REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

In this manuscript Yao et al analyze how mRNA N6-methyladenosine modification influences the
development of follicular helper T (Tfh) cells. Although other mechanisms of post-transcriptional
regulation like miRNAs have been analyzed before, this specific and important question is currently
not known for Tfh cells. They show that METTL3-deficient mice, a methyltransferase central for
mRNA methylation, almost completely lack Tfh cells in an LCMV infection model. They further
demonstrate that this effect is T cell intrinsic and that ectopic overexpression of METTL3 in
antigen-specific T cells can fully reverse the observed effects. A global analysis of methylated
mRNAs identifies the transcription factor TCF-1 as a novel target of post-transcriptional regulation
by methylation.

Although these mentioned data are all highly convincing, the central question, whether METTL3
really specifically regulates Tfh cell differentiation or whether METTL3 deficiency results in a
general defect in T cell activation and differentiation as has been described before (Li et al., Nature
548:338 (2017)), remains unanswered. The authors do not analyze any other T cell subsets like
Th2 or Th17 in their model. Moreover, the identified target TCF-1, although important for Tfh cells,
does not specifically regulate this T cell subset but is also involved in differentiation of Th2, Th17,
Treg and CD8+ effector T cells.

1) Although the authors designate the SLAMhi CXCR5Ilow cells in Fig. 1a as "TH1 cells", no
experimental data are shown for this. To exclude that these cells are simply undifferentiated or
even naive cells (depending on the gating, see comment 6), the authors have to stain for T-bet.
Given the described role of TCF-1 for Th2, Th17 and Treg differentiation it would be also important
to analyze these T cell subsets (which might not be possible in the LCMV infection model but in the
KLH model used in Suppl. Fig. 2).

2) For the transcriptome analysis of METTL3-deficient versus wildtype littermates, the authors
state that "sorted TFH cells" have been used. Any details, how cells were sorted and purity
controls are missing. However, the central question is, why did the authors sort the cells? As
shown in Fig. 1, METTL3-deficient mice essentially have no CXCR5+PD-1+ Tfh cells. Sorting of the
few CXCR5+/PD-1+ positive cells or the SLAMIo but CXCR5-negative population (see comment 7)
most likely results in a highly impure population mainly consisting of non-Tfh cells. Thereby, it
cannot be ruled out that the enrichment for a Tfh core signature shown in Fig. 4 is simply an
artefact of the sorting procedure. The authors should specify their sorting strategy and show purity
controls of sorted populations. However, the more convincing experiment would be to repeat the
transcriptome analysis on unsorted cells. The authors could use their Smarta adoptive transfer
model to sort for total antigen-specific cells. This experiment would reveal whether METTL3-
deficient mice specifically lack a Tfh signature or also signatures for Th2, Th17 and Treg or simply
generally lack all differentiated T cell subsets.

3) The authors claim that in their model METTL3-deficiency does not impact general T cell
activation. The only data shown for this claim is Suppl. Fig. 4. However, these data are difficult to
interpret. In fact, there is a difference in CD44 expression. CD69 seems to be negative in both
experimental groups (day 3 might be too late for analysis). Isotype controls would help to
determine which cells are positive for the marker.

4) METTL3-deficiency has a dramatic impact on the expansion of antigen-specific T cells (best seen
in Fig. 5c). To conclude that the defects in B cell differentiation shown in Fig. 1 e-g are the result
of impaired Tfh cell differentiation, the authors have to somehow correct for this overall lack of
antigen-specific T cells (e.g. by transferring more Smarta cells in the METTL3-deficient group).

5) In the bone marrow chimera experiments (Fig. 2), the authors compare the Mettl3 fl/fl Cd4-Cre
population with the Mettl3 wt/wt Cd4-Cre population in the control animals but not with the co-

transferred WT competitor population. This is unusual and these data should be shown in addition.

6) In all figures, it remains unclear which cell populations are displayed. In the polyclonal system,



did the authors pre-gate for CD4+CD44high cells? For the Smarta adoptive transfer system, the
authors state, that "cells from recipient mice" are shown, however, this should be gated on
antigen-specific cells from the donor mice present in the recipients. This should be described
unequivocally.

7) In Fig. 1a, 2b, 5d the "SLAMlo CXCR5+ TFH cells" gate for the METTL3-deficient mice also
includes many cells which are essentially CXCR5 negative. Staining for CXCR5/PD-1 and Bcl-6
indicates that these are no Tfh cells. The gate should be adjusted.

Minor points

8) Fig. 4c and d: NOM p-val and FDR cannot be 0.0. They are either < 0.01 or < 0.001 depending
on the number of permutations.

9) Why does the Methods section contain a paragraph on immunohistology but no data are shown?

10) Suppl. Fig. 4 d,e (named e,f in legend): Is this really gated on Tfh cells (which markers?) or all
CD4+ cells as suggested by the plots?

11) Line 368: this is not an anti-PNA antibody but in fact peanut agglutinin which binds to specific
glycostructures on GC B cells.

Reviewer #2 (Remarks to the Author):

This is a well-done study that highlights the role of the Mettl3 methyltransferase and m6A RNA
modifications in regulation of T cell differentiation, specifically that of Tfh cells. The authors find
that T cell deletion of Mettl3 prevents Tfh differentiation in response to viral (LCMV) infection and
immunization, that this is associated with decreased mRNA levels for Tcf7, Bcl6, CXCR5 and Icos
and other genes important for Tfh cells. They further find that Tcf7 mRNA is modified by m6A (as
is Bcl6), that mutation of the site in the 3’ UTR of Tcf7 prevents m6A modification and that re-
expression of Tcf7 can rescue Tfh generation. The data is solid, and the experiments seem for the
most part well performed and described. However, one concern is how this reconciles with a recent
paper from YC Liu evaluating the effects VHL-deficiency showing a major defect in Tfh
differentiation that they attribute to increased m6A methylation of Icos mRNA. In that paper, the
authors used shRNA to disrupt Mettl3 expression (although levels of Mettl3 were not shown),
showing an increase in Tfh cell generation in response to LCMV. While there are many reasons why
a knockdown may differ in phenotype from a knockout, the authors need to discuss and address
these issues. These issues do not necessarily distract from their results, but should be discussed.

Specific comments:

TCF1 is expressed in naive T cells, but in CD4 cells its expression is only maintained in Tfh cells in
response to LCMV. Are Tcf7/TCF1 levels reduced in naive cells or only specifically in Tfh cells from
Mettl3 CD4Cre mice? Is TCF1 downregulated normally upon stimulation of T cells with anti-
CD3/antigen plus IL-2 in culture as has been reported by the Reiner lab? It would be good to know
whether this is specific for Tfh cells.

Was Icos modified by m6A? A recent paper from Yun Cai Liu’s lab (Zhu et al JEM 2019) implicated
increased m6A modification of Icos mMRNA and decreased Icos expression, as well as increased
Mettl3 expression as a reason why VHL-deficient CD4 cells fail to develop into Tfh cells. They
further show that knockdown of Mettl3 increased Tfh differentiation in response to LCMV. These
results suggest that m6A modification of mMRNAs may affect multiple aspects of Tfh differentiation.
While it is very likely that VHL affects multiple aspects of Tfh generation, these issues should be
addressed. Did the authors look at m6A of Icos mRNA? The authors likely have these data and
given this previous paper, the authors should examine this and discuss. This does not distract from
their data, but is important to discuss/examine, given the previous paper.



The authors show rescue of the Mettl3 phenotype by re-expression of Mettl3. Given the above
cited paper from the Liu lab suggests that increased Mettl3 expression impairs Tfth cell generation,
the authors should show the level of Mettl3 expression in the retroviral transduced cells, if
possible.

Minor points:

The authors show rescue of Tfh cell generation with ectopic expression of Tcf7. I presume their
retroviral construct did not include the 3’ untranslated region, but this should be stated.
Otherwise, it is not clear why they did not use the mutant version of Tcf7 mRNA.

Supplemental Fig 3C: Although the schematic is helpful, please label blue and red (“Host") for
clarity (I think that is correct). The results and description are a bit confusing. Why are the donor
SMARTA (presumably all WT) Tfh and Th1 cell numbers decreased in the mutant host (even if not
significant)?

In Figure 4D, please include a scale for the heatmap.

In summary, this is a nice paper, but needs to address or at least discuss some previous data in
the literature.

Reviewer #3 (Remarks to the Author):

Yao and colleagues investigated the role of METTL3 and m6A in generation of T follicular helper
cells (TFH) from CD4 cells by using mice with CD4-specific METTL3 deletion. They nicely showed
that deletion of METTL3 in CD4 cells inhibited TFH cell differentiation and germinal canter response
through an intrinsic mechanism. METTL3 regulates the expression of TFH specific genes such as
Tcf7, Bcl6, Icos, and Cxcr5 through it methyltransferase activity. M6A modification of Tcf7 lead to
increased stability of Tcf7 transcripts. This manuscript provided new functional role of m6A and
METTL3 in regulating TFH cell differentiation and implications in humoral immunity. However, the
following comments need to be addressed.

Major comments:

1. The authors discussed the possible m6A readers for m6A-modified Tcf7 and indicated that the
possible readers such as IGF2BPs are expressed at low levels in TFH cells. However, protein levels
of IGF2BPs were not looked at. In addition, since TFH cells are generated from CD4 cells,
therefore, the levels and roles of IGF2BPs in regulating Tcf7 expression in CD4 cells need to be
assessed.

2. Figure 6f and 6g: upon METTL3 deletion, the m6A enrichment on Tcf7 transcripts were
decreased. However, the total RNA levels of Tcf7 were also decreased in METTL3 deleted cells.
Normalized peak distribution needs to be shown to demonstrate the effect of METTL3 deletion on
specific m6A peaks across the Tcf7 transcripts.

3. Figure 6j: It seemed that METTL3-Myc increased the luciferase activity of EV. Does this due to
transfection efficiency difference or other effect of METTL3 on EV activity? Does this also contribute
to the effect of METTL3 on wild-type reporter. This need to be addressed.

4. Figure 6k and 6l: the effect of METTL3 deletion on the mRNA stability of Tcf7 is moderate. Can
other mechanism be involved in the regulation of Tcf7 stability and expression by METTL3?

5. Does METTL3 interact with the Tcf7 transcripts?

6. The effect of METTL3 deletion on m6A enrichment in the Tcf7 gene needs to be validated by
m6A IP gPCR analysis.

7. The importance of TFH cell differentiation regulated by METTL3 can be further assessed. For
example, does adoptive transfer of TFH cells from WT mice rescue the defect in CD4-specific
METTL3 deletion mice in response to viral infection?

Minor comments:



1. Line 264: typo in "MRTTL3"
2. Line 302-303: sentence needs correction. “Does .... is....".



Point-by-point responses to reviewers

Reviewer #1 (Remarks to the Author):

In this manuscript Yao et al analyze how mRNA N6-methyladenosine modification influences the
development of follicular helper T (Tth) cells. Although other mechanisms of post-transcriptional
regulation like miRNAs have been analyzed before, this specific and important question is currently
not known for Tth cells. They show that METTL3-deficient mice, a methyltransferase central for
mRNA methylation, almost completely lack Tth cells in an LCMYV infection model. They further
demonstrate that this effect is T cell intrinsic and that ectopic overexpression of METTL3 in antigen-
specific T cells can fully reverse the observed effects. A global analysis of methylated mRNAs
identifies the transcription factor TCF-1 as a novel target of post-transcriptional regulation by
methylation.

Although these mentioned data are all highly convincing, the central question, whether METTL3
really specifically regulates Tfh cell differentiation or whether METTL3 deficiency results in a
general defect in T cell activation and differentiation as has been described before (Li et al., Nature
548:338 (2017)), remains unanswered. The authors do not analyze any other T cell subsets like Th2
or Th17 in their model. Moreover, the identified target TCF-1, although important for Tth cells,
does not specifically regulate this T cell subset but is also involved in differentiation of Th2, Th17,

Treg and CD8+ effector T cells.

We sincerely thank the reviewer for evaluating our manuscript and for praising the quality of our
data. We do appreciate the reviewer for giving us constructive suggestions to improve the quality
of our MS. Following the reviewers’ insightful comments, we have performed extensive new
experiments and extended the scope of our study during the past several months. We believe that
the manuscript is greatly improved with more convincing and solid data than previous version. For

specific concerns, we provided point to point responses as follow.

1) Although the authors designate the SLAMhi CXCR5low cells in Fig. 1a as "TH1 cells", no
experimental data are shown for this. To exclude that these cells are simply undifferentiated or even
naive cells (depending on the gating, see comment 6), the authors have to stain for T-bet. Given the
described role of TCF-1 for Th2, Th17 and Treg differentiation it would be also important to analyze
these T cell subsets (which might not be possible in the LCMV infection model but in the KLH
model used in Suppl. Fig. 2).

We thank the reviewer for this suggestion. Upon acute viral infection, virus-specific naive CD4" T
cells generally differentiate into Tul cells or Try cells (Hale et al., 2013; Marshall et al., 2011; Xu
et al., 2015). We also analyzed Tul populations on day 8 post LCMV infection. In this study, we



mainly focused on the role of METTL3 in Try cells with solid experimental evidences by using
LCMV and KLH immunization models. Our data indicated that ablation of METTL3 resulted in
more severe defects in Try cells (21.4 fold change) than Tyl cells (1.9 fold change) upon acute viral
infection (Figure 1b). Given TCF-1 as a major downstream effector is substantially downregulated
in METTL3-deficient CD4" T cell upon acute infection, the effects at distinct degree in Trn cells
compared with Ty1 cells seem logically reasonable, which corresponds to the previous findings that
TCF-1 is critical for Try cell differentiation, but not essential for Ty1 cells.

To address the concern ‘these cells are even naive cells’, we analyzed the CD44"CD62L"°CD4"
cells on day 8, and found both WT and Mett/3"Cd4-Cre CD4" T cells activation was normal (47.2%
+7.5% Ctrl versus 46.7% =+ 4.6% Mettl3VCd4-Cre; Figure R1). As requested, we also analyzed T-
bet expression on CD62LCD441°CD4 cells (naive), CD44*CXCRS" Try cells, and CD44"CXCRS5
Tul cells (Supplementary Figure 1b). We observed that CD44 CXCRS5" Tul cells expressed much
higher levels of T-bet than CD44 CXCRS5" Try and naive cells, which is consistent with published
data (Hale et al., 2013). Moreover, our results suggested that both Tul cells and Tru cells
downregulated T-bet expression in the absence of METTL3 (Supplementary Figure 1b). The text

was amended accordingly.
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Figure R1. Analysis of CD44"CD62L'°CD4" cells

As requested, we also analyzed other T helper lineages differentiation using the KLH model. We
found that both GATA3" and IL-4-producing cells (mainly Tu2 cells) as well as Foxp3™ cells
(mainly Treg cells) were not altered due to the absence of METTL3 (Supplementary Figure 2e-
h), indicating Tn2 and Treg cell differentiation are not affected in MettI3"1Cd4-Cre mice upon KLH
immunization. Whereas, both RORyt" and IL-17a-producing cells (mainly Tul7 cells) were
significantly decreased in METTL3-deficient mice (Supplementary Figure 2e-h), revealing
METTL3 is essential for Tul7 cell differentiation in vivo upon KLH immunization. The text was
amended accordingly. However, we found that most of the conclusions describing roles of TCF-1
in T2, Tul7, and Treg differentiation were typically drew from in vitro stimulation and culture
system as well as corresponding mice models after we learned the relative articles carefully (van
Loosdregt et al., 2013; Xing et al., 2019; Yang et al., 2019; Yu et al., 2009; Zhang et al., 2018).
Based on results from our and other groups (Li et al., 2017; Tong et al., 2018), we thought KLH
immunization model in vivo is not an optimizing approach to investigate T2, Tu17 and Treg
differentiation. LCMV and KLH immunization models are widely applied to investigate Tth cells.
2) For the transcriptome analysis of METTL3-deficient versus wildtype littermates, the authors state

that "sorted TFH cells" have been used. Any details, how cells were sorted and purity controls are



missing. However, the central question is, why did the authors sort the cells? As shown in Fig. 1,
METTL3-deficient mice essentially have no CXCR5+PD-1+ Tth cells. Sorting of the few
CXCR5+/PD-1+ positive cells or the SLAMIo but CXCR5-negative population (see comment 7)
most likely results in a highly impure population mainly consisting of non-Tth cells. Thereby, it
cannot be ruled out that the enrichment for a Tth core signature shown in Fig. 4 is simply an artefact
of the sorting procedure. The authors should specify their sorting strategy and show purity controls
of sorted populations. However, the more convincing experiment would be to repeat the
transcriptome analysis on unsorted cells. The authors could use their Smarta adoptive transfer model
to sort for total antigen-specific cells. This experiment would reveal whether METTL3-deficient
mice specifically lack a Tth signature or also signatures for Th2, Th17 and Treg or simply generally
lack all differentiated T cell subsets.

We thank the reviewer for raising this question. We are sorry for the ambiguous description of the
sorting strategy. Considering activated CD4" T cells generally differentiate into either Tyl or Trn
cells during LCMYV infection (Hale et al., 2013; Marshall et al., 2011; Xu et al., 2015), and loss of
METTL3 affects CXCRS expression, we applied SLAM and CD44 combination to distinguish
CD44"'SLAM" Tyl cells and CD44"SLAM! Tgy cells (assume as potential or defective Tru cells)
and subjected to RNA-seq, respectively. These two subsets covered all CD44"CD62L° activated
CD4" T cells (in accordance with the reviewer’s suggestion “transcriptome analysis on unsorted
cells”) and this strategy ensured the non-Tx1 population unsupervised. The detailed sorting strategy
and purity controls are shown in Supplementary Figure 7.

Owing to acute viral model employed, it is hard to see other T helper lineages in activated CD4"
T cells, except Tul and Trn cells (Hale et al., 2013; Marshall et al., 2011; Xu et al., 2015). Based
on our sorting strategy (Tul and Tru-like subsets covered the whole activated CD4" T cell
populations after infection), we supplemented Tul RNA-seq data and performed GSEA analysis
with distinct T helper lineage signature genes together with Trn cells. We observed several signature
genes related to Tul, Tu2, Tul7, and Treg were all enriched in METTL3-deficient Trn cells.
Similarly, these signature genes were also enriched in METTL3-deficient Tu1 cells. These results
suggested that loss of METTL3 leads to more or less disordered gene profiles of Trn and Trul
transcription program (Supplementary Figure 5b and c). It is worth mentioning that Li et al. have
reported that METTL3-deficient naive CD4" T cells differentiated into fewer Tyl and Tu17 cells
and more Ty2 cells by using in vitro culture system (Li et al., 2017), which is a well-documented
approach for studying T helper lineage differentiation. Based on their data and our results from KLH
model, we thought METTL3 deficiency might also affect other T helper lineages differentiation.

3) The authors claim that in their model METTL3-deficiency does not impact general T cell
activation. The only data shown for this claim is Suppl. Fig. 4. However, these data are difficult to

interpret. In fact, there is a difference in CD44 expression. CD69 seems to be negative in both



experimental groups (day 3 might be too late for analysis). Isotype controls would help to determine

which cells are positive for the marker.

We thank the reviewer for his/her suggestion. We acknowledged that our previous result exhibited
a modest significance in CD44 expression. Hence, we carefully checked our all data from three
independent experiments, and found there was no obvious difference in CD44 expression between
two genotypes by pooling all data together (n = 9 per group). CD69 is also detectable on day 3 in
comparison with isotype and showed comparable expression between Ctrl and METTL3-deficient
groups (Supplementary Figure 4b, ¢). The similar data presentations were also shown by other
investigators (Choi et al., 2011; Vinuesa et al., 2005).

To further validate the conclusion that METTL3 deficiency does not alter T cell activation, we
also isolated naive CD4" T cells from Mert/3V1Cd4-Cre and Ctrl SMARTA mice. The cells were
cultured in vitro with/without anti-CD3/CD28 stimulation. On day 1, day 2, and day 3, the
expression levels of CD25, CD44, and CD69 were detected. Our results indicated that Mett/13V1Cd4-
Cre CD4" T cells expressed comparable level of CD25, CD44, and CD69 compared with Ctrl cells
(Supplementary Figure 4d). Taken together, our data suggested the overall activation of CD4" T

cells is normal in the absence of METTL3 upon acute viral infection.

4) METTL3-deficiency has a dramatic impact on the expansion of antigen-specific T cells (best
seen in Fig. 5¢). To conclude that the defects in B cell differentiation shown in Fig. 1 e-g are the
result of impaired Tth cell differentiation, the authors have to somehow correct for this overall lack

of antigen-specific T cells (e.g. by transferring more Smarta cells in the METTL3-deficient group).

We thank the reviewer for raising this constructive suggestion. To achieve this goal, we transfer 5
million SMARTA cells into Ctrl or MettI3V1Cd4-Cre mice to evaluate the impact of impaired Trn
differentiation on humoral response as described before (Vaeth et al., 2016). On day 8 post infection,
we found the cell numbers of both GC B cells and plasma cells in Mett/3V1Cd4-Cre mice were
comparable with Ctrl mice. Correspondingly, the PNA" GC within B cell follicles were detectable
in the spleens of Mett/3"Cd4-Cre host mice. Meanwhile, the level of antigen-specific IgG in
Mett13VCd4-Cre host mice (transferred with SMARTA cells) showed no obvious difference in
comparison with Ctrl host mice, while Mett/3""Cd4-Cre mice (no SMARTA cells transfer) still
showed defects in the production of LCMV-specific IgG. Collectively, these results indicated that
extra Try cells could rescue the defects in B cells of Mett/3"1Cd4-Cre mice, emphasizing the notion
that the defects in B cell differentiation which caused by impaired Try differentiation. These results

are shown in Figure 2d-g, and the text was modified accordingly.

5) In the bone marrow chimera experiments (Fig. 2), the authors compare the Mettl3 fl/fl Cd4-Cre
population with the Mettl3 wt/wt Cd4-Cre population in the control animals but not with the co-



transferred WT competitor population. This is unusual and these data should be shown in addition.

We thank the reviewer for raising this point. As requested, we compared the METTL3-deficient
group with co-transferred WT competitor population, and the results are shown in current
Supplementary Figure 2. The results from Mett/3V1Cd4-Cre V.S. co-transferred WT competitor
are consistent with those from MettI3V1Cd4-Cre V.S. MettI3¥V*'Cd4-Cre, and the conclusion
remains unchanged. We replaced the whole figure panel according to the reviewer’s suggestion and

modified the description in relative sections.

6) In all figures, it remains unclear which cell populations are displayed. In the polyclonal system,
did the authors pre-gate for CD4"CD44"e" cells? For the Smarta adoptive transfer system, the
authors state, that "cells from recipient mice" are shown, however, this should be gated on antigen-

specific cells from the donor mice present in the recipients. This should be described unequivocally.

We agreed with the reviewer for this concern. Indeed, in the polyclonal system, we pre-gated
CD4"CD44"CD62L" cells for further analysis. For adoptive transfer model, we analyzed Try cells
gated on antigen-specific CD4"CD44" SMARTA cells (all activated cells). To better address this
concern, we show all gating strategy in Supplementary Figure 7. Meanwhile, we also modified
corresponding legends with more detailed information for a better understanding of the gating
strategies. We are sorry for the unclear statement “cells from recipient mice”, and we modified the

description as follow: “SMARTA CD4" T cells from recipient mice”.

7) In Fig. 1a, 2b, 5d the "SLAMIlo CXCR5+ TFH cells" gate for the METTL3-deficient mice also
includes many cells which are essentially CXCRS negative. Staining for CXCR5/PD-1 and Bcl-6
indicates that these are no Tth cells. The gate should be adjusted.

We agreed with the reviewer for his/her concern and thank the reviewer for this constructive
suggestion. METTL3 deficiency affects CXCRS expression, hence Trn cells were first determined
based on CXCRS5 and SLAM combination in Ctrl cells, the same gate was directly applied to other
experimental conditions in each set of experiments. We considered the METTL3-deficient cells fell
in this gate is a population of defective Trnu cells from Mett/3V1Cd4-Cre mice. To avoid including
potential CXCRS" cells based on the gating strategies by using CXCR5 and SLAM combination,
the gating strategy by using CXCRS and CD44 combination were applied to distinguish Try cells
(CD44"CXCR5") and Tul cells (CD44°CXCRS5Y), which is also widely used by other Ty
investigators (Barbet et al., 2018; Hao et al., 2018; Xu et al., 2015). The related contour plots of
flow cytometry data and their statistic plots (Figure 1a, b; Figure 2b, c; Figure Se, f; Figure 7c,d;
Supplementary Figure 2a, b) were replaced accordingly.



Minor points

8) Fig. 4c and d: NOM p-val and FDR cannot be 0.0. They are either < 0.01 or < 0.001 depending

on the number of permutations.

We thank the reviewer for this suggestion, and we modified it accordingly.

9) Why does the Methods section contain a paragraph on immunohistology but no data are shown?

We thank the reviewer for this concern. During the initial submission, we thought the
immunohistology results are only support information for defective GC responses in Mett13V1Cd4-
Cre mice. Therefore, we did not present these results but left the methods section about
Immunofluorescence staining. In current submission, we added these results back and showed them
in Figure 1g. Moreover, we also added new immunohistology data from adoptive transfer model to
show the rescue of defects in GC response (address major concern 4) in Figure 2f. We believe these
pairs of correlative data are convincing to support the conclusion that the defects in B cell
differentiation are caused by a dramatic impact on the expansion of Try cells due to METTL3

deficiency. We thank the reviewer for raising this point again.

10) Suppl. Fig. 4 d,e (named e.f in legend): Is this really gated on Tth cells (which markers?) or all
CD4+ cells as suggested by the plots?

We thank the reviewer for his/her concern. First, we are sorry for the labeling mistake of figure
legend. Second, we analyzed the Caspase-3" cells gated on CXCR5'CD25™ nascent Try cells (Li et
al., 2018) but not just antigen-specific CD4" T cells. In the former submission, we did not show the
analysis of Trn cells based on CXCRS and CD25 expression. To avoid this unclear classification,
we also showed this analysis (current Supplementary Figure 4e, f) and amended the legend for

caspase-3 assay in current version.

11) Line 368: this is not an anti-PNA antibody but in fact peanut agglutinin which binds to specific

glycostructures on GC B cells.

We are sorry for this mistake and modified the description accordingly.



Reviewer #2 (Remarks to the Author):

This is a well-done study that highlights the role of the Mettl3 methyltransferase and m6A RNA
modifications in regulation of T cell differentiation, specifically that of Tth cells. The authors find
that T cell deletion of Mettl3 prevents Tth differentiation in response to viral (LCMV) infection and
immunization, that this is associated with decreased mRNA levels for Tcf7, Bel6, CXCRS and Icos
and other genes important for Tth cells. They further find that Tcf7 mRNA is modified by m6A (as
is Bcl6), that mutation of the site in the 3> UTR of Tcf7 prevents m6A modification and that re-
expression of Tcf7 can rescue Tth generation. The data is solid, and the experiments seem for the
most part well performed and described. However, one concern is how this reconciles with a recent
paper from YC Liu evaluating the effects VHL-deficiency showing a major defect in Tth
differentiation that they attribute to increased m6A methylation of Icos mRNA. In that paper, the
authors used shRNA to disrupt Mettl3 expression (although levels of Mettl3 were not shown),
showing an increase in Tth cell generation in response to LCMV. While there are many reasons
why a knockdown may differ in phenotype from a knockout, the authors need to discuss and address

these issues. These issues do not necessarily distract from their results, but should be discussed.

We thank the reviewer for considering our work as “a well-done study” and evaluating it as “The
data is solid, and the experiments seem for the most part well performed and described”. Indeed, we
noticed the recent paper from YC Liu that mentioned by reviewer has also referred to the effects of
m®A methylation on Ty cells. However, the relative data were generated by using an shRNA
knockdown approach which might lead to the difference in phenotype of knockout mice model with
many reasons as mentioned by reviewer, such as off-targets or non-specific effects at distinct
regulatory layers. We agreed with the reviewer for his/her reasonable understanding of the results
gained from different experimental systems and we discussed these issues in the relative section.
We believe that our data generated by using multiple genetic mice and transfer models are solid and
convincing, whereas “the differences” from two studies may reflect in the complex regulatory
mechanism of m®A modification, alternatively, the different experimental approaches employed in

the two studies may also contribute to the varies.

Specific comments:

1) TCF1 is expressed in naive T cells, but in CD4 cells its expression is only maintained in Tth
cells in response to LCMV. Are Tcf7/TCF1 levels reduced in naive cells or only specifically in
Tth cells from Mettl3 CD4Cre mice? Is TCF1 downregulated normally upon stimulation of T cells
with anti-CD3/antigen plus IL-2 in culture as has been reported by the Reiner lab? It would be
good to know whether this is specific for Tth cells.



We agreed with the reviewer for this concern. The T¢f7 mRNA (1.6-fold) and TCF-1 (2.3-fold)
levels were also decreased in naive CD4" T cells from Mert/3V1Cd4-Cre mice except in Ty cells
(3.9-fold for Tcf7mRNA level; 4.7-fold for TCF-1 protein level) (Figure R2). TCF-1 is known as a
crucial transcription factor for Try cells and its expression level is substantially elevated during Tru
cell differentiation in comparison with naive CD4" T cells (Xu et al., 2015). Given naive CD4" T
cells from MettI3VCd4-Cre mice express a lower level of TCF-1, the failure of TCF-1 upregulation
in CD4" T cells attributes to defects in Ten cell differentiation. In our study, we found that METTL3-
deficient Try cells express a much lower level of both 7cf7 mRNA and TCF-1 protein upon LCMV
infection, which has been approved as a major reason for defects in Try cells differentiation through

the following series analyses.
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Figure R2. Analysis of Tc¢f7 mRNA and TCF-1 protein in naive and T cells

To address the concern “Is TCF1 downregulated normally upon stimulation of T cells with anti-
CD3/antigen plus IL-2 in culture as has been reported by the Reiner lab?”, we isolated naive CD4"
T cells from both MettI3V1Cd4-Cre and Ctrl mice, and cultured in vitro for 3 days under anti-
CD3/CD2S8 plus IL-2 condition. Our results indicated that both Mert/3"1Cd4-Cre and Ctrl CD4" T
cells downregulated Tcf7 expression on day 3 (Figure R3), which is consistent with previous reports
that CD4 T cells receiving IL-2 expressed less TCF-1 (Nish et al., 2017; Wu et al., 2015).
Particularly, IL-2 is a major factor contributing to the downregulation expression of TCF-1 in this
cultural system, because IL-2 treatment induced the expression of Blimp-1, and partially suppressed
the expression of 7c¢f7 (Wu et al., 2015). Collectively, we thought the downregulated TCF-1 upon
stimulation of T cells with anti-CD3/CD28 plus IL-2 in culture is not strongly correlated with the
role of TCF-1 in Tgu cells upon LCMV infection in vivo, indicating the specific mechanism

associated with TCF-1 in our current study.
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2) Was Icos modified by m6A? A recent paper from Yun Cai Liu’s lab (Zhu et al JEM 2019)
implicated increased m6A modification of Icos mRNA and decreased Icos expression, as well as
increased Mettl3 expression as a reason why VHL-deficient CD4 cells fail to develop into Tth cells.
They further show that knockdown of Mettl3 increased Tth differentiation in response to LCMV.
These results suggest that m6A modification of mRNAs may affect multiple aspects of Tth
differentiation. While it is very likely that VHL affects multiple aspects of Tth generation, these
issues should be addressed. Did the authors look at m6A of Icos mRNA? The authors likely have
these data and given this previous paper, the authors should examine this and discuss. This does not

distract from their data, but is important to discuss/examine, given the previous paper.

We thank the reviewer for raising this point. Zhu et al. reported that induced GAPDH protein by
VHL deficiency reduced /cos expression through METTL3/METTL14-catalyzed m®A modification
on Icos mRNA, indicating that elevated m®A modification on Icos mRNA in VHL deficient cells
reduces Icos expression which is associated with attenuated Try cell differentiation (Zhu et al.,
2019). In current study, we also observed m®A modification on /cos mRNA (Supplementary
Figure 6a; Figure R4A). However, we found the m°A level on Jcos mRNA was significantly
decreased in MettI3VCd4-Cre cells by m°®A-RIP-qPCR (Figure R4B). Due to METTL3-deficient
cells had lower expression of Icos, indicating m®A may positively regulate Icos expression, which
is different with the previous report (Zhu et al., 2019). Collectively, m°®A modification on mRNAs
may affect multiple aspects of Trn differentiation, and the underline mechanism illustrating the
differences needs to be further investigated in the future. Relative results regarding ICOS and

differences between these two studies have been discussed in Discussion section.
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Figure R4. Characterization of m°A expression on /cos mRNA



3) The authors show rescue of the Mettl3 phenotype by re-expression of Mettl3. Given the above
cited paper from the Liu lab suggests that increased Mettl3 expression impairs Tth cell generation,

the authors should show the level of Mettl3 expression in the retroviral transduced cells, if possible.

We agreed with the reviewer for this concern. Actually, the METTL3 expression in GFP"CD4"
donor cells from recipients has been examined and the results were originally shown in
Supplementary Figure 5a in initial submission, which indicated that the METTL3 expression in
Mett13V1Cd4-Cre mice was rectified upon the introduction of METTL3. In revised manuscript, we
reorganized the entire data set and presented the relative data in current Figure Sc¢ for readers’
convenience. The results are also shown as follow (Figure R5).
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Minor points:

1) The authors show rescue of Tth cell generation with ectopic expression of Tcf7. I presume their
retroviral construct did not include the 3° untranslated region, but this should be stated. Otherwise,

it is not clear why they did not use the mutant version of Tcf7 mRNA.

We thank the reviewer for raising this question. As presumed by reviewer, the retroviral construct
of Tcf7 was a 1260 bp full length CDS without 3’ untranslated region and we modified the relative
description for better comprehension in revised version. Which kinds of 7¢f7 should be used for
rescue experiments is a really good point. Initially, we thought about any possible design for the
retroviral constructs before we carried out rescue experiments. However, we chose the full length
CDS of Tcf7 for ensuring simple and direct design of the experimental system. Two possible reasons
existed in this investigation. On one side, compared with the ectopic expression of full length CDS
of Tcf7, the constructs with WT/Mut 3’ untranslated region might cause little effects by using
retrogenetic approach, leading to no significant difference on phenotypes of Try cells by using three
distinct constructs. On the other side, due to the m°A modification site exists in the 3’ untranslated
region, but not in any exon, it was really hard to reflect the difference caused by distinct 3’
untranslated region with WT T¢f7 or mutant construct (might have equal effect with full length CDS
without any 3’ untranslated regulatory elements). Based on reasons above, we simply performed
the rescue experiments with full length CDS of TCF-1, and directly rescued the phenotype of
METTL3-deficient Try cells by restoring the expression level of reduced TCF-1. These data

supported the conclusion that METTL3 sustains Ty differentiation via regulating 7c¢f7 expression.
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2) Supplemental Fig 3C: Although the schematic is helpful, please label blue and red (“Host™) for
clarity (I think that is correct). The results and description are a bit confusing. Why are the donor
SMARTA (presumably all WT) Tth and Thl cell numbers decreased in the mutant host (even if not

significant)?

We thank the reviewer for his/her suggestion. To further illustrate the cell-intrinsic role of METTL3
in Tru cell differentiation, we performed relative assay with an adoptive transfer model. WT
CD45.1" SMARTA cells (donors) were transferred into both CD45.2" Ctrl and MettI3VCd4-Cre
Host mice and analyzed on indicated time points post LCMV infection. Our results indicated that
the WT SMARTA exhibited similar Tru and Tyl cell differentiation, albeit the cell numbers of both
cell types showed modestly but not statistically significant change (we presumed decreased total
splenocytes of METTL3-deficient mice and individual differences contributed to the relative lower
cell numbers, but not significant). As requested by Reviewer 1 (major concern 7), we changed our
gating strategy by using CXCRS5 and CD44 combination and modified the description in relative
sections (Figure 2), but the conclusion remains consistent. To clarify the information more clearly,
we also added ‘Host’ for both legends as ‘Ctrl Host’, ‘Mett/3V1Cd4-Cre Host’ and modified the
relative description in the MS for this experimental design. We thank the reviewer again for this

kind reminder.

3) In Figure 4D, please include a scale for the heatmap.

We are sorry for this missing and we added a scale for the heatmaps in current version accordingly.

4) In summary, this is a nice paper, but needs to address or at least discuss some previous data in

the literature.
We thank the reviewer again for his/her praise on our MS. As requested, we provided new data sets

illustrating m®A modification on Jcos mRNA, and discussed previous data on ICOS reported by Liu

Lab. The relative part in discussion was supplemented accordingly.
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Reviewer #3 (Remarks to the Author):

Yao and colleagues investigated the role of METTL3 and m6A in generation of T follicular helper
cells (TFH) from CD4 cells by using mice with CD4-specific METTL3 deletion. They nicely
showed that deletion of METTL3 in CD4 cells inhibited TFH cell differentiation and germinal
canter response through an intrinsic mechanism. METTL3 regulates the expression of TFH specific
genes such as Tcf7, Bcl6, Icos, and Cxcer5 through it methyltransferase activity. M6A modification
of Tct7 lead to increased stability of Tcf7 transcripts. This manuscript provided new functional role
of m6A and METTLS3 in regulating TFH cell differentiation and implications in humoral immunity.

However, the following comments need to be addressed.

We sincerely thank the reviewer for taking time to evaluate our manuscript, for appreciating the
importance of this study, and for the valuable feedback provided, which has helped us improve this
manuscript. We have addressed all concerns from reviewers with new experimental data,
bioinformatics analysis, and in-depth discussion. Thereof, we believe the manuscript is more than

improved as a result.

Major comments:

1. The authors discussed the possible m6A readers for m6A-modified Tcf7 and indicated that the
possible readers such as IGF2BPs are expressed at low levels in TFH cells. However, protein levels
of IGF2BPs were not looked at. In addition, since TFH cells are generated from CD4 cells, therefore,

the levels and roles of IGF2BPs in regulating Tcf7 expression in CD4 cells need to be assessed.

We thank the reviewer for this constructive advice. To illustrate the expression level of IGF2BPs,
we first retrieved the FPKM values from our RNA-seq and published RNA-seq data (Choi et al.,
2015), and found the expression levels of Igf2bp1, Igf2bp2, and Igf2bp3 were extremely low in Tru
cells (Table R1; Ythdf2 transcript, which mediates degradation of m®A-methylated mRNA, was used
as control), and the mRNA expression of these IGF2BPs was also validated by qPCR (Figure R6A).
To further address this concern, we also perform Western Blotting in CD4" T cells together with
HEK293T cells as a positive control with antibodies against IGF2BPs as previous described (Huang
et al., 2018). Our results indicated that protein levels of IGF2BPs in CD4" T cells were too low to
be detected (Supplementary Figure 8; Figure R6B). Based on these results, we considered that it
is difficult to establish connections between IGF2BPs and the regulation of TCF-1 expression level
in current stage. Therefore, we cannot conclude who is the possible reader protein involved in the

regulation of TCF-1 via m®A modification at current stage.
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Table R1. FPKM value of IGF2BPs

Source Gene Name Sample 1 Sample 2 Sample 3
This paper Igf2bpl 0.05 0 0
This paper 1gf2bp2 0.14 0 0.02
This paper Igf2bp3 7.82 11.18 13.33
This paper Ythdf? 46.73 54.61 56.12
Choi et al., 2015 Igf2bp1 1.78 0.27 /
Choi et al., 2015 Igf2bp2 2.45 0.65 /
Choi et al., 2015 Igf2bp3 2.09 2.73 /
Choi et al., 2015 Ythdf? 20.27 19.39 /
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Figure R6. Analysis of expression of IGF2BPs by qPCR and Western Blotting

2. Figure 6f and 6g: upon METTL3 deletion, the m6A enrichment on Tcf7 transcripts were
decreased. However, the total RNA levels of Tcf7 were also decreased in METTL3 deleted cells.
Normalized peak distribution needs to be shown to demonstrate the effect of METTL3 deletion on

specific m6A peaks across the Tcf7 transcripts.

We thank the reviewer for providing us this constructive suggestion. In the initial submission, the
count numbers from both RNA-seq and miCLIP-seq were used for miCLIP-seq analysis to eliminate
the effects of expression level, but the IGV plots did not exhibit normalized peak distribution. As
requested, we re-analyzed our m°A-miCLIP-seq data and used bamCompare of deepTools package
to normalize the peak distribution as described before (Ramirez et al., 2016), a tool can be used to
generate a bigWig or bedGraph file based on two BAM files that are compared to each other while
being simultaneously normalized for sequencing depth. The IGV plots exhibiting 7¢f7 and other

mRNAs by using new analysis are shown in Figure 6f and Supplementary Figure 6a, respectively.
3. Figure 6j: It seemed that METTL3-Myc increased the luciferase activity of EV. Does this due to

transfection efficiency difference or other effect of METTL3 on EV activity? Does this also
contribute to the effect of METTL3 on wild-type reporter? This need to be addressed.
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We thank the reviewer for this viewpoint. We acknowledged that the original figure we showed
may cause ambiguity in understanding the data sets. To address this concern, we repeated this
experiment and pooled all data from three new independent experiments. Our new data showed that
compared with EV-Myc: EV group, METTL3-Myc only slightly but not significantly increased the
luciferase activity of EV (Figure 6k). We assumed that potential m°A sites existed in EV might
attribute to the luciferase activity. However, these data indicated that the m°A site existed in the
Tcf7 indeed augmented the luciferase activity, supporting the conclusion that abrogation of m°A

activity is associated with decreased expression level of TCF-1.

4. Figure 6k and 6l: the effect of METTL3 deletion on the mRNA stability of Tcf7 is moderate. Can
other mechanism be involved in the regulation of Tcf7 stability and expression by METTL3?

We thank the reviewer for his/her concern. Our data reflect the mRNA stability of 7¢f7 is influenced
with METTL3 deletion. However, the difference looks moderate is probably caused by the
experimental system, depending on the features of m°A modification, cell type, and experimental
condition in vitro (Huang et al., 2018; Li et al., 2017; Paris et al., 2019; Weng et al., 2018; Wu et
al., 2019). Meanwhile, we agreed with the reviewer, we cannot exclude other potential regulatory
layers and draw a conclusion that the METTL3 deletion on the mRNA stability of Tcf7 is the unique
mechanism due to the limitation of current results and our knowledge. It is will be of great interest

to study other potential mechanisms of m®A modification on Tcf7 stability in the future study.

5. Does METTLS3 interact with the Tcf7 transcripts?

We thank the reviewer for giving this constructive suggestion. As requested, we performed RNA-
IP assay by using an antibody against METTL3 in CD4" T cells. The results indicated that METTL3
could directly interact with the 7cf7 transcripts (Figure 6g).

6. The effect of METTL3 deletion on m6A enrichment in the Tcf7 gene needs to be validated by
mo6A IP qPCR analysis.

We agreed with the reviewer for this concern. Actually, the m°A-RIP-qPCR result has been shown
in original Figure 6g, illustrating METTL3 deletion impairs the m®A enrichment on 7cf7 gene. In
revised manuscript, we reorganized the entire data set and presented the relative data in current

Figure 6h. For your convenience, the result is also shown as follow (Figure R7).
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Figure R7. Analysis of m°A enrichment on 7cf7 mRNA by m®A-RIP-gPCR

7. The importance of TFH cell differentiation regulated by METTL3 can be further assessed. For
example, does adoptive transfer of TFH cells from WT mice rescue the defect in CD4-specific

METTL3 deletion mice in response to viral infection?

We thank the reviewer for giving us this constructive suggestion, which was also raised by the
Reviewer 1 (major concern 4). To address this point, we adoptively transferred wild-type SMARTA
cells into Ctrl and MettI3"Cd4-Cre host mice. We found the cell numbers of both GC B cells and
plasma cells in Mett/3"Cd4-Cre mice were comparable with Ctrl mice, in parallel with the GC
areas in the spleens. Meanwhile, the level of antigen-specific IgG in Mett!3VCd4-Cre host mice
(transferred with SMARTA cells) showed no obvious difference with Ctrl host mice, while
Mett13V1Cd4-Cre mice (no SMARTA cells transfer) still exhibited profoundly defects in the
production of LCMV-specific IgG (Figure 2d-g). These results strongly indicated transfer of Trn
cells from WT mice could rescue the defects in CD4-specific METTL3 deletion mice in response

to viral infection.

Minor comments:

1. Line 264: typo in “MRTTL3”

We thank the reviewer for this correction and we have modified this spelling mistake in revised

version, accordingly.

2. Line 302-303: sentence needs correction. “Does ....1s....”.

We thank the reviewer for pointing out this mistake and we have modified it as “Does METTL3-

mediated Trn differentiation also directly depend on its m®A catalytic activity?”.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

All question were answered to full satisfaction.
Thank you!

Reviewer #2 (Remarks to the Author):

The authors have addressed my comments as well as those of the other reviewers. Just two small
comments:

1) if they could state that the Tcf7 retrovirus does not have the 3' untranslated region, that would
be helpful.

2) The authors state: "the expression of Tcf7 was intensely lower in METTL3-deficient TFH cells
than in wild-type cells". Tcf7 is not more significantly lower than many of the other factors they
examined in this figure. Perhaps they could just state: that among the genes with low expression,
Tcf7 was of interest because of its role in Tfh cell differentiation. (or both Bcl6 and Tcf7, but then
you argue later why you are interested in Tcf7.

Reviewer #3 (Remarks to the Author):

The authors worked very hard, added multiple new data to address the comments overall. Now the
manuscript has improved significantly. I have no further comments.



Point-by-point response to reviewers

Reviewer #1 (Remarks to the Author):

All question were answered to full satisfaction.

Thank you!

We thank this reviewer again for his/her professional evaluation on work and for
giving us constructive suggestions to improve the quality of our MS during the review

process.



Reviewer #2 (Remarks to the Author):

The authors have addressed my comments as well as those of the other reviewers.
Just two small comments:
We highly appreciate the reviewer for his/her meditation of our responses and

modified our manuscript according to the suggestions.

1) if they could state that the Tcf7 retrovirus does not have the 3' untranslated region,
that would be helpful.

We thank the reviewer for this suggestion. To better characterize the strategy of
retroviral transduction of Tcf7, we modified our statement as “Upon transducing in
vivo primed SMARTA CD4" T cells with TCF-1 (full length CDS of P45 isoform

without 3’ untranslated region) retrovirus” (Page 10, Lines 211-214).

2) The authors state: "the expression of Tcf7 was intensely lower in METTL3-deficient
TFH cells than in wild-type cells". Tcf7 is not more significantly lower than many of the
other factors they examined in this figure. Perhaps they could just state: that among
the genes with low expression, Tcf7 was of interest because of its role in Tfh cell
differentiation. (or both Bcl6 and Tcf7, but then you argue later why you are interested
in Tcf7.

We thank the reviewer for this constructive suggestion. To illustrate our statement
more precisely, we modified the sentence referred by the reviewer as “In addition, the
expression of Tcf7 was significantly lower in METTL3-deficient Try cells than in
wild-type Ten cells (Fig. 4e). Among the genes with low expression, Tcf7 was of
interest because of its role in Tth cell differentiation, so we also performed GSEA
analysis of a gene set containing TCF-1-activated genes in Try cells” (Page 13, Lines
296-297).



Reviewer #3 (Remarks to the Author):

The authors worked very hard, added multiple new data to address the comments
overall. Now the manuscript has improved significantly. | have no further comments.

We thank the reviewer for the final acceptance of our manuscript.



