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Antibody-based therapeutics have remarkably improved the field of immuno-oncology. 
Multiple monoclonal antibodies (mAbs) are approved for clinical use, and numerous antibodies 
are under clinical development. The scope of this thesis is to study the personalization of 
antibody-based immunotherapeutics and tools to predict their efficacy and safety.

In paper I, we investigated a new method for predicting immune toxicity related to mAbs 
infusion, the whole blood loop assay (WBLA). The assay recapitulates the in vivo setting and 
harmonizes well with clinically validated cytokine release assays (CRAs) following agonistic 
mAbs infusion. We also demonstrated the robustness of the assay in studying complement-
dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC).

Rituximab, the first approved mAb for an oncology indication, is known to induce CRS 
occasionally. In paper II, the WBLA was used to profile the chronic lymphocytic leukemia 
(CLL) patients’ specific responses to rituximab infusion. We demonstrated rituximab-induced 
CRS profile and complement activation in blood from CLL patients but not in blood from 
healthy donors. We also noted that NK cells were a significant source of the rituximab-induced 
cytokine release. Using Fc mutant versions of rituximab, the mode-of-action of rituximab in 
whole blood with respect to CDC and ADCC was elaborated.

In paper III, we presented a novel flexible peptide cancer vaccine platform based on an 
anti-CD40 agonistic antibody. The platform consists of a bispecific antibody targeting CD40 
and peptide-tagged antigens. The bispecific antibody retained the agonistic activity of anti-
CD40 and was superior to parental anti-CD40 mAb in targeting antigen cross-presentation and 
stimulating both CD8+ and CD4+ T cell responses.

In paper IV, we investigated the feasibility of proximity-extension assay (PEA) plasma 
proteomic analysis in predicting response to checkpoint inhibitors (CPIs) in non-small cell lung 
cancer patients. CPIs show great success in the clinic. However, not all patients benefit from 
CPIs. Using an immuno-oncology protein panel, we demonstrated that high plasma levels of T 
cell activation proteins were associated with better survival. We also identified an association 
between the pre-CPI plasma levels of CXCL9, CXCL10, IL-15, ADA and Casp8 and the 
response to CPI therapy.

In conclusion, this thesis demonstrates the feasibility of using the WBLA to assess antibody 
infusion efficacy and safety, as well as PEA plasma proteomics to predict response to CPI 
therapy. Additionally, it presents a novel approach for personalized therapeutic cancer vaccine 
delivery.

Mohamed Eltahir, Department of Immunology, Genetics and Pathology, Uppsala University, 
SE-751 85 Uppsala, Sweden.
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1 Introduction 

1.1 The immune system – Overview 
The immune system guards the body against infectious and harmful pathogens 
or environmental factors. It is also essential for eliminating dead or diseased 
cells, such as virally infected cells or tumor cells. The immune system consists 
of two arms, innate and adaptive. While the innate system provides the initial 
recognition and defense against the invading pathogen, the adaptive immune 
response provides a delayed but more robust and antigen-specific response 
with the possibility to generate antigen-specific memory cells.  

The innate immune system consists of several immune cells that exert the in-
nate immunity mechanisms. Granulocytes, macrophages, monocytes, den-
dritic cells (DC) and natural killer (NK) cells are, among other immune cells, 
the members of the innate immunity cellular component. Anatomical barriers 
like the skin and mucus membranes provide physical protection for invading 
microorganisms. Also, several plasma proteins such as complement, inflam-
matory cytokines and chemokines are integral for the innate system function. 
The innate system cells recognize specific pathogen molecules, known as 
pathogen-associated molecular patterns (PAMPs) or damage-associated mo-
lecular patterns (DAMPs), released by injured or damaged cells as a danger 
signal. This recognition results in the innate system activation and the initial 
clearance of the pathogenic agent and delivers a signal to initiate an adaptive 
immune response. 

On the other hand, T and B cells are the adaptive immune response cells char-
acterized by antigen specificity. An antigen is a specific molecule with spe-
cific sites (known as epitopes) recognizable by the immune system compo-
nents. Activated T and B cells mediate antigen-specific cellular (T cell-medi-
ated) or humoral (B cell-mediated) responses. Moreover, the adaptive immune 
response develops immune memory vital to mounting an effective secondary 
immune response should the body is exposed to the same antigen. T cell re-
ceptors (TCR) and B cell receptors (BCR) are the sensors through which the 
T and B cells recognize the antigens and provide the adaptive immune system 
specificity. Antigens can be of an exogenous or endogenous source. Exoge-
nous antigens are antigens acquired from the outside environment, such as 
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extracellular microorganisms, toxins, or allergens. In contrast, antigens pro-
duced within the host cells are called endogenous. Endogenous antigens are 
produced by damage, mutation or an intracellular infection, which is of extra-
cellular origin but produces antigens within the cell. 

B cells can directly recognize and capture exogenous antigen by BCR and, in 
the presence of the appropriate cytokines signature and T cell support, can 
transform to become antibody-producing plasma cells. Adequate antibody-
mediated immune response (humoral immunity) is capable of pathogen erad-
ication directly or indirectly via activation of other effector cells or comple-
ment. Additionally, B cells can process and present antigens to T cells. 

On the contrary, a naïve T cell can only recognize antigens presented by a 
major histocompatibility complex (MHC) via TCR. MHC molecules are re-
ceptors encoded by several genes that are crucial for the immune system 
recognition of self and non-self molecules. There are two main classes of 
MHC molecules, class I (MHC-I) and class II (MHC-II). While all nucleated 
cells express MHC-I through which they present endogenous protein antigens 
to CD8+ cytotoxic T lymphocytes (CTLs), only antigen-presenting cells 
(APCs), including primarily DCs, macrophages and B cells, express MHC-II 
and present exogenous peptide antigens to CD4+ helper T lymphocytes (Th). 
In addition to the classical MHC-I and MHC-II antigen presentation pathways, 
the DC-mediated exogenous antigen presentation through MHC-I to CTL 
(known as cross-presentation) is also critical for T cell priming and activation. 
TCR engagement drives T cell activation and clonal proliferation, leading to 
CTL-specific elimination of infected or abnormal cells and secretion of pro-
inflammatory mediators and cytokines necessary for adaptive immune system 
activation. 

While innate and adaptive immune systems are quite distinct in the specificity 
and functional mechanisms, the interplay bridging the two systems is tremen-
dous and mediated by numerous receptors and secreted mediators such as cy-
tokines and chemokines. 

1.2 Tumor immunology, immune surveillance and 
immune escape 

In the year 2000, Hanahan & Weinberg published a notable review (The hall-
marks of cancer) in which they described six hallmarks characterizing cancer 
cells from healthy tissue. These are cancer's ability to maintain its growth sig-
nals, insensitivity to anti-growth signals, evading apoptosis, limitless replica-
tive potentials, sustained angiogenesis and tissue invasion and metastasis (1). 
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A decade later, they amended the list of cancer hallmarks to include cancer's 
ability to evade immune destruction, emphasizing the significance of the im-
mune system-tumor interaction (2). The immune system can recognize and 
destruct the growing cancer cells before they become clinically overt. This 
concept is known as cancer immune surveillance. Many innate and adaptive 
immune system cells and mechanisms are involved in immune surveillance, 
including T cells (cytotoxic and helper), NK cells, APCs and antibody-pro-
ducing plasma cells (3). Cancer cells acquire mechanisms to evade immune 
recognition and immune destruction. Loss of tumor antigen presentation, 
down-regulation of MHC-I, secretion of immune suppressive factors (e.g., in-
hibitory cytokines and reactive oxygen species), expression of immune inhib-
itory receptors (e.g., programmed cell death-1 ligand (PD-L1)) and recruit-
ment of immune inhibitory cells such as myeloid suppressor cells and regula-
tory T cells (Tregs) are examples of pathways/cells contributing to cancer im-
mune evasion mechanisms (3,4).  

The immune response to cancer is tightly regulated at several points to enable 
clearance of tumor cells without overstimulating the immune system, resulting 
in immune toxicity or autoimmunity. The process of tumor identification and 
eradication by the immune system is summarized by the so-called cancer im-
munity cycle (Figure 1) (5). The cycle starts when the dying cancer cells shed 
their antigens. These antigens are recognized and taken up by APCs, which, 
in turn, migrate to the regional lymph nodes to present the immunogenic anti-
gens associated with MHC to naïve T cells. In the presence of the appropriate 
stimulating signaling, naïve T cells are activated and traffic to infiltrate the 
tumor site, where they recognize the cancer cells and exert the T cell cytotoxic 
effect to eradicate cancer (5). The immune response to cancer is highly regu-
lated by several positive and negative regulators to guard against over- or un-
der-stimulation that otherwise might lead to autoimmunity or immunological 
anergy, respectively (5,6). 
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Figure 1. An illustration of the cancer immunity cycle (5). Reprinted with permis-
sion from the publisher. 

1.2.1 Effector immune cells 
Many immune cells contribute to the initiation and maintenance of anti-cancer 
immune response. However, CD8+ CTL and NK cells are vital because of 
their ability to induce direct cancer cell killing via their cytotoxic mechanisms. 
CTL and NK cell infiltration of the tumor is associated with a favorable prog-
nosis in several cancers (7–10). CTLs, via TCR, recognize cancer cells ex-
pressing tumor antigens, which can be antigens distinct from the self-antigen 
repertoire to which T cells are tolerant, mutated or overexpressed normal tis-
sue antigens highly expressed by tumor cells. Other tumor antigen classes in-
clude cancer-testis antigens and oncofetal antigens, typically expressed by tes-
tis and fetal tissues, respectively but can be expressed by tumor cells (11). 
CTLs can directly kill cancer cells by releasing perforins and granzymes, 
which are cytotoxic to the target cells or induce apoptosis by Fas-FasL inter-
action. Alternatively, they can mediate indirect target cell killing by releasing 
cytokines, such as TNF and IFN, which direct cancer cells to apoptosis (12). 
However, to be fully activated and induce effective T cell response, a naïve T 
cell requires co-stimulatory signaling in addition to the TCR engagement to 
antigen-presenting MHC molecule. CD28-B7 is the most characterized co-
stimulatory signaling pathway in which CD28 on T cell interact with B7-1 or 
B7-2 (also known as CD80 and CD86 respectively) on APC, promoting T cell 
expansion, IL-2 production and differentiation to effector or memory T lym-
phocytes. T cell activation through TCR in the absence of co-stimulation can 
result in T cell unresponsiveness and T cell anergy (13). The Th cells support 
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the CTL activation process directly by secreting pro-inflammatory cytokines 
or indirectly by licensing DC via CD40-CD40L, increasing DC IL-12 produc-
tion and upregulation of the co-stimulatory receptor ligands B7.1 and B7.2 
(also known as CD80 and CD86) to promote co-stimulatory signaling and in-
duce CTL priming (12,14,15).  On the contrary, NK cells do not require anti-
gen presentation to recognize and exert their cytotoxic anti-cancer effects. 
They react and kill tumor cells with decreased self-MHC expression (16). Like 
CTL, NK cells can induce target cell killing by releasing perforins and 
granzymes or through inducing apoptosis via the Fas-FasL interaction (Figure 
2) (17).  

 
 

Figure 2. Schematic of the regulation of the tumor killing by the immune effector 
cells. (A) Cytotoxic T cells (CD8+) receive three signals from CD4+ licensed (acti-
vated) DCs. Signal 1 is an antigen-loaded MHC molecule that is recognized by 
TCR. Signal 2 is the co-stimulatory signaling through B7-CD28 interaction, and sig-
nal 3 is through pro-inflammatory cytokines secreted by DCs. The activated CD8+ 
T cells migrate to the tumor site, where they execute their cytotoxic functions. (B) 
NK cells do not require antigen presentation and co-stimulation. They recognize tu-
mor cells that downregulate MHC molecules and therefore become activated and 
execute their cytotoxic mechanisms regulation and tumor-killing mechanisms.  
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1.2.2 Suppressor cells 
Recruitment of immune suppressor cells such as Tregs is one of the primary 
mechanisms through which cancer hinders the anti-cancer immune response 
and evades the immune destruction (3,18). Tregs express the T cell co-recep-
tor CD4, the transcription factor FoxP3, and the IL-2 receptor alpha (also 
known as CD25) (19). They are crucial in the maintenance of immune toler-
ance and the prevention of immune overstimulation and autoimmunity. How-
ever, when they infiltrate the tumor microenvironment, they dampen the anti-
cancer immune response. High Treg infiltration to tumor microenvironment 
has been linked to poor prognosis in breast (20), cervical(21), lung(22) and 
liver(23) cancers, among others. Tregs achieve their immune suppressive role 
by secreting immune suppressive factors such as IL-10, TGF- and VGEF; 
inducing apoptosis of anti-tumor effector cells; depleting IL-2 vital for effec-
tor T cell function; and inhibiting DC antigen presentation by, for example, 
expression of the co-inhibitory molecule cytotoxic T-lymphocyte antigen 4 
(CTLA-4). In addition to Tregs, suppressor cells derived from myeloid line-
ages such as myeloid-derived suppressor cells (MDSCs) and tumor-infiltrat-
ing macrophages (TAMs) have been suggested to inhibit anti-tumor immune 
response and promote cancer progression (24,25).  Because of their critical 
role in anti-cancer immune response, Tregs, MDSCs and TAMs are relevant 
targets for anti-cancer therapeutics (26,27). 

1.2.3 Cancer immunotherapy 
Cancer immunotherapy can be defined as the use of the body's immune system 
to treat cancer. Cancer immunotherapy aims to restore the immune system's 
ability to overcome the cancer-immune evasion mechanisms by enhancing the 
immune system recognition and elimination of the tumor tissue. Compared to 
other cancer treatment modalities such as surgical treatment, chemotherapy or 
radiotherapy, cancer immunotherapy is unique in its specificity for targeting 
cancer and sparing normal tissues and durability by establishing memory cells 
that prevent relapse (28,29). 

1.2.3.1 Cancer immunotherapy mechanisms 
As the tumor progress, the immune system loses the ability to eliminate and 
control its growth. The concept of immunoediting, which consists of three 
stages: elimination, equilibrium and escape, describes the interplay between 
the immune system and cancer. In the beginning, in the elimination stage, the 
immune system identifies and eradicates the tumor (i.e., effective immunosur-
veillance). If the tumor utilizes immune escape mechanisms and tumor eradi-
cation fails, the immune system can no longer eliminate the tumor. However, 
it might control tumor growth and spread in the equilibrium stage that can 
progress, leading to a chronic but not lethal stage of cancer. Nevertheless, if 
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the tumor progresses to the escape stage, the tumor overrides the immune sys-
tem and becomes clinically overt (30). 
Cancer immunotherapy aims at restoring an effective immune response capa-
ble of controlling and eliminating the tumor. Today, a broad range of cancer 
immunotherapy modalities are available. Some are in the testing phase, while 
others have already reached the clinic. These modalities include cancer vac-
cines (including tumor cells, autologous DC, peptide or proteins, and the use 
of oncolytic viruses), adoptive T cell therapy, as well as monoclonal antibody 
(mAb)-based therapy (29). This report focuses on the mAb-based therapeutics 
and is therefore discussed in more detail in the following sections. 

1.3 Antibody  
1.3.1 Structure, class, isotype and function 
 

 
 

Figure 3. The antibody structure. An antibody consists of two heavy chains (H) and 
two light chains (L). The chains are arranged functionally into an antigen-binding 
variable region (V) and a constant region (C).  The hinge region provides the anti-
body with mobility and flexibility. 

An antibody (Ab; immunoglobulin; or Ig) is a glycoprotein composed struc-
turally of two light (L) and two heavy (H) chains. Each chain has a single 
variable domain (V) and 1-4 constant domains (C). These structural chains are 
arranged into two functional fragments: the antigen-binding fragment (Fab), 
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which determines the Ab specificity, and the constant fragment crystallizable 
(Fc), which dictates the Ab effector function.  (Figure 2). The Fab fragment 
is the functional region through which Ab recognizes and binds to a specific 
antigen epitope. Antibodies can recognize and bind an unlimited number of 
antigenic epitopes with high specificity via the gene rearrangements in the 
respective B cell clone (31,32).  On the other hand, the Fc fragment, which 
consists of the heavy chains’ constant domains, determines the antibody class 
and influences the antibody effector function. The Fc fragment has also been 
shown to influence the antibody's antigen binding affinity. The Fc effector 
immune functions are dependent on the Fc interaction with complement pro-
teins or the Fc receptors (FcR) on effector cells (33). These effector mecha-
nisms include; antibody-dependent cellular cytotoxicity (ADCC), comple-
ment-dependent cytotoxicity (CDC) and antibody-dependent cellular phago-
cytosis (ADCP) (34). 

Based on the Fc fragment, Abs are classified into five classes; IgM, IgD, IgG, 
IgA, and IgE. Furthermore, IgG has four isotypes IgG1-4 and IgA has two 
isotypes IgA1-2. Although some experimental studies have shown beneficial 
anti-tumor effects mediated by IgM and IgE mAb (35–37), all approved mAb 
for cancer therapy today are of IgG class, and therefore they are discussed in 
more details in this report. 

IgG is the most abundant immunoglobulins class in healthy individuals, con-
stituting 70-80% of the serum's total immunoglobulin levels with a serum con-
centration of ~12mg/mL. It is about 150kDa protein, and it has a plasma half-
life of ~21 days in humans, except IgG3 that has a half-life of 7 days (38). IgG 
isotypes differ functionally in their binding affinity to the different Fcgamma 
receptors (FcRs) and complement proteins (discussed below).  

1.3.2 Fc receptors 
Fc fragment of human IgG interacts with FcRs expressed by various immune 
cells. In human, these are: FcRI (CD64), FcRIIA/B/C (CD32A/B/C), 
FcRIIIA/B (CD16A/B) and the neonatal FcRn. Functionally, FcRs are di-
vided into activating or inhibitory receptors based on their intracellular do-
main signaling, which contains an immunoreceptor tyrosine-based activation 
motif (ITAM) or immunoreceptor tyrosine-based inhibition motif (ITIM), re-
spectively (39,40). FcRI, FcRIIA/C and FcRIIIA are activating FcRs, 
while FcRIIB is an inhibitory receptor. The function of FcRIIIB is not well 
characterized. The neonatal FcRn is important in antibody transport across the 
endothelium and the placenta (39). Cross-linking the activating receptors to 
immune complexes results in SRC kinases mediated phosphorylation of 
ITAMs, resulting in recruitment of kinases of SYK family. Subsequently, sev-
eral targets are activated downstream, including phosphoinositide 3-kinase 
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(PI3K), which generates PtdIns(3,4,5)P3 necessary for recruitment of phos-
pholipase C (PLC) as well as Bruton's tyrosine kinase (BTK). This leads to 
calcium influx, which results in activation of several downstream pathways, 
induction of cell activation and target effector function such as ADCC, phag-
ocytosis and cytokine release. Also, calcium-independent pathways include 
RAS/ RAF/MAP kinase pathway, which is crucial for activating FcgR signal-
ing (40). On the other hand, engagement of the inhibitory FcRIIB inhibits 
target cells via phosphorylation of ITIM, which results in PtdIns(3,4,5)P3 hy-
drolysis and thus inhibiting BTK and PLC recruitment (40). FcR classes 
differ in cellular expression pattern, binding affinity to IgG and in the effector 
function they mediate. Table 1 summarizes the expression of FcR in human 
blood cells, and the binding affinity to IgG isotypes. 

The activating FcRs are expressed by the innate immune cells. Engagement 
of Fc fragment of an antibody complexed with an antigen to an activating 
FcRs leads to induction of effector innate immune mechanisms. These mech-
anisms can be cytotoxic such as CDC and ADCC or phagocytosis of immune 
complexes (mediated by monocytes, macrophages, DCs and granulocytes). 
Immune phagocytosis by DCs is of particular interest. While innate effector 
cells degrade the engulfed antigenic pathogen, DCs process antigens and pre-
sent them to T cells to induce an adaptive immune response. The role of FcRs 
on DCs is not limited to Fc mediated Ag internalization. Activating FcRs 
engagement on DCs leads to DCs maturation, activation and co-stimulatory 
receptor upregulation, promoting proper antigen processing and presentation 
(40). Moreover, Fc mediated antigen-antibody immune complex engulfment 
promotes not only MHC-II presentation to CD4+ T cells, but the MHC-I me-
diated cross-presentation to CD8+ T cells (41).  Notably, innate immune cells 
can co-express both activating and inhibitory FcR. The magnitude of FcR-
mediated activation and response is governed by the sum of activating and 
inhibitory signaling the cell receives. If activating signals dominate, pro-in-
flammatory positive signaling in the cells ensues and vice versa (40). 
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Table 1. Activating and inhibitory FcR expression in human blood cells and af-
finity to different IgG isotypes. 

+++ high binding affinity (>107 M-1), ++ medium binding affinity (>106 M-1), + low 
binding affinity (<106 M-1),  -  no binding. (Underlined) indicate inducible expression, 
[] indicate very low expression. Expression and affinity data are obtained from two 
publications of Bruhns et al.(39,42). 

 

1.3.3 The complement system 
Complement activation is a crucial mechanism of the innate immune system 
against pathogens. The complement system consists of more than 30 proteins 
that have proteolytic activity. Most of these proteins are primarily synthesized 
by the liver. Moreover, extrahepatic complement production sources have 
been reported, mainly stimulated immune cells, such as activated neutrophils, 
macrophages, monocytes, DCs, mast cells and B cells. When complement is 
triggered, a series of proteolytic reaction cascades initiate, leading to comple-
ment effector mechanisms. There are three complement activation pathways: 
classical, alternative and lectin pathways. Each pathway has a distinct initia-
tion trigger. However, only classical pathway activation is antibody-depend-
ent (43,44). The three pathways converge at C3 and C5 convertases' formation 
and, consequently, lead to complement effector mechanisms. These mecha-
nisms include inflammation by anaphylatoxins (C3a, C4a and C5a compo-
nents of complement), antigen opsonization and enhancement of phagocytosis 
(C3b), and target lysis via membrane attack complex (MAC), which consist 
of C5b, C6, C7, C8 and C9 (43). C1q binding to the Fc region of a comple-
ment-fixing antibody coating an antigen triggers the classical complement ac-
tivation pathway. Notably, except for IgG4, all IgG isotypes can fix comple-
ment (31,32). 

FcR FcRI FcRIIA FcRIIB FcRIIC FcRIIIA 

 

Exp
re

ssio
n

 

Monocytes, 
macro-
phages, (neu-
trophils, mast 
cells) 

Monocytes, 
macrophages, 
DCs, neutro-
phils, eosino-
phils, basophils, 
mast cells 

B-lympho-
cytes, [mono-
cytes, macro-
phages], DCs, 
basophils 

Monocytes, 
macro-
phages, NK 
cells, neu-
trophils 

Monocytes, 
macro-
phages, NK 
cells 

IgG1 + + + + + + + + + 
IgG2 - + + + - 
IgG3 + + + + + + + + + 
IgG4 + + + + + + + 
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On the other hand, the lectin pathway is initiated by binding mannose-binding 
lectins to mannose ligands on pathogen surfaces and is not antibody-depend-
ent. The alternative pathway is activated by forming C3 convertase by spon-
taneous cleavage of C3, constitutively active at low levels (45,46). In addition 
to complement effector mechanisms, the complement also regulates the B cell 
function (47), enhances DCs activation (48) and T cell priming (49). Moreo-
ver, the chemoattractant C5a was demonstrated to promote tumor progression 
via promotion of MDSC recruitment (abundantly express C5aR) to the tumor 
microenvironment and enhance their immune-suppressive capacity by in-
creasing their reactive oxygen species production (50). 

Several soluble and membrane-bound inhibitors regulate the complement sys-
tem. Uncontrolled complement activation can result in autoimmunity and se-
vere inflammation and injury in multiple organs. The kidneys seem to be par-
ticularly susceptible to such injury. Therefore, the complement system is 
tightly regulated at multiple levels (51). Examples of complement inhibitors 
include the C1 inhibitor (C1INH), a plasma protein that irreversibly deac-
tivates C1s and C1r of the classical complement pathway. Deficiency in 
C1INH is associated with angioedema (52). Complement factor I (CFI) and 
complement factor H (CFH) are soluble complement inhibitors critical in reg-
ulating the alternative pathway by cleaving and inactivating C3b and C4b. 
Decay-accelerating factor (DAF), also known as CD55, and CD59 are exam-
ples of membrane-bound complement inhibitors. DAF accelerates the disas-
sembly of C3 convertases, thereby inhibit all three complement activation 
pathways. On the other hand, CD59 inhibits MAC formation by blocking the 
assembly of C9 with C5b-8 (51). Notably, mutations in DAF and CD59 mem-
brane-anchoring glycosyl phosphatidylinositol results in paroxysmal noctur-
nal hemoglobinuria, a rare disorder of uncontrolled complement-mediated he-
molytic anemia (53). 

1.3.4 Antibody engineering 
Fc engineering has been pursued to optimize the mAbs target effects. Many 
Fc-engineered mAbs have been tested for enhanced therapeutic potentials. 
The Fc interaction with FcR or complement component C1q is governed by 
the amino acid sequence of the CH2 domain and the hinge region. Addition-
ally, the glycosylation status of the conserved site N297 in the CH2 domain 
also influences the antibody- FcR or C1q interaction. Therefore, amino acid 
sequence mutations in the Fc portion of antibodies or glycoengineering are the 
main methods for Fc engineering (54). There are many reported modifications 
in the Fc portion of IgG that alter mAb biological effector function. The en-
hancement of ADCC by promoting FcRIIIA binding via inducing 
S239D/I332E point mutations is one example (55). ADCP can be enhanced 
by increasing both FcRIIA and IIIA binding (56) and CDC by increasing the 
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C1q binding of the mAb (57). Furthermore, other Fc modifications aim to in-
duce loss of function, such as aglycosylation that reduces FcR or C1q bind-
ing, and hence the FcR mediated effector function or CDC, respectively (58). 
Finally, increasing the mAb half-life can be accomplished via enhancing FcRn 
binding (59). 

Antibody glycosylation. The glycosylation status of the Fc fragment of an Ab 
greatly influences its biological function. Glycans on the Fc portion of an IgG 
are crucial for FcR engagement. Fc mutations that result in loss of glycosyl-
ation lead to a global reduction in the FcR engagement (31). More examples 
emphasizing the role of Fc glycosylation in antibody function include; (1) hu-
man IgG1 with decreased fructose content has an increased FcRIIIA binding 
and an enhanced ADCC activity (60). (2) IgG variants with loss of sialic acid 
and terminal galactose, associated with autoimmune disorders such as arthri-
tis, has been suggested to induce inflammation via its enhanced complement 
activation properties (60). (3) enriching Fc fragment sialic acid content in in-
travenous immunoglobulins (IVIG) used in treating inflammatory disease 
boosts IVIG anti-inflammatory response via upregulation of FcRIIB (61). 
These few examples highlight the importance of Fc-FcR optimization via 
glycosylation modification in altering the antibody effector function. 

1.3.5 Bispecific antibodies 
Advances in monoclonal antibody engineering have led to the development of 
bispecific (BsAb) or multispecific antibodies. A naturally occurring antibody 
in humans is bivalent (i.e., has two antigen-binding sites) and monospecific 
(i.e., both the antibody binding sites bind to the same target) (Figure 3). On 
the other hand, a bispecific antibody is a more complex construct targeting 
more than a single target (62,63). There are several designs of BsAb. (Figure 
4) illustrates examples of BsAbs designs. Although several BsAbs are in clin-
ical trials, only two BsAbs are approved for clinical use by the U.S. food and 
drug administration (FDA) and the European medicines agency (EMA). The 
bispecific T-cell engager (BiTE), Blinatumomab, and emicizumab are ap-
proved for acute lymphoblastic leukemia (ALL) and hemophilia A, respec-
tively (64). In oncology, approximately 60 BsAb are currently in clinical trials 
for different indications. The mode-of-action of these oncology-related BsAbs 
falls into three categories (63): (1) engaging immune cells and tumor cells, (2) 
signaling blockade and (3) payload delivery. Other mechanisms of action for 
BsAb under development include antibody half-life prolongation and facilita-
tion of transport through biological barriers (62). Table 2 displays examples 
of BsAbs currently in clinical trials, their indications and mode-of-action. 
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Figure 4. Examples of bispecific antibody designs. (A) IgG-HC-scFv, (B) IgG-
scFv(LC), (C) scFv-HC-IgG, (D) hybrid bispecific IgG, (E)CrossMab-Fab, (F) Di-
abody, e.g., BiTE. [Ref: (62)] 

Table 2. Examples of current clinical trials involving BsAbs. 

BsAb Mechanism Targets Indication Trial 
phase 

Clinicaltrials. 
gov 
identifier 

Ref 

AFM13 Engagement 
of immune 
cells 

CD30/ 
CD16 

Lymphoma II NCT04101331 (65) 

IMCgp10
0 

Engagement 
of immune 
cells 

CD3/ 
gp100 

Uveal 
melanoma 

II NCT03070392 (66) 

HER2 
BATs 

Engagement 
of immune 
cells 

CD3/ 
HER2 

Breast 
cancer 

I/II NCT03272334 (67) 

(MCLA-
128) 

Signaling 
blockade 

HER2/ 
HER3 

NRG1 
fusion 
NSCLC, 
pancreatic 
cancer 

I/II NCT02912949 (68) 

FS118  Signaling 
blockade 

PDL1/ 
LAG-3 

Advanced/ 
metastatic 
cancers 

I NCT03440437 (69) 

EGFR(V)-
EDV-Dox 

Payload 
delivery 

EGFR/ 
O-poly- 
saccha-
ride 

Glioblas-
toma 
Multiforme 

I NCT02766699 (70) 

Information obtained from clinicaltrials.gov 
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1.4 Antibody-based immunotherapy 
mAbs have great success in the cancer immunotherapy field. As of March 
2021, there are 105 FDA- and 91 EMA-approved monoclonal antibody drugs 
of which, at least 35 are approved for oncology indications (64). Initially, 
mAbs were of murine in origin. However, murine mAbs had limited clinical 
use because of the development of human anti-mouse antibodies, which neu-
tralize the murine mAbs over time after repeated administration. In fact, in 
1986, the murine mAb muromonab-CD3  was the first mAb approved for clin-
ical use by the FDA and EMA (64). It was used in treating transplant rejection, 
but due to its side effects profile and immunogenicity, it was withdrawn in 
2010 (71). Consequently, chimeric, humanized and human mAbs have been 
developed, which are more effective clinically. A human mAb has an entire 
human origin. On the contrary, chimeric and humanized mAbs are engineered 
to have a human Fc part and murine variable domains or murine complemen-
tarity-determining regions (CDRs) of the variable domains, respectively (72). 

Immune checkpoint receptors targeting mAbs have revolutionized the cancer 
immunotherapy dramatically. However, based on the target antigen, there are 
other classes of mAbs cancer immunotherapeutics that are discussed below. It 
is worth noting that the 2018 Nobel Prize in physiology or medicine has been 
awarded to Professor James P. Allison and Professor Tasuku Honjo for the 
discovery of CTLA-4 and programmed cell death-1 (PD-1), respectively, and 
the role of inhibition of these immune checkpoint receptors in cancer therapy 
(73). Moreover, Professor George P. Smith and Sir Gregory P. Winter were 
awarded half of the 2018 Nobel Prize in chemistry for their development of 
the phage display method and its use in mAb production (74).  

The classes of mAbs used clinically or experimentally for cancer therapy are 
summarized in Figure 5. 
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Figure 5. Classes and mechanism-of-action of investigational or clinically used 
mAbs employed in cancer therapy. 

1.4.1 Tumor targeting antibodies 
A tumor-targeting mAb binds to a target antigen expressed by the tumor cells. 
Identification of tumor-specific antigens and their biological function in tu-
mors is critical for this class of therapeutics. Knowledge of the antigen's 
healthy tissue expression is also vital in target selection to decrease antibody 
toxicity (75). Also, the mAb antibody internalization rate should be consid-
ered, and if the antigen is expressed on the surface, it is advantageous not to 
have a rapid mAb internalization (75). mAb binding can induce direct tumor 
cell killing or activation of immune-mediated cytotoxicity (76,77). Direct kill-
ing can be achieved by inducing apoptosis through intervening with cellular 
signaling pathways. and Examples of this class used clinically include: 

 Cetuximab (78), which binds to EGFR overexpressed in colon can-
cer and many solid tumors and inhibits its signaling. 
 Trastuzumab (79), which binds and inhibits HER2 signaling in 
breast cancer. 
 Bevacizumab (80), inhibits VEGF signaling and is used in colon, 
lung and renal cell cancers. 

Other direct killing mAbs achieve cytotoxicity via delivering toxins or radio-
isotopes conjugated to mAb, known as immunoconjugates. These armed 
mAbs, also named antibody-drug conjugates (ADCs), allow specific delivery 
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of cytotoxic agents to tumor cells (81). Immunoconjugates approved for use 
in the clinic include brentuximab vedotin (82), an anti-CD30 mAb conjugated 
with an anti-tubulin agent (monomethyl auristatin E) and is used in the treat-
ment of refractory CD30+ lymphomas. Ibritumomab tiuxetan (83) is another 
example of immunoconjugate. It is a radioisotope-conjugated rituximab (anti-
CD20) that delivers ionizing radiation to tumor cells and is used in treating 
refractory B cell lymphoma. However, toxicity because of target expression 
by healthy tissue, the low internalization rate of the ADCs and difficulties in 
the linkage chemistry to achieve the desired conjugation site and the payload 
number per antibody make ADCs development challenging (84). The other 
mode of cytotoxicity of this class of mAb is mediated indirectly via the im-
mune system, mainly innate immune mechanisms. Ligation of the antibody to 
tumor antigens expressed by tumor cells can lead to Fc mediated recruitment 
and activation of ADCC (primarily by NK cells) or CDC by complement-fix-
ing mAbs (75). Rituximab (85) and alemtuzumab (86,87), which bind to CD20 
and CD52, respectively, are examples of mAbs utilizing immune mechanisms 
to kill tumor cells. Of note, antibodies that interfere with cell signaling can as 
well trigger immune-mediated cytotoxicity, e.g., cetuximab and trastuzumab 
(75). 

1.4.2 Checkpoint inhibitors (CPIs) 
Immune checkpoint blockers are approved for the treatment of various can-
cers, such as melanoma, non-small cell lung cancer (NSCLC) and renal cell 
carcinoma. Clinically approved inhibitors target either CTLA-4 or PD-
1/PDL1 axis; both negatively regulate T cell response. Blocking signaling of 
these inhibitory mechanisms promotes effective anti-cancer cytotoxic T cell 
response by releasing the negative regulation (88). Although this mAb class 
has shown remarkable clinical benefit, not all treated patients respond to ther-
apy. Around 20-40% of melanoma, renal or lung cancer patients have durable 
benefit from checkpoint blockade treatment, suggesting room for improve-
ment in these mAbs efficacy (89). Combination therapy can result in better 
response with up to 60% response rate and 52% overall survival at five years 
reported with anti-CTLA-4 and anti-PD(L)1 therapies combination in the case 
of melanoma (90). Besides CTLA-4 and PD-1/PD-L1, there are other co-in-
hibitory molecules currently being explored as potential targets for mAb im-
munotherapy, including LAG-3, VISTA, TIM3 and TIGIT (88). 

1.4.2.1 Anti-CTLA-4. 
CTLA-4 is an inhibitory molecule that is upregulated on T cells upon T cell 
activation to regulate T cell activity negatively and prevent autoimmunity. 
CTLA-4 binds to its ligands B7-1 and B7-2 (also known as CD80 and CD86, 
respectively) expressed by APC and competes out the co-stimulatory receptor 
CD28 binding, which shares the same ligands of CTLA-4. Besides TCR – 
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antigen bound MHC interaction, CD28 ligation is necessary for proper T cell 
priming and activation, and blocking CD28 interaction by CTLA-4 results in 
T cell response attenuation. Moreover, CTLA-4 expressed by Treg is sug-
gested to be important in maintaining tolerance and preventing autoimmunity 
(91). Anti-CTLA-4 mAbs (e.g., ipilimumab) primarily promote anti-tumor re-
sponse through blockade of CTLA-4 and its ligands interaction, allowing un-
restricted CD28 mediated co-stimulation and sufficient T cell activation (88). 
In addition, anti-CTLA-4 mAb has also been suggested to deplete Treg via 
Fc-mediated ADCC and thereby release Treg mediated negative effect on ef-
fector T cells (92,93). 

1.4.2.2 Anti-PD-1/PDL1 axis 
PD-1 is another co-inhibitory receptor expressed by T cells that is upregulated 
upon T cell activation. Its ligands, PD-L1 and PD-L2, are expressed on pe-
ripheral immune cells as well as parenchymal and vascular cells. Engagement 
of PD-1 on T in the peripheral tissue acts as a negative feedback signal to 
attenuate T cell activation and prevent excessive tissue damage associated 
with local T cell activation (88,94). PD-1/PD-L1 blocking mAb (e.g., the anti-
PD-1 named nivolumab and the anti-PD-L1 named atezolizumab) mediate 
their anti-tumor response by inhibiting the negative PD-1 signaling in the T 
cell, enhancing effector T cell function and proliferation (88). 

1.4.2.3 PD-1/PD-L1 blockade response prediction - with a focus on 
NSCLC 

The great success of anti-PD(L)1 antibodies led to the approval of these anti-
bodies in treating several cancer types including metastatic melanoma, renal cell 
carcinoma, head and neck squamous cell carcinoma and advanced NSCLC, 
among other cancers (95). Nivolumab, pembrolizumab, atezolizumab and dur-
valumab are CPIs approved in advanced NSCLC. These antibodies are ap-
proved as a first or second line, as monotherapy or as part combinational therapy 
with, for example, chemotherapy (95). Despite the encouraging results, only 
around 20% of NSCLC treated with anti-PD(L)1 therapy show long-term clin-
ical benefit (96–98). Today, anti-PD(L)1 antibodies are approved by FDA for 
NSCLC treatment with tumoral PD-L1 expression, scored by immunohisto-
chemistry, as a companion diagnostic, i.e., the regulatory authorities demand 
tumor PDL1 testing before starting the therapy, or as a complementary diagnos-
tic, i.e., the regulatory authorities recommends testing to guide the therapy mo-
dality (99). Even though higher tumor PD-L1 correlates to better CPI clinical 
response, not all patients with high tumor PD-L1 benefit from CPI therapy, and 
not all patients who lack tumor PD-L1 are resistant to CPI, indicating that the 
tumor PD-L1 expression might not be the ideal biomarker for patient stratifica-
tion (100). In addition to their low specificity, there is a need for standardization 
of tumor PD-L1 assays in the scoring method, positivity threshold, the detection 
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antibodies and the type of tissue biopsy analyzed (e.g., biopsy vs. resection sam-
ples) (101–103). 

Another emerging PD-L1 independent CPI response-predictor is tumor muta-
tional burden (TMB). TMB is the sum of the somatic mutations in the tumor 
genome coding region. A strong correlation between TMB and objective re-
sponse rate has been identified across several tumors, including NSCLC, mel-
anoma and colorectal cancer (104). In a study of NSCLC treated 
nivolumab/ipilimumab combination therapy, high TMB (>10/megabase) was 
associated with longer PFS irrespective of tumor PD-L1 expression status 
(105). However, like PD-L1 expression, TMB is also not without limitations. 
The complexity of whole-exome sequencing and the high cost, along with the 
lack of cutoff standardization, are examples of these limitations (101). Fur-
thermore, although the high TMB increases the chance of generating neoanti-
gens, not all of these mutations yield immunogenic neoantigens triggering an 
immune response (106,107). Other potential biomarkers under experimenta-
tion involve profiling of circulating immune cell subsets as well as soluble 
biomarkers such as granzymes and IL-6 (101). 

1.4.3 Agonistic antibodies 
In addition to immune checkpoint blockade, which are antagonistic antibodies 
aiming to release the negative regulation on the effector immune cells, another 
class of agonistic mAbs targeting TNF receptor (TNFR) superfamily co-stim-
ulatory molecules has been pursued in the preclinical and clinical settings. 
TNFR stimulatory molecules include, among others, CD27, CD40, OX40 and 
4-1BB. They enhance T cell survival, expansion and activation of effector 
functions such as cytokine release (108). Several agonistic mAb targeting 
TNF superfamily members such as OX40, CD70, CD30, 4-1BB and CD40 
have been tested for response against multiple cancers (109), with agonistic 
anti-CD40 mAbs showing promising clinical response (109,110). 

1.4.3.1 Anti-CD40 mAbs 
CD40 is a co-stimulatory receptor of the TNFR superfamily expressed by B 
cells, DCs, monocytes, macrophages and platelets in addition to non-hemato-
poietic cells like endothelium. Its ligand, CD40L, is expressed by activated T 
and B cells, platelets, monocytes, and NK cells in inflammatory conditions 
(111). CD40L is also found in soluble form in the body, mainly released by 
activated platelets. Interaction of CD40 and its ligand CD40L enhances CD40 
clustering, which results in downstream intracellular signaling via recruitment 
of the number of tumor necrosis factor receptor-associated factors (TRAFs), 
namely TRAF1, TRAF2, TRAF3, TRAF5 and TRAF6 to the intracellular do-
main of the CD40. The TRAFs, in turn, initiate several intracellular signaling 
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pathways, including NF-kB, MAP kinase, PI3K, and PLCg pathway. Also, a 
TRAF independent signaling can occur via the recruitment of Jak3 to the in-
tracellular domain of CD40, which leads to CD40 downstream signaling 
through phosphorylation of STAT5 (111). Depending on the cell type, signal-
ing via CD40 results in activating immunological effects. In DCs, CD40 sig-
naling licenses DC maturation and expression of activation markers such as 
CD80 and CD86, the release of pro-inflammatory cytokines such as IL-12 and 
promotion of antigen cross-presentation. In B cells, engagement of CD40 ex-
pressed by antigen-experienced B cells to CD40L expressed by activated 
CD4+ Th cells is crucial for inducing B cell proliferation and proper humoral 
immune response.  It is also vital in the germinal center generation, memory 
B cell development, isotype switching as well as in the process of affinity 
maturation (Figure 6) (111,112). In addition to immune cells, several cancer 
types express CD40, such as melanoma (113), nasopharyngeal carcinoma 
(114), bladder (115) and ovarian (116) cancers. Several anti-CD40 agonistic 
antibodies have been pursued in clinical trials and have shown promising re-
sults. Table 3 gives examples of agonistic anti-CD40 previously or currently 
tested in clinical trials. 

Different anti-CD40 mAbs exert different agonistic activity. It is not fully un-
derstood why different anti-CD40 have different pharmacological activities, 
although it is suggested that this can be isotype dependent through FcR en-
gagement. Notably, experimental data indicate that CD40 F(ab)2 has no ago-
nistic activity, highlighting Fc cross-linking dependence (117). The inhibitory 
FcRIIB cross-linking was suggested to be crucial for anti-CD40 agonistic 
function. Although this cross-linking seems essential in the murine settings, 
its importance is debated in humans (118–120). The antibody hinge region’s 
flexibility has been shown to correlate with the antibody agonistic potentials 
negatively, and the rigid hinge of the IgG2 isotype provides optimal agonism 
(121). Furthermore, in a recent report, isotype switching to IgG2 has been 
shown to convert antagonistic anti-CD40 antibodies to become FcgR-inde-
pendent agonists (122). Additionally, the target CD40 epitope of the antibody 
has been reported to influence the antibody agonistic properties. Human IgG2 
anti-CD40 antibodies, or antibodies with FcgRIIB cross-linking, that targeting 
CDR1 were found agonistic. On the contrary, antibodies targeting CDR2-4, 
i.e., closer to the cell membrane, were found to be antagonistic (123). Lastly, 
other than the antibody endogenous agonistic properties, there are other fac-
tors to be considered for effective anti-CD40 mediated anti-tumor activity. 
These include the route of administration and the consideration of anti-CD40 
therapy as a combination along with an antigen-presenting strategy, such as 
cancer vaccines (124,125). 
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Figure 6. CD40 intracellular signaling pathways and the resultant immune activa-
tion. Engagement of the CD40 receptors by CD40L (or an anti-CD40 antibody) re-
sults in the recruitment of several TNF receptor-associated factors (TRAFs), which, 
in turn, initiates several intracellular signaling pathways. The result of these path-
ways is dendritic and B cell activation and maturation. 

 

 

There is several mechanisms through which anti-CD40 mAbs may be effec-
tive in treating cancer. The primary mechanism is likely mentioned earlier in 
licensing DC to mediate DC maturation and proper T cell activation (111). 
Another mechanism is binding and activating macrophages and triggering T 
cell-independent tumor eradication (126). Lastly, in CD40 expressing tumor, 
anti-CD40 binding to tumor cells can activate Fc mediated tumor cell killing 
via CDC, ADCC, or induction of apoptosis (117,127). 
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Table 3. Examples of active or completed clinical trials involving agonistic an-
tiCD40 mAbs. 

BsAb Class Indication Trial 

phase 

Clinicaltrials.gov 

identifier 

Ref 

Selicrelumab IgG2 

(human) 

Triple-Negative 

Breast Cancer 

Ib/II NCT03424005 (128) 

APX005M IgG1 

(humanized) 

Gastro-Esophageal 

Cancer 

II NCT03165994 (129) 

ChiLob7/4 IgG1 

(chimeric) 

Solid 

tumors/ lymphoma 

I NCT01561911 (130) 

ADC-1013 IgG1 

(human) 

Solid 

Tumors 

I NCT02379741 (131) 

SEA-CD40 IgG1 

(human) 

Advanced/ meta-

static cancers 

I NCT02376699 - 

CDX-1140 IgG2 

(human) 

Pancreatic cancer II NCT04536077 (132) 

Information obtained from clinicaltrials.gov. 

1.5 Cancer vaccines 
There are two classes of cancer vaccines, prophylactic and therapeutic. 
Prophylactic cancer vaccines mainly target viruses associated with cancer, 
such as hepatitis B virus and human papillomavirus vaccines, preventing 
hepatocellular and cervical cancers, respectively (133,134). Therapeutic can-
cer vaccines aim to induce an anti-tumor immune response against an already 
established cancer. This is a more challenging process because, in established 
tumors, the immune system has some degree of tolerance to the tumor antigens 
or is polarized towards ineffective chronic inflammation (135). The low im-
munogenicity and the suppressive tumor milieu are other challenges for ther-
apeutic cancer vaccines (136). The identification of the tumor antigens as for-
eign by the immune system is a crucial step for the anti-cancer immune re-
sponse. However, this requires breaking the self-immune tolerance. Therapeu-
tic cancer vaccines aim to break the immune tolerance by presenting these 
tumor antigens to the immune system with, for example, an adjuvant (135).  

The concept of cancer vaccines is not new. Coley’s toxin is one of the earliest 
widely used cancer vaccines. It was described in the 1890s and has utilized 
repeated injections of bacterial toxins into the tumor lesion to induce tumor 
regression (137). Despite its crudeness, this concept of injecting antigenic ma-
terials is still in use today, where intravesical Bacillus Calmette-Guerin (BCG) 
instillation is used to treat in situ bladder cancer (138). Today, more specific, 
sophisticated cancer vaccine strategies are under investigation—all aimed at 
improving the tumor antigen delivery to the immune system. 
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1.5.1 Tumor-associated and tumor-specific antigens 
The choice of the target tumor antigen is pivotal for the efficacy of cancer 
vaccines. For instance, an ideal vaccine candidate is an immunogenic antigen, 
differentially expressed by the tumor cells and not healthy cells, essential for 
the tumor cell survival so the tumor cannot downregulate it and is expressed 
on all the tumor cells subclones (136). Tumor antigens are broadly classified 
into two classes; tumor-associated antigens (TAAs), which are self-antigens 
aberrantly expressed by the tumor cells, and tumor-specific antigens (TSAs) 
developing as a result of genetic alterations or mutations in the tumor cell, 
among which are neoantigens. Most current cancer vaccines target TAAs. De-
spite this, TAAs, in contrast to TSA, are more likely to be subject to central 
or peripheral tolerance due to their expression by healthy tissues (136,139). 
Therefore, adding co-stimulatory signaling or potent adjuvants to the vaccine 
is needed to break tolerance (140). Table 4 summarizes the tumor antigens 
classes and immunogenicity.  

Table 4. Comparison between tumor-associated and tumor-specific antigens [Ref: 
(136), (141)] 

1.5.2 Therapeutic cancer vaccine classes 
The cancer vaccine classes include whole-cell vaccines, pulsed DCs, pro-
tein/peptide vaccines, nucleic acid-based vaccines and vector vaccines 
(135,137). 

Whole-cell vaccines. This class utilizes irradiated tumor cells, cell lines or 
tumor lysate. Examples of this class are GVAX, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF)-secreting irradiated prostate cancer cell 
lines (142), and autologous chronic lymphocytic leukemia cells co-adminis-
tered with GM-CSF-secreting irradiated bystander cells (143). The addition 
of GM-CSF promotes DCs activation, survival and antigen presentation (136). 
This approach is advantageous because it delivers multiple tumor antigens en-
abling the generation of an immune response against several tumor epitopes. 
Additionally, the identification of the tumor antigens is not required 
(135,136). Potential drawbacks of this strategy include the presence of numer-
ous self-antigens in the tumor that can dilute the strong immunogenic antigens 

Tumor antigen type

Targets
Overexpressed

antigens
Cancer testis

antigens
Neoantigens

Oncoviral
antigens

Private
neoantigens 

Examples

Tumor specificity -/+ + +

Central tolerance + + + +

Prevelance in patients ++ + ++ + +

MAGE-A1, gp100, MART-1, PSA, PAP E6, E7, APVAC1, APVAC2, NeoVax 

Tumor associated antigens (TAA) Tumor-specific antigens (TSA)

+ + +

-
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of the tumor and the induction of immunosuppressive phospholipids by tumor 
irradiation (137,144) 

Antigen-pulsed DC vaccines. These utilize ex vivo-generated autologous 
DCs to load them with either tumor lysate or peptide tumor antigens. The 
FDA-approved sipuleucel-T is an example of DC vaccines consisting of anti-
gen-pulsed autologous PBMCs, including APCs, used in prostate cancer. The 
DCs are pulsed with a prostate TAA, prostatic acid phosphatase (PAP), fused 
with GM-CSF (145). Another example of a DC vaccine tested in a metastatic 
melanoma clinical trial with a promising specific T cell activation is MART-
1 loaded DC, where autologous DCs are pulsed with MART-1 via adenovirus 
transduction (146).  The advantage of this class of vaccines is the ability to 
incorporate both CD4 and CD8 epitopes and, hence, inducing both CTL and 
Th activation. Another advantage is the ability to control and measure the DC 
activation and the efficiency of antigen presentation. However, DC vaccine 
production is a labor-intensive and costly process (147,148). 

Peptide vaccines. Several peptide vaccines have been tested in multiple clin-
ical trials with encouraging results. These include trials on therapeutic cancer 
peptide-based vaccines against melanoma, HPV-induced gynecological carci-
noma and glioblastoma (149–151). Depending on the peptide design, peptide 
vaccines can be based on synthetic short peptides (<15 amino acids) or syn-
thetic long peptides (SLPs). SLPs require APC’s uptake, processing and 
presentation of the immunogenic epitope coupled with MHC molecule to the 
T cell receptor. This is vital for proper T cell activation and proliferation be-
cause APCs provide the T cells with co-stimulatory signaling. On the contrary, 
short peptides do not require processing and can be loaded onto MHC-I ex-
pressed by nucleated cells, which lack co-stimulatory receptors. Therefore, T 
cell stimulation with a short peptide is short-lived and results in T cell toler-
ance and dysfunction (152). Moreover, unlike short peptides, overlapping 
SLPs can accommodate both CD4 and CD8 epitopes, allowing for CD4 T cell 
help, which is instrumental for sustainable CTL activation and memory re-
sponse (152,153). The design of overlapping SLP is also advantageous in 
overcoming the human leukocyte antigen (HLA) restriction of the short pep-
tides. This reduces the risk of tumor immune escape via downregulating a 
specific HLA allele, a phenomenon common in cancer cells (154). Further 
advantages of peptide vaccines include the low cost and easy manufacturing 
on a large-scale. The low immunogenicity requiring co-administration with 
strong adjuvants and the low in vivo stability are the disadvantages of peptide 
vaccine (147,155). 

Nucleic acid vaccines. Advantages of this class of vaccines are that they are, 
similar to peptide vaccines, relatively cheap and easy to produce. However, 
the cellular uptake of DNA and RNA is relatively low. Therefore, a lot of 
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research focus is on developing robust delivery approaches. RNA vaccines 
innately induce DC activation through toll-like receptors (TLRs). Therefore, 
the use of adjuvants is less crucial with RNA vaccines. On the contrary, DNA 
vaccines have poor immunogenicity. However, one concern with RNA vac-
cines is the lower stability compared to DNA vaccines. (136,156).  

Viral vector vaccines. Viruses have also been employed as vaccine vectors. 
Virus vaccines have the advantage of being highly immunogenic because vi-
ruses trigger both innate and adaptive immune mechanisms. A disadvantage 
of the viruses is the development of neutralizing immune response against the 
viral vector after the first injection that hampers the effects of the vaccines in 
the subsequent injections. This limitation can be overcome via using a differ-
ent viral vector to deliver the same tumor antigen in the subsequent vaccina-
tion. An example of this strategy class of vaccines is PROSTVAC-VF/Tricom, 
where priming is done with PSA-encoding vaccinia virus followed by boost-
ing with PSA-encoding fowlpox virus (136,157). 

1.5.3 Adjuvants 
The addition of adjuvants is usually necessary to achieve the maximal poten-
tials of a vaccine. Adjuvants are the vaccine components needed to enhance 
vaccine immunogenicity. This is achieved by activating the innate system, po-
larizing the immune system towards the T-helper-1 response anti-tumor im-
mune response and the vaccine depot effect, which prolongs the vaccine avail-
ability, protects it from degradation, and enhances its delivery to DCs 
(137,158). Broadly, adjuvants could be classified as immune-stimulants, in-
cluding cytokines (e.g., GM-CSF and IL-2), TLR ligands (e.g., BCG, 
imiquimod), saponins (e.g., QS-21) and Stimulator of Interferon Genes 
(STINGs) agonists (e.g., ADU-S100). The other class of adjuvants functions 
as delivery systems. These include mineral salts (e.g., Alum), emulsions (e.g., 
Montanide ISA-51), liposomes, virosomes and nanoparticles. Notably, there 
is overlap between the stimulants and delivery systems adjuvants, and this 
classification is not dichotomic (158). 

1.5.4 Personalized cancer vaccines 
Genome instability and clonal heterogeneity are cancer hallmarks. They de-
note genetic heterogeneity between tumors in different patients with the same 
type of cancer and also the heterogeneity between cancer cells within the same 
tumor in the same individual. This heterogeneity is acquired through multiple 
somatic mutations taking place as the tumor progresses (2,137). This hetero-
geneity implies that a vaccine should contain several tumor epitopes rather 
than a single one that carries a higher risk of tumor immune escape (159). 
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Even though multi-epitope vaccines are being employed, the clonal heteroge-
neity is a dynamic process and ongoing as the tumor evolves, which can result 
in treatment resistance or tumor relapse (160,161). However, the personalized 
approach should allow the flexibility and adaptability to re-formulate the vac-
cine to the same individual to target emerging new epitopes responsible for 
relapsing/progressing tumors. Moreover, due to the diversity of the HLA al-
leles between patients, the presented epitopes of the same cancer can differ 
between the individual patients, which also favors a multi-epitope personal-
ized vaccines strategy (137). Towards personalization, several computational 
approaches have been developed for real-time personalized neoantigen dis-
covery. Typically, these approaches involve pipelines for tumor DNA and 
RNA extraction and whole exome sequencing (WES) to identify tumor so-
matic mutations, followed by RNA sequencing to confirm mutated gene ex-
pression. Selection of the patient’s HLA-binding epitopes is made via predic-
tion algorithms before the individualized vaccine is manufactured (137). 

The feasibility of this approach has been tested in phase I clinical trials using 
a short peptide-pulsed DC vaccination (162), neoantigen SLP vaccines/poly-
ICLC (NeoVax) (149) and in a neoantigen mRNA vaccine (163). The latter 
two trials demonstrated the recognition of 60-70% of the predicted neoanti-
gens, with both neoantigen-specific CD8+ and CD4+ T cells identified 
(149,163). Ongoing clinical trials using personalized cancer vaccine include 
glioblastoma colon, pancreatic and breast cancers (137). 

1.6 Immune toxicity, infusion reactions and cytokine 
release syndrome (CRS) 

Today, many potent immunotherapeutic agents are available for clinical use. 
With these agents made very potent in activating and enhancing immune sys-
tem effector responses to eradicate cancer, safety profile worsens, and severe 
infusion reactions and CRS become more evident. Infusion reactions and CRS 
result from rapid uncontrolled release of large amounts of pro-inflammatory 
cytokines following treatment with an immunotherapeutic agent. The clinical 
manifestations' onset can be fast (from minutes to a few hours) or delayed 
(days to weeks) depending on the infused agent. mAb-induced CRS usually 
has a rapid onset, while, for instance, adoptive cell transfer can result in de-
layed CRS. Symptoms and signs can range from mild to severe or potentially 
fatal. Classical clinical presentation is fever, headache, nausea and vomiting, 
rash, and muscle and joint pain. In severe cases, hypotension, circulatory fail-
ure, acute kidney injury, and acute cardiopulmonary failure can happen, re-
quiring vigilant resuscitation (164,165). 
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CRS has been reported in clinical practice and clinical trials with several 
mAbs, including alemtuzumab (166), rituximab (167), the super-agonistic 
anti-CD28 TGN1412 (168) and with the agonistic anti-CD40 antibodies CP-
870,893 (169). Moreover, CRS has also been reported with CPIs and the 
BiTE, blinatumomab  (170,171). The management depends on the grade and 
the severity. Mild cases require only symptomatic treatment with, for instance, 
analgesics and antipyretics. However, more severe cases might require more 
vigilant support and potent anti-inflammatory treatment with tocilizumab (an 
anti-IL-6R) or corticosteroids (164). The balance in treating CRS with immu-
nosuppressive agents without abolishing or severely attenuating the immuno-
therapeutic's potential anti-cancer immune response must be considered. 
Therefore, treatment options should be defined based on CRS severity 
(164,165). 

1.6.1 CRS mechanisms 
Our understanding of the mechanisms of CRS is not complete. Although dif-
ferent mAbs induce immune activation and CRS in different mechanisms, a 
rise in serum IL-6, TNF, IFN, IL-2 and IL-10 is typically observed. The 
reaction is likely related to the target, its expression, what cells the target is 
expressed on and also the Fc interactions of the antibody. The mechanisms of 
CRS following mAb treatment have been explored broadly in different models 
(164,166,171). A sequence of events takes place following the infusion of the 
treatment. On many occasions, the mechanism of action of the therapeutic 
agent itself stimulates the development of CRS. For example, in the case of T 
cell activating therapies, the activated T cells produce IFN, which per se re-
sults in CRS symptoms like headache, fever and chills. Additionally, IFN 
stimulates the macrophages to produce IL-6, IL-10 and TNF, the latter of 
which potentiates the IFN-induced flu-like symptoms and induces diarrhea, 
cardiac and lung injury (165). IL-6 gives rise to activation of the coagulation 
and complement cascades, which augment the inflammatory state and can re-
sult in disseminated intravascular coagulation (DIC). Moreover, the resulting 
endothelial injury leads to further IL-6 production from the injured endothelial 
cells, potentiating the inflammatory cycle (165,172).  

Complement activating mAbs, e.g., rituximab, induce CRS via the activation 
of macrophages and mast cells by the complement split products, which are 
themselves anaphylatoxins (173). Lastly, Fc interactions of the mAb also lead 
to immune stimulation and cytokine release, such as CD16-mediated NK cell 
activation with rituximab and alemtuzumab, which results in ADCC and IFN 
and TNF release (166,174). 
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1.6.2 Rituximab-induced CRS  
Rituximab, an anti-CD20 chimeric mAb, was approved for clinical use by the 
FDA in 1997, making it one of the earliest antibody-based immunotherapeu-
tics to gain approval for clinical use. In fact, rituximab is the first clinically 
approved mAb for an oncology indication. Rituximab is indicated for the treat-
ment of B cell malignancies, including B cell lymphomas and chronic lym-
phocytic leukemia(CLL) (175). Additionally, rituximab is used in treating au-
toimmune diseases, such as rheumatoid arthritis, where it depletes autoreac-
tive B cells (176). Rituximab is reported to induce malignant B cell depletion 
via four mechanisms (Figure 7); namely, inducing apoptosis via direct cell 
signaling, CDC, ADCC and ADCP (175). Infusion of rituximab has been oc-
casionally associated with symptomatic CRS, usually of the mild grade I or II, 
although it can be fatal on rare occasions (177,178). Depending on the indica-
tion, the tumor burden, the infusion cycle (first or subsequent) and the infusion 
rate, the incidence of rituximab-induced CRS varied between the studies and 
fell in the range between less than 1% to 77% (179). The severity of CRS 
tends to be more in patients with high tumor burden (lymphocyte count >50 x 
109/L) and is associated with a rapid drop in the circulating tumor cells 
(167,180). Therefore, patients with high lymphocyte count should receive 
prednisolone with rituximab infusion to safeguard against severe infusion re-
action and CRS (179). The severe reactions (NCI grade III and IV) occur early 
with the first rituximab infusion, and the cytokines levels peaked after 90-
minutes of infusion. Symptomatic CRS is also reported to occur in the subse-
quent infusions, albeit in a milder grade (167). 

The mechanisms of rituximab-induced CRS are primarily associated with its 
immune-mediated mode-of-action, mainly complement activation and NK 
cell activation mediated by FcRIIIA interaction (175). Furthermore, cyto-
kines leak from apoptotic B cells contribute to the generation of the cytokine 
storm. Hence, rituximab-induced CRS severity positively correlates to the tu-
mor load (177). 

1.6.3 Pre-clinical safety assessment of CRS.  
The need for accurate pre-clinical methods to predict infusion reactions and 
CRS has been raised following the phase I clinical trial of the super agonistic 
mAb TGN1412, resulting in life-threatening complications and CRS in all 
trial participants (168). TGN1412 is a humanized super-agonistic IgG4 mAb 
that binds to the T cell co-stimulatory receptor CD28 and induces antigen-
independent T cell activation and proliferation (181,182). TGN1412 was de-
veloped to treat conditions where activated T cell count is low such as lym-
phomas, or in conditions where activation and proliferation of Treg are de-
sired, such as autoimmune diseases (182). During the pre-clinical assessment, 
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TGN1412 was shown to induce T cell expansion and was tolerated with no 
indications of inflammatory consequences. However, when tested in humans, 
all the six participants of the trial developed devastating, nearly fatal adverse 
reactions requiring critical care unit admission (168).  

The pre-clinical in vitro human assessment conducted on whole human blood 
or peripheral blood mononuclear cell (PBMC) cultures as well as in vivo as-
sessment on non-human primates of TGN1412 failed to predict the severe in-
human reaction. Stebbings and colleagues reasoned the in vitro human studies' 
failure to be due to differences in mAb presentation pattern to leukocytes in 
the in vitro standard assay that does not mimic the in-human pattern (183). In 
standard PBMC or whole blood assays, mAbs are added to the cells in an 
aqueous phase. This does not result in cytokine release associated with 
TGN1412. However, immobilized TGN1412 stimulates cytokine release in 
vitro, suggesting that this is how TGN1412 is presented in vivo. Furthermore, 
other groups have also shown that TGN1412 induces cytokine release in hu-
man in vitro high-density cultures, which is suggested to be FcRIIB depend-
ent (184,185).  

Leukocytes of cynomolgus macaque, which were used as a non-human pri-
mate model, are not stimulated by TGN1412 in vitro nor in vivo despite the 
100% homology between humans and cynomolgus macaques CD28 sequence, 
suggesting that non-human models do not always predict the in-man response. 
This difference was later attributed to the difference in CD28 expression pat-
tern between the two species on effector memory CD4+ lymphocytes, which 
are suggested to contribute to TGN1412 associated cytokine storm signifi-
cantly (183,186). It has also been suggested that it was the pre-stored ready-
to-be released cytokines in effector memory CD4+ T cells in addition to newly 
synthesized TNF, IL-2 and IFN (evident by mRNA expression profiling) 
resulted in the cytokine storm. Thus, the target cell population must be present 
in the assay developed, and the assay's sensitivity must be achieved to pick up 
a signal from those few cells that can initiate such a fatal response (186). 



 39

 
 

Figure 7. Mechanisms of rituximab-induced target cell depletion. Rituximab binds 
to CD20 expressed on the target cell surface. The binding of rituximab induces di-
rect cell killing via interfering with cellular signaling and apoptosis induction, or in-
direct cell killing via immune mechanisms. Target depletion via immune mecha-
nisms includes complement-dependent cytotoxicity (CDC), antibody-dependent cel-
lular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP). 
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2 Aims 

Antibody-based cancer immunotherapies have transformed the oncology field 
during the last three decades. Still, there are challenges relating to both re-
sistance to therapy as well as immunotoxicity that must be addressed and fur-
ther investigated to improve efficacy and safety ahead.  The overall aim of this 
thesis was to investigate methods to profile immunotoxicity and efficacy re-
lated to antibody-based immunotherapy and to develop a novel immunother-
apy improving tumor specificity.  

Paper I investigated the use of the WBLA to predict the safety and immuno-
toxicity of therapeutic monoclonal antibodies. 

Paper II focused on developing a novel indication-specific WBLA. The aim 
was to investigate the WBLA as a tool to predict B cell depletion (efficacy), 
mechanism of such depletion along with profiling the toxicity of rituximab 
infusion in blood from CLL patients. 

Paper III covered the development and the pre-clinical characterization of a 
novel anti-CD40 bispecific antibody-based platform, an affinity-based anti-
body drug conjugate (ADAC) for personalized tumor antigen delivery. This 
work aimed to develop a flexible and robust agonistic anti-CD40 antibody-
based cancer vaccine platform to improve the expansion of neoepitope-spe-
cific T cells in vivo. 

Paper IV is a retrospective study of liquid biopsy samples from a cohort of 
NSCLC patients treated with CPI. The overall aim was a proof-of-concept for 
the feasibility of plasma multiplex proteomics to study proteomic profiles and 
patient outcomes in response to CPI in NSCLC. 
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3 Methodology 

3.1 The whole blood loop assay 
The modified chandler's loop herein called the whole blood loop assay 
(WBLA) was used to study the mode of action and cytokine toxicity related 
to mAbs infusion. The detailed methodology of the assay is described in paper 
I (187). In brief, the blood is collected using a wide pore needle from healthy 
donors or CLL patients. This allows for vacuum-free open phlebotomy that 
avoids unnecessary immune stimulation from mechanical stress on the blood. 
All surfaces in direct contact with blood are heparinized with insoluble hepa-
rin conjugates to prevent contact coagulation cascade. A volume of 2 mL of 
blood is added to surface heparinized PVC-tubings assembled into round-
shaped loops using metallic connectors. mAbs are added to the blood before 
the blood-filled loops are attached to a rotating wheel and set to circulate. The 
blood within the PVC tubing is driven to circulation by an air bubble within 
the loop. Because all surfaces in direct contact with the blood are coated with 
heparin conjugates and the loops' rotatory movement, only a minimal soluble 
heparin concentration is required in the assay. The rotation of the wheel is set 
to minimize shear stress.  Rotating loops are incubated at 37°C for 4-6 hours 
before blood loops are sampled for analysis. Red blood cells, white blood 
cells, and platelet counts are measured before and after the assay to control for 
blood coagulation. The collected blood cells are analyzed using multicolor 
flow cytometry, including intracellular cytokine staining. Plasma cytokines 
are analyzed using MSD mesoscale, an electrochemiluminescent-based im-
munoassay, which, compared to the conventional ELISA, provides higher 
sensitivity, broader detection limits and multiplex panels for simultaneous cy-
tokine quantification. Complement activation is studied using C3a or C5a 
ELISA (Figure 8). Additionally, the WBLA was compared with whole blood 
plate assay (WBPA), where the WBLA was contrasted with WBPA in terms 
of cytokine release and complement activation. 
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Figure 8. Schematic of the whole blood loop assay (WBLA). (A) The assay starts 
with fresh whole blood obtained with the addition of minimal amounts of heparin. 
(B) The blood is added to surface-heparinized PVC tubings, and the mAb of interest 
is added to the blood. (C) Each PVC tubing is assembled into a loop structure via a 
surface heparinized metal connector. (D) The loops are attached to a rotating 
wheel, where the rotatory movement of the wheel results in circulation of the blood 
(and the mAb added) within the loops. The loops are incubated for 4-6 hours at 
37˚C before the blood loops are sampled for cellular, cytokine and complement acti-
vation analysis. 
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3.2 Biophysical and pre-clinical characterization of 
ADAC 

The tetravalent bispecific antibodies generation, purification and biophysical 
characterization were performed by the Drug Discovery and Development 
(DDD) platform, SciLifeLab, Stockholm, Sweden. Briefly, a library of 
bispecific and counterpart parental anti-CD40 antibodies was generated using 
transient transfection expression. The purification was done in the ÄKTA pu-
rifier system using Protein A column. Analytical size-exclusion chromatog-
raphy (SEC) was done to assess the monomeric fraction, and the binding af-
finity of the constructs to both the targets was confirmed by dual-target ELISA 
and surface plasmon resonance (SPR). 

For in vitro efficacy testing, transgenic human CD40-expressing immature 
DCs (tghCD40 imDCs) were generated from bone marrow progenitor cells in 
the presence of GM-CSF, as illustrated in (Figure 9). These cells were then 
cultured in the presence of the bispecific constructs, and the agonistic activity 
was assessed via IL-12 ELISA and multicolor flow cytometry to assess for 
activation markers upregulation. DCs cross-presentation and T cell activation 
were assessed by quantifying T cell activation or proliferation after pulsing 
DCs with OVA257-264 (CD8 epitope), OVA329-337 (CD4 epitope) or hgp10025-33 
(CD8 epitope) epitopes combined with ADAC. In brief, the peptide-pulsed 
DCs were then co-cultured with B3Z, OT-II or pmel-1 cells. B3Z is a CD8+ T 
hybridoma that expresses TCR specific to MHC-loaded OVA257-264 epitope. 
Upon stimulation, the TCR signaling induces T cell activation and IL-2 pro-
duction, which, in turn, results in β-galactosidase production, which enables 
the quantification of T cell activation via a colorimetric readout (188). 

The CD4+ OT-II (189) and the CD8+ pmel-1 (190) are transgenic cells that 
express TCR specific for OVA329-337 and hgp10025-33, respectively. Using car-
boxyfluorescein diacetate succinimidyl ester (CFSE) staining, a fluorescent 
dye, the cell division cycles can be quantified based on the reduction of the 
fluorescence intensity with each cell division cycle (191). Using these model 
peptides/transgenic cells, the specific T cell activation was profiled in differ-
ent peptide epitopes. 

Similarly, human monocytes-derived DCs (MoDCs) were differentiated from 
CD14+ human peripheral blood mononuclear cells (PBMCs) in the presence 
of GM-CSF and IL-4. Following pulsing of the MoDCs with CMV pp65 - 
HLA-A*0201 in the presence of the ADAC, the DCs were co-cultured with 
the autologous T cell fraction of the PBMCs, and specific T cell activa-
tion/proliferation was assessed. For in vivo characterization, tghCD40 imDCs 
and CFSE labeled pmel-1 were transferred to C57BL/6 mice. The mice were 
vaccinated with hgp100 ± ADAC in the hook before popliteal and inguinal 
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lymph nodes were dissected and analyzed for activated pmel-1 cells. Lastly, 
the in vitro and in vivo peptide stability was assessed by mass spectrometry. 

 

 
 

Figure 9. Bone marrow-derived dendritic cell (BMDC) generation and the in vitro 
T cell co-culture assay. Lower limb long bones are harvested, and the bone marrow 
is opened by cutting the bones epiphysis. The bone marrow progenitor cells are col-
lected by flushing the bone marrow. The progenitor cells are differentiated to imma-
ture BMDC for eight days in GM-CSF presence before they are treated with the 
peptide/antibody mixture and co-cultured with T cells. 

3.3 Plasma proteomic analysis. 
Plasma samples from a cohort of 43 NSCLC patients treated with anti-PD(L)1 
therapy were analyzed using OLINK immuno-oncology proteins panel. The 
analysis quantifies 92 proteins in a multiplex manner and is based on the prox-
imity extension assay (PEA). The OLINK PEA is a high throughput immuno-
assay for simultaneous measurement of up to 92 proteins from multiple liquid 
samples. The platform has several steps starting with binding of the target 
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protein via DNA oligonucleotide-labeled probes. If two probes binding the 
target come to close proximity, hybridization occurs and a PCR extension re-
action takes place by DNA polymerase. This is followed by PCR amplifica-
tion to the newly formed DNA before a qPCR is used to quantify the newly 
made DNA (the barcode) (192). Statistical analysis included multivariate cox-
regression analysis and Kaplan-Meier plots for survival associations. 
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4 Summary of the papers 

Paper I 

We found that WBLA, a modified chandler loop, has high reliability in pre-
dicting antibody-mediated infusion reaction and cytokine release. The assay 
displays a low background noise and enhanced sensitivity to detect cytokine-
related toxicity compared to whole blood assays in the plate. Agonistic anti-
bodies anti-CD3 (OKT3) and anti-CD28 (ANC28.1) induced cytokine release 
in the loop after 4 hours of incubation. However, cetuximab, infliximab, 
etanercept and natalizumab, which are not known to be associated with a tar-
get-mediated cytokine release, did not display a CRS profile in the WBLA. 
TGN1412, a mAb associated with devastating infusion reactions in phase I 
clinical trial, was not predicted to induce CRS in the traditional pre-clinical 
safety assays (168). When a TGN1412-like mAb was tested in the WBLA, we 
saw the mAb induced TNF, IFN, IL-2 and IL-6 production within 4 hours. 
Notably, the loop system had higher sensitivity in detecting cytokine release 
when compared to whole blood culture in a plate. We have used a scoring 
system where positive cytokine release response is counted as “positive” for 
an individual cytokine in an individual donor when the cytokine level ratio 
(mAb treated/ baseline) is above the 95th percentile of the control-
treated/baseline ratio. Using this system, all donors tested with OKT3, 
ANC28.1, TGN1412-like or alemtuzumab scored at least one cytokine (IL-2, 
TNF, IFN or IL-6) positive response in the loop system. On the contrary, 
when this response was compared in WBPA, only alemtuzumab treatment 
(but not OKT3 or ANC28.1) scored positive cytokine release in the plate ow-
ing to the high background cytokine release in the control treatment, which 
significantly decreases the sensitivity of the plate assay. 

We further demonstrated that the WBLA combined with intracellular flow cy-
tometry staining could be used to assess the cellular sources of cytokines in-
duced by antibody infusion. CD45RO- CD8+ T cells and CD45RO+ CD4+ T 
cells were the primary sources of TNF and IFN production in response to 
OKT3 and ANC28.1, respectively, whereas CD45RO+ CD4+ and CD45RO+ 
CD8+ T cells were the primary cells that were stimulated to release TNF and 
IFN by TGN1412. Consistent with the literature, we endorsed the memory 
CD4+ T cells as the source of IL-2 following TGN1412 infusion. Lipopoly-
saccharide (LPS) induced cytokine release and complement system activation 
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in the blood loop. Corticosteroids and different complement blockers respec-
tively abolished LPS-induced cytokine release and complement activation in 
the blood loop system. 

Compared to WBPA, the WBLA demonstrated intact complement and coag-
ulation cascades, which are de-activated by high concentrations of anticoagu-
lants added when the blood is left stagnant in a plate. We showed that rituxi-
mab and alemtuzumab induced the complement cascade and depletion of tar-
get cells via CDC in the WBLA. Furthermore, using CDC and ADCC block-
ers, our data suggest that alemtuzumab depletes B cells mainly via CDC and 
T cells via ADCC. There are limitations in our study and the WBLA. The 
WBLA is a relatively short assay, which hampers the assay ability to detect 
late events following the immunotherapeutic infusion. The duration is limited 
due to the lack of a gaseous exchange system in the assay. Furthermore, the 
system does not include endothelial cells, which can have critical interactions 
with the therapeutic agent and/or the immune cells and result in initiation or 
propagation of the therapy toxicity.  

Paper II 

With blood obtained from six CLL patients at pretreatment, we investigated 
patient-specific immune responses to rituximab using the WBLA. Both CDC 
and ADCC were activated upon rituximab infusion in the WBLA. However, 
rituximab induced higher TNF, IFN, IL6 and IL-8 production in CLL blood 
compared to healthy blood. In fact, the cytokine levels were below the detec-
tion limit of the MSD mesoscale cytokine assay in the healthy blood, and cy-
tokines were only detected using intracellular flow cytometry. The cytokine 
release profile was coupled with significant, dose-dependent B cell depletion 
in the CLL blood. 

Moreover, the NK cells were identified as central contributing cells in cyto-
kine release related to rituximab infusion. In a donor lacking peripheral NK 
cells, no CRS profile was seen following rituximab treatment. Noteworthy, 
we did not detect cytokine release from T cells, monocytes or B cells. Despite 
the fact that rituximab also induced B cell depletion both in CLL and healthy 
blood, significant complement activation was only detected in CLL blood. 
This is likely because of the dominance of the B cells in CLL blood and the 
relative scarcity of the target B cells in healthy blood. Blocking the comple-
ment via the C3 inhibitor compstatin or via inducing P331S point mutation in 
rituximab, which decreases the antibody affinity to C1q of the complement 
and hence hampers the antibody ability to activate the complement, resulting 
in a reduction in C3a and C5a production. This is consistent with an effective 
complement blockade. Furthermore, complement activation blockade led to a 
reduction in rituximab-induced B cell cytotoxicity and a relative increase in 
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the unwanted cytokine release. On the contrary, anti-CD16 F(ab)2 enhanced 
the cytotoxicity and cytokine release profile of rituximab, likely via polarizing 
rituximab into complement activation, although a direct stimulating effect of 
the applied anti-CD16 antibody cannot be completely ruled out.  

We further compared the B cell expression of CD20, CD5 and HLA-E be-
tween healthy and CLL donors. Consistent with the literature, leukemic B 
cells express lower CD20 and higher CD5 than healthy B cells. There was no 
apparent difference in HLA-E expression between the two groups. However, 
there was no association between these markers’ expression and B cell deple-
tion magnitude or CRS profile severity. Lastly, using the OLINK immuno-
oncology plasma protein panel, we demonstrated that treating the blood with 
rituximab results in upregulation of plasma levels of cytotoxic (e.g., 
granzymes and FasL) and chemotactic mediators (e.g., CCL-3, CXCL-10 and 
MCP-1). The levels of these inflammatory mediators corresponded to the de-
gree of immune-mediated cytotoxicity of rituximab. Study limitations include 
the small cohort size. Additionally, the correlation between our observations 
in the WBLA in terms of rituximab efficacy and CRS profile was not possible 
because not all of the study participants were given rituximab as their defini-
tive treatment.  

Paper III 

We designed a novel a-CD40-based tetravalent bispecific antibody for cancer 
vaccine delivery. The platform, named Antibody Drug Affinity Conjugate 
(ADAC) technology. The constructs, named bispecific/ Tagged peptide 
(BiTag) consists of two entities, a BsAb and an SLP vaccine. The BsAb has 
an agonistic anti-CD40 antibody backbone linked to an anti-peptide tag (pTag) 
scFv. The SLP, in turn, consists of two functional units, a constant pTag amino 
acid sequence covalently linked to a variable antigenic peptide of interest. A 
tetanus-derived peptide sequence was used as a model pTag. This design al-
lows for affinity binding between the bispecific construct and the antigenic 
peptide of interest (Figure 10). BiTag therefore delivers simultaneous DC ac-
tivation signaling and peptide antigen delivery to the same cell. A library of 7 
bispecific antibodies and four parental agonistic anti-CD40 antibodies based 
on the antibody clones CP-870,893 or 1150/1151 was created. Using dual-
target ELISA and SPR, we first confirmed that the bispecific constructs retain 
the binding affinity to both the CD40 molecule and the model pTag. 
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Figure 10. Schematic of the bispecific/peptide tag (BiTag) construct design and 
the proposed mechanism of action. (A) The tetravalent bispecific BiTag consists of 
an agonistic anti-CD40 antibody covalently linked (via a linker) to anti-peptide tag 
(pTag) scFv. Through the affinity binding between the scFv and the pTag, the anti-
body can target peptide tumor antigens for antigen-presenting cell internalization. 
(B) BiTag delivers the peptide antigens along with CD40 agonistic signaling to the 
same antigen-presenting cell (here dendritic cell), ensuring the delivery of both sig-
nals 1 and 2 to the T cells for optimal T cell activation and tumor eradication. 

The agonistic activity, measured via IL-12 production and upregulation of DC 
activation markers CD86, MHC-II from DC, was comparable between the 
BsAb and the parental agonistic a-CD40. However, the bispecific-tagged pep-
tide vaccine platform (BiTag) induced superior T cell activation and prolifer-
ation both in vitro and in vivo. Using in vitro DC/T cell co-culture assays, the 
BiTag was robust in inducing both CD4+ T cell priming, CD8+ T cell cross-
priming and, as a result, T cell proliferation. Additionally, the platform proved 
its flexibility in delivering several peptide antigens and inducing specific T 
cell responses in the various model antigens tested, including the CD8 
epitopes OVA257-264, hgp10025-33 and CMV pp65 - HLA-A*0201 (NLV) as 
well as the CD4 epitope OVA329-337. 

In vivo T cell proliferation and activation were also demonstrated via hook 
vaccination with BiTag using the hgp100 SLP as a model.  Here, CFSE-la-
beled pmel-1 T cells, expressing specific TCR against gp100 peptide, were 
transferred to the mice intravenously before vaccinating the mice with hgp100 
SLP coupled to the BiTag platform. The vaccination with BiTag resulted in 
significantly enhanced pmel-1 cell proliferation, measured by the decrease in 
CFSE intensity and activation, measured by upregulation of the ICOS co-re-
ceptor. When DCs lacking human CD40 are transferred, no T cell activation 
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was observed, confirming the CD40-dependence of the T cell activation en-
hancement. Lastly, the affinity binding of the bispecific construct to the SLP 
resulted in the protection of the antigenic peptide from degradation and pro-
longed the peptide antigens’ half-life in the mouse and human plasma both in 
vitro and in vivo. 

We have extensively characterized the BiTag platform using in vitro and in 
vivo models. However, our study is not without limitations. The in vitro mod-
els of the transgenic human CD40 murine system, although valuable for effi-
cacy studies, does not necessarily reflect what happens in vivo. Furthermore, 
repeated injections for an anti-tumor efficacy study were not possible because 
of the development of anti-drug antibodies in the mouse against the human 
CD40 receptor expressed on the transgenic DCs. 

Paper IV 

The patient cohort involved in the study consisted of CPI-treated patients who 
either received CPI as first-line (13 patients) or second to fourth-line treatment 
(30 patients). The CPIs received by these patients included anti-PD1 
(nivolumab and pembrolizumab) or anti-PDL1 (atezolizumab and durval-
umab). The cohort median overall survival (OS) and progression-free survival 
(PFS) were 315 days and 141 days, respectively. 

The multiplex protein analysis showed that patients clustered into “hot/in-
flamed” and “cold/non-inflamed” immuno-oncology protein signatures in un-
supervised clustering analysis. Further stratification of the proteins into four 
groups: T cell-related, APC-related, myeloid/angiogenesis-related and tumor-
related proteins was performed. Supervised cluster analysis based on the pro-
teins subgroups was performed, which yielded two plasma protein signatures, 
hot and cold, in the four protein subgroups. However, only the T cell protein 
cluster (including pro-inflammatory cytokines, chemokines, granzymes and 
soluble receptors like IFN, CXCL10, GZMB and CD27, respectively) 
showed a survival benefit where the hot T cell signature cluster was associated 
with prolonged PFS. This survival benefit was maintained after the multivar-
iate analysis correcting for age, gender, stage and performance status 
(HR=0.29, CI=0.11-0.79, p=0.015). When each protein was tested individu-
ally in a multivariate cox regression analysis, high tumor PD-L1 and low 
plasma MUC16 were associated with improved PFS. Furthermore, we identi-
fied an association between improved OS and high plasma ADA, TNFSF14, 
FASLG, tumor PD-L1 and low CD244, MUC16, IL-18 and ANGPT2. 

In concordance with the literature, higher tumor PD-L1 expression scored by 
immunohistochemistry was also associated with a better response rate in our 
cohort (p<0.001, FDR<0.05). In addition, we found that high pre-treatment 
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plasma levels of CXCL9, CXCL10 and IL-15, and low CASP8 and ADA were 
associated with clinical treatment benefit. We further constructed classifica-
tion logistic regression models based on these five proteins associated with 
treatment response to evaluate their discriminative potentials for NSCLC pa-
tients’ response to anti-PD(L)1 therapy. Receiver operating characteristic 
(ROC) curves were constructed for each individual protein and the five pro-
teins combined. The area under the curve (AUC) for each protein raged be-
tween 68-75%. However, when the five proteins were combined, the AUC 
was 94%. This result should be interpreted with caution due to the small sam-
ple size used to construct these models. However, this demonstrates the PEA 
multiplex plasma protein analysis feasibility in predicting response to anti-
PD(L)1 therapy in NSCLC patient cohort. There are some limitations of our 
study. One limitation is the small cohort size, which precludes the generaliza-
tion of our results. Also, the patients received CPI treatment in different lines 
and previous therapy/therapies might influence the systemic protein signature. 
Lastly, our study is of a retrospective nature and lacks a control arm. A diag-
nostic test should be properly assessed in a prospective study in the presence 
of a control group. 
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5 Conclusions and future perspectives 

Paper I & II 

Pre-clinical safety assessment is crucial before any in-first-in-human (FIH) 
clinical trial. While no single method can precisely predict the initial infusion 
reaction response, a combination of methods might be necessary to achieve 
the best prediction of the safety profile. Our data suggest that the blood loop 
assay can be one of the high-yield tools for pre-clinical safety assessment. The 
system can mimic human circulation in a 4-6 hours assay. The low back-
ground cytokine release in the system makes it superior in detecting trivial 
cytokine release or cytokine release induced by rare cell populations in the 
peripheral blood. The fact that both the complement and coagulation systems 
remain active adds to the system’s uniqueness. Pharmaceutical companies and 
researchers in therapeutics can well use the system to study inflammatory or 
anti-inflammatory responses, explore the mode of action, and study potential 
interactions. Additionally, the WBLA can also be used to study T-cell recall 
responses to vaccines and antigenic compounds (193). Besides that, the 
WBLA can have a clinical value in predicting cytokine toxicity when there is 
a potential risk of a donor-specific immune reaction. This can be used even 
with biologics that are already in the clinic today, such as rituximab. In the 
case of rituximab, the WBLA can be as well used to score resistance to ritux-
imab treatment prior to the start of therapy. Also, there is a great need to find 
tools that differentiate between infusion-related IgE-mediated anaphylaxis 
and infusion-related CRS. The WBLA can be a potential tool for such inves-
tigations. Other therapeutic modalities than mAbs such as CAR T cells or an-
tibody mimetics associated with inflammatory responses could be tested in the 
system. Immuneed AB currently provides the WBLA as a service, with main 
customers being pharmaceutical companies and academic research groups. Fi-
nally, the system has the potential for further development to enable the ac-
commodation of longer-term incubations, for example, by developing a gas 
exchange strategy within the assay.  

Paper III 

Currently, we are finalizing the manuscript for submission. The proof-of-con-
cept, biophysical and pre-clinical characterization of the BiTag constructs sup-
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port the clinical development of the platform. The platform has been devel-
oped in Mangsbo research laboratory in Uppsala in close collaboration with 
the drug discovery and development (DDD) platform at SciLifeLab in Stock-
holm. The focus of the upcoming pre-clinical activity includes; in-depth gen-
eration of pre-clinical data related to efficacy (anti-tumor data) and pharma-
cokinetics, optimization of the scFv as well as the design of the final bispecific 
protein candidate for optimized yield and stability during production and to 
reduce the immunogenicity of the protein. Of note, large-scale production in 
a pre-GMP setting, TESTA center in Uppsala, has been performed for optimi-
zation and assessment of the upscale production (manuscript under review). 

Pre-clinical anti-tumor efficacy data requires transgenic mice expressing hu-
man CD40 because the transgenic hCD40 DCs transfer is associated with anti-
hCD40 antibodies development in the wild-type mice. Future studies will in-
volve work in complete transgenic hCD40 mice to evaluate both repeated ad-
ministration and the impact on T cell expansion along with tumor studies. To 
reach its future goal as a robust tool for tumor vaccine delivery, identifying a 
neoantigen discovery pipeline is a priority. This could be achieved as an indi-
vidual future target activity or through setting up collaborations with organi-
zations or businesses that are experts in neoantigen prediction.   

Lastly, this affinity-based cargo delivery approach can be adapted for several 
indications, including viral infections and, in situations of pandemics such as 
the current COVID-19, the platform can enable easy change of the antigenic 
epitope to accommodate the need for vaccine adaptation with genetic drift.  

Paper IV 

We identified a unique plasma proteomic signature related to clinical response 
and survival in this study. Our data suggest associations between CPI outcome 
and single protein plasma levels as well as the signature of a combination of 
proteins. Similar approaches using liquid biopsy can be a feasible complemen-
tary or alternative option to the more invasive re-biopsy for the tumor micro-
environment characterization and therapy selection. Plasma is readily acces-
sible and relatively less invasive to sample. This also allows for repeated sam-
pling during the course of therapy. Therefore, there is a need to develop relia-
ble such liquid biopsy-based approaches with systemic markers for patient 
stratification and for response and prognosis prediction.  

Notably, this study was performed on a relatively small NSCLC patient co-
hort. Therefore, validation on an independent patient cohort is underway. 
However, this study serves as a proof-of-concept for a larger ongoing prospec-
tive NSCLC patient samples collection for patients treated with CPI. The pro-
spective sampling aims to study both peripheral blood mononuclear cells 
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(PBMCs) and plasma samples for a CPI response predictive signature and se-
rially follow alteration of the immune signatures in this indication. This is 
achieved via multiple sampling before and after therapy initiation. Addition-
ally, in the prospective study, a more uniform (first line CPI) cohort is re-
cruited, decreasing the study participants’ variation based on previous therapy. 
This manuscript is finalized and is ready for submission as a proof-of-concept 
and will be followed by a manuscript on the validation cohort and the prospec-
tive cohorts. 



 55

6 Acknowledgment 

This doctoral thesis work has been carried out at the Department of Immunol-
ogy, Genetics and Pathology at Rudbeck Laboratory in affiliation with the 
Department of Pharmaceutical Bioscience at The Biomedical Center (BMC), 
Uppsala University. My doctoral projects were financially supported by grants 
from the Swedish Society for Medical Research and U-CAN (Uppsala Uni-
versity). 
  
First of all, I would like to express my sincere gratitude to all the volunteers 
who donated samples to carry out our experiments. Without you, this work 
would not be possible to accomplish. 
  
I feel so lucky to be surrounded by so many wonderful, inspiring and kind 
colleagues, friends and family. Your incredible support made this work pos-
sible. I would like to thank everyone who has contributed to this work. I wish 
to take the opportunity and especially thank: 
  
My supervisor, mentor, and friend Sara Mangsbo, for giving me the oppor-
tunity to be part of your research group and the endless support you provided 
throughout my time in the group! Thank you for the continuous teaching, 
guidance, advice, encouragement, care and above all, the trust you gave me 
during these years. It was my great pleasure being in your team. I cannot say 
it was always easy. Of course, there have been hard times. But at the same 
time, it has always been exciting! Thanks for providing a diverse and stimu-
lating environment with several projects and continuously introducing new 
projects and ideas. It was a rich learning experience that I am so grateful to be 
part of.   
  
I am sincerely grateful to my co-supervisor Patrick Micke, for always having 
an open door for discussions, valuable feedback and support, for helping me 
wrap this thesis up. I would also like to express my gratitude to my co-super-
visor,  Gustav Ullenhag, for your support, being critical and always available 
for discussion. I am lucky to have the chance to work with you Gustav and 
Patrick! 
  
The first set of labmates in the Mangsbo group, Erika, Frida, Ili-
ana and Inken, thank you for backing me up from the very first day. Erika, I 



 56 

have learned a lot from you. Your calm approach and logical thinking have 
always inspired me. The way you organize your experiments and protocols 
has always been a learning experience for me. Thanks for the great joint pa-
pers! Iliana, thank you for the lovely 7 years we have been in the same team! 
since the masters’ days until today. Thanks for your kindness, for being a car-
ing person who always brings fun and joy to the lab, for all the discussions we 
had and for being ready to help me with my experiments whenever I needed 
your support. Frida, my dear friend, thank you so much for introducing me to 
the Mangsbo research group, for helping me find my way in Rudbeck, for all 
the talks about life we had!! Thank you for being a great friend! Inken, many 
thanks for being a great companion and a lab mate! You managed to make it 
all the way to Sudan! That means a lot to me! Ulrika, thank you for inspiring 
me with your critical thinking and comments on my work.  
  
Martin, I am so grateful mate for your help, support and all the fun we had! 
Big thanks for the tremendous support for building paper IV! Without your 
contribution and effort, it would not happen. Thank you for reviewing my the-
sis WORD BY WORD. Thanks for the 14.00 Fika, the train company, Ah, I 
cannot imagine how I would survive the train commute all the way between 
Stockholm and Uppsala without your company :) Your support Martin is end-
less. I genuinely appreciate it. I will never forget the long days at the EM fa-
cility :D 

 
Ida, thanks for being an incredibly great, hardworking scientist. I am confi-
dent you are doing a great job! Thanks for inspiring me and for always think 
critically about every and each step. Thank you for our collaborative projects 
and manuscripts. Thanks also for translating Swedish recipes. I cannot count 
how many cakes you have saved. 
  
Elinor, thank you for the long hours helping me preparing, performing and 
analyzing experiments. Thanks for being around and for always being ready 
to jump in whenever extra hands are needed! 

 
Big thanks to Katarina for your help revising my protocols and your input 
into that. Thanks for being my immunology reference book that I return to 
whenever I need it! 

 
Antonino, Thanks for bringing energy to the lab and being a great labmate! 
Good luck with your PhD! 

 
Thanks to Ivan for bringing your expertise to the group, Jessica for the great 
help with our experiments, and Christos for being the nicest person worked 
in BMC.  
  



 57

To Katia, the one and only, thank you for EVERYTHING! I am lucky to have 
you around during my PhD! Thanks for being the greatest labmate! You al-
ways impress me with how efficient you are! For helping me with my experi-
ments, the long days in the facility and in the lab. Thank you for all the chats 
and the fun we had. You always bring positive energy and atmosphere. You 
are "just great! Born like that! What can we do" :D 
 
To all Greta Hultqvist group: Greta, Fadi, Canan, Nicole, Andres, Sofia, 
Inga and Jamie and all the previous Hultqvist group members, thank you for 
creating a great work atmosphere and for being extremely helpful! Thank 
you, Fadi for the great trip to Lisbon! I will never forget that fantastic journey! 
Thanks for teaching me antibody engineering, and always having some 
“snack” when we are stuck in the lab during long days! 
  
Angelica, Tanja, Emma, Lotta, Jessica, Sedi, Alireza and the rest of the 
Loskog group, thank you for being helpful and always sharing your 
knowledge about science, life, and raising up a child in Sweden!! Many thanks 
for the support you provided me conducting our experiments. Thanks for the 
continuing collaboration and experience you are sharing! 
 
Gunilla, Justyna, Linn and all the great Immuneed team. Thank you for be-
ing available whenever needed. Thanks for the great collaboration and publi-
cations we have together. 
 
Many thanks to all Essand group members: Magnus, Di, Chuan, Mohan, 
Kiki, Tina, Miika, Minttu, Jing, Arwa, and as well as to Peetra Magnus-
son, Luuk van Hooren and the rest of the vascular biology group for sharing 
knowledge and experience and for making a great work environment. Special 
thanks to you, Arwa for being my support and backup person at Rudbeck after 
I moved to BMC. The breaks we had at Rudbeck and all your help with my 
experiments and data retrieving! Jonas, Nimet Bushra and Mikaela I 
learned a lot from working with you. Thank you, and I wish you the best of 
luck wherever you go! 

 
Thanks to our collaborators in SciLifeLab: Helena, Oskar, An-
ders and Leif, for the endless support in my studies and for building the anti-
bodies. Thanks for your help and expertise throughout the years. It was a 
pleasure working in collaboration with you. Thanks to An-
nika, Jimmy and Aljona for bringing your expertise and for revising my 
manuscripts! Our collaborators at the University of Southampton (Prof. Mark 
Cragg and Ben) thank you for your help in providing us with scientific and 
experimental support. Thank you for revising my manuscript and being part 
of my projects. To all the co-authors at Akademiska Sjukhset Mattias Matts-
son, Martin Höglund, Kerstin Levedahl, and Caroline Hammarström at 



 58 

CTC,  thank you for helping me with my experiments, recruiting volunteers 
and revising the manuscripts. Thanks to our collaborators at Allegator Biosci-
ence (Peter and Adnan) for providing us with reagents and logistic support 
whenever we needed it. 
  
To all my kind friends at IGP administration, many thanks for the big smile 
every morning! Special thanks to Ulrica, Maisam, Christina and Helene. 
  
I am grateful to the beautiful Sudanese community in Uppsala. You are my 
extended family in Sweden. It is a super long list of names that I would like 
to thank one-by-one. Thanks all! Thanks to Babiker El-Obeid, Moawia Ab-
duqadir, Abdalla Alkahifa, Saad Muhallab, Mohamed Ali Eltoum and 
their families for their incredible support and being my second fam-
ily. Waleed and Sahwa, Adila, Khalida and Wala! Thank you for the great 
time in Uppsala and for your advice you always provide whenever I need 
them. 

 
My fellows and friends in Stockholm, Motasim Wld Samia, AbuBakr 
SI, Ahmed Omer, Sahl, Tagrid and Nada, thank you for being great friends 
and company in town and for all the fun time we had together. 
  
To my friends at Karolinska Institute, Jonathan Coquet (AKA 
boss), Chris, Julian, Loena. Thank you for being my first mentors and edu-
cators. Jono, I believe a lot of where I am today was because you believed in 
me and provided me endless support. I still remember your words whenever I 
am in the lab! You are a great role model! To my friends in GKH group: Mar-
tina, Nestor, Ganesh, Sharesta, Moinka, Martin, Elina, Paola and Nilla, 
and all other members, thank you for sharing your knowledge and for the fun 
year I had during my masters! 
  
Thanks to my friends in Sudan and abroad for all the remote support! Mo-
hamed Faisal, for the long weekend calls, checking upon us and sharing ex-
perience on raising kids. Hassabo, for being a brilliant flatmate! Man, you are 
inspiring, Mohamed Nour (Max), for advice on CV writing, taking profes-
sional photographs and what is next? :D Doko, for your procedural infor-
mation and for knowing something about everything! Mazin Alhindi, 
sheekhi, for your sense of humor (serious face!). Meedo, for being the AL-
Lord! Biko, for being a great friend!, Mohamed Kamal, for being my mate 
on our trips to Mexico, South Africa, Turkey, UK Netherlands, Norway, and 
of course Sweden! An extra thank you for being my free-of-charge business 
advisor! Tarig Jafar, my brother from another mother! Thanks for believing 
in me, for always helping me get the job done should I need help in Sudan. 
Despite the physical distance, you are always being available my friend as if 
we are in the same town!  



 59

To my family everywhere, thank you! Thanks to my caring parents (Ahlam 
and Ali) for your love, support, and always encouraging me to pursue the top 
career and education. No matter how old I am, I always feel the need for your 
advice and support to take my hand as if I was 5. Thank you for everything! 
No words can express my gratitude and gratefulness. I hope I will always be 
able to make you feel proud! To my supporting brothers (Tariq and Omer), 
to my lovely sister (Safia) and their families, thank you for trusting me and 
believing in me. We have been away the last few years, everyone in a different 
land. I hope it will not be long before we will all settle in the same town 
J. Tarig, thanks for being my friend and mentor and being available whenever 
I needed you. I always feel my back is covered having you. Omer, I wished 
if I was around to provide you with the support you need during this critical 
time of your education and career! Keep the hard work! Safia (AKA Batta), 
your ambitious but calm character is truly inspiring! I wish you all the best in 
your career and to have all the happiness with your family!  
  
And last but never least, to my wife and daughter, Radwa and 
Roya ♥ Radwa, my best friend and safety-net in life. I would never make it 
without your love and support. Thank you for being on my side since I decided 
to pursue this pathway, for coping with my extensive working hours. Every 
day I learn from your patience, dedication and persistence. I am confident you 
will do great in your PhD! And I hope I will be as available and supportive as 
you have been for me. Love you! Roya, thank you for keeping me busy with 
other things than work as soon as you come back from Dagis! The joy you 
bring to us and the laughter are like a re-set button that relieves all stress. You 
are my world! This thesis is dedicated to you.  



 60 

7 References 

1.  Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000 Jan 
7;100(1):57–70.  

2.  Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell. 
2011 Mar 4;144(5):646–74.  

3.  Zitvogel L, Tesniere A, Kroemer G. Cancer despite immunosurveillance: 
immunoselection and immunosubversion. Nat Rev Immunol. 2006 Oct 
15;6(10):715–27.  

4.  Campoli M, Ferrone S. Tumor escape mechanisms: potential role of soluble 
HLA antigens and NK cells activating ligands. Tissue Antigens. 2008 
Oct;72(4):321–34.  

5.  Chen DS, Mellman I. Oncology Meets Immunology: The Cancer-Immunity 
Cycle. Immunity. 2013 Jul 25;39(1):1–10.  

6.  Nurieva R, Wang J, Sahoo A. T-cell tolerance in cancer. Immunotherapy. 2013 
May;5(5):513–31.  

7.  Geissler K, Fornara P, Lautenschläger C, Holzhausen H-J, Seliger B, Riemann 
D. Immune signature of tumor infiltrating immune cells in renal cancer. 
Oncoimmunology. 2015 Jan 2;4(1):e985082.  

8.  Coca S, Perez-Piqueras J, Martinez D, Colmenarejo A, Saez MA, Vallejo C, 
et al. The prognostic significance of intratumoral natural killer cells in patients 
with colorectal carcinoma. Cancer. 1997 Jun 15;79(12):2320–8.  

9.  Erdag G, Schaefer JT, Smolkin ME, Deacon DH, Shea SM, Dengel LT, et al. 
Immunotype and Immunohistologic Characteristics of Tumor-Infiltrating 
Immune Cells Are Associated with Clinical Outcome in Metastatic Melanoma. 
Cancer Res. 2012 Mar 1;72(5):1070–80.  

10.  Balermpas P, Rödel F, Rödel C, Krause M, Linge A, Lohaus F, et al. CD8+ 
tumour-infiltrating lymphocytes in relation to HPV status and clinical outcome 
in patients with head and neck cancer after postoperative chemoradiotherapy: 
A multicentre study of the German cancer consortium radiation oncology 
group (DKTK-ROG). Int J Cancer. 2016 Jan 1;138(1):171–81.  

11.  Zarour HM, DeLeo A, Finn OJ, Storkus WJ. Categories of Tumor Antigens. 
2003;  

12.  Andersen MH, Schrama D, thor Straten P, Becker JC. Cytotoxic T Cells. J 
Invest Dermatol. 2006 Jan;126(1):32–41.  

13.  Sharpe AH, Abbas AK. T-Cell Costimulation — Biology, Therapeutic 
Potential, and Challenges. N Engl J Med. 2006 Sep 7;355(10):973–5.  

14.  Schoenberger SP, Toes REM, van der Voort EIH, Offringa R, Melief CJM. T-
cell help for cytotoxic T lymphocytes is mediated by CD40–CD40L 
interactions. Nature. 1998 Jun 4;393(6684):480–3.  

15.  Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavecchia A, Alber 
G. Ligation of CD40 on dendritic cells triggers production of high levels of 
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC 
activation. J Exp Med. 1996 Aug 1;184(2):747–52.  



 61

16.  Kärre K, Ljunggren HG, Piontek G, Kiessling R. Selective rejection of H–2-
deficient lymphoma variants suggests alternative immune defence strategy. 
Nature. 1986 Feb;319(6055):675–8.  

17.  Berke G. The Binding and Lysis of Target Cells by Cytotoxic Lymphocytes: 
Molecular and Cellular Aspects. Annu Rev Immunol. 1994 Apr;12(1):735–73.  

18.  Motz GT, Coukos G. Deciphering and Reversing Tumor Immune Suppression. 
Immunity. 2013 Jul 25;39(1):61–73.  

19.  Curotto de Lafaille MA, Lafaille JJ. Natural and Adaptive Foxp3+ Regulatory 
T Cells: More of the Same or a Division of Labor? Immunity. 2009 
May;30(5):626–35.  

20.  Bates GJ, Fox SB, Han C, Leek RD, Garcia JF, Harris AL, et al. Quantification 
of Regulatory T Cells Enables the Identification of High-Risk Breast Cancer 
Patients and Those at Risk of Late Relapse. J Clin Oncol. 2006 Dec 
1;24(34):5373–80.  

21.  Shah W, Yan X, Jing L, Zhou Y, Chen H, Wang Y. A reversed CD4/CD8 ratio 
of tumor-infiltrating lymphocytes and a high percentage of CD4+FOXP3+ 
regulatory T cells are significantly associated with clinical outcome in 
squamous cell carcinoma of the cervix. Cell Mol Immunol. 2011 Jan 
22;8(1):59–66.  

22.  Petersen RP, Campa MJ, Sperlazza J, Conlon D, Joshi M-B, Harpole DH, et 
al. Tumor infiltrating Foxp3+ regulatory T-cells are associated with recurrence 
in pathologic stage I NSCLC patients. Cancer. 2006 Dec 15;107(12):2866–72.  

23.  Gao Q, Qiu S-J, Fan J, Zhou J, Wang X-Y, Xiao Y-S, et al. Intratumoral 
Balance of Regulatory and Cytotoxic T Cells Is Associated With Prognosis of 
Hepatocellular Carcinoma After Resection. J Clin Oncol. 2007 Jun 
20;25(18):2586–93.  

24.  Mitchem JB, Brennan DJ, Knolhoff BL, Belt BA, Zhu Y, Sanford DE, et al. 
Targeting Tumor-Infiltrating Macrophages Decreases Tumor-Initiating Cells, 
Relieves Immunosuppression, and Improves Chemotherapeutic Responses. 
Cancer Res. 2013 Feb 1;73(3):1128–41.  

25.  Gabrilovich DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res. 
2017 Jan 3;5(1):3–8.  

26.  Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can Treg cells be 
a new therapeutic target? Vol. 110, Cancer Science. Blackwell Publishing Ltd; 
2019. p. 2080–9.  

27.  De Cicco P, Ercolano G, Ianaro A. The New Era of Cancer Immunotherapy: 
Targeting Myeloid-Derived Suppressor Cells to Overcome Immune Evasion. 
Vol. 11, Frontiers in Immunology. Frontiers Media S.A.; 2020.  

28.  Shore ND. Advances in the understanding of cancer immunotherapy. BJU Int. 
2015 Sep;116(3):321–9.  

29.  Disis ML. Mechanism of Action of Immunotherapy. Semin Oncol. 2014 
Oct;41:S3–13.  

30.  Dunn GP, Old LJ, Schreiber RD. The Immunobiology of Cancer 
Immunosurveillance and Immunoediting. Immunity. 2004 Aug;21(2):137–48.  

31.  Schroeder HW, Cavacini L. Structure and function of immunoglobulins. J 
Allergy Clin Immunol. 2010 Feb;125(2):S41–52.  

32.  Charles A Janeway J, Travers P, Walport M, Shlomchik MJ. The structure of 
a typical antibody molecule. 2001;  

33.  Kretschmer A, Schwanbeck R, Valerius T, Rösner T. Antibody Isotypes for 
Tumor Immunotherapy. Transfus Med Hemotherapy. 2017 Sep;44(5):320–6.  



 62 

34.  Kang TH, Jung ST. Boosting therapeutic potency of antibodies by taming Fc 
domain functions. Vol. 51, Experimental and Molecular Medicine. Springer 
Nature; 2019.  

35.  Singer J, Jensen-Jarolim E. IgE-based immunotherapy of cancer: challenges 
and chances. Allergy. 2014 Feb;69(2):137–49.  

36.  Fu SL, Pierre J, Smith-Norowitz TA, Hagler M, Bowne W, Pincus MR, et al. 
Immunoglobulin E antibodies from pancreatic cancer patients mediate 
antibody-dependent cell-mediated cytotoxicity against pancreatic cancer cells. 
Clin Exp Immunol. 2008 Sep;153(3):401–9.  

37.  Dobroff AS, Rodrigues EG, Juliano MA, Friaça DM, Nakayasu ES, Almeida 
IC, et al. Differential Antitumor Effects of IgG and IgM Monoclonal 
Antibodies and Their Synthetic Complementarity-Determining Regions 
Directed to New Targets of B16F10-Nex2 Melanoma Cells. Transl Oncol. 
2010 Aug 1;3(4):204–17.  

38.  Dirks NL, Meibohm B. Population pharmacokinetics of therapeutic 
monoclonal antibodies. Vol. 49, Clinical Pharmacokinetics. Clin 
Pharmacokinet; 2010. p. 633–59.  

39.  Bruhns P. Properties of mouse and human IgG receptors and their contribution 
to disease models. Blood. 2012 Jun 14;119(24):5640–9.  

40.  Nimmerjahn F, Ravetch J V. Fcγ receptors as regulators of immune responses. 
Nat Rev Immunol. 2008 Jan 1;8(1):34–47.  

41.  Regnault A, Lankar D, Lacabanne V, Rodriguez A, Théry C, Rescigno M, et 
al. Fcgamma receptor-mediated induction of dendritic cell maturation and 
major histocompatibility complex class I-restricted antigen presentation after 
immune complex internalization. J Exp Med. 1999 Jan 18;189(2):371–80.  

42.  Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S, et 
al. Specificity and affinity of human Fcgamma receptors and their polymorphic 
variants for human IgG subclasses. Blood. 2009 Apr 16;113(16):3716–25.  

43.  Dunkelberger JR, Song W-C. Complement and its role in innate and adaptive 
immune responses. Cell Res. 2010 Jan 15;20(1):34–50.  

44.  Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of 
complement components by cells of the immune system. Vol. 188, Clinical 
and Experimental Immunology. Blackwell Publishing Ltd; 2017. p. 183–94.  

45.  Sarma JV, Ward PA. The complement system. Cell Tissue Res. 2011 Jan 
14;343(1):227–35.  

46.  Walport MJ. Complement. Mackay IR, Rosen FS, editors. N Engl J Med. 2001 
Apr 5;344(14):1058–66.  

47.  Pozdnyakova O, Guttormsen H-K, Lalani FN, Carroll MC, Kasper DL. 
Impaired antibody response to group B streptococcal type III capsular 
polysaccharide in C3- and complement receptor 2-deficient mice. J Immunol. 
2003 Jan 1;170(1):84–90.  

48.  Peng Q, Li K, Anderson K, Farrar CA, Lu B, Smith RAG, et al. Local 
production and activation of complement up-regulates the allostimulatory 
function of dendritic cells through C3a-C3aR interaction. Blood. 2008 Feb 
15;111(4):2452–61.  

49.  Kwan W, van der Touw W, Heeger PS. Complement regulation of T cell 
immunity. Immunol Res. 2012 Dec 5;54(1–3):247–53.  

50.  Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK, 
Koutoulaki A, Gerard C, et al. Modulation of the antitumor immune response 
by complement. Nat Immunol. 2008 Nov 28;9(11):1225–35.  

51.  Noris M, Remuzzi G. Overview of complement activation and regulation. 
Semin Nephrol. 2013 Nov;33(6):479–92.  



 63

52.  Cugno M, Zanichelli A, Foieni F, Caccia S, Cicardi M. C1-inhibitor deficiency 
and angioedema: molecular mechanisms and clinical progress. Vol. 15, Trends 
in Molecular Medicine. Trends Mol Med; 2009. p. 69–78.  

53.  Botto M, Kirschfink M, Macor P, Pickering MC, Würzner R, Tedesco F. 
Complement in human diseases: Lessons from complement deficiencies. Vol. 
46, Molecular Immunology. Mol Immunol; 2009. p. 2774–83.  

54.  Wang X, Mathieu M, Brezski RJ. IgG Fc engineering to modulate antibody 
effector functions. Protein Cell. 2018 Jan 6;9(1):63–73.  

55.  Lazar GA, Dang W, Karki S, Vafa O, Peng JS, Hyun L, et al. Engineered 
antibody Fc variants with enhanced effector function. Proc Natl Acad Sci. 2006 
Mar 14;103(11):4005–10.  

56.  Richards JO, Karki S, Lazar GA, Chen H, Dang W, Desjarlais JR. 
Optimization of antibody binding to FcgammaRIIa enhances macrophage 
phagocytosis of tumor cells. Mol Cancer Ther. 2008 Aug 1;7(8):2517–27.  

57.  Idusogie EE, Wong PY, Presta LG, Gazzano-Santoro H, Totpal K, Ultsch M, 
et al. Engineered antibodies with increased activity to recruit complement. J 
Immunol. 2001 Feb 15;166(4):2571–5.  

58.  Tao MH, Morrison SL. Studies of aglycosylated chimeric mouse-human IgG. 
Role of carbohydrate in the structure and effector functions mediated by the 
human IgG constant region. J Immunol. 1989 Oct 15;143(8):2595–601.  

59.  Zalevsky J, Chamberlain AK, Horton HM, Karki S, Leung IWL, Sproule TJ, 
et al. Enhanced antibody half-life improves in vivo activity. Nat Biotechnol. 
2010 Feb 17;28(2):157–9.  

60.  Malhotra R, Wormald MR, Rudd PM, Fischer PB, Dwek RA, Sim RB. 
Glycosylation changes of IgG associated with rheumatoid arthritis can activate 
complement via the mannose-binding protein. Nat Med. 1995 Mar;1(3):237–
43.  

61.  Anthony RM, Wermeling F, Karlsson MCI, Ravetch J V. Identification of a 
receptor required for the anti-inflammatory activity of IVIG. Proc Natl Acad 
Sci U S A. 2008 Dec 16;105(50):19571–8.  

62.  Brinkmann U, Kontermann RE. The making of bispecific antibodies. Vol. 9, 
mAbs. Taylor and Francis Inc.; 2017. p. 182–212.  

63.  Suurs F V., Lub-de Hooge MN, de Vries EGE, de Groot DJA. A review of 
bispecific antibodies and antibody constructs in oncology and clinical 
challenges. Vol. 201, Pharmacology and Therapeutics. Elsevier Inc.; 2019. p. 
103–19.  

64.  Antibody therapeutics approved or in regulatory review in the EU or US - The 
Antibody Society [Internet]. 2021 [cited 2021 Mar 16]. Available from: 
https://www.antibodysociety.org/resources/approved-antibodies/ 

65.  Rothe A, Sasse S, Topp MS, Eichenauer DA, Hummel H, Reiners KS, et al. A 
phase 1 study of the bispecific anti-CD30/CD16A antibody construct AFM13 
in patients with relapsed or refractory Hodgkin lymphoma. Blood. 2015 Jun 
25;125(26):4024–31.  

66.  Bossi G, Buisson S, Oates J, Jakobsen BK, Hassan NJ. ImmTAC-redirected 
tumour cell killing induces and potentiates antigen cross-presentation by 
dendritic cells. Cancer Immunol Immunother. 2014;63(5):437–48.  

67.  Thakur A, Rathore R, Kondadasula SV, Uberti JP, Ratanatharathorn V, Lum 
LG. Immune T cells can transfer and boost anti-breast cancer immunity. 
Oncoimmunology. 2018 Dec 2;7(12).  

  



 64 

68.  De Nardis C, Hendriks LJA, Poirier E, Arvinte T, Gros P, Bakker ABH, et al. 
A new approach for generating bispecific antibodies based on a common light 
chain format and the stable architecture of human immunoglobulin G1. J Biol 
Chem. 2017 Sep 1;292(35):14706–17.  

69.  Kraman M, Faroudi M, Allen NL, Kmiecik K, Gliddon D, Seal C, et al. FS118, 
a bispecific antibody targeting lag-3 and PD-L1, enhances T-cell activation 
resulting in potent antitumor activity. Clin Cancer Res. 2020 Jul 
1;26(13):3333–44.  

70.  Whittle JR, Lickliter JD, Gan HK, Scott AM, Simes J, Solomon BJ, et al. First 
in human nanotechnology doxorubicin delivery system to target epidermal 
growth factor receptors in recurrent glioblastoma. J Clin Neurosci. 2015 Dec 
1;22(12):1889–94.  

71.  Eisenberg R. Immune Compromise Associated with Biologics. In: Stiehm’s 
Immune Deficiencies. Elsevier Inc.; 2014. p. 889–906.  

72.  Imai K, Takaoka A. Comparing antibody and small-molecule therapies for 
cancer. Nat Rev Cancer. 2006 Sep 1;6(9):714–27.  

73.  The 2018 Nobel Prize in Physiology or Medicine - Press release - 
NobelPrize.org [Internet]. [cited 2019 Jan 12]. Available from: 
https://www.nobelprize.org/prizes/medicine/2018/press-release/ 

74.  Press release: The Nobel Prize in Chemistry 2018 [Internet]. [cited 2019 Jan 
25]. Available from: https://www.nobelprize.org/prizes/chemistry/2018/press-
release/ 

75.  Scott AM, Allison JP, Wolchok JD. Monoclonal antibodies in cancer therapy. 
Cancer Immun. 2012;12:14.  

76.  Redman JM, Hill EM, AlDeghaither D, Weiner LM. Mechanisms of action of 
therapeutic antibodies for cancer. Mol Immunol. 2015 Oct;67(2):28–45.  

77.  Pillay V, Gan HK, Scott AM. Antibodies in oncology. N Biotechnol. 2011 
Sep;28(5):518–29.  

78.  Kirkpatrick P, Graham J, Muhsin M. Cetuximab. Nat Rev Drug Discov. 2004 
Jul 1;3(7):549–50.  

79.  Hudis CA. Trastuzumab--mechanism of action and use in clinical practice. N 
Engl J Med. 2007 Jul 5;357(1):39–51.  

80.  Muhsin M, Graham J, Kirkpatrick P. Bevacizumab. Nat Rev Drug Discov. 
2004 Dec 1;3(12):995–6.  

81.  Wu AM, Senter PD. Arming antibodies: prospects and challenges for 
immunoconjugates. Nat Biotechnol. 2005 Sep 1;23(9):1137–46.  

82.  Younes A, Bartlett NL, Leonard JP, Kennedy DA, Lynch CM, Sievers EL, et 
al. Brentuximab Vedotin (SGN-35) for Relapsed CD30-Positive Lymphomas. 
N Engl J Med. 2010 Nov 4;363(19):1812–21.  

83.  Rizzieri D. Zevalin® (ibritumomab tiuxetan): After more than a decade of 
treatment experience, what have we learned? Crit Rev Oncol Hematol. 2016 
Sep;105:5–17.  

84.  Nejadmoghaddam M-R, Minai-Tehrani A, Ghahremanzadeh R, Mahmoudi M, 
Dinarvand R, Zarnani A-H. Antibody-Drug Conjugates: Possibilities and 
Challenges. Avicenna J Med Biotechnol. 2019;11(1):3–23.  

85.  Weiner GJ. Rituximab: Mechanism of Action. Semin Hematol. 2010 
Apr;47(2):115–23.  

86.  Zent CS, Secreto CR, LaPlant BR, Bone ND, Call TG, Shanafelt TD, et al. 
Direct and complement dependent cytotoxicity in CLL cells from patients with 
high-risk early–intermediate stage chronic lymphocytic leukemia (CLL) 
treated with alemtuzumab and rituximab. Leuk Res. 2008 Dec;32(12):1849–
56.  



 65

87.  Golay J, Manganini M, Rambaldi A, Introna M. Effect of alemtuzumab on 
neoplastic B cells. Haematologica. 2004 Dec;89(12):1476–83.  

88.  Wei SC, Duffy CR, Allison JP. Fundamental Mechanisms of Immune 
Checkpoint Blockade Therapy. Cancer Discov. 2018 Sep;8(9):1069–86.  

89.  Park Y-J, Kuen D-S, Chung Y. Future prospects of immune checkpoint 
blockade in cancer: from response prediction to overcoming resistance. Exp 
Mol Med. 2018 Aug 22;50(8):109.  

90.  Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et 
al. Five-Year Survival with Combined Nivolumab and Ipilimumab in 
Advanced Melanoma. N Engl J Med. 2019 Oct 17;381(16):1535–46.  

91.  Friedline RH, Brown DS, Nguyen H, Kornfeld H, Lee J, Zhang Y, et al. CD4+ 
regulatory T cells require CTLA-4 for the maintenance of systemic tolerance. 
J Exp Med. 2009 Feb 16;206(2):421–34.  

92.  Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, 
et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines 
the efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med. 2013 Aug 
26;210(9):1695–710.  

93.  Romano E, Kusio-Kobialka M, Foukas PG, Baumgaertner P, Meyer C, 
Ballabeni P, et al. Ipilimumab-dependent cell-mediated cytotoxicity of 
regulatory T cells ex vivo by nonclassical monocytes in melanoma patients. 
Proc Natl Acad Sci U S A. 2015 May 12;112(19):6140–5.  

94.  Keir ME, Liang SC, Guleria I, Latchman YE, Qipo A, Albacker LA, et al. 
Tissue expression of PD-L1 mediates peripheral T cell tolerance. J Exp Med. 
2006 Apr 17;203(4):883–95.  

95.  Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB. Review of 
indications of FDA-approved immune checkpoint inhibitors per NCCN 
guidelines with the level of evidence. Vol. 12, Cancers. MDPI AG; 2020.  

96.  Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Csőszi T, Fülöp A, et al. 
Pembrolizumab versus Chemotherapy for PD-L1–Positive Non–Small-Cell 
Lung Cancer. N Engl J Med. 2016 Nov 10;375(19):1823–33.  

97.  Herbst RS, Baas P, Kim DW, Felip E, Pérez-Gracia JL, Han JY, et al. 
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, 
advanced non-small-cell lung cancer (KEYNOTE-010): A randomised 
controlled trial. Lancet. 2016 Apr 9;387(10027):1540–50.  

98.  Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. 
Nivolumab versus Docetaxel in Advanced Nonsquamous Non–Small-Cell 
Lung Cancer. N Engl J Med. 2015 Oct 22;373(17):1627–39.  

99.  Hersom M, Jørgensen JT. Companion and complementary diagnostics-focus 
on PD-L1 expression assays for PD-1/PD-L1 checkpoint inhibitors in non-
small cell lung cancer. Vol. 40, Therapeutic Drug Monitoring. Lippincott 
Williams and Wilkins; 2018. p. 9–16.  

100.  Patel SP, Kurzrock R. PD-L1 expression as a predictive biomarker in cancer 
immunotherapy. Vol. 14, Molecular Cancer Therapeutics. American 
Association for Cancer Research Inc.; 2015. p. 847–56.  

101.  Li S, Zhang C, Pang G, Wang P. Emerging Blood-Based Biomarkers for 
Predicting Response to Checkpoint Immunotherapy in Non-Small-Cell Lung 
Cancer. Vol. 11, Frontiers in Immunology. Frontiers Media S.A.; 2020.  

102.  Elfving H, Mattsson JSM, Lindskog C, Backman M, Menzel U, Micke P. 
Programmed Cell Death Ligand 1 Immunohistochemistry: A Concordance 
Study Between Surgical Specimen, Biopsy, and Tissue Microarray. Clin Lung 
Cancer. 2019 Jul 1;20(4):258-262.e1.  



 66 

103.  Brunnström H, Johansson A, Westbom-Fremer S, Backman M, Djureinovic D, 
Patthey A, et al. PD-L1 immunohistochemistry in clinical diagnostics of lung 
cancer: Inter-pathologist variability is higher than assay variability. Mod 
Pathol. 2017 Oct 1;30(10):1411–21.  

104.  Yarchoan M, Hopkins A, Jaffee EM. Tumor Mutational Burden and Response 
Rate to PD-1 Inhibition. N Engl J Med. 2017 Dec 21;377(25):2500–1.  

105.  Hellmann MD, Ciuleanu T-E, Pluzanski A, Lee JS, Otterson GA, Audigier-
Valette C, et al. Nivolumab plus Ipilimumab in Lung Cancer with a High 
Tumor Mutational Burden. N Engl J Med. 2018 May 31;378(22):2093–104.  

106.  Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. 
Mutational landscape determines sensitivity to PD-1 blockade in non-small 
cell lung cancer. Science (80- ). 2015 Apr 3;348(6230):124–8.  

107.  Halbert B, Einstein DJ. Hot or Not: Tumor Mutational Burden (TMB) as a 
Biomarker of Immunotherapy Response in Genitourinary Cancers. Urology. 
2021 Jan 1;147:119–26.  

108.  Croft M. The TNF family in T cell differentiation and function--unanswered 
questions and future directions. Semin Immunol. 2014 Jun;26(3):183–90.  

109.  Croft M, Benedict CA, Ware CF. Clinical targeting of the TNF and TNFR 
superfamilies. Nat Rev Drug Discov. 2013 Feb 21;12(2):147–68.  

110.  Hassan SB, Sørensen JF, Olsen BN, Pedersen AE. Anti-CD40-mediated cancer 
immunotherapy: an update of recent and ongoing clinical trials. 
Immunopharmacol Immunotoxicol. 2014 Apr 21;36(2):96–104.  

111.  Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular 
mechanism and function of CD40/CD40L engagement in the immune system. 
Immunol Rev. 2009 May;229(1):152–72.  

112.  Foy TM, Laman JD, Ledbetter JA, Aruffo A, Claassen E, Noelle RJ. gp39-
CD40 interactions are essential for germinal center formation and the 
development of B cell memory. J Exp Med. 1994 Jul 1;180(1):157–63.  

113.  Thomas WD, Smith MJ, Si Z, Hersey P. Expression of the co-stimulatory 
molecule CD40 on melanoma cells. Int J cancer. 1996 Dec 11;68(6):795–801.  

114.  Agathanggelou A, Niedobitek G, Chen R, Nicholls J, Yin W, Young LS. 
Expression of immune regulatory molecules in Epstein-Barr virus-associated 
nasopharyngeal carcinomas with prominent lymphoid stroma. Evidence for a 
functional interaction between epithelial tumor cells and infiltrating lymphoid 
cells. Am J Pathol. 1995 Oct;147(4):1152–60.  

115.  Cooke PW, James ND, Ganesan R, Wallace M, Burton A, Young LS. CD40 
expression in bladder cancer. J Pathol. 1999 May;188(1):38–43.  

116.  Gallagher NJ, Eliopoulos AG, Agathangelo A, Oates J, Crocker J, Young LS. 
CD40 activation in epithelial ovarian carcinoma cells modulates growth, 
apoptosis, and cytokine secretion. Mol Pathol. 2002 Apr;55(2):110–20.  

117.  Vonderheide RH, Glennie MJ. Agonistic CD40 Antibodies and Cancer 
Therapy. Clin Cancer Res. 2013 Mar 1;19(5):1035–43.  

118.  White AL, Chan HTC, Roghanian A, French RR, Mockridge CI, Tutt AL, et 
al. Interaction with Fc RIIB Is Critical for the Agonistic Activity of Anti-CD40 
Monoclonal Antibody. J Immunol. 2011 Aug 15;187(4):1754–63.  

119.  Dahan R, Barnhart BC, Li F, Yamniuk AP, Korman AJ, Ravetch 
Correspondence J V, et al. Therapeutic Activity of Agonistic, Human Anti-
CD40 Monoclonal Antibodies Requires Selective FcγR Engagement. 2016;  

120.  White AL, Dou L, Chan HTC, Field VL, Mockridge CI, Moss K, et al. Fcγ 
Receptor Dependency of Agonistic CD40 Antibody in Lymphoma Therapy 
Can Be Overcome through Antibody Multimerization. J Immunol. 2014 Aug 
15;193(4):1828–35.  



 67

121.  Liu X, Zhao Y, Shi H, Zhang Y, Yin X, Liu M, et al. Human immunoglobulin 
G hinge regulates agonistic anti-CD40 immunostimulatory and antitumour 
activities through biophysical flexibility. Nat Commun. 2019 Dec 1;10(1).  

122.  Yu X, Chan HTC, Fisher H, Penfold CA, Kim J, Inzhelevskaya T, et al. Isotype 
Switching Converts Anti-CD40 Antagonism to Agonism to Elicit Potent 
Antitumor Activity. Cancer Cell. 2020 Jun 8;37(6):850-866.e7.  

123.  Yu X, Chan HTC, Orr CM, Dadas O, Booth SG, Dahal LN, et al. Complex 
Interplay between Epitope Specificity and Isotype Dictates the Biological 
Activity of Anti-human CD40 Antibodies. Cancer Cell. 2018 Apr 9;33(4):664-
675.e4.  

124.  Sandin LC, Orlova A, Gustafsson E, Ellmark P, Tolmachev V, Tötterman TH, 
et al. Locally delivered CD40 agonist antibody accumulates in secondary 
lymphoid organs and eradicates experimental disseminated bladder cancer. 
Cancer Immunol Res. 2014 Jan 1;2(1):80–90.  

125.  Eltahir M, Persson H, Mangsbo S. Tumor localized agonistic anti-CD40 
therapy and beyond. Vol. 20, Expert Opinion on Biological Therapy. Taylor 
and Francis Ltd; 2020. p. 215–7.  

126.  Lum HD, Buhtoiarov IN, Schmidt BE, Berke G, Paulnock DM, Sondel PM, et 
al. In vivo CD40 ligation can induce T cell-independent antitumor effects that 
involve macrophages. J Leukoc Biol. 2006 Mar 30;79(6):1181–92.  

127.  Eliopoulos AG, Davies C, Knox PG, Gallagher NJ, Afford SC, Adams DH, et 
al. CD40 induces apoptosis in carcinoma cells through activation of cytotoxic 
ligands of the tumor necrosis factor superfamily. Mol Cell Biol. 2000 
Aug;20(15):5503–15.  

128.  Vonderheide RH, Flaherty KT, Khalil M, Stumacher MS, Bajor DL, Hutnick 
NA, et al. Clinical activity and immune modulation in cancer patients treated 
with CP-870,893, a novel CD40 agonist monoclonal antibody. J Clin Oncol. 
2007 Mar 1;25(7):876–83.  

129.  O’Hara MH, O’Reilly EM, Varadhachary G, Wolff RA, Wainberg ZA, Ko 
AH, et al. CD40 agonistic monoclonal antibody APX005M (sotigalimab) and 
chemotherapy, with or without nivolumab, for the treatment of metastatic 
pancreatic adenocarcinoma: an open-label, multicentre, phase 1b study. Lancet 
Oncol. 2021 Jan 1;22(1):118–31.  

130.  Johnson P, Challis R, Chowdhury F, Gao Y, Harvey M, Geldart T, et al. 
Clinical and biological effects of an agonist anti-CD40 antibody: a Cancer 
Research UK phase I study. Clin Cancer Res. 2015 Mar 15;21(6):1321–8.  

131.  Irenaeus SMM, Nielsen D, Ellmark P, Yachnin J, Deronic A, Nilsson A, et al. 
First‐in‐human study with intratumoral administration of a CD40 agonistic 
antibody, ADC‐1013, in advanced solid malignancies. Int J Cancer. 2019 Sep 
8;145(5):1189–99.  

132.  Vitale LA, Thomas LJ, He LZ, O’Neill T, Widger J, Crocker A, et al. 
Development of CDX-1140, an agonist CD40 antibody for cancer 
immunotherapy. Cancer Immunol Immunother. 2019 Feb 13;68(2):233–45.  

133.  Kim BK, Han KH, Ahn SH. Prevention of hepatocellular carcinoma in patients 
with chronic hepatitis B virus infection. Vol. 81, Oncology. Oncology; 2011. 
p. 41–9.  

134.  Roden RBS, Stern PL. Opportunities and challenges for human papillomavirus 
vaccination in cancer. Vol. 18, Nature Reviews Cancer. Nature Publishing 
Group; 2018. p. 240–54.  

135.  Makkouk A, Weiner GJ. Cancer immunotherapy and breaking immune 
tolerance: New approaches to an old challenge. Vol. 75, Cancer Research. 
American Association for Cancer Research Inc.; 2015. p. 5–10.  



 68 

136.  Hollingsworth RE, Jansen K. Turning the corner on therapeutic cancer 
vaccines. Vol. 4, npj Vaccines. Nature Publishing Group; 2019.  

137.  Hu Z, Ott PA, Wu CJ. Towards personalized, tumour-specific, therapeutic 
vaccines for cancer. Vol. 18, Nature Reviews Immunology. Nature Publishing 
Group; 2018. p. 168–82.  

138.  Han J, Gu X, Li Y, Wu Q. Mechanisms of BCG in the treatment of bladder 
cancer-current understanding and the prospect. Vol. 129, Biomedicine and 
Pharmacotherapy. Elsevier Masson SAS; 2020.  

139.  Jou J, Harrington KJ, Zocca MB, Ehrnrooth E, Cohen EEW. The changing 
landscape of therapeutic cancer vaccines-novel platforms and neoantigen 
identification. Vol. 27, Clinical Cancer Research. American Association for 
Cancer Research Inc.; 2021. p. 689–703.  

140.  Overwijk WW. Cancer vaccines in the era of checkpoint blockade: the magic 
is in the adjuvant. Vol. 47, Current Opinion in Immunology. Elsevier Ltd; 
2017. p. 103–9.  

141.  Hilf N, Kuttruff-Coqui S, Frenzel K, Bukur V, Stevanović S, Gouttefangeas C, 
et al. Actively personalized vaccination trial for newly diagnosed glioblastoma. 
Nature. 2019 Jan 10;565(7738):240–5.  

142.  Chiang CLL, Kandalaft LE, Coukos G. Adjuvants for enhancing the 
immunogenicity of whole tumor cell vaccines. Int Rev Immunol. 2011 
Apr;30(2–3):150–82.  

143.  Burkhardt UE, Hainz U, Stevenson K, Goldstein NR, Pasek M, Naito M, et al. 
Autologous CLL cell vaccination early after transplant induces leukemia-
specific T cells. J Clin Invest. 2013 Sep 3;123(9):3756–65.  

144.  Srivatsan S, Patel JM, Bozeman EN, Imasuen IE, He S, Daniels D, et al. 
Allogeneic tumor cell vaccines: The promise and limitations in clinical trials. 
Hum Vaccines Immunother. 2014;10(1):52–63.  

145.  Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al. 
Sipuleucel-T Immunotherapy for Castration-Resistant Prostate Cancer. N Engl 
J Med. 2010 Jul 29;363(5):411–22.  

146.  Butterfield LH, Comin-Anduix B, Vujanovic L, Lee Y, Dissette VB, Yang JQ, 
et al. Adenovirus MART-1-engineered autologous dendritic cell vaccine for 
metastatic melanoma. J Immunother. 2008 Apr;31(3):294–309.  

147.  Bouzid R, Peppelenbosch M, Buschow SI. Opportunities for conventional and 
in situ cancer vaccine strategies and combination with immunotherapy for 
gastrointestinal cancers, a review. Vol. 12, Cancers. MDPI AG; 2020.  

148.  Bol KF, Schreibelt G, Gerritsen WR, De Vries IJM, Figdor CG. Dendritic cell-
based immunotherapy: State of the art and beyond. Clin Cancer Res. 2016 Apr 
15;22(8):1897–906.  

149.  Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An 
immunogenic personal neoantigen vaccine for patients with melanoma. 
Nature. 2017 Jul 13;547(7662):217–21.  

150.  van Poelgeest MIE, Welters MJP, van Esch EMG, Stynenbosch LFM, 
Kerpershoek G, van Meerten EL va. P, et al. HPV16 synthetic long peptide 
(HPV16-SLP) vaccination therapy of patients with advanced or recurrent 
HPV16-induced gynecological carcinoma, a phase II trial. J Transl Med. 2013 
Apr 4;11(1).  

151.  Keskin DB, Anandappa AJ, Sun J, Tirosh I, Mathewson ND, Li S, et al. 
Neoantigen vaccine generates intratumoral T cell responses in phase Ib 
glioblastoma trial. Nature. 2019 Jan 10;565(7738):234–9.  



 69

152.  Quakkelaar ED, Melief CJM. Experience with Synthetic Vaccines for Cancer 
and Persistent Virus Infections in Nonhuman Primates and Patients. In: 
Advances in Immunology. Academic Press Inc.; 2012. p. 77–106.  

153.  Borst J, Ahrends T, Bąbała N, Melief CJM, Kastenmüller W. CD4+ T cell help 
in cancer immunology and immunotherapy. Vol. 18, Nature Reviews 
Immunology. Nature Publishing Group; 2018. p. 635–47.  

154.  Melief CJM, Van Der Burg SH. Immunotherapy of established (pre)malignant 
disease by synthetic long peptide vaccines. Vol. 8, Nature Reviews Cancer. 
Nat Rev Cancer; 2008. p. 351–60.  

155.  Skwarczynski M, Toth I. Peptide-based synthetic vaccines. Vol. 7, Chemical 
Science. Royal Society of Chemistry; 2016. p. 842–54.  

156.  Brisse M, Vrba SM, Kirk N, Liang Y, Ly H. Emerging Concepts and 
Technologies in Vaccine Development. Vol. 11, Frontiers in Immunology. 
Frontiers Media S.A.; 2020.  

157.  R S DiPaola, M Plante, H Kaufman, D P Petrylak, R Israeli, E Lattime, et al. 
A phase I trial of pox PSA vaccines (PROSTVAC-VF) with B7-1, ICAM-1, 
and LFA-3 co-stimulatory molecules (TRICOM) in patients with prostate 
cancer. J Transl Med  . 2006;  

158.  Cuzzubbo S, Mangsbo S, Nagarajan D, Habra K, Pockley AG, McArdle SEB. 
Cancer Vaccines: Adjuvant Potency, Importance of Age, Lifestyle, and 
Treatments. Vol. 11, Frontiers in Immunology. Frontiers Media S.A.; 2021.  

159.  Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: Moving beyond 
current vaccines. Vol. 10, Nature Medicine. Nat Med; 2004. p. 909–15.  

160.  Verdegaal EME, De Miranda NFCC, Visser M, Harryvan T, Van Buuren MM, 
Andersen RS, et al. Neoantigen landscape dynamics during human melanoma-
T cell interactions. Nature. 2016 Jun 27;536(7614):91–5.  

161.  George S, Miao D, Demetri GD, Adeegbe D, Rodig SJ, Shukla S, et al. Loss 
of PTEN Is Associated with Resistance to Anti-PD-1 Checkpoint Blockade 
Therapy in Metastatic Uterine Leiomyosarcoma. Immunity. 2017 Feb 
21;46(2):197–204.  

162.  Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J, Petti 
AA, et al. A dendritic cell vaccine increases the breadth and diversity of 
melanoma neoantigen-specific T cells. Science (80- ). 2015 May 
15;348(6236):803–8.  

163.  Sahin U, Derhovanessian E, Miller M, Kloke BP, Simon P, Löwer M, et al. 
Personalized RNA mutanome vaccines mobilize poly-specific therapeutic 
immunity against cancer. Nature. 2017 Jul 13;547(7662):222–6.  

164.  Lee DW, Gardner R, Porter DL, Louis CU, Ahmed N, Jensen M, et al. Current 
concepts in the diagnosis and management of cytokine release syndrome. 
Blood. 2014 Jul 10;124(2):188–95.  

165.  Shimabukuro-Vornhagen A, Gödel P, Subklewe M, Stemmler HJ, Schlößer 
HA, Schlaak M, et al. Cytokine release syndrome. J Immunother cancer. 2018 
Jun 15;6(1):56.  

166.  Wing MG, Moreau T, Greenwood J, Smith RM, Hale G, Isaacs J, et al. 
Mechanism of first-dose cytokine-release syndrome by CAMPATH 1-H: 
involvement of CD16 (FcgammaRIII) and CD11a/CD18 (LFA-1) on NK cells. 
J Clin Invest. 1996 Dec 15;98(12):2819–26.  

167.  Winkler U, Jensen M, Manzke O, Schulz H, Diehl V, Engert A. Cytokine-
release syndrome in patients with B-cell chronic lymphocytic leukemia and 
high lymphocyte counts after treatment with an anti-CD20 monoclonal 
antibody (rituximab, IDEC-C2B8). Blood. 1999 Oct 1;94(7):2217–24.  



 70 

168.  Suntharalingam G, Perry MR, Ward S, Brett SJ, Castello-Cortes A, Brunner 
MD, et al. Cytokine Storm in a Phase 1 Trial of the Anti-CD28 Monoclonal 
Antibody TGN1412. N Engl J Med. 2006 Sep 7;355(10):1018–28.  

169.  Rüter J, Antonia SJ, Burris HA, Huhn RD, Vonderheide RH. Immune 
modulation with weekly dosing of an agonist CD40 antibody in a phase I study 
of patients with advanced solid tumors. Cancer Biol Ther. 2010 Nov 
15;10(10):983–93.  

170.  Rotz SJ, Leino D, Szabo S, Mangino JL, Turpin BK, Pressey JG. Severe 
cytokine release syndrome in a patient receiving PD-1-directed therapy. 
Pediatr Blood Cancer. 2017 Dec;64(12):e26642.  

171.  Teachey DT, Rheingold SR, Maude SL, Zugmaier G, Barrett DM, Seif AE, et 
al. Cytokine release syndrome after blinatumomab treatment related to 
abnormal macrophage activation and ameliorated with cytokine-directed 
therapy. Blood. 2013 Jun 27;121(26):5154–7.  

172.  Obstfeld AE, Frey N V., Mansfield K, Lacey SF, June CH, Porter DL, et al. 
Cytokine release syndrome associated with chimeric-antigen receptor T-cell 
therapy: Clinicopathological insights. Vol. 130, Blood. American Society of 
Hematology; 2017. p. 2569–72.  

173.  van der Kolk LE, Grillo-López AJ, Baars JW, Hack CE, van Oers MH. 
Complement activation plays a key role in the side-effects of rituximab 
treatment. Br J Haematol. 2001 Dec;115(4):807–11.  

174.  Eltahir M, Fletcher E, Dynesius L, Jarblad JL, Lord M, Laurén I, et al. Profiling 
of donor-specific immune effector signatures in response to rituximab in a 
human whole blood loop assay using blood from CLL patients. Int 
Immunopharmacol. 2021 Jan 1;90.  

175.  Pierpont TM, Limper CB, Richards KL. Past, present, and future of Rituximab-
The world’s first oncology monoclonal antibody therapy. Vol. 8, Frontiers in 
Oncology. Frontiers Media S.A.; 2018.  

176.  Edwards JCW, Szczepański L, Szechiński J, Filipowicz-Sosnowska A, Emery 
P, Close DR, et al. Efficacy of B-Cell–Targeted Therapy with Rituximab in 
Patients with Rheumatoid Arthritis. N Engl J Med. 2004 Jun 17;350(25):2572–
81.  

177.  Kulkarni HS, Kasi PM. Rituximab and Cytokine Release Syndrome. Case Rep 
Oncol. 2012 Mar 20;5(1):134–40.  

178.  Seifert G, Reindl T, Lobitz S, Seeger K, Henze G. Fatal course after 
administration of rituximab in a boy with relapsed all: a case report and review 
of literature. Vol. 91, Haematologica. 2006 Jan.  

179.  Rombouts MD, Swart EL, Van Den Eertwegh AJM, Crul M. Systematic 
review on infusion reactions to and infusion rate of monoclonal antibodies used 
in cancer treatment. Vol. 40, Anticancer Research. International Institute of 
Anticancer Research; 2020. p. 1201–18.  

180.  Byrd JC, Waselenko JK, Maneatis TJ, Murphy T, Ward FT, Monahan BP, et 
al. Rituximab therapy in hematologic malignancy patients with circulating 
blood tumor cells: Association with increased infusion-related side effects and 
rapid blood tumor clearance. J Clin Oncol. 1999;17(3):791–5.  

181.  Lühder F, Huang Y, Dennehy KM, Guntermann C, Müller I, Winkler E, et al. 
Topological Requirements and Signaling Properties of T Cell–activating, Anti-
CD28 Antibody Superagonists. J Exp Med. 2003 Apr 21;197(8):955–66.  

182.  Attarwala H. TGN1412: From Discovery to Disaster. J Young Pharm. 2010 
Jul;2(3):332–6.  

  



 71

183.  Stebbings R, Findlay L, Edwards C, Eastwood D, Bird C, North D, et al. 
&quot;Cytokine storm&quot; in the phase I trial of monoclonal antibody 
TGN1412: better understanding the causes to improve preclinical testing of 
immunotherapeutics. J Immunol. 2007 Sep 1;179(5):3325–31.  

184.  Bartholomaeus P, Semmler LY, Bukur T, Boisguerin V, Römer PS, Tabares 
P, et al. Cell contact-dependent priming and Fc interaction with CD32+ 
immune cells contribute to the TGN1412-triggered cytokine response. J 
Immunol. 2014 Mar 1;192(5):2091–8.  

185.  Römer PS, Berr S, Avota E, Na S-Y, Battaglia M, ten Berge I, et al. Preculture 
of PBMCs at high cell density increases sensitivity of T-cell responses, 
revealing cytokine release by CD28 superagonist TGN1412. Blood. 2011 Dec 
22;118(26):6772–82.  

186.  Eastwood D, Findlay L, Poole S, Bird C, Wadhwa M, Moore M, et al. 
Monoclonal antibody TGN1412 trial failure explained by species differences 
in CD28 expression on CD4+ effector memory T-cells. Br J Pharmacol. 2010 
Oct;161(3):512–26.  

187.  Fletcher EAK, Eltahir M, Lindqvist F, Rieth J, Törnqvist G, Leja-Jarblad J, et 
al. Extracorporeal human whole blood in motion, as a tool to predict first-
infusion reactions and mechanism-of-action of immunotherapeutics. Int 
Immunopharmacol. 2018 Jan 1;54:1–11.  

188.  Karttunen J, Sanderson S, Shastri N. Detection of rare antigen-presenting cells 
by the lacZ T-cell activation assay suggests an expression cloning strategy for 
T-cell antigens. Proc Natl Acad Sci U S A. 1992;89(13):6020–4.  

189.  Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression in 
transgenic mice constructed using cDNA- based α- and β-chain genes under 
the control of heterologous regulatory elements. Immunol Cell Biol. 
1998;76(1):34–40.  

190.  Overwijk WW, Theoret MR, Finkelstein SE, Surman DR, De Jong LA, Vyth-
Dreese FA, et al. Tumor regression and autoimmunity after reversal of a 
functionally tolerant state of self-reactive CD8+ T cells. J Exp Med. 2003 Aug 
18;198(4):569–80.  

191.  Brinke A Ten, Marek-Trzonkowska N, Mansilla MJ, Turksma AW, Piekarska 
K, Iwaszkiewicz-Grzes D, et al. Monitoring T-cell responses in translational 
studies: Optimization of dye-based proliferation assay for evaluation of 
antigen-specific responses. Front Immunol. 2017 Dec 21;8(DEC).  

192.  Lundberg M, Eriksson A, Tran B, Assarsson E, Fredriksson S. Homogeneous 
antibody-based proximity extension assays provide sensitive and specific 
detection of low-abundant proteins in human blood. Nucleic Acids Res. 2011 
Aug;39(15).  

193.  Fletcher EAK, van Maren W, Cordfunke R, Dinkelaar J, Codee JDC, van der 
Marel G, et al. Formation of Immune Complexes with a Tetanus-Derived B 
Cell Epitope Boosts Human T Cell Responses to Covalently Linked Peptides 
in an Ex Vivo Blood Loop System. J Immunol. 2018 Jul 1;201(1):87–97.  



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1740

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-439220

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021


	Abstract
	List of Papers
	Contents
	Abbreviations
	1 Introduction
	1.1 The immune system – Overview
	1.2 Tumor immunology, immune surveillance and immune escape
	1.2.1 Effector immune cells
	1.2.2 Suppressor cells
	1.2.3 Cancer immunotherapy

	1.3 Antibody
	1.3.1 Structure, class, isotype and function
	1.3.2 Fc receptors
	1.3.3 The complement system
	1.3.4 Antibody engineering
	1.3.5 Bispecific antibodies

	1.4 Antibody-based immunotherapy
	1.4.1 Tumor targeting antibodies
	1.4.2 Checkpoint inhibitors (CPIs)
	1.4.3 Agonistic antibodies

	1.5 Cancer vaccines
	1.5.1 Tumor-associated and tumor-specific antigens
	1.5.2 Therapeutic cancer vaccine classes
	1.5.3 Adjuvants
	1.5.4 Personalized cancer vaccines

	1.6 Immune toxicity, infusion reactions and cytokine release syndrome (CRS)
	1.6.1 CRS mechanisms
	1.6.2 Rituximab-induced CRS
	1.6.3 Pre-clinical safety assessment of CRS.


	2 Aims
	3 Methodology
	3.1 The whole blood loop assay
	3.2 Biophysical and pre-clinical characterization of ADAC
	3.3 Plasma proteomic analysis.

	4 Summary of the papers
	5 Conclusions and future perspectives
	6 Acknowledgment
	7 References



