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Preface

To safeguard ourselves, our immune system is equipped with a series of defence 
mechanisms to recognise and respond to non-self molecules. Although essential 
for fighting off infections and preventing cancers, destructive immune responses 
pose a considerable challenge in autoinflammation and transplantation. Currently 
available immunosuppressants help to control destructive immune responses. 
However, management of side-effects of lifelong immunosuppression, including 
cancer development and reduced survival, remain major problems. For this reason, 
an increasing amount of interest is directed towards the natural specific regulatory 
mechanism of the immune system. A better understanding of these mechanisms 
holds the key.

One approach that the immune system employs to induce self-tolerance is via 
regulatory T cells (Treg). Treg are well known for their immune regulatory potential 
and are essential for maintaining immune homeostasis. Impaired Treg-mediated 
immune regulation has been observed in various autoimmune diseases as well as 
in cancers. Therefore, Treg might provide an ideal therapeutic target for diseases 
where the immune balance is impaired and could benefit from the regulation 
of Treg properties. The rationale of Treg-based immunotherapy for treating 
autoimmunity and transplant rejection is to tip the immune balance of effector 
T cell-mediated immune activation and Treg-mediated immune inhibition in favour 
of Treg cells, either through endogenous Treg expansion strategies or adoptive 
transfer of ex vivo expanded Treg. Human Treg are currently intensively studied for 
the induction of immunotolerance both in transplantation and autoimmunity. The 
tumour microenvironment preferably recruits immune cells, which possess a highly 
immunosuppressive capacity, thus inducing peripheral immune tolerance and 
facilitating tumour immune escape. Immune checkpoint inhibitors take the brakes 
off an immune response that has begun thus reactivating the anti-cancer effect.

In this book on immunosuppression, researchers in this area discuss their recent 
findings in the context of autoimmune diseases as well as cancers. Topics include 
biological modulation of Treg, monitoring of the complement pathway in the 
occurrence of antibody-mediated organ rejection, immunotherapy for bile duct 
cancer, immunosuppression in viral infections, and the management of biliary 
diseases using endoscopic ultrasound. These reviews are representative of a current 
active research field that continues to grow and enlighten. We hope the reviews 
will be of use to experts in the field and new entrants alike.

Dr. Xuehui He
Department of Laboratory Medicine,

Medical Immunology Section,
Radboud University,

Nijmegen, Netherlands
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Chapter 1

Induced Immunosuppression in 
Critical Care
Evgeny Grigoryev, Vera Matveeva, Artem Ivkin  
and Maryam Khanova

Abstract

The maladaptive nature of the systemic inflammatory response syndrome, 
which may be caused by sepsis, trauma, or ischemia-reperfusion injury, is char-
acterized by a shift towards the distant effects of pro- and anti-inflammatory 
mediators. Shock, blood loss, and metabolic disorders may cause the onset of 
multiple organ dysfunction syndrome. The final phase of critical illness is gener-
ally associated with induced immunosuppression and dysfunctions of neutrophils, 
monocytes and macrophages, dendritic cells, release of myeloid-derived suppressor 
cells, damage to glycocalyx and endothelium, and impaired metabolic conjugation. 
This review is aimed at providing novel evidences on the roles of various immune 
components, either innate or acquired, in the induction of immunosuppression 
from the standpoint of the rapid diagnosis of immune disorders in the intensive 
care unit using flow cytometry as a commonly accepted option.

Keywords: systemic inflammatory response syndrome, persistent multiple organ 
dysfunction, induced immunosuppression, flow cytometry

1. Introduction

Systemic inflammatory response syndrome (SIRS) refers to a critical illness, either 
infectious (sepsis) or secondary to tissue injury (tissue injury, cardiopulmonary 
bypass) that evolves into two phases. The first phase is an initial hyperinflammatory 
response, sometimes referred as a cytokine storm. Damage-associated molecular pat-
terns (DAMP), also known as alarmins, and pathogen-associated molecular patterns 
(PAMP) activate the innate immune system. The activation of innate immunity is 
accompanied by a significant release of pro-inflammatory mediators that increase the 
intensity of the immune response and trigger adaptive immunity responses [1].

Excessive activation of pro-inflammatory mechanisms in SIRS patients drives 
the development of compensatory mechanisms to prevent excessive inflammation 
and weaken its excessive activity [2]. Negative feedback mechanisms downregulate 
this response in the first hours but may lead to the dysregulation and pathological 
over time, resulting in persistent suppression of immune response and increasing 
the risk of recurrent infections [3]. Numerous clinical and experimental trials on 
SIRS and sepsis have reported significant changes in the immunological profile, 
suggesting the phase of immune suppression to be the predominant immunologi-
cal response in most patients after 7–14 days of persistent critical illness [4]. From 
the standpoint of critical care medicine, patients with sepsis cannot overcome the 
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primary bacterial infection even if they are actively treated, including antibacte-
rial therapy. Patients with SIRS- and sepsis-induced immunosuppression acquire 
nosocomial and opportunistic infections contributing to the onset of multiple organ 
dysfunction syndrome [5].

The development of MODS is propagated by the dysregulation of the immune 
system. However, the interplay of pathophysiological mechanisms underlying the 
dysregulation of immune inflammatory processes is complex and requires in-depth 
studies. These mechanisms and their role are changing during the progression of the 
disease implying a heterogeneous immunological status specific to each patient. To 
date, researchers have focused on understanding the main changes in the innate and 
adaptive cellular immunity in critically ill patients, which may aid in the develop-
ment of early and accurate individualized therapy protocols. Therefore, flow cytom-
etry may be considered as a promising tool, enabling collecting highly accurate 
data at the preanalytical stage within a relatively short period of time. This review 
summarizes and discusses the most informative indicators of innate and adaptive 
cellular immunity in diagnosing and monitoring SIRS-induced immunosuppression.

2. Neutrophils

Circulating numbers of neutrophils in blood are commonly increased by the 
rapid egress from the bone marrow and recruitment from the marginal pool to the 
circulating one.

Most studied have reported inconsistent alterations in the function of neutro-
phils in patients with sepsis at the early phase (impaired bacterial phagocytosis 
(activated or decreased, incomplete phagocytosis), increased synthesis of reactive 
oxygen species (ROS), decreased chemotaxis) [6]. Existing neutrophil dysfunction 
may be furtherly aggravated or reversed. Therefore, impaired neutrophil function 
preludes insufficient bacterial clearance and neutrophil dysfunction and increases 
the susceptibility to infection [7]. It is worth noting that patients with severe neutro-
phil dysfunction are more prone to nosocomial and secondary infections [8]. Flow 
cytometry allows evaluating cell functional properties, but the interaction of external 
and internal factors (disease staging, blood sampling technique, sample storage, and 
preparation) should be taken into account before interpreting the obtained results.

Neutrophils are well-known highly informative predictors of adverse complica-
tions in patients with sepsis. Immature neutrophils with decreased expression of 
CD10 and CD16 (CD10-/CD16low) have exhibited an immunosuppression pattern 
implying the presence of the link with increased early mortality in patients with 
sepsis [9]. A unique CD10-/CD16low immature neutrophil subpopulation has been 
studied in cardiac patients. An increase in their concentration has been recorded 
even in the perioperative period. Thus, CD10-/CD16low neutrophils represent a 
significant portion of the circulating pool after cardiac surgery (over 40% of circu-
lating neutrophils), emerge a left shift, and influence the phenotype and functional 
activity of circulating neutrophils [10].

3. Monocytes and macrophages

Monocytes and macrophages play a pivotal role in triggering and regulating the 
immune responses [11]. Monocytes and macrophages are key players in the forma-
tion of the cytokine storm in the hyperactive phase of SIRS and sepsis. They are an 
important link with the onset and maintenance immunosuppression. Endotoxin 
tolerance is a well-known functional defect in monocytes and macrophages [12], 
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displaying a decrease in the release of pro-inflammatory cytokines in response to 
endotoxin (LPS) and other types of TLR stimuli [12]. Endotoxin tolerance may be 
induced in circulating monocytes as well as reticular spleen monocytes (spleno-
cytes). It is directly related to immunosuppression, since a decrease in cytokine 
production blocks further expansion of the immune responses and limits the 
involvement of the cells of the adaptive immune system.

There are two in vitro assays evaluating the ability of monocytes to respond to 
the provocation of the immune system and detecting induced immunosuppres-
sion. The first includes the measurement of cytokines in cell culture supernatant in 
response to stimulation [13], whereas the second one assesses intracellular synthesis 
of cytokines. Fumeaux et al. have measured the level of production of intracellular 
cytokines and reported that monocytes in septic patients possess predominant 
anti-inflammatory phenotype with an increase in the intracellular ratio of IL10/
TNF [14].

Main mechanisms implicated in the induction of monocyte and macro-
phage endotoxin tolerance in septic and sterile SIRS are considered as universal. 
Hyporeactivity has been repeatedly reported in septic patients, whereas endotoxin 
tolerance exhibited by monocytes has been first described in patients undergoing 
aortic surgery or those suffering from thermal trauma, hepatic/renal ischemia-
reperfusion injury, coronary occlusion, and hemorrhagic shock [15]. However, the 
protective mechanisms of immunosuppression at the initial phase of hyperactiva-
tion of the immune response in patients with SIRS and sepsis may aggravate and 
lead to adverse events. In addition to endotoxin tolerance, anergy of monocytes 
and macrophages may be induced [16], capable to transit the last to an immuno-
suppressive state with the impaired antigen-presenting ability [17] and increased 
risk of nosocomial infections and adverse complications. The immunosuppressive 
phenotype of monocytes in SIRS and sepsis is characterized by a decrease in the 
expression of key MHC II genes and co-stimulating molecules (CD86, CD40, and 
HLA-DR), mediating a violation of antigen-presenting ability.

In addition, patients with sepsis-induced immunosuppression, as well as after 
cardioplegia during cardiac surgery, have demonstrated a significant decrease in 
the expression of the chemokine receptor CX3CR1 (receptor for fractalkine). Since 
the CX3CR1/CX3CL1 interaction mediates chemotaxis, adhesion, and migration of 
pro-inflammatory cells to the damaged area or infection, leading to tissue infiltra-
tion [18], its decreased expression on monocytes may prevent their migration with 
further phagocytosis and lesion sanitation.

Decreased cell surface expression of major histocompatibility complex class II 
(MHC II) is a key marker of suppressive functional rearrangement of monocytes. 
Indeed, low HLA-DR expression on monocytes has reported the correlation with 
lower synthesis of TNF-a and IL-1 in response to stimulation [19], decreased 
antigen-presenting ability [20], and expression level of the CD86 co-stimulatory 
molecule [21]. This biomarker is commonly used to monitor immunosuppression 
in various critical conditions. Clinical studies have reported that the magnitude 
and overtime persistence of HLA-DR reduction on monocytes correlates with an 
increase in mortality and the incidence of infections [22] associated with medi-
cal care provision in ICU patients [23]. It is worth noting that the monitoring of 
HLA-DR expression on monocytes during the first days after surgery does not allow 
predicting an increased risk of postoperative SIRS or sepsis or infectious complica-
tions in patients undergoing cardiac surgery.

Functional tests have confirmed the presence of the suppressor phenotypic tran-
sit in monocytes and have demonstrated lower proliferation of T-lymphocytes in 
the LPS-stimulated mixed culture of lymphocytes and monocytes in septic patients 
than healthy donor monocytes.
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4. Myeloid-derived suppressor cells (MDSC)

MDSCs are a heterogeneous population of immature myeloid cells with potent 
immunosuppressive activity against various types of cells, mainly T-lymphocytes. 
MDSCs have been first described in cancer patients as the cells capable to suppress 
the immune response, while orchestrating angiogenesis, invasion, and metastasis 
of tumors to the distant sites [24]. Certain difficulties have been experienced in 
comparing and interpreting data obtained in various research laboratories, caused 
mainly by the gap in the gating strategies and the description of the MDSC pheno-
type. In 2016, Bronte et al. published the recommendations for myeloid-derived 
suppressor cell nomenclature and characterization standards in 2016 and proposed 
to distinguish three main populations of MDSC: polymorphonuclear (PMN) or 
granulocytic MDSC (PMN-MDSC), monocytic MDSC (M-MDSC), and early-stage 
MDSC (eMDSC) [25].

The minimum set of the phenotypic criteria (but sufficient) to distinguish 
MDSC in humans is as follows:

M-MDSC: CD11b+CD14+HLA-DRlow/-CD15-
PMN-MDSC: – CD14-CD11b+CD15+ or CD11b+CD14−CD66b+
eMDSC: Lin− (including CD3, CD14, CD15, CD19, CD56) HLA-DR−CD33+

M-MDSCs suppress both antigen-specific and non-specific T-cell responses 
associated with the production of NO and cytokines. PMN-MDSCs are capable of 
suppressing antigen-specific immune responses. The secretion of reactive oxygen 
species (ROS) by M-MDSC and PMN-MDSC is an important mechanism associated 
with the induction of the antigen-specific immune T-cell tolerance [26].

An early increase in MDSCs is associated with early mortality, while their persis-
tent expansion with the prolonged length of stay in the ICU. Multivariate analysis has 
proved that a persistent increase in PMN-MDSCs appeared to be a strong independent 
predictor of nosocomial infections and poor prognosis [27], indicating the transition 
of the septic process to the induced immunosuppression. However, this transition 
is defined not only for sepsis, but also for other systemic inflammatory responses. 
Elevated levels of PMN-MDSC in patients at admission to the ICU is a strong predic-
tor of mortality in the first 7 days. An increase in arginase in these patients directly 
correlates with the level of PMN-MDSC [28]. Various studies have shown a decrease in 
plasma concentrations of arginine in critical patients [29] with immunosuppression.

5. Dendritic cells

Dendritic cells (DCs) are short-lived immune cells. Dendritic cell precursors 
originated from the bone marrow enter the bloodstream (circulating DCs) and 
then migrate to the tissues (tissue DCs), with most of the DCs being present in the 
tissues. DCs are antigen-presenting cells that induce T-cell immune responses, and 
the cytokines synthesized by DC activate innate and adaptive immunity [30].

Most of the studies are focused on the quantitative and qualitative assessment of 
DCs in patients with sepsis-induced immunosuppression, but few of them exam-
ines these processes in noninfectious SIRS. A decrease in the number of circulating 
DCs has been reported in patients with sepsis [31] and septic shock [32]. A signifi-
cant decrease in the number of DC in spleens of septic patients who died has been 
found compared to trauma patients [33].

In systemic inflammatory response syndrome, DCs are well-known to be 
vulnerable to apoptosis. In addition, the induction of mDC and pDC apoptosis 

5

Induced Immunosuppression in Critical Care
DOI: http://dx.doi.org/10.5772/intechopen.91826

promotes prolonged immunosuppression and persistence of infection [34]. The 
change of phenotype is closely associated with a decrease in the number of DCs. 
Thus, SIRS- and sepsis-induced immunosuppression are accompanied by a decrease 
in the antigen-presenting ability of DCs leading to reduced expression of HLA-DR, 
co-stimulatory molecules CD80/86, and transcription factor IRF4. It is worth noting 
that anti-inflammatory properties are activated in DCs, including increased synthe-
sis of IL-10 and TGFβ [6]. Thus, the number of circulating DCs and the expression 
of HLA-DR may be a promising biomarker of SIRS- and sepsis-induced immuno-
suppression that requires further studies, including the use of flow cytometry.

6. Lymphopenia

Lymphopenia results in decreased resistance to pathogenic microorganisms 
and is considered as a non-specific yet commonly used marker of immunosup-
pression in critically ill patients [35]. If the adaptive immune system is weakened, 
the body has difficulties properly coordinating the fight against the pathogen 
leading to persistent primary or secondary infections. Depletion of each subpopu-
lation of lymphocytes occurs (with the exception of regulatory T cells, see below) 
in the immunosuppressive phase of the disease. The degree of lymphopenia 
correlates with the development of health-associated infections and/or mortality 
within 28 days [36]. It is important to note that protracted lymphopenia in ICU 
patients is associated with the presence of infectious complications [37], and this 
indicator is a better predictor of bacteremia than C-reactive protein and white 
blood cell count.

7.  NK cells, 𝛄𝛄δ-lymphocytes, mucosal-associated invariant 
T-lymphocytes

Flow cytometry have reported a significant decrease in the number of circulat-
ing NK cells in patients with severe trauma and sepsis. A long-term decrease in NK 
cells correlates with an increase in mortality [38]. In addition, a decrease in cyto-
toxicity and antibody-dependent cytotoxicity of NK cells during sepsis have been 
previously reported [39].

Septic patients also have a decrease in circulating mucosal-associated invariant 
T-lymphocytes (MAIT) [40], while a persistent decrease in MAIT correlates with 
the subsequent development of health-associated infections.

A significant decrease in the relative content of 𝛄𝛄δ-lymphocytes has been 
found in patients with sepsis with prevailing non-proliferating 𝛄𝛄δ-lymphocyte 
population [41].

8. T-lymphocytes

8.1 Quantitative changes in T-lymphocytes

Quantitative and functional changes in T-lymphocytes occur in patients with 
induced immunosuppression. They include activation of apoptosis, anergy, and 
depletion, an increase in the percentage of Treg cells. Each of these changes will be 
considered separately.

One of the causes of lymphopenia in immunosuppression is associated with 
the death of T and B lymphocytes through apoptosis. There are a lot of evidences 
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One of the causes of lymphopenia in immunosuppression is associated with 
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confirming a decrease in the number of circulating and deep depletion of tissue 
resident CD4 + and CD8 + T-lymphocytes during sepsis [42].

8.2 Programmed cell death receptor 1 (PD-1) and its ligand (PD-L1)

An important mechanism for enhancing apoptotic cell death is associated 
with increased expression of the programmed cell death receptor 1 (PD-1) and its 
ligand (PD-L1). PD-1 is a negative co-inhibitory molecule expressed by lympho-
cytes, myeloid cells, and DC. Under physiological conditions, PD-1 is associated 
with negative regulation of the immune system by preventing the activation of 
T-lymphocytes, which reduces autoimmunity and increases self-tolerance. The 
inhibitory effect of PD-1 is through stimulation of apoptosis of antigen-specific 
T-lymphocytes in the lymph nodes and a decrease in apoptosis of regulatory 
T-lymphocytes (Treg). The main PD-1 ligand (PD-L1) expresses epithelial cells, 
endothelial cells, and antigen-presenting cells (APCs) [43]. Flow cytometry 
reported that the expression of PD-1 on T-lymphocytes and PD-L1 on monocytes 
drastically increased in patients with septic shock and led to accelerated apoptosis 
of all major lymphocyte subpopulations compared to healthy volunteers [44]. 
Macrophages also express higher PD-1 levels during sepsis, which is associated with 
dysfunction of these cells and a decrease in microbial clearance [45].

Excess expression of PD-1 and PD-L1 on immune cells leads to their deactivation 
and acceleration of apoptotic death, resulting in the formation and development 
of sepsis- and SIRS-induced immunosuppression [46]. Day et al. have found an 
increase in the expression of PD-1 and PD-L1 on CD4 + T-lymphocytes within the 
first 5 days of hospitalization in patients with sepsis and severe trauma compared 
with healthy donors. The expression level of PD-1 and PD-L1 correlated with a 
decrease in stimulated proliferative lymphocyte activity and an increase in the 
concentration of IL-10 (anti-inflammatory cytokine) in the blood [47].

In addition to the direct apoptotic effects of PD-1 and PD-L1 molecules on 
T-lymphocytes, they indirectly affect the number of antigen-presenting DCs. 
Antigen-presenting cells (APC) activate CD4+ T-lymphocytes, which quickly pro-
liferate (clonal expansion is a feature common to all adaptive immune responses) 
and differentiate into different effector lines, namely, Th1, Th2, and Th17. The 
decrease in the number of DCs suppresses clonal expansion along with the direct 
apoptotic effects of PD-1/PD-L1, which may lead to a pronounced decrease in the 
number of B- and T-lymphocytes [33].

Experimental and clinical trials have proved the pivotal role of PD-1 and 
PD-L1 in the pathogenesis of induced immunosuppression. The correlation of the 
expression of these molecules on the surfaces of immune cells with the development 
of infectious complications and an unfavorable outcome has been determined. 
Thus, a high level of PD-L1 expression on neutrophils correlates with an increase 
in the blood levels of pro- and anti-inflammatory cytokines and an unfavorable 
outcome in septic patients [48]. A relationship between the increased expression 
of PD-1 on monocytes in patients with septic shock and mortality and the risk of 
secondary nosocomial infections has been recently reported. Similarly, an increase 
in PD-1 and PD-L1 by Th also correlates with an increase in the number of second-
ary nosocomial infections and mortality after septic shock and severe trauma [49].

8.3 Qualitative changes in T-lymphocytes

In addition to a quantitative decrease in CD4 + T-lymphocytes, there is a simul-
taneous decrease in cytokine production and a decrease in the main transcription 
factors in the Th1 and Th2 populations (T-bet for Th1 cells, GATA3 for Th2 cells) in 
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patients with sepsis [50]. These processes are associated with anergy and depletion 
of T-lymphocytes. The concept of depletion was introduced by Zajac to describe the 
impaired effector function of T cells [51]. Dysregulation of T-cell functions has been 
previously reported in patients with neonatal and pediatric sepsis and ICU patients 
with hemorrhagic shock and severe tissue damage followed by induced immuno-
suppression [52].

8.4 An increase in the relative number of Treg

T-lymphocyte dysfunction, if immunosuppression has induced, is associated 
with an increase in the relative number of circulating Treg lymphocytes subsets 
(T-cells with regulatory properties). Originally, this phenomenon was described 
in patients with septic shock [53]. Treg functions mainly at the site of inflamma-
tion, modulating the immune response via three main mechanisms: direct killing 
of cytotoxic cells, inhibition of cytokine production by cytotoxic cells, and direct 
secretion of immunomodulating anti-inflammatory cytokines, such as TGF-β and 
IL-10 [54]. An increase in Treg levels has been previously observed immediately 
after the shock but has persisted only in patients with unfavorable outcomes. One of 
the mechanisms includes Treg cells resistance to sepsis-induced apoptosis com-
pared to other T-cell populations. Blood levels of Treg cells in ICU patients can be 
considered as a prognostic marker for the development of septic complications and 
adverse outcomes [55].

Thus, the relative number of Treg cells and the level of expression of CD39 on 
Treg cells require further detailed study that may provide novel insights into the 
diagnosis of SIRS- and sepsis-induced immunosuppression. However, accurate 
results of any multicenter study require standardization of Treg phenotyping 
approaches, since various staining protocols and gating strategies are used (CD4 + 
CD25 +, CD4 + CD25 + CD127-, CD4 + FOXP3 +, etc.).

8.5  B- and T-lymphocyte attenuator (BTLA) and cytotoxic T-lymphocyte 
antigen-4 (CTCTLA-4)

T-lymphocyte dysfunction can contribute to the induction of immunosuppres-
sion and subsequent mortality. BTLA and its ligand express a wide variety of cells, 
including T and B lymphocytes. BTLA is a co-inhibiting receptor that inhibits CD4 
+ T-cell and B-cell functions and also suppresses signaling in CD4 + T cells aimed 
at their survival. The relative number of BTLA +/CD4 + lymphocytes was signifi-
cantly higher in septic patients than in non-septic ICU patients and was associated 
with the subsequent onset of secondary infections. CTLA-4, if interacting with 
CD80 or CD86, may be regarded as other inhibitory regulator in the early stages 
of T-cell activation and proliferation. CTLA-4 is an important inhibitor of the 
functional activity of immune cells, and its expression is increased in patients with 
sepsis [56].

9. Conclusion

The review proves that there are similar mechanisms underlying the induction 
of immunosuppression in septic and sterile systemic inflammatory processes and 
justifying the use of the term “injury-induced immunosuppression.” Immunological 
monitoring will allow distinguishing between the rapidly changing phases of pro-
gressive inflammation and severe immunosuppression to optimize early diagnosis 
and treatment (Table 1).
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impaired effector function of T cells [51]. Dysregulation of T-cell functions has been 
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with hemorrhagic shock and severe tissue damage followed by induced immuno-
suppression [52].

8.4 An increase in the relative number of Treg

T-lymphocyte dysfunction, if immunosuppression has induced, is associated 
with an increase in the relative number of circulating Treg lymphocytes subsets 
(T-cells with regulatory properties). Originally, this phenomenon was described 
in patients with septic shock [53]. Treg functions mainly at the site of inflamma-
tion, modulating the immune response via three main mechanisms: direct killing 
of cytotoxic cells, inhibition of cytokine production by cytotoxic cells, and direct 
secretion of immunomodulating anti-inflammatory cytokines, such as TGF-β and 
IL-10 [54]. An increase in Treg levels has been previously observed immediately 
after the shock but has persisted only in patients with unfavorable outcomes. One of 
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pared to other T-cell populations. Blood levels of Treg cells in ICU patients can be 
considered as a prognostic marker for the development of septic complications and 
adverse outcomes [55].
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Treg cells require further detailed study that may provide novel insights into the 
diagnosis of SIRS- and sepsis-induced immunosuppression. However, accurate 
results of any multicenter study require standardization of Treg phenotyping 
approaches, since various staining protocols and gating strategies are used (CD4 + 
CD25 +, CD4 + CD25 + CD127-, CD4 + FOXP3 +, etc.).
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including T and B lymphocytes. BTLA is a co-inhibiting receptor that inhibits CD4 
+ T-cell and B-cell functions and also suppresses signaling in CD4 + T cells aimed 
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with the subsequent onset of secondary infections. CTLA-4, if interacting with 
CD80 or CD86, may be regarded as other inhibitory regulator in the early stages 
of T-cell activation and proliferation. CTLA-4 is an important inhibitor of the 
functional activity of immune cells, and its expression is increased in patients with 
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The review proves that there are similar mechanisms underlying the induction 
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justifying the use of the term “injury-induced immunosuppression.” Immunological 
monitoring will allow distinguishing between the rapidly changing phases of pro-
gressive inflammation and severe immunosuppression to optimize early diagnosis 
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Marker Status Diagnostic significance or 
the underlying mechanism 
triggering immunosuppression

Prognostic value

% CD10-/CD16low 
out of the total 
concentration of 
neutrophils

↑ Immunosuppression Sepsis-associated mortality

% CD62L dim 
out of the total 
concentration of 
neutrophils

↑ Immunosuppression −

CD86 expression on 
monocytes

↓ Decrease in antigen-presenting 
function

Long-term decrease 
combined with a decrease in 
HLA-DR. Increased mortality 
and healthcare-associated 
infections

HLA-DR expression 
on monocytes or 
levels of M-MDSC

↓
↑

Decrease in antigen-presenting 
function

Increased mortality and 
healthcare-associated 
infections

CX3CR1 expression 
on monocytes

↓ Reduction in monocyte 
chemotaxis

Increased mortality

PMN-MDSC ↑ T-cell-mediated suppression Increased mortality and 
healthcare-associated 
infections

Blood levels of DCs ↓ Immunosuppression Increased mortality and 
healthcare-associated 
infections

HLA-DR expression 
on DCs

↓ Decrease in antigen-presenting 
function

Increased mortality and 
healthcare-associated 
infections

Lymphopenia ↓ Immunosuppression Increased mortality and 
healthcare-associated 
infections

PD1 expression on 
T-lymphocytes

↑ Enhanced apoptosis of 
T-lymphocytes

Increased mortality and 
healthcare-associated 
infections

PD-L1 expression on 
monocytes

↑ Enhanced apoptosis of all 
lymphocyte subpopulations

Increased mortality and 
healthcare-associated 
infections

Relative blood levels 
of Treg cells

↑ Immunosuppression Increased mortality and 
healthcare-associated 
infections

CD39+ expression on 
Treg cells

↑ Immunosuppression Differential diagnosis of 
sepsis and SIRS and increased 
mortality

BTLA and CTLA-4 
expression on 
lymphocytes

↑ Suppression of lymphocyte 
activation and proliferation

−

Table 1. 
Diagnostic and/or prognostic values of the main immunological parameters of flow cytometry associated with 
injury-induced immunosuppression in ICU patients.
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Chapter 2

Biological Modulation of the Treg:
Teff Ratio: From
Immunosuppression to
Immunoactivation
Xining Yang and Mark D. Scott

Abstract

T cell-mediated immunomodulation can be, in simple terms, defined as altering
the normal Treg:Teff ratio. Immunosuppression skews the net Treg:Teff ratio
toward the ‘tolerogenic’ Treg component, while immunoactivation skews the
response toward the ‘proinflammatory’ Teff component. In the treatment of auto-
immune diseases, achieving an immunosuppressive state is a desirable goal in order
to prevent ongoing injury by activated Teff cells. In contrast, an innate, or induced,
immunosuppressive state can be deleterious and prevent pathogen-induced disease
while allow for the progression of cancer. Indeed, a current goal of cancer therapy is
attenuating an existing endogenous immunosuppressive state that prevents effec-
tive T cell-mediated immunorecognition of cancer cells. Thus, the biological modu-
lation of the Treg:Teff ratio provides a unique approach for treating both
autoimmune diseases and cancers. Using a biomanufacturing system, miRNA-
enriched immunotherapeutic has been generated that either induce (TA1) or over-
come (IA1) an immunosuppressive state. As will be shown, these therapeutics show
efficacy both in vitro and in vivo in the prevention of autoimmune Type 1 diabetes
and in enhancing the ability of resting immune cells to recognize and inhibit cancer
cell growth. The successful development of these cost-effective, and easily
biomanufactured, secretome-based therapeutics may prove useful in treating both
autoimmune diseases and cancer.

Keywords: T lymphocyte, immunosuppression, immunoactivation, Treg, Teff,
proinflammatory, autoimmunity, cancer, biomanufacturing, miRNA

1. Introduction

The core function of the immune system is preserving ‘self ’ and rejecting
‘non-self’. Biologically, ‘non-self’ is most often seen as exogenous biologicals (e.g.,
viruses and bacteria), abnormal autologous cells (e.g., cancers) and, more recently,
‘man-made diseases’ arising from the purposeful introduction of ‘non-self’ (e.g.,
enzyme-replacement therapy, transfusion and transplantation medicine). Immu-
nological ‘self ’ of most tissues is imparted by the major histocompatibility complex
(MHC) which encodes a variety of proteins that provide a means for identifying,
targeting, and eliminating foreign invaders and diseased cells while preserving
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normal ‘self ’ tissue [1–3]. The MHC proteins themselves consist of three classes.
MHC Class I molecules are expressed on virtually all nucleated cells while Class II
molecules are expressed exclusively on antigen presenting cells (APC; e.g., mono-
cytes, macrophages, dendritic cell, B lymphocytes, and endothelial cells) and acti-
vated T lymphocytes. MHC Class III genes encode components of the complement
system. The human MHC is referred to as the Human Leukocyte Antigen (HLA)
complex while the murine equivalent is referred to as the Histocompatibility-2 (H2)
complex. In the context of MHC-mediated immune recognition, the T lymphocyte
(T cell) is of particular importance and plays a (the) central role in transfusion-
associated graft versus host disease, transplant rejection, autoimmune diseases and
cancer therapy. In terms of human diseases, autoimmune disorders and cancer are
of most significance clinically.

The activation status of T cells plays a critical role in normal immunological
homeostasis, the response to cancers, rejection of tissue/organ grafts, and the
ontogeny and pathophysiology of autoimmune diseases. T cells encompass multi-
ple subpopulations that can exert either a protolerogenic effects (regulatory T
cells; Tregs) or a proinflammatory responses (effector T cells; Teff). Hence, in
examining the immune status, the relative abundance of Tregs and Teff, i.e., the
Treg:Teff ratio, is critical. Indeed, skewing the immune response towards either
end of the continuum leads to significant medical consequences. As shown in
Figure 1, an immunosuppressive state (increased Treg and/or decreased Teff)
may facilitate the growth and spread of abnormal (i.e., cancer) cells, or in the
context of transplantation medicine enhance engraftment, while a
proinflammatory state (decreased Tregs and/or increased Teff) that may give rise
to an autoimmune disease, graft rejection or, in the case of cancer, enhance tumor
cell elimination. Indeed, modern clinical approaches attempt to pharmacologically
modulate the Treg:Teff ratio in the treatment of autoimmune disease, tissue
transplantation and cancer therapy.

Figure 1.
The yin and yang of the cellular immune response. A key aspect of immune regulation is the dualism of the
tolerogenic (Treg; e.g., Foxp3+, IL-10+,TGF-β+ and IL-4+) and effector (Teff; e.g.,Th17+, IL-2+, INF-γ+ IL-12+,
and TNF-β+) CD4+ T cells. Effector T cells also include cytotoxic CD8+ T cells (CTL). These seemingly
disparate cellular subpopulations are actually complementary, interconnected, and interdependent in
regulating the immunological response. As such, the immune response is a continuum that may be best reflected
by the Treg:Teff ratio. Indeed, the skewing of the Treg:Teff ratio towards either the left or right influences the
immunological risks/benefits of an animal. As shown, a skewed response towards the Treg cells may prevent
T1D or could be used to prevent rejection of transplanted islets. In contrast, skewing towards the Teff
populations increases the risk of autoimmune diseases such as type 1 diabetes (T1D) consequent to the
development of insulitis of the islet cells.
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Immunosuppression

2. Autoimmune diseases: increasing the Treg:Teff ratio

Autoimmune diseases affect virtually all tissues and organs and encompass such
diverse diseases as Type 1 Diabetes (T1D), Crohn’s disease (CD), Multiple Sclerosis
(MS), Rheumatoid Arthritis (RA) and immune thrombocytopenia (ITP). Despite
the diversity of tissues affected, extensive research has demonstrated the central
role for T cells with Treg being downregulated and Teff upregulated leading to a
reduced Treg:Teff ratio and a chronic pro-inflammatory state (Figure 1). Current
clinical approaches to regulating the Treg:Teff ratio are almost entirely focused on
reducing the Teff component. Most commonly, treatments for chronic autoimmune
diseases include administration of systemic steroids (e.g., dexamethasone), cyto-
toxic anti-proliferative/activation agents (e.g., cyclosporine), and interruption of
proinflammatory cytokine signaling cascades (e.g., Enbrel) resulting in the induc-
tion of a general immunosuppressive state in the individual (Figure 2). While these
pharmacological approaches are often highly effective in controlling the autoim-
mune disease, they also pose significant risks to the individual including increased
risks of opportunistic infections, cancer and organ injury. Perhaps surprisingly,
very few clinical tools exist to increase the Treg component of the Treg:Teff ratio.
Importantly, an increase in the functional Treg component would be very effective
at reducing the damage induced by the Teff subsets in autoimmune diseases and
decreasing the risk of Host versus graft disease in tissue/organ transplantation.

3. Cancer immunotherapy: decreasing the Treg:Teff ratio

In contrast to autoimmune diseases, immunosuppressive states (i.e., increased
Treg:Teff ratio) exist resulting in a failure to appropriately respond to abnormal

Figure 2.
Current pharmacologic therapies almost exclusively targets T cell activation and the Teff subpopulations. The
proliferation of pro-inflammatory T cells (e.g., CTL,Th17,Th1 populations) and decrease in regulatory T cells
(Treg) are commonly observed in both autoimmune and allorecognition immune responses. The majority of
current therapeutic agents are primarily cytotoxic agents preventing T cell activation (e.g., cyclosporine and
rapamycin) or T cell proliferation (e.g., methotrexate, corticosteroids and azathioprine). Additionally, some
blocking antibodies have been investigated. In contrast, very limited, if any, pharmaceutical approaches are
effective at increasing the Treg populations.
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cells (e.g., cancer) or infective agents (e.g., viruses and bacteria). This immuno-
suppressive state is most commonly exemplified by the progression and metastases
of cancers arising from a poor or impaired cellular immune response to abnormal
cells. Indeed, cancer progression is most often characterized by an impaired Teff
response; either due to failure in recognizing abnormal cells (i.e., ‘non-self’) or via an
existing immunosuppressive state arising from pharmacological agents or an inher-
ent skewing of the Treg:Teff response towards the Treg cells. Unlike immunosup-
pressive diseases, the focus of clinical therapy has historically focused on cytotoxic
chemicals that exert an enhanced lethality to cancer cells; though it is crucial to note
that these agents also exhibit toxicity to normal cells, especially populations char-
acterized by high proliferation rates (e.g., bone marrow; intestinal epithelial cells).
Only more recently has cancer therapy began to focus on immunomodulation; in
essence actively modulating the Treg:Teff ratio. Cancer immunotherapy has most
commonly utilized cytokine therapy or direct activation of T cells via mitogens or
monoclonal antibody therapy (Figure 3). However, both of these approaches are
beset by systemic toxicity limiting their practical use. More recently, adoptive
cellular therapeutic (ACT) approaches, using either allogenic T cells and/or CAR-T
cells, have been used. However, while clearly an increasingly important cancer
immunotherapy, these cellular approaches are expensive and, to date, continue to
pose a risk of uncontrolled immune activation and bystander cell injury [4–6].

4. Biological modulation of the immune response

While pharmacologic agents remain the mainstay of modern medicine in
treating both autoimmune diseases and cancers, a more direct ability to biologically
modulate the Treg:Teff ratio could, potentially, be a safer and more effective tool in

Figure 3.
Pharmacologic immunoactivation approaches have proven problematic due to their induction of poorly
controlled inflammatory responses. A common cause of toxicity to these approaches has been the induction of the
cytokine release syndrome (i.e., cytokine storm) [4–6].
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treating disease. It is worth noting that the biological modulation of the immune
response is not a new concept. Indeed, the theory and practice of proinflammatory
(i.e., decreasing the Treg:Teff ratio) immunotherapy originated with William
Coley’s treatment in 1891 of cancer patients with bacteria (and other toxins) in
order to induce an immune response that would exert a bystander effect on the
tumor mass [7–10]. This pioneering clinical research has led to the recognition of
Coley as the “Father of Immunotherapy”. Indeed, Coley’s Toxins were a mainstay of
cancer therapy for much of the early twentieth century and were marketed up to
�1962. However, these biologics were poorly defined, subject to diverse
manufacturing standards (or lack thereof), and highly variable in their efficacy. By
the mid twentieth century, criticisms from within the medical community led to
less usage of Coley’s Toxins as they were supplanted by the newer, and ‘safer’,
developments of radiation therapy and chemotherapy; ironically both of which are
now recognized to pose very significant short- and long-term risks to the patient.
Indeed, it is these risks that are today driving forces in rediscovering
immunotherapy.

Today, �130 years after Coley’s Toxins made their initial debut, modern immu-
notherapy has begun to revisit Coley’s core principles of modulating (i.e., induc-
ing) the endogenous immune response. Several approaches have been pursued to
enhance the patient’s own immune response. Ironically, similarly to Coley’s use of
Streptococcus pyogenes and Serratia marcescens, genetically modified strains of
Salmonella sp. as well as recombinant polioviruses have been used in tumor ther-
apy to induce an inflammatory microenvironment at the tumor site [11–14].
Tumor-specific immunotherapy has also been explored in which cancer cells from
patients have been isolated, irradiated and modified for the re-infusion into the
patient in an attempt to enhance anti-tumor immune activation and improve
tumor killing [15–19]. But perhaps the favored approach has been the application
of adoptive cell transfer (ACT) immunotherapy and, especially, chimeric antigen
receptor (CAR)-T cell therapy [20–22]. While CAR-T cells will prove to be a
crucial tool in cancer immunotherapy, they are beset by significant issues includ-
ing cost, manufacturing time (weeks-months) and the risk of inducing cytokine
release syndrome [4–6].

However, of significant clinical importance, few studies/approaches to date have
elucidated effective biological immunotherapeutic approaches for modulating the
Treg:Teff ratio (Figures 2 and 3). The ability to biologically manipulate the Treg:
Teff ratio in a controllable manner would be of significant benefit in the treatment
of cancer as well as the treatment of autoimmune diseases and the prevention of
graft rejection.

5. A new approach to the biomodulation of the Treg:Teff ratio

As described in the preceding sections, pharmacologic agents, the current main-
stay of clinical medicine, are, relatively speaking, non-specific agents beset with
often significant adverse side effects. Hence, over the last decade increasing
research has been done on biologically modifying the innate Treg:Teff immune
response. In this chapter we will discuss a novel biomodulatory approach that more
effectively, and directly, target the Treg:Teff ratio by increasing or decreasing Treg
cells while simultaneously, and inversely, decreasing of increasing Teff subsets
(Figure 4). This approach, derived from our work on the polymer-based bioengi-
neering of allogeneic T cells and their use directly, or via the production of acellular
microRNA (miRNA), to induce a tolerogenic or proinflammatory state character-
ized by significant changes in the Treg:Teff ratio [23–35].
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receptor (CAR)-T cell therapy [20–22]. While CAR-T cells will prove to be a
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ing cost, manufacturing time (weeks-months) and the risk of inducing cytokine
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As described in the preceding sections, pharmacologic agents, the current main-
stay of clinical medicine, are, relatively speaking, non-specific agents beset with
often significant adverse side effects. Hence, over the last decade increasing
research has been done on biologically modifying the innate Treg:Teff immune
response. In this chapter we will discuss a novel biomodulatory approach that more
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microRNA (miRNA), to induce a tolerogenic or proinflammatory state character-
ized by significant changes in the Treg:Teff ratio [23–35].
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Biomanufacturing of these immunomodulatory therapeutics was accomplished
using a rapid and inexpensive leukocyte allorecognition-based system (Figure 4)
[34, 35]. The core component of the biomanufacturing system is, in essence, a two-
way mixed lymphocyte reaction (MLR) in which MHC-disparate leukocyte
populations (either human PBMC or murine splenocytes) are co-incubated. Previ-
ous work from our laboratory demonstrated that the covalent grafting (PEGylation)
of methoxy(polyethylene glycol) [mPEG] to one leukocyte population resulted in
abrogation of the MHC-mediated proliferation of Teff cells [23–42]. Moreover,
these studies demonstrated that, consequent to impaired cell:cell communication
(Figure 4C), the weak allostimulation induced a tolerogenic/anergic state both
in vitro and in vivo (Figure 4A) [29–34, 41]. The PEGylated cells themselves, or the
resultant purified Treg cells, can be adoptively transferred to induce systemic tol-
erance in the recipient. Importantly, our studies demonstrated that the secretome of
PEGylated-MLR also exerted a tolerogenic effect in vitro and in vivo [25–27, 29–34].
In parallel to the PEGylated cells, the control MLR (Figure 4B) was used to

Figure 4.
Biomanufacturing immunomodulatory secretomes and purified miRNA. Panel A: Immunocamouflage of donor
cells by the covalent grafting of methoxy(polyethylene) glycol (mPEG) to one donor population in a mixed
lymphocyte reaction (MLR) results in the disruption of the essential cell–cell interactions (blue test) decreasing
T cell proliferation and altered subset differentiation patterns. As shown,Treg cells are vastly increased while
Teff subsets (CTL,Th1 and Th17 shown) are decreased resulting in an increase in the Treg:Teff ratio.
Importantly, the secretome from the mPEG-MLR exerts a tolerogenic response when used either in vitro or
in vivo. The key component of the secretome are miRNA. Panel B: Current pharmacologic therapy almost
exclusively targets T cell activation and proliferation consequent to allorecognition. Response to non-self is in
large part mediated by cell–cell interactions between antigen presenting cells (APC; e.g., dendritic cells) and
naive T cells. This cell–cell interaction is characterized by essential adhesion, allorecognition and co-stimulation
events. Consequent to allorecognition, a proliferation of proinflammatory T cells (e.g., cytotoxic T lymphocyte,
CTL; Th17, IL-17+; Th1, IFN-γ+; and IL-2+ populations) and decrease in regulatory T cells (Treg, Foxp3+

and CD25+) is observed. Panel C: As shown in photomicrographs, in a control MLR, significant and persistent
interactions (black arrows) occur between allogeneic lymphocytes (LYM) and dendritic cells (APC). The
lymphocyte adhesion and antigen presentation interactions typically occur at pseudopodal extensions from the
APC (white arrows). PEGylation of either allogeneic PBMC population decreases the stability and duration of
initial cell:cell interactions between lymphocytes due to the global charge and steric camouflage of membrane
proteins. Panel D: Importantly, the secretomes/miRNA bioproduction is both simple and rapid. As shown,
allogeneic leukocytes (a, b) are incubated for 5 days and the secretome is collected. The secretome itself can be
used or the miRNA component of the secretome can be further isolated for use. Both the secretome and miRNA
can be stored frozen as they are stable under freeze–thaw conditions. The key component of the secretome are
soluble (free and exosome) miRNA. Size of the T cell populations denotes increase or decrease in number.
Apoptosis is indicated by blebbing. Data derived from Refs. [23–35]. Figure modified from Scott et al. [35].
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generate a proinflammatory secretome, or with further purification, miRNA prep-
aration that could induce a controlled inflammatory response in unactivated T cells
[25–27, 29–34]. Most importantly, the process is rapid (5 days), inexpensive and can
be accomplished using stand tissue culture facilities—though also suitable for larger
scale bioreactor systems (Figure 4D).

The two biomanufactured miRNA-enrich therapeutics, denoted as TA1 for the
tolerogenic preparation and IA1 for the proinflammatory preparation, exert potent
immunomodulatory effects on T cells differentiation (Figure 5). TA1 drives the
differentiation of CD3+CD4�CD8� T cells towards Treg cells (CD4+Foxp3+CD25+)
while IA1 drives T cell proliferation towards both CD4+ Th17 and Th1 cells and also
towards CD3+CD8+ cytotoxic T lymphocytes (CTL). Thus, stable and storable
(freeze–thaw stable) tolerogenic and proinflammatory biologics can be rapidly
(5 days) and reproducibly biomanufactured.

Importantly, the active component of the TA1 and IA1 therapeutics are miRNAs—
not cytokines or other potential immunomodulatory effectors [31, 34, 35]. The role
of miRNA can be seen by the loss of immunomodulatory activity of TA1 and IA1
conditioned murine plasma upon treatment with RNase (Figure 6). As shown,
naïve control mice (N) have high levels of Treg cells relative to Th17 cell. However,
when challenged with a transfusion of allogeneic cells (AC), by day 5 Treg cells
have decreased significantly with a concomitant increase in Th17. However, if naïve
mice are pretreated with TA1 or IA1, the immune response to the allogeneic cells is
dramatically altered. TA1 pre-treatment resulted in a maintenance, and slight ele-
vation, of normal murine Treg levels and prevention of the Th17 upregulation upon
allogeneic challenge. In contrast, IA1 pre-treatment enhanced the inflammatory
response to the allogenic cells; i.e., significantly decreased Treg and increased Th17
cells relative to both naïve mice and control AC challenged mice. Importantly,
RNase treatment of the TA1 or IA1 samples to degrade the miRNA component
resulted in the attenuation of their respective immunomodulatory activity resulting
in a T cell response virtually identical to the AC treated control mice.

Figure 5.
In vitro and in vivo flow cytometric and functional analyses of T cells demonstrates that the TA1 and IA1
therapeutics differentially skew the differentiation pattern of naive CD3+CD4�CD8� T cells. As shown
diagrammatically,TA1 favors tolerogenic/anergic T cell subsets while significantly inhibiting proinflammatory
Teff populations. Conversely, as shown by the skewing of the Treg:Teff ratio, IA1 induces differentiation and
proliferation of both CD4+ and CD8+ Teff subsets while reducing Treg populations.
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6. Treatment of autoimmune diseases via Treg:Teff modulation

Autoimmunity arises consequent to an animal/individual’s immune system rec-
ognizing their own tissues as ‘non-self’. The Non-Obese Diabetic (NOD) mouse is an
inbred strain that exhibits the spontaneous development of a variety of autoim-
mune diseases including insulin dependent T1D. The murine autoimmune diabetes
develops spontaneously around 16–20 weeks of age though studies indicate that the
autoimmune process begins by weeks 3–4 [43–51]. Of note, the NOD mouse has
been extensively used to study the mechanisms underlying autoimmune-mediated
diabetes as well as to evaluate therapeutic interventions on disease pathogenesis. To
investigate the ability of TA1 to attenuate disease progression and incidence,
7-week-old NOD mice were treated with TA1—no other interventions were done.

As demonstrated in Figure 7A, the onset and incidence of diabetes was assessed
and correlated with the Treg:Teff ratio of the mice [31–35]. As shown, 75% of the
untreated NOD mice, but only 40% of the TA1 treated mice, developed T1D. The
onset of T1D was correlated with the Treg:Teff ratios of the individual mouse
(Panel A). As shown, the TA1 treated mice exhibited significantly increased Treg:
Teff ratio which correlated with significantly delayed onset of the disease in the
mice that became diabetic. Mice with very high Treg:Teff ratios (average > 250) in
either the control or TA1 treated mice remained normoglycemic. Moreover, TA-
treatment was associated with improved islet histology (Figure 7B) as reflected by
the lower incidence of overt insulitis and peri-insulitis. Indeed, no normal islets
were observed in the control diabetic NOD mice. In contrast, in TA1 treated mice
that became diabetic, almost 20% of their islets exhibited normal morphology—
more than that observed in normoglycemic NOD mice at 30 weeks. In the
normoglycemic TA1 treated mice > 40% of the islets exhibited normal histology.

Mechanistically, the changes noted in the Treg:Teff ratio (using Foxp3+ and
Th17+ lymphocytes as surrogates for Treg and Teff, respectively) correlating with
the changes noted in multiple T cell subsets [31]. As shown in Figure 8, analysis of
the pancreatic lymph node demonstrated that TA1 induced multiple tolerogenic T
cell subpopulations (e.g., Foxp3+, IL-10+, TGF-β+ and IL-4+ CD4+ T cells) and down
regulated multiple Teff subgroups (Th17+, IL-2+, INF-γ+ and TNF-β+ CD4+ cells).

Figure 6.
The active component of TA1 and IA1 are miRNA as evidenced loss of immunomodulatory activity consequent
to RNase treatment. A microRNA (miRNA) specific preparation made from mice previously treated (5 days
prior) with mPEG-allogeneic leukocytes yielded a systemic immunomodulation (increased Tregs, decreased
Th17 T cells) very similar to the mPEG-cellular product within the spleen of mice 5 days post treatment with
the miRNA preparation. As shown, the immunomodulatory effect is lost by treatment with RNase enzymes.
N = naïve mice; AC = allogeneic cells; miRNA alloplasma fraction � RNase; and mPEG-alloplasma � RNase.
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Hence, TA1 effectively skewed the Treg:Teff ratio towards a tolerogenic-
immunosuppressive environment within the pancreas that consequently inhibited
the effector T cell dependent autoimmune disease process. Importantly, the TA1
induced immunomodulation was not limited to the pancreas as T cell subtyping
of multiple lymphoid tissues, as well and the blood, demonstrated that the
induced tolerogenic environment was systemic in nature [31]. These systemic

Figure 7.
Inhibition of T1D in the NOD mouse via induction of immunosuppression by the administration of
immunomodulatory miRNA. Panel A: Age of onset for T1D versus the Treg:Teff ratio in the control and TA1-
treated NOD mouse. Note that TA1 therapy dramatically increased the Treg:Teff ratio and delayed both onset
and incidence of T1D. In contrast, in control NOD mice the Treg:Teff ratio shifted left towards the expansion of
Teff cells and disease progression. Panel B: Shown are the percentages of pancreatic islets exhibiting normal
morphology or evidence of insulitis or peri-insulitis. Also shown are photomicrographs of islets exhibiting (left to
right) normal morphology, peri-insulitis and insulitis. Data from Wang et al. [31].

Figure 8.
Effect of TA1 therapy on T CD4+ T cell populations. As shown,TA1 therapy significantly increased multiple
Treg populations in comparison to the control NOD mice. Concurrent with the increase in Treg subsets,TA1
very dramatically reduced the Teff subpopulations. The net consequence of TA1 therapy was a significant shift
in the Treg:Teff ratio towards a tolerogenic state. Data from Wang et al. [31].
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findings suggest that TA1 could be used to treat a broad range of T cell
mediated autoimmune diseases.

7. Enhancing the anti-cancer response via Treg:Teff modulation

In contrast to autoimmune diseases, systemic immunosuppressive states can
be highly problematic in the context of infectious agents (e.g., bacteria and
viruses) and cancer. Indeed, this lack of immune response to cancer was the
problem that Coley attempted to address with his immunomodulatory prepara-
tions. By injecting a toxic mixture, a broad immune response would be induced
that, it was HOPED, would exert a non-specific bystander effect on cancer cells.
This was, in fact, a relatively viable clinical approach as cancer cells tend to be
more sensitive to metabolic (e.g., high fever, energy starvation) and immuno-
logical (e.g., T cell and complement activation) extremes. Indeed, Coley’s Toxins
were a mainstay of advanced cancer therapy for much of the early/mid twentieth
century until their use was supplanted by ‘safer’ radiation and chemo- therapy
approaches. But ‘safe’ is not always ‘safe’. The long-term toxicity effects of both
radiation and chemotherapy are now becoming appreciated—especially when
used in young patients. Hence, significant clinical efforts are now being directed
towards increasingly expensive and labor/time intensive, immunotherapies that
can either enhance the endogenous immune response to cancers or be engineered
to attack specific cancers.

In contrast to these expensive and time-extensive cellular therapies, the
bioproduction of IA1 (as well as TA1) is rapid and inexpensive. Moreover, minimal
time (24 hours) is required to skew the Treg:Teff ratio of resting PBMC towards an
inflammatory response arising from the simultaneous decrease of Treg and increase
in Teff [34]. Hence IA1 could be used to enhance the immune response of autolo-
gous leukocytes thus obviating the risks associated with the adoptive transfer of
allogenic T cells. Moreover, the strength of the inflammatory response is substan-
tially less than that observed with other activation strategies (e.g., mitogens, anti-
CD3, of allogeneic stimulation) reducing the risk of cytokine release syndrome [34].
Also, of potential value, the strength of the IA1 stimulation can, if necessary, be
titrated using TA1.

To evaluate the potential anti-cancer efficacy of IA1 activated leukocytes,
in vitro studies were conducted using HeLa and SH-4 melanoma cell lines
(Figure 9) [34]. The direct toxicity and anti-proliferative effects of control and the
SYN (prepared from resting cells) or IA1 treated PBMC against the HeLa (epithe-
lial) and SH-4 (melanoma) human cancer cell lines were assessed using an ACEA
iCELLigence (ACEA Biosciences, Inc., San Diego, CA). The iCELLigence provides a
continuous, real-time, measurement of cell proliferation using changes in the elec-
trical impedance within tissue culture wells. The change in impedance is induced by
the increase in adherent cells and is unaffected by cells (e.g., PBMC) that remain
non-adherent. All studies were done with an initial seeding density of 5000 HeLa,
or 20,000 SH-4, cells per well. To assess the ability of SYN- or IA1-activation to
enhance the anti-cancer efficacy of naïve lymphocytes, donor PBMC were
pretreated with SYN or IA1 for 24 hours and then overlaid on seeded cancer cells at
a ratio of 50 PBMC per cancer cell.

As shown, direct addition of IA1 to HeLa cells demonstrated that the IA1 thera-
peutic itself exhibited no direct effects on cancer cell proliferation (Figure 9A).
However, when HeLa cells were overlaid with unactivated or SYN-activated allo-
genic donor PBMC, the T cells eventually recognized the allogenic HeLa cells and,
after �90 hours, inhibited cell proliferation and, ultimately, killed the HeLa cells as
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reflected by the decrease in the impedance index. In contrast, when IA1-activated
PBMC were overlaid, the inhibition of HeLa cell proliferation was noted within the
first 8–12 hours (versus �90 hours) dramatically reducing the overall proliferation
of the HeLa cells (Figure 9B). The anti-cancer efficacy of IA-activated PBMC was
not limited to HeLa cells. Further studies using SH-4 melanoma cells also demon-
strated that IA1-activation of naïve PBMC induced a potent anti-cancer effect
(Figure 9C). As noted, control SH-4 melanoma cells showed rapid proliferation
over 96 hours. However, when untreated SYN-pretreated PBMC (50 PBMC per SH-
4 cell) were overlaid onto the seeded SH-4 cells at 0 hours, a significant, but
modest, inhibition of SH-4 growth occurred. However, when IA1-pretreated
(24 hours) PBMC from the same donor are overlaid on the SH-4 cells, a greatly
enhanced anti-cancer effect was noted relative to untreated PBMC. The enhanced
efficacy of treated PBMC was supported by photomicrographs of allogenic PBMC
responding to HeLa cells (Figure 9D). As shown, after 72 hours incubation, SYN-
activated PBMC exhibited limited interaction with the HeLa cells. In contrast, the
same PBMC, when pre-treated for 24 hours with IA1, demonstrated a significantly
enhanced interaction with the HeLa cell monolayer. Hence, in vitro, IA1 is capable
of significantly enhancing the anti-cancer efficacy of resting PBMC. As such the
secretome generated IA1 proved to be a potent adjuvant therapy for the activation
of autologous lymphocytes in cancer patients. This approach could be done either
by collection of PBMC with ex vivo activation for 24 hours, or as shown in
Figures 6–8, direct systemic administration of the IA1-therapeutic to the patient.
Moreover, this methodology could be used in conjunction with other ACT
approaches.

Figure 9.
IA1 enhances the anti-cancer efficacy of resting PBMC. Panel A: IA1 exhibits no direct toxicity to HeLa cells
(shown) or PBMC (not shown). Panel B: IA-1 pre-treatment, but not SYN-pre-treatment, exhibited a greatly
enhanced anti-cancer effect on HeLa cells. Panel C: Similarly to HeLa cells, IA1, but not SYN, pre-treated
PBMC exhibited significant anti-SH-4 (melanoma) activity. Panel D: The enhanced efficacy of treated PBMC
is supported by photomicrographs of allogenic PBMC responding to HeLa cells. As shown, after 72 hours
incubation, resting unactivated PBMC show limited interaction when overlaid on HeLa cells. In contrast, the
same PBMC, when treated for 24 hours with IA1, show a robust enhanced interaction with the HeLa cell
monolayer. Cell proliferation was measured by changes in electrical impedance. SYN (derived from the
secretome of resting PBMC) or IA1-pretreated utilized PBMC from the same donor. Modified from Yang et al.
[34] and Scott et al. [35].
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used in young patients. Hence, significant clinical efforts are now being directed
towards increasingly expensive and labor/time intensive, immunotherapies that
can either enhance the endogenous immune response to cancers or be engineered
to attack specific cancers.

In contrast to these expensive and time-extensive cellular therapies, the
bioproduction of IA1 (as well as TA1) is rapid and inexpensive. Moreover, minimal
time (24 hours) is required to skew the Treg:Teff ratio of resting PBMC towards an
inflammatory response arising from the simultaneous decrease of Treg and increase
in Teff [34]. Hence IA1 could be used to enhance the immune response of autolo-
gous leukocytes thus obviating the risks associated with the adoptive transfer of
allogenic T cells. Moreover, the strength of the inflammatory response is substan-
tially less than that observed with other activation strategies (e.g., mitogens, anti-
CD3, of allogeneic stimulation) reducing the risk of cytokine release syndrome [34].
Also, of potential value, the strength of the IA1 stimulation can, if necessary, be
titrated using TA1.

To evaluate the potential anti-cancer efficacy of IA1 activated leukocytes,
in vitro studies were conducted using HeLa and SH-4 melanoma cell lines
(Figure 9) [34]. The direct toxicity and anti-proliferative effects of control and the
SYN (prepared from resting cells) or IA1 treated PBMC against the HeLa (epithe-
lial) and SH-4 (melanoma) human cancer cell lines were assessed using an ACEA
iCELLigence (ACEA Biosciences, Inc., San Diego, CA). The iCELLigence provides a
continuous, real-time, measurement of cell proliferation using changes in the elec-
trical impedance within tissue culture wells. The change in impedance is induced by
the increase in adherent cells and is unaffected by cells (e.g., PBMC) that remain
non-adherent. All studies were done with an initial seeding density of 5000 HeLa,
or 20,000 SH-4, cells per well. To assess the ability of SYN- or IA1-activation to
enhance the anti-cancer efficacy of naïve lymphocytes, donor PBMC were
pretreated with SYN or IA1 for 24 hours and then overlaid on seeded cancer cells at
a ratio of 50 PBMC per cancer cell.

As shown, direct addition of IA1 to HeLa cells demonstrated that the IA1 thera-
peutic itself exhibited no direct effects on cancer cell proliferation (Figure 9A).
However, when HeLa cells were overlaid with unactivated or SYN-activated allo-
genic donor PBMC, the T cells eventually recognized the allogenic HeLa cells and,
after �90 hours, inhibited cell proliferation and, ultimately, killed the HeLa cells as
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reflected by the decrease in the impedance index. In contrast, when IA1-activated
PBMC were overlaid, the inhibition of HeLa cell proliferation was noted within the
first 8–12 hours (versus �90 hours) dramatically reducing the overall proliferation
of the HeLa cells (Figure 9B). The anti-cancer efficacy of IA-activated PBMC was
not limited to HeLa cells. Further studies using SH-4 melanoma cells also demon-
strated that IA1-activation of naïve PBMC induced a potent anti-cancer effect
(Figure 9C). As noted, control SH-4 melanoma cells showed rapid proliferation
over 96 hours. However, when untreated SYN-pretreated PBMC (50 PBMC per SH-
4 cell) were overlaid onto the seeded SH-4 cells at 0 hours, a significant, but
modest, inhibition of SH-4 growth occurred. However, when IA1-pretreated
(24 hours) PBMC from the same donor are overlaid on the SH-4 cells, a greatly
enhanced anti-cancer effect was noted relative to untreated PBMC. The enhanced
efficacy of treated PBMC was supported by photomicrographs of allogenic PBMC
responding to HeLa cells (Figure 9D). As shown, after 72 hours incubation, SYN-
activated PBMC exhibited limited interaction with the HeLa cells. In contrast, the
same PBMC, when pre-treated for 24 hours with IA1, demonstrated a significantly
enhanced interaction with the HeLa cell monolayer. Hence, in vitro, IA1 is capable
of significantly enhancing the anti-cancer efficacy of resting PBMC. As such the
secretome generated IA1 proved to be a potent adjuvant therapy for the activation
of autologous lymphocytes in cancer patients. This approach could be done either
by collection of PBMC with ex vivo activation for 24 hours, or as shown in
Figures 6–8, direct systemic administration of the IA1-therapeutic to the patient.
Moreover, this methodology could be used in conjunction with other ACT
approaches.

Figure 9.
IA1 enhances the anti-cancer efficacy of resting PBMC. Panel A: IA1 exhibits no direct toxicity to HeLa cells
(shown) or PBMC (not shown). Panel B: IA-1 pre-treatment, but not SYN-pre-treatment, exhibited a greatly
enhanced anti-cancer effect on HeLa cells. Panel C: Similarly to HeLa cells, IA1, but not SYN, pre-treated
PBMC exhibited significant anti-SH-4 (melanoma) activity. Panel D: The enhanced efficacy of treated PBMC
is supported by photomicrographs of allogenic PBMC responding to HeLa cells. As shown, after 72 hours
incubation, resting unactivated PBMC show limited interaction when overlaid on HeLa cells. In contrast, the
same PBMC, when treated for 24 hours with IA1, show a robust enhanced interaction with the HeLa cell
monolayer. Cell proliferation was measured by changes in electrical impedance. SYN (derived from the
secretome of resting PBMC) or IA1-pretreated utilized PBMC from the same donor. Modified from Yang et al.
[34] and Scott et al. [35].
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8. Regulating the Treg:Teff ratio: toxicity and ping-pong immunology

Importantly, treatment of mice or cells with mPEG-splenocytes or the TA1 and
IA1 (see Figure 9A) secretome products exerted no evidence of direct acute toxicity
[27, 31, 34, 35]. Indeed, the safety of allogenic mPEG-splenocytes was demonstrated
in a murine model of transfusion associated graft versus host disease in which it was
shown that transfusion of mPEG-splenocytes were incapable of inducing graft
versus host disease in immunocompromise (irradiated) mice [25]. This is not to say
that these approaches may not be prone to chronic side effects. Immunosuppressive
therapy, i.e., tolerization, is known to increase the risk of cancer. Thus, the long-
term persistence of the effects of mPEG-leukocytes or TA1 [35] could pose a similar
risk. Indeed, our previous studies have demonstrated that the immunomodulatory
effects of both the PEGylated allogenic splenocytes and the TA1 and IA1 secretome
products extend well beyond the circulation time of donor lymphocytes and exhibit
functional activity both in vitro and in vivo [27, 31, 33–35]. For example, in mice
treated with allogenic mPEG-splenocytes, the Tregs remained significantly elevated
at 30 days post treatment and, when challenged with a secondary transfusion of
unmodified allogenic splenocytes, prevented the expected (decreased Treg and
increased Teff) proinflammatory effects of the allogenic splenocyte transfusion.

Figure 10.
Ping-pong immunology of TA1 and IA1. Panel A: Shown are the Treg (Foxp3+) and Teff (Th17) CD4+ cells in
the spleen of mice treated with a primary (1°) infusion of either TA1 or IA1. A subset of mice were subsequently
received a secondary (2°) infusion with the opposing therapeutic (IA1 or TA1) at day 9. Lymphoid organs
(spleen shown) were harvested at day 40. As noted by the absolute percentage of CD4+ T cells and the delta (△)
d/d’ from naïve mice, primary (1°) treatment with TA1 and IA1 alone gave the expected Treg and Teff
response. The 2° treatment with the opposite miRNA preparation was able to significantly counterbalance the
effect of the 1° treatment. This is reflected by the △d2 and △d2’ bars and the regression of the Treg and Th17
values towards the mean of naïve mice. As expected based on the magnitude of the 1° treatment, the △d2 and △d2’
bars were greater than the initial △d/d’ values. This is most obvious with the Th17 cells where both the
magnitude and actual decrease in the 2° △d2 (�1.5%) for TA1 was significantly greater than 1° △d (�0.15%).
Panel B: PD-1+ (CD279+) CD4+ T cells are important in downregulating the immune response and promoting
self-tolerance via suppression of Teff cell populations. As shown, transfusion of allogeneic splenocytes
downregulated, while mPEG-allogenic splenocytes upregulated, PD-1+ cells relative to naïve, saline treated,
mice. Shown are the PD-1+ cells in the spleen of mice treated with a primary (1°) infusion of either allogenic or
mPEG-allogenic at day 0 (denoted as 1) or a total of 3 injections given at days 0, 2 and 4 (denoted as 3).
Spleens were harvested at either day 5 or 10 for determination of T cell subpopulations. N ≥ 5 for all samples
shown. Significance: * p < 0.01 from naïve mice; # p < 0.01 from primary TA1 or IA1 (panel a) or; panel B
from 1 or 3 doses.
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Indeed, the Treg remained high and no Th17 cells were induced [27]. Long-term
studies of mice treated once with TA1 also demonstrated a persistent, and signifi-
cant, elevation in their Treg cells for ≥270 days [35]. Hence, the potent immuno-
modulatory effects of this approach could be of concern.

As noted above, the persistence of the Treg response, even upon allogenic
challenge, while beneficial in the treatment of autoimmune diseases could pose
immunological risks. However, TA1 and IA1 target the same miRNA-based
bioregulatory pathway governing lymphocyte differentiation and proliferation.
Because of this, TA1 and IA1 are capable of counter-acting the activity of the other.
This ‘ping-pong immunology’ in mice is demonstrated in Figure 10A. As noted,
treatment with TA1 or IA1 inversely affects the Treg and Teff populations (Δd,
Δd’). However, subsequent administration of the IA1 to TA1 treated mice, or vise-
versa, resulted in the Treg and Teff cell populations reverting towards the homeo-
static level noted in naïve, untreated, mice (Δd2, Δd2’). The immunomodulatory
‘ping-pong’ activity of TA1 and IA1 can be further fine-tuned via dosing, as both TA1
and IA1 show dose dependent activity [31–35]. Also of note, the immunomodula-
tory activity of this technology is correlated with other markers of tolerance or
inflammation. Transfusion of mPEG-splenocytes triggers a significant upregulation
of PD-1+ (CD279) CD4+ lymphocytes (Figure 10B). These PD-1+ cells are impor-
tant in downregulating the immune response and promoting self-tolerance via
suppression of Teff cell populations. The expression of PD-1+ T cells may underlie
the production of IL-10+ T cells as noted in Figure 8. In contrast to TA1 treatment,
both unmodified allogenic cells (shown) and IA1 treatment (not shown) decrease
PD-1 expression relative to naïve mice. A dose effect on PD-1 expression can be
seen with both allogenic and, especially, mPEG-allogenic cells in mice receiving 1 or
3 injections (at days 0, 2 and 4) of cells when assessed at days 5 and 10 post
treatment.

9. Conclusions

Immunosuppression and immunoactivation represent the divergent ends of
the Treg:Teff ratio continuum (Figure 1). While pharmacologic agents have
historically been the primary tools for modulating the Teff response, few
options have existed for modulating (especially upregulating) the Treg
response. However, the direct immunomodulation of the endogenous immune
system may have significant clinical benefit in treating a broad range of clinical
conditions ranging from autoimmune diseases, tissue/organ engraftment, and
cancer. Extensive in vitro and in vivo studies in our laboratory have demon-
strated that PEGylated lymphocytes as well as the biomanufactured TA1 and
IA1 exhibited significant immunomodulatory activity [23–42, 52]. Indeed, these
agents directly altered the Treg:Teff ratio by simultaneously modulating both
regulatory and effector T cell subsets. Consequent to their immunomodulatory
activity, the immunosuppressive TA1 therapeutic significantly delayed the
onset and overall incidence of autoimmune diabetes in the NOD mouse [31].
Conversely, the proinflammatory IA1 therapeutic directly activated T cells
overcoming their inherent immunological inertia resulting in enhanced recog-
nition and killing of cancer cells [34]. The immunomodulatory effects of these
agents were highly persistent [35]. The TA1 and IA1 agents showed dose
dependency and could be used to counteract the effect of on another [31–35].
The successful development of these immunomodulatory therapeutics may
prove useful in facilitating organ engraftment, treating autoimmune disease and
enhancing the endogenous anti-cancer response.
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Chapter 3

Novel Diagnostic and Therapeutic 
Approach to Antibody-Mediated 
Rejections in Heart Transplantation
Takuya Watanabe and Norihide Fukushima

Abstract

Despite the improvement of immunosuppressive therapy in heart transplantation 
(HTx), antibody-mediated rejection (AMR) is still a great obstacle to prolong 
cardiac graft survival. Anti-donor-specific antibodies (DSAs), especially anti-donor 
human leukocyte antigen (HLA) antibody, lead to heart graft failure resulting in 
hemodynamic consequence and often in the recipient death. To prevent hyperacute 
rejection, prospective complement-dependent cytotoxicity test has been performed 
in every cardiac donor in Japan. But in other solid organ transplantations, flow 
cytometry crossmatch has been recently recommended to crossmatch to select the 
recipient in Japan as well as the world. However, flow cytometry is too sensitive to 
select the recipient, because not all DSAs determined by flow cytometry are cyto-
toxic to the cardiac graft. On the first complement classical pathway, alloantibodies 
bind to HLA antigens on cells of the graft and then recruit C1q, which is essential 
to make membrane attack complex and kill the cell. We review a role of the novel 
monitoring method of complement pathway regarding C1q in occurrence of AMR 
and its diagnostic and therapeutic significance in managing AMR in HTx.

Keywords: heart transplantation, antibody-mediated rejection, sensitization, 
complement binding donor-specific antibodies, C1q assay

1. Introduction

Although immunosuppressive therapy in heart transplantation (HTx) has been 
remarkably improved, antibody-mediated rejection (AMR) is still a great obstacle 
to prolong cardiac graft survival [1, 2]. AMR may develop when recipient antibod-
ies against donor human leukocyte antigen (HLA) on the endothelial cells exist in 
the recipient serum [3]. The presence of circulating anti-donor-specific antibodies 
(DSAs) has several impacts on clinical outcomes both before and after HTx. The 
timing of sensitization against DSAs can be divided into the pre- and posttransplant 
periods [4]. The standard method to detect preformed antibodies at the time of HTx 
has been the complement-dependent cytotoxicity (CDC) test using recipient serum 
and donor leukocytes [5]. In Japan, only the donor heart with negative prospective 
CDC crossmatching with T lymphocytes has been transplanted, and none of 512 
HTx consecutive recipients transplanted between 1999 and 2019 in Japan experi-
enced hyperacute rejection (HAR) [6]. Although flow cytometry has been recently 
recommended to crossmatch to select the recipient in the world in solid organ 
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transplantation, flow cytometry is too sensitive to select the recipient, because not 
all DSAs determined by flow cytometry are always cytotoxic to the cardiac graft 
cells [7–9]. Posttransplant antibodies produced before and after HTx are currently 
screened for evaluating AMR development using single antigen Luminex bead (SAB) 
assay or panel reactive antibodies (PRA) test to detect DSAs in the recipient serum. 
However, their clinical impact is not clear and may be less elucidated in HTx. Further 
optimal protocol for management strategies for AMR to reflect clinical prognosis is 
needed [4, 9]. A detection of circulating complement binding DSAs may be promis-
ing. We review the role of the novel management method using complement binding 
ability assay in prevention, diagnosis, therapy, and monitoring of AMR in HTx.

2. Overview of AMR in HTx

HAR, the immediate form of AMR may occur within 0 to a few days after HTx 
if a certain level of preformed DSAs exists in the recipient serum. Early AMR may 
occur during the first month, usually within 1 or 2 weeks after HTx because of 
newly production of de novo DSAs or enhanced production of preformed DSAs. 
These early type AMRs are usually associated with allograft dysfunction and hemo-
dynamic compromise [2–4, 9–11]. Late AMR may occur months to years after HTx, 
most likely due to enhanced recognition [10, 12–15]. Approximately 50% of HTx 
recipients who develop rejection later than 7 years after HTx are associated with 
evidence of AMR [16]. Up to 24% of cases with late AMR has been reported concur-
rent with cellular rejection [17]. As more sensitive diagnostic tools have become 
available for detecting AMR in HTx, the evidence that AMR is a wide spectrum 
of immunologic injury that ranges from subclinical, histological, immunologic, 
serological findings and/or graft dysfunction was increased [4, 9, 18].

2.1 Clinical features and diagnosis of AMR in HTx

2.1.1 Hyperacute rejection in HTx

HAR is a rare cause of primary cardiac graft failure occurring within minutes to 
hours of aortic unclamping with a high mortality rate of around 70% in HTx [19, 20]. 
Preformed antibodies directed against donor HLA class I antigens or ABO antigen 
expressed on the donor vascular endothelium mediate complement deposition with 
widespread hemorrhage and thrombosis within the cardiac allograft [20]. HLA class 
II molecules are not usually expressed on the donor vasculature, but they can be 
induced by inflammation and injury associated with procurement and preservation 
of the heart graft. At last, antibodies against non-HLA endothelial antigens may also 
lead to HAR. Previous blood product transfusions (particularly platelets), mechani-
cal circulatory support (MCS), pregnancy, and previous transplantation may 
increase the likelihood of the presence of preformed DSAs. The use of leukocyte-
depleted transfusions may decrease the risk for DSA production. To prevent HAR, 
CDC PRA screening is used to determine the presence of circulating DSAs [5]. In 
Japan, by routinely performing prospective CDC crossmatching with T lymphocytes 
since the first HTx in 1999, no HTx recipients experienced HAR [6]. A higher PRA 
is associated with worse AMR rates and poorer overall survival [21]. In patients 
with a high percentage of PRAs (>10%), perioperative plasmapheresis combined 
with immunoglobulin therapy may be used to reduce the incidence and severity of 
HAR. These interventions have allowed for transplantation between donors and 
recipients with positive crossmatches. HAR is manifested as severe biventricular 
failure that, if immediate re-HTx cannot be carried out, is usually fatal [4, 9, 20].
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2.1.2 Acute antibody-mediated rejection in HTx

Symptoms of acute AMR are those of right and left ventricular systolic and 
diastolic dysfunction and include exertion dyspnea, orthopnea, paroxysmal 
nocturnal dyspnea, high jugular venous pressure, edema, and abdominal disten-
tion. In infants, those can include feeding intolerance, irritability, and poor body 
weight gain. Acute AMR is associated with hemodynamic compromise in 10–47% 
of cases [2, 4, 9, 18]. The symptoms and signs of hemodynamic compromise have 
been highly variable, and the spectrum of cardiac graft dysfunction may range from 
decreased ejection fraction to cardiogenic shock requiring inotropic support and/or 
MCS [18].

2.2 Pathological diagnosis of AMR

Although multiple imaging tools have been developed in the detection of AMR 
as well as cellular rejection, the best diagnostic strategies for AMR have not been 
established. Therefore, endomyocardial biopsy (EMB) remains the “gold standard” 
for establishing the diagnosis of AMR. Recent novel diagnosis criteria for AMR 
consist of immunopathologic criteria (Table 1) in addition to the clinical manifesta-
tion of AMR [3, 19].

3. Management of AMR

3.1 Preventive method related to AMR

3.1.1 Desensitization strategies

Specific preventive strategies are needed to enable successful HTx in highly 
sensitized patients, because the presence of DSAs reduces the chance to obtain 
compatible donors, extends waiting times to HTx, increases the risk of mortality 
during awaiting HTx, and raises the risks of acute AMR and cardiac allograft vas-
culopathy after HTx [22]. Despite the emergent application of the promising agents 
such as bortezomib which is a 26S proteasome inhibitor and eculizumab which is 

Grade Definition Substrates

pAMR 0 Negative for pathological 
AMR

Histological and immunopathologic studies are both 
negative

pAMR 1 (H+) Histologic AMR alone Histological findings present, and immunopathologic 
findings are negative

pAMR (I+) Immunopathologic AMR 
alone

Histologic findings are negative, and immunopathologic 
findings are positive (CD68+ and/or C4d+)

pAMR2 Pathologic AMR Histologic and immunopathologic findings are both present

pAMR3 Severe pathologic AMR Interstitial hemorrhage, capillary fragmentation, mixed 
inflammatory infiltrates, endothelial cell pyknosis, and/or 
karyorrhexis and marked edema and immunopathologic 
findings are present. These cases may be associated with 
profound hemodynamic dysfunction and poor clinical 
outcomes

AMR, antibody-mediated rejection; pAMR, pathological AMR.

Table 1. 
Recent novel diagnosis criteria in immunopathologic features.
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transplantation, flow cytometry is too sensitive to select the recipient, because not 
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assay or panel reactive antibodies (PRA) test to detect DSAs in the recipient serum. 
However, their clinical impact is not clear and may be less elucidated in HTx. Further 
optimal protocol for management strategies for AMR to reflect clinical prognosis is 
needed [4, 9]. A detection of circulating complement binding DSAs may be promis-
ing. We review the role of the novel management method using complement binding 
ability assay in prevention, diagnosis, therapy, and monitoring of AMR in HTx.

2. Overview of AMR in HTx

HAR, the immediate form of AMR may occur within 0 to a few days after HTx 
if a certain level of preformed DSAs exists in the recipient serum. Early AMR may 
occur during the first month, usually within 1 or 2 weeks after HTx because of 
newly production of de novo DSAs or enhanced production of preformed DSAs. 
These early type AMRs are usually associated with allograft dysfunction and hemo-
dynamic compromise [2–4, 9–11]. Late AMR may occur months to years after HTx, 
most likely due to enhanced recognition [10, 12–15]. Approximately 50% of HTx 
recipients who develop rejection later than 7 years after HTx are associated with 
evidence of AMR [16]. Up to 24% of cases with late AMR has been reported concur-
rent with cellular rejection [17]. As more sensitive diagnostic tools have become 
available for detecting AMR in HTx, the evidence that AMR is a wide spectrum 
of immunologic injury that ranges from subclinical, histological, immunologic, 
serological findings and/or graft dysfunction was increased [4, 9, 18].

2.1 Clinical features and diagnosis of AMR in HTx
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depleted transfusions may decrease the risk for DSA production. To prevent HAR, 
CDC PRA screening is used to determine the presence of circulating DSAs [5]. In 
Japan, by routinely performing prospective CDC crossmatching with T lymphocytes 
since the first HTx in 1999, no HTx recipients experienced HAR [6]. A higher PRA 
is associated with worse AMR rates and poorer overall survival [21]. In patients 
with a high percentage of PRAs (>10%), perioperative plasmapheresis combined 
with immunoglobulin therapy may be used to reduce the incidence and severity of 
HAR. These interventions have allowed for transplantation between donors and 
recipients with positive crossmatches. HAR is manifested as severe biventricular 
failure that, if immediate re-HTx cannot be carried out, is usually fatal [4, 9, 20].
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a recombinant anti-C5 monoclonal antibody, a significant knowledge discrepancy 
remains with the current data for desensitization, investigated mostly from non-
heart organ living donor transplants [23–28] and small observational studies in 
HTx [29–32]. The ideal desensitization strategy remains elusive especially in the 
HTx field. Moreover, clinical modalities to evaluate the efficacy of desensitization 
therapy are limited. Importantly, long-term outcomes and cost-effectiveness of 
desensitization strategies in HTx have not been well evaluated [4, 9].

3.1.2 Recipient selection in patients with preformed DSAs

As CDC assay is most clinically relevant methods for preventing accelerated 
early AMR as well as HAR in HTx [4, 9] but needs the technical expertise and 
experience, in many countries, before transplantation, the potential recipient is 
screened for circulating anti-HLA antibodies by using SAB assay or PRA test. If 
the percentage of PRA test is greater than 5–15%, most cardiac transplant centers 
require a negative prospective crossmatch between donor and recipient sera. 
However, the requirement for prospective crossmatch, which delays organ harvest-
ing, may remarkably prolong a recipient’s waiting time. On the other hand, in Japan, 
prospective CDC crossmatching with T lymphocytes has been routinely performed 
and completely avoided HAR since HTx program was started in 1999 [6]. But 
HTx must avoid false negatives because graft failure due to HAR may be directly 
 life-threatening, so might need more sensitive tests.

3.2 Therapeutic method of AMR

3.2.1 Treatment of hyperacute rejection

According to the ISTH guideline 2016 [18], treatment for HAR should be 
initiated as soon as the diagnosis is defined, even when the patient is still in the 
operating room. Treatments for HAR include (1) high-dose intravenous (IV) 
corticosteroid (CS); (2) plasmapheresis; (3) IV immunoglobulin (IVIg); (4) cyto-
lytic immunosuppressive therapy, such as antithymocyte or lymphocyte globulin; 
(5) calcineurin inhibitor (CNI) [cyclosporine (CYA) and tacrolimus (Tac)] and 
metabolic cycle inhibitors (i.e., mycophenolate mofetil; MMF); (6) IV inotropes 
and vasopressors; and (7) MCS.

Intraoperative myocardial biopsy is strongly recommended to confirm the 
diagnosis of HAR. Urgent re-HTx may be considered if the above therapies do not 
restore adequate cardiac graft function, but re-HTx for HAR has a considerably high 
mortality rate.

3.2.2 Treatment of acute antibody rejection (AMR)

Guidelines for treatment have recently been recommended by the ISHLT 2016 [18].
Class II a recommendations are followed.

1. To restore the immune-mediated cardiac graft injury in AMR: (1) high-dose IV 
CS and (2) cytolytic immunosuppressive therapy

2. To reduce circulating DSAs or their reactivity: (1) plasmapheresis, (2) immune 
apheresis (immunoadsorption), and (3) IVIg

3. To keep adequate hemodynamics: (1) IV inotropes and vasopressors and 
(2) MCS
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4. When AMR is suspected, immunohistochemistry stains for complement 
split products (i.e., C4d) and possibly antibody should be added to standard 
 histologic examination for EMB

5. The presence, quantity, and specificity of DSAs in the recipient serum should 
be screened

6. Follow-up EMB including immunohistochemistry staining should be 
 performed 1–4 weeks after initiation of therapy

7. Maintenance immunosuppressive therapy after AMR treatment may be 
 adjusted: (1) increase in the dose of current immunosuppressive agent(s), 
(2) addition of new agent(s), and (3) conversion to different agent(s) as 
shown below

Class II b recommendations are followed.

1. Systemic anticoagulation may reduce intravascular thrombosis in the cardiac 
allograft

2. Emergent re-HTx may be considered if the above therapies do not restore ad-
equate cardiac graft function, but prognosis in this situation is poor

The benefit of treating subclinical AMR has not been elucidated. AMR might 
be a clinical-pathological continuation which starts with a latent immunological 
response of circulating DSAs with C4d deposition without clinical or histologi-
cal changes, to a subclinical AMR, and finally to symptomatic AMR. A recent 
consensus recommends treating AMR in the presence of graft dysfunction regard-
less of histopathological finding, pAMR 2 in the absence of graft dysfunction if 
DSAs possibly relevant to AMR are present, and pAMR 3 regardless of the clinical 
findings [18].

3.2.3 Maintenance immunosuppressive strategies after treating AMR

The principles for the post-AMR management consist of reducing circulating DSAs 
and suppressing production of additional DSAs and T- and B-lymphocyte responses. 
However, currently there are only recommendations based on consensus [18].

The current available therapies are as follows: (1) suppression of the 
T-lymphocyte response (i.e., CS, MMF, cytolytic immunosuppressive therapy, 
photopheresis, or total lymphoid irradiation), (2) depletion of circulating DSAs 
(i.e., plasmapheresis), (3) suppression of residual DSAs (i.e., IVIg), (4) depletion of 
B lymphocytes (i.e., CS, rituximab, or splenectomy), (5) depletion of plasma cells 
(i.e., bortezomib), and (6) suppression of complement (i.e., eculizumab, IVIg).

4.  What are the methods of detecting DSAs most relevant to clinical 
outcomes?

AMR in HTx is caused by the complex pathogenesis and immunopathologic 
pathway [2–4, 9, 18]. AMR develops when recipient serum contains DSAs against 
the endothelial layer of the cardiac allograft. Antibodies bind complement 
and activate the complement cascade, resulting in endothelial and myocardial 
injury. Complements, its fragments, and immunoglobulin are deposited on the 
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a recombinant anti-C5 monoclonal antibody, a significant knowledge discrepancy 
remains with the current data for desensitization, investigated mostly from non-
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However, the requirement for prospective crossmatch, which delays organ harvest-
ing, may remarkably prolong a recipient’s waiting time. On the other hand, in Japan, 
prospective CDC crossmatching with T lymphocytes has been routinely performed 
and completely avoided HAR since HTx program was started in 1999 [6]. But 
HTx must avoid false negatives because graft failure due to HAR may be directly 
 life-threatening, so might need more sensitive tests.
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According to the ISTH guideline 2016 [18], treatment for HAR should be 
initiated as soon as the diagnosis is defined, even when the patient is still in the 
operating room. Treatments for HAR include (1) high-dose intravenous (IV) 
corticosteroid (CS); (2) plasmapheresis; (3) IV immunoglobulin (IVIg); (4) cyto-
lytic immunosuppressive therapy, such as antithymocyte or lymphocyte globulin; 
(5) calcineurin inhibitor (CNI) [cyclosporine (CYA) and tacrolimus (Tac)] and 
metabolic cycle inhibitors (i.e., mycophenolate mofetil; MMF); (6) IV inotropes 
and vasopressors; and (7) MCS.

Intraoperative myocardial biopsy is strongly recommended to confirm the 
diagnosis of HAR. Urgent re-HTx may be considered if the above therapies do not 
restore adequate cardiac graft function, but re-HTx for HAR has a considerably high 
mortality rate.

3.2.2 Treatment of acute antibody rejection (AMR)

Guidelines for treatment have recently been recommended by the ISHLT 2016 [18].
Class II a recommendations are followed.

1. To restore the immune-mediated cardiac graft injury in AMR: (1) high-dose IV 
CS and (2) cytolytic immunosuppressive therapy

2. To reduce circulating DSAs or their reactivity: (1) plasmapheresis, (2) immune 
apheresis (immunoadsorption), and (3) IVIg

3. To keep adequate hemodynamics: (1) IV inotropes and vasopressors and 
(2) MCS
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 histologic examination for EMB

5. The presence, quantity, and specificity of DSAs in the recipient serum should 
be screened
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7. Maintenance immunosuppressive therapy after AMR treatment may be 
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shown below

Class II b recommendations are followed.

1. Systemic anticoagulation may reduce intravascular thrombosis in the cardiac 
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2. Emergent re-HTx may be considered if the above therapies do not restore ad-
equate cardiac graft function, but prognosis in this situation is poor

The benefit of treating subclinical AMR has not been elucidated. AMR might 
be a clinical-pathological continuation which starts with a latent immunological 
response of circulating DSAs with C4d deposition without clinical or histologi-
cal changes, to a subclinical AMR, and finally to symptomatic AMR. A recent 
consensus recommends treating AMR in the presence of graft dysfunction regard-
less of histopathological finding, pAMR 2 in the absence of graft dysfunction if 
DSAs possibly relevant to AMR are present, and pAMR 3 regardless of the clinical 
findings [18].

3.2.3 Maintenance immunosuppressive strategies after treating AMR

The principles for the post-AMR management consist of reducing circulating DSAs 
and suppressing production of additional DSAs and T- and B-lymphocyte responses. 
However, currently there are only recommendations based on consensus [18].

The current available therapies are as follows: (1) suppression of the 
T-lymphocyte response (i.e., CS, MMF, cytolytic immunosuppressive therapy, 
photopheresis, or total lymphoid irradiation), (2) depletion of circulating DSAs 
(i.e., plasmapheresis), (3) suppression of residual DSAs (i.e., IVIg), (4) depletion of 
B lymphocytes (i.e., CS, rituximab, or splenectomy), (5) depletion of plasma cells 
(i.e., bortezomib), and (6) suppression of complement (i.e., eculizumab, IVIg).

4.  What are the methods of detecting DSAs most relevant to clinical 
outcomes?

AMR in HTx is caused by the complex pathogenesis and immunopathologic 
pathway [2–4, 9, 18]. AMR develops when recipient serum contains DSAs against 
the endothelial layer of the cardiac allograft. Antibodies bind complement 
and activate the complement cascade, resulting in endothelial and myocardial 
injury. Complements, its fragments, and immunoglobulin are deposited on the 
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endothelium of the cardiac graft microvasculature and proceed inflammatory 
responses, such as release of cytokines, infiltration of macrophages, increased 
vascular permeability, and microvascular thrombosis, which results in cardiac graft 
dysfunction [2, 3].

The presence of circulating DSAs in HTx negatively impacts clinical outcome 
after HTx. Due to different clinical implications, DSA can be divided into pre-
formed and de novo DSA by the time detected. Preformed antibodies can reduce 
the possibility to obtain a compatible donor heart and may increase the risk of 
AMR after HTx. With regard to post-HTx setting, considerable evidences about the 
impacts of DSAs on outcomes such as rejection, cardiac allograft vasculopathy, and 
survival have been reported [2–4, 9].

4.1 Currently used methods to assess anti-HLA antibodies

There are several anti-HLA antibody screening methods, each with varying 
sensitivities, specificities, and clinical usefulness [5–7].

4.1.1 Crossmatching

4.1.1.1 Complement-dependent cytotoxicity (CDC) test

Patel and Terasaki reported a significant correlation between a positive 
CDC crossmatch (or lymphocyte cytotoxicity test methods) and hyperacute 
and accelerated acute kidney graft dysfunction in 1969 [5]. Recipient serum 
is mixed with T and B lymphocytes from the donor and complement source is 
added. A cytotoxic reaction suggests the presence of complement fixing DSAs. 
The advantage of the test is its high positive predictive value for HAR or early 
acute AMR, making it well-defined that a patient should not undergo transplant 
with a particular donor. The disadvantage of this test is that it requires donor 
leukocytes and recipient serum prior to transplantation and that it is based on 
in vitro complement-mediated lysis which may not be of physiological relevance. 
This method using T lymphocytes has been used for prospective crossmatching 
in Japan to select the recipient in heart, lung, pancreas, and kidney transplanta-
tion. And that using B-lymphocytes is used for reference crossmatching to select 
the recipient transplanted with these organs according to each transplant center 
protocol [6, 9].

4.1.1.2 Flow cytometry crossmatching

Flow cytometry crossmatching method consists of reacting recipient serum with 
donor lymphocytes and adding a fluorescent-labeled anti-human immunoglobulin 
secondary antibody [7, 8]. The shifts in the distribution of fluorescence signals 
are detected in this assay. In flow cytometric crossmatching, complement sources 
are not added. As this assay is more sensitive at detecting physiological reactions 
than CDC, this assay is widely used for crossmatching in many countries in solid 
organ transplant. However, not all DSAs determined by this method are cytotoxic 
to the cardiac graft because this assay cannot evaluate complement fixation ability 
of DSAs [7, 8]. The false positivity of this method may decrease the likelihood of 
obtaining a compatible donor heart. Therefore, due to extremely more severe organ 
shortage in Japan than other developed countries, flow cytometric crossmatching is 
used only as a reference to select the heart recipient to increase a chance to obtain a 
compatible donor heart [9].
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4.1.1.3 Virtual crossmatching

The virtual crossmatch protocol was introduced on October 2006 at Texas 
Transplant Institute for all sensitized patients waiting for deceased donor kidney 
transplantation [33]. Briefly, HLA typing antibody screening is performed using 
flow PRA screen beads (One Lambda) for the presence or absence of HLA class I 
and II antibodies. HLA class I and II single antigens (SA) include A, B, and Cw loci 
and DR, DQ , DRw, and DP loci, respectively. All final crossmatches are carried out 
by flow cytometry.

The rationale for recommending virtual crossmatching is double staged: 
(1) use methods having the sensitivity of DSA detecting assay nearly equal to the 
CDC crossmatch test and (2) reduce the time and cost for choosing a compatible 
deceased donor by no longer performing prospective CDC crossmatch test. By 
undoing prospective CDC crossmatch test, the average turnaround time is reduced 
by 3 hours which allows quicker organ allocation with reasonable assurance that the 
sensitized patients at the top waiting list will have an adequate deceased donor with 
negative final crossmatch [33].

4.1.2 Screening for the presence or absence of DSAs

4.1.2.1 CDC panel reactive antibody screening

The method to detect the anti-HLA antibodies had historically been the CDC 
assay [5]. The sera were analyzed using a manufactured frozen lymphocyte panels, 
which consist of mononucleated cells isolated from 60 or 72 healthy individuals of 
known HLA typing of A and B locus antigens [34]. However, as these CDC PRA cell 
panel are currently less available, and its technique is more complicated than flow 
PRA screening, more sensitive assays shown below are widely used. However, CDC 
PRA remains an alternative to define the level of patient desensitization, in cross-
matching with a specific donor to avoid HAR [4, 9].

4.1.2.2 Flow PRA screening

Flow PRA screening uses panels of beads coated with the equivalent of whole 
cell’s HLA class 1 or 2 [35]. Often used for initial screening, it gives a qualitative 
result on an incomplete panel. Luminex PRA uses panels of beads also coated with 
the equivalent of whole cell’s HLA class 1 or 2. PRAs are more sensitive than CDC 
but less sensitive than SAB assay. These PRA methods require expert interpretation 
and there is a possibility to miss antibodies [9].

4.1.2.3 Single antigen Luminex bead assay

SAB assay uses microbeads coated with unique HLA antigen/allele on each 
bead [35] and detects a specific anti-HLA IgG antibody using a single HLA 
antigen/allele being interested. SAB assays are the most sensitive, specific, and 
definitive of the bead assays, but are often considered overreactive, with ambigu-
ous clinical significance. SAB assays are now commonly applied for determining 
specificities and quantities of antibodies against antigen of interest. SAB assay 
for preformed HLA antibodies is useful as a reference to establish the protocol 
of desensitization strategies before and at the time of HTx, to select an adequate 
compatible donor heart, and to decide posttransplant immunosuppressive 
 regimen [4, 9, 18].
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acute AMR, making it well-defined that a patient should not undergo transplant 
with a particular donor. The disadvantage of this test is that it requires donor 
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in vitro complement-mediated lysis which may not be of physiological relevance. 
This method using T lymphocytes has been used for prospective crossmatching 
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the recipient transplanted with these organs according to each transplant center 
protocol [6, 9].
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Flow cytometry crossmatching method consists of reacting recipient serum with 
donor lymphocytes and adding a fluorescent-labeled anti-human immunoglobulin 
secondary antibody [7, 8]. The shifts in the distribution of fluorescence signals 
are detected in this assay. In flow cytometric crossmatching, complement sources 
are not added. As this assay is more sensitive at detecting physiological reactions 
than CDC, this assay is widely used for crossmatching in many countries in solid 
organ transplant. However, not all DSAs determined by this method are cytotoxic 
to the cardiac graft because this assay cannot evaluate complement fixation ability 
of DSAs [7, 8]. The false positivity of this method may decrease the likelihood of 
obtaining a compatible donor heart. Therefore, due to extremely more severe organ 
shortage in Japan than other developed countries, flow cytometric crossmatching is 
used only as a reference to select the heart recipient to increase a chance to obtain a 
compatible donor heart [9].
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result on an incomplete panel. Luminex PRA uses panels of beads also coated with 
the equivalent of whole cell’s HLA class 1 or 2. PRAs are more sensitive than CDC 
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4.2 Complement binding antibodies

Since complement activation plays a major role in antibody-mediated immune 
response on transplanted graft, detection of ability of antibodies to bind specific 
complement components seems to provide further clinical benefit for the diagnosis 
of AMR. Conventional solid-phase assays, such as SAB assay, cannot distinguish 
between complement binding and non-complement binding antibodies, and 
the intensity of antibodies by mean fluorescence intensity (MFI) may not be the 
best index of cytotoxic ability of antibodies because not all antibodies with high 
MFI may be prejudicial to graft function [9, 36]. Detection of antibodies capable 
of binding the component of classical pathway, such as C1q, C4d, or C3d, may 
indicate the potential for antibody-mediated cell injury. The complement binding 
antibody assay may be potentially more specific than conventional solid-phase 
assays to predict immune response to donor antigen and more sensitive than CDC 
assay. Although the diagnostic approach using complement binding DSAs seems 
to be supportive for the more adequate donor matching with sensitized recipients 
than the CDC assay or other conventional indirect methods such as SAB assay, the 
usefulness of complement-fixing DSA assay for desensitization or posttransplant 
monitoring in HTx remains unclear.

4.2.1 Cascade of complement activation

Complemental cascade is a multifunctional system of receptors and regulators 
as well as effector molecules [37]. The classical complement pathway can be initi-
ated by the binding of antigen–antibody complexes to the C1q protein. The binding 
of C1q changes conformation and activates serine protease C1r which then cleaves 
and activates the serine protease C1s. The activated C1s cleaves C4, yielding C4a 
and C4b, and C2, yielding C2a and C2b. The larger fragments C4b and C2a generate 
the classical pathway C3 convertase. This convertase then cleaves C3 into a small 
C3a fragment and a larger C3b fragment. While the anaphylatoxin C3a interacts 
with its C3a receptor to recruit leukocytes, C3b contributes to further downstream 
complement activation. A larger C3b binds to the cell surface. C4b can be regulated 
by decay accelerating factor dissociating C4b and C2a. Successful regulation of C4 
by factor 1 leaves C4d as an end product that truncates the complement cascade. 
C3b is more versatile than C4b. Factor I also can cleave C3b to ultimately produce 
C3d, which is a ligand for complement receptor type 2 on B lymphocytes. Moreover, 
C3b can generate an alternative C3 convertase with factor B, which allows C3b to 
start an amplification loop that can greatly increase the amount of C3b deposited 
on a cell surface. Finally, C3b binds to the C3 convertase, to generate C5 convertase, 
which cleaves C5 into C5a and C5b. Subsequent interactions between C5b and other 
terminal components C6, C7, C8, and C9 generate the membrane attack complex 
(MAC) or the C5b-9 complex which makes pores on the target cell membranes to 
lysing (Figure 1).

4.2.2 Principles of C1q, C3d, and C4d binding assays

The C1q binding SAB (C1q SAB) assay (One Lambda, Canoga, USA) aims 
at defining HLA antibodies capable to bind C1q. Serum samples are first heat-
inactivated to eliminate interference of endogenous complement components. Sera 
are incubated together with recombinant C1q. An antibody capable to bind C1q is 
detected by a phycoerythrin (PE)-conjugated anti-C1q antibody (Figure 2) [38]. As 
IgM or IgG cannot be identified by this anti-C1q antibody, C1q binding anti-HLA 
antibodies detected can be either IgM or IgG isotype.
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Whereas C1q binding to antigen-bound antibody is the first step in activating 
classical complement pathway, binding of C1q to antibodies does not necessarily 
mean that all downstream events in this cascade will occur, as has been shown for 
human monoclonal HLA antibodies [39]. In this regard, C3d and C4d binding 
assays might be a more accurate modality to predict in vivo complement activation 
causing cell injury. As C1q binding to antibody triggers complement cascade once 
and then complement split products, such as C3d are clustered on beads in turn, the 
C3d assay may have a higher sensitivity than the C1q assay [40, 41]. As schematized 
in Figure 2, the C3d assay is like the C1q assay in methodology but does not need 
a recombinant complement product. Following an initial incubation of serum 

Figure 1. 
Complement of classical complement pathway.

Figure 2. 
Principles of C1q and C3d binding assays. (A) C1q binding assay: Heat-inactivated patient serum is incubated 
with single antigen beads (SABs) and recombinant C1q. Following a wash step, phycoerythrin-conjugated 
anti-C1q antibody is added to detect C1q binding HLA antibodies. (B) C3d binding assay: Patient serum is 
first incubated with SABs. Following binding of HLA antibodies to the beads, a healthy control serum as the 
complement source is added for further incubation. Following a wash step, PE conjugated anti-C3d antibody is 
added to detect C3d deposition on the beads.
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samples with SABs, healthy control human serum is added as a source of comple-
ment, and then an anti-human C3d detection antibody is added.

4.3 Significance of anti-HLA antibodies before and after HTx

4.3.1 Preformed anti-HLA antibody (anti-HLA antibody made before HTx)

Clinical significance of pretransplant sensitization and current modality to 
detect preformed DSAs are already described above. In summary, as non-CDC 
crossmatching are more sensitive for detecting DSAs than CDC assay, flow 
cytometry crossmatching or virtual crossmatching is more prevalent in the world. 
However, in patients negative for CDC crossmatching, positive for flow cytometry 
crossmatching is not associated with higher incidence or severity of cardiac graft 
failure than negative for flow cytometry crossmatching. Its high sensitivity for 
DSA detection may result in increasing of false positive for predicting HAR or 
early acute AMR and decreasing the opportunity of sensitized candidates to obtain 
a compatible donor heart especially in Japan where donor shortage is extremely 
severe [6]. Therefore, more precise sensitive tests should be added to CDC-based 
strategies to avoid the false positive. In recent years, there has been a great interest 
in the detection of DSAs with complement binding capacity to overcome these 
issues.

4.3.2 Donor-specific anti-HLA antibodies posttransplant

The development of anti-DSAs after HTx has been implicated in allograft injury. 
DSAs which are produced by sensitization after transplantation are called de novo 
DSA. Both preformed and de novo DSAs should be assessed for monitoring the 
efficacy of desensitization therapy and posttransplant immunosuppressive regi-
men. Solid-phase assays, such as the SAB assay, are recommended to detect circulat-
ing antibodies. A percent of PRA greater than 10% or preformed DSAs at the time 
of HTx increases the risk for suboptimal post-HTx outcome. Monitoring for DSAs 
should be performed at 1, 3, 6, and 12 months post-HTx in accordance with ISHLT 
guidelines [18]. Patients at low risk should be monitored annually, and sensitized 
patients should be monitored more frequently. In any patient with symptoms or 
signs of graft dysfunction, DSA testing should be performed. The presence of DSA 
with graft dysfunction including restrictive physiology should be considered for 
AMR treatment.

4.4 Clinical significance of complement binding antibody in AMR

Although DSAs can induce a wide spectrum of graft injuries from no damage 
to severe myocardial or endothelial injury, not all DSAs are responsible for causing 
AMR or the poor prognosis post-HTx [41–43]. Since improved analysis is needed 
to better distinguish DSAs relevant to clinical outcome, SAB assays for detecting 
complement binding capability of HLA antibodies (C1q, C3d) have been introduced 
[43–46] with the hypothesis that complement binding antibodies induce more 
severe graft injury than their non-activating counterparts [41]. Several studies have 
revealed significant association of C1q or C3d binding DSAs with high incidence 
of AMR or poor graft or patient survival [44, 45]. Although several studies have 
compared two complement binding assays, the superiority or difference of these 
diagnostic utilities remains unclear. Therefore, C1q or C3d binding DSA assay can-
not be a definitive method to detect DSAs relevant to AMR. However, these assays 
can be a supportive method to decide immunotherapy.
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4.4.1 Clinical applications of C1q biding assay for preformed DSA

Over the past two decades, sensitization rates in adult HTX candidates (PRA > 
10%) have doubled from 7.7 to 13.5% [1]. An increased incidence is expected due 
to the increased application of left ventricular assist devices (LVADs) as a bridge to 
HTx strategy, improved congenital heart disease surgery with patients surviving 
to require HTx, and increased re-HTx. Although development of desensitization 
strategies is needed to enable successful HTx in these highly sensitized patients, 
LVAD infections remain the most frequent complication of LVAD care with high 
morbidity and mortality, and desensitization method should not be over-immuno-
suppressive. Therefore, clinical tools to evaluate DSAs relevant to desensitization 
efficacy are more required in HTx than in other solid organ transplantations.

In our institute, we have used C1q SAB assay as an auxiliary method to evaluate 
the effects of desensitization therapy.

4.4.1.1 Case

A 43-year-old gentleman with dilated cardiomyopathy who had been supported 
by a NIPRO extracorporeal LVAD (NIPRO Corp, Osaka, Japan) for 1677 days 
underwent HTx. As he had received a transfusion of packed red blood cells and 
platelets at the time of LVAD implantation and packed red blood cells for gastroin-
testinal bleedings several times, he had high intensity anti-HLA antibodies and had 
not been selected as a recipient of several donor hearts due to positive CRC cross-
matching against the particular donor T lymphocytes. Therefore IVIg (5 g/day) was 
given for 5 days for desensitization treatment. The antibody level of eight anti-HLA 
antibodies was higher than 15,000 MFI assessed by SAB assay before IVIG treat-
ment. However, in seven of those antibodies, the antibody level assessed by C1q 
SAB assay was lower than that assessed by SAB assay. Although the antibody levels 
of anti-HLA antibodies assessed by SAB assay 1 month after IVIG treatment were 
higher than those before IVIG treatment, the antibody levels of all the anti-HLA 
antibodies assessed by C1q SAB assay 1 month after IVIG treatment were lower than 
those before IVIG treatment (Figure 3).

Figure 3. 
Changes in mean fluorescence intensity by single antigen Luminex bead assay and C1q binding SAB assay 
before and 1 month after desensitization treatment. SAB, single antigen Luminex bead assay; C1q SAB, C1q 
binding SAB assay; IVIg, intravenous immune globulin.
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Figure 3. 
Changes in mean fluorescence intensity by single antigen Luminex bead assay and C1q binding SAB assay 
before and 1 month after desensitization treatment. SAB, single antigen Luminex bead assay; C1q SAB, C1q 
binding SAB assay; IVIg, intravenous immune globulin.
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After three courses of IVIg desensitization, he underwent HTx with a donor 
heart with negative prospective CDC crossmatching using the donor T lympho-
cytes. Although virtual SAB crossmatch showed preformed DSAs against HLA loci 
A2, A26, B35, and B65 with high MFI (Table 1), C1q SAB revealed that C1q binding 
abilities of these antibodies were all negative. Then we decided not to perform plas-
mapheresis or antithymocyte globulin in order to avoid over-immunosuppression. 
20 mg of basiliximab was given IV just after discontinuing cardiopulmonary bypass 
and confirming hemostasis and at the 4th postoperative day. Maintenance immu-
nosuppressive regimen consisted of Tac, MMF, and CS. Although routine EMB 
revealed pAMR 1 at 1 week after HTx, he experienced no hemodynamic compro-
mise or cardiac graft dysfunction, and EMB revealed no further AMR or acute 
cellular rejection. He is currently at home with good cardiac graft function 2.5 years 
after HTx (Table 2).

4.4.2  Clinical application of C1q binding assay for maintenance immunosuppressive 
strategies

It is also known that not all patients with persistent production of DSA suffer 
loss of their allografts, indicating that DSAs are not equal in terms of their detri-
mental effects on allograft function. A C1q-positive de novo DSA has been reported 
to be associated with an increased rate of AMR and transplant glomerulopathy in 
kidney transplantation [46–49]. However, the prevalence and clinical significance 
of DSA characterized by C1q binding have not been well investigated in adult HTx 
patients [50–52].

In our clinical experience of 64 consecutive patients who received a HTx 
between May 1999 and January 2015, 12 patients had DSAs after HTx, but none had 
C1q binding antibodies. There were no significant differences in overall or cardiac 
event-free patient survival between DSA positive and negative patients with the 
same immunosuppressive regimen post-HTx (Figure 4). These data suggested that 
no reinforcement immunosuppressive regimen is needed, if the patient had no C1q 
binding DSA midterm after HTx [53].

A B Cw

HLA class I Recipient 33 — 44 — 14 —

Donor 2 26 35 62 1 9

DSA 
(MFI)

Pre-IVIG SAB assay 11,429 57.3 13,725 13,911 90.4 397

C1q SAB 
assay

0 0 0 0 1.35 0

At HTx SAB assay 3911 10.7 4629 7631 72.7 77.4

C1q SAB 
assay

3.7 0 0 6.4 1.2 0.9

2 months 
after HTx

SAB assay 315 37.9 633 3025 1300 12.1

C1q SAB 
assay

0 0 0 0 0 0

HLA, human leukocyte antigen; DSA, donor-specific anti-HLA antibody; MFI, mean fluorescent intensity; SAB, 
single antigen Luminex bead assay; C1q SAB, C1q binding SAB assay; IVIg, intravenous immune globulin.

Table 2. 
Human leukocyte antigen class I of the recipient and the donor and the antibody level of the donor-specific 
HLA antibodies assessed by single antigen Luminex bead assay and C1q binding SAB assay before IVIG 
therapy, at the time of heart transplantation and 2 months after heart transplantation.
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5. Conclusion

Over the past decades, sensitization rates in adult HTX candidates have doubled 
patients due to the expanding application of LVAD and prolonged waiting period. 
Sensitized HTx candidates have extended the waiting times for obtaining a compat-
ible donor heart and increased mortality while waiting. An effective desensitization 
strategy has the potential to increase access to and success of HTx in sensitized 
patients, thus improving outcomes for this disadvantaged and growing transplant 
population. Although CDC PRA screening remains a standard method to define 
the efficacy of desensitization therapy, CDC PRA cell panels are currently less 
available, and its technique is complicated. Therefore, more sensitive assays flow 
PRA screening or SAB are widely used. However, flow cytometry is too sensitive to 
select the recipient, because not all DSAs determined by this method are cytotoxic 
to the cardiac graft. Although C1q or C3d binding DSA assay cannot be a definitive 
method to detect DSAs relevant to AMR, these assays can be a novel supportive 
method to decide immunotherapy.
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Figure 4. 
Cumulative overall (A) and cardiac event-free (B) survival in patients with and without developing 
DSA. DSA, donor-specific anti-human leukocyte antigen; HTx, heart transplantation.
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population. Although CDC PRA screening remains a standard method to define 
the efficacy of desensitization therapy, CDC PRA cell panels are currently less 
available, and its technique is complicated. Therefore, more sensitive assays flow 
PRA screening or SAB are widely used. However, flow cytometry is too sensitive to 
select the recipient, because not all DSAs determined by this method are cytotoxic 
to the cardiac graft. Although C1q or C3d binding DSA assay cannot be a definitive 
method to detect DSAs relevant to AMR, these assays can be a novel supportive 
method to decide immunotherapy.
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in solid organ transplantation (SOT) and prevention of graft versus host 
disease in hematopoietic allogeneic stem cell transplant (ASCT). In ASCT, 
immunosuppression is used to control GVHD and can be tapered off within 
6–12 months after transplantation. SOT recipients require lifelong immunosup-
pression to prevent graft rejection, making them susceptible to serious viral 
infections including EBV PTLD. EBV PTLD occurs within the first 6 months 
following ASCT prior to effective reconstitution of cytotoxic T lymphocytes 
(CTL). Our understanding on EBV-related PTLD is mostly extrapolated from 
SOT-associated PTLD. Features of conditioning and use of serotherapy remain 
important in development of EBV PTLD. Other viral infections that occur 
early post-transplant include CMV, HHV6, BK, and adenovirus, and usually 
correspond to degree of immunosuppression post-transplant. These infections 
are associated with significant morbidity and mortality. However, the current 
literature lacks information on outcomes of viral infections related to immu-
nosuppression. Alternative donor ASCT are now more common, and patients 
are more susceptible to multiple viral infectious complications at the peak of 
immunosuppression and require monitoring for viral infections in these immu-
nosuppressed patients.
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1. Immunosuppression

Immunosuppression is commonly used for prevention of graft rejection in 
solid organ transplantation (SOT) and prevention of graft versus host disease in 
hematopoietic allogeneic stem cell transplant (ASCT). In solid organ transplanta-
tion (SOT), the donor grafts are recognized as non-self by the recipient’s immune 
system. The recipient immune system can cause T-cell-mediated rejection and 
antibody-mediated rejection at any time. Immunosuppression is critical to control 
the recipient immune system and protect donor organs from rejection. Therefore, 
immunosuppression is generally necessary as long as the patient retains a viable 
donor graft.
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(CTL). Our understanding on EBV-related PTLD is mostly extrapolated from 
SOT-associated PTLD. Features of conditioning and use of serotherapy remain 
important in development of EBV PTLD. Other viral infections that occur 
early post-transplant include CMV, HHV6, BK, and adenovirus, and usually 
correspond to degree of immunosuppression post-transplant. These infections 
are associated with significant morbidity and mortality. However, the current 
literature lacks information on outcomes of viral infections related to immu-
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hematopoietic allogeneic stem cell transplant (ASCT). In solid organ transplanta-
tion (SOT), the donor grafts are recognized as non-self by the recipient’s immune 
system. The recipient immune system can cause T-cell-mediated rejection and 
antibody-mediated rejection at any time. Immunosuppression is critical to control 
the recipient immune system and protect donor organs from rejection. Therefore, 
immunosuppression is generally necessary as long as the patient retains a viable 
donor graft.
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In allogenic hematopoietic cell transplantation, donor-derived hematopoietic 
stem cells and lymphocytes replace the hematopoietic system as well as the immune 
system of the recipient. While donor T-cells provide anti-pathogen and anti-tumor 
activity to the recipient, donor-derived alloreactive T-cells are responsible for graft 
versus host disease (GVHD). Immunosuppression is used to control acute and 
chronic GVHD. However, alloreactive T-cells are eventually eliminated in most 
patients, and immunosuppression can be tapered off within 6–12 months after 
transplantation in ASCT. Solid organ transplant recipients, on the other hand, 
require lifelong immunosuppression to prevent graft rejection, making them 
susceptible to EBV virus mediated post-transplant lymphoproliferative disorder 
(PTLD). In ASCT, some patients who develop chronic GVHD also need prolonged 
immunosuppression requiring monitoring and treatment of complications related 
to serious viral infections.

In cord transplant recipients and, more recently, in haploidentical transplant 
and mismatched transplant patients, with the effect of antithymocyte globulin 
(ATG) and other T-cell depleting regimens, patients are even more susceptible than 
usual to either single or multiple viral infectious complications at the peak of immu-
nosuppression. Use of TNF receptor blockers including etanercept and infliximab 
for GVHD or Crohn disease, the use of other interleukin inhibitors for skin GVHD, 
and other autoimmune disorders are additional examples of ongoing immunosup-
pression that would require monitoring for viral infections and complications in 
these immunosuppressed patients.

The most common immunosuppression to prevent GVHD is the use of 
calcineurin inhibitors tacrolimus and cyclosporine. Calcineurin is an essential 
enzyme in the activation of T-cells. Both tacrolimus and cyclosporine have similar 
mechanisms of action and efficacy. In the post-transplant period, monitoring of 
tacrolimus and cyclosporine serum levels is performed as a surrogate for depth 
and degree of immunosuppression. In the early post-transplant period, a higher 
serum levels are essential until alloreactive T-cells are eliminated, at which point 
lower serum levels can still prevent GVHD. Other immunosuppressants used 
post-transplant include mycophenolate mofetil and mycophenolate sodium, 
which exhibit a cytostatic effect on T- and B-lymphocytes. Cyclophosphamide 
is now routinely given in the post haploidentical or mismatched transplant 
setting to reduce the incidence of GVHD by selective removal of alloreactive 
donor T-cells.

In the post-treatment phase beyond 100 days, the presence of chronic GVHD 
is the main determinant of infection. Patients who developed acute GVHD expe-
rience approximately 60% more infections than patients who do not develop 
acute GVHD. Furthermore, patients who experience chronic GVHD have their 
immunosuppression increased or restarted, therefore increasing the risk of 
infection.

2. EBV infection

EBV PTLD develops in approximately 1% of patients post ASCT. It is highly 
related to EBV reactivation. Risk factors that associate with high incidence of 
EBV-related PTLD include older age at transplant, T-cell depletion-containing 
conditioning regimens, antithymocyte globulin (ATG) use, and grafts derived from 
unrelated or HLA-mismatched donors [1–5]. PTLD in ASCT patients occurs in 
the younger age group, with shorter duration of onset as compared to (SOT) solid 
organ transplantation.
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EBV PTLD occurs more commonly in pediatric patients than in adults 
because more pediatric patients are EBV naïve. PTLD can occur during the post-
transplant period after both myeloablative and non-myeloablative ASCT. The 
degree and duration of immunosuppression plays a major role in the develop-
ment of PTLD. Cytotoxic T lymphocytes (CTLs) provide a defense mechanism 
against EBV-infected B cells in immunocompetent individuals. However, T cell 
function is impaired post allogeneic transplant which leads to the development 
of PTLD. In vivo T cell depletion (TCD) with antithymocyte globulin (ATG) 
or alemtuzumab (AL) is commonly used in ASCT. As reduced intensity condi-
tioning (RIC) and matched unrelated donor (MUD) transplants are now being 
performed more frequently, ATG and AL have become integral components 
of preparative regimens to facilitate engraftment and reduce the incidence 
and severity of GVHD. Delayed T cell reconstitution following T cell depletion 
accounts for infectious complications including PTLD, which is associated with 
increased mortality [3, 4].

EBV PTLD can occur later in the most severely immunocompromised 
patients with additional risk factors such as donor and recipient mismatch, 
graft manipulation with T cell depletion as well as the degree and duration of 
immunosuppression. Prevention of PTLD involves limiting the duration and 
degree of immunosuppression, while still maintaining the adequacy of the 
donor graft. Achieving a balance of reduction in immunosuppression and pre-
venting graft rejection or graft versus host disease can be challenging. Antiviral 
prophylaxis may also play a role in preventing PTLD. The use of antiviral 
agents such as acyclovir, valganciclovir, and ganciclovir are common for HSV, 
CMV, and EBV prophylaxis, though data is very limited for prevention of EBV 
PTLD [2–5].

EBV monitoring of high-risk patient facilitates preemptive rituximab or 
tapering of immunosuppression upon viremia proceeding PTLD. Successful 
clearance of EBV and prevention of PTLD has been reported with B-cell deple-
tion by rituximab [6–8]. On the other hand, antiviral agents, such as acyclovir, 
ganciclovir, and valganciclovir are not widely used for prevention, due to 
limited data. [2–5]. The use of “Off-the-shelf,” third-party EBV-specific CTLs 
is a new promising approach to treat refractory PTLD to rituximab or immu-
nosuppression tapering [3]. Treatment algorithm for EBV PTLD is as shown in 
Tables 1 and 2.

Table 1. 
Treatment algorithm for EBV positive PTLD.
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degree and duration of immunosuppression plays a major role in the develop-
ment of PTLD. Cytotoxic T lymphocytes (CTLs) provide a defense mechanism 
against EBV-infected B cells in immunocompetent individuals. However, T cell 
function is impaired post allogeneic transplant which leads to the development 
of PTLD. In vivo T cell depletion (TCD) with antithymocyte globulin (ATG) 
or alemtuzumab (AL) is commonly used in ASCT. As reduced intensity condi-
tioning (RIC) and matched unrelated donor (MUD) transplants are now being 
performed more frequently, ATG and AL have become integral components 
of preparative regimens to facilitate engraftment and reduce the incidence 
and severity of GVHD. Delayed T cell reconstitution following T cell depletion 
accounts for infectious complications including PTLD, which is associated with 
increased mortality [3, 4].

EBV PTLD can occur later in the most severely immunocompromised 
patients with additional risk factors such as donor and recipient mismatch, 
graft manipulation with T cell depletion as well as the degree and duration of 
immunosuppression. Prevention of PTLD involves limiting the duration and 
degree of immunosuppression, while still maintaining the adequacy of the 
donor graft. Achieving a balance of reduction in immunosuppression and pre-
venting graft rejection or graft versus host disease can be challenging. Antiviral 
prophylaxis may also play a role in preventing PTLD. The use of antiviral 
agents such as acyclovir, valganciclovir, and ganciclovir are common for HSV, 
CMV, and EBV prophylaxis, though data is very limited for prevention of EBV 
PTLD [2–5].

EBV monitoring of high-risk patient facilitates preemptive rituximab or 
tapering of immunosuppression upon viremia proceeding PTLD. Successful 
clearance of EBV and prevention of PTLD has been reported with B-cell deple-
tion by rituximab [6–8]. On the other hand, antiviral agents, such as acyclovir, 
ganciclovir, and valganciclovir are not widely used for prevention, due to 
limited data. [2–5]. The use of “Off-the-shelf,” third-party EBV-specific CTLs 
is a new promising approach to treat refractory PTLD to rituximab or immu-
nosuppression tapering [3]. Treatment algorithm for EBV PTLD is as shown in 
Tables 1 and 2.

Table 1. 
Treatment algorithm for EBV positive PTLD.
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3. Other viral infections

Other viral infections that occur early post-transplant include CMV, HHV6, 
BK, and adenovirus, and usually correspond to degree of immunosuppres-
sion post-transplant [4, 9]. However, the current literature lacks information 
on outcomes of viral infections as well as the influence of graft sources, such 
as comparison of outcomes between umbilical cord blood transplant (UCBT) 
and haploidentical transplant (haplo) with post-transplant cyclophosphamide 
(PTCy) [10]. These infections usually occur within in early post-transplant 
period prior to effective immune reconstitution [1, 11, 12]. Despite advances 
in antiviral therapy, severe infections still remain a major cause of death after 
alternative donor ASCT [5, 9, 13].

In a prospective analysis of immune reconstitution in double UCBT recipients 
and matched unrelated donor (MUD) recipients, CD3 recovery was significantly 
delayed in the double UCBT group compared with MUD group for as long as 
6 months after ASCT [5, 9, 13]. These unique properties of UCBT may contribute 
to a high risk of infection reported in some studies. Novel strategies are now being 
developed to combat viral infections including the virus-specific or trivirus-specific 
(adenovirus, Epstein-Barr virus, and cytomegalovirus) CTLs [14–16]. Early diag-
nostic information regarding viral infections is critically important in the current 
era of emerging new therapies for viral infections.

4. CMV infection

CMV infection occurs in 50–80% of the population and CMV virus is main-
tained in a latent reservoir in mononuclear leukocytes. Containment of CMV in its 
latent state affects a large proportion of host immune repertoire. In young adults, 
1–2% of CD4 and CD8 T cells are CMV-reactive, which rise to up to 30–40% in the 
elderly. For the majority of CMV-infected individuals, asymptomatic reactivation 
is effectively countered by innate and adaptive immunity. In the immunocompro-
mised ASCT patients, unconstrained viral replication and dissemination can lead 
to CMV disease, and increased mortality due to end-organ damage. The efficacy of 
conventional antiviral therapies including ganciclovir and foscarnet is limited in the 
setting CMV disease with end-organ involvement [17].

CMV-seropositive patients will experience CMV dissemination after ASCT, 
particularly in the context of transplant using T cell-depleted or matched unrelated 

Table 2. 
Treatment algorithm for EBV negative PTLD.
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donor (MUD) grafts. In CMV-seronegative patients, CMV infection is prevented 
through selection of CMV-seronegative grafts, but 20–40% of CMV-seronegative 
patients who receive CMV-seropositive grafts develop primary CMV infection. 
Untreated, 50% of ASCT patients with CMV reactivation will develop CMV 
disease. The current clinical practice uses close surveillance monitoring of CMV 
DNA burden by quantitative PCR (qPCR). Preemptive antiviral pharmacotherapy 
and prophylactic therapy strategies are used to reduce the incidence of CMV disease 
after ASCT. Novel antiviral pharmacotherapies including maribavir, letermovir, 
and brincidofovir are under clinical trial development but have not yet clearly 
demonstrated superiority or lesser toxicity compared to conventional antiviral 
agents [17].

5. Adenovirus viral infections

Adenovirus (AdV) infections are much more common in pediatric patients 
(20–26%) than in adults (9%) undergoing ASCT. In the severely immunocompro-
mised patients, Adv can cause severe respiratory viral disease, hepatitis, and colitis. 
Other complications include hemorrhagic cystitis and adenoviral keratoconjuncti-
vitis. AdV infection can cause subclinical viremia, viremia with disease symptoms, 
and disseminated disease. The incidence of disseminated disease is 1–7% with 
mortality of 8–26%. Rapidly increasing or persistent viremia is associated with the 
occurrence of severe adenoviral disease both in children and in adults. Monitoring 
of the viral load by blood AdV qPCR is far superior with high sensitivity. A study 
in adult ASCT recipients has reported an infection rate of 2.5% with pneumonia 
occurring in 24% of cases as the most common cause of death. Viral gastrointestinal 
shedding prior to transplant is found to be associated with increased risk of viremia 
after ASCT [18]. Treatment of adenoviral infections include Cidofovir, brincidofo-
vir (compassionate use in children) and use of IVIG as well as taper of immunosup-
pression. More recent studies have used nucleofection to introduce DNA plasmids 
encoding multiple immunogenic antigens from CMV, EBV, and adenovirus into 
APCs to control lethal adenoviral infections.

6. HHV6 infection

Human herpesvirus 6 (HHV6), a member of β-herpesvirus subfamily, estab-
lishes primary infection as exanthem subitum in the normal pediatric population. 
With time, it establishes latency in CD34+ cells, monocytes, and macrophages, 
similar to cytomegalovirus (CMV). Over the last decade, HHV6 has been increas-
ingly recognized as an opportunistic and potentially life-threatening pathogen 
after ASCT [1–5, 9, 13–16, 18]. Following ASCT, HHV6 infections are caused by 
reactivation of the virus from latency. HHV6 reactivation is detected in the blood 
of 40–60% of patients after ASCT, most often by use of qPCR for viral-specific 
sequences.

HHV6 viremia has been reported in association with varying organ dysfunction 
and clinical syndromes including delayed/impaired platelet recovery, myelosup-
pression, encephalitis, fever, rash, hepatitis, pneumonitis, gastroduodenitis, CMV 
reactivation, and GVHD.

Treatment indications are uncertain in patients with HHV6 viremia following 
ASCT. HHV6 encephalitis is potentially fatal and is a common indication for treat-
ment. Only one trial evaluated preemptive treatment of HHV6 based on a positive 
qPCR test. The development of reliable clinical guidelines for the management of 
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HHV6 viremia in ASCT recipients has historically been limited by the lack of speci-
ficity of viremia testing and by the lack of specific HHV6 clinical syndromes. It is 
also confounded by the occurrence of asymptomatic viremia, which often resolves 
without intervention. Treatment algorithm for HHV6 is as shown in Table 3.

7. BK virus infection

The BK virus infection is associated with hemorrhagic cystitis in ASCT recipi-
ents. Treatment interventions are mainly focused on supportive measures includ-
ing hyperhydration, continuous bladder irrigation, and topical agents to alter the 
bladder mucosal lining. In the recent years, BK virus PCR in the urine and plasma 
has helped with early detection of BK virus infection and BK hemorrhagic cystitis 
(BK-HC) as higher urine and plasma viral loads are associated with disease manifes-
tation including BK-HC [19, 20].

Other treatments of BK-HC aim at repair and regeneration of the urothelial 
mucosa through hyperbaric oxygen therapy or by topical application of fibrin. Use of 
hyperbaric oxygen has limited availability and also the risk of barotrauma and claus-
trophobia [19]. Finally, topical fibrin glue applications to the damaged bladder mucosa 
to achieve hemostasis through cystoscopy have been reported in single-center retro-
spective series of 35 patients with complete response rate of 83%. Several compounds 
to reduce bleeding have been used in small studies which include FXIII concentrate, 
intravesical sodium hyaluronate, estrogens or choreito extract granules with response 
rates between 50 and 100% [19]. Brincidofovir, a lipid conjugate of cidofovir has a 
potent and long-lasting inhibitory effect on BK virus replication in vitro studies but 
no data are available on the clinical use in BK nephropathy after ASCT. Brincidofovir 
may have the future indication for symptomatic BK-HC considering the absence of 
alternative antivirals with a better safety and tolerability profile [19, 20].

The reduction of immunosuppression has been used successfully in kidney 
transplant patients to prevent and/or treat BK nephropathy, but there is no evi-
dence that it has a favorable risk/benefit ratio in ASCT patients due to the risk of 
worsening donor alloreactivity and severity of GVHD. Unlike for BK nephropathy, 
there is no documented benefit in using intravenous immunoglobulin (IVIG) 
for BK-HC. Extrapolating from use in BK virus nephropathy in renal transplant 
patients, cidofovir and leflunomide are only currently available agents for the 
treatment of BK-HC and fluoroquinolone antibiotics are considered as possible 
prophylactic agents.

Treatment algorithm for BK is as shown Table 4.

Table 3. 
Treatment of HHV6 infection.
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8. HSV/VZV infection: herpesviruses

The herpesvirus group currently consists of eight members, six of which 
have been implicated as important pathogens in ASCT recipients. During recent 
years, antiviral agents are used both for prevention and therapy in ASCT patients. 
Currently available anti-herpesvirus drugs are acyclovir and its prodrug valacyclo-
vir, penciclovir and its prodrug famciclovir, ganciclovir with the prodrug valgan-
ciclovir, cidofovir, and foscarnet. All of the available drugs, except foscarnet, are 
nucleoside analogues and require phosphorylation by viral or cellular enzymes to 
become activated (Tables 5 and 6).

Table 4. 
Treatment of BK infection /BK cystitis.

Table 5. 
Treatment of HSV infection.

Table 6. 
Treatment of VZV infection.
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9. Herpes simplex virus (HSV)

The first controlled studies of prophylaxis and therapy of HSV in ASCT patients 
were performed more than 20 years ago, showing that effective antiviral agents can 
make an important impact on morbidity and mortality. The results from these early 
trials showed that acyclovir prophylaxis is indicated in all HSV-seropositive ASCT 
recipients and in some autologous patients with high risk for mucositis [21]. The 
duration of antiviral prophylaxis should be adjusted for each individual but should 
be continued throughout the aplastic phase. A longer duration of prophylaxis 
should be considered in patients with GVHD or a history of frequent reactiva-
tions before transplantation [21]. It is important to realize that HSV reactivations 
frequently occur quickly after prophylaxis is stopped and might require therapy 
long-term prophylaxis [22].

Valacyclovir, the prodrug of acyclovir, is also used as prophylaxis but no 
controlled studies have been performed in transplant patients. Valacyclovir gives 
similar acyclovir serum levels to IV acyclovir in neutropenic patients. Established 
HSV disease can be treated either orally or intravenously. The most commonly used 
drug is acyclovir, which should be given intravenously in patients with disseminated 
HSV or suspected central nervous system (CNS) disease therapy [22].

The most frequently used agents for HSV prophylaxis and therapy all require 
the viral enzyme thymidine kinase for activation. Virus resistance occurs with the 
development of mutant lacking this enzyme. Although acyclovir has been in use 
for almost 20 years, there has been only a moderate increase in acyclovir-resistant 
strains of HSV. Recently, acyclovir-resistant HSV have become more common, 
in unrelated and HLA-mismatched ASCT recipients and in patients who develop 
GVHD. The recommended drug for acyclovir-resistant HSV has been foscarnet. 
Currently, the only available antiviral drug available for treatment of double 
resistant HSV is cidofovir. However, although sensitive in vitro, the clinical response 
in high-risk ASCT patients treated with cidofovir has been variable [22].

10. Varicella-Zoster virus (VZV)

VZV infection is a very severe complication in ASCT patients. The risk is highest 
in children due to the epidemiologic pattern of infection. The live Varicella vaccine 
has been shown to be safe in children with acute leukemia but no controlled trial 
in ASCT recipients has been published and its use is not recommended earlier than 
24 months after transplantation. Varicella-zoster immune globulin is the recom-
mended prophylactic measure in seronegative ASCT recipients after an exposure to 
varicella has occurred if it can be given within 4 days of exposure [21, 22]. Another 
option is antiviral chemoprophylaxis with acyclovir or valacyclovir but there is no 
published data regarding the efficacy of this strategy.

11. Prevention of reactivated infection of VZV

The risk of herpes zoster is highest between 3 and 6 months after transplanta-
tion. Thus, the duration of antiviral prophylaxis must be long enough to prevent 
reactivated VZV disease. Two randomized, controlled studies have been performed 
comparing 6 months of prophylactic acyclovir with place. In addition, a non-
controlled study of acyclovir or ganciclovir prophylaxis was recently published. 
All three studies showed that acyclovir was effective in reducing the risk for herpes 
zoster during the 6 months of therapy but at 12 months after transplantation there 
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was no longer any difference. An unpublished study by Bowden and colleagues 
from the Seattle group indicated that the rebound in VZV disease does not occur if 
the prophylaxis is prolonged to 12 months [23]. Valacyclovir has not been studied 
for VZV prophylaxis, but the rate of VZV disease was reduced in a study when vala-
cyclovir was compared to acyclovir as CMV prophylaxis. Some centers, however, do 
use valacyclovir as long-term prophylaxis against VZV [21, 22].

12. Treatment of VZV disease

The recommended therapy for a primary varicella or disseminated herpes 
zoster is intravenous acyclovir 10 mg/kg (or 500 mg/m2) three times daily. For 
localized dermatomal herpes zoster, oral acyclovir 800 mg given five times daily 
was compared with IV acyclovir in a small randomized study in ASCT patients 
and the outcome was comparable. Famciclovir 500 mg given three times daily was 
compared with acyclovir 800 mg five times daily in ASCT, solid organ transplant 
and oncology patients, and the results indicated similar efficacy. No controlled 
study has been performed with valacyclovir given for treatment of a herpes zoster 
in ASCT patients. VZV resistance to acyclovir is rare but has been reported after 
ASCT [22, 23].

Treatment algorithm for HSV/VZV is as shown in Tables 5 and 6.

13. Other upper respiratory infections

The conditioning regimen has an impact on the incidence of these infections. 
Even though the patients with myeloablative and non-myeloablative condition-
ing have similar incidences for respiratory viral infections, LRI are significantly 
increased during the early post myeloablative ASCT period compared to non-
myeloablative ASCT [14, 15].

14. Treatment of respiratory viral infections post ASCT

Lower overall survival seen with respiratory virus infection is due to bacterial 
co-infection causing increased mortality in high-risk patients with lymphopenia, 
CMV DNAemia at the time of viral LRI and need for oxygen support. Over the 
past years, more respiratory infections in ASCT recipients have been reported due 
to the use of new multiplex polymerase chain reaction (PCR) tests with higher 
sensitivity, specificity compared to conventional viral culture and antibody assays. 
Early diagnosis and treatment are important to improve outcomes of patients with 
upper respiratory viral infections (URI) s and lower respiratory viral infections 
(LRI)s [14, 15].

15.  CMV-specific T cell lines and multi virus-specific T cell lines 
(multi-VST)

Immunotherapeutic strategies to hasten T cell recovery after ASCT remain 
an option as an adjunct to drug treatments. CMV-seropositive patients who are 
recipients of T cell-depleted CMV-seronegative donor or cord blood grafts are at 
highest risk from CMV-associated morbidity and mortality. Severe GVHD and 
drug-induced T cell dysfunction are also risk factors for CMV-related morbidity. 
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Recovery of CMV-specific CD4 responses is critical to effective antiviral responses, 
and restoration of both antigen-specific CD4 and CD8 T cell populations to control 
CMV is critical in this scenario [14–16].

An alternative to CMV-specific T cell clones is the use of CMV-specific T cell 
lines. In a clinical study, a single infusion of CMV-specific CD4 T cells showed 
plasma CMV clearance in 63% of patients. The HLA-A2–restricted pp65 peptide 
NLVPMVATV (NLV) is also being used but a major disadvantage of the HLA-A2–
restricted NLV peptide approach is the restriction of benefit to HLA-A2+ patients 
only [10, 16, 17].

Multi-VST lines represent an interesting option to target multiple viral infec-
tions using adoptive cell therapy. Such lines can be manufactured either with APC 
systems using overlapping peptide pools from multiple viruses, or with other 
gene transfer approaches by the use of an adenoviral vector encoding the CMV-
associated pp65 antigen to transduce APCs (MoDCs and EBV-transformed lympho-
blastoid cell lines [LCLs]) before coculture with PBMCs or naive cord blood. This 
method delivers both MHC class I-dependent processing and expansion of CMV-
reactive CD8 T cells, and MHC class II-dependent processing and presentation of 
adenovirus/EBV/CMV-associated peptides to drive expansion of virus-specific CD4 
T cells. The adenoviral transfer vector promotes anti-adenoviral T cell specificity 
(bispecific CTLs), and if EBV-transformed B cells are used in lieu of MoDCs, then 
additional EBV-specificity is generated (trispecific CTLs) [10, 16, 17].

Trispecific CTLs administered prophylactically has demonstrated CMV-specific 
reactivity in 70% of patients with no increase in the incidence of GVHD. CMV- and 
EBV-specific T cell numbers rise in the absence of viral reactivation, but adenoviral-
CTL expansion is only observed in the context of adenoviral infection. More recent 
studies have used nucleofection to introduce DNA plasmids encoding multiple 
immunogenic antigens from CMV, EBV, and adenovirus into APCs, or have used 
viral antigen–derived 15-mer peptide libraries (pepmix) with APCs to deliver a 
product with a broader CMV-reactive T cell repertoire [10, 16, 17].

16. Conclusion

Increased numbers of both systemic and upper respiratory tract viral infections 
occur post-transplant due to ineffective immune reconstitution. Early diagnosis 
and treatment are critically important to reduce morbidity and mortality associ-
ated with these infections. Viral infections cause morbidity and mortality in these 
immunosuppressed patients due to inability of the host immune system to limit 
viral replication and dissemination, and loss of T cell function is central to this 
effect. Immunotherapeutic strategies to accelerate reconstitution of virus-specific 
immunity and to hasten T cell recovery after transplants remain a compelling alter-
native to drug treatments. CMV- and EBV-directed virus-specific T cells (VSTs) are 
being used in the settings of profound immunosuppressed SOT and ASCT patients. 
Emerging evidence supports the use of VSTs for treatment of broader range of viral 
targets, including varicella-zoster virus, adenovirus, and BK virus [10, 14–17].

Abbreviation

EBV Epstein Barr Virus
PTLD post-transplant Lymphoproliferative disorder
IST immunosuppression
HHV6 human Herpes simplex virus 6
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Chapter 5

The New Era of Immunotherapy in 
Bile Duct Cancer Management
Cosmas Rinaldi Adithya Lesmana  
and Baiq Kirana D. Mandasari

Abstract

Bile duct carcinoma or well known as cholangiocarcinoma (CCA) is the second 
most common of primary liver malignancy after hepatocellular carcinoma (HCC). 
Although cholangiocarcinoma is a rare cancer, it has an aggressive feature with very 
poor prognosis. The epidemiological profile of cholangiocarcinoma varies widely 
across the world, which is reflecting the exposure of different risk factors, such as 
chronic inflammatory disease of the biliary tract, specific infectious disease, and 
congenital malformation. Diagnosis of CCA is quite challenging. CCA is generally 
asymptomatic in the early stages. Therefore, the management of this malignancy 
is often delayed due to late diagnosed, where the metastasis has already present or 
even when it is causing bile duct obstruction. Treatment for CCA is often difficult 
and should be managed in the tertiary referral hospital with a multidisciplinary 
team approach. Surgical treatment with complete resection could be benefit only 
for patient with early stage of the disease. Other treatment modalities as adjuvant 
therapy are also have been developed to improve survival of the patient, such as 
chemotherapy, radiotherapy, molecular targeted therapy, targeting angiogenesis 
and EGFR, and immunotherapy. Recently, immunotherapy has also been devel-
oped as a new cancer treatment option and showed a promising result. Whether 
immunotherapy can be useful for treatment biliary malignancy is still controversial. 
Hence, a lot of studies is still required to confirm the preliminary findings.

Keywords: bile duct carcinoma, bile duct carcinoma management, immunotherapy, 
gastroenterology

1. Introduction

The bile duct carcinoma or known as cholangiocarcinoma (CCA) by the definition 
is a malignancy that originate from cholangiocytes lining the biliary tree. It is included 
in liver malignancy and become the second most common primary liver malignancy 
after hepatocellular carcinoma. [1, 2] Incidence of this malignancy is 10–20% cases 
of all hepatic cancer. [2, 3] Although cholangiocarcinoma is a rare cancer, it has an 
aggressive feature with very poor prognosis. The data showed that the incidence of 
cholangiocarcinoma among gastrointestinal cancer approximately reaches 3% but has 
nearly 20% of death from all hepatobiliary cancer. [3, 4] In addition, cholangiocar-
cinoma is a clinically silent disease at early stage. Therefore, the diseases are usually 
diagnosed at advanced stage with poor prognosis.
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CCA may occur anywhere in the biliary tract, however, based on where the tumor 
arises in the biliary tree, it is classified into intrahepatic (iCCA) and extrahepatic 
bile duct cholangiocarcinoma (eCCA). Extrahepatic bile duct cholangiocarcinoma 
is divided into two types, perihilar (pCCA) and distal (dCCA) cholangiocarcinoma. 
iCCAs arises above the second - order of the bile ducts. In contrary, the point ana-
tomical which is distinction pCCA and dCCA is the insertion of the cystic duct.  
The majority of cholangiocarcinoma are in the perihilar (50–60% cases) and distal 
region (20–30% cases), and only 10% of CCA are located in intrahepatic. [5]

The tumor is considered rare in most countries with incidence rate from 
2001 to 2015 was 1.26 cases per 100,000 persons and has a mortality rate 1–6 per 
100,000. [1, 6] Nevertheless, this malignancy is still an endemic disease with high 
prevalence and incidence in some countries or regions such as Thailand and South 
Korea. The epidemiological profile of cholangiocarcinoma varies widely across 
the world, which is reflecting the exposure of different risk factor, such as chronic 
inflammatory disease of the biliary tract, specific infectious disease, and congenital 
malformation. In western countries, primary sclerosing cholangitis (PSC) causing 
biliary obliterative fibrosis, is the major etiology of CCA. [7] Specific in endemic 
area, Northeast Thailand, with incidence rate 118.5 per 100.000, which is 100 
times higher than the global rate. [8] Number of mortality cases from liver and bile 
duct cancer is the leading cause of death in Thai males and places the third place in 
female with total number 28.000 deaths per year. [9] Northeast region of Thailand 
showed the highest number of liver mortality, comprising 70% of cases. [9] In this 
area, incidence of CCA is strongly related to liver fluke infestation that is endemic 
in Mekong River. Liver fluke infection is caused by water-borne parasites known as 
Opisthorchis viverrini, Clonorchis sinensis, and Opisthorchis feluneus. These parasites 
are transmitted to human by the consumption of raw, pickled, or undercooked 
infected fish associated with local tradition and poor income. [10–12]

The life cycle of this parasite is quite complex, involving two intermediate host 
(snail to fish) and including several changes of morphological feature. Fish contami-
nated with metacercaria is ingested by the human. [2] Infected human excretes the 
egg produced by the mature adult worms in their feces. [2, 13] Feces then contami-
nated the fresh water and then ingested by snail and the larva develop and hatch in 
the digestive tract of the snail. [2, 13] After that, thousands of cercariae were excreted 
into the water and penetrate the skin fish, encyst, and forming metacercaria. In the 
body of human, this parasite excyst in the duodenum and ascend to the bile duct via 
the ampulla of Vater then migrate further into the smaller and proximal bile duct, then 
become mature worm and able to sexually produce. [2, 13] Adult worm could survive 
up to 25 years in the biliary tree and causing mild symptoms such as malaise, abdomi-
nal discomfort, and diarrhea. Long term complication of this infection associated 
with hepatomegaly, chronic infection, cholecystitis, gallstone, and periportal fibrosis. 
[2, 13] Long term of chronic inflammation found to be a major etiological precursor 
of hepatobiliary malignancy, predominantly of CCA. Once a person is infected and 
suffered from chronic infection and inflammation, the risk for having CCA is increas-
ing and could present within 30–40 years after infection. [11] Until now, the prognosis 
of CCA is remain poor and death tend to occur within 3–6 months after diagnosis. [11] 
There are several hypothesizes on the mechanism or pathway how the chronic infec-
tion could develop become malignancy: 1) mechanical damage caused by the fluke 
sucker, 2) fluke toxic secretary product, and 3) immunopathological host response. 
[11] These pathways then caused proliferative response and formation of precursor 
lesion such as epithelial and adenomatous hyperplasia, and goblet cell metaplasia. [11]

Beside parasite infection, primary sclerosing cholangitis (PSC) is another com-
mon etiology of cholangiocarcinoma, especially in the western population. PSC is a 
progressive cholestatic biliary characterized by the chronic inflammation that leads 
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to destruction of the intra and extrahepatic bile duct. [14] The incidence rate of PSC 
ranges from 0 to 1.3 per 100.000 people. [15] At early stage, PSC is asymptomatic 
and is usually already diagnosed at advanced stage whereas jaundice and pruritus 
are the major complaint due to cholestasis. It has been also strongly associated with 
inflammatory bowel disease (IBD). On the other hand, PSC is often found with por-
tal hypertension, cirrhosis, and in hepatobiliary and colorectal malignancies. [16, 17]

The other risk factor for developing CCA is biliary stones which is formed in 
the biliary tree, substantially in intrahepatic bile duct or known as hepatolithiasis. 
Biliary stones are typically concomitant with biliary stasis, cholangitis, strictures, 
and bacterial infection, leading to long term inflammation and biliary injury, and 
at the end, increasing the risk of malignant cholangiocytes growth. [18] Abnormal 
morphological also increase the risk for malignant transformation. Choledochal 
cysts is a rare congenital malformation characterized by dilatation of the biliary 
tree, can be single or multiple, and can be developed in the intra or extra hepatic 
bile ducts. [17, 19] Moreover, the coincidence of abnormal pancreatobiliary duct 
junctions increases the possibility of cholangiocarcinogenesis. This due to pancre-
atic enzyme reflux, cholestasis, and elevated bile acid concentrations. [19]

Exposure to chemical carcinogens such as Thorotrast, halogenated hydrocarbon 
solvent, and 1,2-dichloropropane were found to be associated with CCA incidence. 
[20, 21] Carcinogens-induced liver insult has been showed to promote hepatocyte 
remodeling, genomic instability, DNA methylation, and disrupt the liver architec-
ture. Moreover, some studies reported few genetic mutations related to hepatobili-
ary malignancy. [22] Hepatic disease associated with CCA include alcoholic liver 
disease, cirrhosis, and cholangitis are included become risk factor. [17]

Diagnosis of CCA is quite challenging. CCA is generally asymptomatic in the 
early stage. Therefore, management of this malignancy is often delayed due to 
late diagnosed, where it already metastasis or compress the bile duct. The clinical 
features of CCA are heterogenous, with general malaise, cachexia, abdominal pain, 
night sweats, fatigue, weight loss, asthenia, and/or jaundice which is more frequent 
symptom in pCCA and dCCA due to biliary tract obstruction. [23, 24] Diagnosis of 
CCA is usually confirmed by combining nonspecific biomarkers in serum, biopsy 
specimens, and imaging technique. To date, there is no specific serum marker 
available for diagnosing CCA. Liver function parameters such as serum bilirubin, 
alkaline phosphatase, and aminotransferase enzyme usually elevate when biliary 
obstruction is presence. [24, 25] However, it is not specific signs for biliary malig-
nancy. Serum tumor marker such as carbohydrate antigen (CA) 19–9, CA-125, and 
carcinoembryonic antigen (CEA) are the most widely used markers for suspected 
CCA. [25] But this diagnostic tool should not be used alone due to their poor 
diagnostic performance and inherent limitations.

Imaging techniques which are required to help diagnosis CCA are trans-
abdominal ultrasonography (US), contrast-enhanced ultrasonography (CEUS), CT 
scan, and MRI. Becoming diagnostic tools, imaging techniques play a key role in 
the management of CCA in term of diagnosis, staging, follow-up, and assessment 
of favorable treatment response. The accuracy of diagnosis is depending on the 
anatomical location and growth pattern of CCA. Magnetic resonance cholangiopan-
creatography (MRCP) has the higher diagnostic accuracy for sizing strictures and 
localizing. [24, 25]

But unfortunately, there are no specific CCA radiology pattern exists. Therefore, 
histopathology or cytological analysis is also necessary for confirming the diagnosis. 
Definitive diagnosis is usually made by undergoing endoscopic retrograde cholangio-
pancreatography (ERCP) procedure for fluid cytology, brush cytology, fluorescence 
in situ hybridization (FISH), and cholangioscope or chromoendoscopy-guided 
biopsy. [26–28] Those multiple diagnostic modalities are required to 1) establish 
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Definitive diagnosis is usually made by undergoing endoscopic retrograde cholangio-
pancreatography (ERCP) procedure for fluid cytology, brush cytology, fluorescence 
in situ hybridization (FISH), and cholangioscope or chromoendoscopy-guided 
biopsy. [26–28] Those multiple diagnostic modalities are required to 1) establish 



Immunosuppression

68

strictures anatomical location; 2) distinguish between benign and malignant 
strictures; 3) differentiate CCA from gallbladder cancer; 4) stage and grade the 
tumor; and 5) plan treatment approach. Based on WHO classification of biliary tract 
cancer it is showing an adenocarcinoma or mucinous carcinoma, with tubular and/or 
papillary structures and a variable fibrous stroma. [24, 25]

Determine staging of CCA is important for choosing the treatment, its resect-
ability, and the outcome of the treatment. TNM classification system of American 
Joint Committee on Cancer (AJCC) and Union for International Cancer Control 
(UICC) has been used at present to determine the staging of CCA. TNM stag-
ing system is based on imaging tests which is evaluating the number of primary 
nodules, vascular invasion, direct extension in neighboring tissue, and bile duct 
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of patients with unresectable intrahepatic and extrahepatic CCA are being included 
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2. Role of immunotherapy in cancer management

2.1 History and definition

Cancer immunotherapy is significantly progressing and rapidly advancing. 
In the recent years, immunotherapy is considered to be the fifth pillar of cancer 
therapy and management modality besides surgery, cytotoxic chemotherapy, radia-
tion, and targeted therapy. The mechanism of immunotherapy in cancer manage-
ment is to determine a manipulation of the immune system by using immune 
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agents such as vaccine, cytokine, cell therapies and humoral, transfection agent. 
Cancer immunotherapy has to stimulate the host anti-tumor response by increasing 
the effector cell number and production of soluble mediators, decrease the host’s 
suppressor mechanism by inducing tumor killing environment, and could modulate 
immune checkpoint. [36, 37]

In 1891, William Coley, who is known today as the Father of Immunotherapy, 
injected heat inactivated bacteria or known as Coley toxins to the sarcoma patient 
who was inoperable. [38] This first experiment resulted in long term regression of 
the sarcoma after an erysipelas infection after injecting the toxin. [38] By late 1970s, 
immunotherapy for managing cancer was discovered. The first experiment was 
done in bladder cancer case which is managed by using BCG (Bacillus Calmette-
Guerin). Then, it is continued with IFN therapy in malignant melanoma. [39] Brief 
background review of immune system is classically considered to be comprised of 
the innate and adaptive arms. Immune system which are included in innate immune 
system are dendritic cells, natural killer cells (NK), macrophages, neutrophils, 
eosinophils, basophils, and mast cells. As we known, this group of immune system 
does not need prior stimulation by antigen, and it plays role as first line of defense 
against foreign antigens. In the contrary, adaptive immune system consists of 
B lymphocytes, CD4 helper T lymphocytes, and CD 8 cytotoxic T lymphocytes 
(CTLs). This group of immune system requires formal presentation by antigen 
presenting cells (APCs) for its activation. [40, 41]

Several kinds of malignant cells are able to evade the tumor immunosurveil-
lance system by manipulating their own characteristic as well as the cells in their 
microenvironment to become successful tumors. The concept that the immune 
system is capable for detecting and killing nascent non-self-malignant cells was 
developed. Elimination, equilibrium, and escape are three main phases of immu-
noediting process. [42] The elimination phase is the initial damage process and 
destruction of the tumor cell by innate immune system, then tumor antigens are 
presented to the dendritic cells, followed by presentation to the T cell and then 
create tumor-specific CD4 and CD8 T-cells. Second phase occurs when tumor cells 
survive after the initial destruction but are not able to progress and being main-
tained in an equilibrium state. The last phase is escape phase. [42] In this phase, 
tumor cells are growing rapidly, followed by metastasize of tumor cell due to loss 
control of the immune system and the tumor cells do not presented antigens on 
its surface or even losing their MHC class1 expression. Tumor cell could protect 
their self from T cell by expressing immune checkpoint (IC) molecules on their 
surface. [42]

The ability of this malignant cells to evade immune destruction by modulating 
its own cellular characteristic and creating its own “tumor microenvironment” by 
recruiting apparently normal immune cells to help shield it from attack of immune 
system. In addition, tumor cell can influence the systemic environment by altering 
hematopoiesis and tissue parenchyma of organs at distant sites. Cancer immuno-
therapies play role in manipulating these tumor microenvironments. But the loss of 
MHC class 1 expression manipulating is remaining challenge. [43–45]

First, older, and non-specific immunotherapies are the kind of immune stimulator 
cytokines such as interleukin-2 IL-2) and interferon (IFN). [46] Beside that, synthetic 
analogue of bacterial cell wall called L-MTP could activate monocytes and macro-
phages is one of the immunostimulatory cytokines. Vaccine trials using multiple 
neoantigens specific to and individual patient’s tumor have shown promising results 
in two small early trials with the aim to expose patients to those tumor antigens which 
can provoke an antitumor immune response via the generation of tumor specific 
antibodies and T cells. [46] BCG was the first vaccine used as cancer immunotherapy 
for treating bladder carcinoma. [47]
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Oncolytic viruses are the combination of biologic therapy and immunotherapy. 
Viruses which are used for this method has genetically modified to lack virulence 
against normal cell but has a selective feature to invade and lyse cancer cells. 
Viral-induced tumor cell destruction undergoing further attack by an immune 
system. [48]

Adoptive cell therapy (ACT) is one type of immunotherapy which involves 
in the isolation and in-vitro expansion of tumor-specific T-cells, which is given 
through infusion in the cancer patient. ACT using NK cells could be used to treat 
solid tumor metastasis and hematological cancers. [49] Several forms of ACT using 
different techniques are culturing tumor infiltrating lymphocytes directly from the 
tumor, isolating and expanding one particular T-cell or the clone, using T cell which 
have been engineered in vitro so that it could recognize and attack the tumor cells or 
known as chimeric antigen receptor T-cell (CAR T-cell) therapy. ACT has produced 
remarkable result in clinical trials with melanoma and hematologic malignancies. 
But some studies reported death have occurred in the trial phase due to cytokine 
release syndrome or cytokine storm. [50]

Another immunotherapy, Immune checkpoint, work by targeting molecules 
that serve as checks in the regulation of immune responses and block inhibitory 
molecules or activate stimulatory molecules and enhance pre-existing anti-cancer 
immune response. [51]

2.2 The clinical importance of immunotherapy

Cancer immunotherapy works to stimulate the host’s anti-tumor response. The 
mechanism included are increasing the effector cell number and production of 
soluble mediators, decreasing the host’s suppressor mechanism by inducing tumor 
killing environment, and modulating immune checkpoints. The usefulness of can-
cer immunotherapy was introduced in the beginning to manage bladder cancer. The 
overall 5-year survival after transmitting immunotherapy is 77%. [39] Patients with 
moderate and high-grade bladder cancer who received intravesical immunotherapy 
with BCG have shown good result. Immune checkpoint inhibitors showed a promis-
ing clinical research in managing anti-cancer immune responses. Several studies 
using Nivolumab, Ipilimumab, and Pertuzumab are still on progress in metastatic 
bladder cancer. Some cytokines which are messenger molecules, play a role to con-
trol the growth and activity of immune system cells. [52] Treatment using cytokines 
as immunotherapy can enhance the activity of the immune system against tumors. 
The link of IL-2 to the antibody, ALT-801, and cytokines can target IL-2 to cancer 
cells. [53] Oncolytic virus therapy could also be used to treat bladder cancer using 
adenovirus which expresses the immune stimulating cytokine GM-CSF. [54]

Immunotherapy is developed to manage some immunogenic cancer cases besides 
bladder cancer. The using of immunotherapy for managing breast cancer have been 
improved and approved in the recent years. Although the best treatment of breast 
cancer is surgery, but combination therapy followed by chemotherapy, radiation 
therapy, or immunotherapy could increase clinical outcome for patient. A promising 
immunotherapy using immune checkpoint inhibitors that work by targeting mole-
cules that serve as checks in the regulation of immune response and block inhibitory 
molecules or activate stimulatory molecules. [39] The other form of immunotherapy 
which can be used for breast cancer is monoclonal antibodies and adoptive T cell 
transfer. By definition, adoptive T cell transfer is a process of removing T cell from 
the patient, then it would be modified genetically or treated with chemical to 
enhance its activity and re-introduced into the patient. Specifically, in breast cancer, 
T cell genetically is modified to target the carcinoembryonic antigen (CEA). [55]
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Another immunogenic cancer is cervical cancer caused by infection of human 
papillomavirus (HPV). Cervical cancer is the third most frequent cancer among 
women in the world. [56] The prevalence of this cancer is decreasing due to devel-
opment widespread of screening tools Pap test and vaccine to prevent HPV infec-
tion. In the recent years, monoclonal antibodies, checkpoint inhibitor, and adoptive 
T cell transfer have become additional therapy for managing progressivity of cancer 
cell. [39]

Immunotherapies are also developed as a new modality treatment to treat brain 
cancer, colorectal cancer, esophageal cancer, and biliary tract cancer. Probably, in 
time, immunotherapy could lead to personalized medicine that will increase overall 
survival and progression free survival for many treatments. [39]

2.3 The role of immunotherapy in managing bile duct malignancy

Biliary tract malignancy is an invasive carcinoma which can be originated from 
gallbladder or bile duct. It has been known that the immune system in human 
body has a significant role in the surveillance and eradication of cancer cells. 
Tumor that lack the mismatch repair system harbor more mutation than tumor 
without this deficiency. Thus, the neoantigen generated and be recognize as 
immunogenic antigen. The characteristic of mismatch repair deficient tumors is 
microsatellite instability (MSI). There are approximately 3% of CCA are mismatch 
repair-deficient/MSI-high. [56] This feature makes the tumor cells are susceptible 
to programmed cell death protein 1 (PD-1) inhibitors. Zhu et al. studied about 
efficacy and safety of gemcitabine, oxaliplatin, and bevacizumab in advanced 
biliary-tract cancers and the correlation of changes in 18-fluorodeoxyglucose PET 
with clinical outcome in a phase 2 study showed that combination of chemother-
apy and immunotherapy have anti-tumor effect with tolerable safety and promis-
ing efficacy for managing advanced biliary tract malignancy. This combination 
treatment was generally well tolerated with less adverse event and manageable 
toxicity. [57]

Another clinical data about immune-directed therapy in CCA is still scanty. 
Vaccine for preventing CCA has been developed and tested but no data has 
showed successful result. [58] CAR T cell immunotherapy in recent years has 
been developed. Guo et al. in their study about expanded and parallel clinical trial 
of EGFR-specific chimeric antigen receptor-engineered autologous T (CART) 
cell immunotherapy. The aim of this study is to assess the safety and activity of 
CART-EGFR cell therapy in EGFR-positive advanced unresectable, relapsed/
metastatic biliary tract cancer. Total sample of this study is 19 patients and showed 
that CART-EGFR cell infusion was tolerated, 1 achieved complete response and 10 
achieved stable disease. We can conclude that CART-EGFR cell immunotherapy was 
a safe and active strategy for EGFR-positive advanced biliary tract cancer. [59] Wei 
et al. showed that in some patients, immune checkpoint blockade using monoclonal 
antibodies has shown remarkable and durable response rate in a many kind of 
malignancy cell. [60] Le et al. in their study concluded that mismatch-repair status 
predicted clinical benefit of immune checkpoint blockade with pembrolizumab 
and achieving objective responses in up to 40% of patients. [61] Study by Ott et al. 
in KEYNOTE-028 basket trial of pembrolizumab included patients with advanced 
biliary tract cancer resulted the objective response rate was 17% with median 
progression-free survival of 1.8 months. [62] However, further studies are required 
either combination immunotherapeutic approaches targeting both the innate 
and adaptive immune system or combined strategies involving chemotherapy or 
radiation.
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3. Conclusions

Bile duct cancer is still one of the challenging malignancies in the gastroenterol-
ogy field due to the difficulty in early detection and most of patients come in the 
late stage of the disease. Chemotherapy is still the main option of management 
despite surgery and biliary drainage. Immunotherapy is a promising treatment 
option in the future; however, further studies would be needed to give strong 
evidence before it can be used in common clinical practice.
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Chapter 6

Role of Hybrid Operating Room: 
Present and Future
Evan Qize Yuan and Calvin Sze Hang Ng

Abstract

With the dramatic progress of medical imaging modalities and growing needs 
for high-resolution intraoperative imaging in minimally invasive surgery, hybrid 
operative room (OR) has been developed as a powerful tool for different surgi-
cal scenarios. Under the guidance of high-definition cone beam CT (CBCT), an 
electromagnetic navigation bronchoscopy (ENB)-based marker implantation and 
subsequent localization of the pulmonary nodules can be implemented within a 
hybrid OR. Furthermore, the unparalleled real-time imaging capabilities and the 
ability to perform multiple tasks within the hybrid OR can facilitate image-guided 
single-port video-assisted thoracic surgery (iSPVATS), increasing the precision and 
improving outcomes of the procedure. With the help of a hybrid theatre, catheter-
based thermal ablation can provide a safer and less invasive treatment option for 
select patient groups with early-stage non-small cell lung carcinomas (NSCLC) 
or metastases. In the future, the combination of hybrid operating room and other 
inspiring innovative techniques, such as robotic bronchoscopy, 3D-printing, natural 
orifice transluminal endoscopic surgery (NOTES) lung surgery could lead to a 
paradigm shift in the way thoracic surgery is conducted.

Keywords: 3-D printing, ablation, cone beam CT, electromagnetic navigation 
bronchoscopy, hookwire, hybrid operating room, localization, lung cancer, 
metastases, non-small cell lung carcinoma, natural orifice transluminal endoscopic 
surgery, robotic bronchoscopy, single-port video-assisted thoracic surgery

1. Introduction

In recent decades, thoracic surgery has undergone revolutionary progress. 
With the help of imaging technology, surgeons can perform minimally invasive 
surgery through several small incisions instead of thoracotomy [1]. With the 
advantages of less pain, quicker recovery, fewer postoperative complications and 
better cosmesis, minimally invasive surgery has gradually become the mainstream 
of thoracic disease treatment [2]. Among the many techniques, the single-port 
video-assisted thoracic surgery (VATS) is becoming more and more popular in 
recent years [3–5]. When combined with medical imaging techniques and adjuvant 
instruments, such as computed tomography (CT) guided placement of hookwire/
microcoil or dye labeling for localization, the single-port VATS can safely be used 
to resect lung lesions in a less invasive way [3, 6]. However, there exist some defi-
ciencies in the traditional mode of treatment paradigms, in which the imaging and 
surgery are operated in separate chambers. The time interval between adjunctive 
localization techniques conducted under computed tomography guidance and 



77

Chapter 6

Role of Hybrid Operating Room: 
Present and Future
Evan Qize Yuan and Calvin Sze Hang Ng

Abstract

With the dramatic progress of medical imaging modalities and growing needs 
for high-resolution intraoperative imaging in minimally invasive surgery, hybrid 
operative room (OR) has been developed as a powerful tool for different surgi-
cal scenarios. Under the guidance of high-definition cone beam CT (CBCT), an 
electromagnetic navigation bronchoscopy (ENB)-based marker implantation and 
subsequent localization of the pulmonary nodules can be implemented within a 
hybrid OR. Furthermore, the unparalleled real-time imaging capabilities and the 
ability to perform multiple tasks within the hybrid OR can facilitate image-guided 
single-port video-assisted thoracic surgery (iSPVATS), increasing the precision and 
improving outcomes of the procedure. With the help of a hybrid theatre, catheter-
based thermal ablation can provide a safer and less invasive treatment option for 
select patient groups with early-stage non-small cell lung carcinomas (NSCLC) 
or metastases. In the future, the combination of hybrid operating room and other 
inspiring innovative techniques, such as robotic bronchoscopy, 3D-printing, natural 
orifice transluminal endoscopic surgery (NOTES) lung surgery could lead to a 
paradigm shift in the way thoracic surgery is conducted.

Keywords: 3-D printing, ablation, cone beam CT, electromagnetic navigation 
bronchoscopy, hookwire, hybrid operating room, localization, lung cancer, 
metastases, non-small cell lung carcinoma, natural orifice transluminal endoscopic 
surgery, robotic bronchoscopy, single-port video-assisted thoracic surgery

1. Introduction

In recent decades, thoracic surgery has undergone revolutionary progress. 
With the help of imaging technology, surgeons can perform minimally invasive 
surgery through several small incisions instead of thoracotomy [1]. With the 
advantages of less pain, quicker recovery, fewer postoperative complications and 
better cosmesis, minimally invasive surgery has gradually become the mainstream 
of thoracic disease treatment [2]. Among the many techniques, the single-port 
video-assisted thoracic surgery (VATS) is becoming more and more popular in 
recent years [3–5]. When combined with medical imaging techniques and adjuvant 
instruments, such as computed tomography (CT) guided placement of hookwire/
microcoil or dye labeling for localization, the single-port VATS can safely be used 
to resect lung lesions in a less invasive way [3, 6]. However, there exist some defi-
ciencies in the traditional mode of treatment paradigms, in which the imaging and 
surgery are operated in separate chambers. The time interval between adjunctive 
localization techniques conducted under computed tomography guidance and 



Immunosuppression

78

surgery may increase the risk of pneumothorax and wire migration or dislodge-
ment [7]. Moreover, by performing procedures in multiple localities with the risks 
as described could increase the complexity of care and cost. The emergence of 
hybrid operating room (OR) provides patients with a less invasive diagnostic and 
therapeutic option [8]. By conducting the localization and the lung surgery in a 
hybrid operating room, the rate of pneumothorax, marker dislodgement, and dye 
diffusion can be minimized, with decreased procedural time and lower costs [3]. 
More importantly, thoracic surgeons will be able to conduct precise excisions in a 
much more secure way, even for multifocal lesions, preserving pulmonary tissue 
and function because of this innovative approach for diagnosing and localizing the 
nodules [8].

2. What is a hybrid operating room?

The “hybrid operating room (OR)” concept consists of a surgical workspace that 
integrates imaging devices with a multifunctional surgical table. It allows surgeons 
to perform diagnostic and therapeutic procedure in a single room, reducing risks 
caused by delay and patient transfer [9]. Moreover, it is a potentially safer and time-
saving option for patients facing different medical situations [10]. Despite its wide 
utilization in many medical fields, cardiology and vascular surgery in particular, 
the first hybrid operating room (advanced multimodal image-guided operating 
[AMIGO] suite) for general thoracic surgery was only reported in 2013 by Professor 
Raphael Bueno’s group at Harvard University, Brigham and Women’s Hospital, 
Boston [11]. Equipped with three functional compartments that incorporate 
magnetic resonance imaging (MRI), near-infrared imaging, cone-beam computed 
tomography (CBCT), and positron emission tomography (PET), the 5700-square-
feet AMIGO suite is capable of providing sterling real-time imaging of the patients 
undergoing different types of surgeries.

In the subsequent year, a reduced scale hybrid theater (Artis zeego, Siemens 
Healthcare GmbH, Erlangen, Germany) was set up in the authors’ hospital [12]. 
Similarly, this suite can provide imaging support for different types of surgical 
scenarios, making it possible for the surgeons to conduct image-guided electromag-
netic navigation bronchoscopy (ENB) and VATS procedures. The robotic C-arm 
CBCT can move flexibly without affecting the surgical procedure. It is worth men-
tioning that this operating room has a relatively smaller area (approximately 760 
square feet), which is meaningful when it comes to space-saving considerations. 
The complete content of the hybrid operating room is listed in Table 1 [12].

In the same year, a hybrid operating room consisting of a mobile O-arm CT scan 
system (Medtronic Japan Co., Ltd., Tokyo, Japan) was reported by Ohtaka’s et al. in 
Japan [13]. The team managed to conduct localization for small pulmonary nodules 
in their newly established hybrid suite. Nevertheless, limiting radiation exposure to 
the patient and its time-consuming characteristic remain to be resolved.

In 2017, Ujiie’s group introduced their multiple detector CT (MDCT) (Definition 
FLASH; Siemens, Washington, DC, USA) system assembled within a hybrid operat-
ing room [14]. With the assistance of the novel minimally invasive near-infrared 
thoracoscopic technique, they successfully localized small lung nodules of the 
patient. Although the imaging of the target lesion and the surgery were conducted 
in the same hybrid operating room, the possibility of wire dislocation and compli-
cation caused by patient transfer was not decreased.

Chao et al. also in 2017 described an imaging guided thoracoscopic resection of 
a ground-glass opacity lesion by percutaneous hookwire localization, which is per-
formed in a hybrid operating room equipped with a robotic C-arm CT (Artis zeego, 
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Siemens Healthcare GmbH, Erlangen, Germany) system [15]. The C-arm CT is 
considered better than MDCT and O-arm CT because of its flexibility and ability to 
perform circumferential scanning around the surgical table. However, there are still 
several limits of the single-stage approach, such as the availability of the high-cost 
hybrid OR, the time-consuming and complicated repositioning of the C-arm instru-
ment, and the risk of air embolism because of needle placement (Table 2) [16].

3. Current needs in thoracic surgery

With the popularization of lung screening by chest computed tomography (CT), 
the detection rate of pulmonary nodules continues to rise [17]. According to a previ-
ous study by Gill, for about 8–51% of patients screened on a CT scan, it is unclear 
that whether their detected pulmonary nodules are benign or malignant [18]. Since 
early detection and subsequent treatment for lung cancer can reduce mortality [19], 
the efficient and rapid identification of the nodules’ nature has become an increas-
ing challenge for both thoracic clinicians and researchers. Despite the emergence of 
many innovative techniques which can potentially assist in the diagnosis of pulmo-
nary nodules, the most reliable diagnosing method is surgical excision biopsy with 
pathological section [20]. Compared with conventional multiport VATS or open 
biopsy procedure, single-port video-assisted thoracoscopic surgery (VATS) can pro-
vide a less invasive way to the resection of pulmonary nodules [3, 6]. However, there 
are some inherent drawbacks in SPVATS. First, the single-port approach increases 
the difficulty in localizing the target lesion with limited access for finger palpation 

Artis zeego multi-axis robotic imaging system (Siemens Healthcare AG, Forchheim, Germany) with PURE™ 
Platform

Free-floating Artis OR table

Large display mounted on rails

syngo X Workplace (Siemens Healthcare AG, Forchheim, Germany)

Steris OR lamps

Dräger anesthetic workplace & Dräger Motiva supply unit

Olympus and Karl-Storz endoscopic systems with near-infrared capabilities

Medtronic SuperDimension™ navigation system (Covidien, Minneapolis, MN, USA)

Emprint™ Microwave Ablation System (Medtronic, USA)

2.5 m × 2.5 m (8.2 ft × 8.2 ft) laminar airflow field

Table 1. 
Configurations of the hybrid operation room (OR) (Prince of Wales Hospital, Hong Kong).

Year Authors Imaging device

2013 Bueno et al. [11] CBCT, MRI, PET, near-infrared imaging

2014 Ng et al. [12] Robotic C-arm CBCT

2014 Ohtaka et al. [13] O-arm CT

2017 Ujiie et al. [14] Multiple detector CT (MDCT)

2017 Chao et al. [15] Robotic C-arm CBCT

Table 2. 
Summary of recently reported hybrid OR for image-guided thoracic surgery.
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Siemens Healthcare GmbH, Erlangen, Germany) system [15]. The C-arm CT is 
considered better than MDCT and O-arm CT because of its flexibility and ability to 
perform circumferential scanning around the surgical table. However, there are still 
several limits of the single-stage approach, such as the availability of the high-cost 
hybrid OR, the time-consuming and complicated repositioning of the C-arm instru-
ment, and the risk of air embolism because of needle placement (Table 2) [16].
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ous study by Gill, for about 8–51% of patients screened on a CT scan, it is unclear 
that whether their detected pulmonary nodules are benign or malignant [18]. Since 
early detection and subsequent treatment for lung cancer can reduce mortality [19], 
the efficient and rapid identification of the nodules’ nature has become an increas-
ing challenge for both thoracic clinicians and researchers. Despite the emergence of 
many innovative techniques which can potentially assist in the diagnosis of pulmo-
nary nodules, the most reliable diagnosing method is surgical excision biopsy with 
pathological section [20]. Compared with conventional multiport VATS or open 
biopsy procedure, single-port video-assisted thoracoscopic surgery (VATS) can pro-
vide a less invasive way to the resection of pulmonary nodules [3, 6]. However, there 
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Artis zeego multi-axis robotic imaging system (Siemens Healthcare AG, Forchheim, Germany) with PURE™ 
Platform

Free-floating Artis OR table

Large display mounted on rails

syngo X Workplace (Siemens Healthcare AG, Forchheim, Germany)

Steris OR lamps

Dräger anesthetic workplace & Dräger Motiva supply unit

Olympus and Karl-Storz endoscopic systems with near-infrared capabilities

Medtronic SuperDimension™ navigation system (Covidien, Minneapolis, MN, USA)

Emprint™ Microwave Ablation System (Medtronic, USA)

2.5 m × 2.5 m (8.2 ft × 8.2 ft) laminar airflow field

Table 1. 
Configurations of the hybrid operation room (OR) (Prince of Wales Hospital, Hong Kong).

Year Authors Imaging device

2013 Bueno et al. [11] CBCT, MRI, PET, near-infrared imaging

2014 Ng et al. [12] Robotic C-arm CBCT

2014 Ohtaka et al. [13] O-arm CT

2017 Ujiie et al. [14] Multiple detector CT (MDCT)

2017 Chao et al. [15] Robotic C-arm CBCT

Table 2. 
Summary of recently reported hybrid OR for image-guided thoracic surgery.
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[10] and surgical instrument manipulation within a small incision [21]. Palpating 
a small lung lesion via minimally invasive access wounds is especially challenging 
when the lesion is located in a spot far from the pleural surface or it consists of part-
solid component with high ground-glass opacity (GGO) [22].

Several techniques have been developed to aid the identification of lung nod-
ules. The conventional two-stage approach for localization of pulmonary nodules 
includes two steps: image guided preoperative adjunctive localization of the lesion 
such as hookwire/microcoil implantation or dye marking, and subsequent resection 
of the nodule in a surgery suite [23]. However, in the procedure of metallic implan-
tation, the metallic bar or hookwire may dislocate during the transfer of the patient 
to the OR or during the surgical procedure. The lung deflation or the retraction 
of the wire by the operator can also cause the displacement of the marker [22]. As 
for dye marking, the diffusion of the dye contrast over time will increase the risk 
of failure localization. In addition, allergy and embolism are two important side 
effects of this localizing method which may cause serious consequences [24]. The 
application of a hybrid operating room can implement the localization and thera-
peutic procedure within a single room, which can not only save time and cost, but 
also reduce the rate of pneumothorax, marker dislocation, and dye diffusion [25].

4. Localization via percutaneous approach

As mentioned above, many localization techniques have been developed to help 
thoracic surgeons with navigation to the pulmonary nodules. By combining the 
imaging method with adjunctive instruments, such as hookwire or dye marking, 
the target lesion can be marked in different ways. The family of localization mark-
ers can be classified as two types: physical markers, such as hookwire and metallic 
fiducials, and chemical markers, such as dye marking and radionuclide labeling.

4.1 Hookwire and metallic markers

As the most commonly used localization method for small pulmonary lesions, 
hookwire has a place in thoracic surgery because of its high success rate [26–28]. 
Hookwires have long been used in marking breast lesions and relatively solid breast 
tissues. It was then applied to pulmonary nodules localization by radiologists and 
thoracic surgeons inspired by its success in treating breast diseases [29]. In a con-
ventional preoperative localization approach, the hookwire is usually inserted into 
the chest at a radiology suite a few hours before the surgery to facilitate lung nodule 
localization; however, problems remain such as hookwire migration, pneumotho-
rax, hemothorax, patient discomfort, and potential cost due to the patient transfer 
between different suites [30]. According to a recent study by Yasufuku et al., 
around 24% of the patients that underwent hookwire implantation would suffer 
from pneumothorax. Likewise, the metallic markers are usually implanted before 
the procedure through percutaneous path and detected by intraoperative fluo-
roscopy, or occasionally may be palpated [31, 32]. They have the same drawbacks 
as hookwires (post-procedural pain, pneumothorax, hemothorax, air embolus). 
When the hookwire or the metallic marker insertion is performed within the hybrid 
OR setting, their potential complications and risks can be minimized by reduc-
ing transfer time which equals “at risk” time for those complications to develop 
(Figure 1). The authors’ team has developed a treatment paradigm for small 
nodules or those with GGO components, known as image guided single-port VATS 
(iSPVATS) [7]. In their approach, the discussed disadvantages of metallic markers 
are decreased due to a shortened delay between the localization and the surgery. 
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Moreover, if the marker dislodgement happens accidentally, the real-time imaging 
ability of the hybrid OR allows for a salvage CT scan to be performed to re-localize 
the target spot.

4.2 Dye marker

Different from hookwire, the dye markers, including methylene blue, barium 
sulfate, lipiodol and others, are normally injected into the tumor region to help the 
surgeons localize the lesion usually via either direct vision through a white-light 
thoracoscopy or fluoroscopy [22]. This marking method also has pleural complica-
tions due to the invasive percutaneous approach; besides, it can also be affected 
by the diffusion of the dye into the parenchyma, and spillage into the pleural 
cavity leading to difficulty or failure of localization for surgery. More recently, 
indocyanine green (ICG) has been used as a dye, particularly for deeper lesions as 

Figure 1. 
Patient undergoing uniportal VATS lung resection following posterior hookwire placement in hybrid operating 
room.
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around 24% of the patients that underwent hookwire implantation would suffer 
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the procedure through percutaneous path and detected by intraoperative fluo-
roscopy, or occasionally may be palpated [31, 32]. They have the same drawbacks 
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When the hookwire or the metallic marker insertion is performed within the hybrid 
OR setting, their potential complications and risks can be minimized by reduc-
ing transfer time which equals “at risk” time for those complications to develop 
(Figure 1). The authors’ team has developed a treatment paradigm for small 
nodules or those with GGO components, known as image guided single-port VATS 
(iSPVATS) [7]. In their approach, the discussed disadvantages of metallic markers 
are decreased due to a shortened delay between the localization and the surgery. 
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Moreover, if the marker dislodgement happens accidentally, the real-time imaging 
ability of the hybrid OR allows for a salvage CT scan to be performed to re-localize 
the target spot.

4.2 Dye marker

Different from hookwire, the dye markers, including methylene blue, barium 
sulfate, lipiodol and others, are normally injected into the tumor region to help the 
surgeons localize the lesion usually via either direct vision through a white-light 
thoracoscopy or fluoroscopy [22]. This marking method also has pleural complica-
tions due to the invasive percutaneous approach; besides, it can also be affected 
by the diffusion of the dye into the parenchyma, and spillage into the pleural 
cavity leading to difficulty or failure of localization for surgery. More recently, 
indocyanine green (ICG) has been used as a dye, particularly for deeper lesions as 

Figure 1. 
Patient undergoing uniportal VATS lung resection following posterior hookwire placement in hybrid operating 
room.
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the fluorescence using near infra-red light thoracoscopy could be seen up to 2 cm 
from pleura. Numerous methods have been described to reduce diffusion of dye 
into parenchyma over time, include mixing the dye with albumin, biological glue 
or lipiodol. Other important issues of the percutaneous dye approach are possible 
allergy and air embolism during the injection of the dye marking which may cause 
serious and even life-threatening sequelae. An early study on 25 patients undergo-
ing image-guided percutaneous dye localization in the hybrid OR was reported by 
a group in Taiwan [33]. During the procedure, cone-beam CT was applied for the 
confirmation of the successful injection. Nevertheless, the drawbacks described 
before, though rare could still occur; and furthermore, nodules that are located near 
the apex, diaphragm and mediastinum are often difficult or risky to approach from 
percutaneous route.

5. Localization via endobronchial approach

5.1 Electromagnetic navigation bronchoscopy (ENB)

Electromagnetic navigation bronchoscopy (ENB) is a superior bronchoscopic 
technique utilizing electromagnetic sensor technology to facilitate the navigation of 
the probe to the target region [34]. The typical technological process of an ENB-
assisted biopsy or marking includes:

1. Navigational stage implemented by “electromagnetic sensor technology in 
combination with virtual three-dimensional (3D) bronchial reconstruction of 
CT images that can be paired with the true bronchoscopic images” [34].

2. The lock of extended working channel (EWC) after successful navigation and 
withdrawing the sensor tip.

3. The delivery of different tools for biopsy or marking the lesions.

Over the last ten years or so, this approach has been developed into a powerful 
tool for localization and following diagnosis of the peripheral pulmonary lesions 
[35]. Success rate of nodule localization can be as high as 93% when combining 
ENB with endobronchial ultrasound [36]. Nevertheless, identifying a small lesion 
with a high GGO component can be a challenging task for ENB with adjunctive 
methods such as endobronchial ultrasound and standard fluoroscopy [5]. To 
improve the performance of ENB-related techniques, the author’s group developed 
an innovative paradigm which combines the ENB with cone-beam computed 
tomography (CBCT) [37] (Figure 2). The steps of this new approach are as 
following:

1. Standard ENB-guided localization.

2. Anchoring of EWC.

3. Switch-off of ENB system.

4. Activation of CBCT.

5. A 6-second CBCT scan allows visualization of the target lesion, adjacent 
 structures, and the relative position of the EWC and tools.
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Notably, two CBCT scans during the procedure would provide the best out-
comes: the first CBCT is the pre-procedure scan that provides the latest information 
on positional relation of the lesion to allow software (such as i-guide, Siemens, 
Germany) to mark your lesion, while the second CBCT is for confirming whether 
the biopsy tool or marker has been deployed in the right position. This technique 
has been applied on 12 patients with nodules from 8 mm to 39 mm. There is no 
complication found, and the diagnostic rate was 83.3% [38].

5.2 Metallic marker

The utilization of ENB has been broadened in recent years to encompass enabling 
adjunctive therapies and direct therapies. Apart from the navigation system for 
biopsy, it can also be used to assist in the placement of different kinds of markers. 
Fiducials are dense markers made of gold or platinum, and they are often used for 
simultaneous tumor tracking due to its imaging characteristics, to aid in specialized 
targeted radiotherapies and surgery, in particularly for lesion localization. Anantham’s 
group reported ENB-guided insertion of 39 metallic fiducials into 9 patients for 
robotic stereotactic radiosurgery of lung tumors. Not surprisingly, dislodgement is 
one of the major problems of this approach [39]. In addition, the small risk of allergic 
reaction and complications arising from the prolonged duration of implantation of 
these markers are also issues to be considered when placing these markers.

5.3 Dye marker

Apart from metallic materials, dye markers have also been developed as a 
combination with ENB for localization of lung nodules. Bolton et al. reported dye 

Figure 2. 
Cone-beam CT images from hybrid OR showing successful left lower lobe 9 mm nodule electromagnetic 
navigation bronchoscopy biopsy guided by cone-beam computed tomography scan and assistance from PURE™ 
platform segmentation software.
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marking via ENB under fluoroscopic assistance for 19 subjects. In this case, methy-
lene blue was injected into the target lesion, and the use of intraoperative fluo-
roscopy is required as confirmation of a successful localization [40]. Dye marker 
injection by ENB in the hybrid operating room setting can lead to a lower risk of dye 
diffusion as the time interval between injection and surgery can be reduced.

In 2016, Marino et al. studied ENB-guided trans-bronchial dye injection fol-
lowed by VATS sublobar resection [41]. Among all the 72 lung nodules ranging from 
4 mm to 17 mm, 70 were identified successfully. Notably, an extra shot of methylene 
blue was injected to the pleura once it is confirmed that the distance between the 
nodule and the surface of the pleura is over 4 mm. It is believed that the application 
of hybrid OR technique will improve the success rate of dye placement and enables 
the precise visualization of the margin of the tumor [41].

In recent years, the fluorescent dye indocyanine green (ICG) has been applied 
in medical research including optical mapping of cardiac activity, measurements 
of liver blood flow and ophthalmology [42, 43]. In 2018, Wen’s team reported their 
ICG marking in the hybrid OR for 26 patients with pulmonary nodules [44]. The 
ICG can remain at the target spot for more than six hours in vivo, and the near-
infrared (NIR) light thoracoscopy can detect the dye’s wavelength without being 
affected by the color change of the visceral pleura due to anthracosis (Figure 3). 
Also, it will not influence the result of the pathological examination. Similar to 
other dye markers, risk of diffusion is one limitation of ICG, as well as specific 
requirement for NIR device.

6. Bronchoscopic ablation

Lung cancer can be divided into small cell lung cancer (SCLC) and non-small cell 
lung cancer (NSCLC), among which nearly 80% are NSCLCs [45]. Surgical resec-
tion is the gold standard treatment for resectable early stage NSCLCs [46]; however, 
thermal ablation is considered a safe, cost-effective and ultra-minimally invasive treat-
ment for patients with small tumors who are not suitable for surgery [53]. Thermal or 
energy-based ablation of tumors means “the local application of extreme temperatures 

Figure 3. 
Cone-beam CT images of dye marking of right upper lobe 7 mm nodule for surgical resection. The right image 
is the deployed injection needle before injection of dye while the left image is the CT immediately after injection 
of dye.
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to cause irreversibly pathological cell injury, tumor apoptosis and coagulative necro-
sis”. Catheter-based alternative therapies include radiofrequency ablation (RFA), 
microwave ablation (MWA), and cryoablation (CRA). Among the thermal therapies, 
RFA and MWA are most commonly used for lung cancer as alternative approaches.

The most popular approach for ablation has been percutaneous. More recently, 
bronchoscopic approach to ablation has increasingly been accepted as an alternative 
to percutaneous approach. Bronchoscopic ablation has advantages over percu-
taneous of having less complications of pneumothorax and pulmonary-pleural 
fistula, as well as being scarless. The use of the hybrid OR and CBCT allows the 
confirmation of appropriate bronchoscopic navigation and positioning of the 
ablation catheter, calculation of the predicted ablation zone, monitoring of ablation 
progress, and assessment of the final ablated zone. Thus, for the foreseeable future, 
CBCT like image quality is critical to enable this form of bronchoscopic catheter 
therapeutic intervention.

6.1 Radiofrequency ablation (RFA)

In a radiofrequency ablation, one or more radiofrequency electrodes are placed 
into the tumor under the guidance of computed tomography or ultrasound. A high-
frequency alternating current produced by the electrodes can generate 60–100°C 
temperature by inducing frictional heating in tissues [47]. It is reported that in most 
recently published RFA cases, conscious sedation or general anesthesia, and no less 
than 24 h postoperative observation are required. Depending on the size and shape of 
the tumor, the adjacent normal lung tissue might be burned during the process [48]. 

Figure 4. 
Cone-beam CT images showing left upper lobe adenocarcinoma bronchoscopically ablated by microwave 
energy. The right images show the Emprint™ catheter within the tumor before ablation while the left images 
show CT performed 10 min post ablation.
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RFA and MWA are most commonly used for lung cancer as alternative approaches.

The most popular approach for ablation has been percutaneous. More recently, 
bronchoscopic approach to ablation has increasingly been accepted as an alternative 
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fistula, as well as being scarless. The use of the hybrid OR and CBCT allows the 
confirmation of appropriate bronchoscopic navigation and positioning of the 
ablation catheter, calculation of the predicted ablation zone, monitoring of ablation 
progress, and assessment of the final ablated zone. Thus, for the foreseeable future, 
CBCT like image quality is critical to enable this form of bronchoscopic catheter 
therapeutic intervention.
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into the tumor under the guidance of computed tomography or ultrasound. A high-
frequency alternating current produced by the electrodes can generate 60–100°C 
temperature by inducing frictional heating in tissues [47]. It is reported that in most 
recently published RFA cases, conscious sedation or general anesthesia, and no less 
than 24 h postoperative observation are required. Depending on the size and shape of 
the tumor, the adjacent normal lung tissue might be burned during the process [48]. 

Figure 4. 
Cone-beam CT images showing left upper lobe adenocarcinoma bronchoscopically ablated by microwave 
energy. The right images show the Emprint™ catheter within the tumor before ablation while the left images 
show CT performed 10 min post ablation.
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Because of the mechanism of radiofrequency ablation, the feasibility of this catheter-
based approach is determined by the electrical conductance of the target organ. Since 
the normal lung tissues have a poor electrical conductance and a higher impedance 
than lung tumors, most current generated by the electrodes will pass through the 
tumor [49]. Moreover, a phenomenon called “heat sink effect” is another limitation of 
RFA, which happens when heat absorbed by blood flow or air is carried away from the 
ablated region, leading to a loss of temperature and decreased RFA efficacy [50, 51].

6.2 Microwave ablation (MWA)

Similar to RFA, MWA utilizes electromagnetic waves to cause localized hyperther-
mia and induce cell injury and death. During an MWA procedure, heat is generated by 
the oscillation of electromagnetic field between active dipoles at the tip of MW anten-
nas, causing following realignment and agitation of water molecules and increased 
kinetic energy. With much higher frequencies compared with RF, electromagnetic 
radiation is not largely influenced by tissue impedance. As a result, MWA is consid-
ered as a more powerful and predictable thermal approach for lung tumors [52]. In a 
study by Han et al., 28 elderly patients (over 75 years old) with stage I or lymph node-
negative stage IIA underwent MWA [53]. As the result shows, the local recurrence rate 
was 32.1%, and no significant difference was found between the outcome of MWA 
and RFA. As a limited amount of data available on comparative studies on this topic, 
further research is needed to evaluate the efficacy of MWA and RFA (Figure 4).

7. One-stop-shop: “value” and costs of hybrid OR

As a surgical workspace that integrates imaging devices with a multifunctional 
surgical table, hybrid OR can provide unparallel imaging support for a variety of 
surgical scenarios. This one-stop-shop hybrid OR can help with the localization and 
biopsy of suspected pulmonary nodules in a more efficient and time-saving way. In 
contrast to conventional approaches, a hybrid OR can provide real-time imaging and 
increase the success rate for a hookwire insertion or ENB, and also functions as an 
adjunct in the intraprocedural ultrasonography technique during single-port VATS. In 
a CT-guided injection of dye makers (barium or lipiodol) within a hybrid OR, the 
delay between the adjunct placement and the surgery is shorter, minimizing the 
potential risk of percutaneous complications and diffusion [27]. ENB-guided thera-
peutic methods such as RFA and MWA provide a safe and effective option for patients 
with early-stage NSCLCs. Overall, the utilization of hybrid OR on diagnosis, staging, 
and treating the lung-related diseases has been gaining more and more popularity.

The costs of a hybrid OR depends on the country and institution-specific opera-
tional and manual cost. As there is lacking data and knowledge on this issue, future 
investigations are needed to compare approaches conducted within hybrid OR and 
those through conventional multi-stop multi-shop means.

8. Future developments of hybrid OR

The hybrid operating room is progressively used in the thoracic surgery to 
improve the accuracy of the procedures and to provide useful guidance to both 
endoscopy and surgical procedures. The new era of hybrid thoracic surgery does not 
depend only on its imaging superiority but also the integration of other technolo-
gies, including 3D printing, robotic bronchoscopy and NOTES lung surgery, just 
to name a few. The application of the precise imaging provided by the real-time 
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cone-beam computed tomography will be greatly improved as a result of the devel-
opment of adjunct related technologies.

The hybrid operating room with real-time cone-beam computed tomography 
can be combined with 3D printing to provide precise customization of prostheses. 
This facility can provide images of post-resection chest wall defects which can be 
used for 3D image reconstruction and segmentation to generate an accurate stereo 
vision of the chest wall defect. The immediate transfer of data for 3D printing 
within the operating room could make the process of surgery more tailored by 
custom 3D printing prostheses for that specific defect and stature of the patient.

Recently, the number of navigational bronchoscopy or catheter-based platforms 
is increasing rapidly which will enable more accurate navigation and will improve 
the safety and efficacy of the operation. The hybrid operating room can provide 
precise imaging support to the implementation of these technologies which is of 
vital importance because the positioning of lesions is the foundation for conducting 
surgery and its accuracy will provide guidance to the specific operational tech-
nologies. Furthermore, these platforms will promote the main use of navigational 
bronchoscopy in the hybrid operating room at the same time which means more 
precise localization of the lesions. The combination of robotic bronchoscopy with 
the hybrid operating room may further enhance localization accuracy and allow 
thoracic surgery with greater precision.

It is said that the natural orifice transluminal endoscopic surgery (NOTES) 
platforms and single incision robotic platforms will become the next generation of 
tools for performing uniportal VATS and incisionless “surgery” enabling further 
reduction in access trauma and more surgical precision. Some of the short com-
ings of current NOTES platforms could be at least in part be addressed by using 
high precision imaging from hybrid operation room for localization, assisting the 
surgery and confirming efficacy of the procedure.

In summary, it is anticipated that the hybrid operating room will play a more and 
more important role in image-guided thoracic surgery as it establishes an efficient 
and integrated procedural flow for the operation process. It can be combined with 
many promising technologies to achieve the accurate control of the endoscopic and 
surgical procedure. More advanced modalities of imaging could be further incorpo-
rated in to this set up to provide additional imaging information and precise details 
which will lead us to a safer and more meticulous surgery of the future.
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