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SUMMARY

Immunoglobulin E (IgE) responses are a central feature of allergic disease. Using a well-established food-al-
lergy model in mice, we show that two sensitizations with cognate B cell antigen (Ag) and adjuvant 7 days
apart promotes optimal development of IgE+ germinal center (GC) B cells and high-affinity IgE production.
Intervals of 3 or 14 days between Ag sensitizations lead to loss of IgE+ GC B cells and an undetectable
IgE response. The immunosuppressive factors Fgl2 and CD39 are down-regulated in T follicular helper
(TFH) cells under optimal IgE-sensitization conditions. Deletion of Fg/2 in TFH and T follicular regulatory
(TFR) cells, but not from TFR cells alone, increase Ag-specific IgE levels and IgE-mediated anaphylactic re-
sponses. Overall, we find that Ag-specific IgE responses require precisely timed stimulation of IgE+ GC B
cells by Ag. Furthermore, we show that Fgl2 is expressed by TFH cells and represses IgE. This work has im-
plications for the development and treatment of food allergies.

INTRODUCTION

Food allergy is a pathologic response of the immune system trig-
gered by food antigens (Ags). The prevalence of food allergy has
been increasing since the 1990s as part of the second wave of
the allergy epidemic (Asher et al., 2006; Yu et al., 2016), and it
is estimated that up to 8% of children are affected by a food al-
lergy in the United States (Tordesillas et al., 2017). One of the
most important categories of food allergy is immunoglobulin E
(IgE)-mediated immediate hypersensitivity reactions, as cross-
linking of allergen-specific IgE bound to mast cells induces
severe immune responses including anaphylaxis (Gould and
Ramadani, 2018; Gould et al., 2003).

Despite its critical role in mediating allergic disease, we are just
beginning to understand the mechanism of IgE regulation in vivo.
Like the other Ig isotypes, IgE is regulated by several cytokines
as well as signaling receptors. Interleukin-4 (IL-4) activation of
STAT6 promotes IgE class switching in B cells (Finkelman
et al., 1988; Kopf et al., 1993; Shimoda et al., 1996). IL-21 is a
potent suppressor of IgE responses, while CD40 signaling pro-
motes IgE (Yang et al., 2020). IgE has several unique features
compared with other Ig isotypes including lower surface expres-
sion on B cells and increased differentiation of IgE+ B cells into
plasma cells (Haniuda et al., 2016).

The germinal center (GC) micro-environment is required for
antibody (Ab) affinity selection and high-affinity Ab production
(Klein and Dalla-Favera, 2008; Victora and Nussenzweig,
2012), while high-affinity IgE is required for pathogenesis and
anaphylaxis of allergic diseases (Gowthaman et al., 2019; Xiong
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et al., 2012). The GC is not a favorable environment for IgE+ B
cells; IgE+ GC B cells have altered signaling, are more likely to
undergo apoptosis, and are unlikely to develop into memory
cells (Haniuda et al., 2016; Harris et al., 2005; He et al., 2013;
Newman and Tolar, 2021; Saunders et al., 2019). It has been re-
ported that low-affinity IgE is produced by IgE+ B cells through
direct class switching, while indirect class switching from
IgG1+ B cells accounts for high-affinity IgE (Erazo et al., 2007;
He et al., 2017; Xiong et al., 2012; Yang et al., 2014). However,
it is still controversial whether pathogenic high-affinity IgE can
develop from IgE+ GC B cells (He et al.,, 2013; Talay et al,,
2012; Yang et al., 2012). Overall, little is still known about the
pathways regulating the initial class switching to IgE in vivo
and expansion of IgE+ B cells in GC.

Several papers have suggested that the allergic response is
dependent on T follicular helper (TFH) cells and that TFH-derived
IL-4 is essential for the development of Ag-specific IgE (Balles-
teros-Tato et al., 2016; Dolence et al., 2018; Kobayashi et al.,
2017; Meli et al., 2017; Noble and Zhao, 2016; Zhang et al.,
2020). Furthermore, a subset of TFH cells producing IL-13
(TFH13) is required for the development of high-affinity IgE
(Gowthaman et al., 2019). T follicular regulatory (TFR) cells also
regulate the development of IgE, either positively or negatively
depending on the model used (Clement et al., 2019; Koh et al.,
2020; Xie et al., 2020). Overall, much is still unknown about the
precise role of TFH and TFR cells in allergen-specific IgE class
switching and production.

In this study, we utilized an intragastric-sensitization food-al-
lergy model and found that the timing of sensitization by the
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allergen is a critical factor for allergen-specific IgE production,
which affects the expansion of Ag-specific B cells and the activ-
ity of TFH cells. In addition, we identified two molecules (fibrin-
ogen-like protein 2 [Fg/l2] and the ectonucleotidase CD39
[Entpd1]) produced by TFH cells that play an inhibitory role in
regulating high-affinity IgE production.

RESULTS

Development of food-allergen-specific IgE requires two
Ag sensitization steps

To better characterize the development of allergen-specific IgE in
food allergy, we used a widely used method involving repeated in-
tragastric priming or sensitization steps with peanut protein plus
cholera toxin (PCT) (Li et al., 2000; Orgel and Kulis, 2018). Our first
goal was to define the minimum sensitization steps required for
the development of allergen-specific IgE (Figure 1A). We found
that two PCT sensitization steps produced robust peanut (PN)-
specific IgE and PN-specific IgG1 responses, while no PN-spe-
cific IgE or PN-specific IlgG1 was detected following only one
sensitization (Figure 1B). In contrast to PN-specific IgE, total IgE
is seen with just one sensitization (Figure 1B) and is higher after
one PCT sensitization compared with naive mice (Figure 1C). In
addition, the IgE produced by day 15 of this two-step sensitization
model can cause anaphylaxis (Figure 1D). Thus, the development
of allergen-specific IgE, but not total IgE, is dependent on a sec-
ond sensitization step in this food-allergy model.

The second sensitization step promotes the expansion
of Ag-specific GC B cells and IgE+ GC B cells
To define exactly when allergen-specific IgE develops in the PCT
food-allergy model, we measured the levels of IgE Abs at several
time points before and after the second sensitization (Figure 2A).
PN-specific IgE only emerged at day 12, 4 days after the second
sensitization. PN-specific IgG1 could be detected at day 10 at a
very low level. In contrast, total IgE could be detected at early as
day 7 with titers increasing over the course of the experiment
(Figures 1C and 2A). When ovalbumin (OVA) was used to replace
PN, similar results were obtained in which OVA-specific IgE was
first detected 4 days after the second sensitization (Figure S1A).
These data indicate that Ag-specific IgE can develop early after
the sensitization steps and likely does not require the formation
of memory B cells. To characterize Ag-specific B cells in our
model, an 4-hydroxy-3-nitrophenylacetyl (NP)-OVA hapten-pro-
tein conjugate was used in place of PN protein extract to allow
for the detection of Ag-specific B cells (Figure S1B). Compared
with naive mice, both the IgE+ GC B cells and NP-specific GC
B cells increased significantly after the second sensitization (Fig-
ure 2B). Though at a very low level, NP-specific IgE+ GC B cells
could be detected, and these cells increased significantly after
the second sensitization (Figure 2B). IgE+ plasma cells and
NP-specific IgE+ plasma cells also increased after the second
sensitization (Figure S1C).

The IgG1+ B cell response showed similar kinetics to the IgE+
B cell response, with increases of IgG1+ GC B cells, NP-specific
IgG1+ GC B cells, IgG1+ plasma cells, and NP-specific IgG1+
plasma cells after the second sensitization (Figures 2C and
S1C). We hypothesized that the second sensitization may main-
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tain the GC B cell response and inhibit apoptosis of GC B cells.
We found that the percentage of both annexin V+ total GC B cells
and annexin V+ IgE+ GC B cells decreased at least 2-fold after
the second sensitization (Figure 2D). To better characterize the
role of the second sensitization in the GC B cell response, we
compared GC B cells and NP-specific GC B cells at day 12
following one or two sensitizations. We observed that, from
day 8 to 12, NP-specific GC B cells decreased significantly
without a second sensitization at day 8 (Figure 2E). The second
sensitization rescued the NP-specific GC B cells and promoted
the expansion of GC B cells and NP-specific GC B cells (Fig-
ure 2E). The expression of IgE germline transcript (¢ GLT), a
marker for IgE switching, mainly increased after the second
sensitization, while the expression of GLT of IgG1 (y1 GLT) and
Aicda increased steadily (Figure S1D).

Development of Ag-specific IgE, but not IgG1, is
dependent on T cells and stimulation of Ag-specific B
cells at second sensitization
Since the second sensitization is critical for the IgE response, we
compared the role of Ag versus cholera toxin (CT) for the second
sensitization. There was no significant difference for the level of
PN-specific IgE between groups in which PN or PN + CT were
used at the second sensitization, while CT alone didn’t induce
PN-specific IgE at all (Figures 3A and S2A). These results suggest
that the specific Ags are critical at the second sensitization. To
determine whether the development of Ag-specific IgE is T helper
cell dependent, we used NP-OVA, a T cell-dependent Ag, and NP-
Ficoll, aT cell-independent Ag, in our food-allergy model. NP-spe-
cific IgE was detected in mice sensitized twice with NP-OVA but
was absent in mice when NP-Ficoll was used (Figures 3B and
S2B). In contrast, NP-specific IgG1 could be detected in all three
groups (Figures 3B and S2B). This indicates that Ag-specific IgG1
can develop by a T cell-independent pathway. NP-specific GC
B cell numbers were significantly lower when NP-Ficoll was
used, suggesting that activation of T helper cells is critical to pro-
mote NP-specific GC B cells (Figure S2C). To study how B cells
are involved in supporting Ag-specific IgE at second sensitization,
we compared Ags only versus Ag-hapten conjugates (OVA versus
NP-OVA) at the second sensitization after NP-OVA at the first
sensitization. NP-IgE could only be produced with NP-OVA and
not OVA alone, indicating that activation of existing NP-specific
B cells at the second sensitization is critical (Figures 3C and
S2D). To further study how T helper cells support Ag-specific
IgE at the second sensitization, we used two different T cell Ags
within the Ag-hapten conjugates (NP-OVA versus NP-KLH) at
the second sensitization after NP-OVA sensitization at the first
sensitization. NP-specific IgE was detected in mice receiving
NP-OVA or NP-KLH sensitization at the second sensitization
(Figures 3C and S2D). The similar level of NP-specific IgE regard-
less of the carrier protein used for the second sensitization indi-
cates that the specificity of TFH cells is not critical at the second
sensitization. At the same time, high levels of NP-specific IgG1
were produced in all conditions, again indicating a higher strin-
gency in the development of Ag-specific IgE responses compared
with Ag-specific IgG1 responses (Figure 3C).

To exclude that NP-KLH may be more potent than NP-OVA in
inducing Ag-specific IgE, we compared different groups using a
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Figure 1. Development of Ag-specific IgE, but not total IgE, requires a second peanut and cholera toxin (PCT) sensitization

(A) Schematic figure of the PCT sensitization model.

(B) PN-specific IgE, PN-specific IgG1, and total IgE at the indicated time points after PCT sensitizations. Mice were sensitized with PCT at day 1 or at days 1 and 8,

then sera were collected at day 15. n = 4.
(C) Total IgE in naive mice and mice after PCT sensitization. n = 5.

(D) Anaphylaxis reaction after PCT sensitizations. Naive and sensitized mice were injected with 2 mg peanut protein (intraperitoneally [i.p.]) at day 15.n=7.
*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 by two-way ANOVA. Data are representative of two independent experiments. Data are mean + SEM.

combination of NP-OVA and NP-KLH and found that there is no
difference between these groups for the NP-specific IgE (Fig-
ure S2E). To study the effects on TFH cells when different com-
binations of Ags were used (Figure 3C), we characterized the
level and activation status of TFH cells in GC (Figure S2F). We
found that there were significantly more TFH cells, CD137-pos-
itive TFH cells, and CD90-negative/low TFH cells with NP-OVA
at the second sensitization than the other Ags but not more
CD69+ TFH cells (Figure S2G), suggesting that TFH cell activa-
tion and GC residency (Yeh et al., 2022) may be affected by
the specific Ag presented by GC B cells. Overall, these data
showed that the development of Ag-specific IgE in our food-al-
lergy model is dependent on both T helper cell activation and
the stimulation of existing Ag-specific B cells at the second
sensitization. However, the specificity of T helper cells is not crit-
ical at the second sensitization for the development of Ag-spe-
cific IgE.

Development of allergen-specific IgE, but not allergen-
specific IgG1, requires proper timing of sensitization by
allergen

The requirement of second sensitization in food allergy and the
critical stimulation of Ag-specific B cells made us wonder

whether the timing of the second sensitization could affect the
development of Ag-specific IgE. We compared the PN-specific
IgE and PN-specific IgG1 in mice receiving their second sensiti-
zation at day 3, 8, or 15 after the first sensitization (Figure 4A).

Strikingly, the PN-specific IgE was only detectable in mice with
sensitization at days 1 and 8, which contrasts with the develop-
ment of PN-specific IgG1 that occurred following the secondary
sensitization at all three time points (Figure 4A). The expression
of e-GLT and Aicda, but not y1-GLT, were significantly higher
in the days 1 and 8 group than the days 1 and 3 group (Figure 4B),
further suggesting that Ag-specific IgE, but not IgG1, requires
precise timing for the second sensitization in the food-allergy
model. We measured the numbers of TFH, TFR, and GC B cells
between days 1 and 3 and days 1 and 8 and didn’t find any sig-
nificant differences (Figures 4C and 4D), indicating a specific ef-
fect of timing on IgE regulation.

Properly timed expansion of GC B cells is required for
the development of Ag-specific IgE

We then investigated why the interval between the two sensitiza-
tion steps affected the development of Ag-specific IgE. One hy-
pothesis is that 3 days after the first sensitization, GC B cells
cannot be activated at the second time, perhaps due to a
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Figure 2. Second sensitization maintains the expansion of Ag-specific GC B cells and IgE+ GC B cells and inhibits apoptosis
(A) Development of PN-specific IgE after days 1 and 8 sensitizations. Mice were sensitized with PCT at days 1 and 8. PN-specific IgE, PN-specific IgG1, and total

IgE were determined at the indicated time points. n = 4.

(B) NP-specific IgE+ GC B cells before and after second sensitization. Verigem mice were sensitized with NP-OVA + CT at day 1 or days 1 and 8. IgE+ GC B cells
and NP-specific GC B cells were analyzed at the indicated time points. Cell number was calculated per mesenteric lymph node (mLN). n = 4 or 8.
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refractory state from the first stimulation. Another hypothesis is
that there are too few Ag-specific GC B cells at day 3 to stimulate
with a second sensitization that will give a robust response. To
test these hypotheses, mice were sensitized twice at days 1
and 8 then given a third sensitization at 3 days after the second
sensitization (days 1, 8, and 11) or 7 days after the second sensi-
tization (days 1, 8, and 15). Here, there is a large starting popu-
lation of Ag-specific GCB to stimulate again, in contrast to the
stimulation 3 days after just one sensitization. We observed
that the titer of Ag-specific IgE with sensitization at days 1, 8,
and 15 was significantly higher than the days 1, 8, and 11 titer
(Figure 5A). To exclude the possibility that the difference
observed is caused by the prolonged interval between analysis
and last sensitization, we measured PN-specific IgE at similar
days after the last sensitization, and the PN-specific IgE was still
significantly higher with sensitization at days 1, 8, and 15 than at
days 1, 8, and 11 (Figure 5B). NP-specific GC B cell numbers
were not significantly affected by the differently timed sensitiza-
tions (Figure 5C). These data suggested that an Ag-specific IgE
response requires an optimal period of time between sensitiza-
tions, past an initial refractory period where GCB cells cannot
be productively stimulated again. This refractory period appears
to particularly critical for IgE+ GC B cells. To understand why a
longer time between sensitizations doesn’t lead to an IgE
response, we measured GC B cell numbers over time after one
sensitization. GC B cell and Ag-specific GC B cell numbers
were higher at day 8 than that at days 3 and 15 (Figure 5D), indi-
cating that these cells decay after the day 8 peak. Additionally,
IgG1+ GC B cells and CD138+ plasma cells were consistent
with a cellular response that is highest at day 8 (Figure S3A).
These results suggested that the optimal expansion of GC B
cells relies on the second sensitization of Ag-specific GC B cells
at day 8, which leads to the development of Ag-specific IgE in the
food-allergy model. However, the apoptosis of GC B cells was
not significantly affected by different timings of sensitizations
(Figure S3B). Taking these data together, we can construct a
model where an early second sensitization cannot stimulate
Ag-specific GC B cells to produce an Ag-specific IgE response,
whereas too late of a second sensitization leads to apoptotic loss
of the Ag-specific GC B cells before they can generate an Ag-
specific IgE response.

TFH and TFR gene expression is altered by timing of Ag
sensitization

In Figure 3, we show that the development of Ag-specific IgE is
T cell-dependent at both sensitization steps, and our earlier
studies showed that both TFH and TFR cells are required for
IgE production (Xie et al., 2020). We then wondered if the sensi-
tization timing affected the nature of the help from TFH cells

¢ CellP’ress

and also the suppression capacity of TFR cells. We therefore
used RNA sequencing (RNA-seq) to profile gene expression
of TFH and TFR cells from mice sensitized at days 1 and 3
and days 1 and 8 (Table S1). In TFH cells, the expression of
1,483 out of 12,275 genes increased by at least 1.5-fold, while
the expression of 1,787 genes out of 12,275 genes decreased
by at least 1.5-fold in the days and 8 group compared with the
days 1 and 3 group. In TFR cells, 1,263 genes out of 12,162
genes increased expression by at least 1.5-fold, while 3,213
genes out of 12,162 genes decreased in expression by at least
1.5-fold in the days 1 and 8 group compared with the days 1
and 3 group. We focused specifically on the known regulatory
factors expressed by TFH and TFR cells that might regulate IgE
switching and the survival and proliferation of IgE+ GC B cells.
The expression of the majority of genes that play important
roles in the function of TFH and TFR cells (signaling receptors
Cxcrb, Cd40lg, Icos, Pdcd1; cytokines Ii4, 1110, 1121, Tgfb1,
Ifng; cytokine receptors Il1r2, ll1rn, Il2ra; inhibitory molecules
Tigit, Fasl, Tnfsf10, Lag3, Ctla4, Gzmb) were unchanged be-
tween TFH and TFR cells from mice sensitized on days 1 and
3 and days 1 and 8 (Figures 6A-6C, S4A, and S4B). Analysis
of IL-4-producing TFH cells using //4 reporter mice (4get)
showed separately that there is no difference in TFH-derived
IL-4 between sensitizations at days 1 and 3 and days 1 and 8
(Figure S4C). It has been reported that TFR cells produce the
inhibitory factor Neuritin (Nrn7) to repress IgE (Gonzalez-Fig-
ueroa et al., 2021). In our food-allergy model, we observed a
2-fold decrease in Nrn1 in TFR cells after sensitization at
days 1 and 8 compared with at days 1 and 3 (Figures 6A-6C
and S4D). Unexpectedly, we also observed a 2-fold decrease
in Nrn1 in TFH cells after sensitization at days 1 and 8
compared with at days 1 and 3 (Figures 6A-6C and S4D). We
therefore examined both TFH and TFR cells for changes in
the expression of other suppressor genes. Fgl2 and Entpd1
are immune-suppressive factors typically associated with
Tregs, but their function in regulating Ab production has not
been extensively studied (Liu et al., 2017; Shalev et al., 2008;
Wang et al., 2015). We observed that Fg/l2 and Entpd1 had a
marked decrease in expression in days 1 and 8 TFH cells
compared with days 1 and 3 TFH cells (Figures 6A-6C). Fgl2
showed a 13.6-fold decrease in TFH cells and a 5.5-fold
decrease in TFR cells from days 1 and 3 to days 1 and 8.
(Figures 6A-6C). Independent gPCR data validated that the
expression of Fgl2 and Entpd1 in TFH cells was significantly
lower in the days 1 and 8 group than the days 1 and 3 group
(Figure 6B). While the expression of Fgl2 was significantly lower
in TFR cells from the days 1 and 8 group, Entpd1 was not
significantly altered in TFR cells (Figures 6C and 6D). As ex-
pected, both Fgl2 and Entpd1 were more highly expressed in

(C) NP-specific IgG1+ GC B cells before and after second sensitization. Verigem mice were sensitized with NP-OVA + CT at day 1 or days 1 and 8. IgG1+ GC B
cells and NP-specific GC B cells were analyzed at the indicated time points. Cell number was calculated per mLN. n = 4 or 8.
(D) Apoptosis of GC B cells and IgE+ GC B cells. Mice were sensitized with PCT at day 1 or days 1 and 8. Annexin V-positive GC B cells and IgE+ GC B cells were

analyzed. n = 5.

(E) GC B cells and NP-specific GC B cells with and without second sensitization. Mice were sensitized with NP-OVA + CT at day 1 or days 1 and 8. GC B cells and
NP-specific GC B cells were analyzed at the indicated time points. Cell number was calculated per mLN. n = 5.
*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 by one-way ANOVA. ns, not significant. Data are representative of two independent experiments. Data are mean

+ SEM.
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Figure 3. Development of PN-specific IgE, but not IgG1, is dependent on T cells and stimulation of Ag-specific B cells at second sensitization
(A) Mice were sensitized with PCT at day 1. These mice were secondarily sensitized with nothing, PN, CT, or PCT at day 8. PN-specific IgE and PN-specific IgG1

were analyzed. n = 4.

(B) Mice were sensitized with different recombination of NP-OVA and NP-Ficoll plus CT at days 1 and 8. NP-specific IgE and NP-specific IgG1 were analyzed. n = 4.
(C) Mice were sensitized with NP-OVA + CT at day 1. These mice were secondarily sensitized with different antigens plus CT as indicated at day 8. NP-specific IgE
and NP-specific IgG1 were analyzed by ELISA. Sera dilutions for optical densities (ODs) in graphs: PN-IgE at 1:10; PN-IgG1 at 1:50. n = 4.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 by one-way ANOVA. ns, not significant. Data are representative of two independent experiments. Data are

mean + SEM.

TFR cells compared to TFH cells (Figure 6E). Overall, the
expression pattern we observed for Fgl2 and Entpd1 implied
that they may play a suppressive role in regulating Ag-specific
IgE in this food-allergy model.

CD39 and TFH-derived FGL2 inhibit Ag-specific IgE

We then tested whether the expression of Entpd1 was affected
by the second sensitization. gRT-PCR data showed that Entpd1
gene expression is significantly down-regulated after the second
sensitization in TFH cells but not in TFR cells (Figure S5A). To test
whether CD39 regulates the development of Ag-specific IgE in
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our food-allergy model, a specific CD39 inhibitor (POM-1) was
used. Flow cytometry showed that POM-1 treatment increased
the percent of IgE+ GC B cells compared with control mice (Fig-
ure S5B), and we found that after PCT sensitization at days 1 and
8, POM-1 treatment led to slightly more PN-specific IgE (Fig-
ure S5C). PN-specific IgG1 was not different between control
and POM-1-treated mice (Figure S5C).

We next tested whether the expression of Fgl2 was affected
by the second sensitization. gRT-PCR data showed that Fgl2
gene expression is significantly down-regulated after the sec-
ond sensitization in TFH cells but not in TFR cells (Figure 7A).
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To further investigate the role of Fg/2 in the development of Ag-
specific IgE in our food-allergy model, we initially tested Fgl2
germline knockout (—/—) mice. Fgl2~'~ mice showed higher ti-
ters of PN-specific IgE than wild-type (WT) mice but unchanged
titers of PN-specific IgG1 (Figure 7B). Fgl2~'~ mice also
showed more TFH cells and GC B cells, but not TFR cells,
than WT mice (Figure S6A). Fgl2~~ mice also showed
decreased apoptosis of GC B cells than WT mice (Figure S6B).
To see whether the deletion of Fg/l2 and inhibition of CD39
could rescue IgE in timed sensitizations at days 1 and 3, we
compared PN-specific IgE in WT mice, Flg2*/* mice, and
Fgl2~’~ with POM-1 treatment in mice that were sensitized

¢? CellPress

OPEN ACCESS

Figure 4. Development of Ag-specific IgE,
but not IgG1, requires proper timing of sec-
ond sensitization

(A) Levels of PN-specific IgE, PN-specific IgG1,
and total IgE at the indicated time points after
different timing of PCT. n = 4. Asterisk (*) repre-
sents comparison between days 1 and 8 group
and days 1 and 3 group; hash (#) represents
comparison between days 1 and 8 group and days
1 and 15 group.

(B) Expression of GLTs and Aicda after PCT sen-
sitizations at days 1 and 3 and days 1 and 8 in total
Bcells.n=4.

(C) Numbers of TFH and TFR cells in spleen and
mLN after PCT atdays 1and3ordays 1and8.n=5.
Cell number was calculated per spleen or mLN.

(D) GC B cells in spleen and mLN after PCT at days 1
and 3 or days 1 and 8. Cell number was calculated
per spleen or mLN. n=5.

*p < 0.05; *p < 0.01; **p < 0.001 by two-way
ANOVA (A) or t test (B-D). ns, not significant. Data
are representative of two independent experiments.
Data are mean + SEM.

with PCT at days 1 and 3. It was found

that PN-specific IgE  significantly

increased in Fgl2™"~ mice treated with

POM-1 (Figure 7C), suggesting that com-

LN-TFR # bined Fgl2 deletion and CD39 inhibition
ns partly reversed the Ag-specific IgE defi-
ciency with sensitizations at days 1 and
3. A bone marrow (BM) chimera experi-
ment was then designed to compare
the role of Fgl2 from TFH cells and TFR
cells versus Fgl2 from TFR cells alone.
BM chimeras with Fgi2~ BM plus
Cd4-Cre Bcl6-flox BM allowed us to
test the effect of loss of Fg/2 in both
TFH and TFR cells, whereas BM chi-
meras with Fgi2~’~ BM plus Foxp3-Cre
Bcl6-flox BM allowed us to test the effect
of loss of Fgl2 in TFR cells alone (Fig-
ure 7D). We found that mice with Fgl2-
deficient TFH and TFR cells developed
higher PN-specific IgE than control
mice or mice with Fgl2-deficient TFR
cells (Figure 7E). Ag-specific IgG1 and
total IgE was also higher in mice with Fg/2-deficient TFH and
TFR cells than in mice with Fgl2-deficient TFR cells (Fig-
ure S6C). These data imply that Fgl2 expressed by TFH cells
is negatively regulating Ag-specific IgE. To study whether the
pathogenic function of IgE was affected by Fgl2 deficiency in
TFH cells, we tested the anaphylactic response in the BM
chimeric mice. We found that anaphylaxis is much more se-
vere, measured by temperature drop, in mice with Fg/2-defi-
cient TFH and TFR cells than in control mice and mice with
Fgl2-deficient TFR cells alone (Figure 7F). GC B cells were
also higher in mice with Fgl2-deficient TFH and TFR cells
than control mice or mice with Fgl/2-deficient TFR cells alone

/—

D1D3D1D8

Cell Reports 39, 110990, June 28, 2022 7




¢? CellPress

OPEN ACCESS

Cell Reports

A  Dips * 4 Figure 5. Properly timed expansion of GC B
cells is required for the development of anti-
D1D8D11 W v ¥ =
specific IgE
D1D8D15* * ' m PCT (A) Levels of PN-specific IgE at day 22 after
Day 1 8 11 15 different timing of PCT. n = 5 or 6.
PN-IgE (B) Levels of PN-specific IgE at 4, 7, and 10 days
z (separate titration graphs) after different timings of
1.5
= —— D1D8—D22 ns PCT.n=4or5.
210 = D1D8D11—D22 — (C.:) GCB apleP—specific GC B cells at day 22 after
8 . D1D8D15—D22 J*¥*** different timing of PCT. Cell number was calcu-
w05 lated per mLN. n = 5.
= (D) GC B cells and NP-specific GC B cells at
£ 0.0 different time points after just one sensitization.
1030 D'Ig?‘ 270 810 Cell number was calculated per mLN. n = 6.
flution *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 by
B t test (A, C, and D) or two-wa
, C, y ANOVA (A and B).
- PN-IgE (day 7
. PN-IgE (day 4) R oE{dayd) Data are representative of two independent ex-
£1.0 €15 i ignifi
g e ~ D1D8 g — D1D8 :lns geEr’i/Iments. ns, not significant. Data are mean +
- - D1D8D11 1.0 = DID8D11 %% :
Q06 a ***
Qo4 - D1D8D15 o - D1D8D15
T 0 0.5
0.2 =)
£o00 go0o0
10 30 90 270 810 10580, 90 270 1810 further discovered that two genes, Fgl2
Dilution Dilution K
and Entpd1, which are regulated by the
PN-IgE (day 10) ocB timing of allergen sensitization, play inhib-
E15 c ns itory roles in the development of Ag-spe-
s ~ D1D8 Tns 80,000 oy . P 9gsp
D cific IgE. Finally, we found that expression
< 1.0 - D1D8D11 **] . 60.000 ns ns >
a . D1D8D15 * % - of Fgl2 specifically from TFH cells sup-
e 3 40,000 presses the Ag-specific IgE response
o .
2 20,000 r“-] . o and anaphylaxis.
o 0.0 T T T T U
10 30 90 270 810 0 T T T Though IgE responses have been stud-
Dilution NP-specific GCB ied for decades, details about how the
D GCB NP-specific GCB ¥ 3,000 * Ag-specific IgE response is initiated
ns . . . . .
40,000 R £ 100 e r §2000 * in vivo, particularly in GC, remains un-
30,000 a o ns known. It is still not fully understood at
& s L] = . .
% _ i 2 § 1,000 . . what stage IgE class switching of Ag-spe-
8 10’000 g o o = e | cific B cells occurs in vivo and the
’ ? = 4 : : complete sequence of signals involved
[ 9 9 a9 P g 9
0 o5 b z %,Oq’ ,Oq’ %,Oq’ (Satitsuksanoa et al., 2021). Here, we
N . .
o ,\/9 > F &S have described a detailed pathway for
DA &Y & allergen-specific IgE production where a

(Figure 7G). Thus, FGL2 derived from TFH cells regulates the
production of anaphylactic IgE in this food-allergy model.
These data show that a regulatory factor expressed by TFH
cells can specifically repress Ag-specific IgE production and
that the expression of these factors is regulated by the timing
of allergen sensitization steps.

DISCUSSION

Here, we used a food-allergy model in mice to reveal several as-
pects of how Ag-specific IgE responses develop within the GC
reaction and are regulated by TFH cells. We found that both
the timing of allergen sensitization and the specific form of the
Ag required to stimulate GC B cells were critical for the develop-
ment of Ag-specific IgE but not for Ag-specific IgG1. The
allergen-sensitization timing affects the expansion of Ag-specific
GC B cells and affects the nature of the help from TFH cells. We
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minimum of two allergen sensitization

steps are required, in a very specific
time frame. We showed that the two sensitization steps are
necessary to expand significant numbers of Ag-specific GC B
cells, including IgE+ Ag-specific GC B cells. Ig switching to IgE
in GC occurs at a low level compared with switching to IgG1,
which reflects the fact that IgE class switching is tightly
controlled (Newman and Tolar, 2021; Wade-Vallance and Allen,
2021). One model for high-affinity IgE responses is that there is
competition between IgG1 and IgE class switching by B cells
within the GC. IgE promoting signals such as IL-4 are limiting fac-
tors, while IL-21 inhibits IgE switching (Wesemann et al., 2011;
Wu et al., 2017; Yang et al., 2020). Our data support the model
that the GC reaction plays a critical role in the development of
Ag-specific IgE and that repeated sensitization promotes more
IgE production in the GC. The consensus in the IgE field is that
IgE+ B cells are not efficiently expanded and selected in the
GC and thus do not generate high-affinity IgE production. In
this model, high-affinity IgE is typically produced through
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sequential switching from IgG1+ B cells that have previously
gone through affinity selection in the GC (Gould and Ramadani,
2015; He et al., 2015; Turqueti-Neves et al., 2015). The stage at
which IgG1+ B cells switch to IgE is not well characterized, but
some studies indicate that this occurs at a memory B cell stage
(Jimenez-Saiz et al., 2018, 2019). Our findings with this food-al-
lergy model do not fit with sequential switching to IgE from IgG1+
memory B cells, since a 7 day spacing in sensitization produced
Ag-specific IgE, but a 15 day spacing did not produce Ag-spe-
cific IgE. If memory B cells were involved, the 15 day spacing
should have worked as well or better to produce IgE than the
7 day spacing. Thus, our data suggest that Ag-specific IgE de-
velops specifically within the GC in the food-allergy model. In
addition, we found that Ag-specific IgE emerged as early as
day 12, which is only 2 days after the Ag-specific IgG1, suggest-
ing that IgE and IgG1 response develop nearly simultaneously

within the GC. We have also found in
this food-allergy model that high-affinity
IgE, which can promote anaphylaxis, is
produced as early as day 15 (Figure 1D).
Whether sequential class switching of
IgE through an IgG1 intermediate can
occur efficiently within this time frame is
not clear. We are currently studying
whether high-affinity IgE can develop by
direct switching in the GC or whether
sequential class switching from IgG1 to IgE occurs within
the GC.

One oddity we observed is the increase in total IgE level after
just one sensitization, while ¢ GLT expression only increases
after two sensitizations. Possible reasons for the discrepancy
are that either the signal to induce the ¢ GLT is stronger at day
12 than day 8 and/or that an increase of IgE+ plasma cells giving
rise to increased serum IgE is not captured in the total B cell pop-
ulation analyzed.

While we have increased our understanding of the role of the
second allergen sensitization step in inducing IgE responses,
some questions remain. We showed that CT is not required at
the second sensitization, suggesting that tolerance is broken at
the first sensitization and that only Ag is needed to stimulate
B and T cells at the second sensitization. Unexpectedly, using
B cell haptens coupled to different T cell Ags, we found that
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Figure 7. TFH-cell-derived FGL2 inhibits antigen-specific IgE

(A) mRNA expression of Fgl2 in TFH and TFR cells after PCT at the indicated time points. Mice were sensitized with one or two PCT. TFH and TFR cells were sorted
at the indicated time points. n =8 or 11.

(B) Peanut-specific IgE and peanut-specific IgG1 after PCT at days 1 and 8 in WT and Fgl2~~ mice. n = 4.

(C) PN-specific IgE in WT mice or Fgl2~/~ mice with or without POM-1 treatment after PCT at days 1 and 3. n = 2-5.

(D) Scheme of bone marrow chimera mice.

(legend continued on next page)
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TFH cells at the second sensitization do not require the same Ag
used in the first sensitization to help Ag-specific B cells. Howev-
er, for both sensitization steps, the cognate B cell Ag needs to be
linked to the cognate T cell Ag. The most likely explanation for
these results is that newly generated TFH cells can enter pre-ex-
isting GCs to provide help to IgE+ B cells after the second sensi-
tization. Previous work showed that newly generated TFH cells
could seed ongoing GCs and provide help (Shulman et al.,
2013), but here we show that this can occur in the context of
an IgE response. A second explanation is that rather than newly
generated TFH cells entering the GC, non-Ag-specific bystander
TFH cells outside the GC can provide help to B cells if given the
proper Ag stimulation (Ritvo et al., 2018; Wan et al., 2019). Future
work is needed to understand if the help to IgE+ GC B cells is
delivered by cognate TFH cells or from bystander TFH cells.
Another striking finding from our study is the differential regu-
lation of Ag-specific IgE and Ag-specific IgG1. We observed that
Ag-specific IgG1 is not sensitive to the timing of sensitization
steps, unlike IgE. It has been reported that Ag-specific IgE, but
not IgG1, is extremely sensitive to IL-4 levels (Robinson et al.,
2017). Ag-specific IgE+ GC B cells may also be more sensitive
to the levels of both positive and negative regulatory factors
than IgG1. This hypothesis is consistent with our data showing
that Ag-specific IgE, but not IgG1, is affected in Fgl2-deficient
mice and CD39 inhibitor treatment. Additionally, Ag-specific
IgE, but not IgG1, requires stimulation of pre-existing GC B cells
at the second sensitization. Several papers have shown that
IgE+ GC B cells display distinct features from IgG1+ GC B cells,
including less surface immunoglobin receptor expression and
greater propensity to undergo apoptosis or differentiate into
short-lived plasma cells (Haniuda et al., 2016). The differential
survival and differentiation capabilities of switched IgE+ GC
B cells and IgG1+ GC B cells may contribute to different out-
comes of Ag-specific IgE and IgG1 in our food-allergy model.
Several papers have shown that the Ag-specific IgE response
is dependent on TFH and TFR cells (Ballesteros-Tato et al., 2016;
Clement et al., 2019; Kobayashi et al., 2017; Noble and Zhao,
2016). The mechanism for how TFH and TFR cells regulate the
IgE response is just starting to be understood and includes the
IL-4, IL-13, IL-10, IL-21, and IL-2 signaling pathways (Dolence
et al., 2018; Gowthaman et al., 2019; Meli et al., 2017; Xie
et al., 2020; Yang et al., 2020). New molecules have recently
been discovered that regulate the GC and IgE response. TFR
cells produce the inhibitory factor Nrn1 to regulate IgE (Gonza-
lez-Figueroa et al., 2021). Interestingly, we also observed lower
expression of Nrn1 in TFH and TFR cells after sensitization at
days 1 and 8 compared with at days 1 and 3, supporting an inhib-
itory role of Nrn1 in regulating IgE. Here, we have identified two
factors with differential expression between PCT sensitization

¢ CellP’ress

at days 1 and 3 and days 1 and 8, Fgl2 and CD39, and their roles
in regulating Ag-specific IgE were characterized. Previous work
on the immunoregulatory role of Fgl2 has focused on its role in
regulatory T cells (Tregs) and suppressing immune responses
(Liu et al., 2017; Shalev et al., 2008; Wang et al., 2015). Most
recently, Fgl2-derived from TFR cells was found to regulate the
Ab response (Sungnak et al., 2020). Interestingly, these re-
searchers found that the expression of Fg/2 is not detectable in
TFH cells but is quite high in TFR cells (Sungnak et al., 2020).
We have analyzed the GC and Ag-specific IgE response in
Fgl2-deficient mice and conclude that TFH cell-derived, instead
of TFR cell-derived, Fgl2 inhibits Ag-specific IgE production and
the anaphylactic reaction in our food-allergy model. Unlike Ag-
specific IgE, Ag-specific IgG1 was not affected by Fgl2 defi-
ciency in mice in our food-allergy model. Whether Fgl2 regulates
the GC response generally and affects IgE+ B cells more
intensely, as these cells are more sensitive to regulatory signals,
or whether Fgl2 more specifically regulates IgE+ GC B cells,
needs future study. We note that the expression of Fg/l2 and
Entpd1 were also higher in TFH cells with an aberrant granzyme
B+ phenotype, which correlated with poor Ag-specific IgE pro-
duction (Xie et al., 2019). These data further suggest an inhibitory
role of Fgl2 and Entpd1 in TFH cells. However, since we used a
pharmaceutical CD39 inhibitor, we were unable to study the role
of CD39 specifically in TFH or TFR cells. A mouse model with a
specific deletion of Entpd1 or Fgl2 in TFH cells is not currently
available. The key question of how the expression of Fgl2,
Entpd1, and other inhibitory factors are regulated in TFH cells
during the IgE response needs more investigation.

In this study, we observed that the timing of allergen
sensitization determined whether specific IgE was produced
or not, with too short of a window or too long of a window be-
tween allergen sensitizations leading to a failed IgE response.
We showed that a short period of timing between allergen
sensitization steps blocked development of IgE+ B cells and
relates in part to expression of inhibitory factors, such as
Fgl2 and Entpd1, by TFH cells. Whether human food allergy
depends on a similar pattern of exposure to allergens is not
clear. Overall, this study adds important details to our knowl-
edge of how Ag-specific IgE responses are regulated in the
development of food allergy, which may inform the human
IgE response.

Limitations of the study

This study focused on how high-affinity IgE responses develop
after gut sensitization using protein Ags plus CT as an adjuvant.
This system is a widely used mouse model for food allergy
but differs from the development of food allergy in humans,
which is not associated with CT. We showed that in the

(E) Peanut-specific IgE in bone marrow chimera mice after two PCT sensitizations. Rag1 /= recipient mice received bone marrow from WT or Fgl2 /= mice in
combination with Cd4-Cre Bcl6-fl/fl mice or Foxp3-Cre Bcl6-fl/fl (Bcl6FC) mice. Bone marrow chimera mice were sensitized with PCT at days 1 and 8. PN-specific

IgE was determined. n =5 or 6.

(F) Anaphylaxis reaction in bone marrow chimera mice. Bone marrow chimera mice were injected with 2 mg peanut protein (i.p.) at day 15 after two PCT
sensitizations. Body temperature was monitored for 40 min post peanut challenge. n =5 or 6.

(G) GC B cells in bone marrow chimera mice after two PCT sensitizations. Cell number was calculated per mLN. n =5 or 6.

*p<0.05; *p<0.01; **p <0.001; “**p < 0.0001 by t test (A), one-way ANOVA (C and E-G), or two-way ANOVA (B). ns, not significant. Data are combined from two
independent experiments (A) or representative of two or three independent experiments. Data are mean + SEM.
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optimal sensitization sequence for strong IgE responses, the im-
mune-suppressive genes Fgl2 and Entpd1 are down-regulated
in TFH cells. However, these are only a subset of genes and fac-
tors altered by the timing of Ag sensitization, and we have not
characterized all factors regulated by the timing of Ag sensitiza-
tion. We observed that genetic ablation of Fg/2 in both TFH and
TFR cells, but not in TFR cells alone, increased Ag-specific IgE
levels and IgE-mediated anaphylactic responses. Since we are
unable to delete genes specifically in TFH cells without affecting
TFR cells, we cannot rule out that TFR cells produce Fgl2 that in-
fluences IgE responses; however, loss of Fgl2 by TFR cells alone
is not sufficient to significantly affect IgE responses. Further-
more, we do not have a genetic model to delete Entpd7 in TFH
and TFR cells and had to rely on an inhibitor compound that
may affect other cell types. Additionally, we do not know how
applicable our results are to other model systems where IgE re-
sponses are induced. Finally, we do not yet know how our results
relate to the human IgE response.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE anti-mouse CD185 (CXCRS5) Antibody Biolegend Cat#145504; RRID: AB_2561968
APC anti-mouse CD279 (PD-1) Antibody Biolegend Cat#135210; RRID: AB_2159183
PerCP/Cyanine5.5 anti-mouse CD4 Biolegend Cat#100540; RRID: AB_893326
Antibody

Pacific Blue™ anti-mouse CD38 Antibody Biolegend Cat#102720; RRID: AB_10613468
PerCP/Cyanine5.5 anti-mouse/human Biolegend Cat#103236; RRID: AB_893354
CD45R/B220 Antibody

APC anti-mouse/human GL7 Antigen (T and Biolegend Cat#144618; RRID: AB_2800675
B cell Activation Marker) Antibody

FITC anti-mouse IgG1 Antibody Biolegend Cat#406606; RRID: AB_493293
Pacific Blue™ anti-mouse FOXP3 Antibody Biolegend Cat#126410; RRID: AB_2105047
PE Annexin V Biolegend Cat#640908; RRID: AB_2561298
Rat anti Mouse IgE Heavy Chain BIO-RAD Cat#MCA419

Biotin Rat Anti-Mouse 1gG1 BD Cat#553441; RRID: AB_394861
Purified Rat Anti-Mouse IgE BD Cat#553413; RRID: AB_394846
Biotin Rat Anti-Mouse IgE BD Cat#553419; RRID: AB_394850

Chemicals, peptides, and recombinant proteins

Peanut protein extract

Greer Laboratories

Patent: XPF171D3A25

OVA Sigma Cat#A5503

KLH Sigma Cat#H7017-20MG
NP-OVA BIOSEARCH Cat#N-5051-100
NP-KLH BIOSEARCH Cat#N-5060-25
NP-PE BIOSEARCH Cat#N-5070-1
Cholera toxin Sigma Cat#C8052-2MG
Critical commercial assays

B Cell Isolation Kit, mouse Miltenyi Cat#130-090-862
CD4+ T Cell Isolation Kit, mouse Miltenyi Cat#130-104-454
Nunc-immuno MicroWell 96 well solid Sigma Cat#M9410
plates

Pierce Streptavidin Poly-HRP Thermo Fisher Scientific Cat#21140
Avidin HRP Invitrogen Cat#18-4100-94
TMB Substrate Reagent Set BD Cat#555214
Fixation/Permeabilization Solution Kit BD Cat#555028
Annexin V Binding Buffer Biolegend Cat#422201
TagMan Fast Advanced Master Mix Thermo Fisher Scientific Cat#4444963
Deposited data

RNA-sequencing This study GSE202713

Experimental models: Organisms/strains

Mouse Foxp3-Cre Bcl6-flox (Bcl6FC)
Cd4-Cre Bcl6-flox (Bclé cKO)
Igh_7tm1 .2Cdca (Verigem)

Fgl2 knockout (Fgl2 ~'7)

C.129-114"™ 19N (4get)

Alexander Dent
Alexander Dent

Chris Allen

Gary A. Levy

The Jackson Laboratory

Indiana University School of Medicine
Indiana University School of Medicine
University of California, San Francisco
University of Toronto

Stock #004190
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

114 Mm00445259 Thermo Fisher Scientific
121 Mm00517640 Thermo Fisher Scientific
1o Mm00439614 Thermo Fisher Scientific
Ifng MmO01168134 Thermo Fisher Scientific
Cd40lg Mm00441911 Thermo Fisher Scientific
Fgl2 Mm00433327 Thermo Fisher Scientific
Entpd1 Mm00515448 Thermo Fisher Scientific
Aicda MmO01184115 Thermo Fisher Scientific
Tubbb5 MmO00495806 Thermo Fisher Scientific
Software and algorithms

FlowdJo (version 10.6) TreeStar https://www.flowjo.com/
Graphpad Prism (version 9) GraphPad https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resource/reagents should be directed to and will be fulfilled by the lead contact, Alexander Dent
(adent2@iupui.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Data availability. The RNA-seq datasets generated in this paper are available at the NCBI GEO database (GEO: GSE202713).
Code availability. This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains

All mutant mice were on a C57BL/6 background. Foxp3-Cre Bcl6-flox (Bcl6FC), and Cd4-Cre Bcl6-flox (Bclé cKO) mice were
described previously (Hollister et al., 2013; Wu et al., 2016). C.129-14"™M1HY" (4get) were obtained from The Jackson Laboratory.
IgE reporter mice Igh-7"™1-2¢4°2 (\erigem) were obtained from Dr. Chris Allen (UCSF) (Yang et al., 2012). Fgl2 knockout (Fgl2 —/—)
mice were obtained from Dr. Gary A. Levy (University of Toronto) (Marsden et al., 2003). Six-to ten-week-old male and female
mice were used for most experiments. Mouse littermate comparisons were used whenever possible. Control and experimental
mouse cohorts were age and sex matched. Mice were bred under specific pathogen-free conditions at the laboratory animal facility
of the Indiana University School of Medicine. All experiments and handling of animals were conducted according to protocols
approved by the IACUC of the Indiana University School of Medicine.

METHOD DETAILS

Gut sensitization

Mice were deprived of food for 2 h, and then each mouse was fed 300 uL 1.5% NaHCO3; water (i.g.). Thirty minutes later, each mouse
was given 1 mg peanut protein extract (Greer Laboratories), OVA (Sigma), KLH (Sigma), NP1¢-OVA (Biosearch), or NP4g-KLH (Bio-
search) together with 10 pug cholera toxin (Sigma) according to the setting of experiments (Li et al., 2000; Orgel and Kulis, 2018).
The mice were sacrificed on the indicated days and the mesenteric lymph nodes (mLN) and spleen were harvested. Serum was
collected.

Assessment of anaphylaxis

To assess anaphylaxis, 2 mg peanut (PN) without cholera toxin (CT) was injected i.p. per mouse at the indicated time points after
sensitization. Mice were monitored for 40 min after challenge for the rectal (core) body temperature (Braintree Scientific).
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Total B cell isolation
Total cells were harvested from mLN and spleen. B cells were isolated using B Cell Isolation Kit, mouse (Miltenyi) according to man-
ufacturer’s instruction.

ELISA

For the measurement of PN-specific IgE, 96 well Nunc-Immuno plates (Sigma) were coated with 5 ug/mL IgE Ab (Clone: LO-ME-3,
BIO-RAD) in 0.1 M Carbonate buffer (pH 9.5) overnight at 4°C. Wells were blocked with 1% BSA for at least 1 h at room temperature
and diluted serum was added and incubated at room temperature for 2 h. Peanut protein extract was labeled with biotin (Sigma) and
added into wells for one hour (2 ng/mL) followed by adding poly-HRP streptavidin (Pierce Endogen) for 0.5 h (1:2000). For PN-specific
19G1, 96 well Nunc-Immuno plates were coated with 5 ug/mL peanut protein extract in 0.1 M Carbonate buffer (pH 9.5) overnight at
4°C. Wells were blocked with 1% BSA for at least 1 h at room temperature and diluted serum was added and incubated at room
temperature for 2 h. An anti-mouse IgG1 (Clone: A85-1, BD Pharmingen) was used as secondary Ab (2 ng/mL) followed by adding
avidin-HRP (Invitrogen) for 0.5 h (1:2000). For total IgE, 96 well Nunc-Immuno plates were coated with 2 ug/mL anti-mouse IgE (Clone:
R35-72, BD Pharmingen) overnight at 4°C. Wells were blocked with 1% BSA for at least 1 h at room temperature and diluted serum
was added and incubated at room temperature for 2 h. An anti-mouse IgE (Clone: R35-118, BD Pharmingen) was used as secondary
Ab (2 ug/mL) followed by adding avidin-HRP (Invitrogen) for 0.5 h (1:2000). After the incubation with HRP, TMB Substrate Reagent Set
(BD Pharmingen) was added for the reaction development.

Flow cytometry

Cell suspensions from mLNs were prepared and filtered through a 40-um cell strainer (Fisherbrand). Cells were washed and diluted in
PBS with 1% FBS and were stained with Fc block (Biolegend) for 5 min, followed by surface staining for the indicated markers.
Following labeled Abs were used: anti-CXCR5 (L138D7), anti-PD-1 (29F.1A12), anti-CD4 (RM4-5), anti-CD38 (90) and anti-B220
(RA3-6B2), anti-GL7 (GL7), anti-lgG1 (RMG1-1), anti-Foxp3 (MF-14) were obtained from BioLegend. For Annexin V staining, PE An-
nexin V (BioLegend) was added after surface staining using Annexin V binding buffer (BioLegend) according to the instruction. For
NP-specific B cells staining, NP4s-PE was added at the concentration of 5 nM and incubated on ice for 30 min. Fixation/
Permeablization Kit (BD Pharmingen) was used for intracellular staining following surface staining. All samples were acquired on
an LSR2 flow cytometer (Becton Dickinson) and analyzed with FlowJo V10.6 (TreeStar).

Q-PCR

The mRNA expression of cytokines, Fgl2, and Entpd1 were measured using Tagman Fast Advanced Master Mix (Thermo Fisher) in
QuantStudio 6 and 7 Flex Real-Time PCR System (Thermo Fisher). The probes for /l4 (Mm00445259), /[21 (MmO00517640), //10
(Mm00439614), Ifng (Mm01168134), Cd40lg (Mm00441911), Fgl2 (Mm00433327), Entpd1 (Mm00515448), Tubb5 (Mm00495806), Aicda
(MmO01184115) were purchased from Thermo Fisher. Tagman probes for y1-GLT (Probe: 5'-FAM-TGGTTCTCTCAACCTGTAGTC
CATGCCA-3’, Forward: 5'-CGAGAAGCCTGAGGAATGTGT-3, Reverse: 5'-GGAGTTAGTTTGGGCAGCAGAT-3’) and e-GLT (Probe:
5-FAM-CAGCCACTCACTTATCAGAG-3', Forward: 5'-GCAGAAGATGGCTTCGAATAAGAACAGT-3’, Reverse: 5'-TCGTTGAATGATG
GAGGATGTGTCACGT-3') were purchased from Custom TagMan Probes (Roco et al., 2019).

Bone marrow chimera
Bone marrow cells (2.5 x 10° each type) from donor mice were mixed and then injected i.v. into Rag 1 —/— recipient mice which were sub-
lethally irradiated (350 Gy). The lymphoid compartment in the recipients was allowed to constitute for 2 months before PCT sensitization.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq and analysis

RNA-seq was performed by the Indiana University School of Medicine Center for Medical Genomics. Uniquely mapped sequencing
reads were assigned to mm10 refGene genes. Quality control of sequencing and mapping results was summarized using MultiQC.
Genes with read count per million (CPM) < 0.5 in more than 4 of the samples were removed. The data was normalized using TMM
(trimmed mean of M values) method. Differential expression analysis was performed using edgeR. False discovery rate (FDR) was
computed from p values using the Benjamini-Hochberg procedure. Differentially expressed genes (DEGs) were determined if their
p-values were less than 0.05 after multiple-test correction with FDR-adjustment and the amplitude of fold changes (FCs) were larger
than 1.8. The RNA-seq data can be accessed via NCBI GEO database (GEO: GSE202713).

Statistical analysis

All data analysis was performed using GraphPad Prism software (GraphPad Software). Graphs show the mean + SEM. Unless other-
wise stated, Two-tailed Student’s t test or One-way ANOVA with Tukey’s post hoc analysis was used. All ELISAs were analyzed using
two-way ANOVA with Holm-Sidak multiple comparisons test. Significant differences (p < .05) and some non-significant differences
are indicated in the figures. All the statistical details of experiments can be found in figure legends. The investigators were not blinded
for the analyses.
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Supplemental Figure 1. Second sensitization maintains the expansion of Ag-specific
plasma cells (Related to Figure 2). (A) OVA-specific IgE after NP-OVA + CT
intragastric sensitization at D1D8. n= 5. (B) Gating strategies to characterize IgE+,
IgG 1+, and NP-specific GC B cells and plasma cells. (C) NP-specific IgE+ plasma cells
and NP-specific IgG1+ plasma cells before and after second sensitization. n = 4 or 8.

Cell number was calculated per mLN. (D) GLTs and Aicda mRNA expression after



PCT sensitization. Mice were sensitized with PN + CT at the indicated time points.
Expressions of GLTs and Aicda at the indicated time points were determined in total B
cells. n=3.* P <0.05; ** P <0.01; *** P <0.001 by one-way ANOVA (C). ns, not

significant. Data are representative of two independent experiments.
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Supplemental Figure 2. Development of PN-specific IgE but not IgG1 is dependent

on T cells and stimulation of Ag-specific B cells at second sensitization (Related to

Figure 3). (A) PN-specific IgE and IgG1 after different PN plus CT sensitizations (see



color coded legend). n = 4. (B) NP-specific IgE and IgG1 after sensitizations with
different combinations of NP-OVA and NP-Ficoll plus CT. n = 4. (C) NP-specific GC
B cells after different sensitization using NP-OVA/NP-Ficoll plus CT. (D) NP-specific
IgE and IgG1 after sensitizations with different combinations of NP-OV A and NP-KLH
puls CT. n=4. (E) KLH isn’t inherently better in inducing NP-specific IgE relating to
Ag-non-specific TFH help. Different combination of NP-OVA and NP-KLH plus CT
were used for sensitizations at day 1 and day 8. NP-specific IgE was tested. n = 4. (F)
Gating strategy for TFH characterizations. (G) CD137+ TFH cells, CD90+ TFH cells
and CD69 expression on TFH cells after sensitizations with different combination of
NP-OVA and NP-KLH plus CT in the set-up of Fig. 3C. n=5.* P <0.05; ** P <0.01;
¥k P < 0.001 by one-way ANOVA (C, E, G). ns, not significant. Data are

representative of two independent experiments.
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Supplemental Figure 3. CD138+ plasma cells and apoptosis of GC B cells after PCT
(Related to Figure 5) (A) Verigem mice were sensitized with NP-OVA + CT at day 1.
IgG1+ GC B cells, NP-specific CD138+ plasma cells, I[gG1+ CD138+ plasma cells,
and IgE+ CD138+ plasma cells were analyzed at day 3, day 8, and day 15. Cell number
was calculated per mLN. n =5 or 6. (B) Apoptosis of GC B cells after D1D3 and D1D8
PCT sensitizations. n=4. * P <0.05; ** P <0.01; *** P <0.001 for one-way ANOVA

(A) or t-test (B). ns, not significant. Data are representative of two independent

experiments.
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Supplemental Figure 4. Expression of cytokines in TFH and TFR cells with different
timing of PCT sensitizations (Related to Figure 6). (A) Gating strategy for TFH and
TFR cells sorting. (B) mRNA expression of /14, 1121, 1110, Ifng, Cd40lg, and I/13 in
TFH cells after PCT sensitization at D1D3 and D1DS. n = 4. (C) IL-4-expressing TFH

cells at the indicated time points using 4get mice. n = 5. (D) mRNA expression of Nrnl



in TFH and TFR cells. n =4. *, P <0.05; **, P <0.01; *** P <0.001 by t-test (B, D)
or one-way ANOVA (D). ns, not significant. Data are representative of two or three

independent experiments.
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Supplemental Figure 5. IgE response and GC B cells with treatment of CD39 inhibitor
(Related to Figure 7). (A) mRNA expression of Entpdl in TFH and TFR cells after PCT
at the indicated time points. n = 8 or 12. (B) GC B cells and Ig+ GC B cells after
D1D8 sensitizations. Mice were treated with CD39 inhibitor after second sensitization
for 4 days. n = 5. (C) Peanut-specific IgE and peanut-specific IgG1 after D1D8 PCT
sensitizations. Mice were treated with CD39 inhibitor after second sensitization for 4
days.n=5.% P <0.05; ** P <0.01; *** P <0.001 by t-test (A, B) or two-way ANOVA
(C). ns, not significant. Data are combined from two-independent experiments (A) or
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Supplemental Figure 6. The effect of Fig/2 knockout on TFH, TFR, and GC B cells
responses (Related to Figure 7). (A) GC B cells, TFH cells, and TFR cells in WT and
Fgl2 -/- mice after D1D8 PCT sensitizations. Cell number was calculated per mLN. n
= 5. (B) Apoptosis of GC B cells in Fgl2-KO mice after PCT sensitizations. n =2 or 5.
(C) Total IgE and PN-specific IgG1 in Fg/2 bone marrow chimera mice. n =5 or 6. *,
P < 0.05; ** P < 0.01, *** P < 0.001 by t-test. ns, not significant. Data are

representative of two independent experiments.



Supplemental Table 1 top differentially expressed genes

TFH up-regulated

Log2 FPKM
GeneSymbcfoldchange log2FC  TFH-D1D3- TFH-D1D3- TFH-D1D3- TFH-D1D3- TFH-D1D8- TFH-D1D8- TFH-D1D8- TFH-D1D8-4
Cxcl2 7.97061 2.99469 -3.52985 -2.61645 -0.31643 -4.11982 -0.21406 0.920335 0.150113 0.539822
Ctse 6.018821 2.589481 4.169257 4.253722 4.628374 4.734706 7.737999 7.774019 5.243005 7.388961
Mfsd9 5295899 2.404876 -0.01704 -2.60099 -1.39321 -0.63116 0.739739 0.419023 1.380166 2.438176
Bmpr2 4.96508 2311817 -2.3113 -4.00405 -2.13666 -2.83941 -0.23047 -0.96101 0.413287 -1.26596

Pcdhgb4  4.803115 2.26397 -4.15705 -0.96731 -1.05632 -1.24347 -1.01173 -0.08821 1.41999 1.311671
Nirc4 4.690247 2.229664 61422 -5.0059 -0.78484 -2.53389 0.648184 1.179916 -0.16834 -5.67996
Pam 4.097841 2.034864 .60094 -3.81802 -1.86468 -1.60488 0.407553 -0.15595 -2.43441 1.433738
Ldlrad3 4.08051 2.02875 -0.6906 0.55619 -3.99163 0.81253 1.042634 1.66268 3.477127 -1.38095
Hspala 3.950611 1.982076 -1.83156 1.668226 -1.17788 1.169869 1.705909 -0.18142 3.656804 2.575662
Apol9a 3.67951 1.879514 0.941305 0.57821 -4.6583 0.907217 2.519719 0.797079 2.74963 -0.77994
Celsr2 3.626467 1.858565 -3.38897 -2.9671  -2.1285 -2.31355 -1.58672 -2.23502 0.474024 -0.01614
Trpm1 3.456674 1.789385 -1.69712 -2.43661 -1.99572 -0.19262 0.592876 1.318786 -0.56421 -0.51198
Setbpl 3.412038 1.770634 -1.67619 -1.82705 -2.50763 -1.43046 -0.94914 -0.67687 0.445582 0.821632

Ypeld 3.379437 1.756783 -0.49292 -3.59359 -1.41249 -0.79309 -3.32841 1.47305 0.576323 2.014069
Chadl 3.365981 1.751027 -2.01762 -5.35302 -0.66681 -1.88083 -0.59539 -2.61132 0.242891 0.049651
Gm16894 3.352211 1.745113 0.930989 -0.14357 1.278113 0.979691 2.546613 1.651362 3.084678 2.743022
Vegfc 3.184636 1.671128 -4.91628 -4.91628 -4.91628 -4.91628 0.352002 -4.6511 -4.03042 -4.6511

Gdpd3 3.181869 1.669874 -1.76579 -0.81928 -0.49159 -0.68845 0.747031 -0.42332 0.308352 2.282331
Gm16861 3.170635 1.664772 0.302092 -0.82795 -0.87807 -0.27746 0.198376 0.498937 2.175614 2.104774
Tmem231 3.091843 1.628467 0.362991 -0.56728 0.072151 -0.21193 1.324729 0.96085 2.535381 1.348837

Stabl 3.063204 1.615042 -5.40893 -2.53772 -5.88066 -7.00388 -2.18625 -6.14675 0.700665 -6.7387
Pakl 3.052193 1.609846 -2.08156 -0.33055 -0.93258 -0.85526 -0.5583 1.033316 1.436515 0.327906
Fam129b 3.046101 1.606964 0.401311 -2.30339 -1.81 -3.08908 -0.19603 -0.67349 0.246536 0.24968
Hspalb 3.032024 1.600281 0.814033 3.72161 1.750917 3.44075 3.800379 2.416282 5.250477 4.661297
Ptprf 2971762 1.571318 -0.56754 -2.47371 -0.79988 -2.105  -0.2713 -1.27929 1.240037 0.649696
Celf3 2.964113 1.5676 -0.73388 -0.62479 -0.06319 -0.78197 0.337469 0.966263 2.245994 0.516851

Tmcc3 2.959361 1.565286 0.474402 -0.02039 -0.50976 0.245505 0.832618 1.524032 3.019909 1.074338
Npdcl 2.956124 1.563707 1.878712 -0.07067 2.022319 0.775727 3.039721 2.244895 2.745015 2.831286
A930013F] 2.891372 1.531754 0.613983 0.427601 1.198426 0.402809 1.464456 2.591275 2.265631 2.448473
Thx6 2.872164 1.522138 1.254102 0.710163 1.270055 1.380579 2.383538 2.924983 2.498841 2.896088
Camk2b 2.837447 1.504593 1.373487 1.089315 1.498359 0.738944 2.913352 3.077409 1.567772 3.159946
Slc7a8 2.817457 1.494394 -4.00576 -2.37673 -2.40888 -1.61132 -0.10127 0.78451 -5.13113 0.022767
Pcdhga7  2.795864 1.483294 -2.75177 -0.87036 -0.9503 -1.21532 -0.63069 -0.36935 0.918842 0.226622
Ttc28 2.764573 1.467057 0.367106 -0.75118 0.749915 0.737451 1.093004 1.89271 2.114455 1.871345
Prrtl 2.703437 1.434795 -1.41438 -0.90761 0.895949 0.455741 0.565578 1.232138 1.434662 1.536497
Ppplrl2b 2.703337 1.434741 0.614919 -0.22497 -0.02441 0.144905 1.305061 0.296123 2.132529 2.515689
Cdc42epd 2.646661 1.404174 0.464536 0.593319 -0.52977 0.061456 1.995485 0.725751 1.108841 2.376156
Mir7669  2.617335 1.388098 3.116114 4.115496 3.485216 4.377981 5.434414 5.169658 4.753019 5.290109
Usp35 2.606228 1.381963 -1.39898  -0.6932 0.354257 -0.14243 0.460194 0.763255 2.050492 0.373557

Foxk2 2.591996 1.374064 1.315589 0.506707 0.910356 0.46053 1.734947 2.443914 2.869695 1.64088
Gm10560 2.591606 1.373847 -0.65772 0.125496 -0.15028 -1.39919 0.490242 1.919468 -0.40127 1.40526
Tanc2 2.586599 1.371056 -2.5582 -2.7155 -1.54548 -2.23382 -0.16746 -0.62153 -1.86556 -0.91423
Ahdcl 2.581637 1.368286 -0.57339 -0.19239 -1.12118 -0.91832 0.71614 0.165463 0.595477 1.190782
Pcgf2 2.557793 1.3549 -0.93973 -0.98381 -0.60807 -0.95465 -0.39932 1.080909 0.813708 0.438051

BC100451 2.534275 1.341573  -1.8056 -2.01038 -2.4745 -1.6412 -0.17119 -1.0606 -1.46037 0.126765
Atxn7l10s2 2.515118 1.330626 -1.75066 -1.31959 -1.80279 -0.84346 -0.99967 1.54057 -2.07415 1.139246
Gm11944 2.499837 1.321834 0.341176 0.125822 -0.26555 -0.33003 0.446419 0.126019 2.664128 1.922196
Histlh4b  2.498425 1.321019 -0.51888 1.200133 -0.67169 -1.34895 -0.31741 0.823596 1.598516 1.839989
Dnajcl2 2.443571 1.288991 0.970311 0.9947 1.237514 1.436057 2.051151 2.386715 2.810066 2.546613
Zscan12 2.43839 1.285929 0.76752 0.623531 0.744609 0.450661 2.791973 1.385646 2.591987 0.960431
1700001K: 2.428311 1.279953 0.286759 -0.87678 -0.47535 -0.65578 1.455014 0.902894 -0.25526 1.296014
Dyrklb 2.425383 1.278213 1.135769 1.977754 1.714942 1.698795 3.142128 3.267087 3.022098 2.208799
Lrre32 2.416862 1.273135 0.444252 -1.69718 0.16652 0.495632 1.152673 0.31464 1.820351 1.214101

Tmc3 2.406203 1.266758 0.070195 1.056769 1.896049 1.793199 2.543306 2.010666 2.832467 2.496805
Rab11fip2 2.403725 1.265272 -0.99429 -0.43678 -0.71824 -0.55065 0.018397 1.120001 0.16913 1.053597
Ddc 2.40187 1.264158 0.406452 -0.5718 0.521358 -0.54207 1.867952 0.757149 3.172118 -0.92665

Histlh2be 2.392532 1.258538 -0.96069 -1.58977 -2.42928 -0.80695 -1.8037 0.444953 1.495595 -0.88939
Sorbs3 2.383794 1.25326 -1.38607 -1.15715 -1.92961 -0.60908 -1.58827 -0.69999 0.458079 1.761309
AI504432 2.361353 1.239614 1.093754 1.597748 0.929435 1.412533 2.442338 2.288021 2.582076 2.67949
Bedin3d 2.35983 1.238683 2.534445 3.323297 2.611849 3.166661 3.885893 4.069636 4.203562 4.431893
Cypafl7 2.357506 1.237262 2.498419 2.456529 2.14972 2.576406 2.849866 4.254632 4.169298 3.356324

Celsr1 2.35215 1.23398 0.043961 0.222601 0.77636 0.72809 1.128397 0.959858 2.146785 2.471893
lers| 2.332272 1.221736 0.201918 -1.17387 0.995577 0.974988 1.270321 2.255125 1.841865 0.518243
Mbd6 2.329892 1.220263 0.133015 0.307213 0.605173 0.781111 0.999701 1.207098 2.454043 2.046722
Jdp2 2.32978 1.220194 2.222686 2.670943 1.90314 3.102797 3.865305 3.554552 3.55904 3.801444

Stxbp4 2.319537 1.213837 -1.48969 -0.63713 -1.29537 -1.5218 0.832992 0.636709 0.991752 -2.5501
Lrre71 2.295312 1.19869 -1.68915 -1.21275 0.651736 -1.01477 0.053872 0.421642
Tbrg3 2.293479 1.197538 8 -2.10042 -2.16613 -1.30745 0.90332 -6.11513 0.459856
943006010 2.292224 1.196748 0.516133 0.016475 -0.19865 0.134182 0.263582 1.225771 2.130108 1.635668
Zbtb26 2.28741 1.193715 -2.99591  -0.2389 -0.96149 -0.78137 -2.02794 0.359767 0.401477 1.063883

Hgfac 2.281798 1.190171 0.959862 0.56913 1.336399 1.633305 2.257881 2.680358 1.95689 2.364253
Smtn 2.278543 1.188112 6.005334 6.417852 5.678947 6.672396 7.876349 7.979271 7.196522 6.474833
Ghdc 2.255086 1.173183 1.979844 0.771887 1.326087 1.548436 2.583277 2.805402 2.665667 2.264639
Brpf3 2.237971 1.162191 0.118072 0.947841 0.16681 0.83313 1.594519 1.774177 1.628452 1.717469

Zfp595 2.230959 1.157664 -2.78836 -0.17478 0.611201 -0.04872 0.664027 -0.17821 0.339071 1.405118
Setdla 2.230681 1.157484 0.694464 0.66985 0.852007 0.683611 0.962957 1.986701 2.195167 2.385043
Chrna2 2.229907 1.156984 0.036961 0.302209 -0.05203 0.331079 1.132492 1.627569 2.021722 0.464369
Gtf2ird2 2.2251 1.15387 2.316676 1.746435 1.48605 2.069658 3.065049 2.872944 4.138717 2.15759
Milte 2.222889 1.152436 1.961766 1.837285 1.60509 2.077255 2.819199 3.357917 3.058257 2.855764
Gltscrl 2.218237 1.149414 1.826294 2.10553 2.340512 2.336994 2.491032 3.535828 4.179293 3.000832
Hdgfrp3 2.213986 1.146646 -0.35308 -0.80927 1.004153 -0.39408 0.761981 0.535549 1.644576 1.092201
Zbtb20 2.190633 1.131348 3.640289 3.247298 3.906995 3.608502 4.56958 4.860159 4.880716 4.618021
Mblac2 2.183406 1.126581 1.329771 0.623188 0.462356 1.407874 1.50622 2.31058 2.424988 2.087725
Tbcld22bc 2.180548 1.124691 -0.77905 0.029483 -0.35709 0.32685 -0.53092 2.038898 0.860533 1.350437
Megf8 2.171545 1.118722 -3.36428 -6.78773 -3.25289 -2.95838 -0.40371 -3.34759 -6.44661 -1.69048
Ncoal 2.155893 1.108285 0.826481 1.042286 1.246159 1.714386 2.135743 3.094107 2.565335 1.467268
Hipk2 2.155064 1.107731 0.557728 0.882695 0.503318 1.426754 1.613024 1.267242 3.399876 1.521277
Kmt2d 2.149796 1.1042  2.60578 2.687417 2.757701 2.874138 3.539126 3.832353 4.120322 3.850034
Angptl1l 2.149108 1.103738 -2.31619 -2.15793 -1.21609 -1.78875 0.088252 -2.26883 0.160833 -1.04426
Whrn 2.145882 1.101571 0.432787 0.73256 -0.91435 1.138166 1.127918 2.060556 1.364364 1.242606
Zfp563 2.144506 1.100645 0.03646 -0.29377 -0.70467 -0.38292 1.449473 -1.14538 2.465546 0.288038
Pou5f2 2.138687 1.096725 0.699418 0.482024 0.133572 0.994037 1.36035 1.92997 2.318194 1.087439
583041611 2.135309 1.094445 1.336067 1.039568 1.542159 0.985882 2.437326 2.090616 2.374481 2.379033
C€230024C: 2.124231 1.086941 -1.48124 -2.2718 -0.81458 -1.57482 -0.78577 0.692152 -0.91872 -0.78234
Gm3435  2.117431 1.082315 -1.00511 -1.73872 -2.00658 -0.52266 0.291525 -0.92723 -0.19452 -0.11359
Ccdc88a 2.09379 1.066117 -2.55312 -1.29728 -0.02878 -1.57298 0.527951 -0.92421 -0.86544 0.074006

Map6é 2.091408 1.064474 1.999551 0.352371 1.927251 0.914657 2.550437 2.520599 2.352298 2.028395
Malat1 2.08944 1.063116 8.149435 8.518494 8.420404 8.509501 9.125337 9.603495 9.550196 9.571271
Sarm1l 2.084973 1.060029 0.618844 0.169141 -0.91355 1.027507 0.997328 0.330369 1.734128 2.080232
Ikzf4 2.083697 1.059146 2.265555 1.070962 1.451054 2.270606 3.059534 2.041094 4.263856 1.930274
4933417D 2.081826 1.05785 -0.82923 -0.89167 -0.27386 -0.51029 -1.09377 1.287019 1.557122 -0.02403
Psrcl 2.080777 1.057123 1.302706 1.175959 1.391004 1.024866 2.358446 2.821252 1.570687 2.37264
1d3 2.079714 1.056385 7.064746 7.889599 7.397362 7.674239 8.481642 8.693604 8.632873 8.443366
Ubn2 2.078474 1.055524 0.647185 0.347655 0.301813 0.69605 1.05729 1.628102 1.681185 1.848223
KIhI3 2.07102 1.050341 0.353814 0.47499 0.276579 0.024091 1.437142 0.624757 1.756771 1.51217
Adamtsl4 2.04939 1.035195 1.435951 0.729564 1.507651 0.814043 2.134058 1.075492 3.445964 1.972473
Pld2 2.049257 1.035101 1.317279 1.254589 2.134844 1.293219 2.501187 2.159756 2.217882 3.26151

Ltbp4 2.045965 1.032781 -0.20737 -1.52185 -0.2221 0.512641 -0.89481 -0.30842 2.795035 1.10064



TFH down-regulated

Log2 FPKM
GeneSymbi foldchange l0g2FC  TFH-D1D3- TFH-D1D3- TFH-D1D3- TFH-D1D3- TFH-D1D8- TFH-D1D8- TFH-D1D8- TFH-D1D8-4
Xylb 44.7085 -5.48248 0.073187 -0.77798 0.366071 -0.65795 -5.73164 -5.73164 -5.73164 -5.73164
Lairl 43.2746 -5.43545 0.549713 0.618516 -1.14709 -0.68239 -5.60076 -5.60076 -5.60076 -5.60076
Fut7 43,1876 -5.43254 1615632 1.202175 1.450459  0.7709 -3.50174 -4.1931 -4.78504 -4.21112
Ttc30b 40,0242 -5.3228 0.679523 -0.05231 0.636723 0.117985 -5.12531 -4.53336 -5.12531 -5.12531
Anxal 30,3813 -4.92511 2.483983 1.601957 1.666939 0.769611 -4.21987 -1.50177 -4.21987 -3.23646
Pirb 30,1265 -4.91296 -0.68334 -0.01948 0.318566 -0.71369 -5.18744 -5.18744 -5.18744 -5.18744
Csfir 29.1841 -4.86711 -1.16321 1.05217 -0.62006 -1.5224 -5.6938 -5.6938 -4.64055  -5.6938
Btk 29.0732 -4.86162 -0.94021 0.426027 1.296788 -0.2769 -5.08159 -5.08159 -3.69599 -5.08159
Nicn1 26,9576 -4.75262 0.460961 1.486327 0.059099 0.515984 -4.81205 -2.62588 -4.81205 -4.23813
Rab4a 26,3451 -4.71946 2.829751 2.873839 0.339984 3.068103 -0.59677 -0.69473 -4.23734 -4.23734
Plcg2 24,9562 -4.64132 0.934298 0.126484 0.833557 0.178975 -5.84327 -0.01543 -4.79002 -5.84327
Kank3 24.7473  -4.6292 0.227322 1.41733 0.842537 0.842362 -5.13686 0.223331 -5.13686 -5.13686
Ube2cbp ~ -24.337 -4.60508 0.881094 0.588413 1.001171 0.718167 -4.60987 -4.01792 -3.55662 -3.04707
Nefl 24.222 -4.59825 0.297919 0.917073 1561015 0.678349 -3.35803 -1.53538 -5.30958 -4.73566
Myo6 20.5825 -4.36334 -0.08331 -1.16036 -1.24106 -0.36159 -4.95435 -1.91414 -6.7156 -6.7156
Hek 20,5606 -4.36181 -1.30093 0.750756 0.50152 -1.72204 -4.80448 -4.80448 -4.80448 -4.80448
Siglecg 20,1567 -4.33319 -0.98131 0.769557 2.318876 0.329617 -0.35989 -5.05227 -4.43159 -5.05227
Aph1b 118,636 -4.22002 -0.39714 0.032935 0.259788 -0.55939 -0.74329  -5.928  -5.928 -4.94459
Tacc2 18.5798 -4.21566 -0.66609 -0.61977 -0.22913 -1.67888 -6.99314 -6.40119 -5.93989 -0.72231
€d109 183197 -4.19533 0.315401  -2.184 -1.05956 -1.76971 -6.29222 -4.95775 -5.23898 -4.99023
Slc30a3 -18.121 -4.17959 -0.23621 -0.29227 0.154794 0.316917 -4.74032 -2.55416 -4.74032 -4.74032
Tt -16.8468 -4.07441 0.374936 -0.65787 -0.00704 0.305427 -5.36564 -3.32691 -1.66036 -5.92927

2810408A: -16.7725 -4.06803 -0.48598 0.301241 -0.5713  -0.3115 -4.4829 -3.89095 -4.4829  -4.4829
Ceacaml  -16.2037 -4.01825 -3.0861 -0.85695 -0.33509 -2.21323 -5.64109 -5.64109 -5.64109 -5.64109
Aldh1l1 -16.1798 -4.01612 -1.70873 -0.89134  -1.8262 -0.37493 -5.3644 -4.77246 -5.3644 -5.3644
Fam212a -15.973 -3.99757 1.153169 0.998547 1.046124 1.075013 -1.87348 -2.81456 -3.20435 -3.82503
BC035044 -15.8494 -3.98636 -0.53866 0.238261 0.311181 0.39583 0.045664 -5.19483 -5.19483 -5.19483

Rassf4 -15.8037 -3.98219 -2.37058 -0.59294 0.71477 -0.34923 -5.84136 -5.39453 -5.78432 -1.50653
F8 -15.6095 -3.96436 -2.77002 -3.70276 -1.90327 -2.35941 -6.64822 -6.64822 -6.64822 -6.64822
Rwdd2a -15.3034 -3.93578 0.001126 1.492585 0.987137 0.452228 -4.2074 -0.18785 -4.2074 -4.2074
Ago4 -15.2728 -3.93289 -2.99563 -4.80201 -0.7769 -1.47267 -6.44469 -6.44469 -6.44469 -6.44469
Zfp418 -14.9428 -3.90137 0.483855 1.146657 -0.03716 -0.29109 1.214442 -5.17256 -5.17256 -5.17256

Slc29a4 -14.8439  -3.8918 -0.22204 -0.00615 1.080408 -0.03545 -5.21935 -5.21935 -5.21935 0.907616
Adam12 -14.2601 -3.83391 -1.18881 -1.5118 -2.10244 -2.70461 -6.67977 -6.67977 -6.67977 -2.80401

A630033H -14.2215 -3.83  -0.7974 0.673346  -0.5822 0.994184 -2.85523 -5.50089 -5.50089 -1.17507
Osbplla -14.1629 -3.82404 -0.42041 -0.24954 0.001224 -0.3542 -0.02146 -6.14723 -6.14723 -4.00319
KIf1 -13.9099 -3.79804 -1.21623 1.101462 -1.08542 -1.03524 -4.3569 -4.3569 -4.3569  -4.3569
Adam8 -13.4363 -3.74806 2.395096 1.682811 0.937842 0.700637 -0.00026 -3.19359 -3.99417 -2.08784
Ctla2b -13.3044 -3.73383 0.941164 0.510585 1.093645 0.002228 -3.93747 -3.93747 -3.93747 -0.57532
Pigg -13.1045 -3.71199 1.496972 2.017665 1.82358 0.921001 1.032765 1.025086 -5.61026 -5.03634
Kit -12.511 -3.64512 -0.69093 -1.12405 0.055422 -0.02432 -0.34374 -4.77836 -6.11283 -5.12942
Aplm2 -12.3182 -3.62272 0.841799 1.214979 0.855704 1.61485 -2.41738 1.5279 -4.53703 -4.53703
Smpd3 -12.106 -3.59765 -2.77012 -2.48491 -2.19202 -2.57682 -6.10361 -6.10361 -6.10361 -6.10361
Igfbp7 -12.042 -3.59001 1.403726 -1.07272 2.100043 -1.92416 -4.01818 -2.41929 -3.3975 -4.01818
Zfp619 -11.8638  -3.5685 -1.37669 -1.94558 -0.44108 -0.85682 -4.7739 -5.72394 -3.64324 -4.75309
Gm10390 -11.5854 -3.53424 -1.73436 -1.79226 -3.63916 -1.62238 -5.73128 -5.73128 -5.73128 -5.73128
Fgl2 -11.5582 -3.53084 -0.58245 -0.86964 -0.22777 -1.99026 -3.38359 -5.06184 -4.26819 -5.07986
Map10 -11.3405 -3.50341 -0.10287 -1.30695 0.332101 -2.08843 -0.47996 -5.56661 -5.56661 -5.56661

Cdknlc -11.1514 -3.47916  -0.0899 -2.36627 -0.18032 -0.1988 -4.69714 -4.69714 -3.6439 -3.71374
Tmevpgl  -10.9854 -3.45751 0.429728 1.367008 -0.30655 1.201663 -3.90439 0.574952 -3.90439 -3.90439
Slc44al -10.9034 -3.44671 -0.45511 -1.78957 -0.29703 -0.58977 -0.56105 -5.45242 -5.45242 -5.45242

Pole2 -10.4758 -3.38899 2.956174 2.637912 2.529728 2.696082 -0.80605 1.679544 -2.24896 -1.36059
Fam219a  -10.4469 -3.385 2.057627 0.946031 1.652826 1.577706 1.545909 -0.27265 -3.76291 -4.81616
Txnrd3 -10.4337 -3.38318 -0.47178 -0.32578 -0.39668 -0.65076 -5.24346 -2.52536 -5.24346 -2.36545
Mx2 -10.4094 -3.37982 1.027213 1.102847 -0.84783 1.302936 -3.47501 -5.01699 2.574886 -5.01699
4930432K: -10.2965 -3.36408 0.320766 0.412771 -2.11406 0.532597 -5.05806 -5.05806 -4.43738 0.249242
Cer5 -10.2404 -3.35621 -0.29122 0.194667 1.242954 -0.08955 -0.04804 -2.36355 -4.66785 -5.28853
Cedc63 -10.0608 -3.33067 -0.95257 -1.36067 -0.25243 -0.40816 -1.22593 -5.02352 -5.02352 -5.02352
Zfp558 -9.87595 -3.30392 0.382137 0.306888 1.044088 0.72658 -5.68033 0.925264 -5.68033 -0.32059
Plpl -9.87529 -3.30382 -0.72037 0.110236 -1.14815 -0.27802 -1.23996 -5.53578 -4.91511 -3.56074
Crip2 -9.80281  -3.2932 2.709007 2.551401 3.076255 1.696976 1.372081 -3.67272 -3.64399 2.805487
Col11a2 -9.70813 -3.27919  -3.1561 -3.89544 -2.57121 -1.54505 -6.22631 -6.22631 -5.60564 -6.22631
Algb -9.60652 -3.26401 1.797581 1.572898 1.751529 1.937487 -1.01399 -0.05426 -4.32512 -0.60319
Eri2 -9.55373 -3.25606 2.658426 2.198341 2.126725 2.282191 1.199695 1.992512 -2.67765 -4.27313
Fam187b  -9.49856 -3.24771 -0.94575 -1.72707 -0.63745 -1.49076 -5.15428 -2.32903 -5.15428 -5.15428
Ms4al -9.45221 -3.24065 1.641909 2.894355 3.894792 2.658308 0.366137 1.060519 -4.15946 0.859566

Tmem141 -9.23155 -3.20657 0.486884 0.842093 0.928109 1.064622 -0.06972 -1.80118 -3.81684 -3.81684
Ppfibp2 -9.10675 -3.18694 -0.72481 0.237227 0.387797 0.122569 0.9535 -1.71436 -5.98205 -5.98205
Id1 -9.10131 -3.18607 1.038926 -0.43475 0.604621 1.432598 0.820385 -3.64109 -3.64109 -3.64109
Pstpip2 -9.07549 -3.18198 0.476131 0.894854 1.452648 1.443526 1.949114 -0.57546 -4.9172 -4.9172
B430306NI -9.06354 -3.18007 -0.75952 0.338494 -1.48509 -0.39351 -4.56332 -5.53121 -5.53121 0.605809

Ciita -9.04492 -3.17711 -3.18317 -0.4731 0.588451 -1.55913 -2.57672 -3.30558 -5.70316 -5.74992
Adm -8.89307 -3.15268 0.474708 0.316511 2.00175 -0.99831 0.224521 -3.61337 -4.20531 -3.22191
1700019G -8.85237 -3.14606 1.004572 1.728739 0.865185 0.986602 2.162419 0.12258 -4.83174 -5.45242
Zfp111 -8.85112 -3.14586 -3.57818 -2.20401 -0.7737 -1.65594 -2.63513 -6.57431 -6.57431 -5.01152
Ndnf -8.78702 -3.13537 -0.89601 -0.92745 -1.45052 -2.17894 -5.40371 -5.96734 -0.65602 -5.96734
TIr7 -8.75245 -3.12969 -3.28409 -0.77834 -1.56285 -1.16232 -5.16838 -5.73201 -5.73201 -2.67396
Gyk -8.71249 -3.12309 1.565619 1.216091 0.877385 1.647257 0.061639 -5.32685 0.635862 -2.55664
Faml1l4al -8.62013 -3.10771 -2.22961 -4.31631 -1.21152 -1.01102 -5.29983 -5.29983 -5.29983 -5.29983
Pls1 -8.48491  -3.0849 -2.79047 -0.96702 -1.91578 -3.18897 -5.62596 -5.62596 -5.62596 -4.32396
Gpc2 -8.32464 -3.05739 -0.0717 -1.32172 -0.58342 0.577713 -3.11746 -5.06901 -5.06901 -0.3732
Itgad -8.3122 -3.05523 -3.81017 -0.41301 -2.38363 -0.19423 -2.46297 -5.72656 -5.10588 -5.72656
Nhsl2 -8.31032  -3.0549 -1.85442 -3.60975 -2.77325 -5.62719 -7.43682 -3.77377 -7.43682 -7.43682
Straé -8.15007 -3.02681 -0.39547 -3.64608 -1.25089 -2.80882 -5.0407 -5.01239 -4.55108 -5.60433
Pcytlb -8.11725 -3.02099 -0.25764 0.129635 0.200306 0.368934 1.289048 -0.6795 -6.12614 -6.12614
Capn5 -8.06618 -3.01188 -0.49423 -0.61667 0.314643 -0.38603 -5.93022 -5.33827 -2.51381 0.552474
Serp2 -7.99247 -2.99864 1.774891 1.760443 1.581003 1.947662 1.445697  -3.7948 1.213325  -3.7948
Viprl -7.97296 -2.99511 0.830436 0.940379 1.616998 -0.08912 0.37854 -6.03297 -5.41229 2.384957
Pde8a -7.85643 -2.97387 -1.46044 -2.01803 -0.41849 -0.43986 -5.16345 -5.16345 -0.74198 -5.16345
Jup -7.82643 -2.96836 -2.67169 -0.99113 -2.06147 -1.27929 -0.68462 -6.06412 -6.06412 -6.06412
Caprin2 -7.80768 -2.96489 0.541495 0.644157 0.05568 0.659067 -0.47968 -1.39677 -4.24036 -3.84236
Zfp296 -7.75265 -2.95469 -1.08109 0.546209 0.762006 0.815531 -4.35313 -3.34267 1.272833 -4.35313
Cpne2 -7.73229 -2.95089 0.977002 1.112563 0.766446 0.830519 -4.94249 1.165518 -3.88924 -0.45084
Hs2st1 -7.66004 -2.93735 0.336138 1.068939 0.876693 1.145249 -0.10406 -0.66368 -1.54872 -6.00594
Tmem221  -7.4224 -2.89189 2.491358 1.894176 1.320041 1.978877 -3.79796 -3.76965 1.970477 1.714041
F13al -7.30019 -2.86793 -1.05686 -1.57322 -4.23119 -3.38156 -5.1494 -5.71303 -5.71303 -5.13911
Fut10 -7.27864 -2.86367 -1.55809  -0.7075 -0.81889  -2.0451 1.061115 -6.08868 -5.468 -6.08868
Ccl22 -7.26185 -2.86034 -1.38854 0.508963 0.390801 0.321988 0.549892 -3.58593 -3.97571 -4.59639
Kend1 -7.22319 -2.85264 -0.39827 -1.41163 0.554802 0.101724 -0.66818 -5.07934 -1.14512 -5.67128

Mikl -7.153 -2.83855 1.010852 -0.56782 -0.26112 -0.80047 -4.50683 -4.50683 -4.50683 1.547749



TFR up-regulation
Log2FPKM

GeneSymbi foldchange log2FC TFR-D1D3- TFR-D1D3-/ TFR-D1D3-: TFR-D1D3~ TFR-D1D3-! TFR-D1D3- TFR-D1D3- TFR-D1D3-8
Morn4 7.219836 2.851966 -4.60036 0.407583 -4.60036 1.886307 0.944765 0.970294 1.581132 1.004835
Scnnlb 7.084325 2.82463 -5.24904 -0.16841 -0.71789 0.183979 2.298602 1.355444 1.749759 -0.05665
Kirrel3 6.72541 2.749622 -6.03474 -6.03474 -1.00786 -1.45154 -0.96262 0.019152 -0.37554 -2.21137
Rbm44 6.124633 2.614623 -3.13494 -2.12315 -0.75433 -5.06735 -0.62793 -0.01242 -0.61017 0.629245
Dmwd 5.816063 2.540043 -0.10888 -0.60052 -5.07302 -3.19685 0.19672 0.684181 0.441872 -0.14188

Ctse 5.784638 2.532227 3.920697 3.925896 3.907624 4.463925 7.315925 7.232075 4.85673 6.942319
Slc30a4 5.622222 249114 -4.80549 -2.85158 -2.66649 -3.52936 -0.68225 -1.73115 -0.97292 -0.50204
Ttyh1 5.358714 2.421887 -2.25518 -1.84174 -2.4798 -1.56295 0.103467 0.298696 0.615433 0.53029

Pcdhga7 5.250616 2.392487 -4.5708 -3.71436 -4.3242 -0.59978 0.233184 -1.47145 -1.1895 -1.21144
Cebpb 5.189206 2.375514 2.567996 2.823956 -1.694 -0.553 2.2497 2.957518 3.284939 4.154845

Cstad 5.166427 2.369167 -3.44801 0.941086 -1.06574 2.071561 2.212298 1.573302 2.245113 1.944857
Padi4 5.013836 2.325915 -0.67794 1.261658 -2.49237 2.966185 3.284991 2.986331 2.396012 1.693861
Pcgf2 4.953722 2.308513 -2.14692 -2.76511 -2.17758 -0.79496 -0.53021 0.139828 0.219943 1.519912
Sall3 4.923824 2.299779 -6.52369 -1.84981 -6.52369 -6.52369 -3.82847 -2.76166 -3.44511 -2.18649
Trpve 4.879745 2.286806 -4.23356 -5.28952 -0.60275 -1.81057 -1.32155 -0.93104 -1.11418 0.577599

Greb1l| 4.857497 2.280213 -4.92695 -2.54378 -4.43132 -2.67935 -1.39364 -1.88065 -1.22474 -0.96153
Zfp704 4.710984 2.236028 -3.33974 -2.10504 -2.93537 -4.64124 -1.36609 -1.23803 -0.84369 -0.62946
Prss12 4.674764 2.224893 -1.70086 0.077656 -5.12199 -3.24582 -0.42827 -1.06418 -0.11765 0.518668
Gm19705 4.662839 2.221208 1.202092 2.163693 0.056683 2.778064 3.450085 3.599385 2.869277 5.16662
Ferll5 4.659203 2.220083 -1.16299 -3.38708 -6.39907 -3.22706 -1.35754 -1.56026 -0.51761 -1.86047
1500015A( 4.645318 2.215777 -0.1758 -4.1365 -4.638 0.604595 0.805534 -0.42204 -1.0952 1.229112
Zfp763 4.593829 2.199697 0.178688 0.622029 -2.26193 -0.15781 1.737368 1.308242 2.245889 1.888265
Tmigd1 4.459433  2.15686 -0.38746 -1.17757 -4.18956 -1.65156 -0.09703 -0.27208 0.248403 1.341994
Exph5 4.386964 2.133223 -7.00279 -4.88991 -3.12562 -2.2964 -1.2737 -1.64643 -2.61919  -3.2425
Thnsl2 4.302649 2.105225 -3.74439 0.971125 1.960496 0.735933 1.623421 2.240262 1.920041 2.560343
Taslr3 4.011834 2.004262 -5.55189 -0.45364 -4.94148 -0.23009 -0.51036 -0.18201 -2.05958  -0.4081
Art2a-ps  3.993161 1.997531 2.884802 4.198115 3.64895 4.877418 5.539908 5.516843 5.343692 7.198968

Zfp4a20 3.90113 1.963892 0.451268 0.017022 -3.24823 0.449868 1.418105 1.641937 1.012035 1.453422
Rgs8 3.849456 1.944655 -0.90279 -4.30954 -6.27665 -1.75923 -0.22249 -0.98989 -1.29044 -2.96678
Cxcrd 3.82333  1.93483 3.458981 3.320686 3.179823 3.877945 5.086856 4.976749 5.072428 6.440722
Aplm2 3.71749 1.894329 -3.91452 0.846249 -1.22177 0.600018 1.051055 0.89865 0.684353 1.253226
Wscd2 3.705948 1.889843 0.63828 -5.16826 -1.04325 -5.05228 -0.93725 -0.56519 -1.46278 -0.10092
1a 3.693816 1.885112 2.999049 4.558705 3.27462 4.541452 5.066145 5.295696 5.309472 7.242962
Ddx25 3.691203 1.884091 -2.22771 -0.73201 -4.48376 -1.00481 0.411524 -1.67506 -0.30843 0.660034
Ttc8 3.648817 1.867429 0.137492 -0.44698 -1.88037 1.557515 1.334287 1.741609 1.463239 2.298241

Al450353 3.626699 1.858657 -0.52246 -0.05475 -2.68914 -1.92577 -0.0633 -0.40708 0.547807 2.165075
Gm2762 3.616753 1.854695 -4.96549 -1.21374 -4.96549 -1.97552 -0.17665 -1.2451 -1.47318 -2.80652
Hdac11 3.597438 1.84697 -0.74452 -1.49638 -2.53694 -1.26929 0.42014 0.603393 0.444132 -0.12691
Mboat4 3.532317 1.820615 0.617554 -0.58461 -4.61852 -0.44105 -0.55614 0.469781 -0.00494 2.347139
Adamtsl2  3.507046 1.810256 -5.43648 -2.75752 -4.82607 -0.53698 -0.61128 -0.50354 -1.46723 -3.73397
Cnih2 3.465169 1.792926 -2.53363 -1.18074 -4.19272 0.453385 -1.57831 -0.10187 -0.04976 1.447937
Igf2bp2 3.446743 1.785234 -1.51166 -0.10611 -1.67819 0.286014 1.263182 1.527814 1.300611 0.039388
Zbtb26 3.424908 1.776065 -1.82304 -2.10267 -3.61546 -2.24039 -0.66984 -1.24056 -0.89978 0.132888
Cdk5r1 3.414331 1.771603 -1.68395 -0.29326 -0.05533 -0.52433 0.665963 0.666715 0.675764 2.521103
Gm5595  3.413985 1.771457 -1.38302 1.704642 0.600038 1.19362 1.829897 2.428794 2.083048 2.85937
Tmé4sfs 3.408481 1.769129 -0.01713 -3.20157 0.411926 0.340605 0.930403 0.904091 -0.49371 3.26956
Dram1 3.348728 1.743613 1.594425 -0.67728 -5.22863 1.275129 0.863327 1.113002 1.180853 0.780915
Slc16al0  3.345939 1.742411 -1.70298 -0.78331 -2.29422 -0.00054 0.689553 0.596618 0.708716 0.193715
Zfp773 3.334432 1.737441 -3.94772 -0.38561 1.121338 -0.19949 0.813909 -0.18421 0.389734 2.518849
Irgl 3.331614 1.736221 -4.48893 1.10116 -1.87462 1.514399 0.538769 1.277464 0.37794 1.00272
Thbs3 3.329715 1.735399 -5.40999 -3.78778 1.357838 -0.16739 -1.02178 -0.32168 -0.33532 0.613056
Cldn10 3.268756 1.708742 -4.27167 1.36164 -0.15667 -0.53977 0.422049 0.749643 0.388396 1.668418

Zfp128 3.25337 1.701935 -4.62212 0.909787 0.653402 -1.33956 0.875972 1.057579 0.603449 -0.12776
Six5 3.251 1.700883 -0.89991 -1.79573 -1.05194 -1.35588 0.524199 0.990092 0.937362 -0.75158
Paplin 3.233527 1.693109 -5.86888 -5.86888 -2.47924 -2.69687 -1.71789 -1.33193 -0.95756 -6.13407
Pdelc 3.160076 1.659959  -7.4206 -2.74672 -7.4206 -3.5244 -3.51919 -4.46113 -3.45135 -3.04081
Cngal 3.133097 1.647589 1.115327 0.643155 -2.9641 -0.57773 1.475818 0.86952 0.68874 1.772938
Col9a3 3.13036 1.646328 -0.25967 -5.24854 -5.24854 -1.99346 -1.3816 -1.70784 -0.73268 -2.34276

Fam135a 3.111043 1.637398 -5.81019 -2.59454 -1.40582 -2.09418 -0.77239 -2.15803 -1.13582  -1.2889
Sostdcl 3.10717 1.635601 4.418235 4.71074 5.274534 5.424093 6.629479 5.930733 7.047478 6.762316
Bmp1l 3.085107 1.62532 -1.26593 -3.125  -0.9395 -5.27721 -0.62496 0.200489 0.053841 -3.73573
Cpebl 3.081555 1.623659 -4.32242 -3.13311 -5.37837 -0.61412 -0.7865 -0.84141 -1.64961 -3.67586
Hklos 3.054147 1.61077  -0.6393 1.101477 1.304794 2.783142 2.334265 2.578412 1.542611 4.537904
Crls1 3.042225 1.605127 -0.28095 -0.70797 -0.57789 -1.88848 -0.00772 0.293808 0.189815 2.489314
Gm5141  3.016735 1.592988 1.123371 -0.71016 -0.52235 -2.36899 -0.13128 1.323997 1.02958 1.671521
Dpep2 2.986094 1.57826 -1.34137 -0.46193 1.156762 -0.62826 0.836124 0.466046 1.386769 2.349297
Nt5dc3 2.933693 1.552718 -1.50679 -2.13958 -0.83026 -1.26631 -0.491 -0.20966 0.357186 0.811403
Zfpll 2.918478 1.545216 1.168049 -5.70898 0.980027 1.380102 0.524976 1.441506 1.495924 0.537656
Cuedcl 2.916925 1.544448 -1.72676 -0.64778 -3.03043 -0.05286 0.227333 0.259709 0.211746 0.021164
2610206C: 2.903408 1.537747  -1.6175 -1.50751 -2.13722 -1.34748 -0.3685 -0.75747 -0.58764 1.254888
Teskl 2.899028 1.535569 0.788986 -3.79065 -0.54559 0.331133 0.244271 0.578822 0.561804 1.541258
Atplbl 2.897041 1.53458 2.057168 3.139496 3.142149 4.323722 4.586611 4.318017 4.849308 5.04692
Mterflb  2.871128 1.521618 -0.69964 0.61671 0.552931 -0.14799 0.939726 0.912908 0.776183 3.779665

Cdol 2.851387 1.511664 -4.35313 -1.41748 -0.15299 -3.30462 -0.63294 -1.19349 -0.31186 -1.04326
Kiflc 2.844433 1.508141 -1.20074 -0.93855 -2.78444 -2.27803 -0.97431 -0.47751 -0.42346 0.706098
Hsf4 2.842155 1.506985 -1.12829 0.076682 -0.19273 -0.70594 0.846554 1.248376 1.09828 0.884442
Stox1 2.839386 1.505579 -1.18175 -1.62105 0.224217 -3.99284 -0.37839 0.049958 -0.75922 0.53854

Ccdcl41  2.817948 1.494645 -0.83473 -0.76827 -5.36357 -1.13877 -0.74127 -0.83092 -0.51034 -0.04423
Apol9a 2.783184 1.476737 -1.98268 -0.21973 0.869746 0.581844 0.809108 0.575823 1.300003 2.471194
5330417C: 2.780032 1.475102 -2.12682 -0.30675 0.059425 0.697512 1.563981 1.963998 1.707805 -1.01201
Vprebl 2.776182 1.473102 -3.35878 -0.58908 -1.49742 0.373124 -0.44521 -1.01479 0.495232 1.785017
C030013C: 2.757867 1.463553 0.782419  -0.0659 0.910491 0.967485 1.87425 1.221203 1.540627 3.812622
Zfp329 2.735013 1.451548 0.448013 -0.00822 -3.49028 0.433751 0.677685 0.568648 0.908359 1.034763
Mib1 2.720804 1.444033 -0.94274 -0.06634 -1.68589 -0.01486 0.375819 0.657948 0.178743 1.853794
Micu3 2.706324 1.436335 -1.39083 -0.40326 -0.24577 0.528523 1.132869 0.202405 0.811039 2.087685
C€230024C: 2.704711 1.435475 -1.73296 -2.19579  -0.3178 0.973727 0.693628 0.567331 0.226104 0.982016
Myolb 2.700271 1.433104 -0.84067 -1.87049 -6.07674 -1.31249 -0.47812 -0.95607 -0.68041 -2.25337
Snord72 2.69044 1.427842 3.321832 1.732216 1.954717 3.930255 3.918717 4.199452 3.464742 5.067477
Snora68  2.671217 1.417497 3.103502 3.121456 2.583626 2.783484 3.950235 4.049161 3.754439 5.508222
Fam84b  2.660972 1.411953 -3.03068 0.564726 -3.06158 0.724677 0.316754 0.318679 0.036014 0.173509
Pcdhgh2 2653716 1.408014  -5.9503 -0.55273 -1.52128 -0.59046 -1.23705 -0.37964 -0.80858 -0.55744
49304280 2.652541 1.407375 -4.53869 -0.74309 -4.53869 -0.40445 -1.49598 -0.99799 -0.68468 -1.41676

Tex15 2.652387 1.407291 -6.81136 -1.23977 -1.38055 -2.59191 -2.37535 -1.59774 -1.7367 -0.68465
Ovgpl 2.652111 1.407141 -2.28199 -4.57438 -0.22214 0.995384 0.206993 -0.12483 -0.10803 -0.42869
Fuom 2.650974 1.406523 0.82352 1.108564 0.829666 1.024245 1.631085 1.932211 1.782962 4.065828

9830147E! 2.63871 1.399833  -6.0647 -2.4531 -0.33289 -0.97213 -2.26927 -0.03617 -0.23314 -1.68491
Baiap2ll  2.637398 1.399115 -5.43915 -1.26576 -5.43915 -0.99066 -1.64372 -2.891 -1.66742 -1.33612
Opn3 2.621058 1.390149 -4.56253 0.553119 0.777396 -0.47286 1.117759 -0.12485 -0.55682 1.419627
R74862 2.6165 1.387638 0.038036 -1.49275 -1.41846 0.067068 0.34748 0.259629 0.258877 1.878464
Aldoartl 2.59368 1.375001 -2.22674 -2.53138 -2.12886 -2.11169 -1.01833 -0.85915 -1.13786 -0.48333



TFR down-regulation

Log2FPKM
GeneSymbi foldchange log2FC TFR-D1D3- TFR-D1D3-/ TFR-D1D3-: TFR-D1D3~ TFR-D1D3-! TFR-D1D3- TFR-D1D3- TFR-D1D3-8
1500009L1 -15.9867  -3.9988 3.609683 2.811814 3.571088 1.472863 -0.2371 -0.07792 0.045864 -4.26059

Anxal -15.5118  -3.9553 2.525513 3.236201 2.785317 2.292361 -0.15749 -0.41738 0.078124 -4.48505
Ggtl -10.507 -3.39328 1.270584 2.130902 3.229019 1.674495 -0.33313 0.151453 0.082469 -5.16893
Nfam1 -9.45424 -3.24096 0.363038 1.77114 0.430456 1.103138 0.321437 -1.59765 -1.91141 -6.10845
Cer10 -8.42307 -3.07435 -1.52366 -0.31995 2.015627 0.924555 -1.83098 -3.06069 -1.51776 -4.79138
Itgad -7.79186 -2.96197 1.496238 1.256875 -0.69968 -0.56777 -1.09308 -1.14242 -2.13497 -5.99174
Themis2 -7.73554  -2.9515 1.637883 3.398565 2.723847 2.456444 2.426277 0.519816 0.815385 -5.35075
Mmp9 -7.47629 -2.90232 1.497377 1.891468 0.562731 0.945732 0.083672 -0.77607 -0.3485 -5.67109
Apol7c -7.16241 -2.84044 1.403331 0.654756 1.432287 1.009165 0.107086 -0.09688 -1.83627 -5.03618
Llcam -6.88556 -2.78357 1.774377 1.173986 1.604789 1.223997 0.63229 0.889796 -0.47173 -6.40751
F13al -6.83519 -2.77298 0.514208 1.70146 -0.28222 0.694147 -1.7129 -0.79843 -0.76377 -5.18923
Eps8 -6.74579 -2.75399 -1.98577 0.128645 -0.59462 -1.33655 -6.30813 -3.31597 -2.89749 -2.28265
Stab2 -6.65613 -2.73468 -0.22017 -0.25235 -0.17344 -1.19428 -2.42463 -3.48423 -3.12462 -3.7455
Agp3 -6.16583  -2.6243 3.491332 2.971681 2.210192 2.479585 1.635172 1.103822 1.950444 -4.03383
Fads2 -6.1058 -2.61018 0.296537 1.662552 1.960995 0.760328 0.910879 0.563786 -2.63756 -4.59742
Treml4 -6.09285 -2.60712 0.540908 3.074636 1.054189 -0.99636 -0.03794 -1.05078 -0.85836 -4.80801
Pip5ki1 -6.07364 -2.60256 0.958224 0.327751 0.818864 1.042591 -1.19517 -1.0192 -0.4849 -4.56354
Sirpa -5.88083 -2.55602 -0.45897 2.742174 1.621161 2.033698 0.884902 -0.39714 0.535255 -5.30902
Slc22a23  -5.80833 -2.53812 -0.18796 -3.23019 -1.08178 -1.59135 -3.11294 -2.75035 -4.52059 -5.85989
Cd109 -5.76906 -2.52834 -1.27905 0.386249 -0.49064 -1.67723 -1.97884 -3.13258 -4.78825 -3.27433
Plaur -5.71447 -2.51462 0.994374 2.827404 2.654389 3.588361 2.066163 1.022421 1.403551 -4.48608
Straé -5.62141 -2.49093 1.844683 -2.45083 2.444837 0.873721 -2.18347 -1.84231 -1.67248 -1.55306
Pik3apl -5.56565 -2.47655 3.242804 3.641151 3.265817 2.561021 2.614437 2.355256 2.437509 -4.60261
Pdlim4 -5.48121 -2.45449 1.692957 2.403054 2.960297 0.315419 0.137566 -0.03062 0.907491 -3.46069
Aldh1l1 -5.33901 -2.41657 -0.67404 0.934513 0.554859 0.958638 0.043614 -1.87236 -0.43399 -5.62959
Scin -5.2803 -2.40062 1.261242 0.448345 2.519774 0.590878 0.768837 0.005798 0.031425 -5.5883
Cedc63 -5.22912 -2.38657 -0.36362 -0.72295 1.083829 -0.15007 -2.78699 -0.83783 -0.78556 -5.28871
Fgl2 -5.10004 -2.35051 2.203735 2.566444 2.61577 1.837729 1.686515 0.416769 0.866945 -3.14859
Kbtbdé -5.05668 -2.33819 0.911355 -1.10963 0.758021 0.062606 -0.72401 -0.93051 -3.16548 -3.91042
Paqrd -5.01058 -2.32498 4.420221 3.360469 3.357986 3.106365 2.612059 2.564005 2.050428 -2.28136
Bcar3 -4.99345 -2.32004 1.646924 2.93045 1.51926 22291 1.984168 1.153818 0.338708 -4.43111
Csflr -4.97833 -2.31566 2.634834 4.609832 1.53048 2.202143 0.994619 0.944617 -0.08112 -0.14348

Clec12a -4.96493 -2.31177 0.860097 0.880005 0.78199 0.083504 -1.29204 -0.40328 -3.6073 -1.33887
Kenmb1 -4.76972  -2.2539 -0.54928 -1.47518 -0.56292 -1.39311 -3.11065 -2.36417 -1.45024 -6.07105
E430018J2 -4.71033 -2.23583 2.227883 1.446282 1.745178 1.725604 0.481609 1.454258 1.383583 -5.11782

Pld4 -4.66767  -2.2227 2.920879 4.502197 4.557071 4.582327 2.659967 2.063329 1.996738 0.951626
Ninj2 -4.65154 -2.21771 0.895357 0.98842 0.899881 1.026556 0.804449 -1.00713 -2.43209 -2.42585
Aicda -4.62429 -2.20923 0.779337 -0.30365 2.09602 -1.38987 -0.63713 0.314169 -2.0661 -5.26601
Cyp4f39 -4.61898 -2.20758 0.957352 -0.38537 0.574858 1.297158 -1.29644 -2.09874 -0.51449 -2.47664
Prss34 -4.49523  -2.1684 -4.02174 -0.51176 2.696426 -0.76666 -4.28693 -4.28693 -4.28693 1.583456
Cyp4fal-ps -4.35644 -2.12315 0.161825 -0.2355 0.26285 -0.16345 -3.65062 -1.44567 -2.87063 -0.49996
Nek6 -4.27681 -2.09654 2.505074 2.01989 2.534861 1.85451 0.517573 1.311768 0.151041 -1.45219
Cd300Ib -4.22527 -2.07904 -0.43193 -0.99586 -5.26567 0.270604 -1.2977 -2.37962 -5.53085 -5.53085
Mtcpl -4.20325 -2.07151 0.329198 1.311552 0.946253 0.948004 -1.12635 0.088064 1.001344 -4.71407
Xrce3 -4.20165 -2.07096 2.552848 2.760551 3.619385 3.249259 2.85031 2.727263 2.812644 -4.492
Lzts2 -4.17204 -2.06075 1.452042 1.871288 1.358068 1.666576 0.752696 1.363484 1.540028 -5.55125
Rpusd2 -4.17105 -2.06041 0.957644 0.939529 0.051093 1.06117 0.387857 0.135115 0.609687 -6.36487

Gpri37b  -4.13881 -2.04922 0.201321 1.315459 1.513858 0.378065 -1.10822 -0.36434 0.297284 -3.61288
Zdhhc23  -4.11879 -2.04222 1.728558 1.655849 2.788258 2.926018 1.163003 1.611309 1.21802 -3.06253
Ccdc18 -4.08628 -2.03079 -0.04372 0.082059 1.396344 -0.20717 -0.21085 0.034999  -0.4956 -6.22418
Rasd1 -4.04886 -2.01752 3.510135 3.154578 3.172445 3.250408 3.221713 2.631654 3.066096 -3.90196
Slc7a7 -4.03858 -2.01385 0.485341 2.632662 2.660746 1.455658 1.842746 1.005564 1.660868 -5.33017
Gm10390 -4.03431 -2.01232 -1.92918 -1.77252 -0.23167 -2.12032 -3.607 -2.84523 -3.86819 -3.78256
Galnt10 -4.01375 -2.00495 4.644971 4.280357 4.033139 4.060166 3.743638 3.589025 3.87845 -2.21228

Vav2 -4.01057 -2.00381 2.947193 2.847636 2.002721 1.543895 1.800781 2.095662 2.445483 -5.01572
Xylb -3.98496 -1.99457 0.431865 0.263145 -0.07316 0.281146 -0.62959 -0.72758 -0.51026 -5.20784
Osbplla -3.9629 -1.98656 0.292194 -0.57563 -0.47378 0.805414 -0.17988 -0.30023 -1.0055 -6.41241
Zfp647 -3.93139 -1.97504 0.188948 -0.41444 1.734224 0.645274 -0.24626 -0.08185 -0.21288 -5.20516
Oplah -3.92376 -1.97224 0.539469 0.275423 0.495022 -0.54854  -0.5404 -0.57642 -1.68747 -4.32328
Tifa -3.90996 -1.96715  -0.8747 -0.28384 0.838262 -0.0153 -0.47149 -2.7291 -0.69222 -4.31139
Bhlhal5 -3.89893 -1.96308 -0.22807 -1.27467 0.310594 -0.34318 -1.31001 -2.38484 -0.67211 -5.02068
Zfp114 -3.87019 -1.95241 0.730558 -0.32382 0.280928 -0.25441 -1.73929 -0.46283 -0.00854 -5.1657
Irak3 -3.85079 -1.94516 0.90723 0.958545 1.998601 0.642264 -0.89727 -0.70241 -1.58082 -0.09348
Ncfl -3.83092 -1.93769 1.435801 3.530443 2.430443 2.704358 2.603742 2.105148 1.248451 -3.60707
111rl1 -3.83092 -1.93769 0.412671 0.444985 0.807182 -0.32271 -1.11142 -0.60798 -1.59875 -3.09048
Trim16 -3.81264 -1.93079 1.969905 -0.11744 1.537848  -1.2531 -1.10972 -0.84346 -0.71538 -2.9174
Hk3 -3.78941 -1.92197 -0.03753 0.689469 -4.83804 -2.36459 -5.71363 -2.22781 -1.37248 -4.92465
Rasipl -3.77734 -1.91737 -0.89878 0.598921 -1.62602 0.616922 -2.17884 -0.93272 -0.20582 -5.66105
Polh -3.77017 -1.91463 1.979286 2.124085 2.803804 2.951009 2.50972 2.202884 2.070232 -4.58317
Rail4 -3.72251 -1.89628 0.568106 0.124009 -0.6158 0.778665 -0.75533 -1.32602 0.009892 -4.65866
D930048N -3.70512 -1.88952 0.144766 -0.38454 -0.89087 -0.42482 -0.5071 0.005635 -2.82951 -5.78257
Egfl7 -3.69243 -1.88457 0.951577 0.004303 1.414147 -1.35707 -0.20646 -0.76341 -0.84934 -4.70611
Tled1 -3.6799 -1.87967 0.491394 1.648933 1.786033 1.071634 1.025686 0.639105 0.57719 -4.76266
Myadm -3.64906 -1.86752 2.371368 2.679041 3.48992 2.418348 1.647123 2.424528 1.619817 -2.20288
Vcam1 -3.62036 -1.85613 3.150212 4.675554 1.625491 2.906028 1.424486 1.370695 0.669221 1.468348
Hspb6 -3.60949  -1.8518 2.757687 1.603745 0.480926 2.243305 0.956466 1.37743 1.755356 -4.41078
Atp6v0d2  -3.59603  -1.8464 2.307964 1.88661 1.478565 0.850739 -1.30496 0.62003 -0.88793 0.71112
Kdmad -3.57333 -1.83727 0.510043 0.833242 1.835216 1.649818 0.359943  -0.1308 -0.38199 -2.36791
Itgb3 -3.57033 -1.83606 2.399449 2.561726 2.976925 1.810512 0.194253 0.646631 1.111328 0.452164
Sapcd2 -3.55216  -1.8287 4.663662 3.652168 4.528319 3.116533 2.987814 2.8949 2.512962 0.250223
Zfp109 -3.54773  -1.8269 2.312613 0.834467 1.392488 1.804118 1.147101 1.668006 1.683633 -5.46264
Wdr89 -3.53939  -1.8235 1.77086 1.5801 1.210023 1.294748 0.898131 1.20668 0.741348 -4.28444
Tomt -3.53041 -1.81984 1.184624 0.725706 2.255984 2.189689 1.513112 1.111883 0.961323 -4.50966

4931406H -3.48773 -1.80229 1.766008 1.723514 0.708605 1.786824 1.479523 0.366434 1.586333 -4.65649
Flywch1 -3.44201 -1.78325 4.334106 4.358965 4.619263 4.066113 4.380925 4.270541 4.155503 -2.56152

Eme2 -3.43676 -1.78105 4.405176 4.414661 4.721802 4.337433 4.592403 4.272018 4.286362  -2.3959
Zfp286 -3.42959 -1.77804 0.574881 -0.16081 -0.42208 -0.3772 -1.85983 -0.63168 -0.2022 -4.80364
Mybl2 -3.39099 -1.76171 4.489537 4.02633 4.196086 3.620939 2.657403 3.033421 2.743271 0.851976
Pla2g2d -3.37127 -1.75329 1.389575 1.047821  -0.9905 0.789804 0.283753 -1.82252 -2.42227 -0.81544
Gls2 -3.36253 -1.74955 0.180909 0.299083 0.126282 -1.2664 -0.44234 -2.94908 -1.3707 -2.8962
Plod1 -3.33644 -1.73831 1.744921 2.507957 2.828624 3.035793 2.64902 2.549862 2.882307 -4.91713
Nr1h3 -3.32496 -1.73334 0.551071 2.003898 1.141313 1.62356 -0.45195 0.203604 0.004781 -1.36994
4930452B( -3.32385 -1.73285 2.018018 0.657169 0.231256 -0.7868 0.172045 -0.1612 0.642126 -5.46474
3 -3.31978 -1.73109 -1.75397 2.043726 -0.61948 -0.76263 -0.74112 -0.68526 -2.74979 -3.84054
Snx21 -3.27845 -1.71301 2.334887 0.330208 2.114201 1.583051 1.099864 0.514462 1.208675 -3.31271
Krt18 -3.27654 -1.71217 1.55514 -0.30536 0.870134 1.01757 -0.66822 0.078123 0.072962 -3.19407
Nirpla -3.26255 -1.706 0.159071 -0.8212 0.023624 -0.0526 -1.05874 -0.11926 -2.03518 -4.30192
Cepl04 -3.24938 -1.70017 2.819863 3.177037 2.68619 3.222553 2.796988 3.041857 3.31265 -4.04651
Bbs7 -3.24378 -1.69767 -0.88396 -0.41982 -0.3724 0.165744 -2.34527 -0.75852 -1.11129 -4.08604

Hmga2-psl -3.23756 -1.69491 1.265169 1.132863 1.425976 0.758416 0.508896  -0.4923 1.089387 -3.30319
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