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Less than 15% of all drug development programs advance from early-phase clinical 
trials to registration on the market.1 Close to 60% of the expenses related to the de-
velopment of investigational medicinal products (IMPs) are ascribed to failure, with 
up to 80% of these failures attributed to inadequate efficacy at later stages.2 Notably, 
the success rate of phase II clinical trials is higher (29%) when proof-of-mechanism 
is confirmed by the end of phase I, compared to when it’s not confirmed (0%).3 This 
may be due to the difficulty to establish proof-of-mechanism for immunomodulatory 
investigational drugs during early-phase clinical trials because of the absence of bio-
marker expression in healthy volunteers. However, a potential solution entails the use 
of antigens that stimulate T cells and/or B cells in healthy volunteers to challenge the 
immune system, facilitating the assessment and quantification of an investigational 
compound’s impact on the adaptive immune system.4

An optimal antigen for adaptive immune system stimulation should be available 
as a clinical grade and pure homogenous product, have little or no adverse effects to 
the recipient, immunogenic across the entire population without genetic restrictions, 
lacking cross-reactive antibodies, capable of inducing predictable primary immune 
responses following administration, and able to generate a quantifiable immune re-
sponse with a high sensitivity for detecting subtle changes through validated immune 
assays.5 Conventional antigens for evaluating a T cell-dependent antibody response 
(TDAR) include sheep red blood cells (SRBC) and tetanus toxoid (TT).6,7 The pri-
mary drawback of the SRBC challenge lies in its dependence on SRBC as the T cell-
dependent antigen. As SRBC is not commercially available, it necessitates screening 
of sheep to verify the ability of the SRBC to generate a robust immune response and 
to ensure that the sheep are not subjected to excessive bleeding for SRBC acquisition.6 
Furthermore, since clinical grade SRBC is not commercially available it is hard to as-
sure reproducibility, consistency and quality of the antigen. On the other hand TT is 
readily available as a clinical grade product, however, due to national immunization 
programs TT is introduced to the human immune system early on during childhood 
causing more variability7 and making it impossible to utilize TT as a neoantigen in 
clinical trials. Other regularly used antigens include commercially available vaccines 
such as influenza and hepatitis B, however, a significant disadvantage of these vac-
cines is also previous exposure of clinical trials participants via wild-type infection or 
immunization.5 

Keyhole limpet hemocyanin (KLH) is a well-established immunostimulant driv-
ing a TDAR and fulfills the aforementioned optimal antigen criteria.5,8-13 KLH is an ox-
ygen-transporting metalloprotein found within the hemolymph of the giant keyhole 
limpet Megathura crenulata. This species of keyhole limpet inhabits the Pacific coastal 
regions of California and Mexico. The two genes responsible for encoding keyhole 

limpet hemocyanin are known as KLH1 and KLH2.14 These genes exhibit approxi-
mately 60% similarity in their protein sequences. Each gene encodes a glycosylated 
protein composed of roughly 3,400 amino acids, with a molecular weight of approxi-
mately 390 kDa. These proteins assemble into a didecameric complex, i.e. 20 individ-
ual monomers. The KLH protein possesses high immunogenicity and consequently, it 
is highly regarded as a model antigen in immunization studies.13 Due to its substantial 
size and glycosylation, it cannot be synthesized artificially; it is exclusively obtainable 
as a purified biological product derived from the keyhole limpet Megathura crenulata.

The use of KLH in clinical research dates back to 1967 and has been recognized as 
an immunostimulatory agent driving a robust humoral as well as cell-mediated im-
mune response.13,15 Other uses of KLH include serving as a hapten carrier protein 
for small molecules, as an immunostimulant in bladder cancer immunotherapy, or 
functioning as an adjuvant for cancer vaccines or together with immunomodulatory 
drugs targeting autoimmune disorders.5,16-21 Cyclosporine, a calcineurin inhibitor 
with a main effect to lower T cell activity, inhibits the TDAR response evoked by KLH 
in rodents exhibiting the importance of T cell driven B cell activation following KLH 
immunization.8 KLH is also frequently used to study in vivo local cell-mediated im-
munity such as delayed-type hypersensitivity (DTH),5,9,13 however, these methods are 
less established and more variable compared to TDAR. Various antigens are currently 
used to study local skin cell-mediated immunity, of which Candida albicans extract, 
Trichophyton mentagrophytes extract, purified protein derivative (PPD), and TT are the 
most well-known.22,23 Each of these antigens has factors associated with a positive 
DTH skin test, mostly based on previous exposure to the antigen.22,23 Tuberculosis, 
prior Bacillus Calmette-Guérin (BCG) vaccination, or working in health care are as-
sociated with a positive DTH response following PPD exposure. History of candidiasis 
or a history of dermatophyte infection is associated with a positive DTH skin test after 
C. albicans or T. mentagrophytes extract injection, respectively. Previous TT vaccina-
tion is associated with a positive DTH response after a TT skin challenge. In theory, 
all these antigens can be used clinically to drive cell-mediated immune responses for 
evaluation of immunomodulatory compounds. Notably, a prerequisite to achieve a 
successful local KLH skin challenge response is prior sensitization in the form of ini-
tial KLH immunization.4,5,13 Therefore, the use KLH as an in vivo neoantigen to study 
cell-mediated immunity is advantageous compared to other antigens as it also easily 
allows evaluation of preventive properties and characteristics of immunomodulators. 

Although KLH has been extensively studied and multiple systematic reviews have 
been published, the exact immunological actions and pathways driven by KLH remain 
to be elucidated.5,13,24 Therefore, the aim of this thesis was the development and char-
acterization of an in vivo human keyhole limpet hemocyanin (KLH) challenge model, 
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and subsequent application of the model in pharmacological healthy volunteer stud-
ies to evaluate the effects of immunomodulatory investigational medicinal products. 

In Chapter 2 we have provided a comprehensive systematic review of KLH as an 
immunostimulant in clinical trials.13 The systematic review focused on different 
methods to measure the systemic and local immune responses triggered by KLH, 
on identifying the most reliable biomarkers for monitoring KLH responses, taking 
into account the size and variability of the response, and on assessing how pharma-
cological treatments and diseases impact the KLH response. The majority of studies 
analyzed the systemic immune response by assessing anti-KLH antibodies character-
ized by enzyme-linked immunosorbent assay (ELISA). Since KLH is xenogeneic to 
the human immune system it induces a primary immune response after the initial 
KLH immunization that could be detected three weeks after immunization. A few 
studies also analyzed systemic cellular and molecular responses. These responses are 
greatly dependent on the number of KLH immunizations and, to a lesser extent, the 
KLH immunization dosage. Local immune recall responses can be evoked by a der-
mal KLH challenge where objective quantification using imaging tools is preferred 
over subjective quantification. Local cellular and molecular responses following KLH 
immunization and dermal challenge were rarely studied. The KLH-induced immune 
response can be influenced by factors such as age, physical activity, alcohol intake, 
stress, and specific autoimmune diseases. Moreover, antigen tolerance after oral KLH 
feeding has been described. Immunomodulatory drugs such as cyclosporine, fin-
golimod, and monoclonal antibodies targeting CD28 (VEL-101), CD20 (rituximab), 
CD28/ICOS (azizolcept), CD80/CD86 (abatacept), and CD134 (KY1005, currently am-
litelimab) effectively suppressed the immune response triggered by a KLH challenge. 
Conclusively, our review emphasizes the significance of implementing KLH challeng-
es in early-phase clinical research, while also highlighting the necessity for established 
and rigorously controlled methodologies to induce and assess KLH responses.

Prior to implementing a KLH challenge in early-phase clinical research involving 
immunomodulatory drugs we performed a randomized controlled trial with a 
KLH challenge in healthy volunteers as detailed in Chapter 3 to validate objective 
quantification of systemic humoral as well as local immune responses following 
KLH immunization and dermal KLH challenge.4 KLH immunization and subsequent 
intradermal KLH administration were well-tolerated. KLH immunization led to 
elevated levels of KLH-specific antibodies after three weeks, which was in line with 
previous literature.13 To date, there is unfortunately no species-specific reference 
material available for human antibodies targeted against KLH. In our studies we 
therefore compared optical density (OD) values of experimental sera in precalculated 
dilutions to negative control and to OD values of a positive control included on the 

same ELISA plate. A different method is to prepare standard curves for each analyzed 
antibody isotype using established KLH antibody concentrations measured in 
mg/L. Although more time-consuming, this approach does enable the quantitative 
determination of KLH antibody levels. Another approach is to compare OD values 
of sample sera to a reference serum from immunized subjects which contains a 
high-antibody titer (defined as 1,000 arbitrary units). A subsequent intradermal 
KLH challenge resulted in objectively quantified increased skin blood perfusion and 
erythema as analyzed by laser speckle contrast imaging (LSCI) and multispectral 
imaging, respectively. In this study the dermal KLH challenge response was objectively 
measured using continuous numerical scales, thereby minimizing the influence of 
inter-rater variability, a factor inherent in subjective scoring methods. By employing 
noninvasive imaging techniques, the KLH challenge model holds promise as an 
objective approach for investigating the pharmacodynamics of immunomodulatory 
drugs in early-phase clinical research.

The human in vivo KLH challenge model was implemented in several clinical stud-
ies to study the immunomodulatory potency of KY1005 (an OX40 ligand inhibitor), 
EDP1066, and EDP1815 (single-strain microbial preparations of Lactococcus lactis spp. 
cremoris, and Prevotella histicola, respectively), as described in Chapters 4, 5, and 6. 
Preclinically, weekly KY1005 doses of 5, 25, and 100 mg/kg all substantially attenu-
ated the anti-KLH IgG responses to 3 mg KLH immunizations on day 30 (primary 
response) and day 60 (recall response) in cynomolgus monkeys when compared to 
the vehicle control group, whereas anti-KLH IgM responses seemed comparable be-
tween the control and treatment groups (unpublished data). Maximum effects were 
reached at 5 mg/kg KY1005 (human equivalent dose of 1.6 mg/kg) as no significant 
differences were observed between the actively treated groups. In Chapter 4 pharma-
cological activity of KY1005 was observed at loading doses of 0.45 mg/kg and high-
er.25 Exposure-response modeling revealed a KY1005 treatment effect on anti-KLH 
antibody titers which was more profound for anti-KLH IgG compared to anti-KLH 
IgM. KY1005 clearance remained relatively stable from groups treated with loading 
doses of 0.45 mg/kg and higher which suggests target-mediated drug disposition and 
possibly 100% target binding. This finding re-enforces the preclinical findings where 
maximum KY1005 effects in cynomolgus monkeys were already observed at 5 mg/
kg. Importantly, KY1005 dose-dependently inhibited the response to the KLH skin 
challenge, further supporting the development and use of KY1005 in future studies. It 
is unclear why the effect of KY1005 on anti-KLH antibody titers was less pronounced 
compared to the local KLH skin challenge response. Although OX40-OX40L signal-
ing effects are not fully elucidated, it is possible that inhibition of this pathway is of 
less importance in B cell signaling and subsequent antibody production compared to 
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immune cells involved in the dermal challenge response (such as macrophages and 
effector T cells). Notably, for TDAR, B cell activation is dependent on both antigen 
binding to the B cell receptor as well as CD40-CD40L interaction with activated T 
cells, whereas OX40-OX40L binding only plays a co-stimulatory role.26-28 Since the 
completion of our first-in-man trial with KY1005, a follow-up phase IIa trial includ-
ing atopic dermatitis patients has been successfully completed.29 KY1005 was over-
all well-tolerated and did not exhibit any remarkable safety concerns. Patients were 
treated intravenously with either 200 mg KY1005 (low-dose group), 500 mg KY1005 
(high-dose group), or placebo followed by 3 maintenance doses (50% of initial dose) 
every 4 weeks. Although in total four KY1005 doses were administered in this trial 
compared to three KY1005 doses in our trial, the dose levels per timepoint as well as 
the cumulative dose were overall in the same range as the two highest dose groups of 
our trial (initial doses of 4 mg/kg and 12 mg/kg and maintenance doses of 2 mg/kg 
and 6 mg/kg, respectively).25 A cumulative dose of 500 mg and 1250 mg KY1005 was 
administered in the low-dose and high-dose groups, respectively, compared to 560 mg 
and 1680 mg in the 4 mg/kg and 12 mg/kg groups of our trial, respectively, assuming 
an average body weight of 70 kg. Notably, clinical improvements in EASI scores of 
atopic dermatitis patients were observed in both the low-dose and high dose groups. 
These findings support and signify the implementation of challenge models such as 
KLH in early-phase clinical drug development to provide proof-of-mechanism before 
advancing to late phase trials. As OX40-OX40L signaling occurs relatively early on 
within the adaptive immunity cascade and its effects are wide-ranging, it can be tar-
geted for many inflammatory and immune-mediated disorders. Currently, KY1005 is 
being investigated in atopic dermatitis (phase 3), hidradenitis suppurativa (phase 2), 
 and asthma (phase 2).30

Intestinal dysbiosis is hypothesized to have modifying effects on the local (in-
testinal) as well as the systemic immune system.31-39 Altering the intestinal micro-
biome with orally administered probiotics, prebiotics, and/or synbiotics seems to 
have favorable effects on dysregulated systemic immune responses.40-44 EDP1066 and 
EDP1815 are single-strain microbial preparations of Lactococcus lactis spp. cremoris and 
Prevotella histicola, respectively, and both have demonstrated promising preclinical re-
sults in in vitro immune cell cultures and in vivo murine immune challenge and disease 
models, including KLH challenges. Unfortunately, we were unable to achieve similar 
clinical results following daily EDP1066 treatment as described in Chapter 5.45 In con-
trast to KY1005 treatment, no consistent significant treatment effects on the KLH chal-
lenge model in healthy volunteers were observed. The unsuccessful translation of pre-
clinical to clinical EDP1066 findings could potentially be attributed to the impossibil-
ity of conventional allometric scaling and subsequent possibility of too low EDP1066 

dosing, high individual response variability due to differences in dietary intake and 
gastrointestinal microbial composition, and the uncertainty whether EDP1066 was 
released at the target site within the gastrointestinal tract. Importantly, these findings 
also highlight some limitations of the KLH challenge model as implemented in our 
trials since we had only focused on merely two late-stage aspects of the challenge, 
namely the anti-KLH antibody response and the dermal KLH challenge response. In-
depth molecular and cellular analyses during several phases (encounter, activation, 
effector, and memory phase) of the adaptive immune response following the KLH 
challenge were not the primary objective of this thesis. However, optimization and 
characterization of the challenge could possibly elucidate why no clinical effects were 
observed. Although no statistically significant outcomes were observed on the hu-
moral KLH response and the KLH skin challenge response following EDP1815 admin-
istration in healthy volunteers as described in Chapter 6, there was a trend toward 
a treatment effect.46 Possible explanations for the preclinical to clinical translational 
absence of immunomodulatory EDP1815 effects are similar to the examples given 
above for EDP1066. However, EDP1815 was further tested in a phase 1b clinical trial 
including patient populations of atopic dermatitis and psoriasis detailed in Chapter 
7.47 Notably, the sample size for the atopic dermatitis and psoriasis patients trial was 
selected to determine the EDP1815 safety profile and was not powered nor tested for 
statistical significance of clinical efficacy. Similar to our findings in healthy volunteers, 
a convincing treatment effect was absent, but possible signs of clinical EDP1815 ef-
ficacy were observed in atopic dermatitis patients (based on the Eczema Area and 
Severity Index, Investigator’s Global Assessment × Body Surface Area, Scoring Atopic 
Dermatitis, Dermatology Life Quality Index, Patient-Oriented Eczema Measure, and 
pruritus numerical rating scale outcomes) and psoriasis patients (based on Psoriasis 
Area and Severity Index and Lesion Severity Score outcomes) when compared to pa-
tients treated with placebo.

We successfully developed and characterized a human KLH immune challenge 
model in healthy volunteers and subsequently applied this challenge model in several 
early-phase studies with healthy volunteers receiving (potentially) immunomodula-
tory investigational medicinal products. Based on the studies performed in this thesis, 
the underlying immunological pathways and molecular and cellular involvement are 
not fully elucidated. Although the KLH challenge model is a valuable addition in early-
phase clinical trials and we achieved our primary objective of this thesis, further opti-
mization and characterization of the challenge would be warranted. In our KLH chal-
lenge studies the primary endpoints were ELISA-based systemic anti-KLH antibody 
assessments and imaging-based local KLH skin response evaluation. A limitation of 
our KLH challenge studies is therefore the lack of possible valuable data on pathways, 
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mechanisms, cells, and molecules between KLH immunization up to antibody and 
dermal response readout. Two of five cardinal signs of inflammation can be captured 
with the imaging tools used in our KLH challenge studies: heat (calor) indirectly with 
laser speckle contrast imaging and redness (rubor) with multispectral imaging. Heat 
sensation arises from increased blood flow into environmentally cooler areas through 
dilation of blood vessels. This response also induces redness by augmenting the cir-
culation of erythrocytes in the affected region. These signs are generally accepted to 
be present in inflammatory responses, including after a KLH skin challenge. However, 
we did not collect cellular or molecular data following the KLH skin challenge and as 
a result we are unable to correlate perfusion and erythema data gathered with imaging 
with cellular and cytokine data.

This thesis provides evidence that KLH can be used to assess the immunological re-
sponse in the absence and presence of immunomodulators. Nevertheless, it should be 
noted that KLH is an exogenous antigen, and most immunotherapies are directed to 
self-antigens or neoantigens. We noted a broad generalized immunological response 
including adaptive, T cell-mediated and antibody responses against KLH, and it has 
been shown by us and others that it is possible to specifically block distinct (disease) 
specific components of the immunological response. If this also applies to all self- or 
neoantigens is at present unclear. Indeed, these antigens may show abnormal expres-
sion in malignancies or are only produced during specific stages of differentiation and 
T cells specialized for neoantigens can bypass negative selection effects due to the 
highly antigenic neoantigens acquired through somatic tumor mutations.48,49 If and 
how this will hamper the application of KLH as a tool to assess drug effects in specific 
diseases is still unclear and should be explored further.

Systemic molecular and cellular responses following KLH immunization has only 
been described by a few studies. These studies had immunized subjects with KLH at 
least twice or used a much higher KLH immunization dose compared to the KLH im-
munization regimen and dose in our trials.13 Local molecular and cellular responses 
after KLH dermal challenge can be analyzed following skin punch biopsies or induc-
tion of suction blisters of challenged skin.13 In the few studies where these responses 
were characterized again either multiple KLH immunizations and/or higher KLH 
immunization and rechallenge doses were used. Notably, Hostmann et al. and Kapp 
et al. demonstrated that T helper cells (CD4+ T cells) and activated T helper cells 
(CD4+CD154+ T cells), respectively, secreted primarily interleukin-2 (IL-2), tumor 
necrosis factor (TNF), and interferon-γ (IFN-γ) indicating a systemic T helper cell 
type-1 (Th1) response.50,51 To a lesser extent IL-4 secretion by the same cell types was 
also observed suggesting a less pronounced systemic Th2 response. Spazierer et al. 
demonstrated a moderate systemic Th2-skewed response based on increased levels 

of IL-5, IL-10, and IL-13 and to a lesser extent IFN-γ.52 These findings were further 
supported by high local IL-4 and IL-13 cytokine levels after a intradermal KLH chal-
lenge and by increased eosinophils at the injection site. Moreover, the skin challenge 
response peaked at around 24h post skin challenge indicative of a Th2-driven late-
phase skin reaction whereas a Th1-driven DTH response is usually strongest at 48h to 
72h post skin challenge. 

Future clinical trials with the KLH challenge model should include currently 
available well-established immunomodulatory drugs with different modes of action 
targeting various parts of the immune system which will likely improve our current 
understanding of the model and provide more insight in how these drugs can affect 
the KLH response. Cyclosporine is one such drug that is highly specific in inhibiting 
T cell activation and proliferation by targeting calcineurin and blocking JNK and 
p38 signaling pathways which are involved in antigen recognition.53,54 Cyclosporine 
administration in autoimmune uveitis patients suppressed the KLH skin challenge 
response, but treatment did not affect the humoral and lymphocyte proliferation 
response.7 In contrast, cyclosporine reduced the anti-KLH IgM and IgG response in 
rats after a single KLH administration in the footpad by 60% and 95%, respectively.11 
Naturally the immune system between rats and humans cannot be extrapolated 1:1 
which might explain the differences. Also, the immune system of autoimmune uveitis 
patients is altered compared to healthy humans. With KY1005 we have shown that 
more specific therapies targeting the interaction between antigen-presenting cells 
and T cells can modulate KLH responses.25 Other monoclonal antibodies were also 
shown to modulate the immune response triggered by a KLH challenge.55-62

Rituximab on the other hand is a highly specific B cell inhibitor and causes apop-
tosis through binding to the B cell specific surface protein CD20.63 Bingham et al. 
investigated the effect of KLH immunization in rheumatoid arthritis patients receiv-
ing either methotrexate or a combination of methotrexate and rituximab.64 Anti-KLH 
IgG antibody titers were 3-fold lower in patients receiving both methotrexate and 
rituximab compared to patients receiving methotrexate monotherapy suggesting an 
enhanced B cell suppressive effect of rituximab treatment. To the best of our knowl-
edge, no KLH immunization study has yet been performed in healthy volunteers re-
ceiving rituximab treatment. 

Another potential candidate drug for benchmarking the KLH challenge model is 
fingolimod, a sphingosine 1-phosphate receptor (S1PR) modulator.65 Boulton et al. 
showed that fingolimod administered to healthy volunteers dose-dependently sup-
pressed the anti-KLH IgM and IgG response after multiple KLH immunizations.66 
Unfortunately, they were unable to evoke significant DTH responses following an 
intradermal KLH challenge which they related to a low KLH skin test dose of 10 µg. 
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have shown immunosuppressive effects of these drugs on the KLH skin challenge 
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a valuable methodological tool in early-phase drug development trials. Thanks to 
well-established methodology and experience with KLH and relatively easy imple-
mentation in clinical trials the KLH challenge model can aid in understanding the 
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velopment programs by establishing proof-of-mechanism during early phases of clini-
cal research. This thesis has provided a means for early pharmacodynamic testing of 
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and characterization of the KLH challenge model and benchmarking the model with 
well-known immunomodulatory drugs could provide useful information for imple-
mentation in future clinical research.
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