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Abstract
Background: Dupilumab, a monoclonal anti-IL-4Rα antibody, is approved for several 
type 2 mediated inflammatory diseases like asthma, atopic dermatitis, and diffuse 
type 2 chronic rhinosinusitis (CRS). Clinical studies had reported a transient increase 
in blood eosinophils during dupilumab therapy.
This study aimed to assess the impact of elevated blood eosinophils on clinical out-
come and to investigate the cause of high blood eosinophil levels under dupilumab 
therapy.
Methods: Patients suffering from diffuse type 2 CRS treated with dupilumab were 
examined on days 0, 28, 90, and 180 after therapy start. Sino-Nasal-Outcome-Test 
Score (SNOT-22), Total Nasal Polyp Score (TNPS), and blood samples were collected. 
Cytokine measurements and proteomics analysis were conducted. Flow cytometry 
analysis measured receptor expression on eosinophils.
Results: Sixty-eighty patients were included. Baseline eosinophilia ≥0.3G/L was ob-
served in 63.2% of patients, and in 30.9% of patients, eosinophils increased by ≥0.5G/L 
under dupilumab. Subjects with eosinophilia ≥0.3G/L at baseline had the best SNOT-
22 mean change compared to no eosinophilia. Eosinophil elevation during dupilumab 
therapy had no impact on clinical scores. The eosinophil adhesion molecule VCAM-1 
decreased significantly during therapy in all patients. The chemokine receptor CXCR4 
was significantly down- and IL-4 upregulated in subjects with eosinophil increase.
Conclusion: Our findings suggest that increased eosinophils in type 2 CRS are as-
sociated with a good clinical response to dupilumab. Patients with elevated IL-4 at 
baseline developed dupilumab-induced transient eosinophilia. We identified the 
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1  |  INTRODUC TION

Chronic Rhinosinusitis (CRS) affects about 10.9% of the global pop-
ulation and significantly impacts patients' health-related quality of 
life.1–3 Type 2 inflammation is the predominant inflammatory en-
dotype of CRS with Nasal Polyps (CRSwNP) in Europe, affecting 
84%–91% of patients suffering from CRS.4–7 Type 2 inflammation 
is characterized by Th2 T-cells, innate lymphoid cells 2 (ILC2), eo-
sinophils, and mast cells (MC). The corresponding cytokine milieu 
includes IL-4, IL-5, and IL-13.8 IL-4 induces cell activation, trafficking 
to the site of inflammation, and B-cell IgE isotype switching. IL-5 pro-
motes eosinophilic growth, survival, and differentiation, and IL-13 
supports maturation and mucus production of epithelial cells and 
induction of tuft cells and PGE2-mediated inflammation.9–13

In recent years, novel monoclonal antibody therapies have been 
developed targeting receptors and mediators of Th2 inflamma-
tion. Dupilumab is a human monoclonal antibody that binds to the 
IL-4-receptor alpha subunit (IL-4Rα) and inhibits the IL-4 and IL-13 
signaling. Several randomized placebo-controlled trials have demon-
strated the efficacy of dupilumab in patients suffering from type 2 
mediated inflammatory diseases such as CRSwNP, asthma, prurigo 
nodularis, atopic dermatitis, and eosinophilic esophagitis.14–20

As a common adverse event, patients treated with dupilumab 
may develop transient eosinophilia. Eosinophils can increase up to 
≥3.0G/L and are highest in patients with asthma, followed by CRS 
and atopic dermatitis.21 Most often transient eosinophilia had no 
clinical impact.22–24 However, Eosinophilic Granulomatosis with 
Polyangiitis (EGPA) has been described.25

The exact pathomechanism of dupilumab-associated eosin-
ophilia has not yet been fully elucidated. It is hypothesized that 
blocking IL-4Rα induces downregulation of the adhesion molecule 
VCAM-1 and the chemokines eotaxin-1, 2, and 3.26–29

The aim of this study was to characterize patients who devel-
oped transient eosinophilia under dupilumab treatment and to eval-
uate the clinical impact of blood eosinophilia.

2  |  METHODS

2.1  |  Study design and population

This retrospective and prospective case–control study includes pa-
tients suffering from uncontrolled diffuse type 2 CRS treated with 
dupilumab (anti-IL4Rα-monoclonal antibody) between June 2020 
and October 2022. The study was approved by the ethics commit-
tee of the canton of Zurich (KEK-2020-02955, 2021–01213) and was 
conducted in accordance with the Declaration of Helsinki.30

All participants were recruited at the Department of 
Otorhinolaryngology, Head and Neck Surgery, at the University 
Hospital Zurich, Zurich, Switzerland.

Sixty-eight patients diagnosed with severe uncontrolled diffuse 
type 2 CRS, according to the EPOS20 guidelines, were included in 
this study.6 The indication of dupilumab therapy was set by senior 
physicians in line with the EUFOREA criteria for biologics treat-
ment.31 All patients had undergone at least one sinus surgery or 
had a contraindication for surgical procedures. Clinical data and 

downregulation of VCAM-1 and surface markers CD49d and CXCR4 on eosinophils as 
possible explanations of dupilumab-induced eosinophilia.

K E Y W O R D S
diffuse type 2 chronic rhinosinusitis, dupilumab, eosinophilia, Interleukin-4, VCAM-1

G R A P H I C A L  A B S T R A C T
Transient blood eosinophilia seems to have no clinical impact in patients with type 2 CRS treated with dupilumab. High IL-4 levels at baseline 
induce dysregulation of migration, chemotaxis, and homing of eosinophils by decreased CXCR4 on eosinophils and VCAM-1. CXCR4 might 
be a useful marker to predict blood eosinophilia in patients with type 2 CRS under dupilumab.
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biosamples from 41 subjects of the retrospective study and from 
27 subjects of the prospective project, were evaluated for analysis.

Dupilumab (Dupixent® by Sanofi and Regeneron 
Pharmaceuticals, Inc.) 300 mg was injected subcutaneously by the 
patients themselves, every 2 weeks. Instructions on medication use 
and application were provided by the Department of Immunology 
at the University Hospital Zurich, Zurich, Switzerland. All subjects 
continued topical glucocorticoid treatments, including mometa-
sone/fluticasone sprays, fluticasone drops, or budesonide rinses, 
as prescribed by the treating physician. No patient needed rescue 
medication of systemic glucocorticoid. Control samples were pro-
vided by 11 healthy subjects who reported no inflammatory or aller-
gic disorders. Fifteen individuals suffering from diffuse type 2 CRS 
and treated with dupilumab for more than 6 months were recruited 
additionally as a control group with long-term treatment.

2.2  |  Follow-ups

All participants of the study were seen at the start of treatment (day 0) 
and on days 28, 90, and 180 (±7 days) after therapy start in the inter-
disciplinary consultation of the Department of Otorhinolaryngology, 
Head and Neck Surgery, and the Department of Immunology at the 
University Hospital Zurich. Blood samples (EDTA tubes, heparin tubes, 
and serum tubes) and the Total Nasal Polyp Score (TNPS) evaluated by 
rhinoscopy were assessed on each visit. The Sino-Nasal-Outcome Test 
22 (SNOT 22) questionnaire, which includes standardized questions 
about nasal patency, rhinorrhea, sense of smell, sleep, emotions, and 
pain, was electronically filled out by the participants on their mobile 
device each week until 6 months after the first injection.

2.3  |  Definition of eosinophilia during 
dupilumab therapy

Blood eosinophil levels were measured at each visit. We identified 
patients with baseline eosinophilia by elevated blood eosinophil 
counts at a threshold of ≥0.3 G/L on day 0. Patients with an increase 
of eosinophils during ongoing dupilumab therapy were character-
ized by an eosinophil level change of at least 0.5 G/L from day 0 to 
either day 28, 90, or 180.

2.4  |  Assay of VCAM-1, Eotaxin, IL-4, ICAM-1, 
IL-5, and ECP

IL-4, ICAM-1, VCAM-1, and eotaxin-1 (CCL11) in the serum were meas-
ured with the flow Cytometric Bead Array (CBA) of BioLegend® by 
using LEGENDplex™ technique following the manufacturer's protocol. 
Blood serum samples of the whole cohort on day 0 (30 samples), day 
28 (22 samples), and day 90 (11 samples) were used. Missing samples 
occurred randomly. IL-5 in the serum was measured with CBA of BD 
Biosciences following the manufacturer's protocol. Serum levels of 

ECP were analyzed using the Fluorescence Enzyme Immunoassay 
(FEIA) technology of ThermoFisher and preclinical precautions were 
followed as instructed by the local laboratory technicians.

2.5  |  Flow cytometry staining of eosinophilic 
granulocytes

Leukocytes were isolated using HetaSep (Stemcell) as described 
by the manufacturer. Briefly, heparinized blood was mixed with 
HetaSep and centrifuged with the brake off at 100g for 5 min. The 
leukocyte-enriched upper layer was pipetted off and washed with 
flow cytometry buffer (DPBS +1% fetal bovine serum +2 mM EDTA). 
Cells were then stained with fluorochrome-conjugated monoclo-
nal antibodies on ice for 20 min. The following receptor expression 
levels on eosinophils were evaluated: CCR3, CCR4, CD11b, CD162, 
CD49d, CD62L, CD66b, CD88, CRTH2, CXCR3, CXCR4 (Table S1). 
Afterwards, the cells were washed and fixed at room temperature 
with 4% paraformaldehyde for 10 min. First granulocytes were gated 
based on unique forward scatter (FSC) and side scatter characteris-
tics (SSC), then cell doublets were excluded, and finally eosinophils 
were identified as CD16 negative cell population.32 The samples 
were acquired with a BD LSRFortessa and data was analyzed using 
FlowJo software.

2.6  |  Olink® analysis

Twenty available sera from days 0 and 28 of the prospective cohort 
were collected and analyzed using the Olink® technique. In accord-
ance with the manufacturer's instructions, Olink proteomics analy-
sis was performed including the “inflammation” panel. This panel 
includes 92 proteins. The results were statistically evaluated as NPX 
(normalized protein expression) values by a shiny application using 
limma, ggplot2, and pheatmap packages.

2.7  |  Statistical analysis

Descriptive statistics are reported depending on the distribution 
in means and standard deviation respectively in medians and IQR 
(interquartile range). For parametric variables, the paired Student's 
t-test was applied, or its nonparametric equivalent, the Wilcoxon 
signed-rank test. Normal distribution was tested using the Shapiro–
Wilk test. Correlations between variables were analyzed using 
Spearman's Correlation. A linear regression model tested the cor-
relation findings. An R-based shiny app using the limma package 
was used for Olink® analysis. Sensitivity and specificity were as-
sessed using the receiver operating curve method, Youden's index, 
and the area under the curve. Multiple testing was corrected using 
the Bonferroni correction method. All statistical analyses were con-
ducted using R and R-studio by IBM. A p-value of <.05 was assumed 
significant.
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3  |  RESULTS

The analysis was based on 68 consenting patients with a mean age 
of 50.7 years (SD 13.4). Two patients reported side effects (tinni-
tus, anxiety disorder) and one patient showed a lack of adherence 
leading to discontinuation of dupilumab after three injections (after 
6 weeks). Sixty-five patients completed the follow-up after 6 months 
of dupilumab therapy. Forty-three subjects showed eosinophilia of 
≥0.3G/L at therapy start and 21 patients developed an increase of eo-
sinophils of ≥0.5G/L during 6 months of dupilumab treatment (Table 1).

3.1  |  Clinical response to dupilumab treatment 
in CRS

All groups had a significant clinical response to dupilumab treatment, 
measured by SNOT-22 score and TNPS. Patients with eosinophilia 
≥0.3G/L at baseline showed the most benefit from the dupilumab 
treatment after 1, 3, and 6 months, with a mean change of 51.2% of 
the SNOT-22 score (mean differences: 22.6, 26.4, 26) after 1 month, 
compared to a mean change of 32.5% in patients without eosino-
philia at baseline. However, the TNPS (mean differences: 3, 3, 5) 
changed equally by 50% in the two groups (Figure 1, Table S2).

3.2  |  Eosinophil levels under dupilumab treatment

Overall, the eosinophilic granulocyte count did not increase 
over the 6 months. Means were 0.46G/L, 0.57G/L, 0.55G/L, and 
0.46G/L on days 0, 28, 90, and 180, respectively. The highest in-
dividual eosinophil count was 2.57G/L on day 28 of dupilumab 
treatment; this one had started at 1.01G/L on day 0 (Figure 2A). 
Patients with eosinophils of ≥0.3G/L at baseline, had no significant 
further increase in blood eosinophil levels under dupilumab treat-
ment (Figure 2C).

Subjects with an increase of eosinophils ≥0.5G/L during dupi-
lumab treatment showed higher eosinophil levels on days 28 and 90 
(Figure 2B).

3.3  |  Serum biomarker expression under 
dupilumab treatment

Overall IL-5 showed a nonsignificant increasing trend on days 90 
and 180 compared to day 0 (p-value .23, .76). In the patient group 
with an eosinophil increase of ≥0.5G/L under dupilumab treatment, 
IL-5 had the same trend of increase on day 90 compared to day 0 of 
dupilumab treatment (p-value .12). Overall ECP showed no signifi-
cant changes over time. In the group with an eosinophil increase, we 
found the same trend on day 28 (p-value .31). In the group without 
increased eosinophils, we observed a nonsignificant reduction of 
ECP at day 28 (p-value: .16, Figure 2G).

Eotaxin-1 (CCL11) and ICAM-1 showed unchanged overall 
expression over time and no changes during dupilumab therapy 
(data not shown). VCAM-1 was overall irregularly expressed with 
a high standard deviation at all timepoints (means day 0: Mean 
4415.6 ± 6894.3, day 28: Mean 6781.4 ± 9617.7, day 90: Mean 
3991.2 ± 6492.0, day 180: Mean 1456.6 ± 713.1) and significantly 
decreased on day 180 compared to day 0 (p-value .048, CI 169.7–
12,299.71, V = 54) (Figure 2H). IL-4 showed overall a nonsignificant 
higher expression on days 90 and 180 compared to day 0. In the 
group with eosinophil increase, VCAM-1, ICAM, eotaxin-1, and IL-4 
showed no significant different expressions on days 28, 90, or 180 
compared to baseline. Furthermore, there were no significant dif-
ferences between the groups with and without eosinophil increase 
(data not shown).

Comparing the mean changes of VCAM-1, ICAM-1, IL-4, and 
Eotaxin-1 under dupilumab treatment with the mean changes of eo-
sinophil counts between days 0 and days 28 or 90 overall, we found 
no significant correlation.

3.4  |  Flow cytometric analysis of eosinophils 
surface markers

CD49d (Integrin α) was significantly higher expressed in healthy con-
trols compared to the patients in our cohort on days 0, 28, and 90 
(Figure 3A). In the group with an eosinophil increase during dupilumab 
treatment, CXCR4 was significantly downregulated compared to the 

TA B L E  1  Demographics and characteristics.

Total (N = 68)

Age

Mean age 50.7 (SD 13.4; range 27–76)

Sex

Men 45 (66.2%)

Women 23 (33.8%)

NERD

No NERD 44 (64.7%)

NERD 24 (35.3%)

Asthma

No asthma 16 (23.5%)

Asthma 52 (76.5%)

No of Sinus Surgeries

0 15 (22.1%)

1 21 (30.9%)

2 15 (22.1%)

3 9 (13.2%)

4 6 (8.8%)

5 2 (2.9%)

Elevated eosinophils (≥0.3G/l) at baseline (day 0)

No elevated eosinophils d0 25 (36.8%)

Elevated eosinophils d0 43 (63.2%)

Eosinophil increase (≥0.5G/l) during 6 months of treatment

No eosinophil increase 47 (69.1%)

Eosinophil increase 21 (30.9%)

Abbreviation: NERD, nsaid exacerbated respiratory disease.
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group without eosinophil increase on days 0 and 28 (Figure  3D). 
Expression levels of other receptors (CCR3, CCR4, CD11b, CD162, 
CD62L, CD66b, CD88, CRTH2, CXCR3) showed no significant 
changes in the analysis overall and of the subgroups under dupilumab 
therapy.

3.5  |  Correlation of serum biomarkers, surface 
receptor expression, and eosinophils

Spearman's correlation of blood eosinophil levels and the dif-
ferent measured biomarkers (ECP, IL-5, VCAM-1, ICAM-1, IL-4, 

F I G U R E  1  SNOT-22 Score and Total Nasal Polyp Score in type 2 CRS patients treated with dupilumab on days 0, 28, 90, and 180 after 
treatment start. Subgroups are defined by elevated eosinophils ≥0.3G/l at baseline (red) and by an increase of eosinophils of at least 
≥0.5G/L during 6 months of therapy (orange). (A) and (D) SNOT-22 Score and TNPS overall, (B) and (E) SNOT-22 Score and TNPS grouped by 
eosinophils ≥0.3G/L (red) and normal eosinophils ≤0.3G/l (blue) at baseline, (C) and (F) SNOT-22 Score and TNPS grouped by an increase of 
eosinophils ≥0.5G/L during 6 months of therapy (orange) and no increase of eosinophils ≥0.5G/L during 6 months (green). SNOT-22: Sino-
Nasal-Outcome Test 22, TNPS: Total Nasal Polyp Score. p-values are reported above the brackets: 0.05*, 0.01**, 0.001***, 0.0001****.
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eotaxin-1) on all timepoints showed only positive correlations 
between IL5, ECP, and eosinophils (Figure S1). There were no sig-
nificant correlations between VCAM-1, IL-4, ICAM-1, Eotaxin-1, 
and eosinophils.

The development of high eosinophil levels under dupilumab 
is associated with a low expression of CXCR4. CXCR4 expression 

also shows a significant impact on eosinophils in a linear regres-
sion model (r2 = −0.0083, SE 0.0023, t = −3.6, p-value <.001, 
y = −0.008324*x + 0.784597). CD49d as well as CCR3 correlate 
positively with CXCR4 (Figure 4). VCAM-1, ICAM-1, and eotaxin-1 
show no association with the receptor expression levels (data not 
shown).

F I G U R E  2  Blood eosinophil levels 
and serum expression levels of ECP, IL-5, 
VCAM-1, and IL-4 on days 0, 28, 90, and 
180 overall and eosinophil increase under 
dupilumab therapy. Overall expression 
of (A) level of blood eosinophils, (D) IL-5-, 
(F) ECP-, (H): VCAM-1-, and (J) IL-4-
concentration. Grouped by an eosinophil 
increase of ≥0.5G/l (orange) or no 
eosinophil increase (green): (B) level of 
blood eosinophils, (E) IL-5-, (G): ECP-, (I): 
VCAM-1- and (K) IL-4 concentration. (C) 
blood eosinophils grouped by elevated 
eosinophils at baseline (red), non-elevated 
eosinophils at baseline (blue). p-values 
are reported above the brackets: 0.05*, 
0.01**, 0.001***, 0.0001****.
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3.6  |  Proteomics analysis

For further evaluation of dysregulated proteins between patients 
with eosinophil increase and without, Olink® analysis was per-
formed. On day 0 of treatment, five proteins were already expressed 
differently, including IL4, CCL25, CCL19, and IFN-γ. The same 

proteins were either upregulated or downregulated on day 28 of 
treatment (Figure 5).

To examine IL-4 and CXCR4 as possible predictors for dupilumab-
induced eosinophilia, we conducted a ROC analysis. The area under 
the curve for IL-4 was 0.738 (73.8%) and for CXCR4 94%. For 
IL-4 the sensitivity was 83% and specificity 50% at a threshold of 

F I G U R E  3  Eosinophil receptor CD49d 
and CXCR4 expressions under dupilumab 
therapy. Boxplots of eosinophil surface 
markers measured by flow cytometry 
on days 0, 28, 90, and 180, compared 
with healthy controls (HD). Dx indicates 
patients with long-term treatment of 
dupilumab (>6 months), (A) and (C) CD49d 
(Integrin-α-4) and CXCR4 expression 
overall, mean differences between HD 
and the different timepoints days 0, 
28, 90 and with long-term treatment 
of dupilumab (dx). (B) and (D) CD49d 
and CXCR4 expression grouped by an 
increase of eosinophils ≥0.5G/L and no 
increase of eosinophils. Adjusted p-values 
are reported above the brackets: 0.05*, 
0.01**, 0.001***, 0.0001****.

F I G U R E  4  (A) Spearman's correlation 
of CXCR4 and eosinophils of all patients, 
the linear trend is shown by a red line and 
confidence interval by a green shadow, 
(B) correlation of CXCR4 and CD49d, 
(C) correlation of CXCR4 and CCR3, (D) 
correlation of CCR3 and eosinophils, (E) 
correlation of IL-4 and eosinophils.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.15844 by U

niversität B
ern, W

iley O
nline L

ibrary on [21/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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1.35 pg/mL. The sensitivity for CXCR4 was 88% and specificity 92% 
at a threshold of 31.5 Mean Fluorescence Intensity (MFI) (Figure 6).

4  |  DISCUSSION

In this study, we investigated patients with diffuse type 2 CRS under 
therapy with dupilumab for the outcome and development of eo-
sinophilia. A rapid clinical response was achieved in all patients in-
cluded regardless of eosinophil counts. Patients with eosinophilia 
≥0.3G/L at baseline had an even better clinical response. An increase 
of eosinophils while on dupilumab was found in 30.9%. They showed 
elevated IL-4 values and decreased CXCR4 expression on eosino-
phils before treatment start with dupilumab.

In our cohort, all groups reached the minimal clinically important 
difference of 12 points (MCID) of the SNOT-22 score after 1 month 
under dupilumab therapy.33 In line with the findings of Bertlich M. 

et al., and Fujieda et al., who reported a better clinical response to 
dupilumab in patients with severe eosinophilic CRS, we observed 
the best SNOT-22 mean changes in patients with eosinophilia at 
baseline.34,35 In these patients, we also observed no further increase 
in blood eosinophils during dupilumab treatment.

The 21 patients with an eosinophil increase of ≥0.5G/l during dup-
ilumab treatment reported the same clinical response compared to 
patients without an eosinophil increase. None of the patients with eo-
sinophil increase developed eosinophil-induced symptoms, and ther-
apy with dupilumab could be continued in all of them. Unlike Deimling 
et al., we also observed no cases of EGPA.25 Therefore, the increase 
of eosinophils does generally not seem to be clinically relevant. This is 
in line with a recently published systematic review by Wechsler ME. 
and Wollenberg et al.24,26 Furthermore, transient eosinophilia seems 
to recover after about 6 months as described by Bachert et al.16

The overall IL-5 concentration in our cohort showed a slight but 
not significant increase. This is in contrast to the findings described 

F I G U R E  5  Heatmaps of dysregulated proteins analyzed by Olink® method. Values are reported standardized. The z-score legend is 
presented on the right side of the heatmap. Groups are indicated above the heatmaps. Green: subjects without an increase of eosinophils, 
pink: subjects with an increase of eosinophils of at least 0.5G/L during 6 months of therapy. (A) Samples on day 0 of dupilumab therapy, (B) 
day 28.

F I G U R E  6  ROC curve for development of dupilumab-induced eosinophilia of (A) IL-4 measured by Olink® and (B) CXCR4. The optimal 
point is indicated by the Youden index.
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in other studies.16,36 In the subgroup analysis, the increase of IL-5 
could be clearly assigned to the cohort with an eosinophil increase 
during dupilumab therapy. Also, for ECP, we observed an increase 
in the subgroup with dupilumab-induced eosinophilia, whereas the 
overall ECP was not increasing. The slight increase of IL-5 positively 
correlates with blood eosinophils (Figure S1). Previous studies indi-
cate that Th2 and ILC2 cells are downregulated in patients treated 
with dupilumab. This might suggest that the elevated number of se-
creting eosinophils in our study could be responsible for the increase 
of IL-5 and ECP.37–42 However, in this study we did not investigate 
lymphocytes and MC as possible sources of IL-5 secretion, there-
fore the source of elevated IL-5 cannot be definitively attributed and 
should be further investigated.

We could demonstrate that VCAM-1 is reduced in the serum 
of dupilumab-treated patients as hypothesized by Castro et al. and 
Hamilton et al.17,28

VCAM-1 is an adhesion molecule, which binds to the surface 
receptor CD49d (Integrin alpha4/beta1) of eosinophils and enables 
them to roll along the endothelium for tethering and migration into 
inflamed tissue.43,44 VCAM-1 is significantly upregulated in IL-4-
mediated inflammation and is induced by IL-4 through the STAT6 
pathway.45–47 In our cohort, we observed a reduction of VCAM-1 
overall after 6 months of dupilumab therapy. This finding suggests 
that the reduction of VCAM-1 resulting from blocking the IL-4 re-
ceptor leads to a decrease in rolling, adhesion, and migration of eo-
sinophils, which ultimately results in an increase of circulating blood 
eosinophils.

CD49d (VLA-4) is the corresponding receptor for VCAM-1 on 
eosinophils; it showed a decreased expression at almost all time 
points compared to healthy controls. CD49d is downregulated by 
IL-4 through the STAT6 pathway.48,49 Accordingly, CD49d on eosin-
ophils is reduced in patients with type 2 inflammation.50 Decreased 
CD49d on eosinophils reduces adhesion and migration and leads to 
an increase in peripheral blood eosinophil levels. CD49d expression 
on eosinophils did not change in patients treated with dupilumab, 
while VCAM-1 was downregulated.

CXCR4 on eosinophils was significantly downregulated on days 0 
and 28 in patients with an increase of eosinophils of at least 0.5G/L 
during 6 months of dupilumab treatment and compared to patients 
without an increase of eosinophils, it correlated negatively with the 
blood eosinophil counts. CXCR4/CXCL12 plays an important role 
in chemotaxis, cell growth, and cell migration of eosinophils.51–53 
Nagase et al. further reported that CXCR4 surface expression was 
downregulated by IL-4.54,55 CXCR4 is also crucial for homing of 
eosinophils into the CXCL12-rich tissue including bone marrow.56 
Therefore, eosinophils with low CXCR4 have a reduced capacity for 
migration in tissues and for homing in CXCL12-rich tissues, leading 
to an increase in circulating blood eosinophils. The negative correla-
tion of CXCR4 and eosinophil levels shown in our study supports this 
hypothesis (Figure 4A). The difference in CXCR4 expression among 
the groups with and without eosinophilia was not anymore signif-
icant on day 90 (Figure  3D) suggesting that the CXCR4 receptor 
expression levels on eosinophils seemed to improve when the IL-4 

receptor was blocked with dupilumab. CXCR4 expression positively 
correlated with CD49d and CCR3, an eotaxin receptor (Figure 4B,C). 
Eosinophils with low expression of CXCR4 had also low numbers of 
CCR3 and CD49d receptors on the surface. Low CCR3 expression 
leads to worsened chemotaxis and migration.57 The lack of CD49d 
prevents eosinophil tethering, rolling, and migration.48,49 The com-
bination of these different factors seems to impede the migration of 
eosinophils in the described patient subsets and induce an increase 
of blood eosinophils.

In patients with an increase in eosinophils during dupilumab 
therapy, IL-4 levels were initially significantly higher (Figure  5A). 
IL-4, secreted by MC, ILC2, and Th2 cells, mediates type 2 inflam-
mation including B-cell isotype switch, remodeling, and macrophage 
activation.58 It is usually upregulated in type 2 inflammation includ-
ing asthma, atopic dermatitis, or type 2 CRS. Recently, IL-4 was de-
scribed as a main driver of type 2 airway inflammation.59 As Nagase 
et al. described, the high levels of IL-4 may cause the low expression 
of CXCR4 in patients with an increase in eosinophils, which is sup-
ported by the finding of an inverse correlation of IL-4 and CXCR4 
(Figure S2).54,55

The ROC curve revealed a weak area under the curve for the 
prediction of dupilumab-induced eosinophilia using the baseline 
IL-4 concentration. However, the ROC curve of CXCR4 was ex-
cellent, with an area of 94% under the curve, and a sensitivity of 
88%. Although dupilumab-induced transient eosinophilia seems not 
clinically relevant in the majority of cases,22–25 there are case re-
ports with dupilumab-associated hypereosinophilic syndromes.60–62 
Therefore, CXCR4 on eosinophils might be a valuable predictive 
marker for stratifying patients who might develop eosinophilia 
and should be monitored more carefully under the treatment with 
dupilumab.

In this study, we were able to describe that dysregulation of mi-
gration and chemotaxis of eosinophils may induce blood eosinophilia 
in some patients with diffuse type 2 CRS treated with dupilumab. 
However, other effects of dupilumab on lymphocytes, MC, or on the 
lifespan of eosinophils as well as on the production of eosinophils 
have not been investigated.

In conclusion, the dupilumab-induced transient eosinophil in-
crease in a selected patient group may be affected by an initially el-
evated IL-4 concentration with a consecutive downregulated CXCR4 
receptor on eosinophils and the concomitant decrease of VCAM-1 
caused by dupilumab. The blocking of IL-4 by dupilumab results in 
a recovery of CXCR4 expression, enabling eosinophils to home into 
tissue. Although transient eosinophilia under dupilumab treatment 
is usually not clinically relevant, IL-4 and CXCR4 might serve as pre-
dictive markers.
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