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Tick bites have been shown to transmit a novel form of severe food allergy, the galactose-α-1,3-galactose (α-Gal)
syndrome (AGS). Cellular responses to α-Gal in patients with AGS have, to date, not been thoroughly scrutinized.
Therefore, we investigated T and B cell proliferation, activation, and cytokine profiles in response to tick protein extract
(TE) and α-Gal-free TE in patients with AGS and in healthy controls. T and B cells from both patients and controls
proliferated in response to TE, but significantly more in patients with AGS. B cell proliferation, but not T cell proliferation,
in patients with AGS was reduced by removing α-Gal from the TE. In addition, TE induced a clear Th2 cytokine profile in
patients with AGS. Expression of CD23 by B cells correlated only to T cell proliferation. However, both B cell proliferation
and CD23 expression were reduced when CD40L and IL-4 were blocked. A large portion of the IgG1 and IgE antibodies
binding TE in patients with AGS were directed against the α-Gal epitope. We have, for what we believe to be the first
time, investigated T and B cell responses to α-Gal carrying tick proteins in patients with AGS, which will be essential for
the understanding of the immune response against an allergenic carbohydrate transmitted by ticks.
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Introduction
Vector-borne zoonotic diseases are emerging at an increasing rate 
worldwide and are of major concern, largely due to changing global 
ecology (1). Among the most common pathogens transferred by tick 
bites are Rickettsia ricketsii, which causes Rocky Mountain spotted 
fever; Flaviviridae, including tick-borne encephalitis virus; and in 
the Northern hemisphere Borrelia burgdorferi, which causes Lyme 
disease (2). The pathogens are transferred to the host through the 
saliva, which contains a plethora of immunomodulatory proteins 
that facilitate tick attachment and feeding while simultaneously 
inducing an anti-tick immune response in the host (3). Recently, 
tick bites have been associated with a novel form of severe food 
allergy where IgE antibodies are formed against the carbohydrate 
epitope galactose-α-1,3-galactose (α-Gal) (4–6). Ticks from the 
genera Amblyomma, Ixodes, Haemaphysalis, and Rhipicephalus have 
been associated with induction of IgE to α-Gal (7).

The α-Gal epitope is present on glycoproteins and glycolipids 
from mammals, but it is not expressed in primates and old world 
monkeys due to evolutionary silencing of the α1,3 galactosyltrans-
ferase (GT) gene encoding the enzyme for α-Gal synthesis. It is 
suggested that pathogenic and nonpathogenic bacteria present 

in the human gastrointestinal flora are the cause of development 
of IgM and IgG antibodies against the α-Gal epitope (8, 9). IgE-
mediated reactions against α-Gal–containing foods have become 
an emerging allergic disease globally. Patients experience imme-
diate type allergic reactions 3–6 hours after ingesting mammalian 
meat, and the symptoms vary from urticaria and gastrointestinal 
problems to anaphylaxis (10, 11). Patients often require several 
visits to the emergency room before the link to mammalian meat 
consumption is discovered (12). In addition, patients can develop 
reactions to other products with a mammalian origin, e.g., gela-
tin-rich candies, dairy food products, therapeutic monoclonal 
antibodies, antivenom, and vaccines, which is why the disease 
is referred to as the α-Gal syndrome (AGS) (4, 5, 13, 14). We have 
previously shown that saliva from the Ixodes ricinus tick contains 
α-Gal–carrying proteins (15), and AGS is most likely induced by 
α-Gal transmitted to the host via bites. IgE levels to α-Gal have 
been shown to increase with the number of tick bites, and more 
than 1 tick bite was needed to induce IgE to α-Gal (16, 17), in con-
trast to Lyme disease, where a single bite can transmit disease (18).

Until now, there have been no data on the initiation of the allergic 
immune response to α-Gal in patients with AGS. In α1,3GT-knock-
out mice, T cells have been shown to be necessary for the induction 
of IgM antibodies to α-Gal (19). Moreover, subcutaneous sensitiza-
tion of α1,3 GT-knockout mice with α-Gal conjugated to BSA in the 
presence of tick protein extract (TE) (20), or with tick salivary gland 
protein extract alone (21), leads to induction of α-Gal–specific IgE, 
strongly supporting the view that sensitization occurs via the skin, 
i.e., through tick bites. However, the involvement of human T cells 
in isotype switching and production of IgE antibodies in response to 
glycans, including α-Gal, still remains to be elucidated.

Tick bites have been shown to transmit a novel form of severe food allergy, the galactose-α-1,3-galactose (α-Gal) syndrome 
(AGS). Cellular responses to α-Gal in patients with AGS have, to date, not been thoroughly scrutinized. Therefore, we 
investigated T and B cell proliferation, activation, and cytokine profiles in response to tick protein extract (TE) and α-Gal-free 
TE in patients with AGS and in healthy controls. T and B cells from both patients and controls proliferated in response to TE, 
but significantly more in patients with AGS. B cell proliferation, but not T cell proliferation, in patients with AGS was reduced 
by removing α-Gal from the TE. In addition, TE induced a clear Th2 cytokine profile in patients with AGS. Expression of CD23 
by B cells correlated only to T cell proliferation. However, both B cell proliferation and CD23 expression were reduced when 
CD40L and IL-4 were blocked. A large portion of the IgG1 and IgE antibodies binding TE in patients with AGS were directed 
against the α-Gal epitope. We have, for what we believe to be the first time, investigated T and B cell responses to α-Gal 
carrying tick proteins in patients with AGS, which will be essential for the understanding of the immune response against an 
allergenic carbohydrate transmitted by ticks.
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An example of IL-3, IL-4, IL-13, IL-31, IFN-γ, IL-10, and IL-22 
secreting cells detected by FluoroSpot with unstimulated cells, 
TE- or phytohemagglutinin-stimulated (PHA-stimulated) cells 

In the present study, we believe that we have, for the first time, 
investigated T and B cell responses against proteins from the Euro-
pean tick I. ricinus carrying the α-Gal epitope in patients with AGS. 
Our results provide a unique insight into the immune response 
against an allergenic carbohydrate transmitted by ticks.

Results
In total, 50 patients with AGS and 19 individuals without AGS 
(controls) were enrolled in the study. All patients had IgE to α-Gal 
(median 18.5 kUA/L [range 0.76 to greater than 100 kUA/L]), and 
all except 1 patient reported being tick bitten. Most of the patients 
(41/49) also had IgE to I. ricinus TE (median 1.1 kUA/L [range < 0.1 
– 14 kUA/L]). Of the 19 controls, 9 reported being tick bitten, but all 
were IgE negative to α-Gal and TE. There was no difference in the 
proportions of men and women between patients with AGS and 
controls (P = 0.43) or in which season the samples were collect-
ed (winter/spring or summer/autumn, P = 0.29), but the patients 
with AGS were significantly older than the controls (P = 0.008). 
For detailed characteristics of the patients, see Table 1 and of the 
controls see Table 2.

CD4+ T cells from patients with AGS proliferate more in response 
to TE than CD4+ T cells from healthy controls. Peripheral blood 
mononuclear cells (PBMCs) labeled with carboxyfluorescein suc-
cinimidyl ester (CFSE) were cultured for 7 days in the presence of 
different stimulants for analysis of T cell proliferation. The gating 
strategy for proliferating T cells is depicted in Figure 1A. Analysis 
of CFSE dilution revealed that T cell proliferation in patients with 
AGS was dose-dependent, where 10 μg/mL TE gave the strongest 
response and was significantly higher than at 0.1 μg/mL (Figure 
1B, P = 0.007, n = 13). T cells from patients with AGS and controls 
proliferated in response to TE (Figure 1C, P < 0.001, n = 35 [AGS]; 
P = 0.001, n = 13 [controls]), but there was significantly higher pro-
liferation in patients with AGS compared with controls (Figure 1D, 
P = 0.043, n = 35 [AGS] and n = 13 [control]). Interestingly, there 
was no difference in the T cell proliferation between tick-bitten 
and nonbitten controls (Supplemental Figure 1; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI158357DS1). To test the α-Gal dependence of the T cell prolifer-
ation, the PBMCs were also stimulated with deglycosylated TE, in 
which the α-Gal epitope had been enzymatically removed by α-ga-
lactosidase treatment. There was no difference in proliferation of 
T cells to deglycosylated TE compared with unaltered TE (Figure 
1E, P = 0.28, n = 10 [AGS]; P = 0.85, n = 13 [controls]). However, in 
5 patients with AGS and 3 controls, the proliferation was reduced 
by more than 22%, whereas only 1 patient and 1 control showed an 
increased proliferation of more than 22%. Furthermore, there was 
a statistically significant decrease in proliferation of T cells from 
patients with AGS when stimulated with a nontick α-Gal–contain-
ing protein compared with unstimulated cells (Figure 1F, P = 0.04, 
n = 14). Still, the difference was less than 3% for all individuals, 
and the levels of proliferation were less than 6% for all data points. 
In addition, patients with AGS’s T cell proliferation did not cor-
relate with IgE levels to α-Gal or TE (ρ = –0.187, P = 0.28, n = 35, 
and ρ = –0.257, P = 0.14, n = 35, respectively).

Patients’ cytokine secreting cells are Th2-skewed after activa-
tion by TE. PBMCs were cultured for 40 hours together with TE 
in FluoroSpot plates to detect cells secreting specific cytokines. 

Table 1. Characteristics of patients with AGS

Patient Age Sex Tick bitten Season IgE to α-Gal IgE to tick AssayA

1 44 F Yes Summer 15 N.D. CA

2 29 F Yes Winter 5.8 0.13 TA, C
3 46 M Yes Winter 3.8 0.12 T, C, BA, AA, IA

4 18 M Yes Spring >100 2.4 T, C
5 46 M Yes Spring 73 0.83 T
6 64 M Yes Spring 63 2.4 T
7 69 F Yes Winter 11 2.9 T, C
8 42 F Yes Summer 0.76 0.16 T
9 43 F Yes Fall 15 1.1 C
10 70 F Yes Spring 47 2.7 T, C, B, A, I
11 36 M Yes Winter 2.1 <0.1 T
12 29 F Yes Winter 2.4 <0.1 T, I
13 64 M Yes Spring 20 0.33 T
14 21 M No Spring 8.5 0.14 T, C
15 67 M Yes Spring 5.2 0.44 T, C, A, I
16 61 M Yes Spring >100 1.3 T, C, A, W
17 46 F Yes Fall 47 6.8 T, C, I, W
18 63 M Yes Summer 27 1.9 T
19 38 F Yes Summer 59 0.79 T
20 65 F Yes Spring 61 12 C, I, W
21 29 F Yes Spring 9.6 0.29 T, C, A
22 62 M Yes Spring 12 1.2 C, B, A, I
23 62 F Yes Spring 26 3 C, B, A
24 43 F Yes Spring 14 3.1 B, A, I
25 25 F Yes Summer 1.1 0.14 B, A, I
26 51 M Yes Summer 84 2.5 B, A, I
27 35 M Yes Fall 56 5.2 C, T, B, A, I
28 70 M Yes Spring 57 14 C, B, A, I
29 57 F Yes Spring 2.2 0.27 C, B, A
30 59 M Yes Summer > 100 11 C, I, W
31 47 M Yes Winter > 100 3.6 T, W
32 49 F Yes Spring 12 0.30 B, A
33 48 F Yes Fall 49 0.82 B, A
34 20 M Yes Fall 1.0 1.9 C, B, A, I
35 42 F Yes Fall 29 0.47 T, B, A, I
36 21 M Yes Fall 33 1.8 T, B, A
37 67 M Yes Fall 0.94 < 0.1 T, B, A, I
38 73 M Yes Winter 25 2.9 T, B, A, I
39 69 F Yes Winter 0.92 < 0.1 C, T, B, A, I
40 54 M Yes Fall > 100 1.2 C, T, B, A, I
41 66 F Yes Fall 21 0.32 T, B, A, I, W
42 56 F Yes Fall 57 2.9 T, B, I, W
43 46 M Yes Fall 14 < 0.1 T, B, A
44 52 F Yes Fall 1.2 < 0.1 T, B, A, I
45 49 M Yes Fall 43 2.4 T, B, A, I
46 30 M Yes Fall 17 1.3 C, T, B, A, I, W
47 59 F Yes Spring 0.9 < 0.1 C
48 45 F Yes Spring 29 0.7 T, B, A
49 64 F Yes Summer 3.5 3.9 T, B, A
50 49 F Yes Summer 11 < 0.1 T, B, A

A T, T cell CFSE; C, Fluorospot for cytokines; B, B cell CFSE; A, B cell activation by 
CD23; I, Inhibition ELISA; W, Western blot. N.D., not determined.

https://doi.org/10.1172/JCI158357
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substantial reduction in the number of cytokine secreting cells 
was noted for all of them (Figure 3E, P = 0.02, Figure 3F, P = 
0.03, n = 11, and Figure 3G, P = 0.04, respectively).

B cells highly express the activation marker CD23 after stimu-
lation with TE. The gating strategy for B cells expressing CD23 
after PBMCs were cultured for 20 hours in the presence of dif-
ferent stimulants is depicted in Figure 4A. We found that B cells 
expressed higher levels of CD23 after PBMCs were stimulated 
with TE compared with unstimulated cells (Figure 4B, P < 0.001, 
n = 30 [AGS]; P < 0.001, n = 18 [control]), but the CD23 expres-
sion was significantly higher in patients with AGS than in healthy 
controls (Figure 4C, p =0.028, n = 30 [AGS] and n = 18 [control]). 
Further investigation of the CD23 response in patients with AGS 
showed that upregulation of CD23 by TE could be inhibited with 
anti-CD40L and anti-IL-4 antibodies (Figure 4D, P = 0.002 and 
P < 0.001, respectively, n = 19), but not with an isotype-matched 
antibody control (Supplemental Figure 2A, P = 0.81, n = 19). 
Stimulation with deglycosylated TE led to significantly increased 
CD23 expression compared with TE stimulation in patients with 
AGS, whereas CD23 expression did not change for the controls 
(Figure 4E, P = 0.0078, n = 9 [AGS]; P = 0.40, n = 13 [control]). 
Furthermore, stimulation with a nontick related protein carrying 
the α-Gal epitope did not affect CD23 expression compared with 
unstimulated cells (Figure 4F, P = 0.89, n = 21 [AGS]; P = 0.96, 
n = 15 [control]). The CD23 expression was significantly higher 
from naive cells compared with memory cells in patients with 
AGS, defined as CD27+ (memory) and CD27-IgD+ (naive), after 
stimulation with TE (Figure 4G, P < 0.001, n = 17). Moreover, 
the CD23 expression strongly correlated with T cell proliferation 
in patients with AGS (Figure 4H, ρ = 0.792, P < 0.001, n = 19). 
However, the CD23 expression did not correlate to the α-Gal or 
TE-specific IgE levels (ρ = 0.132, P = 0.49 and ρ = 0.010, P = 0.96, 
respectively, n = 30).

B cell proliferation in response to TE stimulation is partly α-Gal 
specific in patients with AGS. Similar to T cells, CFSE dilution in 
B cells was analyzed after 5 days of culturing PBMCs in the pres-
ence of various stimulants. The gating strategy for proliferating 
B cells is depicted in Figure 5A. TE induced a significant prolifer-
ation in B cells from both patients with AGS and controls (Figure 
5B, P < 0.001, n = 28, and P = 0.006, n = 15, respectively). How-
ever, the proliferation was significantly higher in patients with 
AGS compared with controls (Figure 5C, P < 0.001, n = 28 (AGS) 
and n = 15 (control)). B cells also proliferated in patients that did 
not show high CD23 expression. Furthermore, B cell prolifera-
tion in patients with AGS was significantly lower in response to 
deglycosylated TE compared with stimulation with unaltered 
TE (Figure 5D, P = 0.0137, n = 10), which was not observed in the 
controls (Figure 5D, P = 0.19, n = 13). B cell proliferation showed 
a similar dose dependency in patients with AGS as T cells did, 
with significantly reduced proliferation at the lower doses of TE 
(Figure 5E, P = 0.008 and P < 0.001 for 1 μg/mL and 0.1 μg/mL, 
respectively, n = 22). Proliferation in response to TE stimulation 
was inhibited by blocking with anti-CD40L, but not anti-IL-4 
antibodies (Figure 5F, P = 0.002 and P > 0.99, respectively, n = 
16) or with an isotype-matched antibody control (Supplemental 
Figure 2B, P = 0.11, n = 12). B cells from patients with AGS also 
showed a significant proliferative response to a nontick protein 

from an AGS patient is depicted in Figure 2A. Overall, cyto-
kine production was detected in most patients, whereas it 
was detected in only a few of the healthy controls. Patients 
(n = 24 unless otherwise stated) had a Th2 profile of secreted 
cytokines, where the number of IL-3, IL-4, and IL-31 secret-
ing cells were significantly increased compared with controls 
(n = 8; Figure 2B, P = 0.001, n = 23; Figure 2C, P = 0.0027; 
and Figure 2E, P = 0.0026, respectively). In fact, IL-31 was not 
detectable in any of the controls. The number of IL-13 secret-
ing cells was also increased in patients compared with con-
trols, but not significantly (Figure 2D, P = 0.061). In contrast 
with what was observed for the Th2 cytokines, there was no 
difference between patients with AGS and healthy controls in 
the number of cells secreting the Th1 cytokine IFN-γ (Figure 
2F, P = 0.91), the Th22 cytokine IL-22 (Figure 2G, P = 0.24, n 
= 21), and the Treg cytokine IL-10 (Figure 2H, P = 0.21). IL-5 
and IL-17 secreting cells were not detectable in most individ-
uals after TE stimulation. When the PBMCs were cultured in 
the presence of PHA as positive controls, the numbers of IL-3, 
IL-4, and IL-31 secreting cells were higher in patients with AGS 
than in healthy individuals (P = 0.05 [n = 23 for patients], P = 
0.02 and P = 0.002, respectively).

To investigate the effect of α-Gal on cytokine secretion, AGS 
patients’ cells were also stimulated with deglycosylated TE in 
the FluoroSpot assay (n = 14 unless otherwise stated). For IL-3 
and IL-31 the number of cytokine secreting cells was unchanged 
for deglycosylated TE compared with unaltered TE (Figure 3A, 
P = 0.68, and Figure 3D, P = 0.20, respectively), whereas for 
IL-4 and IL-13 there was a significant decrease in the number of 
cytokine secreting cells (Figure 3B, P = 0.02, and Figure 3C, P = 
0.008, respectively). When analyzing IFN-γ, IL-22, and IL-10, a 

Table 2. Characteristics of healthy controls

Control Age Sex Tick bitten Season AssayA

C1 29 F No Spring C, B, A, I
C2 33 F No Spring C, A, I
C3 38 F Yes Spring A, I
C4 49 F Yes Summer A
C5 23 F Yes Fall C, B, A, I
C6 39 M Yes Fall C, T, B, A, W
C7 59 F Yes Fall T, B, A, I
C8 45 M Yes Fall C, T, B, A, I
C9 33 F Yes Fall C, T, B, A, I
C10 42 M No Fall C, T, B, A, I
C11 27 M Yes Winter T, B, A, I
C12 33 M Yes Spring C
C13 32 F No Spring T, B, A
C14 41 M No Spring T, B, A
C15 35 F No Summer T, B, A
C16 32 M No Summer T, B, A
C17 58 F No Summer T, B, A
C18 66 F No Summer T, B, A
C19 35 F No Summer T, B, A

A T, T cell CFSE; C, Fluorospot for cytokines; B, B cell CFSE; A, B cell 
activation by CD23; I, Inhibition ELISA; W, Western blot.

https://doi.org/10.1172/JCI158357
https://www.jci.org/articles/view/158357#sd
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blots were performed to detect IgE binding to TE and deglyco-
sylated TE. IgE antibodies from a pool of AGS patient sera bound 
strongly to TE, whereas a much weaker binding to deglycosylated 
TE was observed (Figure 6A). The serum of a healthy control did 
not react with TE or deglycosylated TE (Supplemental Figure 4).

We also investigated the proportion of the IgG1 and IgE reac-
tivity to TE that could be blocked by α-Gal in an inhibition ELI-
SA. IgE binding to TE was detected in 14 of 24 patients with AGS 
tested, and the binding was inhibited up to 80% (median 38.1 %, 
range 0.0–81.5 %, Figure 6B, P < 0.001) by α-Gal disaccharide. 
IgG1 binding to TE was detected in 23 of 24 patients with AGS 
tested and the α-Gal disaccharide inhibited the response up to 
100% (median 70.2 %, range 0.0–100.0 %, Fig. 6B, P < 0.001). 

containing α-Gal, but the increase was less than 4 % (Figure 5G, 
P = 0.04, n = 20), whereas no proliferation was seen for the con-
trols (Figure 5G, P = 0.75, n = 10). There was no difference in the 
proliferation of naive and memory B cells in response to TE in 
patients with AGS (Figure 5H, P = 0.94, n = 28). Furthermore, 
the B cell proliferation did not correlate with the IgE levels to 
α-Gal or TE (ρ = 0.306, P = 0.11, n = 28 and ρ = 0.177, P = 0.37, n = 
28, respectively), or with T cell proliferation or CD23 expression 
(Supplemental Figure 3, ρ = 0.05, P = 0.84, n = 18 and ρ = 0.143, 
P = 0.48, n = 27, respectively).

Patients with AGS’s antibody reactivity to TE is dominated by 
antibodies against α-Gal. To assess to what extent the patients with 
AGS’s IgE reactivity to TE was directed toward α-Gal, Western 

Figure 1. T cell proliferation measured by dilution of CFSE. (A) Gating strategy for proliferation of CD4+ T helper cells. (B) T cell proliferation in response to 
different doses of TE in patients with AGS, Friedman test with Dunn’s multiple comparisons test, **P < 0.01, n = 13. (C) T cell proliferation to TE compared with 
unstimulated cells in patients with AGS (left, n = 35) and healthy controls (right, n = 16), Wilcoxon matched-pairs signed rank test, **P < 0.01, ***P < 0.001. (D) 
Comparison of patients with AGS and healthy controls, Mann-Whitney U test, *P < 0.05, n = 35 (AGS) and n = 13 (controls). (E) T cell proliferation after removal 
of α-Gal from the TE in patients with AGS (left, n = 10) and healthy controls (right, n = 13), Wilcoxon matched-pairs signed rank test. (F) T cell proliferation to an 
α-Gal containing nontick protein in patients with AGS, Wilcoxon matched-pairs signed rank test, *P < 0.05, n = 14. Each point within the box plot represents 1 
individual. Box plots represent IQR and median, whiskers extend to the farthest data points. 

https://doi.org/10.1172/JCI158357
https://www.jci.org/articles/view/158357#sd
https://www.jci.org/articles/view/158357#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

5J Clin Invest. 2023;133(6):e158357  https://doi.org/10.1172/JCI158357

Discussion
In contrast to preexisting anti-α-Gal responses — where natu-
ral production of IgM and IgG antibodies occur due to chronic 
exposure of B cells to the gut flora (22) — induction of IgE anti-
bodies, and AGS, per se, is strongly correlated to and perpetuated 
by continuous tick bites (10). This is the only type of food aller-
gy induced by tick bites, and until now, there have been no data 

Two of 9 tested controls had detectable IgG1 levels to TE, but 
these were lower than the levels detected in patients and were 
inhibited 6.3 % and 58.9 %, respectively, by α-Gal disaccharide. 
IgE levels to TE could not be detected in the controls, in line with 
the inclusion criteria. There was a moderate correlation between 
the inhibition of IgG1 and IgE binding in patients with AGS (Fig-
ure 6C, ρ = 0.609, P = 0.02, n = 14).

Figure 2. Cytokine expression by PBMCs 
in response to TE from patients with AGS 
and healthy controls. (A) Representative 
photos of FluoroSpot wells from a patient 
with AGS for unstimulated cells, TE-stim-
ulated cells, and PHA-stimulated cells. (B) 
IL-3, (C) IL-4, (D) IL-13, (E) IL-31, (F) IFN-γ, 
(G) IL-22, and (H) IL-10. Mann-Whitney U 
test, **P < 0.01, n = 24 (AGS, n = 23 for 
IL-3) and n = 8 (control). Each point within 
the box plot represents 1 individual. Box 
plots represent IQR and median, whiskers 
extend to the farthest data points.

Figure 3. Cytokine secreting cells in PBMCs 
from patients with AGS after stimulation 
with TE and deglycosylated TE. (A) IL-3, 
(B) IL-4, (C) IL-13, (D) IL-31, (E) IFN-γ, (F) 
IL-22, and (G) IL-10. Wilcoxon matched-pairs 
signed rank test. *P < 0.05, and **P < 0.01. 
n = 14 for all except IL-22, where n = 11. Each 
point within the box plot represents 1 indi-
vidual. Box plots represent IQR and median, 
whiskers extend to the farthest data points.

https://doi.org/10.1172/JCI158357
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on how the cellular responses to tick proteins are manifested in 
these patients. In this study, we have, for what we believe to be the 
first time, investigated patients with AGS’s T and B cell respons-
es to TE. We found that TE induced a striking Th2-driven T cell 
response, which provided help in activation and proliferation of B 
cells. Notably, there was an α-Gal dependent component in B cell 
proliferation and in antibody binding to TE.

We found that T cells from patients with AGS proliferated after 
stimulation with TE and that this was not dependent on the pres-
ence of α-Gal, since there was no difference in comparison to the 

proliferation with α-Gal-deglycosylated TE. However, in 5 of 10 
tested patients and 3 of 13 controls, the proliferation was substan-
tially reduced after stimulation with deglycosylated TE, and, in 
those subjects, α-Gal on tick peptides was most likely important for 
the T cell response. Other studies have shown that there are T cells 
specific for α-Gal in humans (23), and that T cell proliferation in 
certain allergic individuals, e.g., venom-allergic individuals, can be 
dominated by glycan-specific clones (24). Similar to what was found 
for the patients with AGS, the T cells from healthy controls prolif-
erated after stimulation with TE, but with significantly lower mag-

Figure 4. B cell expression of CD23. (A) Gating strategy for CD23-expressing B cells. (B) CD23 expression in unstimulated compared with TE stimulated 
B cells in patients with AGS (left, n = 30) and healthy controls (right, n = 18), Wilcoxon matched-pairs signed rank test, ***P < 0.001. (C) Comparison of 
patients with AGS and healthy controls, Mann-Whitney U test, *P < 0.05, n = 30 (AGS) and n = 18 (controls). (D) Effect of inhibition with anti-CD40L and 
anti-IL-4 antibodies in patients with AGS, Friedman test with Dunn’s multiple comparisons test, **P < 0.01, ***P < 0.001, n = 19. (E) Effect of removing 
α-Gal from the TE in patients with AGS (left, n = 9), and healthy controls (right, n = 13), Wilcoxon matched-pairs signed rank test, **P < 0.01. (F) Compar-
ison of CD23 expression in unstimulated B cells compared with B cells stimulated with an α-Gal containing nontick protein in patients with AGS (left, n = 
21) and healthy controls (right, n = 15). (G) Comparison of CD23 expression by naive (CD27-IgD+) and memory (CD27+) B cells after TE stimulation in patients 
with AGS, Wilcoxon matched-pairs signed rank test, ***P < 0.001, n = 17. Each point within the box plot represents 1 individual. Box plots represent IQR 
and median, whiskers extend to the farthest data points. (H) Correlation of T cell proliferation and CD23 expression in response to TE in patients with AGS, 
Spearman’s rank correlation, ρ = 0.792, P < 0.001, n = 19. Each point represents 1 individual.
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nitude. Thus, the patients with AGS clearly have a stronger T cell 
response to TE. Earlier studies of allergen-specific T cell responses 
in patients with pollen allergies and healthy controls have shown 
that cells from both groups proliferate in response to the allergen 
(25, 26), but that the cytokine balance is different (26, 27).

In line with what has been previously shown for birch pollen 
(27), the cytokine profile in PBMCs activated by TE was clearly Th2-
skewed for the AGS patients, which was not seen for the healthy 
controls. However, the number of cells secreting Th1, Th22, and 
Treg cytokines was not different between the 2 groups. We also 

Figure 5. B cell proliferation measured by CFSE dilution. (A) Gating strategy for proliferation of CD3-CD19+ B cells. (B) Proliferation of unstimulated compared 
with TE stimulated B cells in patients with AGS (left, n = 28) and healthy controls (right, n = 15), Wilcoxon matched-pairs signed rank test, **P < 0.01 and ***P 
< 0.001. (C) Comparison of patients with AGS and individuals acting as healthy controls, Mann-Whitney U test, ***P < 0.001, n = 28 (AGS) and n = 15 (controls). 
(D) Effect of removing α-Gal from the TE in patients with AGS (left, n = 10) and individuals acting as healthy controls (right, n = 13), Wilcoxon matched-pairs 
signed rank test, *P < 0.05. (E) B cell proliferation in response to different doses of TE in patients with AGS, Friedman test with Dunn’s multiple compari-
sons test, **P < 0.01, ***P < 0.001, n = 22. (F) Effect of inhibition with anti-CD40L and anti-IL-4 antibodies in patients with AGS, Friedman test with Dunn’s 
multiple comparisons test, **P < 0.01, n = 16. (G) Comparison of B cell proliferation in unstimulated cells and cells stimulated with an α-Gal containing nontick 
protein in patients with AGS (left, n = 20) and individuals acting as healthy controls (right, n = 10), Wilcoxon matched-pairs signed rank test, *P < 0.05. (H) 
Comparison of proliferation in naive (CD27-IgD+) and memory (CD27+) B cells in patients with AGS, Wilcoxon matched-pairs signed rank test, n = 28). Each 
point within the box plot represents 1 individual. Box plots represent IQR and median, whiskers extend to the farthest data points.
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ulate CD40L and express IL-4 after short-term stimulation with 
allergen (26, 27). The unspecific nature of the CD23 expression 
was confirmed when the cells were stimulated with deglycosylat-
ed TE, and is likely due to soluble IL-4 produced by the T cells 
activated by TE. The cells expressing the highest levels of CD23 
were naive B cells that have not encountered the allergen before, 
which agreed with previous studies (32, 33). Interestingly, it has 
been shown that upregulation of CD23 expression precedes the 
proliferation of B cells (34).

In patients with AGS, B cells strongly proliferated in response 
to stimulation with TE, which did not correlate with T cell prolif-
eration. Earlier work by others have also shown the lack of cor-
relation between T and B cell proliferative responses to allergens 
(35). Importantly, B cell proliferation is required to induce isotype 
switching and antibody production from both naive and memory 
B cells (36). B cells from the healthy controls also proliferated in 
response to TE, similar to what was found for T cells, but the pro-
liferation was much lower than it was for the patients with AGS. 
This most likely reflects the presence of more TE-specific B cells 
in the patients with AGS. The B cell proliferation was reduced in 
patients with AGS when CD40L was blocked, suggesting that 
interaction with T cells promoted B cell proliferation. No effect 
of blocking IL-4 was seen. Importantly, there was also an α-Gal–
specific component in the B cell activation to TE — since the pro-
liferation decreased when α-Gal was removed — although it was 
not completely diminished. This, in accordance with the previous 
results, indicates that there is both an α-Gal specific and tick pro-
tein–specific component in the response to TE. Interestingly, pre-
vious results from WT mice showed that T cell help was needed 
for induction of tick-specific IgE, and that TE acted as an adjuvant 
for induction of α-Gal-specific IgE in the α1,3 GT knockout mouse 
(20). We noted that proliferation was initiated in both naive and 
memory B cells from patients with AGS, indicating a primary as 
well as a secondary type of response to the TE.

We could not detect any activation of B and T cells to nontick 
proteins containing α-Gal. Since the α-Gal epitope is a nonzwitte-
rion carbohydrate, it cannot directly participate in MHCII prim-
ing. However, α-Gal specific IgE antibodies that are produced are 

found that the patients with AGS were more prone to produce Th2 
cytokines in response to polyclonal stimulation with PHA than the 
healthy controls, which probably reflects the atopic background of 
the patients (11). Interestingly, salivary gland extract from I. ricinus 
ticks has been shown to induce Th2 cytokine production in human 
lymphocytes (28). Thus, the patients with AGS probably have tick 
protein–specific T cells that can initiate a secondary Th2 response 
in the immune reaction to new tick bites, which perpetuates the 
α-Gal allergy, whereas tick bitten non-AGS individuals show a 
more balanced response to TE. In addition, Hashizume and col-
leagues showed that the IgE levels to α-Gal increase and that the 
Th2/Th1 ratio of skin infiltrating T cells increases with the number 
of tick bites (16). Furthermore, we found that the number of Th2 
cytokine secreting cells was unchanged or moderately decreased 
when the cells were stimulated with deglycosylated TE in patients 
with AGS. In contrast, Th1, Th22, and Treg cytokine producing 
cells were strongly decreased under the same stimulatory con-
ditions. This indicates that the α-Gal in the TE induces a broad 
activation of T cells, in line with the general immunogenicity of 
the epitope that leads to induction of anti-α-Gal IgG in all immu-
nocompetent humans (29). When the α-Gal is removed from the 
TE, the number of responding cells is reduced. The Th2-skewing 
component of the TE, however, seems not to be the α-Gal epitope, 
but rather the protein part of the TE, even though the result is pro-
duction of α-Gal–specific IgE.

The low-affinity receptor for IgE, CD23, is upregulated on B 
cells after stimulation with IL-4 (30) and can be used as a mark-
er of early activation. We found that B cells in patients with AGS 
and in healthy controls expressed increased levels of CD23 after 
stimulation with TE, but the increase was higher in patients with 
AGS. The expression of CD23 strongly correlated with T cell pro-
liferation in patients with AGS, suggesting that T cells might have 
a part in the activation of these B cells. Indeed, we showed that 
the CD23 expression was dependent on T cells through IL-4 and 
CD40L. This finding is in line with previous reports on early acti-
vation of B cells showing the necessity of both IL-4 and contact 
with T cells activated through the T cell receptor (31). Further-
more, it has been shown that T cells from allergic donors upreg-

Figure 6. Patient antibody responses to TE. (A) Binding of a serum pool sample from a patient with AGS (n = 8) in a Western blot. MM = molecular marker, 
TE = tick extract, deglycoTE = deglycosylated TE, Enz. = α-galactosidase from green coffee bean. (B) Inhibition of IgE and IgG1 antibody binding to tick 
extract by α-Gal in patients with AGS. Wilcoxon matched-pairs signed-rank test, ***P < 0.001, for IgE n = 14, for IgG1 n = 23. Each pair of points connected 
by a line represents 1 individual. (C) Correlation of the inhibition of IgE and IgG1 antibody binding to TE by α-Gal. Spearman’s correlation coefficient ρ = 
0.609, P < 0.05, n = 14. Each point represents 1 individual.
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B cell proliferation and expression of CD23 by flow cytometry. Cyto-
kine secreting cells were analyzed by FluoroSpot from frozen PBMCs. 
Investigation of the influence of the α-Gal epitope on antibody binding 
to TE was performed by inhibition ELISA and Western blot.

The study was a cross-sectional case-control study that was not 
blinded to the investigators. Patients with AGS and healthy controls 
were consecutively recruited to the different experiments. The num-
ber of patients included for each experiment is presented in the results 
and indicated in the figure legends.

Patients and controls. Fifty patients with AGS and 19 healthy con-
trols were enrolled in the Stockholm area of Sweden from February 
2017 to June 2022. The inclusion criteria for patients were individuals 
with a doctor’s diagnosis of AGS and IgE levels to α-Gal of more than 
0.35 kUA/L. Healthy controls were IgE negative (< 0.1 kUA/L) to both 
α-Gal ImmunoCAP (code 0215; Phadia, Thermo Fisher Scientific) 
and I. ricinus TE measured by streptavidin ImmunoCAP, as previously 
described (5). Fifty-six percent (28 of 50 ) of the patients and 21 % (4 of 
19 ) of the controls were atopic defined as having IgE greater than 0.1 
kUA/L to birch pollen (t3), grass pollen (g6), the major cat allergen Fel d 
1 (e94), or dust mites (d1). The Fel d 1 was used as proxy for cat allergies, 
since cat dander extract contains α-Gal. The seasons of sample collec-
tion were defined as winter, December to February; spring, March to 
May; summer, June to August; and fall, September to November. Both 
individuals acting as patients and controls answered a questionnaire 
about allergic symptoms and tick bites. All patients were seen by the 
same experienced physician with many years’ of diagnosing AGS. At 
this time point the patients answered the questionnaire, while controls 
answered the questionnaire upon inclusion in the study.

Tick extract and removal of α-Gal from TE by deglycosylation. Tick 
extract was prepared from adult I. ricinus female and male ticks (IS 
Insect Service GmbH) by crushing frozen ticks in PBS pH 7.4 using 
a Precellys tissue homogenizer (Bertin Technologies) and removing 
the solid pellet after centrifugation. For specific deglycosylation of the 
α-Gal epitope, TE was first buffer exchanged to PBS pH 6.6 using an 
Amicon Ultra 0.5 mL with 3 kDa cutoff (Millipore Sigma), and subse-
quently incubated with 2.5 U α-galactosidase from green coffee beans 
(Sigma-Aldrich) per mg of TE for 24 hours at 37°C. After incubation, 
the buffer was exchanged back to PBS pH 7.4 as before. Protein con-
centration was determined by bicinchoninic acid assay (Thermo Fisher 
Scientific) and endotoxin content was measured by limulus amebocyte 
lysate assay (Endosafe, Charles River) TE and deglycosylated TE con-
tained less than 0.05 ng endotoxin/mg of protein. The lack of α-Gal in 
the deglycosylated TE was demonstrated by Western blot as previously 
described (44) and is presented in Supplemental Figure 5. Briefly, 10 μg 
of each protein extract was run under reducing conditions on an any kD 
mini-protean TGX precast gel (Bio-Rad). Proteins were blotted on to 
PVDF membranes (0.2 μm; Bio-Rad) using a Bio-Rad turbo system, and 
membranes were blocked overnight by incubation with blocking buffer 
(1% human serum albumin [HSA]; Sigma-Aldrich) in PBS with 0.05% 
Tween) at room temperature (RT). For detection of α-Gal containing 
proteins, the membranes were first incubated with primary chicken scFv 
anti-α-Gal labeled with a hemagglutinin (HA) tag, a gift from the Gly-
coscience group at the National University of Ireland (Galway, Ireland) 
(45), diluted 1:7,500, followed by 1 μg/mL secondary mouse-anti-HA-
IgG (H3663, Sigma-Aldrich), and tertiary goat-anti-mouse-IgG labeled 
with alkaline phosphatase (115-055-146, Jackson Immunoresearch 
Laboratories) diluted 1:5,000, with washing in between. The presence 

specific for the α-Gal disaccharide (37). Furthermore, it is known 
that basophils are reactive both in vitro (38–41) and in vivo (42) 
to, for example, BSA-α-Gal or cetuximab, a reaction almost sole-
ly driven by IgE. Previous reports have shown that T cell clones 
from bee venom–allergic individuals can be specific for both the 
peptide and glycan epitope of phospholipase A2, in an MHCII 
restricted manner (24). Therefore, T cells in the sensitization and 
recall phases of AGS are most likely specific for tick proteins with 
or without α-Gal, but not for proteins from other sources even if 
they contain α-Gal. These T cells would promote activation of 
α-Gal–specific B cells presenting tick peptides on MHCII, and of 
bystander B cells in an α-Gal–independent manner. Interestingly, 
none of the analyzed cellular responses correlated with the IgE 
levels to α-Gal or TE. Thus, the T cell responses detected were 
independent of allergen-specific IgE antibodies. Earlier studies 
have also indicated the lack of correlation between T cell prolifer-
ation and IgE levels (25, 35).

A more thorough investigation of the TE-specific antibod-
ies in patients with AGS and healthy controls showed that IgG1 
antibodies were present in both groups, but IgE was only present 
in patients with AGS. However, IgE binding to TE could not be 
detected in all using ELISA, most likely due to their low IgE lev-
els to TE as measured by ImmunoCAP. Both IgG1 and IgE binding 
to TE was inhibited by α-Gal. Western blot confirmed the results 
and showed strongly reduced binding of IgE in patients with AGS 
to deglycosylated TE. It was clear that a substantial part of the 
IgG1 and IgE responses in patients with AGS are toward the α-Gal 
component in the TE, but that there is also a response toward the 
protein component since removal of α-Gal from the TE could not 
completely abolish the response, in line with what we have previ-
ously shown (15).

A limitation of the study is that only the response to the water-sol-
uble components of the TE — mainly the tick proteins — was investi-
gated, and a possible response to α-Gal containing glycolipids might 
have been missed. However, in α1,3 GT knockout mice, sensitization 
with α-Gal glycolipids does not induce a strong antibody response, 
whereas α-Gal glycoproteins do (43). Another limitation is that some 
assays were based on few study subjects, due to the low number of 
cells obtained from some individuals. Unfortunately, we cannot 
exclude that nonbitten controls have been tick bitten without their 
notice, which can explain why some of the controls have an unex-
pected response in the T cell proliferation assay.

In conclusion, we found that T cells from patients with AGS 
are more strongly activated by TE compared with healthy con-
trols, and show a Th2 response, where B cell activation at least 
partly depends on CD40L and IL-4. The B cell response is differ-
ent, where B cells from patients with AGS proliferate to a greater 
extent than in healthy controls and the response is partially direct-
ed toward α-Gal. These results shed new light on the mechanisms 
of AGS and on the immune response to ticks.

Methods
Study design. This study was designed to investigate T and B cell 
responses to TE in vitro and to measure the contribution of α-Gal in 
these responses. Peripheral blood was collected from the participants 
in the study, PBMCs were purified, and plasma and serum were sepa-
rated. Different types of PBMC cultures were set up to analyze T and 
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wells either as single antibodies, IL-3(clone IL3A), IL-10 (Clone 12G8) 
and IL-31 (clone MT31/88), or as combinations of several antibodies, 
IL-4 (clone IL4-I) + IL-5 (clone TRFK5) + IL-13 (clone MT1318), and 
IL-17 (clone MT44.6) + IL-22 (clone MT12A3) + INF-γ (clone IDIK), 
and the plates were incubated overnight at 4°C. After washing, wells 
were saturated with AIM-V medium for 30 minutes at RT and after 
removing the AIM-V, 200,000 thawed PBMCs suspended in AIM-V 
were added to each well with or without stimulation with 10 μg/mL TE 
or deglycosylated TE. AIM-V medium alone was used as negative con-
trol and 10 μg/mL PHA was used as positive control. For PHA stimula-
tion, 100,000 cells were added. All tests were run in duplicates. Cells 
were incubated for 40 hours in a humidified incubator at 37°C with 5% 
CO2. After washing, spots of secreted cytokines — each spot represent-
ing a cytokine secreting cell — were detected by incubation for 1 hour 
at RT with detection monoclonal antibodies labeled with biotin or the 
peptide tags BAM and WASP. After washing again, fluorescently con-
jugated anti-BAM-490, streptavidin-550, and anti-WASP-645 (FSP-
011803-2, Mabtech) were added for 1 hour at RT. Plates were washed 
before adding 100 μl of Fluorescence enhancer II to each well for 15 
minutes. After discarding the Fluorescence enhancer, plates were 
air-dried before reading and analysis in an IRIS FluoroSpot reader 
(Mabtech). For analysis, a detection limit of at least 5 spots more than 
background was set and adjusted to the number of spot forming units 
(SFU)/106 PBMCs. This limit of detection was possible to use, as the 
background was very low, which is normally the case for unstimulated 
cells. All values that were below the detection limit were set to 0.

Western blot of patient and control IgE antibody binding to deglyco-
sylated TE. A Western blot of a patient serum pool and a control serum 
was performed to analyze the binding patterns to TE and deglycosylat-
ed TE. 10 μg of each protein extract was run on SDS-PAGE and blotted 
on to PVDF membranes as described above. The membranes were 
blocked for 2 hours by incubation with blocking buffer at RT and then 
incubated overnight with either a patient serum pool of sera from 8 
patients (patients 16, 17, 20, 30, 31, 41, 42, and 46), or serum from con-
trol C6, both diluted 5 times in blocking buffer, or with blocking buffer 
alone for the secondary antibody control. The serum pool for patients 
with AGS had an IgE level to α-Gal of 83 kUA/L and 5.2 kUA/L to TE. 
For detection of proteins bound by the patient and control serum IgE, 
the membranes were incubated with secondary mouse-anti-human-
IgE conjugated with horseradish peroxidase (clone B3102E8, Abcam), 
diluted 1:2,500. The protein bands were visualized with luminol (GE 
Healthcare) and evaluated in the Chemidoc instrument.

Inhibition ELISA of antibody binding to TE. Half-area 96-well medi-
um binding microtitre plates (Greiner bio-1) were coated overnight at 
4°C with 0.5 μg TE/well, followed by blocking with blocking buffer for 2 
hours at RT. To investigate the potential inhibition of antibody binding 
to α-Gal, sera from 24 patients with AGS and 9 healthy controls were 
preincubated with α1,3-galactobiose (Galα1-3Gal, G203, Dextra Labo-
ratories) at a concentration of 500 μg/mL or with blocking buffer for 
2 hours at RT prior to addition to the plate (final dilution of sera was 
1:5 for IgE and 1:50 for IgG1). IgE binding was detected using mouse-
anti-human-IgE antibody conjugated with HRP (1 hour at RT, 1:2,500; 
ab99806, Abcam) and IgG1 binding with mouse-anti-human-IgG1 (1 
hour at RT, 1:1,000; 555868, BD Biosciences), followed by incubation 
with HRP-conjugated sheep-anti-mouse-IgG (1 hour at RT, 1:5,000; 
515-035-071, Jackson Immunoresearch Laboratories). Binding was 
visualized by incubation with TMB substrate (BioLegend) for 15 min-

of α-Gal was visualized by incubation with nitro blue tetrazolium/5-bro-
mo-4-chloro-3-indolyl-phosphate (NBT-BCIP) alkaline phosphatase 
conjugate substrate kit (Bio-Rad Laboratories), followed by imaging on 
a Chemidoc instrument (Bio-Rad Laboratories).

Setup of cell cultures. PBMCs were separated from heparinized 
whole blood by density centrifugation over Ficoll (Cytiva). Aliquots 
of PBMCs were frozen at –80°C and stored in liquid nitrogen–cooled 
tanks until use in FluoroSpot. For detecting T and B cell proliferation, 
fresh PBMCs were resuspended in PBS at a concentration of 10 × 106 
cells/mL. CFSE (Invitrogen) was added to a final concentration of 1 
pM, after which the cells were incubated for 15 minutes at 37°C. Cells 
were washed 3 times with 25 % autologous plasma in PBS and resus-
pended in serum-free AIM-V medium (Gibco) at a concentration of 1 
× 106 cells/mL and seeded in triplicate in flat-bottom 96-well plates 
(0.2 × 106 cells/well). For analysis of CD23 expression on the surface 
of B cells, PBMCs were resuspended in complete RPMI 1640 medi-
um (Hyclone) supplemented with 10% bovine growth serum (Gibco), 
100 IU/mL penicillin (Cytiva), 100 μg/mL streptomycin (Cytiva), 
2 mM L-glutamine (Cytiva), and 25 μg/mL gentamycin (Gibco) at a 
concentration of 1 × 106 cells/mL. CFSE-labeled cells were stimulated 
with different doses of TE, 10 μg/mL, 1 μg/mL and 0.1 μg/mL, and 
the conclusion from these tests was that 10 μg/mL was optimal. In all 
cell experiments, PBMCs were stimulated with 10 μg/mL of TE; degly-
cosylated TE; Cetuximab for CD23 expression (Merck)/BSA-α-Gal or 
HSA-α-Gal for T cell proliferation (Dextra Laboratories)/HSA-α-Gal 
for B cell proliferation; or were left unstimulated as a negative control. 
For analysis of B cells, PBMCs were additionally stimulated with 10 μg/
mL TE in the presence of either 3 μg/mL anti-IL-4 (clone MP-25D2), 
15 μg/mL anti-CD154 (clone 24-31) or 15 μg/mL mouse IgG1 isotype 
control antibody (mouse IgG1 isotype MO PC-21 for anti-IL-4, and rat 
IgG1 isotype clone RTK2071 for anti-CD154) (all from BioLegend). As 
positive controls, 10 μg/mL PHA (Sigma-Aldrich) was used for T cell 
activation, 1 μg/mL R848 in combination with 10 ng/mL IL-2 (both 
from Thermo Fisher Scientific) was used for B cell proliferation, and 
10 ng/mL IL-4 (BioLegend) was used for CD23 expression. T cell pro-
liferation was analyzed after 7 days of culture, B cell proliferation after 
5 days of culture, and CD23 expression after 18–20 hours of incubation 
at 37°C in a humidified incubator with 5% CO2.

Flow cytometry. After culture, the cells were analyzed by flow 
cytometry for expression of CD23 or proliferation by dilution of CFSE. 
For detection of live cells, fixable viability dye e780 (Invitrogen) or 
live/dead Aqua stain (Molecular Probes) was used. Antibodies used 
were IgD-FITC and -BV421 (clone IA6-2), CD27-PE and -APC (clone 
M-T721), CD19-PE (clone HIB19), CD4-APC-Cy7 (clone RPA-T4), 
CD19-APC-H7 (clone SJ25C1), CD16-BV421 (clone 3G8), and CD56-
BV421 (clone NCAM16.2) from BD Biosciences, and CD3-PerCP-
Cy5.5 (clone HIT3a), CD23-APC (clone EBVCS-5), CD8-APC (clone 
HIT8a), and CD4-BV421 (clone RPA-T4) from BioLegend.

At least 10,000 live cells or 3,000 CD3-CD19+ events were col-
lected on a FACSCanto II flow cytometer (BD Biosciences). Data were 
analyzed using FlowJo v 10 software (FlowJo Software for Windows).

FluoroSpot assay for analysis of T cell cytokines. FluoroSpot assay 
was performed using FluoroSpot kits from Mabtech according to the 
manufacturer’s instructions. Briefly, Multiscreen 96-well IPFL plates 
(MultiScreen HTS 0.45 μm, binding immobilon-FL membrane; Milli-
pore-Sigma) were first activated with 40% ethanol. After washing with 
sterile PBS, 1.5 μg capture monoclonal antibodies were added to the 
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