further analysis of the specific subsets involved would 

be valuable, given that naïve, memory, and effector T cells have different GvL 

effects. Clinical studies of naïve-T cell-depleted PBSC transplantations suggest 

that substantial GvL can be retained in memory-containing grafts, while 

experimental studies demonstrate GvL activity in both central- and effector-

memory populations. [161,162]. These findings do not establish an optimal naïve-

to-memory composition or subset-specific dose for relapse prevention. A more 

recent study evaluated graft CD8+ doses in the haplotransplantation setting with 

ATG and found improved survival and disease-free survival among patients 

receiving grafts with CD8+ doses above 0.85 × 108/kg [163]. There was also a 

negative correlation between age and CD8+ dose in the graft, where younger 
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donors with high lymphocyte dose resulted in better survival [164]. A large study 

(2736 patients) from Center of International Blood and Marrow Transplant 

Research (CIBMTR) from 2019 had a similar setup as Study II with both related 

and unrelated donors. They found no correlation between CD3+ doses and any 

major clinical outcome. The authors commented on the CD4/CD8 ratio and 

further analysis, but concluded the data on CD3+ subsets were too small for 

more detailed analysis [165]. This will also be further discussed in section 4.2.4. 

Taken together, the findings are not contradictory, they may simply reflect 

differences in resolution. The CIBMTR analysis tested total CD3⁺ counts, whereas 

the relapse signal in Study II emerged only when CD8⁺ cells were analyzed as a 

separate subset. Even CD8⁺ cells, however, are a crude representation of a 

multitude of subsets. The haploidentical data support the same interpretation: a 

survival advantage appears at a certain CD8⁺ graft dose and persists in the 

haploidentical setting despite differences in conditioning and HLA matching. 

Although selecting donors based on CD8⁺ cells remains impractical, donor age 

appears to correlate well with CD8⁺ graft content and could therefore be taken 

into consideration.  

 

4.2.3 High CD34+ dose and negative outcome 

Conversely, a higher CD34⁺ dose was associated with both increased TRM (HR 

1.09, p = 0.02) and increased relapse (HR 1.09, p = 0.025); in quartile analysis, the 

two highest CD34⁺ quartiles carried significantly more TRM (p = 0.029). This 

finding is in line with previous publications that high CD34+ dose can be 

associated with poor outcome [153,166,167]. However, several other more recent 

studies did not show any correlation between CD34+ doses in the grafts and 

outcomes such as TRM or relapse [135,168,169]. Very low CD34+/kg cell dose has 

been associated with poor outcome, as well as higher doses. The idea of an 

optimal CD34+ dose exists and there are several proposed doses ranging from 

2.5 -11 x 106/kg to 4 - 8 x106/kg [167,170]. These data have prompted changes in 

clinical practice by limiting the CD34+ doses for URD to < 10 million CD34+/kg. We 

have not evaluated data from the current era, in which plerixafor, a CXCR4 

inhibitor, is used to boost poor mobilizers to reach their target. Improved 

mobilization would probably significantly change graft composition relative to 

CD34+ doses, with several subsets changes compared to only G-CSF mobilized 

grafts [123].  
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4.2.4 CD4/CD8 and CD19+ in the graft correlates with GvHD 

In the sibling cohort, a higher CD19⁺ B-cell dose was associated with aGvHD (HR 

1.09, p = 0.003) and TRM (HR 1.09, p = 0.036). This finding is in line with some 

previously published data surrounding the association between B cells and 

aGvHD and TRM [106]. High numbers of B cells in the graft have previously been 

linked with both aGvHD and cGvHD while there are multiple suggested 

mechanisms of action [107]. It has been shown that B cell presence is required 

for some T cell priming against minor antigens in animal models for aGvHD could 

be one of the reasons [171]. Other mechanisms especially BAFF signaling has 

been shown to play an important role in cGvHD [172]. B cell depletion with 

Rituximab administered as part of the conditioning regimen has shown positive 

effects, including a lower incidence of aGvHD [173]. However, there are no current 

recommendations to use Rituximab or other B cell depletion as treatment of 

aGvHD. More recent publications on regulatory B cells, TIM-1+ or CD1c+, have 

shown immunosuppressive effects in mouse models and GvHD models [174,175]. 

Again, this highlights the different subsets within B cell population that could 

have opposite effects in the regulation and pathogenesis of GvHD. The role of B 

cells in aGvHD remains controversial. 

A higher CD4/CD8 ratio was also associated with aGvHD (HR 1.51, p = 0.02), and a 

higher CD4⁺ dose showed a trend toward cGvHD (HR 1.02, p = 0.06) in our study. 

The graft CD4/CD8 ratio has been associated with adverse outcomes in the 

haploidentical setting. In G-CSF-primed BM grafts, a high ratio was associated 

with aGvHD and inferior survival [176,177]. The ratio has also been translated into 

clinical practice: in a randomized trial of 228 haploidentical transplantations, low-

dose corticosteroid prophylaxis directed by the graft CD4/CD8 ratio reduced 

grade II–IV aGvHD from 48% to 21% [178]. In PBSC grafts, however, the evidence 

base is limited. The largest registry study of 2,736 PBSC recipients analyzed 

CD4⁺ and CD8⁺ doses and their ratio, but the cohort was underpowered for 

subset and ratio analyses [165]. Ratios measured after transplantation point in 

the same direction: in pediatric recipients, a higher and earlier post-transplant 

CD4/CD8 ratio was associated with subsequent grade II–IV aGvHD [179]. 

Whether the pre-infusion graft CD4/CD8 ratio carries comparable information in 

HLA-identical sibling PBSC transplantation had not been established before 

Study II. 
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Study II showed that lymphocyte subset composition carries information 

independent of the standardized CD34⁺ count: the graft is an immune system in 

miniature, and its T cell, B-cell and regulatory compartments are measurable and 

clinically meaningful. This is in line with for example a growing literature in which 

graft CD8⁺ and γδ T cell frequencies predict relapse and CMV reactivation 

[180,181], and in which Treg content has been associated with improved outcome 

in a systematic review [182]. The most counterintuitive finding of this study is 

that CD34⁺ dose as the parameter most routinely optimized, reported, and 

validated, was associated with poor outcomes at high doses in the URD cohort, 

for both TRM and relapse. It might be that CD34⁺ count serves as a surrogate for 

the total co-collected cellular product rather than being detrimental in itself. This 

finding is consistent with the complex picture in the broader CD34⁺-dose 

literature, in which the optimal dose depends on graft source, T cell depletion 

strategy, and donor type [183].  

 

4.3 Viability and transportation 

Unrelated-donor grafts must often travel from collection at a donor center 

abroad or elsewhere in Sweden to infusion at our transplant center. The graft 

spends one to two days in validated cooled transport boxes at 2–8 °C, under the 

care of a courier responsible for the graft's safety. Previous publications have 

described a decline in graft viability over time, with viability varying across cell 

subsets [131,184]. In Study III, we analyzed PBSC graft viability in relation to 

transportation time and to evaluate the effect of viability on clinical outcome.  

4.3.1 Graft viability – Apoptosis and necrosis 

We analyzed 91 unrelated-donor PBSC recipients (2014–2017), assessing graft 

viability by Annexin V/7-AAD flow cytometry, which distinguishes early 

apoptosis (phosphatidylserine externalization, intact membrane) from late 

apoptotic and necrotic cells (membrane loss). Grafts transported for two days 

had lower viability than grafts transported for one day (median 83.2% vs 86.4%, p 

= 0.003, Fig. 10). 
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Figure 10. Percentage of graft cells positive for apoptotic or necrotic markers. The box plots are 

divided based on 1 or 2 days of transportation. Plots from left to right: (a) Viable cells: Annexin V 

and 7-AAD-negative cells. (b) Early apoptotic cells: Annexin V positive and 7-AAD-negative. (c) 

Necrotic cells: 7-AAD-positive and Annexin V positive or negative cells. *P < .05, ** P < .01, *** P < 

.001. 

The decrease in graft viability was not evenly distributed between necrotic and 

apoptotic cells. Grafts contained significantly more Annexin V–positive cells 

than 7-AAD–positive cells, suggesting that transport-related damage was 

insufficient to cause complete loss of membrane integrity, although 

phosphatidylserine (PS) exposure had begun. It has been shown that apoptotic 

cells expressing PS can be reversed in animal models [118], but cells expressing 

the PS signaling as a ‘eat-me’ signal are highly likely to be cleared out of 

circulation after infusion [185]. 

The cellular composition of the graft was not subdivided into lymphocyte or 

granulocyte subsets. It would have been interesting to analyze the viability of 

CD34+ cells separately and to see if the viability was comparable to other 

important lymphocyte subsets. A small unpublished analysis of viability of CD3+ 

cells in Study III, showed higher viability in the CD3+ population, compared with 

overall graft viability, in line with previous observations that different cell types 

are more or less susceptible to storage damage [131,186].  
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4.3.2 Survival based on graft viability 

When the cohort was divided at the median viability of 85.1%, recipients of low-

viability grafts had inferior one-year survival compared with recipients of high-

viability grafts, and high graft viability remained an independent predictor of 

survival in the multivariable analysis (HR 0.26, 95% CI 0.09–0.77, p = 0.015) with a 

corresponding effect on TRM (HR 0.16, p = 0.027). Acute and chronic GvHD and 

relapse did not differ between the viability groups. 

Detailed analysis suggested that the decreased one-year survival was driven by 

early relapses and infectious complications. The low-viability group had five TRM 

cases attributed to infectious complications and PTLD, whereas none were 

observed in the high-viability group. Even if this was not statistically significant, it 

is still worth noting (Fig. 11). The graft-derived early immune constitution is crucial 

for protection against early infections and, in high-viability grafts, could benefit 

the patient.  

 

Figure 11. Left panel: One-year survival comparing low- and high-viability grafts. Right panel: 

Transplant-related mortality comparing low- and high-viability grafts. n.s. = Not significant. 

This point is countered by the fact that ATG was administered to 96% of the 

patients, removing much of the graft derived lymphocytes. Whether 

transportation-related injury alters ATG binding or susceptibility to ATG-

mediated depletion remains unclear. Although ATG-mediated cytotoxicity 

depends on cellular activation state [187], preferential depletion of storage-

damaged PBSC cells has not been demonstrated to our knowledge. However, 

some graft-derived CD8+ memory-phenotype cells remain and may support 

early reconstitution [46]. Other subsets, such as γδ T cells, are also important for 

early infection control but have not been characterized in these grafts. 
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Graft quality has previously been shown to affect clinical outcome. An earlier 

study from our center showed that 7-AAD viability measured in the frozen-

thawed control vial could be regarded as a surrogate marker for the fitness of 

the graft. Decreased viability in the control vials was associated with increased 

risk of aGvHD grades I–IV and with TRM [188]. On this basis, we hypothesized that 

the apoptotic content of the graft itself, measured before infusion, would 

influence the risk of GvHD, TRM and possibly relapse, given the well-described 

immunomodulatory role of apoptotic cells in transplantation and autoimmune 

disease [113,189,190]. However, in this cohort neither GvHD incidence nor relapse 

risk correlated with graft viability, while the effect on outcome was confined to 

TRM in a multivariable analysis.  

To summarize the findings in Study III. Transportation decreased graft viability. 

Second, the survival penalty operated through TRM, consistent with impaired 

early immune system and engraftment-associated toxicity, rather than through 

any measurable rebalancing of GvHD or relapse. Notably, the pre-study 

hypothesis that apoptotic cells would reduce the risk of GvHD, was not 

confirmed in this study [114,191]. Viability loss did not protect against GvHD, but 

cost survival. Transportation of PBSC is not just a logistical detail, but a step in 

the allo-HSCT process that should be optimized. 

 

4.4 The functional analysis of the graft 

In Study IV we wanted to evaluate the immunological function of the graft before 

infusion to the patient. To the best of our knowledge, there is no standardized 

method for measuring graft function other than CFU assays. The CFU assay 

reflects more the engraftment potential rather than immunological function. For 

Study IV, we measured activation after mitogen or antigen stimulation, based on 

a previous study that found a correlation between infectious complications and 

the graft's response to antigen or mitogen stimulation [147]. We aimed to explore 

graft activation in more depth and hypothesized that graft function was not 

limited to infectious complications, but that graft fitness, measured by the ability 

to proliferate after stimulation, could also be associated with GvHD, relapse risk, 

and overall survival.  
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Fifty-three unrelated-donor PBSC grafts, between 2020–2022, were analyzed 

using the ex-vivo proliferation assay described in the methods. Two main 

findings emerged. 

1. Recipients whose grafts showed low proliferative responses to PWM and 
SEA had a significantly higher risk of CMV reactivation (p = 0.013, p = 
0.003).  

2. Recipients of grafts with above-median PD-1 expression on activated 
CD8⁺ blasts had a higher relapse incidence (18% vs 50%, p = 0.02) and 
lower overall survival. 

 

4.4.1 CMV reactivation and graft function 

For robustness testing we compared the lymphocyte response of known sero 

positive and negative donors. Seropositive donors exhibited higher responses 

than seronegative donors. Although all seronegative donors showed very low 

IFN-γ production in response to the CMV-specific antigen, responses among 

seropositive donors were heterogeneous (Fig. 12). Interestingly, lower reactivity 

to CMV stimulation did not correlate with CMV reactivation after transplantation. 

 

Figure 12. Donor CMV status and IFNy production after stimulation. p < 0.001 

 

Instead, we found that blast formation after PWM and SEA stimulation correlated 

with CMV reactivation. We also assessed other common post-transplant 

infections, including bacterial and fungal infections, as well as BK and EBV 

infections, and found no significant associations with activation after mitogen 

stimulation. (Fig. 13) 
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Figure 13. CD3+ blast formation after pokeweed mitogen (PWM) and Staphylococcal enterotoxin 

A (SEA) stimulation. (a and c) Differences in the concentration of T cell blasts after stimulation 

with SEA/PWM between patients with or without bacterial, fungal, or viral infections/reactivations 

within 3 months post-transplantation. (b and d) Differences in the concentration of T cell blasts 

after stimulation with SEA/PWM between patients with or without the most common viral 

reactivations within 3 months post-transplantation (human polyomavirus 1 BK, cytomegalovirus 

[CMV], Epstein Barr virus [EBV]). T cell blast concentration after PWM and SEA stimulation 

correlated with CMV reactivation within 3 months post-transplantation. *p < .05, **p < .01. 

4.4.2 CMV-specific response vs overall graft response 

An interesting aspect of the Study IV findings deserves discussion: the response 

to CMV-specific stimulation of the graft did not predict CMV reactivation, 

whereas the responses to the broadly acting stimuli PWM and SEA did. Several, 

non-exclusive explanations are possible. First, the two classes of stimuli engage 

two different layers of graft function. PWM and SEA bypass antigen processing 

and HLA-restricted presentation and thereby measure the overall activation and 

proliferation capacity of the entire graft. In contrast, CMV-specific stimulation 

stimulates a narrow memory population whose in vitro response also depends 
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on HLA restriction, the peptide mix used and the antigen-presenting content of 

the product. Second, all recipients in the cohort received ATG for in vivo T cell 

depletion. ATG removes the infused T cells, including the CMV-specific memory 

population measured before infusion. The antigen-specific response is thus 

functionally dampened in vivo, whereas the general fitness and proliferative 

robustness of the graft cells remain properties of the new immune system 

during reconstitution. Third, CMV viral control is not purely αβ T cell driven [192–

195]. The reduced γδ T cell response in grafts to reactivating recipients, together 

with the known contribution of γδ T cells and NK cells to early CMV control, 

supports the interpretation that the HLA-independent arms of the graft are 

important in the first months. Fourth, statistical power in this small cohort is 

limited: with only seven reactivations, the finding should be interpreted with 

caution and validated in a larger cohort. Taken together, the finding should not 

be read as antigen-specific immunity being irrelevant, but as evidence that 

overall graft fitness may carry important information. 

 

4.4.3 T cell PD-1 expression and relapse risk 

PD-1 and HLA-DR were added to the previous lymphocyte proliferation assay to 

assess activation in combination with proliferation as indicated by blast 

formation. Above median PD-1 expression on CD8+ cells after PWM stimulation 

was associated with higher relapse risk and lower overall survival (Fig. 14).  

 

Figure 14. Clinical outcome and CD8+ T cell programmed death-1 (PD-1) expression upon 

pokeweed mitogen (PWM) stimulation. The relapse graph shows patients with malignant disease 

only (n = 51). HSCT, hematopoietic stem cell transplantation. n.s, not significant. 

Activation and exhaustion signals in T cells constitute functional components 

that offer a new perspective on graft function. The graft's PD-1 state captured 
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part of the exhaustion axis of donor T cell biology, the same axis discussed in the 

T cell activation subsection as a ceiling on GvL activity, and translated it into an 

individual relapse-risk estimate at the time of graft release, several days before 

any clinical event. Neither the CD34⁺ dose, nor the lymphocyte subset doses of 

Study II, nor the viability of Study III would have separated these patients.  

The lymphocyte proliferation itself was not associated with relapse or survival, 

while the PD-1 expression did. However, other checkpoint markers such as TIM3, 

LAG3, or CTLA-4 were not measured in our functional analysis, making it difficult 

to determine whether PD-1 expression was a signal of activation or possible 

exhaustion. However, another recent study evaluating PD-1 in allo-HSCT donor 

grafts without stimulation and found that PD-1+ CD8+Tscm-like regulatory 

subset lowered the incidence of aGvHD without any survival penalty [196]. Future 

studies with more robust activation/exhaustion markers could provide more 

accurate information to better understand the underlying biology.   

Conceptually, graft function is highly individual and depends on the donor's 

overall immune status and the fitness of the transplanted cells. Ideally, we would 

identify a functional aspect of the cells that we can target—either before 

transplantation by selecting the right donor or after transplantation, for example, 

with checkpoint inhibitors. Checkpoint inhibitors such as nivolumab and 

pembrolizumab have been studied in phase I and II trials for relapse after allo-

HSCT. Reports describe their use in lymphomas with altered PD-L1 expression, as 

well as in AML and other malignancies, where they may inhibit the GvL effect 

against leukemia [197–199].  

Overall, Study IV offered an interesting perspective on the graft through 

functional analysis that could be explored further. Although the lymphocyte 

proliferation assay uses an artificial ex-vivo stimulus, the findings suggest that 

graft activation and subsequent PD-1 expression were associated with relapse in 

patients. Similarly, low lymphocyte activation following PWM and SEA stimulation, 

rather than in CMV-specific cells, appeared to reflect CMV reactivation. This may 

contribute to reduced viral reactivation after transplantation. A major limitation 

of this study is its small sample size, particularly the limited number of viral 

reactivation cases. However, it demonstrates that functional analysis can help 

identify graft functions and may ultimately offer an easier way to quantify and 

apply this information in clinical practice. 
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4.5 Considerations and limitations 

These conclusions must be interpreted in light of the limitations of the individual 

studies. All four studies are retrospective and of single-center character; 

diagnoses, conditioning intensities, and prophylaxis platforms vary across 

cohorts and study years. Multiple confounding factors and, in some cases, few 

events in the subgroup analyses increase the risk of type I and type II errors 

across all studies in the thesis. There is a substantial risk of overfitting our 

models when dealing with very few cases in some cohorts.  

The viability cutoff in Study III was a statistical median rather than a clinically 

validated threshold. Even though we used continuous variables for most of the 

analysis, some data grouping and cutoffs had to be set. We used the median or 

mean, and sometimes quartiles, to divide the data into comparable groups. In 

one instance, AUC was used to determine whether a better cutoff could be 

identified, but we failed to find any suitable cutoff for the cytokine analysis in 

Study IV. 

The functional cohort of Study IV provides proof of concept rather than a 

generalizable finding. To be more certain about these findings, more robust 

preclinical experimental models should have been conducted in parallel with the 

clinical studies. Without these experimental studies, we can only claim 

correlations, not established causality, to guide better diagnosis or treatment 

using PBSC grafts. Within these limits, however, there is a common theme across 

independent cohorts, time periods, and assay types. Each study, using different 

methods of observation, concludes that graft characteristics are not an 

insignificant variable. 

A future improvement would be to collect follow-up blood samples after 

transplantation to assess patient function and immune reconstitution in relation 

to clinical outcomes. It would be interesting to evaluate engraftment dynamics, 

including chimerism and peripheral cell composition, in relation to graft 

composition and the patient's clinical status during different phases post-

transplantation. Some of the above-mentioned data exist in different registry 

datasets, such as the EBMT registry, but were not included in the original study 

design. In-depth TCR analysis, better exhaustion markers, evaluation of effector 

or memory phenotypes, and many other factors would be important to assess 

when correlating graft composition and function with the clinical picture.  
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A key challenge in analyzing complex clinical data is limited sample size. The 

available data may be insufficient to account for patient heterogeneity and the 

number of relevant covariates. Larger, multicenter studies are therefore needed 

to provide sufficient data to test hypotheses with adequate confidence. 

Comparisons across transplant centers may be further complicated by center- 

or platform-specific factors. However, these difficulties should not discourage 

collaboration through European quality registries such as EBMT or international 

registries. Sharing data between research sites should be encouraged to support 

more research on different aspects of allo-HSCT. 
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5 Conclusions 
This thesis summarizes four studies on the collection, composition, viability, and 

function of PBSC grafts. These studies indicate that the apheresis process, 

transportation, and graft function may influence the clinical outcome of allo-

HSCT. Below are the main findings from Studies I-IV: 

- Apheresis collection  
o The apheresis device and its collection protocol influenced graft 

composition: lymphocyte doses were significantly higher in grafts 
collected with COBE Spectra than with Optia MNC program, a 
purely technical change that altered the immune composition of 
the graft. 

o The risk of aGvHD (grade II–IV) was higher in patients receiving 
COBE-collected grafts, indicating that the collection method was 
associated with clinical outcome through the co-collected 
lymphocyte content. 

- Graft composition 
o A higher graft CD34⁺ cell dose was associated with increased TRM 

and relapse, questioning the assumption that more CD34⁺ cells are 
always better. 

o In the URD cohort, a higher CD8⁺ T cell dose was associated with 
lower relapse, a dose-dependent GvL signal measurable in the graft 
before infusion. 

o In the sibling cohort, a higher CD19⁺ B-cell dose correlated with 
aGvHD and TRM, and a higher CD4/CD8 ratio correlated with 
aGvHD, implicating graft B cells and the CD4/CD8 balance in 
alloreactivity. 

- Graft viability 
o PBSC graft viability measured with 7-AAD and Annexin V declined 

with transport time: grafts transported for one day had a median 
viability of 86.4% versus 83.2% after two days. 

o Recipients of low-viability grafts had a 1-year survival of 63.7% 
versus 88.9%, and low viability was an independent predictor of 
TRM in multivariate analysis. 

- Graft function 
o Graft fitness, measured by proliferation in response to PWM and 

SEA, was associated with CMV reactivation, whereas responses to 
CMV-specific stimuli showed no association, indicating that overall 
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graft function, not only virus-specific T cells, is important for virus 
control after HSCT.  

o Higher PD-1 expression on PWM-activated CD8+ T cells was 
associated with increased relapse risk and reduced survival. Further 
studies are needed to determine how functional analysis of the 
graft translates into post-transplantation immune functions. 
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6 Points of perspective 
The art of cell collection and processing has evolved over the past 50 years 

alongside autologous and allo-HSCT. Studies I-IV contribute to the extensive 

body of research examining graft composition and its effects on transplantation 

outcomes. Stem cell grafts merit study because they provide the foundation for 

the host’s new immune system, and their composition can influence outcomes. 

Graft properties do not determine clinical outcomes in isolation, given 

confounding factors such as diagnosis, conditioning, age, medications, and 

infections; however, they play a central role in many outcomes. Grafts can be 

viewed as donor-derived traits with specific potentials, including GvL/GvHD and 

responses to infections, which are triggered only under the appropriate post-

transplantation conditions. This complexity complicates comparisons between 

transplantation programs and contributes to conflicting findings. Graft attributes 

may be protective in one setting yet increase mortality in another, depending on 

the above-mentioned factors. Although this thesis focused primarily on PBSC 

grafts, optimizing apheresis yields, maintaining cell viability during transport, and 

assessing cellular composition are also important considerations for ATMP 

starting materials.  

We can influence graft composition and viability through modest changes in 

transportation time and apheresis device selection, as demonstrated in Studies I 

and III. Some believe that stem cell grafts arrive as they are, and that we have no 

influence over donor T cell function or quantity in peripheral blood and, 

consequently, in the PBSC graft. I would argue the opposite: our ability to 

influence the starting material is precisely what makes this field interesting to 

study. Different collection preferences can increase or decrease the number of 

co-contaminating granulocytes, platelets, or erythrocytes in the graft [200]. 

Changes in transportation time and graft cell concentration during storage have 

significantly affected graft viability in previous studies and in Study III [136,188].  

Another approach is to find better ways to mobilize the target cell population. 

Recently, Plerixafor has increased CD34+ yield in autologous patients and is also 

approved for donors. By increasing CD34+ concentration in the peripheral blood, 

target doses of around 5 million CD34+/kg recipient can be reached faster than 

with G-CSF-stimulated donors alone, resulting in less processed blood volume 

and fewer lymphocytes to the patient. For donors, plerixafor mobilization might 

increase the chances of one day apheresis to reach target CD34+ doses, 
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shortening the storage time of the PBSC graft, at the cost of possible 

gastrointestinal side effects of Plerixafor. To our knowledge, no mobilizing agents 

for T cells or NK cells are approved for donors, even though these cell therapy 

products have grown exponentially in recent years. 

Looking ahead, the landscape of transplantation and cellular therapies is 

changing rapidly. New cell therapies based on T cells, NK cells, DCs, MSCs, TILs, 

and many other cell types are under development; some have already received 

market authorization and are reaching patients around the world. Cell collection 

through apheresis will be a crucial step for most of the current generation of cell 

and gene therapies, as long as ex vivo manipulation is still required. When 

targeting low-frequency cell populations or manufacturing steps with high cell 

losses, a high-yield apheresis product would be a great start. Studies have 

shown that the starting material matters for CART products: the T cell 

phenotype in the apheresis product is reflected in the final product, which is, in 

turn, associated with the efficacy and toxicity of the specific drug [201]. 

Considering that most ATMPs are currently manufactured in centralized GMP 

facilities, transportation time and delays in the chain of custody will likely play a 

role. Point-of-care production of ATMPs closer to the patient would eliminate 

transportation time, but it may introduce new challenges.  

We have successfully transplanted hundreds of thousands of patients, which 

raises the question: is all this really necessary? There are still many challenges in 

allo-HSCT, and poor graft function has been linked to several complications and 

poor prognosis [202]. In my opinion, we still have a long way to go to fully 

understand how graft fitness affects transplantation outcomes. By studying 

PBSC graft quality, we can continue to optimize apheresis and transportation 

strategies that may carry benefits not only for allo-HSCT but also for other cell 

therapies in the future. We identified the lack of functional graft analysis as an 

area for future improvement. Study IV begins to address this gap, but further 

experimental studies are needed to verify many of this thesis’s main findings.  

Although some data from Studies I-IV are now more than a decade old, the 

topics of apheresis procedures, transportation, composition, and functional 

analysis remain highly relevant. PBSC collection and leukapheresis are not 

equivalent, but they share many similarities. Understanding the characteristics of 

the initial graft and how the starting material can be manipulated can improve 
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awareness of the risks, potential effects, and side effects associated with cell 

therapy.  
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