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Introduction 
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Opportunistic infections in immunocompromised patients

Antimicrobial resistance and emerging viruses are among the biggest health care 
issues of our time. Treating patients with multidrug resistant bacteria and fungi is 
challenging because there are not enough anti-infectives available, often leading to 
complex drug regimens causing toxicity and treatment failure. Even more complex 
is treating   immunocompromised patients, as the immune response, which is an 
important part of the host defence against infectious disease is impaired. Patients 
can suffer from primary immunodeficiency (e.g., systemic lupus erythematosus, 
inflammatory bowel disease) or from secondary immunodeficiency caused by 
drug therapy (e.g., immunosuppression after transplantation, corticosteroids, 
chemotherapy)1. Besides, patients undergoing hematological stem cell transplantation 
(HSCT) suffer from transient but prolonged complete bone marrow suppression. 
These patients have a couple of weeks with complete absence of immune cells. 
During this time their graft starts functioning and the graft bone marrow starts 
functioning, the patients are being under persisting immune suppression, to prevent 
allograft rejection. Immunocompromised patients will suffer more severely from 
common infections than immunocompetent individuals. They may also contract 
opportunistic infections by intrinsically low-virulent pathogens like viruses, bacteria 
or fungi that would otherwise be harmless1,2. 

HSCT recipients are known to suffer from a myriad of pathologies, including side 
effects of immunosuppressive drugs – nausea, and loss of appetite and taste. A 
specific pathology that affects skin and intestinal mucosa and sometimes lung tissue 
is graft-versus-host disease (GVHD). In GVHD, the donor immune system attacks 
the recipients’ tissue. Mucositis, the most common presentation, is an inflammation 
of the gastrointestinal tract. In addition to GVHD, it may also result from cytotoxic 
immunosuppressive drugs. Patients experience severe pain, sometimes bleeding, 
electrolyte disorders, and are often not able to eat due to the lesions present in the 
gastrointestinal tract3,4. Mucositis occurs in approximately 40% of patients receiving 
chemotherapy and up to 80% of patients receiving high-dose chemotherapy5,6. 
Different degrees of mucositis can occur, which can be either visually quantified or 
using quantifiable markers like citrulline7–9. Depending on the extent and severity 
of mucositis, oral drug absorption is compromised as well. This problem has not 
been studied extensively, but with regard to the mucosa of the gut being damaged, 
changes in drug absorption can be expected. 



Chapter 1: Introduction

13

11
Ganciclovir 

Cytomegalovirus (CMV) and herpes virus type 6 (HHV-6) belong both to the 
Herpesviridae family10. Latent CMV infection is prevalent in 40-80% of adults 
and the prevalence of HHV-6 has been estimated to be around 90%10,11. CMV and 
HHV-6 rarely cause symptoms and disease in the non-immunocompromised 
hosts. However, in severely immunocompromised patients these viruses can cause 
prolonged hospital stay with increased morbidity and mortality12–14. CMV end organ 
disease can manifest in malaise, colitis, retinitis, esophagitis, nephritis, cystitis, ileitis 
and gastritis15–17. 

Intravenous ganciclovir and its prodrug oral valganciclovir are the gold standard for 
CMV and HHV-6 treatment18,19. It is common to use (val)ganciclovir as prophylactic 
or pre-emptive therapy in Solid Organ Transplant (SOT) and HSCT recipients19. 
Prophylaxis with (val)ganciclovir starts after SOT and is continued, depending on 
the transplanted organ, up to 12 months after transplantation19. For HSCT recipients, 
a different approach is used – pre-emptive therapy, this means that treatment is 
started immediately after viremia is detected20. It has also been suggested that HHV-
6 can trigger CMV infection, as it often precedes a CMV reactivation18,21.

CMV and HHV-6 therapy is often complicated due to ganciclovir toxicity. Ganciclovir 
causes myelosuppression resulting in thrombocytopenia, neutropenia, leukopenia 
and often leads to therapy cessation22,23. HSCT recipients are especially vulnerable to 
these side effects as their bone marrow is suppressed23. Prolonged (val)ganciclovir 
treatment and kidney failure have shown to be risk factors for ganciclovir toxicity24–26. 
Moreover, insufficient ganciclovir amount in the body can cause acquired drug 
resistance27. Selecting the optimal dose of ganciclovir is therefore important to avoid 
toxicity and prevent acquired resistance. 

Antifungal drugs

Invasive fungal infections (IFI) are difficult to treat but even more complex to 
diagnose. Immunocompromised patients, e.g., HSCT recipients, are at risk of 
developing IFIs. The most common causative agents are yeasts – especially, Candida 
spp; and molds, especially, Aspergillus spp28. Candida albicans is part of the normal 
microbiota of gastro-intestinal tract, and a mucosal disruption can cause these fungi 
to enter the blood stream and cause an IFI. Aspergillus spp is abundantly present in the 
environment we live in. A. fumigatus spores are among the most commonly inhaled 
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fungal spores. With an intact respiratory mucosal lining and normal neutrophil 
host defence, this is harmless29. The highest risk to develop invasive aspergillosis 
is after allogeneic HSCT, in patients with chronic granulomatous disease in whom 
neutrophil function is severely compromised, in patients with GVHD, and those 
with acute myeloid leukaemia30. 

The first-line treatment for invasive aspergillosis is voriconazole31. Isavuconazole 
and amphotericin B are considered as alternative first-line choices31. For patients with 
prolonged and profound neutropenia prophylaxis with posaconazole, voriconazole, 
itraconazole, amphotericin-B or micafungin is recommended31. For invasive 
candidiasis, the first choice of therapy is an echinocandin antifungal – caspofungin, 
micafungin or anidulafungin; fluconazole has been suggested as a step-down to oral 
therapy in the case of susceptible Candida is isolated32. 

Personalised dosing of anti-infective drugs in immunocompromised 
patients 

Personalised dosing of antibiotics has been widely researched and discussed in 
many position papers33–36. The main idea supporting personalisation is achieving 
the best exposure targets with minimal toxicity. For example, ganciclovir and 
voriconazole mentioned above, are both known to be highly effective against CMV 
and IFIs respectively, however both have been related to dose-limiting toxicity. For 
voriconazole, insufficient drug exposure has been related to worse outcomes37,38. The 
importance of avoiding toxicity and improving efficacy of anti-infectives becomes 
even more evident in immunocompromised patients, as they might already suffer 
from reduced kidney function, liver function or neutropenia before the start of 
therapy. 

Population pharmacokinetic modeling 

Population pharmacokinetic models are mathematical models used to describe 
pharmacokinetics and pharmacodynamics on a population level39. Moreover, from a 
population model, simulations can be performed to estimate target attainment (e.g. 
the area under the concentration-time curve (AUC), the maximum concentration 
(Cmax), or AUC divided by the minimally inhibitory concentration (MIC), AUC/
MIC) and calculate appropriate sampling time40. After the population model has 
been developed and validated, ideally with an external dataset from another centre, 
it can be applied to a wider patient population and can be used in clinical care. 
These models are then programmed into Bayesian simulation dosing software 
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– e.g MWPharm++, BestDose, TDMx, which are used to estimate dosing during 
Therapeutic Drug Monitoring (TDM)41. Drug concentrations measured in samples 
collected during clinical care, drug dosing information and patient characteristics are 
then entered into the chosen dosing software. By using a population pharmacokinetic 
model, it can be simulated whether the dose the patient is taking results in exposure 
within the target range and if not, which dose adjustments are needed to attain the 
target exposure.

Therapeutic drug monitoring

TDM is a tool used to assess drug concentrations in clinical care with the larger 
aim to reduce toxicity and increase efficacy. TDM has added value for a given drug 
if significant inter- and/or intraindividual pharmacokinetic variability is observed, 
if the drug has a narrow therapeutic range, if there is data lacking on the effect 
parameters or if the drug therapy is expected to last for a sufficient period of time to 
be able to change the dosing42. To estimate drug exposure bioanalysis methodologies 
immunoassays and liquid tandem-mass chromatography (LC-MS/MS) are most 
commonly used. The latter requires both more expensive laboratory equipment and 
specially trained technicians, however in general, LC-MS/MS is more sensitive and 
specific44. Most frequently plasma or serum are used to determine drug exposure in 
patients. However recently new matrixes like dried blood spot (DBS) and saliva been 
introduced to overcome stability or transport problems and make TDM possible 
in more remote settings45,46. Drug concentrations are taken at certain time-points, 
in daily practice these are often before the dose, the minimum concentration (Cmin) 
or a peak concentration, shortly after the dose Cmax

42. Sometimes limited sampling 
strategies are used. These are based on population pharmacokinetic modeling and 
are selected to give the most information to estimate the parameter of interest43. An 
overview of TDM and optimisation of therapy is presented in Figure 1. 

TDM of antiviral and antifungal drugs

The AUC has been suggested for optimization of ganciclovir, however the 
application of TDM to routine clinical care is still being debated47–49. TDM is most 
commonly done and suggested for voriconazole and posaconazole due to the inter- 
and intraindividual variability and the effect of inflammation on the exposure of 
voriconazole50–52. TDM is not recommended for fluconazole, but has been suggested 
to be beneficial to reach better exposure for instance in obese individuals53,54. For 
echinocandins, therapy optimisation through TDM is rarely done, however 
low exposure has been described in intensive care patients55. Moreover, during 
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kidney and liver failure, the PK does not seem to be much aff ected. Still, e.g., for 
caspofungin in patients with liver failure, defi ned by Child Pugh score of 3, lower 
dosages are suggested by the manufacturer56. Patients with higher body weight (>80 
kg) are proposed to have a higher fi xed dose56. The question is whether therapy 
optimisation might be benefi cial in patients with diff erent weight ranges, but also if 
certain effi  cacy targets are reached with fi xed dosing. 
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Aim of this thesis 

The aim of this thesis is to explore the opportunity to optimise therapy of 
diff erent anti-infective agents in immunocompromised patients by utilizing 
pharmacokinetic and pharmacodynamic information from clinical studies. This aim 
is achieved by performing clinical studies and computationally through population 
pharmacokinetic modeling. The main objectives are to estimate appropriate dosing 
regimens, evaluate drug exposure in immuncompromised patients and describe the 
applicability of therapeutic drug monitoring to clinical care. 

Figure 1. Personalised antimicrobial therapy and therapeutic drug monitoring 
(TDM) 
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Outline of the thesis 

In Chapter 2, we perform a systematic review analysing the reasons why anti-
infective therapy fails in transplant recipients in observational and prospective 
studies to describe potential issues in studies in this field and to study design of 
future studies.

In Chapter 3, we describe the methods and strategies to improve the design of 
therapeutic drug monitoring studies in specific infectious diseases. Currently, 
studies focusing on TDM are often done using different study designs and have 
varied endpoints showing heterogeneous results. With this review, we aim to provide 
guidance to help to improve the quality of TDM studies in infectious diseases.   

In Chapter 4, we conduct a prospective study to explore the exposure of three 
different anti-infective agents, ciprofloxacin, fluconazole and (val)acyclovir, and the 
effect of mucositis on the absorption of these drugs in autologous SCT recipients. 
This is done to analyse potential under- or overexposure of anti-infective agents 
and potentially reduce prolonged intravenous therapy of these drugs in this patient 
group. 

In Chapter 5a, the development and validation of an LC-MS/MS assay to measure 
ganciclovir and acyclovir concentrations are described. Before we are able to assess 
the exposure of ganciclovir in transplant recipients, we need to have an assay for 
drug exposure determination that can be used in clinical care and research studies. 

In Chapter 5b, a case series on ganciclovir TDM to routine clinical care is presented. 
The case studies are analysed in order to better understand ganciclovir exposure in 
complex patient cases and whether guiding therapy with TDM is helpful. This will 
help us to design a prospective study and guidelines to analyse ganciclovir TDM. 

In Chapter 5c, we conduct an observational study looking into ganciclovir TDM in 
SOT and HSCT recipients to get more insight into PK of ganciclovir in this patient 
group and to analyse the applicability of TDM to routine patient care. 

Chapter 5d will present a linked population PK/PD model for ganciclovir from the 
study data described in Chapter 5c to better understand the relation between drug 
exposure and response to treatment using CMV viral loads as response parameter. 
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In Chapter 6a, we conduct a prospective study looking into posaconazole 
exposure and its relationship with inflammation expressed by C-reactive protein 
concentrations to compare and contrast with a similar study done on voriconazole. 
This will provide insight into the PK of posaconazole, which will aid in further 
personalisation of therapy. 

In Chapter 6b, we describe a post-hoc analysis of the prospective study presented 
in Chapter 6a.  A longitudinal analysis of the posaconazole concentrations and 
the confounding factors provide insight into the reasons behind variability of 
posaconazole exposure and helps specifying the patient group that would most 
benefit from TDM of posaconazole. 

In Chapter 6c, we conduct a prospective study looking into fluconazole exposure 
in intensive care patients and subsequently developed population PK model. This 
study aids in optimisation of fluconazole therapy in this patient group. 

In Chapter 6d, a population pharmacokinetic model supporting weight-based 
dosing of caspofungin in intensive care patients is presented to describe the 
pharmacokinetics and pharmacokinetic/pharmacodynamic target attainment in 
this patient group. This analysis helps to further personalise caspofungin therapy. 

In Chapter 7, we discuss the findings of this thesis and suggest the future perspectives 
of optimisation of anti-infective therapy of immunocompromised patients. 

Chapter 8 provides the summary of the thesis and concludes with future perspectives. 
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