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                                                                          Subcutaneous immunotherapy using modified Phl p5a-derived 
peptides efficiently alleviates allergic asthma in mice 

            To the Editor, 
 Allergen-specific immunotherapy (AIT) is a treatment for allergic 

airway disease that induces long-term tolerance by repeated aller-
gen injections and induced regulatory T (reg) cells at the expense 
of Th2 cells. Nonetheless, AIT requires large amounts of allergens 
that need to be administered over prolonged periods of time and 
treatment can induce severe side effects. Allergen-derived peptides, 
encoding the dominant T-cell epitopes, lack the capacity to bind IgE 
and are a safe alternative. Unfortunately, treatment response to 
peptide AIT is suboptimal for most allergens. 1,2  Peptides may have a 
short half-life after administration and need to be phagocytosed by 
DCs for presentation to T cells to exert their tolerogenic activity. We 
have previously designed a novel strategy to increase uptake and 
presentation of peptides by DCs, while also influencing their tolero-
genic phenotype. 3  

 Dendritic cells (DCs) express sialic acid-binding Ig-like lectins 
(siglecs), which function as endocytic receptors. In mice, sialylation 
of antigens has been shown to instruct DCs to manifest an anti-
gen-specific tolerogenic state, enhancing generation of Treg cells 
while reducing the generation of inflammatory T cells. 4  Therefore, 
we hypothesize that sialylation of peptides encoding the immu-
nodominant T-cell epitopes from the  Phleum pratense  5a allergen 
(Phl-p5a) has the potential to enhance the efficacy of peptide AIT. 
To test our hypothesis, we compared unmodified and sialylated 
Phl-p5a-peptides in an experimental grass pollen subcutaneous 
AIT (GP-SCIT) model, 5  to evaluate whether peptide SCIT is effec-
tive in suppressing allergic airway inflammation and whether the 
use of sialylated peptides leads to increased induction of Tregs and 
enhanced suppression of allergic phenotypes as compared to the 
unmodified peptide SCIT. 

 We first measured T-cell activation by DCs loaded with unmod-
ified or sialylated Phl-p5a peptides in vitro. Next, GP-sensitized 
mice received SCIT with unmodified or sialylated Phl-p5a peptides 
(or control) followed by GP challenges to induce allergic airway 
inflammation. Ear swelling tests were performed, and specific im-
munoglobulins, airway hyperresponsiveness (AHR), and airway in-
flammation were measured. 6  

 Two peptides encoding the immunodominant BALB/c T-cell 
Phl-p5a epitopes were synthesized, sialylated, and mixed in equi-
molar ratio for use in the in vitro T-cell stimulations and in our in 
vivo SCIT model (Figures  1 A-C,  S1 ). We observed that GP-specific 
T cells showed increased proliferation, higher FoxP3 expression, 
and produced higher TGF-β1 and reduced IL-5 levels in response 

to Sia-peptide-loaded DCs, as compared to unsialylated controls 
(Figure  1 B).  

 In our in vivo model, (Sia)-peptide SCIT did not affect the GP-
specific B-cell response, in contrast to SCIT using GP extracts 
(Figure  S1 C). In GP-sensitized mice, GP-SCIT and Sia-peptide SCIT 
resulted in a significantly decreased ear swelling response to GP 
challenges, as compared to controls (Figure  S2 A). The airway resis-
tance in response to a dose-range of methacholine was significantly 
reduced in both GP-SCIT and (Sia)-peptide SCIT mice compared to 
controls, with no significant differences between the two treatment 
groups (Figure  1 D). Suppression of eosinophilic airway inflammation 
was observed in GP-SCIT mice compared with Sham-treated mice in 
both bronchoalveolar lavage fluid (BALF) and lung tissue (Figure  2 A). 
Although unmodified peptides failed to significantly reduce eosin-
ophils in BALF and lung tissue compared with controls, the use of 
sialylated peptides did achieve a significant decrease in eosinophils 
in both BALF and lung tissue compared with sham-treated mice 
(Figure  2 A). We observed a relative suppression of eosinophil num-
bers by Sia-peptide SCIT of 7-fold for BALF and 6-fold for lung com-
pared with controls (Figure  2 B).  

 Next, we assessed T-cell responses in the peptide SCIT-treated 
mice. Although ILC2s numbers were unaffected by peptide SCIT 
in our model, the number of Th2 (GATA3 + ) cells was significantly 
decreased in lung tissue after both GP-SCIT and Sia-peptide SCIT 
treatment as compared to controls (Figures  S2 B,  1 E). Interestingly, 
FoxP3 +  Treg cells were increased in lung tissue only after Sia-pep-
tide SCIT, as compared to both controls and mice receiving the un-
modified peptide (Figure  1 E). We observed decreased levels of IL-5 
in BALF of GP-SCIT mice, while IL-10 and IL-13 were not affected 
(Figure  S1 E). Moreover, we found significantly decreased levels of 
IL-4, IL-13, IL-33, and IL-17 in lung tissue from GP-SCIT and/ or (Sia)-
peptide SCIT-treated mice (Figures  2 C,  S2 D). 

 Last, we evaluated the Th2 activity by measuring cytokine pro-
duction in GP-pulsed ex vivo-cultured lung cell suspensions and ob-
served a trend toward decreased levels of IL-5, but not IL-13, in cells 
from mice treated with GP-SCIT or Sia-peptide SCIT (Figures  2 D, 
 S2 C). In addition, levels of IL-10 were increased in cells from GP-SCIT 
and unmodified peptide SCIT mice (Figure  2 D). In contrast, TGF-β1 
levels were only significantly increased in lung cell suspensions from 
mice that had received unmodified peptide SCIT, although differ-
ences between groups were small (Figure  S2 C). 

 In this study, we provide evidence that the use of Phl-p5a pep-
tides for SCIT is effective in suppressing asthmatic manifestations 
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            F I G U R E  1   A, Outline of (Sia-) peptides 1 and 2 and co-cultures of GP- or (Sia)-peptide stimulated BMDCs with CFSE-labeled CD4 +  T 
cells. B, FoxP3 +  T cells and CFSE Low  T cells (both as % of total single living CD3 + CD4 +  T cells) and levels of TGF-β1 and IL-5 pg/mL, n = 12 
(mean ± SEM). C, Outline of the SCIT protocol and treatment groups. D, Airway resistance (R in cmH 2 O.s/mL) at day 51. E, GATA3 +  and 
FoxP3 +  T cells in lung single cells (% live cells) (mean ± SEM). * P  < 0.05, ** P  < 0.01, and *** P  < 0.005 compared to unsialylated-peptide 
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induced by GP exposure in sensitized mice and that peptide SCIT 
is as effective as GP-SCIT. Sialylation of the peptides used in SCIT 
resulted in increased T-cell activation, enhanced numbers of FoxP3 +  
T cells both in vitro and in vivo, and achieved increased suppression 
of Th2 cells and eosinophilic inflammation in lung tissue compared 
to unmodified peptides. 

 Whereas the GP-SCIT model is based on the whole GP-extract 
encompassing all allergens, our peptide SCIT uses two short syn-
thetic peptides based on the major T-cell epitopes in Phl p5a, 7  which 
might explain why peptide SCIT is not as effective on all parameters 
as the reference GP-SCIT using crude extracts. It has recently been 
shown that AIT modifies CD4 +  T cells in an epitope-specific manner, 
resulting in depletion of those T-cell clones that were specifically in-
creased in allergic patients. 8  Therefore, optimal peptide SCIT might 
require peptide sequences from all major GP allergens. Moreover, 
since T-cell epitopes are dependent on MHC use, a wider variety 
of T-cell epitopes will be needed to obtain a formulation that can be 
applied in most GP allergic individuals, while keeping the peptides 
as short as possible (20 AA) to prevent IgE cross-linking and adverse 
events. 7  Consequently, the net dosage of each individual peptide in 
the mixture used will be relatively low. We postulate that sialylation 
of the peptides used in such formulations is a valuable approach to 
increase efficiency of peptide SCIT. 

 In conclusion, the use of sialylated allergen-derived peptides en-
coding T-cell epitopes is a promising approach toward efficient and 
safe AIT treatment regimens.  
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                                Subsetting reveals CD16 high  CD62L dim  neutrophils in chronic 
rhinosinusitis with nasal polyps 

              To the Editor: 
 Neutrophils are continuously present in the nasal mucosa, and fre-
quently overlooked when listing potential factors involved in the pa-
thology of chronic rhinosinusitis with nasal polyps (CRSwNP). The 
recent discovery of different neutrophil subsets, with diverse roles 
during inflammatory conditions, motivates a re-examination of their 
role in this disease. In the present investigation, the manifestation 
of neutrophil subsets was determined in CRSwNP patients, and the 
ability of CD16 high  CD62L dim  neutrophils to phagocytose and form 
reactive oxygen species (ROS) was examined in vitro (Methods in the 
online  Supporting Information ). 

 An increase in eosinophil fractions in blood and nasal tissue from 
patients with CRSwNP was confirmed (Figure  S1  A,B). This was not 
seen for neutrophil fractions (Figure  S1  C,D). The remaining CD45 + 

 cells constituted mostly of monocytes, lymphocytes, macrophages, 
and basophils (data not shown). When the neutrophil population was 
subdivided according to the individual cellular expression of FcγRIII 
(CD16) and L-selectin (CD62L), three distinct sets of neutrophils 
could be demonstrated as previously described: CD16 dim  CD62L high  
(recently released from the bone marrow, regarded immature), 
CD16 high  CD62L high  (mature neutrophils), and CD16 high  CD62L dim  
(thought to be more activated, displaying a hyper-segmented nuclear 
morphology accordingly) (Figure  1  A,B) (see full gating procedures 
in Figure  S2  A,B). 1  The neutrophil subset CD16 high  CD62L dim  was 
significantly higher in polyp mucosa (Figure  1 C). The mature neu-
trophil subset, CD16 high  CD62L high , dominated in control nasal mu-
cosa (Figure  1 C). Nasal polyps exhibited a higher ratio of CD16 high  
CD62L dim  / CD16 high  CD62L high  neutrophils compared with control 
nasal mucosa (Figure  1 D). The normal mature neutrophil subset, 
CD16 high  CD62L high , dominated in peripheral blood in both CRSwNP 
patients and healthy controls (Figure  S2  C).  

 The protein integrin CD11b forms a heterodimer with CD18 and 
mediates inflammation by regulating leukocyte adhesion and migra-
tion through binding to the cell surface molecule ICAM-1. CD11b is 
therefore often used as a marker of neutrophil activation and was 
presently shown to be upregulated on systemic and local neutrophils 
from CRSwNP patients (Figure  S3 ). The expressed levels of CD11b 
were markedly increased on CD16 high  CD62L high  and CD16 high 

 CD62L dim  neutrophils in patient blood, nasal mucosa, and polyps 
(Figure  1  E-G). No such shift was seen in healthy controls (Figure 
 S4  A-C). Correspondingly, ICAM-1 (full gating procedures shown 
in Figure  S5 ) was upregulated on epithelial cells from CRSwNP pa-
tients, suggesting a mechanism for a neutrophil-epithelial cell inter-
action in nasal polyps (Figure  1  H,I). Recent use of topical steroids 
did not seem to affect the expression of CD16, CD62L, CD11b, or 
ICAM-1 (data not shown). 

 Neutrophils isolated from blood from CRSwNP patients were 
treated in vitro with LPS for 1 hour for activation (Figure  2 A) re-
sulting in neutrophils highly differentiating to the CD16 high  CD62L dim  
subset (Figure  2 A, LPS(+),  S aureus  BP(-)).  S aureus  bioparticles (ie, 
biomolecules from killed bacteria) were subsequently added. LPS-
treated neutrophils displayed a greater capacity to phagocytose  S 
aureus  bioparticles (Figure  2 B). The levels were comparable with 
positive control assays with ionomycin (data not shown). Assays with 
neutrophils and DHR-123 revealed more ROS formation with LPS-
treated neutrophils (constituting mostly of CD16 high  CD62L dim  neu-
trophils, Figure  2 A) (Figure  2 C). These data indicate that CD16 high  
CD62L dim  neutrophils are prone to phagocytose bacterial particles 
and induce oxidative burst (Figure  2 D).  

 In 2012, Pillay et al 1  identified the existence of different neu-
trophil subsets. The CD16 high  CD62L dim  subset, regarded activated, 
exhibited T cell–suppressing capacities and decreased adherence 
to the endothelium during induced acute inflammatory conditions. 2  
The same subset has been shown to enhance bradykinin-dependent 
contraction of smooth muscle cells in airways, suggesting a role for 
neutrophils in asthmatic airway hyperactivity. 3  

 More than 10% of the Western population suffers from CRS, 
and recent findings have stressed the immunological complexity 
of the disease, making it obvious that the concept of Th1/Th2 in-
flammation is not sufficient to explain the pathology.  S   aureus  is 
found intramucosally, and colonizing the mucosal surface and its 
products has been demonstrated within the polyp tissue-stim-
ulating immune responses. 4  Neutrophils generate ROS during 
phagocytosis and in response to soluble agonists. This functional 
response, termed oxidative burst, contributes to host defense and 
is together with phagocytosis a critical antimicrobial mechanism 
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Supplemental Materials and Methods1

2

Peptide Synthesis3

The antigenic peptides derived from the GP protein Phl p5a were synthesized by solid-phase peptide4

synthesis using Fmoc chemistry on a Symphony peptide synthesizer (Suppl. Figure E1A-B).5

6

Maleimido-sialylated glycan and sialylated glycopeptide preparations7

The sialylated-glycan (SLN302), MPBH and 2-methylpiridine borane (1:3:10), dissolved in8

DMSO/AcOH/TFA (8:2:0.1) were heated at 65°C for 2 hours. After precipitation with9

dichloromethane and diethyl ether (1:2), the pellet was dissolved in water and HPLC-purified. The10

peptides reacted in DMSO/TMP 50mM with the MPBH-sialylated glycan (1:1.2) prior to purification11

by HPLC. Mass and purity were confirmed by UPLC-MS (1).12

13

Generation and culturing bone marrow derived dendritic cells14

Bone marrow derived dendritic cells (BMDCs) harvested from femurs and tibias of GP-sensitized15

adult BALB/cByJ mice and cultured in RPMI-1640 with L-glutamine (2mmol/L), 10% FCS and 1%16

Penicillin Streptomycin in 6-well plates with 1x106 cells/mL per well. The medium was supplemented17

with 20 ng/mL GM-CSF and 20 ng/mL IL-4, refreshed every three days, and in total cultured for 918

days. At day 10, matured DCs were harvested by vigorous pipetting and used for co-cultures with19

isolated CD4+ T-cells at a ratio of 1:3.20

21

Isolation of CD4+ T cells from spleen and lymph nodes22

Both spleen and lymph nodes, isolated from the same mice, were plunged through a 70µm cell-23

strainer and flushed through with 40mL RPMI-1640 medium. After a erythrocyte lysis and cell count,24

CD4+ T-cells were isolated from the cell-suspension using the MagCellect mouse CD4+ T-cell isolation25

kit (R&D systems) and stained using 2µM Carboxyfluorescein succinimidyl ester for 20 min at room26

temperature in the dark.27

28

Co-culture of BMDCs and CD4+ T-cells29

Matured BMDCs were harvested, washed, counted and reloaded on a 48-wells plate (2.5x104 DCs per30

well) containing fresh medium. (Sialylated)-Peptides at 5µM or 30µg of GP (positive control) were31

added and left for a 3h incubation. Hereafter, 7.5x104 isolated CD4+ T-cells were added to stimulated32

BMDCs (ratio 1:3) and incubated for 2, 5 and 10 days. At each time point, supernatant was collected33

and the cells were included in flow cytometry. IL-5 and TGF-β1 was measured in the supernatants34

according to manufacturers’ protocols (BioLegend). All cells were extracellularly stained for CD13435



(OX-40)-PE/Cy7, CD4-PerCP/Cy5.5, CD25-APC (all BioLegend), CD3e APC-eFl780, CD69-eFluor605NC.36

Dead cells were stained using a diluted Fixable Viability Dye eFl450 for 10 minutes in PBS. Hereafter,37

all cells were intracellular stained for FoxP3-PE (all eBioscience).38

39

Mice40

Mature BALB/cByJ mice (The Jackson Laboratory) were held in the central animal facility (Centrale41

Dienst Proefdieren (CDP)) in the University Medical Center of Groningen (UMCG). All proceedings42

were performed under defined conditions according to federal and European guidelines and this43

experiment (DEC6656B) was approved by The Institutional Animal Care and Use Committee at the44

University of Groningen. The mice were bred in individually ventilated cages (IVC) on a hypo-allergen45

GP-free diet Female 7-9 week-old progeny were used for this experiment and provided with GP-free46

diet and water ad libitum (8 mice/ group).47

48

Experimental setup49

All mice received two intraperitoneal injections of 5,000 standardized quality (SQ) units (5kSQ = 8 μg50

allergen extract of GP (Phleum pratense; ALK-Abelló) adsorbed to 2.25 mg Alum (Thermo Scientific) in51

100 µL PBS. On day 22, blood was taken through an orbital punction (Pre1-serum) and the ear52

swelling tests (EST) were performed (2). Then, all mice received 100 μL subcutaneous injections with53

SCIT formulations. The ESTs were repeated accompanied by second orbital puncture (Pre2-serum).54

Negative controls underwent 3 challenges with 25 μL PBS, while all the other mice received 25kSQ55

GP in 25μL PBS. Airway hyperresponsiveness (AHR) was determined and sera samples, broncho-56

alveolar lavage fluid (BALF), femurs and tibia were dissected for cell isolation. All lung lobes and (lung57

draining) lymph nodes were then removed, processed and stored for further analyses (3).58

59

Lung function measurements and serum immunoglobulins60

48 hours after the final challenge, AHR was measured, using the FlexiVent machine, after intravenous61

administrations of increasing dosages of methacholine 0, 50, 100, 200, 400 and 800μg/kg, by62

obtaining airway resistance and compliance. Hereafter, all mice were sacrificed by collecting all the63

blood through a vena cava puncture (post-serum)(3). ELISA was performed to determine the levels of64

GP-spIgG1, GP-spIgG2A (both Bethyl), total IgE (BioLegend) and GP-spIgE in serum taken at three65

different time points (pre1-, pre2-, and post-serum).66

67

Evaluating inflammation in BAL fluid and Lung cell suspensions68

Bronchoalveolar lavage fluid (BALF) was obtained and stored for cytokine analyses and cell pellets69

were used for cytospin preparations, stained with Diff-Quick and 300 cells per cytospin were70



evaluated and differentiated into mononuclear cells (M), neutrophils (N), and eosinophils (E) by71

standard morphology. Concentrations of amphiregulin and TGFβ1 (R&D Systems), IL-5 and IL-1072

(both BD Biosciences) in BALF were determined using ELISA according to manufacturer’s protocol. All73

lung lobes were processed as previously published (3). The cells were counted and used for cytospin,74

restimulation, and flow cytometry. Restimulations were performed to evaluate the T cell responses75

after 5 days of GP exposure in vitro. BCA analyses and Luminex® were performed to determine the76

effects of SCIT on concentrations of several cytokines in lung cell supernatant. We included the77

following cytokines: IL-1α, IL-4, IL-5, IL-10, IL-13, IL-17, IL-33, CCL20 (MIP3α), Eotaxin, KC, IFNγ, and78

GM-CSF (R&D Systems). Lung cells extracellularly stained for BV605™ Ly-6A/E (Sca-1), APC CD45,79

PE/Cy7 CD90.2 (all BioLegend), ST2L FITC (mdBiosciences), CD127 APC-eFl780, Gata-3 PerCP-eFl710,80

FoxP3 PE, and Fixable Viability Dye eFluor™ 450 (all eBioscience). Intracellular markers, FoxP3 and81

Gata3, were used after fixating and permeabilizing the cells using the Foxp3 / Transcription Factor82

Staining Buffer Set (eBioscience), according to manufacturer’s protocol.83

84

Statistics85

The difference between groups was calculated using the Mann-Whitney U test (significant when p <86

0.05). The Grubbs test was used to find extreme outlier and was removed for further analysis. For87

airway resistance and compliance, a generalized estimating equation (GEE) analysis was performed in88

SPSS (IBM), with P < 0.05 considered as statistically significant.89
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Supplementary Figures104

105

Figure S1A, Outline of Phl p5a with peptide one and two highlighted. B, details of the sialylation-106

reaction. C, Serum total IgE, GP-spIgE, GP-spIgG1, GP-spIgG2a (Arbitrary Units (AU)/mL) taken before107

SCIT (white bars, Pre1), before challenge (grey bars, Pre2), and after challenges (black bars, Post)108

(mean ± SEM, n=8). D, total cell counts in bronchoalveolar lavage fluid (BALF) and lung single cell109

suspensions (Lung). E, BALF levels of IL-5, IL-10, and IL-13 (pg/mL) (mean ± SEM, n=8). *P<.05, and110

**P<.01 compared to PC. NC: Negative Control; PC: Positive Control; 10pep, 10Spep: peptide groups111

of SCIT mice, GP challenged.112

113

Figure S2 A, IgE dependent allergic response plotted as net ear thickness (mm) two hours after GP114

injection (1kSQ) in the right ear and PBS in the left ear as a control, performed after SCIT. Placebo-115

SCIT treated mice were plotted together as Controls (NC and PC). B, ILC2s in lung single cell116

suspensions (% live cells) (mean ± SEM). C, Net levels of IL-13 and TGF-β1 measured in restimulated117

single cell suspensions of lung cells, calculated as the concentration after restimulation (30ug GP for118

5 days) minus unstimulated control (PBS) (mean ± SEM) (n=8). D, Levels of IFNγ, IL-10, IL-17, IL-1α,119

GM-CSF, and MIP3α (CCL20) (pg/mg) quantified via Luminex in lung tissue. *P<.05, **P<.01, and120

***P<.005 compared to PC. NC: Negative Control; PC: Positive Control; 10pep, 10Spep: different121

peptide groups of SCIT mice, GP challenged.122
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