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Abstract

Differences in transcriptomes, transcription factor usage, and function have identified T follicular
helper 2 (Tfh2) cells and T helper 2 (Th2) cells as distinct clusters of differentiation 4+”,(CD4)
T-cell subsets in settings of type-2 inflammation. Although the transcriptional programs driving
Th2 cell differentiation and cytokine production are well defined, dependence on these classical
Th2 programs by Tfth2 cells is less clear. Using cytokine reporter mice in combination with
transcription factor inference analysis, the b-Zip transcription factor c-Maf and its targets were
identified as an important regulon in both Th2 and Tfh2 cells. Conditional deletion of c-Maf in

T cells confirmed its importance in type-2 cytokine expression by Th2 and Tfh2 cells. However,
while c-Maf was not required for Th2-driven helminth clearance or lung eosinophilia, it was
required for Tfh2-driven Immunoglobulin E production and germinal center formation. This
differential regulation of cell-mediated and humoral immunity by c-Maf was a result of redundant
pathways in Th2 cells that were absent in Tfh2 cells, and c-Maf-specific mechanisms in Tfh2 cells
that were absent in Th2 cells. Thus, despite shared expression by Tfh2 and Th2 cells, c-Maf serves
as a unique regulator of Tfh2-driven humoral hallmarks during type-2 immunity.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* ReinhardtL@NJHealth.org.

AUTHOR CONTRIBUTIONS

K.B. designed the study, performed experiments, analyzed data, and wrote the manuscript. M.A.S. directed and analyzed scRNA-
sequencing studies. J.S-B. helped analyze bulk and scRNA-sequencing data. M.M.M. analyzed scRNA-sequencing and performed
transcription factor inference analysis. U.I.C, I.K.B., and M.D. performed experiments and analyzed data. H.D. provided key reagents
and advised STATS5 studies. R.L.R conceived the work, supervised the study, and wrote the manuscript.

DECLARATIONS OF COMPETING INTEREST
The authors have no competing interests to declare.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bao et al. Page 2

INTRODUCTION

Type-2 immunity to parasitic helminth infection and the induction of allergic inflammation
are orchestrated by type-2 cytokine-expressing clusters of differentiation (CD4*) T cellsl:2.
Antigen-specific CD4* T helper (Th) 2 cells in mucosal tissues mediate barrier immunity
through their release of interleukin (IL)-4, IL-5, and 1L-133. In contrast, CD4* T follicular
helper (Tfh) cells act in the B cell follicles of lymphoid tissues to promote antibody
production and humoral immunity. In settings of type-2 inflammation, a subset of Tth
cells producing IL-4, termed Tfh2 cells, promote the selection of high-affinity antibodies
and class switching to immunoglobulin (1g)E and 1gG1 isotypes*~’. A subset of Tfh2 cells,
termed Tfh13 cells, acquire the ability to produce IL-13 along with IL-4 and serve a
critical role in the production of pathogenic IgE during allergic responses8. Together, Th2
and Tfh2 cells are instrumental in coordinating cellular and humoral hallmarks of type-2
inflammation.

The unique cell programming critical to the development of T helper cell subsets has greatly
increased our understanding of Tfh2 and Th2 cells®10, Distinct transcription factor usage in
combination with the selective expression of type-2 cytokines can be used to functionally
delineate these two subsets®6:11.12 Th2 cell differentiation and commitment rely on the
classical Th2-associated transcription factors GATA Binding Protein (GATA) 3, Signal
Transducer And Activator Of Transcription (STAT) 6, STAT5, and c-Maf13-19. Although
these Th2 factors work synergistically to promote Th2 lineage specification and function,
some selectivity in how they promote type-2 cytokine expression has been observed. For
instance, GATA-3 is critically important in the production of IL-5 and IL-13 in committed
Th2 cells, but it has less influence on 1L-4 expression20-21, The dependence on GATA-3 for
IL-13 production but not IL-4 extends to other type-2 immune cells such as group 2 innate
lymphoid (ILC2) cells1222-24 Fyrthermore, basophils and natural killer T cells, which
selectively produce IL-4 relative to 1L-13, express little GATA-3 relative to 1L-13-producing
Th2 cells and ILC2 cells?®. This indicates an important and selective role for GATA-3 in
facilitating IL-13 competency. In contrast to GATA-3, the transcription factor c-Maf appears
to have a greater impact on IL-4 transcription relative to IL-5 and IL-13 in Th2 cells26:27,
The preferential production of IL-4 as compared to IL-5 and IL-13 is also a phenotype
prevalent among Tfh2 cells6:8.12.2528.29 Thys, while c-Maf has been described as important
in the development of many CD4+ T-cell subsets including Th2 and Tth cells, how and

if this transcription factor differentially impacts Th2 versus Tfh2 biology in vivo remains
ill-defined30-35,

To better dissect the role of c-Maf in T cell-mediated orchestration of type-2 immunity,
sensitive 1L-4 and IL-13 reporter mice, single-cell analytics, and T cell-intrinsic deletion
of c-Maf were used during parasitic helminth infection. Both Th2 cells in the lung and
Tfh2 cells in the lung-draining mediastinal lymph nodes were investigated. These studies
help refine an important but redundant role for c-Maf in Th2-mediated immunity while
revealing nonredundant mechanisms by which c-Maf impacts Tfh2 cell function and
humoral immunity. In sum, the data demonstrate how c-Maf contributes to the bifurcated
role that Tfh2 and Th2 cells serve in type-2 inflammation.
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Transcriptome analysis reveals that c-Maf is broadly expressed by IL-4-producing Tfh2 and
Th2 cells during helminth infection

To better understand the relationship between IL-4 Th2 and Tfh2 cells in the lymph nodes
compared to those in the lung in settings of type-2 immunity, mice were infected with

the helminth Nippostrongylus brasiliensis. An unbiased approach using bulk transcriptomes
of IL-4* and IL-4~ CD4* T-cell populations at the peak of the response was used to

reveal Th2 and Tfh2 cells in these distinct tissues (Fig. 1A)36. Th2-associated genes

such as Gata3, 111r/1 (1L-33R), Pparg (peroxisome proliferator-activated receptor -y), and
Cypllial (cholesterol side-chain cleavage enzyme family 11, subfamily a, polypeptide

1) were enriched in IL-4-expressing populations compared to IL-4-negative cells in the
lung6:17:37-41 |n contrast, when comparing IL-4* T cells to their IL-4~ counterparts in
the lymph node, cells were enriched for the Tfh markers C-X-C chemokine receptor type

5 (Cxcr5), B-cell lymphoma 6 (Bc/6), Interferon Regulatory Factor 4 (/rf4), Programmed
Cell Death 1 (Pdcdi PD1), //4, and MafO. Similarly, the volcano plots indicated a selective
enrichment for the Tfh markers Bc/6, Achaete-scute complex homolog 2 (Asc/2), inhibitor
of DNA binding 3 (/¢3), and Cxcr5in the lymph node-resident IL-4* population compared
to IL-4* T cells in the lung (Fig. 1A)*2-47. Of note, IL-4* CD4* T cells in the lung

were significantly enriched for Nuclear Receptor Subfamily 4 Group A Member 1 (Nr4al
Nur77), Cd69, Fos-related antigen 2 (Fos/2), and TNF alpha induced protein 3 ( 7nfaijp3
A20) expression (Fig. 1A). Nur77 and CD69 expression are notable surrogates for T cell
receptor (TCR) signaling and nonlymphoid tissue residency, findings suggestive of either
recent or prolonged antigen engagement or a tissue-resident memory (Trm) phenotype
within this population#8-50, The enhanced expression of Fosl2 and A20 in the lung among
IL-4-expressing T cells also indicated a likely repression of type-2 cytokine production

by Th2 cells at this timepoint, consistent with control of the infection and modulation of
inflammation®1-53,

To gain a better appreciation of the heterogeneity within different IL-4* T-cell populations
residing in the lung and lymph nodes, we analyzed single-cell RNA-sequencing data

of the same populations described in the bulk transcriptome analysis3®. As expected,
transcriptomes of IL-4* CD4* T cells isolated from the lung (aqua) and lymph node (purple)
possessed largely unique profiles as shown by differential clustering on the t-stochastic
neighbor embedding (SNE) plot (Fig. 1B). Consistent with the bulk transcriptome data,

lung 1L-4* cells were enriched for Th2 markers Gata3and //1r/1 (IL-33R) while lymph
node IL-4" cells contained Tfh-associated transcripts /a3 and Cxcr5 (Fig. 1C). Of note,
c-Maf (Maf) was expressed equally across IL-4* CD4* T cells regardless of tissue residence.
Concomitant c-Maf expression was found in both /a3, Cxcr5" T£h2 cells, and Gata3t,
111rl1* Th2 cells. C-Maf was also found to be expressed in some Ki67+ proliferating cells
that corresponded to both the lung (aqua) and lymph nodes (purple) (Figs. 1B and 1C).

This pattern of expression is consistent with a reported role for c-Maf in IL-4 production

by Th2 cells and may indicate a similarly important role in the expression of IL-4 by Tfh2
cells26.27,30-34,54.
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C-Maf protein is equivalently expressed in both Th2 and Tfh cells during helminth infection

Although the transcriptomic data illustrates that c-Maf messenger RNA (mMRNA) is
equivalently expressed by Tfh2 and Th2 cells, it was important to confirm these findings at
the protein level. To verify that Th2 and Tfh2 cells represent unique CD4* T-cell subsets in
the context of . brasiliensis infection, intracellular staining for the Th2 factor GATA-3 and
the Tfh factor BCL6 was performed in IL-4KN2-4Get renorter micel6:17:43.55,56 || -4KN2-4get
mice reliably report both the presence of IL-4 mRNA (green fluorescent protein - GFP)
and recent I1L-4 production via surface expression of human CD2 (huCD2)37:%8, Prior work
with this model has shown that CD4+ huCD2" T cells in the lymph nodes but not the lung
are PD-1M8h and CXCR5*12. Furthermore, BCL6 protein expression was independent of
GATA-3 providing a clear demarcation of Tfh2 and Th2 cells, respectively!2. Consistent
with the bulk and single-cell RNA-sequencing data, two distinct populations were present
representing a GATA3N9" BCL6™ Th2 population and a GATA-319W, BLC6MYN Tth cell
population (Fig. 2A). Both BCL6 and GATA3 protein expression were enriched among
IL-4-expressing (huCD2%) CD4* T cells in the lymph nodes relative to 1L-4~ (huCD2")
CD4* T cells (Fig. 2B). However, consistent with Tfh2 enrichment in the lymph nodes,
BCL6 staining was more enriched among IL-4 protein-expressing cells than GATA-3. This
was confirmed when assessing BCL6 staining in GATA-31°" and GATA-39h populations
of IL-4-producing cells (Fig. 2C). Together the data indicate that while GATA-3 is likely
critical for the maintenance and production of type-2 cytokines by Th2 cells, Tfh2 cells are
less reliant on this transcription factor to elicit IL-4 production.

Given the enrichment of c-Maf mRNA among IL-4* CD4* T cells in both the lymph nodes
and lung (Fig. 1C), intracellular staining for c-Maf protein was explored in both Tfh2

and Th2 cells. Intracellular staining for c-Maf relative to GATA-3 revealed a substantial
increase in c-Maf* CD4* T cells in the lung compared to uninfected controls (Fig. 2D).
Furthermore, within lung-resident CD4* T cells, c-Maf was enriched among populations
expressing GATA-3. Both findings are consistent with c-Maf being expressed in Th2 cells.
In contrast, there were two populations of CD4* T cells expressing c-Maf in the mediastinal
lymph nodes. These two populations were distinguished by the presence or absence of
BCL6 expression (Fig. 2E). Of note, all BCL6" Tfh cells co-expressed c-Maf, confirming its
prominent role in Tfh fate and function30-33,

Transcription factor inference analysis identifies the differential use of Th2 regulons by

Tfh2 cells

Given the differential gene expression observed in IL-4* CD4* T cells from the lymph nodes
compared to the lung after N. brasiliensisinfection, we next wanted to assess whether this
translated into the differential activity of gene sets in Tfh2 and Th2 cells. To do this, we

used single-cell regulatory network inference and clustering (SCENIC) to identify regulons
—aqroups of genes and upstream transcription factors that are regulated as a unit—that were
active in 1L-4* cells within the lymph node and lung®®. Hierarchical clustering of the most
differentially active regulons among IL-4* and IL-4~ CD4" T cell populations revealed
significant heterogeneity (Fig. 3A). Concerning IL-4" CD4" T cells in the lung and lymph
nodes, regulon activity corresponded to genes known to be important in Th2 and Tth fate
and function, respectively (Figs. 3B and 3C). For example, gene sets linked to GATA-3 and
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JunB activity showed increased regulon activity among lung IL-4* cells, which are enriched
for Th2 cells. This is consistent with GATA-3 and JunB being important transcription factors
for IL-4 expression in this T helper cell subset16:60, These regulons were not active in IL-4*
CD4* T cells obtained from the lymph nodes, a subset shown above to be enriched for Tfh2
cells. In contrast, 1L-4* CD4* T cells from the lymph nodes showed increased T cell factor
7 (TCF7encoding TCF-1), and Nuclear Factor of Activated T-cells 1 (NFATc1) regulon
activity. TCF7 and NFAT regulon activity match transcription factor motifs that are uniquely
enriched among IL-4* CD4* T cells in the lymph nodes compared to IL-4* CD4" T cells
from the lung36. Together, these findings confirm the understood role that these factors play
in Tfh2 gene regulation and 1L-4 expression®1-67,

Of note, c-Maf was expressed in both IL-4* populations and showed equivalent regulon
activity in both tissues, similar to Basic leucine zipper transcription factor, ATF-like (BATF).
This is consistent with a role for c-Maf in the active regulation of genes important in Tfh2
and Th2 cell function, including IL-4. In support of a role for c-Maf in regulating IL-4,

two half-Maf recognition elements (MARES) were found at the proximal //4 promoter and
enhancer, which correlated with regions of open chromatin found in IL-4* CD4* T cells
isolated from the lung and mediastinal lymph node after helminth infection (Fig. 3D)36. The
half MARE site located at position —37 to —42 of the //4 transcription start site is essential
for IL-4 production by Th2 cells?7:68,

c-Maf is required for optimal IL-4 production by Tfh2 and IL-4 and IL-13 by Th2 cells

Expression and regulon activity of c-Maf in both Tfh and Th2 cells implicated an important
role in the production of IL-4 in both subsets during N. brasiliensis infection. Although c-
Maf has long been proposed to promote I1L-4 expression in T cells, a recent study concluded
that c-Maf restricted 1L-4 expression /n vivo?8:30:34, This discrepancy led us to explore how
T cell-intrinsic deletion of c-Maf was modulating IL-4 expression in both Tfh2 and Th2
cells in helminth infection. To do this, we combined sensitive dual 1L-4 reporter mice with
T cell-specific deletion of c-Maf. In this IL-449e-KN2Cp4crec-Mafflox mouse model, loxP-
flanked c-Mafis excised by Cre recombinase in all T cells®. Both IL-4 competency and
recent IL-4 protein production in the draining lymph nodes of IL-449e-KN2cpgcrec-\pafflox
and I1L-449¢-KN2c_Mafflox mice 8 days after . brasiliensis infection was quantified using
the 4get and KN2 reporters. The results show a significant decrease in the percentage and
number of both GFP* (IL-4 mRNA) and huCD2* (recent IL-4 protein) CD4* T cells in

the lymph nodes of IL-449e-KN2cp4crec-Mafflox mice (Figs. 4A and 4B). A significant
reduction in the percentage of IL-4-competent and recent IL-4-producing CD4" T cells

in 1L-449et-KN2Cp4crec-MaffloX mice compared to 1L-4498KN2¢_Mafflox mice was also
observed in the lungs of these animals (Figs. 4C and 4D). Despite a significant reduction in
the percentage and total number of I1L-4-protein* cells in the lung, no significant difference
was observed in the total number of IL-4-competent CD4* T cells as marked by GFP
expression (Fig. 4D). This may indicate an outgrowth of other T helper subsets in the
absence of c-Maf. However, in total, the data conclusively show a T cell-intrinsic role for
c-Maf in the optimal production of IL-4 by CD4* T cells in the lungs and lymph nodes after
helminth infection.
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As noted above, Tfh2 and Th2 cells differentially express IL-4 and IL-13 in the

context of helminth infection and allergic sensitization812:2529, To investigate whether

the loss of c-Maf in T cells similarly or differentially impacted IL-13 production

in the context of A, brasiliensis infection, L-449et-Smarti3cpgcrec-MaffloX mice and
|L-449et-Smart13c_\afflox were infected with . brasiliensis. In these dual IL-4 and 1L-13
reporter mice, IL-4 expression is reported by GFP, and IL-13 expression is reported by
human CD4 expression12:25, As observed in IL-449¢vKN2 mice CD4* T cells isolated

from the mediastinal lymph nodes and lung of L-449et-Smarti3cp4crec-Mafflox mice

and |L-449et-Smartl3c_\afflox showed a significant difference in the percentage of IL-4-
competent (GFP +) T cells at the peak of the pulmonary response to N. brasiliensis infection
(Figs. 4E—H). However, unlike what was observed for the IL-4 protein, no difference was
observed in the production of IL-13 among c-Maf-sufficient or c-Maf-deficient T cells in the
mediastinal lymph nodes (Figs. 4E and 4F). This finding is consistent with c-Maf serving a
more selective role in the regulation of IL-4 compared to IL-13 in Tfh2 cells. Unexpectedly,
the loss of c-Maf also impacted the ability of Th2 cells in the lung to produce 1L-13 (Figs.
4G and 4H). This contrasts with c-Maf-deficient mice which show impaired IL-4 expression
but normal IL-13 production in Th2 cells?1:26, This may reflect a more general role for
c-Maf in type-2 cytokine regulation in Th2 cells than previously believed at least as it
pertains to a robust type-2 response to helminth infection.

T cell-intrinsic loss of c-Maf leads to a more selective impairment in humoral versus
cell-mediated immunity to N. brasiliensis infection

Loss of IL-4 and IL-13 protein production by CD4* T cells in the lung and IL-4

in the lymph nodes after N. brasiliensis infection suggested that these animals may

exhibit an impaired type-2 immune response. As IL-4 and IL-13 differentially drive

humoral and cell-mediated hallmarks of type-2 inflammation, we investigated whether

these two distinct arms were functionally compromised in mice lacking c-Maf expression

in T cells. Consistent with an important role for c-Maf in regulating Tfh2-derived

IL-4, 1L-449e-KN2CpgcrecMaffl/fl and 1L-449et)_135mart-cp4crec-Maffl/fl (combined groups
denoted as 1L44%¢(CD4c"ec-Maff/fl) mice were unable to generate CD95* GL7* germinal
center B cells after helminth infection (Fig. 5A). Additionally, these mice exhibited a
significant reduction in serum IgE (Fig. 5B). These findings are consistent with Tfh2-derived
IL-4 being required for optimal germinal center generation and IgE isotype-switching in this
infection model®12. This further establishes an intrinsic role for c-Maf in Tfh2 function.

We next investigated whether similar defects could be observed in Th2-mediated outcomes.
As Th2 cells are important in the recruitment of innate cells to the lung in response to .
brasiliensis, we quantified the number of eosinophils and basophils 8 days after infection.
While no significant difference in basophils was observed between infected c-Maf-sufficient
IL-449¢tc-Maff/fl mice and c-Maf-deficient IL-44%€tCD4crec-Maff/fl mice, eosinophilia was
significantly reduced after T cell-intrinsic deletion of c-Maf (Fig. 5C). While significant, a
substantial recruitment of eosinophils in 1L-449¢tCD4%"ec-Maff/fl was still observed relative
to uninfected controls. This is consistent with c-Maf-deficient Th2 cells being capable of
generating enough 1L-5 to mobilize eosinophils from the bone marrow’?.

Mucosal Immunol. Author manuscript; available in PMC 2023 June 24.
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Th2 cells are also actively involved in the rapid elimination of N. brasiliensis from the
intestine. To investigate whether T cell-intrinsic c-Maf was critical in the clearance of

adult worms in the intestine, we infected 1L-449eKN2CD4Crec- Mafflox and |L-449et-KN2¢.
Mafflox mice with A. brasiliensis and scored their worm burden 9 days post-infection’172,
We found that both 1L-449e-KN2c_Mafflox mice and 1L-449e-KN2Cp4crec-Mafflox expelled
worms consistent with productive Th2-mediated immunity (Fig. 5D). This result either
indicates that despite a significant impairment in IL-4 and IL-13 production in the absence
of c-Maf, Th2 cells are still able to produce enough cytokine to mediate worm clearance, or
it could suggest that the decreased cytokine production observed in Th2 cells is compensated
by other type-2 immune cells resident in the intestine of IL-449¢-KN2cp4crec-Mafflox mice.
This result is consistent with the contribution of ILC2 cells to worm clearancel2.72-74,

Taken together, T cell-intrinsic loss of c-Maf has a more dramatic impact on Tfh2-driven
humoral immunity than Th2-driven cell-mediated immunity. Although diminished IL-4 and
IL-13 may still reach a sufficient level to effectively promote Th2-driven hallmarks, this
does not occur in Tfh2 cells as IL-13 is not expressed by these cells during helminth
infection®12, Additionally, unlike the intestine where other type-2 immune cells aid in worm
clearance through their additional production of IL-4 and IL-13, Tfh2 cells are the dominant
source of IL-4 in the lymph nodes with little contribution from other cell types®~’. Impaired
humoral immunity that results from a Tfh2 cell-intrinsic loss of c-Maf is further exacerbated
by the failure to generate productive germinal centers.

STAT5A and STAT6 deficiency selectively impairs IL-4 production in Th2 cells

The low expression of GATA-3 in Tfh2 cells combined with the essential role of c-Maf

in the production of 1L-4 by this subset supports the important function of c-Maf in the
regulation of IL-4. However, transcription factors outside of GATA-3 and c-Maf have also
been shown to modulate type-2 cytokine production and the differentiation of Th2 cells. As
such, we wanted to investigate if other pathways might also work independently of GATA-3
to promote IL-4 production in Tfh2 cells. The signal transducer and activator of transcription
(STAT) factors STAT5 and STAT6 play important roles in the differentiation of established
Th2 cells13-1518.19 However, the role that these factors serve in Tfh2 cytokine production
is less clear as STATG6 signaling is not required to gain IL-4 competency by T cells in the
lymph nodes during helminth infection, and STAT5 negatively regulates Tfh cell lineage
specification via IL-2 receptor signaling12:58.75-78,

To assess the impact of these STAT factors on Tfh2 generation and cytokine competency,

a series of 1L-449¢t reporter mice were generated that lacked either STATSA, STATS, or

both transcription factors. Mice were infected with N. brasiliensis and the mediastinal lymph
nodes were assessed 8 days later. Although not completely abolished, the percentage and
number of Tth cells co-expressing CXCR5 and PD-1 were compromised in the absence

of STAT6 and further compromised in mice lacking both STAT5A and STAT6 (Figs. 6A

and 6B). Next, we investigated whether IL-4 competency was impaired in the absence of
STATS5A and STAT6. Mice lacking STAT6 exhibited a significant decrease in the percentage
of IL-4-expressing CD4™ T cells (Figs. 6C and 6D). Interestingly, the impact on //4
transcript expression was not uniform. STAT6 deficiency resulted in a more substantial
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loss of IL-4 expression among CXCR5™ relative to CXCR5" CD4* T cells (Figs. 6C and
6D). This was further exacerbated by the combined absence of both STAT6 and STAT5A.
When comparing the number of I1L-4-producing Tfh (CXCR5*) cells to the number of
IL-4-producing non-Tfh (CXCR57) cells, the ratio grew from 0.5 in wildtype animals, to 1
in STAT6-deficient, to 1.5 in STATSA~~STAT6/~-deficient mice (Fig. 6E). Together these
results indicate that, while IL-4-producing CD4* T cells are decreased in their absence,
STAT6 and STAT5A deficiency impacts IL-4* expression in Th2 cells to a larger extent than
Tth2 cells.

c-Maf serves a nonredundant role in the production of IL-4 by Tfh2 cells

To determine if c-Maf could have a nonredundant impact on IL-4 expression in CXCR5*
Tfh2 cells compared to STAT5A and STAT6, wildtype and STATSA™/"STAT6™/~ mice
were infected with N. brasiliensis and c-Maf expression was measured by flow cytometry.
Intracellular c-Maf was observed equally in CXCR5* CD4* T cells harvested from the
mediastinal lymph nodes of both wildtype and STATSA™"STAT6~/~ mice (Fig. 6F). This
confirmed that c-Maf remained a likely regulator of IL-4 competency in Tfh2 cells. To
establish whether c-Maf served an essential and nonredundant role in the production of
IL-4 in Tfh2 cells, we infected 1L-4KN2-4getcpgcrec-Mafflox and |L-4KN2-4gete_pafflox
mice with N. brasiliensis and quantified GFP expression in CXCR5* and CXCR5~ CD4*
T cells from the mediastinal lymph nodes. Although the percentage and total number of
GFP* CD4* T cells were reduced in mice lacking c-Maf in T cells (Figs. 6G-1), the
reduction was again varied across the IL-4-competent T-cell compartment. Although a
sizable population of CXCR5~ CD4* T cells still expressed GFP in the absence of ¢c-Maf,
there was a near-complete loss of CXCR5" GFP* CD4* T cells. The selective impact

of c-Maf deficiency in CXCR5* Tfh2 cells was even more striking when focused on
IL-4-competent CD4* T cells. In contrast to IL-4 being largely restricted to the CXCR5*
compartment in STATSA™"STAT6~/~ mice, IL-4 production was largely restricted to the
CXCR5™ population in c-Maf-deficient T cells (Figs. 6E and 6J). Thus, unlike what was
observed in Th2 cells, this confirms a critical and nonredundant role for c-Maf in the
regulation of IL-4 by Tfh2 cells.

c-Maf is required for follicular migration and Tfh2-driven humoral immunity

The above data show a nonredundant role for c-Maf as a regulator of Tfh2 cell cytokine
production and function. Although a direct role for c-Maf in IL-4 expression by Tfh2
cells is likely based on the significant reduction in IL-4 expression by Th2 cells lacking
c-Maf, a more dominant mechanism for c-Maf in modulating the ability of Tfh2 cells to
orchestrate humoral immunity may reside its requirement for efficient migration of T cells
into the B cell follicles. This idea is supported by a known role for c-Maf in increasing
CXCR5 expression, the chemokine receptor required for follicular migration32:45.46.79.80,
To investigate a role for c-Maf in Tfh2 cell migration, we first determined whether there
was a decline in CD4* CXCR5* PD1* Tth cells 8 days after N. brasiliensis infection of
|L-449e-KN2CD4Crec-MaffloX compared to 1L-4496KN2¢_Mafflox mice. The data show that
mice with T cells deficient for c-Maf display a near-complete loss of the CXCR5* PD1*
Tfh population (Fig. 7A). This finding is consistent with a role for c-Maf in promoting
CXCRS5 expression and the downstream entry of T cells into the B cell follicles. This
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mechanism is supported by the presence of a half MARE sequence located proximal to the
Cxcr5 promoter (Fig. 7B). The c-Maf binding site is present near open chromatin within
the Cxcr5locus of IL-4* CD4* T cells isolated from the mediastinal lymph nodes 8 days
after . brasiliensis infection38. This finding supports a key role for c-Maf in driving the
transcription of Cxcr532.

To confirm a role for c-Maf in the follicular migration of IL-4* Tfh2 cells, we performed
immunofluorescent staining on tissue sections taken from the lung-draining, mediastinal
lymph nodes of IL-449¢-KN2c_Mafflox ang |L-449e-KN2Cp4crec-Mafflox mice 8 days after
infection with A, brasiliensis. Wildtype 1L-449eKN2c_\Mafflox mice showed robust follicular
migration and IL-4-expression (GFP*) in both the B cell follicles and T-cell paracortex,
indicative of IL-4-competency in both Tth and non-Tfh cells (Fig. 7C). However, in mice
with T cells that are deficient for c-Maf, no accumulation of IL-4* CD4* cells in the B

cell follicles was observed, despite robust IL-4 expression in the T-cell paracortex (Fig.

7C). The absence of follicular localization by c-Maf-deficient CD4" T cells resembled

the follicular phenotype observed in helminth-infected BATF-deficient animals (Fig. 7C)8L.
However, unlike BATF-deficient mice—which lack IL-4-expressing CD4* T cells in the B
cell follicles and paracortex—IL-449¢-KN2cp4crec-Mafflox mice exhibited a more selective
defect among IL-4 expression in the B cell follicles. This is consistent with the flow data
indicating that CXCR5~ GFP* Th2 cells were less impacted by the absence of c-Maf
compared to CXCR5" Tfh2 cells. Together, this highlights an independent mechanism by
which c-Maf regulates Tfh2 function that is not found in Th2 cells and works independently
from a direct role c-Maf plays in IL-4 transcription.

Th2 cells have long been considered orchestrators of humoral and cell-mediated immunity
through their production of type-2 cytokines82:83. However, studies over the last decade
have begun to define a more nuanced view regarding the role these cells serve in type-2
inflammation2. In a bifurcated model of type-2 immunity, Th2 cells function primarily in
mucosal tissues to regulate the cell-mediated characteristics of type-2 inflammation, while
Tfh2 cells reside in the B cell follicles of lymphoid tissues to promote humoral immunity3.
In the context of a type-2 immune response, Th2 cells stimulate mucus production, smooth
muscle contractility, eosinophil mobilization, and other hallmarks of type-2 inflammation
through the production of IL-4, IL-5, and IL-13. In contrast, Tfh2 cells primarily produce
IL-4 to promote the production of IgE and IgG1 antibody isotypes. The current study shows
that c-Maf is a key factor in the production of both IL-4 and IL-13 by Th2 and IL-4 by Tfh2
cells. However, from a functional perspective, the absence of c-Maf in T cells had a more
substantive impact on Tfh2-driven humoral immunity.

The differential role of c-Maf in regulating IL-4 and IL-13 suggests that c-Maf works
differently in Th2 and Tfh2 cells. In Th2 cells, multiple transcription factors work with
c-Maf to regulate IL-4, IL-5, and I1L-13. Specifically, GATAS3 is critical for the generation
and maintenance of committed Th2 cells16:20.84 |mportantly, while GATA-3 regulates
IL-4, IL-5, and IL-13 expression, it appears most critical in the production of IL-5 and
IL-1312.17.20.21.85 | addition to GATA-3, IL-4 receptor-mediated STAT6 signaling and
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IL-2 receptor-mediated STAT5A signaling is important for Th2 cell maintenance and
function13:19.58.86.87 STATG signaling reinforces Th2 commitment through the induction

of both GATA-3 and c-Maf, confirming that c-Maf does play a role in the typical

regulation of cytokines during Th2 differentiation2”:34.88, However, these factors can also
work independently from one another suggesting that redundant pathways developed for the
expression of type-2 cytokines in Th2 cells. For example, in the absence of STAT6, GATA-3
is sufficient to drive Th2 differentiation, likely, in part, through the increased expression

and activity of c-Maf8. Similarly, c-Maf expression can be achieved independently from
IL-4 receptor signaling (STAT6) through the actions of 1L-6 and STAT3%. Another likely
mechanism for how c-Maf is modulating I1L-4 production in Th2 cells is through its ability
to synergize with JunB80. This is supported herein via the use of unbiased transcription
factor inference analysis of IL-4* CD4" Th2 cells from the lung following N, brasiliensis
infection. This analysis revealed overlapping regulons for GATA-3, c-Maf, and JunB
consistent with these factors involved in driving similar gene programs. In sum, optimal
type-2 cytokine expression by Th2 cells involves the coordination of multiple transcription
factors. However, redundancy has been built into this system to ensure adequate Th2
function remains if for example c-Maf regulons are disrupted.

C-Maf follows a more atypical path in Tfh2 cells. Analysis of IL-4* T cells in the
mediastinal lymph nodes after N. brasiliensis infection, a population highly enriched for
Tfh2 cells, showed active c-Maf regulons but no GATA-3 and JunB regulons. This highlights
that neither signaling via the IL-4 receptor nor high GATA-3 expression is required for

Tfh2 cells to acquire 1L-4 competency®. In addition, our findings here show that while
STAT5A complements IL-4 receptor signaling to achieve optimal IL-4 expression in Th2
cells, the impact of combined STAT6 and STAT5A deficiency on IL-4 expression in Tth2
cells was significantly less than that observed in Th2 cells1®91, Instead, c-Maf appears to

be the essential IL-4-driver in Tfh2 cells. This is highlighted by the observation that T cells
lacking c-Maf showed greater impairment in I1L-4 expression among CXCR5" Tfh2 cells
than CXCR5™ Th2 cells. The selective expression of IL-4—independent of I1L-5 and IL-13—
by Tfh2 cells and the lack of reliance on other classical Th2 transcription factors such as
GATA-3, STAT6, and STAT5A to achieve IL-4 expression further implicates an important
and nonredundant role for c-Maf in the regulation of type-2 cytokines in Tfh2 cells12, The
lack of redundant pathways to promote IL-4 expression in Tfh2 cells marks a clear and
important difference when compared to Th2 cells.

Currently, candidates required for expression of IL-4 in Tfh2 cells have concentrated on
factors that bind at the 3’ enhancer of //4, a region essential for 1L-4 expression by Tfh
cells®*92, The intracellular domain of Notch and the AP-1 factor BATF are two such
factors3:31.93-95 The transcription factor inference analysis confirms that both factors are
active in IL-4* CD4* T cells residing in the lymph nodes after . brasiliensis infection.
This is consistent with both BATF and Notch (through Wnt signaling) mediating I1L-4
expression by Tfh2 cells31:81.96.97 |n addition, BATF and TCF-7 regulons overlapped with
those of c-Maf, adding it to the evolving list of factors that impact Tfh2 cytokine production.
Like Notch and BATF, c-Maf can bind at the 3’ enhancer of the //4locus3L. Although
c-Maf can also regulate 1L-4 expression in Th2 cells by working synergistically with JunB
upstream of the //4 promoter, this mechanism is likely not involved in Tfh2 cells as no
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JunB regulon activity was observed in IL-4* CD4" T cells in the mediastinal lymph nodes
after . brasiliensis infection®0. Instead, c-Maf regulons match those of the nuclear factor
of activated T cells 1 (NFATc1) suggesting that these factors might work in concert in

Tfh2 cells to promote IL-4 expression. In support, c-Maf and other AP-1 factors have been
proposed to cooperate with NFAT in the regulation of IL-427:98.99 Thus, while the data
shown here confirm a key role for c-Maf in the expression of IL-4 in both Tfh2 and Th2
cells, the conditions in which c-Maf regulates IL-4 expression in Tfh2 cells are unique from
classical pathways observed in Th2 populations.

The differential dependence on c-Maf for type-2 cytokine expression in Tfh2 cells and

Th2 cells suggests that c-Maf may also differentially impact Th2-driven and Tfh2-driven
hallmarks of type-2 immunity. In support of this and extending on previous findings showing
that c-Maf-deficient T cells exhibit a defect in Tfh cell generation and humoral immunity,
the current study helps to resolve why c-Maf deficiency has a more dramatic effect on Tth-
mediated hallmarks (e.g. IgE) compared to Th2-mediated hallmarks (eosinophilia and worm
clearance) despite its equivalent expression by both of these cell types30:32:33.54 As shown
here, these selective defects are the result of two key functions c-Maf serves in Tth cells.
First, the dependency on c-Maf for migration of Tth cells into the B cell follicles would
selectively impact IgE but not Th2 function in peripheral tissues. Second, while these studies
show that c-Maf affects IL-4 production in both Th2 and Tfh2 cells, IL-13 production

by Th2 cells, while significantly reduced, remained intact in the absence of c-Maf. This
may allow IL-4 and IL-13 to combine to reach a threshold sufficient for the promotion of
Th2-driven eosinophilia and intestinal worm clearancel00-103_ Alternatively, it may reflect
compensation by other type-2 cytokine-expressing cells present in these mucosal sites. In
contrast, IL-13 is unable to similarly compensate for the lack of IL-4 in Tfh2 cells as Tfh2
cells fail to produce 1L-13 after helminth infection and appear to represent the dominant
source of IL-4 in the B cell follicles®12. As a result, Tfh2-driven humoral hallmarks are
significantly impaired in the absence of c-Maf relative to Th2-driven immunity. It will be
interesting to assess if c-Maf serves a similar role in Tfh13 cells, which arise in some
settings of allergic sensitization but not others®29, Given the higher GATA-3 expression

in Tfh13 cells compared to Tfh2 cells, it is possible that IL-13 might compensate for the
absence of c-Maf-driven IL-4 in those cells similar to what has been observed in Th2 cells
found in other settings of allergic inflammation12:70.102,104,

In summary, c-Maf serves a bifurcated role in type-2 immunity through its impact on IL-4
expression in Tfh2 and IL-4 and IL-13 expression in Th2 cells. Although IL-4 and IL-13
production by Th2 cells were compromised in T cells lacking c-Maf, the T cell-intrinsic
loss of this factor had a significantly more profound impact on Tfh2-mediated immunity.
Mechanistically, c-Maf exhibits control of Tfh2-mediated humoral hallmarks in two ways.
First, c-Maf is likely required for optimal transcription of IL-4 by Tfh2 cells. Second,
c-Maf is required for Tfh2 cell migration into the B cell follicles. As a result, deletion

of c-Maf limits the hosts’ ability to mount a productive germinal center and IgE response
to helminth infection. Thus, while Th2 cells have evolved pathways to maintain type-2
cytokine expression in the absence of c-Maf, Tfh2 cells lack such redundancy. The lack of
redundant pathways in Tfh2 cells makes these cells more reliant on this single transcription
factor for their function. These pathways are well conserved between mice and humans.
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As such, c-Maf and its associated pathways may represent targets that can selectively alter
humoral hallmarks of type-2 inflammation and IgE-associated disease outcomes in humans.

MATERIALS AND METHODS

Mice
L 449t |L4KNZ and 1135 mice have been previously described1257:58; STAT5A™~
mice on the Balb/c background were provided by Hans Dooms29®; c-Maff/fl mice were
rederived at Duke University with permission from Christina Birchmeier (Max Delbriick
Center for Molecular Medicine)89; CD4¢re 106: and STAT6/~ mice were purchased from
Jackson laboratories. Mice were bred and maintained on reporter C57BL/6 and Balb/c
genetic backgrounds at Duke and National Jewish Health. To minimize confounders,
littermates were used when possible and mice were randomized between treatment and
control groups. When littermates were not available, sex and age-matched (6-12 weeks
of age) control and treatment groups were randomized by genotype. All experiments
were performed with male and female mice of each genotype. Mice were maintained in
specific pathogen-free animal facilities in accordance with animal guidelines established
by the Institutional Animal Care & Use Committee (IACUC), the Division of Laboratory
Animal Resources at Duke University Medical Center, and the Biological Resource Center
at National Jewish Health.

Infections

N. brasiliensis was prepared as previously described107. Mice were infected with 500 L3
larvae in 200 ul phosphate-buffered saline (PBS) subcutaneously in the lower back.

Tissue digestion for flow cytometry and sorting

Lungs were chopped with a razor blade or underwent automated digestion in C-Tubes
using a heated OctoMACS (Miltenyi Biotech, Bergisch Gladbach, North Rhine-Westphalia,
Germany), digested with 250 pg/ml Collagenase X1 (C7657; Sigma, St. Louis, MO, USA),
50 pg/ml Liberase (145495; Roche, Basel, Switzerland), 1 mg/ml Hyaluronidase (h3506;
Sigma, St. Louis, MO, USA), and 200 pg/ml DNase | (DN25; Sigma, St. Louis, MO,
USA) in RPMI 1640 at 37°C for 30 minutes. Tissues were vortexed and pipetted vigorously
every 15 minutes until fully digested and filtered through an 80-micron mesh, washed,
lysed for 2 minutes with ammonium-chloride-potassium (ACK) buffer to reduce red blood
cells, washed with PBS, and resuspended in 2% fetal bovine serum in PBS. Single-cell
suspensions of lymph nodes were prepared by mechanical dissociation. All tissues were
filtered immediately prior to data collection.

Staining for flow cytometry and sorting

Fc receptors were blocked (1:100; Trustain FcX Biolegend) for 15 minutes prior to antibody
staining. All stains were performed on ice for 30 minutes unless otherwise stated with the
following antibodies in 2% fetal bovine serum in PBS: anti-mouse CD3e (145-2C11), anti-
mouse CD4 (RM4-5), anti-mouse CD8a. (53-6.7), anti-mouse CD11c (N418), anti-mouse
CD11b (M1/70), anti-mouse/human CD45R/B220 (RA3-6B2), anti-mouse CD279/PD-1
(RMP1-30), anti-mouse CD49b (DX5), anti-mouse/human GL7 (GL7), anti-mouse Siglec-F
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(E50-2440), anti-mouse CD131 (JORO50), anti-mouse NK1.1 (PK136), anti-mouse Ter119
(Ter 119), anti-human CD4 (RPA-T4), and streptavidin from Biolegend (San Diego, CA,
USA); anti-human CD2 (S5.5) from Invitrogen; and anti-mouse CD95 (JO2) and anti-rat/
mouse CD185/CXCR5 (2G8) from BD biosciences (Franklin Lakes, NJ, USA). Prior

to analysis, cells were resuspended in 2% fetal calf serum in PBS containing DAPI

(4, 6-diamidine-2’-phenylindole dihydrochlo-ride; 0.5 pg/ml) to discriminate live cells.
Lymphocyte and singlet gates were performed by size and granularity based on forward

and side scatter. Cells were sorted using a FACSAria (BD Biosciences, Franklin Lakes, NJ,
USA) and data were collected on a Fortessa or LSR Il (BD Biosciences, Franklin Lakes, NJ,
USA) cytometer and analyzed using FlowJo (Tree Star, Inc, Ashland, OR, USA).

Transcription factor staining

Surface stains were performed followed by staining of dead cells with a Fixable Violet
Dead Cell Stain kit (L34964; ThermoFisher, Waltham, MA, USA). A Foxp3 transcription
factor staining buffer kit (eBioscience) was used to fix and permeabilize cells. Antibodies
used for transcription factor staining were phycoerythrin (PE) or allophycocyanin APC/
alexa647-conjugated anti-mouse/human GATA-3 (TWAJ; ThermoFisher, Waltham, MA,
USA), anti-mouse/human c-MAF (SymOF1; ThermoFisher, Waltham, MA, USA), and anti-
mouse BCL6 (K112-91; BD Biosciences, Franklin Lakes, NJ, USA).

Enzyme-linked immunosorbent assay

We coated 96-well plates with Rat-anti-mouse-I1gE (R35-72, BD Biosciences, Franklin
Lakes, NJ, USA). Two-fold dilutions of serum were added to the plate, and total serum

IgE was detected by biotinylated anti-mouse-IgE (R35-118, BD Biosciences, Franklin
Lakes, NJ, USA), followed by streptavidin-horseradish peroxidase and o-phenylenediamine.
Concentrations of total IgE were determined using an Emax Precision Microplate Reader
(Molecular Devices, San Jose, CA, USA) and compared to standard curves generated with
purified IgE (MEB-38, Biolegend, San Diego, CA, USA).

Immunohistochemistry

The draining mediastinal lymph nodes were isolated, fixed in 4% paraformaldehyde,
placed in 30% sucrose, embedded, and frozen in optimum cutting temperature embedding
compound (Sakura, Jefferson, MA, USA). Sections were cut at 6 microns and quenched

of endogenous peroxidase activity with 1% H,0, and 0.5% sodium azide in PBS.

Slides were subsequently blocked for non-specific Fc receptor binding (TruStain Fc

block, clone 93; Biolegend, San Diego, CA, USA) and endogenous biotin (Avidin/

Biotin Block; Vector Labs, Newark, CA, USA). eGFP was detected by anti-mouse-

GFP (NB600-308; Novus Biologicals, Centennial, CO, USA), followed by biotinylated
F(ab’)2 donkey anti-rabbit (1:500; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). Tyramide amplification was applied to maximize detection of biotinylated anti-
eGFP. Briefly, following addition of biotinylated F(ab’)2 antibodies, tissue sections were
incubated with streptavidin-HRP followed by fluorescein isothiocyanate—tyramide from the
Tyramide Signal Amplification (TSA) Fluorescein System according to the manufacturer’s
instructions (NEL 701001KT; PerkinElmer, Watham, MA, USA). Prior to CD4 detection,
a second round of peroxidase quenching and blocking of biotin (Avidin/Biotin Block;
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Vector labs, Newark, CA, USA) was performed. CD4 was detected using biotinylated
anti-CD4 antibody (RM4-5; Biolegend, San Diego, CA, USA), and signal was amplified
with tyramide—Alexa Fluor 555 (Invitrogen, Watham, MA). After a third round of blocking
and quenching of biotin and peroxidase, B220 was detected by biotinylated anti-B220
(RA3-6B2; Biolegend, San Diego, CA, USA), followed by Dylight649 conjugated to anti-
Streptavidin (Biolegend, San Diego, CA, USA). Nuclei were counterstained with DAPI
(Roche) in PBS before mounting using Vectashield (Vector Laboratories, Newark, CA,
USA) on coverslips. Digital images were collected with the Zeiss Axio Imager (Zeiss,
Oberkochen, Baden-Wiirttemberg Germany). Images were converted to red, green, blue
(RGB), colored, and overlaid with Photoshop CS5 software (Adobe Systems, San Jose, CA,
USA).

Transcriptome and transcription factor inference analysis

Bulk and single-cell transcriptomes derived from IL-4* and IL-4~ CD4* T cells isolated
from the lungs and lymph nodes of 1L449¢t C57BL/6 mice infected with N. brasiliensis
were compiled and processed as described (GSE125788)36. Transcription factor inference
analysis was performed using the SCENIC package®®. The mouse mm9 database for
RcisTarget was downloaded from aert-slab.org. Filtering was performed to retain only genes
consisting of at least six reads, those that were detected in at least 1% of the cells, and that
were also available in the RcisTarget database. After running the standard SCENIC pipeline,
area under the curve data was added back to the original Seurat object as meta-data to
visualize regulons in a consistent format.

Statistical analysis

All analyses were performed as two-tailed paired or unpaired t-tests where indicated. All
comparisons were made using Student’s t test, paired t test with Prism 7 (GraphPad, La
jolla, CA, USA) where possible exact p values are provided in figures.

Sample size and rigor criteria

Unless otherwise noted, group size was based on significance achieved in outcome

measures from prior experiments as stated below. If basis from prior experiments were

not possible, group size was based on Meads Equation (E = N-B-T). Within designated
group size, consistent results reflecting substantial differences between outcome measure of
experimental and control groups were required. Data from each independent experiment was
independently calculated to determine whether significance existed between each group. The
cutoff for publication was a result in which the difference between control and experimental
group outcome measures attained a significance level of p < 0.05 with X animals/group in
2-3 experiments. If in two experiments the significance level did not attain at least p < 0.05,
a third repeat was always performed. Individual outcome measures are defined in figure
legends. All data were included, and group allocation was known throughout the experiment
unless exclusion criteria/blinding was directly noted in the figure legend.
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Fig. 1.

c-Maf mRNA is expressed equivalently in IL-4* CD4* T cells in the lymph nodes and

lung after N. brasiliensis infection. Bulk and single-cell transcriptomic data of CD4* T
cells isolated from the lung and lymph nodes of 1L449€t C57BL6 mice infected with

N. brasiliensis were assessed 9 days post-infection. (A) volcano plots represent the
differentially expressed genes in the indicated bulk CD4*-T cell population. Colored circles
represent the top 30 most significant and differentially expressed genes within the indicated
population. Genes of particular interest are indicated by increased font size; (B) t-SNE
analysis of differentially expressed genes (pagj <0.05) between GFP*and GFP~ CD4* T
cells in the lung and mediastinal lymph node. Colors represent the four individual cell types
isolated from the indicated tissues. Each dot represents an individual cell; C, accompanying
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t-SNE plots show the relative co-expression of indicated gene. Orange to blue transition
represents the relative expression of each gene. (A) 7= 6, one mouse from six different
infections; (B, C) n=1 mouse that is paired with the above bulk RNA-sequencing data.
CD = clusters of differentiation; GFP = Green Fluorescent Protein ; IL = interleukin; LN =
lymph node; SNE = stochastic neighbor embedding.
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GATA3 and BCLS6 expression delineate distinct IL-4-expressing Th2 and Tfh2 cells and
c-Maf is expressed by both subsets of CD4* T cells. 1L4%9¢KN2 or reporter negative control
mice were infected with Nippostrongylus brasiliensis and the mediastinal lymph nodes
were harvested and stained 9 days post-infection. A, contour plots and graph show the
percentages of GATA3MIN Th2 cells and BCL6* Tfh cells within CD4* T cells isolated
from the mediastinal lymph node; (B) contour plots show the percentage of GATA3MI

and Bcl6* cells among CD4* T cells falling into the huCD2* (IL-4*) and huCD2~ (IL-4")
gates indicated in the plot to the left. Graph quantifies the percentage of transcription

factor positive cells in each population; (C) contour plot of CD4* T cells from the draining
mediastinal lymph node. Gates represent GATA3N9N (green gate) and GATA3!W (blue gate)
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cells. Histogram and bar graph show the percentage of Bcl6* cells in each gate relative to
isotype. Connected dots represent GATA3MIN and GATA3!9W populations from same lymph
node. (D, E): Contour plots and graph represent the percentage of GATA3MIN Th2 cells in
the lung (D) and BCL6" Tth cells in the mediastinal lymph nodes (E) that co-express c-Maf.
(A) Representative of four independent experiments (SD, 7= 3/group); (B—C) combined
data from six independent experiments (SD, n7 = 1-3 mice/group); (D, E) representative

of two independent experiments (SD, = 3/group). CD = clusters of differentiation; IL =
interleukin; LN = lymph node; Th = T helper; Tth = T follicular helper.
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Fig. 3.
Transcription factor inference analysis identifies c-Maf as a key regulator of Tth2

and Th2 cell fate and function. Single-cell regulatory network inference and clustering
transcription factor analysis of single-cell RNA-sequencing data obtained from IL-4* CD4*
T cells isolated from the lung and mediastinal lymph nodes 9 days after Nippostrongylus
brasiliensis infection. (A) hierarchal clustering of the most differential regulons found 1L-4*
and IL-4~ CD4" T cell populations in the lung and lymph node; (B) heat map of selected
regulons from (A) that associate with Tfh and Th2 fate and function; (C) selected gene
expression and associated gene regulon activity in single cells as highlighted by tissue
location provided in t-SNE plot; (D) association of half MARE c-Maf binding sites near
open chromatin region surrounding the 114 promoter in IL-4* cells from the lymph node
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(purple) and lung (aqua) 8 days after helminth infection. CD = clusters of differentiation; IL
= interleukin; LN = lymph node; SNE = ; Th = T helper; Tfth = T follicular helper.

Mucosal Immunol. Author manuscript; available in PMC 2023 June 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bao et al.

Q

Mediastinal Lymph node

it
s |

N

GFP (IL-4 mRNA)

huCD2 (IL-4)

(@)

|L440etkN2 oM af!

12.7

4.73 5.75 0.94

N\

Jal

e — S— T

|L44ekN2CD4cecMaf!!

v

Lung

1

4

3

GFP (IL-4 mRNA)

]

K|

|L4gerkN2gMaf!t

318

302 ] 1m 057

g |
[

huCD2 (IL-4)

m: 106 10°

|L44eetkN2C D4crecMaf!

v

Mediastinal Lymph node

IL4%eL13mrcMaf  IL4*IL13=mCDA4*"cMaf"

0.29

GFP (IL-4 mRNA)

(@]

.103 o

huCD4 (IL-13)

il):1 i

Lung

GFP (IL-4 mRNA)

VDJD

huCD4 (IL-13)

Fig. 4.
Dgletion of c-Maf in T cells impairs Tfh2 and Th2 cell production of type-2 cytokines

in response to Nippostrongylus brasiliensis infection. Mediastinal lymph nodes and lung
were harvested 8 or 9 days after . brasiliensis infection from mice with T cells sufficient
(1L449e-KN2o\afflfl: 4498ty _13smartepafflifly or deficient (1L449e-KN2CD4crecMaffl/fl;
IL449et|_13smartc p4crecMafflfly in c-Maf expression. (A, E): Gates in contour plots
represent the percentage of GFP*; human CD2*; or human CD4* CD4* T cells in the
MedLN. (B, F): Graphs show the percentage and total number of IL-4-reporter* or
IL-13-reporter* CD4™ T cells gated in (A, E). (C, G) Gates in contour plots represent
the percentage of GFP*; human CD2*; human CD4* CD4" T cells in the lung. (D, H)
Graphs show the percentage and total number of IL-4-reporter* and IL-13-reporter” CD4*
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T cells gated in (C, G). (A-H) representative of two independent experiments (SD, n=

3-4 mice/group/experiment). (B, D, F, H) dashed line represents mean value of uninfected
|L449et-KN2eMafflfl or [L449€t||_135marteMaffl/fl animals. CD = clusters of differentiation; IL
= interleukin; NS = not significant; SNE = ; Th =T helper; Tfh = T follicular helper.
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Fig. 5.

T ?:ell-intrinsic deletion of c-Maf has a more pronounced impact on humoral versus cell-
mediated hallmarks of type-2 inflammation. Mediastinal lymph nodes and lungs were
harvested 8 or 9 days after Nijppostrongylus brasiliensis infection from mice with T

cells sufficient (1L449¢tcMaff/) or deficient (1L449etCD4CecMaf/fl) in c-Maf expression.
|L449e-KN2 gnd |L449€t||_135mart hackgrounds were combined unless otherwise stated to
ensure results were not due to differences in IL-4 and I1L-13 reporter backgrounds. A,
Contour plots and graphs represent the percentage and total number of germinal center B
cells among total B cells in the MedLN of indicated mice; B, graph represents the amount
of IgE in the serum of mice 9 days post-N. brasiliensis infection; C, contour plots and
graphs represent the total number of eosinophils and basophils in the lungs of indicated
mice. (A, C) Combined data from four independent experiments (SD, 7= 3-4 mice/
group/experiment). (B) Representative of two independent experiments (SD, 7= 3-4 mice/
group). (D) Combined data from three independent experiments (SD, 7= 3-4 mice/group/
experiment). (A, C) Dashed line represents mean value of uninfected 1L449et-KN2¢p\affl/fl
and 1L449¢tL135marteMaff/fl mice. CD = clusters of differentiation; IL = interleukin; NS =
not significant; Th =T helper; Tfh = T follicular helper.
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Fig. 6.

c-gMaf regulates noncanonical IL-4 production in Tfh2 cells during Nippostrongylus
brasiliensis infection. Wildtype, STAT6™/~, and STAT5A™"STAT6™/~ mice on the 1L.449¢t
background were infected with N. brasiliensis and mediastinal lymph nodes were harvested
9 days after infection. (A) gating in contour plots reveals the percentage of CXCR5*
PD1* Tfh cells of CD4* T cells from indicated mice; (B) graphs show the percent and
total number of CD4* Tth cells as gated in (A); (C) gates in contour plots show the
percentage of CD4* CXCR5* GFP* Tfh2 or CD4* CXCR5~ GFP* Th2 cells from the
indicated MedLNs; (D) graph represents the percent of GFP* CD4* T cells among total
CD4* T cells in the MedLN of indicated mice. (D) Graph shows the ratio of CXCR5* and
CXCR5~ within GFP* CD4* T cells as gated populations in (C). (F) Histogram reveals
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the expression of intracellular c-Maf within GFP* CD4* T cells from the mediastinal

LN of indicated mice. (G-I): Mediastinal lymph nodes were harvested 9 days after .
brasiliensis infection of cMaffl/fl||_449e-KN2 anq cD4CrecMaffl/fl|_449e-KN2 mice, (G) gates
in contour plots represent the percentage of CXCR5" and CXCR5~ CD4* T cells expressing
GFP (IL-4) in the MedLN; (H, I) graphs represent the percentage and total number of
CXCR5* or CXCR5™ GFP* CD4* T cells in (A); (J) graph shows the ratio of CXCR5"

and CXCR5" cells within GFP* CD4* T cells as gated in (G). (A-D) Data combined from
two independent experiments (SD, 7= 3 mice/group). (E, F) Representative of three and
two independent experiments, respectively (SD, 7= 3 mice/group). (G-1) Data combined
from two independent experiments (SD, 7= 3-4 mice/group). (J) Data representative of two
independent experiments (SD, 7= 3 mice/ group). CD = clusters of differentiation; GFP =;
IL = interleukin; NS = not significant; Th =T helper; Tfh = T follicular helper; WT, wild

type.
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Fig. 7.

c-Maf is required for optimal Tfh cell generation, follicular migration, and humoral
immunity to Nippostrongylus brasiliensis infection. Mediastinal lymph nodes were
harvested 9 days after N. brasiliensis infection from mice with T cells sufficient
(1L449e-KN2eMaffl/fly or deficient (1L4498-KN2CDA4crecMaffl/fly in c-Maf expression. (A)
contour plot and graphs show the percentage and total number of Tfh cells among CD4* T
cells in the MedLN of indicated mice; (B) c-Maf binding sites and chromatin accessibility
peaks located at the //4 promoter region. Peak represents mean ATAC-seq coverage for //4
loci in IL-4-expressing CD4* T cells from the lymph node. Line designates half MARE
sequence; (C) images of tissue sections from mediastinal lymph nodes of indicated mice
nice days after N. brasiliensis infection. Sections stained for B220 (blue), CD4 (red), and
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GFP (IL4; green). Left column 100x; middle and right columns 200x image of boxed insert
shown in 100x image. (A) representative of two independent experiments (SD, 7= 3-4
mice/group). (B) Images representative of 2—4 mice/group). CD = clusters of differentiation;
GFP =; IL = interleukin; NS = not significant; Th = T helper; Tfth = T follicular helper.
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