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Chapter 10

Summary and general discussion

Despite being recently overshadowed by the effects of the COVID-19 pandemic,
influenza (epidemics) continues to be a significant contributor to global infectious
disease burden. At multiple times, both influenza and COVID-19 have resulted in
overtaxing the (Dutch) healthcare system, with crowded emergency departments and
overwhelmed hospitals, especially during the winter months (the respiratory season).
To prevent an overwhelmed healthcare system, it is important to have effective
prevention and treatment options. The general aim of this thesis is to address gaps in
the scientific knowledge regarding SARS-CoV-2 and influenza, two major respiratory
viruses, and how this can contribute to future (acute) care.

For centuries, humans have been affected by various types of respiratory viruses.
Some of which have been known for longer, are more pathogenic, or are more
prevalent than others. Respiratory viruses can cause a spectrum of illness, from the
common cold to more severe pneumonia. Most studies examining the impact of
respiratory viral infections (RVIs) or the effect of vaccines initially focused on healthy
(young adult) populations. However, this population generally experiences less severe
illness from a RVl compared to more vulnerable populations that are more likely to
contract a virus or experience a more severe course of viral infections. The groups at
increased risk for complications are determined by patient-related factors, such as the
immune system and age, as well as underlying diseases like diabetes and respiratory
conditions. Those having a known increased risk of severe course include older adults
(65 years and older), pregnant women, young children, people with chronic conditions
or immunocompromised patients." Among immunocompromised patients, patients
with a solid organ transplant (SOT) represent a very relevant group due to their
severe immunocompromised state. While there has been considerable attention in
the literature on RVIs in lung transplant recipients, a knowledge gap remains about
patients who have undergone other SOTs. This distinction is important because,
after lung transplantation, both the transplanted organ itself and the systemic
immunosuppressed state contribute to the risk of more severe infections. In contrast,
recipients of a SOT other than lungs are mainly affected by the immunosuppressed
state alone, as the organ they received is not typically involved in the infection.
Therefore, we conducted a retrospective, multicentre study in eight hospitals in the
Netherlands to examine the clinical epidemiology, characteristics, and outcomes of
RVIs in patients who received a liver, kidney, or pancreas transplant or a combination
at the Leiden University Medical Centre (LUMC) over a period of ten years (chapter
2). SOT patients with a PCR positive for a respiratory virus between January 1, 2013
and July 1, 2024, were included. During the study period, 643 viruses were identified
in 603 positive PCR test results among 460 patients. Co-infections were found in 38
patients, consisting of 36 cases of double infections and two cases of triple infections.
SARS-CoV-2 and influenza were the most frequently identified viruses, followed by
human rhinovirus (HRV) and respiratory syncytial virus (RSV). All RVIs were associated
with high hospitalization rate (68%). Remarkably, influenza caused the least severe
illness compared to the other viral pathogens, with the shortest hospital stay, lowest
rates of ICU admission, and 30-day mortality, although it remains a significant cause
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of hospitalization and severe acute RVI on its own. In contrast, an infection with SARS-
CoV-2 was associated with a higher likelihood of a worse outcome. In addition, the
presence of pulmonary consolidations on chest X-ray upon admission and a higher
CURB-65 score were also associated with intensive care admission or 30-day mortality.

As asymptomatic patients or patients with mild symptoms of a RVI may
not present themselves (at the hospital), the study may suffer from bias, which may
lead to overestimation of disease severity. The severity of illness may vary between
different viruses, leading to one RVI being overestimated more in severity compared to
another. It should be noted, however, that these transplant patients have been clearly
instructed to contact their treating hospital physician if they experience symptoms
of a (respiratory) infection. However, we cannot say with certainty whether patients
actually follow these instructions, due to the retrospective character of this study. To
confirm our results, a prospective study would need to be conducted in the future.
Conducting serial testing on patients during the winter season, for example through
weekly nasal or throat swabs, could ensure that all infected individuals are identified,
regardless of symptoms. However, this is not only time-consuming and expensive; it
also required a large sample size, and it will be likely that fewer people are willing to
participate in such a study.

Overall, chapter 2 demonstrated that the (clinical) consequences of RVIs in patients
with a SOT were substantial. Averting (severe) disease through vaccination could
be an important preventive measure. At the moment, there is a lot of attention on
the RSV vaccine, which is available in the near future for children under one year
and for older adults above 60 years.>* However, in chapter 2, it appears that the
disease burden caused by RSV in immunocompromised individuals is comparable
to the burden caused by other respiratory viruses, which receive less or no attention.
Besides for RSV, vaccines are also available for influenza and SARS-CoV-2. While the
SARS-CoV-2 vaccine has understandably only been developed in the past few years,
the influenza vaccine has been available for much longer. The first influenza vaccine
approved for wider dates from 1945.° Extensive vaccine research has already been
conducted, but these studies initially focused on healthy young adult populations.
However, immunocompromised patients, such as SOT recipients, have an increased
risk of influenza-related complications compared to healthy, immunocompetent
individuals, as shown in chapter 2.%” In addition, SOT recipients require lifelong use
of immunosuppressive medication, which affects the functionality of B- and T-cells.
Consequently, theimmunogenicity of the influenza vaccine in SOT recipientsis reduced
compared to immunocompetent persons. Studies have shown that the compromised
immune system in SOT recipients has led to a reduced antibody response to influenza
vaccines.®" The benefits of influenza vaccination of SOT recipients have been reported
in studies examining outcomes related to the survival of the organ transplant, severity
of illness, or length of hospital stay. However, there are few studies assessing the
real-world effectiveness (VE) of the influenza vaccine in this population. In chapter
3 we evaluated the VE in preventing (severe) symptomatic influenza infection in
immunocompromised adults with a SOT. We retrospectively reviewed all patients who
underwent organ transplantation at the LUMC and were tested for influenza using
PCR between January 1, 2013, and July 1, 2024. We included patients who presented
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with fever and/or respiratory symptoms at the LUMC or at one of the seven affiliated
hospitals during the respiratory season. A total of 776 patients were included, of
whom 174 tested positive for influenza (cases) and 602 were test-negative (controls).
Among the controls, 183 had a positive PCR result for another viral pathogen, while
419 patients had a negative result for any virus. We assessed whether patients had
received their influenza vaccination in the year prior to their PCR test. After adjusting
for confounding variables, the average VE was found to be low (6.9%) and showed
significant variability from year to year. Influenza-related outcomes such as length
of hospital stay, need for ICU-admission or 30-day mortality did not differ between
the vaccinated and unvaccinated groups. A significant limitation of this study is its
retrospective nature. Patients with mild symptoms may have stayed at home, which
would have excluded them from the study. This may have led to an underestimation
of the VE, especially if these were individuals who had been vaccinated. Additionally,
patients who have undergone SOT are advised to contact the hospital as soon as they
have fever or (mild) respiratory symptoms, which leads us to believe that the impact
on VE is minimal. Ideally, we would determine clinical VE in a prospective study, where
everyone is instructed to report any (mild) respiratory symptoms or where everyone
is periodically tested for influenza, allowing for the inclusion of asymptomatic
individuals. In practice, however, such a study would require a significant amount of
time and financial resources, as well as a large sample size to draw reliable conclusions.
Moreover, it may be more challenging to find participants for a similar influenza study
with a periodic testing policy, in contrast to previous COVID-19 studies where periodic
testing was conducted.’>'* It would require much effort and time from the participants
and it would not offer any direct consequences or benefits, unlike SARS-CoV-2, where
test results had an impact on their vaccination passport, travel, social activities or work.
In addition, it would be even more ideal to conduct a randomized controlled trial in
which half of the patients receives the vaccine and the other half does not. If the VE is
truly as low as our study suggests, this approach would not be unethical.

Despite the limitations due to the retrospective design, the calculated VE
in this population is so low that it may actually lead to doubts about the usefulness
of influenza vaccination among immunocompromised individuals and doctors.
The vaccination degree in the Netherlands already indicates that not everyone gets
vaccinated, and that vaccine hesitancy exists, as only 56.8% and 55.2% of the Dutch
people who received an invitation for the influenza vaccination actually got vaccinated
in 2022 and 2023, respectively.” In our study, the vaccination degree was also low:
47%.

Thus, the low VE may raise the question whether the benefits outweigh the
efforts and costsinvolved. However, our study focused on preventing (severe) influenza,
while other studies have shown that the severity of iliness in vaccinated SOT recipients
is lower™ '8, which is a strong argument in favour of annual vaccination. However,
we found no difference in influenza-related outcomes between the vaccinated and
unvaccinated group (chapter 2). It is possible that with our study we still do not
accurately know whether the vaccine has prevented severe influenza, and if so, to
what extent, as patients with mild symptoms may not have sought medical attention,
despite our recommendation to do so. Nevertheless, the findings of our study call
for a larger prospective method to determine the VE, and if the low effectiveness is
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confirmed, a change in the current vaccination strategy is warranted. This could
involve vaccinating later in the season (to reduce waning), applying a higher dose or
administering repeated doses. The low VE could also be an argument for vaccinating
health care personnel working in transplant departments and household contacts of
the patients to reduce the burden of influenza infections.

In the future, it would be valuable to have more data on such regional VE
estimates. Ideally, it is worthwhile to prospectively monitor the effects of vaccinations,
for example by using a platform approach?*?!, which could, among others,
simultaneously measure antiviral activity and VE and which would also allow for the
inclusion of other respiratory viruses.

Treatment of influenza
We have experienced several influenza pandemics over the past century (Spanish Flu,
Mexican Flu) and more are likely to follow in future. During these pandemics, everyone
is susceptible, but immunocompromised individuals are at greater risk for more severe
outcomes. Therefore, appropriate treatment is crucial and is also a strategy to limit or
prevent the severity of disease, besides vaccination. For many RVIs, no treatment is
available. For influenza, neuraminidase inhibitors such as oseltamivir are the principal
antiviral drug for early treatment of influenza, available since 1999. This therapy is
used to reduce the severity and duration of the illness. While the use of oseltamivir
is recommended, the evidence regarding the clinical benefits is inconsistent, in
particular in SOT recipients. In clinical practice, treatment of influenza with oseltamivir
in SOT recipients may be suboptimal as physicians may decide not administer antivirals
when SOT recipients present with symptoms with a duration exceeding two days.
However, the majority of patients come to a hospital after >48 hours of illness. On
the other hand, prolonged shedding is common in SOT recipients.' In a retrospective
observational study of 173 lung transplant recipients, 22 of whom were infected with
influenza, prolonged viral shedding (defined by RT-PCR on a swab) for >7 days was
detected in 15 cases (68%), even though oseltamivir treatment was initiated as soon
as influenza was suspected. Early treatment (<48h) was not associated with extended
duration of shedding. The median duration of shedding was 21 days for influenza A
and 9 days for influenza B. A high viral load at diagnosis was identified as a predictor
of prolonged shedding.?? Additionally, a study involving 86 patients with influenza
demonstrated a significantly longer shedding of 19 days among immunocompromised
patients (primarily due to a malignancy or condition being treated with either a recent
hematologic stem cell transplantation or immunosuppressive therapy), compared
to a mean of 6.4 days among non-immunocompromised patients.® Starting therapy
regardless of duration could be justified by prolonged viral shedding, as benefits are
biologically plausible. In a retrospective study involving 390 patients with an influenza
infection (of which 46% were immunocompromised), 30-day mortality and the
composite endpoint (30-day mortality or ICU admission >48h after admission) were
reduced by 9% and 119%, respectively, in the group treated with oseltamivir within 48
hours of admission, compared to those who did not receive oseltamivir.?*

In our study (chapter 2), 66% of the influenza positive SOT recipients was
treated with oseltamivir. Unfortunately, the sample size of our study was too small
to evaluate the effect of adequate treatment of oseltamivir (i.e. in the appropriate
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dosage, initiated within 48 hours of hospital admission) on reducing influenza related
complications. It would be valuable to address this question with future studies, by
determining the effect of adequate treatment of oseltamivir on reducing influenza
related complications, such as 30-day mortality, among adult influenza SOT recipients
who require hospital admission.

COVID-19 pandemic

Atthe start of the pandemic, the focus of research was primarily on finding therapeutical
approaches and vaccine development, as vaccines are by far the most effective public
health strategy to control the pandemic. COVID-19 yields more than 400K hits in just
five years on PubMed (in contrast to influenza, which only has 160K hits), indicating
that a substantial amount of research on COVID-19 has been conducted in a relatively
short timeframe. This was caused by several factors. The social pressure resulting from
the COVID-19 pandemic was considerable, and the health effects of the pandemic were
significant. Furthermore, the COVID-19 pandemic has caused the largest economic
crisis in a century.”® The closure of schools and workplaces resulted in significant
unemployment and the permanent closure of many businesses.

Given that the pandemic posed an immediate threat to public health and
economy, there was a rapid mobilization of resources and funding. Researchers,
institutions and governments around the world collaborated extensively, and the
high public interest drove researchers to share their findings quickly with both public
and scientific community through pre-print publications, bypassing peer reviews. This
accelerated the spread of knowledge and had a significantimpact on global treatment
guidelines. After identifying SARS-CoV-2 in China, the virus genome sequence was
immediately made publicly, helping scientists quickly identify vaccines and treatment
targets for COVID-19. In addition, previous research on coronaviruses (like SARS-CoV-1
and MERS) provided valuable insights into structure and behaviour of the virus.?6?
Research progress was further accelerated by substantial financial investments
from governments, organizations and private sector. The Coalition for Epidemic
Preparedness Innovations (CEPI) spent millions to fund vaccine development efforts,
including our ID vaccination trial, enabling multiple vaccine candidates to enter
clinical trials simultaneously.?® Traditional vaccine approaches, such as inactivated,
live-attenuated and protein-based vaccines had been the primary methods until
then. However, mRNA-based vaccines, made possible by previous advances in genetic
engineering®, became a new approach to prevent severe infection.

Generally, developing a new vaccine often takes 10-15 years, following
the established processes for vaccine development, clinical trials and regulatory
approval.3 However, shortly after the onset of the pandemic, in March 2020, the first
phase | clinical trial of the mRNA-based vaccine (mMRNA-1273, the Moderna vaccine)
was started in the United States.? The phase | clinical trial for the mRNA-based vaccine
from Pfizer-BioNTech started in April 2020, as well as the phase I/1l study for the vector
vaccine from AstraZeneca and for the inactivated virus vaccines from Sinovac and
Sinopharm. Later that year, the phase | studies from Johnson & Johnson began. First
results of these phase | trials were released in July 2020 and large-scale phase ll/phase
[l vaccine trials began. The phase Il trials have reported a high vaccine efficacy for
several vaccines against symptomatic SARS-CoV-2, with the highest efficacy (>90%)
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for the mRNA-based vaccines.”” Two mRNA vaccines (mMRNA-1273 from Moderna
and BNT162b2 from Pfizer) received initial approval by the FDA (Food and Drug
Administration) in the US and EMA (European Medicines Agency) in Europe at the
end of 2020 and early 2021.% Several other vaccines have been approved in different
parts of the world, such as CoronaVac, CoviVac, Oxford-AstraZeneca vaccine (ChAdOx1
nCoV-19), Sputnik V, and Johnson & Johnson vaccine.

Route of vaccination

All phase I/1I/1ll trials for the new developed SARS-CoV-2 vaccines were conducted
using IM vaccination, which is the standard route for vaccination. Other vaccination
methods, such as ID vaccination, were not initially explored, while a significant global
vaccine shortage was present from the start of the pandemic. ID vaccination is a dose-
sparing injection technique. The vaccine is administered into the dermal papillary
layer of the skin, which is rich in antigen-presenting cells (APCs), which are essential for
initiating both the humoral and cellularimmune response. A fractional ID dose of one-
fifth or one-tenth of the standard IM dose can induce immune responses comparable
to that generated by the standard dose given IM. This was already established for
other infectious diseases.?' Based on previous research, our hypothesis was that a dose
reduction of 80-90% could be an effective dose sparing strategy in mass emergency
vaccination during the COVID-19 pandemic, and that two fractional doses of SARS-
CoV-2 would be sufficient to elicit a protective antibody response. We tested this
hypothesis in a proof-of-concept, dose-escalation, randomized study (chapter 4)
involving healthy volunteers aged 18-30 who had not previously contracted COVID-19
and had not been vaccinated. The study followed a stepped dose-escalation strategy
to determine the most appropriate vaccine dosage with a relatively small number
of participants, paving the way for a larger follow-up study in the future. In the first
part of this study, we reduced the dosage of the mRNA-1273 vaccine to 10% of the
standard IM dose (10 pg), and ten participants were vaccinated ID. In the second part,
30 participants were 1:1 randomized between the 20 ug IM group and the 20 pg ID
group, allowing us to compare the differences between the two administration routes
in more detail. All patients receiving fractional doses of 10 and 20 pug showed a good
and robust increase in (neutralizing) antibodies by day 43, comparable between the
three groups of the first two parts of the study. The highest antibody response was
observed in the 20 ug ID group. After 7 months, antibodies remained detectable in all
three groups. The antibody concentrations observed after fractional dose vaccination
fell within the range associated with high levels of protection in the phase IlI trial of
mRNA-1273.32 Additionally, participants maintained a diary for the first 14 days to track
any side effects following vaccination. None of the participants experienced severe
adverse events. A limitation of the study was the inclusion of only healthy, young
adults, meaning that the findings of safety and immunogenicity may not be applicable
to the older population. A strength of our study, however, is that we compared the
immunogenicity of the same antigen amount (20 ug) via different routes (IM and ID). A
common criticism is that drawing firm conclusions about the dose-sparing potential of
ID delivery from clinical trial data is often challenging due to limitations in the design
of most studies. Most studies examining ID delivery have compared a reduced dose
with the full dose administered via the standard IM or SC route. This, however, still
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leaves open the possibility that similar dose-sparing benefits could be achieved with
IM/ SC delivery as well3' In our study, the highest antibody response was observed
in the 20 ug ID group, suggesting a better immune response following ID delivery,
although significance could not be determined due to the sample size.

The safety and immunogenicity findings from the first parts of the trial were promising
and provided strong supportfor furtherinvestigation of ID vaccination using the mRNA-
1273 vaccine. In chapter 5, we examined in a larger, randomized, non-inferiority study
involving 150 participants whether the antibody response elicited by two fractional
ID doses of the mRNA-1273 vaccine, was non-inferior to the antibody response of a
control group that received standard dose IM vaccination. Additionally, this chapter
explored the use of an easy-to-use, short ID microneedle, the Bella-mu® 1.4mm. Next,
we also examined the T- and B-cell responses in a subgroup of participants. The non-
inferiority margin was set at 15%. The primary outcome measure of our study was non-
inferiority regarding the percentage of participants achieving seroconversion, based
on 50% virus neutralization, measured on day 43 post-vaccination. We had to adjust
the definition of seroconversion during the study because the original definition was
based on a study that used a different neutralization assay (plaque reduction test).>
instead of the microneutralization assay we employed. Furthermore, at the start of the
study, there was no established cut-off value for neutralizing antibody concentrations
that correlated with protection against COVID-19. Therefore, we chose to define
seroconversion as a post-vaccination increase in neutralizing antibody concentration
of at least 465 1U/mL, which was the lowest concentration measured in the IM group.
The seroconversion rate on day 43 in the IM group was (as expected) 100%, while it
was 86% (95% confidence interval (Cl) -24.31 to -3.6) and 87% (95% Cl -22.78 to -3.31)
in the ID- standard needle (ID-SN) and ID-Bella-Mu® (ID-BM) groups, respectively. The
lower limit of the 95% Cl for the absolute difference in the proportion of seroconversion
between the fractional and standard dose groups exceeded the pre-defined non-
inferiority margin of 15%. On day 43, the neutralizing antibody concentrations showed
a significant increase in all three groups, with the highest concentrations observed in
the IM group, which 95% Cl interval overlapped with the 95% Cl of both the ID-SN and
ID-BM groups. After 7 months, antibody levels remained elevated in all groups, with
the highest concentrations in the IM group. While the SARS-CoV-2 B-cell responses
were lower in the ID group, T-cell responses were comparable across the groups. The
reported side effects were generally mild to moderate and of a temporary nature.
The ID groups experienced more local side effects, such as pain, redness, or itching
at the injection site. Systemic side effects, including fatigue, malaise, headache, and
chills, were more frequently reported in the IM group, particularly after the second
vaccination.

Although ID vaccination with a 1/5th dose of the mRNA-1273 vaccine did not
meet the pre-specified non-inferiority criteria, the neutralizing antibody concentrations
were significantly higher than the proposed proxy for protection against severe disease
as found in other studies. Gilbert et al. estimated that a concentration of 300 BAU/mL
atday 57 was linked to 90% protection against symptomatic COVID-19 (D614G variant)
following vaccination with the mRNA-1273 vaccine.® In our study, conducted during
the wave of the Delta variant, all participants achieved sufficient SARS-CoV-2 spike S1
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binding antibody levels exceeding 300 BAU/mL. Furthermore, all but one participant
in the ID-SN group demonstrated a neutralizing antibody concentration above 100
IU/mL at day 43, indicating a high level of protection across all groups, despite not
achieving the predefined non-inferiority criteria.

We conducted a unique study and to our knowledge, we are the first and only
randomized-controlled study investigating the immunogenicity, reactogenicity and
in-dept T- and B-cell responses after a primary series of ID mRNA-1273 vaccination.
One other Thai study assessed various homo- and heterologous IM and ID vaccinations
regimens as primary series, however the mRNA-1273 vaccine was not included. They
reported comparable levels of SARS-CoV-2 anti-RBD IgG antibodies in the ID group
compared to the IM group, except for BNT162b2.3* Currently, research in a COVID-naive
population can no longer be conducted, as virtually there will be no one left who has
not developed immunity against SARS-CoV-2, either through a COVID-19 infections or
through vaccination.

In ourview, the ID administration of afractional dose of the mRNA-1273 vaccine
(or other vaccines), with fewer side effects and limited loss of efficacy, could provide
significant advantages from a public health and the economic point of view. This is
particularly crucial during a pandemic, as it ultimately leads to lower rates of infection
and mortality compared to a scenario where more individuals remain unvaccinated
for extended periods because of vaccine shortage. Even with reduced effectiveness
against symptomatic infection, fractional dose vaccination could still confer a high
level of protection against severe disease at the population level, due to increased
vaccine availability and a higher vaccination rates, which would facilitate quicker herd
immunity against severe disease.®® At this moment, there is no longer a shortage of
COVID-19 vaccines, but in future pandemics, we recommend to evaluate dose-sparing
fractional ID regimens early in the vaccine development phase compared to full-dose
protocols. In addition, we recommend to employ this dose sparing method for general
use in emergency outbreak situations.

Side effects SARS-CoV-2 vaccines

Shortly after the roll-out of SARS-CoV-2 vaccination, several potentially severe side
effects were reported, including venous thrombosis. In chapter 6, we investigated
whether fractional ID dosing would lead to a lower risk of thrombosis compared to
the full dose administered intramuscularly. We specifically examined changes in
indicators of a prothrombotic state, such as levels of coagulation factor VIII, fibrinogen,
and D-dimer, as well as thrombin generation parameters post-vaccination. We also
examined the association between these changes and the inflammatory response
measured by high-sensitive C-reactive protein (hs-CRP).

Thrombin is an enzyme crucial for blood coagulation, activating various
clotting factors. The five thrombin generation parameters are “lag time” (arbitrarily
defined as the time until 10 nM thrombin is formed), “time to peak” (time to maximum
thrombin generation), “peak height” (peak thrombin generation, “ETP or area under
the curve” (endogenous thrombin potential), and “time to tail” (time to the end of
thrombin generation). The ETP reflects the amount of thrombin the body can produce
in response to bleeding and is considered the net result of two opposing factors that
are active in the plasma: procoagulants and anticoagulants that promote thrombin
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breakdown.

Vaccination with a full IM dose or a fractional ID dose of mRNA-1273 both
resulted in a temporary prothrombotic state, as evidenced by changes in ETP,
fibrinogen levels, and D-dimer (difference from day 1 to day 36). This change was
most pronounced in the IM group. This increase in coagulability coincided with the
inflammatory response to the vaccine. However, it should be noted that fibrinogen
and factor VIII are both acute phase proteins, which explains their association with
inflammation. The correlation between changes in ETP and inflammation appeared
to be primarily due to a prolonged time required to fully inhibit thrombin generation,
as there was a relatively stronger association of the time to tail with inflammation
compared to lag time, time to peak, or peak height. Thus, ID vaccination with a
fractional dose had a reduced effect on coagulation and inflammation compared
to IM vaccination, providing an additional benefit that may further support the
implementation of ID administered vaccines. Although the actual risk on VTE cannot
be determined based on our study due to the small sample size, it is important to
include this endpoint in future studies.

Booster vaccination
The rapid development and widespread implementation of SARS-CoV-2 vaccination
have proven effective to control the COVID-19 pandemic. Lockdown measures
could be lifted, allowing for a gradual return to normal life. However, with waning
immunity following previous vaccinations and the threat of new highly contagious
virus variants and possible resurgence of COVID-19, the decision was made to
initiate a new round of vaccinations in the Netherlands. Starting in September
2022, persons of 12 years and older became eligible for a booster vaccination.
Having previously demonstrated that administering two fractional doses
of 20 pg mRNA-1273 as a primary vaccination series was safe and immunogenic,
we aimed to investigate whether this strategy would also be suitable as a booster
method (chapter 7). The study described in chapter 5 was extended, and six months
after the primary ID or IM vaccinations, a booster dose of the mRNA-1273 vaccine was
administered to willing participants. Four groups of different ID and IM primary and
booster combinations were compared. Vaccination regimens that included one or
two fractional ID vaccine doses exhibited lower immunogenicity during this follow-
up study. On day 29, anti-S1 antibody levels were significantly higher in the IM-IM
group compared to the ID-IM and IM-ID groups, although the geometric mean fold
ratio (GMFR) did not differ among the groups. Conversely, neutralization titers on day
29 were highest in the ID-IM group and lowest in the IM-ID group, with a significant
difference between these two groups. Six months after the booster vaccination, all 27
remaining participants still had detectable antibodies. Anti-S1 antibody levels were
significantly higher in the ID-ID group compared to the IM-ID group. Neutralization
titers at this time point were also lower in the IM-ID group compared to the ID-IM
and ID-ID groups. SARS-CoV-2 specific B-cells increased similarly across the IM-IM, ID-
IM, and ID-ID groups. T-cell responses were comparable between the ID-ID group and
the IM-IM and ID-IM groups. The reported side effects were mostly mild or moderate
and temporary in nature. However, in the IM groups, more systemic side effects were
reported.
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Thus, booster vaccination with a fractional ID dose of 20 pg was found to be
safe. The fact that the geometric mean fold ratio (GMFR) did not differ between the
groups, despite variations in antibody levels, suggests a robust memory response,
where the anamnestic response of memory B-cells rapidly facilitates the production of
antibodies. This is an important finding for future pandemics: utilizing ID vaccinations
with the mRNA vaccine as a dose-sparing strategy during the early phase of an
outbreak would not compromise the ability to boost vaccinated individuals later in
the outbreak with a regular dose when vaccine supplies increase. This makes fractional
ID administration a viable option for low-risk groups during periods of limited vaccine
availability or if costs are a limiting factor. In the acute stages of an epidemic, quickly
immunizing a larger number of individuals can yield significantly more benefits than
inducing higher antibody concentrationsinasmaller group.The finding thatindividuals
who were primarily vaccinated with a fractional ID dose responded excellently to
boosters underscores the need to incorporate fractional dosing regimens in the early
development phase of future mRNA vaccines.

Limitations of ID vaccination

Despite the various advantages of ID vaccination, there are also several limitations.
First, the applicability and benefits of ID administration can vary by vaccine. As such,
the degree of dose-sparing must be individually assessed for each vaccine in non-
inferiority studies, as we did in our study. Additionally, it is important to consider the
suitability of the vaccine type and formulation, particularly regarding the potential
local adverse events induced by the chemical adjuvant, which is added to enhance
the vaccination.*® In addition, ID delivery of fractional doses of an existing vaccine
formulation intended for IM injection must meet stringent regulatory requirements
and approval processes, which can be time-consuming and resource-intensive.?”

Another common criticism is that the ID administration of a vaccine
requires specific techniques and training, particularly when employing the Mantoux
technique. Healthcare providers need to be trained in administering vaccines in this
manner, which can require additional time and resources. To address this issue, new
technologies are being developed to facilitate the administrations of ID vaccinations,
including ID microneedles, needle-free injection devices (jet injectors), ID adapters,
and microneedle arrays (microneedle patches). Chapter 5 examines the use of an easy-
to-use microneedle- which allowed for perpendicular injection instead of using the
Mantoux technique, with similar results with regard to immunogenicity and safety
compared to the conventional Mantoux technique. Personally, | found that ID injection
technique with the Bella-mu® needle was easier to master.

Innovative delivery methods such as needle-free injection systems are
prioritized by CEPI because they can improve accessibility and efficiency in vaccine
delivery. These technologies simplify administration, enhance the safety by reducing
the risk of needle-stick injuries, and minimize waste by decreasing the need for sharps
disposal, thus simplifying mass immunizations campaigns. We investigated the
needle-free delivery method through microneedle patches in chapter 8.

Microneedle patches
Microneedle patches consist of needle-like structures arranged on a small patch,
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typically less than a millimetre in length. These microneedles ideally perforate the
stratum corneum without reaching the nociceptors, which are the pain receptors
located in the skin. The vaccine is locally delivered by microneedle patches through
diffusion to APCs in the dermis and epidermis. Various types of microneedles are being
developed, including solid, drug-coated, dissolvable, and hollow microneedles, each
with its own (dis)advantages.®®

In chapter 8, we investigated the safety and immunogenicity of needle-free
ID administration of a fractional booster dose of 20 pg of the mRNA-1273 vaccine
using a ceramic nanoporous microneedle patch (npMNA patch) developed by MyLife
Technologies. This innovative microneedle technology features an interconnected
nanofluidic network in both the microneedles and the reservoir of the backing layer,
providing storage capacity for pharmaceutical formulations such as vaccines. The
vaccine is pre-loaded onto the npMNA patch and is expected to diffuse into the
interstitial fluid in the skin through the microneedle coating or from the nanopores.

A total of 20 participants were randomized into two groups, with one group
(10 participants) receiving 20 ug (40% of the standard booster dose) of mRNA-1273
via the npMNA patch (ID-patch group). The control group (10 participants) received
the same dose intramuscularly (IM group). At baseline, all participants had detectable
antibodies. In the IM group, anti-S antibody concentrations showed a rapid increase
on day 15, followed by a slight decline on day 29. However, none of the participants in
the ID-patch group exhibited a response on day 15 or 29 after vaccination. Analysis of
the remaining content showed that the majority of the vaccine was not present on the
patch anymore. Therefore, we hypothesized that the mRNA vaccine was released by
the patch, but was not delivered into the dermis. Evaluation of the loading procedure
(by applying droplets of mMRNA-1273 to the needle side of the npMNA, rather than
solely on the needles themselves) revealed that only 10% of the load was present
on the surface of the needle tips, while 90% was located on the backing plate (the
surface of the npMNA between the needles). The lipid nanoparticles of mRNA-1273
are likely too large (approximately 180 nm) to diffuse from the backing plate through
the cavities created by the needles into the skin.

Despite these disappointing findings, microneedle patches remain a
promising alternative to traditional needle-based vaccinations for several reasons. First,
there is a reduced risk of contamination compared to traditional needles, less training
is required for personnel, and it may even allow for self-administration. Second, they
offer a painless vaccination method, as they do not reach skin nerves. This is important,
as fear against injection is one of the reasons for vaccine hesitancy, especially reported
after the US FDA approval of SARS-CoV-2 vaccines.* Individuals with blood-injection-
injury phobia were more likely to report COVID-19 vaccine hesitancy compared to
individual without.** Addressing such fears will likely enhance the effectiveness of
vaccinations programmes. In our study, we observed that particularly individuals who
were afraid of needles were drawn to this option, hoping for a pain-free vaccination.
In hindsight, they expressed high satisfaction with the microneedle arrays. In a post-
hoc analysis of a n=1 study, | have personally experienced that administering a liquid
intradermally using the microneedle patch is painless.

Future research should focus on this area and explore which needle-free
options are most suitable for this purpose. New developed systems could encourage
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both medical practitioners and patients to choose for ID vaccination. Perhaps
innovative research*' in needle design, featuring more precise injection methods
and easier-to-use devices, will spark renewed interest in this strategy of vaccination,
potentially leading to the standardization of ID vaccination.

Vaccine hesitancy

Despite extensive evidence supporting the effectiveness and safety of vaccinations,
an increasing number of individuals are hesitant to receive recommended vaccines or
refuse them outright. Vaccine hesitancy issues are seen throughout the history.* In the
Netherlands, this was more evident during the last years, as the proportion of children
vaccinated under the National Immunization Program has declined.® This seems to
have particularly emerged since the COVID-19 pandemic, during which a significant
amount of research was conducted on vaccine hesitancy.

COVID-19 vaccine hesitancy has been reported among various populations
and there is heterogeneity among vaccine hesitant individuals.** By the end of
2022, 80.4% of those aged 12 years and older completed their primary SARS-CoV-2
vaccination series in the Netherlands. 62.1% of those aged over 18 years received a
booster vaccination.” Reasons for vaccine hesitancy are diverse. Structural barriers
to vaccination is one of the reported reasons: challenges in scheduling or attending
appointments to vaccinate, difficulties in taking time off from work or school, distance
to vaccination sites and language barriers. Other common reasons for vaccine
hesitancy include uncertainty regarding VE, a desire to wait and see if vaccines are safe
and concerns about potential side effects.4

Our research shows that ID vaccination was safe and had resulted in fewer
systemic side effects following SARS-CoV-2 vaccination, potentially resulting in less
absenteeism from work or school (chapter 4, 5 and 7). This lower number of systemic
side effects was regarded as an advantage by the participants. This could also
contribute to reduced vaccine hesitancy and, therefore, higher vaccination degree.
Using needle-free methods for vaccination (chapter 8) could further reduce vaccine
hesitancy.

Treatment of COVID-19
Alongside preventing of (severe) infectious diseases with vaccinations, administering
the right treatment is also crucial for maintaining manageable healthcare during
pandemics and epidemics. At the onset of the COVID-19 pandemig, it was natural
that there was limited knowledge regarding the treatment options for SARS-CoV-2.
Consequently, numerous clinical trials have been conducted in a short timeframe to
evaluate therapeutics against SARS-CoV-2. Many of these therapeutics are repurposed
drugs (medications that were previously used for other indications) or registered
agents with antiviral activity against coronaviruses in vitro.*** The TICO platform
(Therapeutics for Inpatients with COVID-19) was established to rapidly evaluate the
safety and efficacy of potential COVID-19 therapeutics, targeting either the host
immune response to SARS-CoV-2 infection or viral control.

DARPins©, Designated Ankyrin Repeat Proteins, wereanew class of engineered
protein therapeutics, derived from naturally occurring ankyrin repeats and designed
to bind with high affinity and specificity to other proteins.*® Ensovibep is a DARPIn,
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designed to neutralize SARS-CoV-2 and it was the first DARPin anti-infective to enter
human clinical trials (chapter 9). Ensovibep consists of three DARPin domains that bind
to the RBD, which can simultaneously target the receptor-binding ridge on each RBD
of the spike trimer, thereby locking the spike in an open confirmation and blocking the
ACE2 binding site.>' Ensovibep was administered intravenously in two different doses
(225 mg and 600 mg) to a small group of outpatients adults with mild to moderate
COVID-19in the early stages of their illness (median time from onset of symptoms was
5 days [range 2-8 days]), aiming to inhibit viral replication and prevent severe disease.
This study demonstrated that both doses had a mean half-life of approximately two
weeks. No apparent difference was observed in pharmacodynamic outcomes between
high and low doses. Viral load in nasopharyngeal swab decreased rapidly in both dose
groups during the first two weeks (5.1 and 5.3 log10 copies/mL for the 225 mg and
600 mg dose, respectively). No serious side effects were observed, and the treatment
was well tolerated; no antibody-dependent enhancement of infection was observed.
All participants showed a reduction in their COVID-19 symptom score, particularly
in the first week following ensovibep administration. However, the interpretation
of pharmacodynamic parameters is limited due to the small patient group and the
absence of a control group.

Following this study, the drug was further investigated in a larger phase 2a
placebo controlled study (EMPATHY study), in non-hospitalized, symptomatic patients
(enrolled within seven days of symptom onset), which confirmed antiviral activity
with a significant reduction in viral load from baseline to day eight and demonstrated
clinical benefits of ensovibep compared to placebo.>? In addition, fewer COVID-19
related hospitalizations and/or emergency departments visits and all-cause mortality
were observed with ensovibep at all doses up to day 29 compared to placebo. Another
double-blind, randomized-controlled clinical trial investigated the administration
of 600 mg ensovibep in adults hospitalized with COVID-19 (median time since
symptom onset was 8 days). They showed that ensovibep administration did not
lead to improvement in hospitalized patients with COVID-19 compared to placebo.®
Unfortunately, ensovibep did not pass the protocol-defined futility assessment, leading
to a halt in further participant recruitment. The futility assessment was based on the
analysis of two intermediate seven-category ordinal efficacy outcomes assessed at day
5 (pulmonary and pulmonary-plus ordinal scale). Based on an odds-ratio of 0.93 for the
pulmonary outcome on day 5, the DSMB recommended that enrollment be stopped.

The results of these studies suggest that the antiviral ensovibep may be
effective in preventing disease progression in non-hospitalized early symptomatic
COVID-19 patients, rather than treating severe disease in hospitalized patients. Four
other antiviral agents within the TICO platform showed similar results.*® This can be
explained by the pathogenesis of COVID-19. Antivirals are a class of medications
specifically designed to treat viral infections, by inhibiting the development and
replication of the virus. Therefore, they seem to be more suitable in the early stages of
the disease. This has also been demonstrated for other SARS-CoV-2 antivirals, as they
speed up viral clearance, expedite symptom resolution, reduce transmission and the
likelihood of progression to severe disease.>**¢ Hospitalized patients are particularly at
a later stage of the disease, when the initial viral replication phase has already passed.
The cause of hospitalization is likely more due to a dysregulated hostimmune response.
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Therefore, other treatments beyond antiviral agents, such as immunomodulatory
agents appear to be more effective®, which are aimed at dampening the inflammatory
response (like corticosteroids® and tocilizumab>°%°).

Measuring antibody responses to biotechnology-derived products
(biologics), such as ensovibep, is important to ensure their safety and efficacy, as they
have the potential to generate immune responses or immunogenicity through anti-
drug antibodies (ADA). These ADAs can affect pharmacokinetics, pharmacodynamics
and/or biological activity. In addition, they can pose significant safety risks, particularly
when they involve functionally neutralizing antibodies.®' During the phase 2a clinical
study (chapter 9), blood samples were collected before and throughout the study to
detect circulating antibodies and assess immune responses. Pre-exposure samples
revealed that one patient in the 225 mg group had pre-existing antibodies. Treatment-
induced ADAs were detected in 5/6 (83%) patients in each dose group, with the onset
of ADAs occurring between 14 and 91 days. For most patients (83%) who developed
ADAs, the mono-exponential elimination of ensovibep remained unaffected. However,
two patients exhibited increased elimination, both of them had a relatively early peak
of ADA titers at day 29 compared to other patients. Most importantly,immunogenicity
did not appear to impact ensovibep concentration within the first two weeks after
dosing, a period which antiviral efficacy is expected to be most significant. The results
of our study align with those of the phase 1 first-in-human trial of ensovibep. In this
trial, a single IV administration of 3, 9 of 20 mg/kg bodyweight was given to 23 healthy
subjects. All but two subjects who received ensovibep (n=17) developed ADAs at
various time points during the study.5? The earliest detection of treatment-induced
ADAs occurred on day 29. In seven subjects, development of ADAs was associated
with a deviation from mono-exponential elimination. However, similar to our phase 2
study, ensovibep concentrations remained at expected levels for at least two week in
all subjects, and for at least four weeks in 14/17 (83%) subjects. In this trial, one subject
in the highest dose group (20mg/kg ensovibep) reported a hypersensitivity vasculitis.
This subject also experienced a decline in drug exposure, first observed on day 22, and
was confirmed to be ADA positive on day 50. Transient immune complex formation
was considered the most likely cause. No correlation was found between maximum
ADA levels and ensovibep dose, nor between initial ADA levels and ensovibep serum
concentration at the time of the first positive ADA result. In the EMPATHY trial, ADAs
were detected at the first assessment (day 15) after ensovibep administration in 45-
50% of patients.> The highest incidence was observed on day 61 (69%), with a slight
decline by day 91 (64%). Despite this, significant viral load reduction was seen across
all ensovibep doses through day 8, suggesting that the presence of ADAs, if any, did
not affect efficacy outcomes. Moreover, the incidence of adverse events did not appear
to differ between patients with and without ADAs. Taken together, the data from all
studies suggest that the presence of ADAs did not impact the safety and/or efficacy
profile of ensovibep. This is important for the development of future DARPin for new
infectious diseases.

Today, SARS-CoV-2 is primarily a mild infection in vaccinated individuals and
does not require specific antiviral treatment. However, in patients with underlying
conditions, a compromised immune system (such as SOT patients) or older patients,
COVID-19 can still be potentially dangerous, as is discussed in chapter 2. For these
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patients, treatment with an antiviral should be considered to prevent disease
progression. At the LUMC, the ritonavir-boosted nirmatrelvir (paxlovid) is the first-
line treatment for this purpose. Ensovibep has not yet been officially approved for
widespread use, as there is not yet enough data to fully approve the drug. To get
approval, it must be reviewed by regulatory agencies such as the US FDA and the EMA.
A comparison is needed with other approved antiviral treatments such as paxlovid
to determine whether it offers a significant advantage in terms of efficacy or safety.
Ensovibep does have several advantages compared to other antiviral therapies such
as paxlovid. It has demonstrated activity against multiple variants of the virus, with
the ability to neutralize a wide range of SARS-CoV-2 variants, including those that
may partially evade the immune response.®’ Additionally, it does not have significant
interactions with liver enzymes, reducing the risk of adverse drug interactions.
Moreover, it is administered as a single intravenous infusion, while other antivirals are
often require multiple doses per day. The primary drawback, however, is the need of a
hospital setting for administration.

The DARPin platform itself presents several advantages for future infectious
diseases. It is designed to quickly generate a wide range of multifunctional drug
candidates that can bind to multiple targets simultaneously. With high production
yields, it can be efficiently and rapid produced through Eschericia coli fermentation.*
In addition, its adaptability allows for potential application to treat other viral infections
beyond COVID-19. Consequently, ensovibep could serve as a foundation for therapies
targeting various viral pathogens, offering flexibility for future antiviral strategies.
Overall, DARPins continue to be a promising approach for the rapid development of
antiviral treatments, particularly for early-stage therapy. In the future, DARPins could
be further studied by treating mildly symptomatic patients early in their disease
course. Acceleration in the rate of viral clearance could be determined as a surrogate
for clinical benefit, as was done in the PLATCOV trial.®?

Current situation & future pandemics

The course of SARS-CoV-2 infection has changed significantly.®* SARS-CoV-2
oropharyngeal clearance rates in uncomplicated SARS-CoV-2 infections substantially
improved over the course of the pandemic, with the natural viral clearance in October
2023 being twice as fast as it was in September 2021.°® The combination of natural
immunity, public health measures, effective vaccines, improved treatments and
evolving viral characteristics have brought the COVID-19 pandemic to a point where
it is no longer considered an acute global emergency. Currently, the pressure on the
(acute) healthcare caused by RVI's has been manageable in the Netherlands, although
influenza virus leads to seasonal epidemic almost every year. However, it is inevitable
that a new pandemic will occur in the future. The question, however, is when it will
happen and which pathogen will be responsible. No-one can predict. At some point,
a pathogen spill over from animals into people and begin to spread in a disease
outbreak. The risk associated with this is expected to increase due to environmental
change such as climate change, rapid urbanization, and deforestation. This changed
ecological landscape creates new risks, both for the emergence of new pathogens and
for the re-emergence of known pathogens.®> Although predicting the next pandemic
pathogen threat is challenging, preparing for it remains extremely important. Making
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informed assumptions today and assessing previous efforts to plan and respond to
disease outbreaks may facilitate a more proactive and effective response in the future.
The COVID-19 pandemic has taught us a great deal. Our research on ID vaccinations
as a primary vaccinations series has provided insights in how to respond in future
pandemics, which may again involve vaccine inequity. In the next pandemic, it will be
important to explore the ID route of administration early in the vaccine development
process, alongside the currently standard IM route. If studies demonstrate that the
ID route is (nearly) as effective as the IM route, it can gain approval from regulatory
agencies, allowing it to be marketed and incorporated into guidelines. In addition, this
method could allow for the vaccination of five times more individuals with the same
dosage, maximizing potential lives saved. A broader reach at the expense of slightly
reduced effectiveness can still lead to significant health benefits. In addition, the DARPin
platform represents a promising platform for future pandemics. The development of
a DARPin based treatment could be a good strategy to develop an antiviral for early
symptomatic patients who are at high risk for progression to severe COVID-19 in a
relatively short timeframe. Developing an oral variant is important in this context, as
this is currently the main disadvantage for this non-hospitalized population.

Everyone, including the biopharmaceutical industry, has a role in pandemic
preparedness. Only then we will be able to manage the next pandemic and improve
(acute) care.
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