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Abstract
Introduction: EDP1815 is a single-strain of Prevotella histicola with preclinical immu-
nomodulatory properties. The aim of this study was to evaluate pharmacodynamic 
effects of EDP1815 on the immune response following immunization with keyhole 
limpet hemocyanin (KLH) and dermal rechallenge.

Methods: Thirty-two healthy subjects (median 30, range 18–59 years) were random-
ized over two cohorts to EDP1815 or placebo (12:4). Both cohorts received 8.0 × 1011 
total cells daily for 28 days, reconstituted in 10 (A formulation) or 5 (B formulation) 
capsules. KLH-specific antibodies and circulating regulatory T cells were evaluated. 
Skin response after rechallenge was assessed with imaging. Immune cell subsets from 
blister exudates were assessed in the B cohort only. Ex vivo phytohemagglutinin and 
lipopolysaccharide whole blood challenges were performed to evaluate cytokine re-
lease. Gastrointestinal tract persistence, prevalence, and colonization of EDP1815 were 
assessed by fecal qPCR and microbiome assays. Data were analyzed using repeated 
measures analysis of covariances.

Results: There was a trend toward a treatment effect on the KLH-induced skin rechal-
lenge response (CIELab a* estimated difference (ED) −1.50 arbitrary unit (AU), 95% CI 
−3.47–0.47 AU, P = .13 in A cohort, and average redness ED −0.14 AU, 95% CI −0.31–0.03 
AU, P = .10 in B cohort) and, to a lesser extent, on the humoral KLH response. No no-
table EDP1815 effects were observed on gut persistence, microbiome, and other safety 
parameters. 

Conclusion: Based on our findings and the clinical benefit observed in the phase 2 
study in psoriasis, further investigation of the immunomodulatory effects and poten-
tial clinical benefit of EDP1815 is warranted.

Introduction
Several lines of evidence have suggested that microbes within the gastrointestinal (GI) 
tract interact with the systemic immune system.1-3 Throughout the epithelium of the 
small intestines, immune cells can be found in both the lamina propria and associated 
mesenteric lymph nodes, and in aggregated lymphoid nodules also known as Peyer’s 
patches.1,4 The intestinal immune network in mice contains specialized regions differ-
ing in gut-associated lymphoid tissue (GALT), leukocyte populations, and antigenic 
composition. Similarities between murine and human intestinal immune systems 
have been observed.1 Commensal microorganisms colonize the mucosal wall of the 
small and large intestine with variable local distribution and composition within the 
GI tract.1 Conditions such as celiac disease and inflammatory bowel disease are caused 
by an altered intestinal immune system or gut microbiome.1,5-7 Notably, recent ad-
vances in this field of research have suggested that intestinal disruptions to microbiota 
homeostasis seem not to be limited to local immunity, but can also affect more distal 
immune responses as observed in psoriasis,8 rheumatoid arthritis,9 systemic lupus 
erythematosus,10 and more.11,12 More recent trials have investigated the interaction 
between the intestinal microbiota of the large intestine and the systemic immune 
system, evaluating potentially beneficial effects of probiotics, prebiotics, and/or syn-
biotics.13-17 The involved underlying mechanisms are not fully understood and are 
further complicated by diverse or even contrasting immunomodulatory effects when 
comparing administration of microbial strain mixtures to single-strain microbes.18-21 
The potential of using single strains of microbes as treatments are favored in order to 
advance the understanding of the interactions between the systemic immune system 
and the small intestine which drive tolerance of foreign food antigens.22,23 

EDP1815 is one such single-strain microbe prepared from Prevotella histicola, a 
gram-negative, obligate, non-sporulating, commensal anaerobe isolated from a duo-
denal biopsy of a human donor. To date, Prevotella species have been identified in oral, 
nasopharyngeal, GI, and genitourinary mucosa in humans24 and stool abundance 
ranges from <1% up to approximately 50% of total fecal microbial amount.25 In vitro, 
EDP1815 stimulated the secretion of anti-inflammatory cytokines interleukin (IL)-10 
and IL-27 from human macrophages, proinflammatory M1-biased antigen present-
ing cells, and dendritic cells (DCs), whilst not inducing significant levels of proin-
flammatory cytokines including tumor necrosis factor (TNF) and interferon gamma 
(IFN-γ) (unpublished data). EDP1815 reduced ear inflammation in murine keyhole 
limpet hemocyanin- (KLH), MC903- (vitamin D3 analog), and imiquimod-induced 
skin challenge models.26 Furthermore, ex vivo immunophenotyping in these mouse 
models showed increased regulatory T cells (Tregs).27,28 In disease mouse models,  
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P. histicola decreased incidence and severity of arthritis in collagen-induced arthri-
tis,27 suppressed disease in experimental autoimmune encephalomyelitis,28 delayed 
the onset of type 1 diabetes,29 and suppressed T cell responses to gliadin indicating 
a possible future treatment modality in celiac disease.30 Clinically, EDP1815 was con-
sidered to be safe and well tolerated in a first-in-human study and a phase 2 study in 
psoriasis (ClinicalTrials.gov identifier NCT04603027).26,31

In this clinical study the immune system of healthy volunteers was challenged 
with KLH immunization, a safe challenging antigen widely used for evaluation of 
cell-mediated responses in man.27-38 KLH is recognized as a neoantigen that drives 
a cellular immune response. In vivo, this response can be studied by an intradermal 
KLH rechallenge. The resulting local inflammatory response can serve as a functional 
biomarker for clinical evaluation of (novel) immunomodulatory drugs in early-phase 
drug development.32,34-36,43-45

The aim of this study was to evaluate the effects of EDP1815 on the immune re-
sponse following intramuscular immunization with KLH. The response to KLH im-
munization was evaluated by serum KLH-specific antibody concentrations and circu-
lating Tregs, and by characterization of the skin response following intradermal KLH 
rechallenge, by objective imaging techniques and at the level of tissue cytokines and 
immune cell subsets. EDP1815 effects were also explored ex vivo by whole blood stimu-
lation with Toll-like receptor 4 ligand lipopolysaccharide (LPS) and phytohemagglu-
tinin (PHA) for lymphocyte stimulation. EDP1815 GI tract persistence, prevalence, and 
colonization were assessed by quantitative polymerase chain reaction assay (qPCR) 
using EDP1815 specific primers and 16S ribosomal RNA (rRNA) sequencing of fecal 
material, next to routine safety and tolerability assessments.

Methods
This was a phase 1, randomized, placebo-controlled, double-blind, multiple dose 
study in thirty-two (32) healthy volunteers performed at the Centre for Human 
Drug Research (CHDR), Leiden, The Netherlands, based on principles of the 
Declaration of Helsinki. The independent Medical Ethics Committee Medisch 
Ethische Toetsingscommissie van de Stichting Beoordeling Ethiek Biomedisch Onderzoek 
(Assen, the Netherlands) approved the study prior to any clinical study activity. All 
subjects provided written informed consent before participation. The trial was reg-
istered on the Netherlands Trial Register, currently available for consultation at the 
International Clinical Trial Registry Platform (trial ID NL8676, https:// trialsearch.
who.int). Materials and methods were executed as described previously.46

Subjects
Healthy male and female participants were enrolled, 18 to 60 years of age with a body 
mass index between 18 and 35 kg/m2, without previous exposure to KLH. Health status 
was verified by recording a detailed medical history, a complete physical examination, 
vital signs, a 12-lead electrocardiogram (ECG) and laboratory testing (including hepat-
ic and renal panels, complete blood count, fecal calprotectin, virology and urinalysis). 
Subjects were excluded in case of any disease associated with immune or GI system 
impairment, or use of prescription medication within four weeks prior to first dose. 

Dose selection and regimen
The doses tested were based on the results of a separate first-in-man study.26,31 The high-
est dose tested contained 8.0 × 1011 total cells per dose, approximately 5 times the pre-
dicted therapeutic dose level, calculated from allometric scaling the preclinically effica-
cious dose level based on conversion between mouse and human gut surface area. This 
dose was well tolerated in humans. Participants were dosed once daily for 28 consecu-
tive days. Participants in the second cohort received a similar dose level as the previous 
cohort, however, a manufacturing process change approximately doubled the EDP1815 
concentration per capsule reducing the number of capsules required from 10 to 5.

Study design and treatments
An overview of the study design is shown in Figure 1. Subjects were enrolled into two 
cohorts and randomized to either EDP1815 or placebo (12:4). The first cohort received 
EDP1815 freeze-dried powder in enteric-coated capsules, supplied as 8.0 × 1010 total cells 
per capsule, administered orally at a dose of 10 capsules daily (A formulation). The sec-
ond cohort received EDP1815 freeze-dried powder in enteric-coated capsules supplied as 
1.6 × 1011 total cells per capsule, administered orally at a dose of 5 capsules daily (B for-
mulation). Compliance was confirmed by supervised administration during the in-clin-
ic period. Administration at home was recorded by an electronic diary. Intramuscular 
KLH immunizations were performed in the left deltoid muscle after completion of the 
third EDP1815/placebo administration. KLH immunization was administered as 0.1 mg 
Immucothel (Biosyn Corporation, Carlsbad, CA, USA) adsorbed in 0.9 mg aluminum 
hydroxide (Alhydrogel, Brenntag AG, Essen, Germany) into 0.5 mL NaCl 0.9% as pre-
viously described.42 All subjects were administered KLH (0.001 mg Immucothel) and 
saline in 0.1 mL NaCl 0.9% intradermally in the left and right ventral forearms, respec-
tively, 23 days after KLH immunization. Dermal imaging was done prior to and two days 
after intradermal KLH administration, as in previous KLH studies.33,34,38,41-43,47



Chapter VI 
KLH immune challenge model and EDP1815 tr eatment

131

K e y hol e li m pet h e moc ya nin ch a ll enge model for st u dy ing a da pti v e i m m u ne s yste m 
r esponses in e a r ly-ph a se clinica l drug dev elopm ent

130 

Figure 1  Study timeline. Numbers represent visit days. 

i.m., intramuscular; i.d., intradermal; KLH, keyhole limpet hemocyanin; FU, follow-up.

Systemic immunity: humoral response to KLH and 
circulating regulatory T cells
The humoral response to KLH immunization was measured by anti-KLH IgM and IgG 
serum titers. Serum samples were analyzed by quantitative enzyme-linked immuno-
sorbent assay (ELISA) for anti-KLH IgM and IgG as previously described.42 Mean 
optical density of baseline samples was set to 1.00 and relative ratios were calculated 
for all subsequent samples. The percentage of circulating Tregs was evaluated by flow 
cytometry. Red blood cell (RBC) lysis was performed on heparinized whole blood 
using RBC lysis buffer (Thermo Fisher, Waltham, Massachusetts, USA). Leukocytes 
were stained with fluorochrome labelled antibodies (see Table S1), propidium io-
dide was used as viability dye (Miltenyi Biotec, Bergisch-Gladbach, Germany). 
Samples were measured on a MACSQuant 16 analyzer (Miltenyi Biotec), and ana-
lyzed using Flowlogic software (Inivai, Mentone, Australia). Tregs were defined as 
CD4+CD25+CD127-, see Figure S1 for gating strategy.

Tissue immunity: dermal response upon KLH injection
Cutaneous blood perfusion was evaluated by laser speckle contrast imaging (LSCI; 
PeriCam PSI System, Perimed AB, Järfälla, Sweden) and erythema was quantified 
by multispectral imaging (Antera 3D, Miravex, Dublin, Ireland) as previously de-
scribed.42 Circular regions of interest at the intradermal injection sites were defined. 
Cutaneous blood perfusion (indicated as basal flow) was quantitatively assessed and 
expressed in arbitrary units (AUs). The homogeneity of cutaneous blood perfusion 
in the region of interest (indicated as flare), expressed as values that are +1 standard 
deviation (SD) from the mean basal flow within the region, was also quantitatively 
assessed and expressed in AUs. Erythema was quantified using the average redness 
and CIELab a* Antera 3D software modalities expressed as AUs. The average redness 
modality displays the distribution of redness using an internal software algorithm 

and the CIELab a* value, which is part of the CIELab color space, expresses color 
as a numerical value on a green–red color scale. Blister exudate was collected after 
blister induction and puncture in the second cohort (B formulation/placebo). Blister 
exudate supernatants were evaluated for immune cells (CD3+ T cells, CD4+ T cells, 
CD8+ T cells, Tregs, B cells, classical monocytes, intermediate monocytes, nonclas-
sical monocytes, DCs, natural killer (NK) cells, and neutrophils) on a MACSQuant 
16 analyzer and analyzed using Flowlogic software, see Figure S2 for gating strategy. 
Leukocytes were stained with fluorochrome labelled antibodies (see Table S1 for a 
complete list), 7AAD (Miltenyi Biotec) was used as viability dye.

Ex vivo stimulation assays
Sodium heparinized whole blood was incubated with 10 µg/mL PHA (Sigma-
Aldrich, Deisenhofen, Germany) or 2 ng/mL LPS (strain O111:B4 from Escherichia 
coli, Sigma-Aldrich) for 24 hours at 37 °C, 5% CO2. After 24 hours, supernatant was 
collected and cytokines were quantified using qualified ELISA based assays (V-PLEX 
Proinflammatory Panel 1 Human Kit, Meso Scale Diagnostics, Rockville, Maryland, 
USA) by Ardena Bioanalytical Laboratory (Assen, the Netherlands). IFN-γ and IL-2 
were measured in the PHA stimulated samples, TNF, IL-1β, IL-6, and IL-8 were mea-
sured in the LPS stimulated samples.

EDP1815 stool persistence and gut microbiome
Fecal concentrations of EDP1815 for stool persistence and prevalence and gut micro-
biome were measured by BaseClear B.V. (Leiden, the Netherlands) using validated 
bioanalytical methods. In short, fecal microbial DNA was extracted based on the 
Zymo Research (Irvine, CA, USA) fecal DNA extraction methodology. EDP1815 spe-
cific-primers and probe had been developed enabling the detection of the P. histicola 
strain. The fecal samples were analyzed using a qPCR with a lower limit of quanti-
fication of 26,400 copies/g feces. For gut microbiome analyses, extracted DNA was 
prepared for Illumina sequencing via PCR amplification of the variable region 3 and 4 
of the bacterial 16S rRNA gene. After PCR purification, sample specific barcodes using 
Illumina Nextera XT Index kit (Illumina Inc., San Diego, CA, USA) were appended to 
the PCR products during a second PCR. PCR products were purified for a second time 
and lastly, the PCR products were equimolarly pooled and sequenced on the Illumina 
MiSeq platform using the MiSeq v3 sequencing kit.

Safety and tolerability
Safety and tolerability were monitored by physical examination, assessment of vital 
signs, laboratory parameters (i.e., full blood count, biochemistry, serology, immuno-
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phenotyping, circulating cytokines, fecal calprotectin, and urinalysis) and ECG data 
from 12-lead ECGs at regular intervals. Subjects were monitored continuously for 
adverse events (AEs). Participants were also asked to daily complete the Bristol Stool 
Scale (BSS) and questions regarding defecation pattern using an electronic diary app, 
to get insight in the participant’s stool patterns at the time of feces sample collection.

Statistics
Subjects were randomized to EDP1815 or placebo in a 3:1 ratio. The placebo-treated 
subjects were pooled to achieve a sample size of 8 and a sample size of 12 was achieved 
on active treatment per group. Demographic and baseline variables were summarized 
by treatment. Pharmacodynamic (PD) endpoints measured at multiple time points 
after baseline were analyzed with a mixed effect repeated measures model with fixed 
factors treatment, time and treatment by time, random factor subject and the baseline 
value as covariate. Endpoints with one post dose measurement were analyzed with a 
linear model with treatment as fixed factor. Anti-KLH antibody parameters were ana-
lyzed without baseline as covariate. Skin rechallenge endpoints were analyzed with an 
analysis of covariance with treatment as fixed factor and the baseline and the change 
from baseline of the saline-injected control added as covariates. Anti-KLH IgM and 
IgG titers, ex vivo monocyte cytokine release, and immune cells in blister exudate as-
says required log transformation. The general treatment effect and specific contrasts 
were reported as estimated difference (ED) with 95% confidence interval (CI), and 
graphically as ED with 95% CI, as least squares mean (LSM) with 95% CI, or as mean 
with SD. The error terms of the mixed models are tested for normality by Shapiro-
Wilk test. Fecal EDP1815 concentration was reported graphically as median with 
range. Fecal microbiome endpoints were analyzed using Python (Python Software 
Foundation, Wilmington, DE, USA). The relative abundances of all microorganisms at 
genus level were calculated to present the occurrence of all microorganisms relative to 
Prevotella genus in the samples. Diversity trends were analyzed using alpha diversity 
(Inverse Simpson’s) and beta diversity (Bray-Curtis dissimilarity). The beta diversity 
analysis was performed solely on the ten most prevalent microorganisms based on 
their counts. Fecal microbiome endpoints were reported graphically as median with 
interquartile range for Prevotella relative abundance and microbiome alpha diversity. 
To calculate the difference between the different days (within a treatment) and be-
tween treatments for the Prevotella relative abundance and the alpha diversity index, 
independent t-tests were used. To calculate those differences for the beta diversity, 
a Mann-Whitney U test was used. Principal Coordinate Analysis (PCoA) was also 
implemented, a multidimensional scaling method, to analyze and compare the dis-
tance metrics across different days and treatments.

Results
The study was conducted between December 2019 and February 2021. Thirty-two 
(32) subjects were enrolled and treated. All subjects completed the treatment (12 
subjects EDP1815 A formulation, 12 subjects EDP1815 B formulation, and 8 subjects 
placebo) and the follow-up period. Baseline characteristics of all treatment groups are 
presented in Table 1. Treatment compliance as recorded via an electronic diary was 
100%, no dosing days were missed.

Table 1  Baseline characteristics.

EDP1815 formulation A formulation B formulation Placebo

Daily dose 10 capsules of 8.0 × 1010
(5×) total cells

5 capsules of 1.6 × 1011
(5×) total cells

n = 12 n = 12 n = 8

DEMOGRAPHICS

Age (years) 45 (20–59) 27 (20–48) 24 (18–53)

BMI (kg/m2) 24.5 (4.2) 23.5 (3.5) 23.1 (2.6)

Male gender (n) 6 (50%) 5 (41.7%) 2 (25%)

VITAL SIGNS

Systolic blood pressure (mmHg) 116 (11) 116 (10) 111 (9)

Diastolic blood pressure 
(mmHg)

70 (8) 66 (11) 65 (7)

Heart rate (bpm) 58 (9) 69 (9) 62 (13)

Temperature (°C) 36.3 (0.3) 36.9 (0.2) 36.9 (0.4)

LABORATORY TESTS

Leucocytes (× 109/L) 4.85 (0.97) 5.42 (1.51) 6.07 (1.69)

Lymphocytes (× 109/L) 1.74 (0.37) 1.75 (0.37) 1.90 (0.45)

Thrombocytes (× 109/L) 216.1 (44.4) 243.4 (52.3) 264.0 (57.3)

ALT (IU/L) 19.2 (7.4) 15.2 (3.0) 21.4 (12.7)

AST (IU/L) 21.9 (6.1) 19.1 (5.1) 22.4 (6.0)

CRP (mg/L) 1.16 (1.21) 1.15 (1.70) 1.12 (0.96)

Fecal calprotectin (µg/g) 16.6 (9.7) 8.5 (4.8) 12.9 (13.2)

Parameters are shown as mean (standard deviation), for age as median (range), and for male gender as count 
(percentage). BMI, body mass index; ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive 
protein.

Systemic immunity: humoral response to KLH and 
circulating regulatory T cells
Although anti-KLH antibody levels were consistently lower in EDP1815-treated groups 
compared to placebo, no statistically significant EDP1815 effects were observed on 
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KLH-driven endpoints. Lower anti-KLH IgM (ED −17.8%, 95% CI −34.2–2.7%, P = .08) 
and IgG (ED −21.5%, 95% CI −52.1–28.7%, P = .33) were observed in EDP1815 A-treated 
participants as well as lower anti-KLH IgM (ED −10.0%, 95% CI −28.0–12.5%, P = 
.34) in EDP1815 B-treated participants compared to placebo (Table S2 and Figure 2). 
Although circulating Tregs as percentage of CD4+ T cells was significantly decreased 
in the A group (ED −0.69%, 95% CI −1.23–−0.14%, P < .05) and significantly increased 
in the EDP1815 B group (ED 0.62%, 95% CI 0.05–1.19%, P < .05) compared to placebo 
(Table S2 and Figure 2), it should be noted that these percentages remained within 
the general range of Tregs in the CD4 population as reported in literature (5-10%).48,49

Figure 2  Anti-keyhole limpet hemocyanin (A) IgG and (B) IgM antibody titers, (C) circulating 
regulatory T cells as percentage of CD4+ T cells, and (D) change from baseline circulating 
regulatory T cells as percentage of CD4+ T cells over time by EDP1815 treatment group. 

Data are shown as least square means change from baseline with 95% confidence interval for antibody titers and 
as mean with standard deviation for regulatory T cells. KLH, keyhole limpet hemocyanin; LSM, least square 
means; CFB, change from baseline; Tregs, regulatory T cells.

Tissue immunity: dermal response upon KLH injection
The KLH-driven skin response was overall lower in the EDP1815-treated groups com-
pared to placebo, but none of the endpoints reached a level of significant difference 

(LSCI basal flow ED −8.0 AU, 95% CI −33.3–17.2 AU, P = .52 in A group, ED −8.4 AU, 95% 
CI −32.4–15.6 AU, P = .48 in B group and flare ED −2.4 AU, 95% CI −18.2–13.4 AU, P = 
.76 in A group, ED −4.6 AU, 95% CI −20.7–11.5 AU, P = .56 in B group; multispectral 
imaging: CIELab a* ED −0.66 AU, 95% CI −2.67–1.35 AU, P = .50 in A group, ED −1.50 
AU, 95% CI −3.47–0.47 AU, P = .13 in B group and average redness ED −0.06 AU, 95% 
CI −0.23–0.11 AU, P = .46 in A group, ED −0.14 AU, 95% CI −0.31–0.03 AU, P = .10 in B 
group; Table S2 and Figure 3). The immune cells in blister exudates of placebo-treated 
subjects after KLH skin rechallenge consisted mainly of T cells (mean CD3+ T cell 
count 397, SD 319, mean CD4+ T cell count 288, SD 262, mean CD8+ T cell count 81, 
SD 68, and mean Treg cell count 194, SD 189), NK cells (mean cell count 149, SD 77), 
and DCs (mean cell count 149, SD 77) (Table S2 and Figure 4). Scant amounts of B 
cells (mean cell count 12, SD 10), monocytes (mean classical monocyte count 78, SD 
34, mean intermediate monocyte count 3, SD 3, and mean non-classical monocyte 
count 2, SD 1), and neutrophils (mean cell count 23, SD 21) were found in blister exu-
dates of placebo-treated subjects (Table S2 and Figure 4). Although there was no clear 
EDP1815 treatment effect on immune cell subsets in blister exudates (Table S2 and 
Figure 4), definitive conclusions cannot be drawn due to very low number of cells.

Ex vivo stimulation assays
EDP1815 did not significantly impact LPS- and PHA-driven cytokine responses ex vivo. 
All cytokines in supernatants from LPS-stimulated (TNF, IL-1β, IL-6, and IL-8) or 
PHA-stimulated (IFN-γ and IL-2) whole blood cultures were comparable across treat-
ment groups (Table S2 and Figure 5).

EDP1815 stool persistence and gut microbiome 
EDP1815 was detected between 18–25% on study day 26 in subjects on active treatment, 
returning to below the limit of quantification levels 5 days after the last EDP1815 dose 
(Table S3 and Figure 6). Prevotella was the second most abundant genus found in 
the top ten most abundant microbial populations over all samples combined (Table 
S4). Prevotella abundance was comparable across all treatment groups (Table S5 and 
Figure 6). Although a statistically significant difference was observed in microbiome 
alpha diversity between placebo and EDP1815 B formulation groups (P = .02), no dif-
ferences were found within the EDP1815 B formulation group over time when com-
pared to baseline (Table S6 and Figure 6). Furthermore, the two principal compo-
nents used for the beta diversity PCoA plots combined contributed between 72% to 
88% to the total score weights and no statistically significant differences were found in 
microbiome beta diversity (Table S7 and Figure 7).



Chapter VI 
KLH immune challenge model and EDP1815 tr eatment

137

K e y hol e li m pet h e moc ya nin ch a ll enge model for st u dy ing a da pti v e i m m u ne s yste m 
r esponses in e a r ly-ph a se clinica l drug dev elopm ent

136 

Figure 3  Cutaneous blood perfusion by LSCI (A) basal flow and (B) flare, erythema by 
multispectral imaging (C) CIELab a* and (D) average redness after intradermal KLH and saline 
administration by EDP1815 treatment group. 

Data are shown as mean change from baseline with standard deviation. LSCI, laser speckle contrast imaging; 
MI, multispectral imaging; KLH, keyhole limpet hemocyanin; CFB, change from baseline; AU, arbitrary unit; i.d., 
intradermal.

Figure 4  Immune cell counts of (A) T cell subsets, dendritic cells, and natural killer cells, 
and (B) B cells, monocyte subsets, and neutrophils in blister exudate after intradermal KLH 
administration by EDP1815 treatment group. 

Data are shown as mean with standard deviation. c, classical; im, intermediate; nc, non-classical; DCs, dendritic 
cells; NK, natural killer.
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Figure 5  Monocyte cytokine release assay of (A) tumor necrosis factor, (B) interleukin-
1β, (C) interleukin-6, and (D) interleukin-8 release from whole blood cultures after ex vivo 
lipopolysaccharide stimulation and lymphocyte cytokine release assay of (E) interferon gamma and 
(F) interleukin-2 release from whole blood cultures after ex vivo phytohemagglutinin stimulation. 
X-axis represents number of days after initial EDP1815 dose. 

Data are shown as least squares mean change from baseline with 95% confidence interval. LSM, least squares 
mean; CFB, change from baseline; LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; PHA, 
phytohemagglutinin; IFN-γ, interferon gamma.

Figure 6  (A) Fecal concentration of EDP1815 over time on log10 scale measured by quantitative 
polymerase chain reaction, (B) Prevotella relative abundance expressed on log10 scale as percentage 
composition of total microbiome per time point, and (C) microbiome diversity calculated using the 
Simpson’s alpha diversity index per timepoint. 

Data are shown as median with range for fecal EDP1815 concentration and as median with interquartile range 
for Prevotella abundance and microbiome alpha diversity. qPCR, quantitative polymerase chain reaction; AU, 
arbitrary unit.



Chapter VI 
KLH immune challenge model and EDP1815 tr eatment

141

K e y hol e li m pet h e moc ya nin ch a ll enge model for st u dy ing a da pti v e i m m u ne s yste m 
r esponses in e a r ly-ph a se clinica l drug dev elopm ent

140 

Figure 7  Microbiome diversity calculated using a principal coordinate analysis plot of the top 
ten most abundant microbial populations based on the Bray-Curtis dissimilarity beta diversity 
index per timepoint per group. 

PC, Principal Component.

Safety and tolerability
Overall, EDP1815 treatment did not raise safety concerns. No serious AEs occurred. 
Most AEs were related to the GI tract (20 AEs in 11 subjects, Table S8) and all were mild 
and transient in nature and considered to be possibly related to treatment. The most 
frequently reported GI tract AEs were upper abdominal pain (5 AEs in 4 subjects) 
and nausea (4 AEs in 3 subjects). Subjects treated with B formulated EDP1815 also 
had overall slightly fewer AEs (66.7%) compared to A formulated EDP1815 and pla-
cebo-treated subjects (91.7–100%). No clinically significant changes were observed 
in laboratory parameters, vital signs, ECG recordings. The assessments and observa-
tions in clinical laboratory values, vital signs, and ECG recordings were similar across 
treatment groups. Some participants showed one or more laboratory parameters 

outside the normal range. These observations were incidental, not treatment-related, 
and judged to be of no clinical relevance. No effect of EDP1815 was observed on fecal 
calprotectin or the BSS and feces questionnaire.

Discussion
In this study we show that various KLH-driven immune responses were overall lower 
in groups treated daily with EDP1815 in a dose of 8.0 × 1011 total cells, but that for none 
of the individual PD endpoints a level of statistical significance was reached. There was 
no prolonged EDP1815 persistence or colonization within the GI tract as indicated by 
qPCR and microbiome analyses, respectively. Treatment compliance was 100% which 
is in line as previously reported using a similar e-diary app.50 Overall, EDP1815 was 
considered safe and well-tolerated.

In order to detect a 75% inhibition of the KLH-specific antibody response, cutane-
ous blood perfusion response (LSCI), and erythema response (multispectral imag-
ing) a sample size of 12 per group was required using a parallel study design, with an 
α of .05 and a power of 80%.42 Although our study was sufficiently powered for the 
detection of anti-KLH IgM and IgG antibody responses (minimum sample size of 4 
per group required), we were underpowered to detect differences in skin rechallenge 
outcomes with LSCI and multispectral imaging modalities (minimum sample size of 
12 per group required). We have previously shown that the T cell-dependent antibody 
response (TDAR) following KLH immunization is not correlated with the skin rechal-
lenge response quantified with LSCI and multispectral imaging, suggesting that the 
KLH-induced humoral response likely does not drive the skin response after intra-
dermal KLH administration.42 In a separate study we further displayed a discrepancy 
between TDAR and subsequent skin rechallenge response in healthy volunteers re-
ceiving amlitelimab, an OX40L inhibitor, and subsequent KLH immunization and skin 
rechallenge.43 The inhibition of the TDAR response was less pronounced compared to 
the inhibition of the skin rechallenge response indicating that these two responses are 
possibly mechanistically independent, the TDAR reflecting a B cell-induced response 
and the skin rechallenge reflecting a T cell-induced response.

The circulating Tregs comprised between 5-10% of detected CD4+ T cells which 
is consistent with data described in literature.48,49 The inconsistent but statistically 
significant changes in circulating Tregs observed between the treatment groups are 
all within the 5-10% range of total CD4+ T cells. Therefore, we believe the observed 
variability is not clinically relevant and is most likely attributed to normal variation.

Immune cell subsets present in blister exudates after intradermal KLH rechallenge 
and ex vivo stimulation assays included substantial proportions of T cells and DCs as 
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anticipated. Delayed-type hypersensitivity reactions usually occur 48–72 hours after 
antigen rechallenge as antigen presenting cells such as DCs display antigens using 
major histocompatibility complex class II molecules to dermal CD4+ T cells.33,34,36,38-
43,47 Proinflammatory cytokine secretion by activated CD4+ T cells, such as IL-2 
and IFN-γ, induces cytotoxic CD8+ T cell activation and proliferation to help aid in 
elimination of the antigen.51 The immune cell subsets present in blister exudates were 
comparable between EDP1815 and placebo-treated participants, however, the total 
cell count from the blister exudates was very low. For comparison, total cell counts 
obtained from human PBMC isolation contain roughly 1.3 × 106 cells52 whereas we 
found a maximum mean total cell count of merely 2,914 cells (EDP1815 B-treated 
participants).

Traditional immunomodulatory therapies such as corticosteroids, non-steroidal 
anti-inflammatory drugs, and anti-histamines have been well-described and are suc-
cessful in suppression of inflammation. However, due to lack of tissue or cell specific-
ity they can cause a wide range of side effects, particularly after prolonged use.53 More 
novel antibody-based therapies overcome this lack of specificity, however, the pri-
mary obstacle predominantly revolves around their immunogenicity and production 
of antidrug antibodies, leading to decreased clinical efficacy.53 Single-strain microbes 
are emerging novel therapies and have been shown to be effective in preventing and 
ameliorating several diseases.21 Lactobacillus rhamnosus GG is a single-strain microbe 
that has been reported to reduce the risk of antibiotic-associated diarrhea (AAD) and 
to prevent necrotizing colitis. Lactobacillus helveticus R52 has also been shown to be 
effective in AAD. Notably, Bifidobacterium animalis spp. lactis Bb12 is a single-strain mi-
crobe that has been reported to prevent upper respiratory tract infections, indicating 
a systemic immune response after local GI tract exposure. Although the underlying 
mechanisms involved in induction of systemic immunomodulatory effects after local 
exposure are not fully elucidated,22 targeting the GI tract with microbial therapies 
seems a plausible approach. Investigating immunomodulatory effects of compounds 
such as EDP1815 aids in elucidating the poorly described link between the systemic 
and enteric immune systems. This connection between the systems holds potential 
for harnessing pharmacological effects and introduces an innovative strategy for treat-
ing inflammatory diseases, possibly overcoming some of the limitations observed in 
traditional as well as antibody-based immunomodulatory therapies.

This clinical study did not confirm the profound and consistent immunomodula-
tory effects of EDP1815 on KLH-driven responses as seen in preclinical in vitro and in 
vivo mouse studies. There are different potential explanations for the absent trans-
lation of convincing immunomodulatory effect of EDP1815 between mice and man. 

Firstly, conventional allometric scaling between mouse vs. human was challenging as 
EDP1815 exposure was believed to be restricted to the GI tract compared to systemic 
uptake as commonly observed in other medicinal products. The immunomodulatory 
action of EDP1815 was hypothesized to be solely dependent on local interplay with 
cells in the GI tract mucosa followed by systemic immune modulation. Stool mass 
and relative mucosal surface area of the GI tract are also important factors that need 
to be considered for allometric scaling.54 The daily EDP1815 dose of 8.0 × 1011 total 
cells was possibly insufficient to generate significant immune system inhibition as the 
justification for dose finding was primarily hypothetical. Higher doses were not ex-
plored as daily administration of >10 capsules was impractical. Secondly, release of 
EDP1815 enteric-coated capsules early in the proximal small intestine is thought to 
be important for the mechanism of action as described before.46 Furthermore, the 
EDP1815 target site, exact molecular target, as well as which EDP1815 element(s) exert 
immunomodulatory properties are still being elucidated. A recent publication has de-
scribed an orally ingestible microdevice that entraps GI microbiota and biomarkers 
whilst passing through the GI tract.55 This method of capturing GI tract biomarkers 
and microbiota is non-invasive and could potentially allow for site-specific sampling. 
Lastly, relatively unknown physiological systems and factors such as the interaction 
between the local and systemic immune system and the GI microbiome likely play 
important roles in EDP1815-induced immunomodulatory effects.

Importantly, immunosuppression with amlitelimab, an OX40L inhibitor, efficiently 
translates from in vivo animal models to a first-in-human trial including a similar KLH 
challenge model, and eventually to patients with atopic dermatitis.43 Incorporating 
the KLH challenge model in early-phase clinical trials with novel compounds target-
ing the immune system is a suitable approach to evaluate desired treatment effects 
early on during clinical development.

Microbial interventions are used for prevention and treatment of several immune 
related diseases. The interaction between the systemic and GI immune system is cur-
rently not fully understood. Although oral EDP1815 did not evoke consistent signifi-
cant systemic immune modulation, there was a trend toward a treatment effect on the 
KLH-induced skin rechallenge response and, to a lesser extent, on the humoral KLH 
response. Based on our clinical data and data from other EDP1815 trials,26 it is pre-
mature to conclude that EDP1815 is not effective in inhibiting (KLH-driven) immune 
responses in man. We advocate more extensive and mechanistic EDP1815 research, 
including facilitation of higher doses of EDP1815. Currently, both EDP1815 in early-
release enteric-coated capsule formulation as well as a microbial extracellular vesicle 
are being investigated in a similar setup as in our study.
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