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Abstract 
T Cell Regulation of Antibody Responses to Infection and Immunization 

Jennifer Shuen Chen 
2022 

 
 

T follicular helper (Tfh) cells are the conventional drivers of protective, germinal center 

(GC)-based antiviral antibody responses. However, loss of Tfh cells and GCs has been observed 

in patients with severe COVID-19. As T cell-B cell interactions and immunoglobulin class 

switching still occur in these patients, non-canonical pathways of antibody production may be 

operative during SARS-CoV-2 infection. We found that both Tfh-dependent and -independent 

antibodies were induced against SARS-CoV-2 infection, SARS-CoV-2 vaccination, and influenza 

A virus infection. Even though Tfh-independent antibodies to SARS-CoV-2 had evidence of 

reduced somatic hypermutation, they were still high-affinity, durable, and reactive against diverse 

spike-derived epitopes and were capable of neutralizing both homologous SARS-CoV-2 and the 

B.1.351 (beta) variant of concern. Indeed, we found by epitope mapping and BCR sequencing that 

Tfh cells focused the B cell response and therefore, in the absence of Tfh cells, a more diverse 

clonal repertoire was maintained. These data support a new paradigm for the induction of B cell 

responses during viral infection that enables effective, neutralizing antibody production to 

complement traditional GC-derived antibodies that might compensate for GCs damaged by viral 

inflammation. 

Furthermore, we sought to reconcile the roles of Tfh cell-derived IL-4 as both a pro-

survival factor for highly proliferative GC B cells as well as a switch factor for IgE and IgG1. Due 

to its potent effects on B cell proliferation and differentiation, IL-4 is considered a canonical Tfh 

cell cytokine, produced even during antimicrobial responses that elicit little IgG1 and no IgE. 

However, given that IL-4 is also a switch factor that is sufficient for IgE induction, this raises the 



question of how Tfh cells produce IL-4 during type 1 immune responses without aberrantly 

inducing IgE. We first clarified the role of Tfh cell-derived IL-4 during type 1 immune responses, 

finding that it was required for IgG1 switching in response to immunization with 

lipopolysaccharide and haptenated protein antigen as well as influenza A virus infection; however, 

GC B cell formation and plasmablast differentiation were unaffected by the loss of IL-4 from Tfh 

cells. In addition, we found that Tfh cells during type 1 immune responses generated minimal IL-

4 protein, with levels of IL-4 tightly regulated by both transcriptional and post-transcriptional 

mechanisms. These data support the role of Tfh cell-derived IL-4 as a rheostat for the appropriate 

induction of IgG1 versus IgE antibodies during type 1 and type 2 immune responses, rather than 

as a pro-survival factor for GC B cells. 

Finally, when public health officials raised concerns about the use of nonsteroidal anti-

inflammatory drugs (NSAIDs) for treating COVID-19 at the start of the pandemic, we sought to 

determine whether and how NSAIDs could affect COVID-19 pathogenesis. NSAIDs affect the 

production of prostaglandins, which play diverse biological roles in homeostasis and inflammatory 

responses. Thus, it is plausible that NSAIDs could affect COVID-19 pathogenesis in multiple ways, 

including modifying expression of angiotensin-converting enzyme 2 (ACE2), the cell entry 

receptor for SARS-CoV-2; regulating replication of SARS-CoV-2 in host cells; and modulating 

the immune response to SARS-CoV-2. We found that NSAID treatment had no effect on ACE2 

expression, viral entry, or viral replication. However, NSAIDs did affect the immune response to 

SARS-CoV-2 by impairing the production of proinflammatory cytokines as well as early 

neutralizing antibodies. Our findings therefore indicate that NSAID treatment may affect COVID-

19 outcomes by dampening the inflammatory response and the production of protective antibodies, 

which also has implications for NSAID use during SARS-CoV-2 vaccination.  
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§ CHAPTER 1: Introduction 

 

Antibodies enable tailored responses to diverse targets 

Tasked with protecting the body from a diverse array of pathogens, the immune system mobilizes 

a tailored response best suited to each one. In general, the immune response to pathogens and other 

immunological insults can be categorized into type 1, type 2, and type 3 immunity (1). While type 

1 immunity protects against intracellular microbes, type 2 immunity is directed against helminths, 

allergens, and toxins, and type 3 immunity combats extracellular bacteria and fungi (1). Each type 

of immunity begins with recognition of the pathogen by innate immune sensors, leading to the 

production of cytokines that instruct lymphocyte differentiation appropriate to the intruder (2). 

These lymphocytes then produce cytokines that stimulate effector responses, which are responsible 

for ultimately expelling or extinguishing the invading pathogen (2). 

 Antibodies are a powerful component of the effector response during type 1, 2, and 3 

immunity. Comprised of two functional domains, antibodies recognize specific targets via their 

antigen-binding fragment (Fab) and then mediate specific functions through their crystallizable 

fragment (Fc) (3). Within the Fab domain, the variable (V) region confers specific antigen binding 

(4). The V region is encoded by recombined heavy chain V, D, and J gene segments and light 

chain V and J gene segments (5). Multiple copies of the V, D, and J gene segments as well as 

pairing of the heavy and light chains enables combinatorial diversity on the order of millions (5). 

Further amplifying the potential number of unique antibodies that can be formed, junctional 

diversity arises from the addition and subtraction of nucleotides at the ends of gene segments 

during recombination (5). Thus, the diversity of the naïve antibody repertoire ensures that any 

potential pathogen will be recognized. 
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 Fc domain variants then direct effector functions tailored to the recognized pathogen. 

Depending on the choice of antibody isotype, subclass, and post-translational glycosylation, 

antibodies may simply neutralize their targets with little recruitment of immune cells, or they may 

mobilize innate immune cells with phagocytic, cytotoxic, or degranulatory activity (3). The main 

antibody isotypes are IgM, IgD, IgG, IgA, and IgE, with additional subclasses in mice (IgG1, 

IgG2a/c, IgG2b, IgG3) and humans (IgG1, IgG2, IgG3, IgG4, IgA1, IgA2) (3). The effector 

functions dictated by these isotypes and subclasses depend on both the Fc receptors (FcRs) that 

they bind and the expression of those receptors across immune cells (6). For example, mouse 

IgG2a/c, the predominant IgG subclass induced during type 1 immunity, is the main ligand for 

monocyte- and macrophage-expressed FcγRI (7). While mice deficient for FcγRI develop normal 

levels of IgG2a antibodies, they exhibit impaired clearance of bacterial infection (7), 

demonstrating the importance of IgG2a-FcγRI interactions for full-fledged effector responses. 

Similarly, recent work with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 

shown that neutralizing antibodies with and without a functional Fc domain equivalently inhibit 

viral replication in vitro; however, optimal protection in vivo relies on Fc engagement of 

monocytes, neutrophils, and natural killer cells (8–10). In the case of type 2 immune responses, 

IgE antibodies are bound by FcɛRI on mast cells. Upon IgE recognition of antigen, FcɛRI 

crosslinking precipitates the release of mast cell mediators that stimulate increased vascular 

permeability, airway smooth muscle contraction, and mucus secretion (11). Fc glycosylation of 

each isotype and subclass further fine-tunes antibody activity by modulating FcR binding affinity, 

localization, and stability (3). 

 Though antibodies are small – only about 10 nm in size (12) – their ability to recognize 

specific targets and trigger precise effector responses makes them a powerful component of the 
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immune response. For instance, antibodies against SARS-CoV-2 work both prophylactically and 

therapeutically to prevent severe disease (13). When instead directed against innocuous or self-

antigens, antibodies can promote life-threatening pathology such as anaphylaxis in a peanut-

allergic child or systemic autoimmunity in patients with lupus (11, 14). Therefore, identifying the 

cellular and molecular pathways that regulate antibody production is critical for developing 

strategies to induce protective antibodies and prevent the production of pathogenic antibodies. 

 

T follicular helper cells are the conventional drivers of antibody responses 

With the exception of T-independent antibody responses induced by certain microbial antigens, 

most antibody responses rely on the collaboration between B cells and CD4+ T cells (15). CD4+ T 

cells that recognize the same antigen as a B cell license its activation through the provision of 

contact-dependent CD40L and secreted cytokines such as IL-21 (16, 17). T cell-derived CD40L 

and cytokines also direct isotype switching and formation of the germinal center (GC), the 

predominant site at which B cells undergo sequential rounds of somatic hypermutation and 

selection leading to affinity maturation of their B cell receptor (BCR) (18). Thus, CD4+ T cells 

instruct the generation of highly specific antibody responses with pathogen-appropriate Fc effector 

functions. 

 Work over the past two decades has identified T follicular helper (Tfh) cells as the 

particular CD4+ T cell subset specialized for helping B cells (19). Tfh cells can be distinguished 

from other CD4+ T cell subsets by their expression of lineage-defining transcription factor BCL6 

as well as receptors CXCR5 and PD-1 that regulate their positioning and function in B cell follicles 

(20–24). Highlighting the importance of Tfh cell help for GC formation, T cell-specific deletion 

of Bcl6 completely abrogates GCs (20–22, 25). Additionally, Tfh cells have been found to regulate 
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the antibody response to diverse immune stimuli, from infection to immunization during type 1 

and type 2 immune responses. 

 Mouse models of Tfh cell deficiency or dysfunction have elucidated the critical role of Tfh 

cells during viral infection. For example, mice lacking Tfh cells due to Bcl6, Stat3, or Ascl2 

deletion demonstrate impaired IgG responses to Zika virus, acute lymphocytic choriomeningitis 

virus (LCMV), and influenza virus infection (26–28). In mice with CD4+ T cell-specific loss of 

CXCR5, lower IgG antibody titers in response to chronic LCMV infection result in a failure to 

control the virus (29, 30). Furthermore, SAP deficiency disrupts the formation of stable cognate 

Tfh cell-B cell conjugates, leading to defective antibody responses to acute LCMV and influenza 

virus (31–33). Defects in the antibody response are especially pronounced at later timepoints, 

consistent with the inability of these mice to generate long-lived plasma cells (32, 33). Similar to 

viral infection, protective IgG antibody responses to bacterial infection also rely on Tfh cells (34, 

35). In addition, though certain vaccine strategies have been found to induce Tfh-independent 

class-switched antibody responses, these antibodies are of lower affinity (36, 37). Thus, during 

type 1 immune responses, high-affinity, class-switched, long-lived humoral immunity is largely 

thought to be Tfh-dependent. 

 Tfh cells also promote antibody production during type 2 immune responses. Helminth 

infections with Nippostrongylus brasiliensis and Heligmosomoides polygyrus bakeri have 

demonstrated that Tfh cells are required for pathogen-specific IgE and IgG1 (38, 39). Similarly, 

IgE and IgG1 antibody production against allergens, including house dust mite, Alternaria 

alternata, and peanut flour, is abrogated in mice lacking Tfh cells (40–42). Tfh cell-derived 

cytokines are also crucial for these antibody responses and cannot be compensated by cytokine 

production in other CD4+ T cell compartments (43). Specifically, Tfh cell-derived IL-4 is required 
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for antigen-specific IgE antibodies, and Tfh cell-derived IL-13 is necessary for the production of 

high-affinity IgE antibodies that mediate anaphylaxis (39, 44). Taken together, Tfh cells are the 

major, if not obligate, drivers of antibody responses to a diverse array of immune stimuli. 

 

Tfh-independent responses may also generate protective antibodies 

Given that many antibody responses rely on Tfh cell help, this raises the question of what happens 

to antibody production when Tfh cells and GCs are disrupted. Several infections are known to 

impair Tfh cells and GCs, including recent observations of Tfh cell and GC loss in patients with 

severe coronavirus disease 2019 (COVID-19) (45–47). Furthermore, normal aging is accompanied 

by reductions in the naïve T cell population, T cell receptor (TCR) repertoire, T cell activation, 

and Tfh cell differentiation and function, all of which contribute to decreased GC and antibody 

responses in older individuals (48). It is therefore important to understand whether antibodies can 

be generated through complementary pathways in the setting of Tfh/GC impairment, which would 

inform the development of vaccine strategies that can work more effectively under such 

circumstances. 

Despite a loss of Tfh cells and GC structures in severe COVID-19, T cell-B cell interactions 

and antibody class switching still occur in the secondary lymphoid organs of these patients (46). 

Findings of enhanced extrafollicular B cell responses associated with severe disease further 

suggest that non-canonical pathways of antibody production may be operative in these individuals 

(46, 49). However, a causal relationship between antibody provenance and disease severity cannot 

be established by existing human studies. Thus, it remains unclear whether antibodies produced 

through non-canonical pathways without Tfh cell help are also protective against SARS-CoV-2. 
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In the setting of vaccination, certain vaccine strategies have been found to induce robust 

Tfh-independent antibody or B cell responses (36, 50). For example, vaccination of Tfh-deficient 

mice with inactivated influenza virus in aluminum hydroxide leads to the generation of IgG2 

antibodies that are less mutated and of lower avidity, but still neutralize influenza in vitro and 

protect from lethal challenge in vivo (36). Furthermore, the induction of class-switched antigen-

specific plasmablasts following immunization with 2W-PE in complete Freund’s adjuvant relies 

on T cell help but no particular subset (e.g. Tfh, Th1, Th17) (50), indicating that multiple CD4+ T 

cell subsets may have the ability to help B cells in response to certain immune stimuli (51). Yet, 

other vaccine strategies fail to induce durable or class-switched antibodies in mice with Tfh cell 

deficiency or dysfunction (25, 33, 37, 52). In humans, circulating Tfh cell populations in the blood 

also correlate with the response to vaccination (53–55). Taken together, while non-Tfh CD4+ T 

cells can promote effective antibodies in certain contexts, protective anti-pathogen humoral 

immunity is largely thought to be Tfh-dependent. 

 

Goals of thesis 

The overarching goals of my thesis were to elucidate how CD4+ T cells and the cytokines they 

produce regulate the production of antibodies to infection and immunization. In Chapter 2, I 

studied the Tfh-dependent and -independent antibody responses to SARS-CoV-2 infection, SARS-

CoV-2 vaccination, and influenza A virus infection, finding that Tfh cells are required for antibody 

quantity but not quality. In Chapter 3, I investigated the role of Tfh cell-derived IL-4 during type 

1 immune responses, clarifying its requirement for IgG1 switching and dispensability for GC B 

cell formation and plasmablast differentiation. The motivation for Chapter 4, which I began 

working on at the start of the pandemic, was to interrogate the effect that nonsteroidal anti-
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inflammatory drugs (NSAIDs) could have on COVID-19 pathogenesis. Our findings that NSAIDs 

impaired the early antibody response to SARS-CoV-2 are a reminder that commonly used 

medications can have unanticipated effects on the antiviral immune response. Collectively, the 

work in this thesis broadens our understanding of the diverse mechanisms that regulate the 

development of humoral immunity. 
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§ CHAPTER 2: High-affinity, neutralizing antibodies to SARS-CoV-2 can be made in the 

absence of T follicular helper cells 

 

SARS-CoV-2 infection and vaccination induce Tfh-dependent and -independent antibodies 

To study the cellular pathways that promote antibody production to SARS-CoV-2, we used mice 

that lack different CD4+ T cell subsets. Bcl6fl/flCd4Cre mice are a well-established model of Tfh 

cell deficiency due to deletion of the Tfh lineage-defining transcription factor BCL6 (25, 26, 41). 

Ciita−/− mice lack all CD4+ T cells due to loss of MHC class II expression (56). As SARS-CoV-2 

is unable to efficiently interact with mouse ACE2, we utilized two models of human ACE2 

(hACE2) overexpression: adeno-associated virus (AAV)-mediated expression of hACE2 (AAV-

hACE2) in the respiratory tract, and K18-hACE2 transgenic mice, which express hACE2 in 

epithelial cells (57–59). 

For the AAV-hACE2 model, AAV9 expressing hACE2 from a CMV promoter was 

administered into the respiratory tract by intratracheal injection, and two weeks later the mice were 

infected intranasally with SARS-CoV-2 (58). This model allowed us to quickly use our mice 

lacking different CD4+ T cell subsets, without having to wait to cross them to hACE2-expressing 

mice. However, it is possible that pre-exposing mice to AAV could affect their subsequent immune 

response to SARS-CoV-2. Furthermore, AAV transduction may lead to hACE2 expression by cell 

types that normally would not express ACE2. To complement our findings with the AAV-hACE2 

model, we crossed our Tfh cell-deficient mice to K18-hACE2 transgenic mice (59). Though K18-

hACE2 mice circumvent the issue of AAV pre-exposure and also ensure epithelial cell-specific 

hACE2 expression, a caveat of both of these hACE2-expressing models is that hACE2 expression 

is driven by non-ACE2 promoters, which may lead to non-physiological regulation of ACE2 
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expression. However, at the time that we began our studies, alternative mouse models of SARS-

CoV-2 infection in which ACE2 expression is physiologically regulated were not available to us. 

We first assessed the cellular responses to SARS-CoV-2 infection in AAV-hACE2 mice. 

Two weeks after AAV-hACE2 transduction, we infected mice intranasally with SARS-CoV-2 

(isolate USA-WA1/2020). At 14 days post infection (dpi), PD-1hiCXCR5hi Tfh cells were 

efficiently deleted in the mediastinal LN (medLN) of AAV-hACE2 Bcl6fl/flCd4Cre mice (Fig. S1, 

A to C). Consistent with the loss of Tfh cells, GC B cells were severely impaired, and plasmablast 

formation was reduced (Fig. S1, D to H). Yet viral burden in the lungs of AAV-hACE2 Bcl6fl/fl 

and Bcl6fl/flCd4Cre mice was similar at 7 dpi (Fig. S1I). To examine the cellular architecture of the 

medLN in mice lacking Tfh cells, we performed immunofluorescence on K18-hACE2 Bcl6fl/fl and 

Bcl6fl/flCd4Cre mice at 14 dpi. K18-hACE2 Bcl6fl/fl medLN exhibited robust GC formation, with 

large clusters of activated (GL7+) B cells colocalizing with CD35+ follicular dendritic cell (FDC) 

networks and infiltrated by T cells (Fig. S2A), presumably Tfh cells. In contrast, K18-hACE2 

Bcl6fl/flCd4Cre medLN displayed a few small clusters of GL7+ cells that co-localized with sparse 

FDC networks but lacked T cells (Fig. S2B), congruent with the absence of Tfh cells. As GL7 is 

a marker of activated lymphocytes, including those outside of GCs, these rare cellular aggregates 

lacking T cells could represent sites of T-independent antigen-driven B cell stimulation. 

We next determined the humoral responses to SARS-CoV-2 infection in AAV-hACE2 

mice at 14 dpi (Fig. 1A). Bcl6fl/fl mice produced high levels of spike (S)-specific IgG antibodies 

(Fig. 1B). While Bcl6fl/flCd4Cre mice had reduced levels of S-specific IgG, they still produced 

substantially more compared to Ciita−/− mice. Among IgG subclasses, S-specific IgG1 and IgG3 

were completely Tfh-dependent, while S-specific IgG2b and IgG2c were promoted by both Tfh 

and non-Tfh CD4+ T cells (Fig. 1B). Consistent with their divergent requirement for Tfh cell help, 
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Figure S1: Cellular response to SARS-CoV-2 in Tfh-sufficient and -deficient mice 
(A to H) Flow cytometric analysis of mediastinal lymph nodes (medLN) from SARS-CoV-2-
infected AAV-hACE2 mice at 14 dpi. 
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(A) Representative gating strategy to identify Tfh cells from total CD4+ T cells. 
(B and C) Frequency among CD44+CD4+ T cells (B) and total number (C) of Tfh cells in Bcl6fl/fl 
(blue) or Bcl6fl/flCd4Cre (magenta) mice. 
(D) Representative gating strategy to identify germinal center (GC) B cells and plasmablasts (PB). 
(E and F) Frequencies of GC B cells (E) and PB (F) in Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) 
mice. 
(G and H) Total number of GC B cells (G) and PB (H) in Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) 
mice. 
(I) Viral burden in lungs from AAV-hACE2 Bcl6fl/fl mice or Bcl6fl/flCd4Cre mice infected with 
SARS-CoV-2 at 7 dpi. Data are expressed as log10 N1 gene copy number by qPCR, normalized to 
Actb. 
LOD, limit of detection of the assay. Statistical significance was assessed by either two-tailed 
unpaired t-test or Welch’s t-test, based on the F test for unequal variance (B and C, E to I). 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not significant. Data are expressed as 
mean ± standard error of mean (SEM). Each symbol in (B and C, E to I) represents an individual 
mouse. Data are aggregated from at least two independent experiments. 
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Figure S2: Lymph node structures of Tfh-sufficient and -deficient mice following SARS-
CoV-2 infection 
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(A and B) Immunofluorescence of medLN from K18-hACE2 Bcl6fl/fl (A) or K18-hACE2 
Bcl6fl/flCd4Cre (B) mice infected with SARS-CoV-2 at 14 dpi. GL7 (magenta), IgD (blue), TCRβ 
(green), CD35 (white). White dashed line demarcates region shown below at higher magnification. 
Orange dashed line demarcates GL7+ areas. Representative images from three mice per condition; 
scale bars, 400 μm and 100 μm (higher magnification). 
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Figure 1: SARS-CoV-2 infection and vaccination induce Tfh-dependent and -independent 
antibodies 

17



(A) Schematic of experimental design for assessing serum antibody responses against SARS-CoV-
2 in AAV-hACE2 mice. Mice were infected intranasally with SARS-CoV-2 (isolate USA-
WA1/2020) two weeks following intratracheal administration of AAV-hACE2. Sera were 
collected 14 days post infection (dpi) for quantification of antibody titers by ELISA. 
(B) Spike (S)-specific total IgG, IgG1, IgG2b, IgG2c, and IgG3 antibody titers in sera from control 
(Bcl6fl/fl; blue symbol), Tfh-deficient (Bcl6fl/flCd4Cre; magenta symbol), or CD4+ T cell-deficient 
(Ciita−/−; green symbol) mice at 14 dpi with SARS-CoV-2. 
(C) Schematic of experimental design for assessing serum antibody responses against SARS-CoV-
2 in K18-hACE2 mice. Mice were infected with SARS-CoV-2 (isolate USA-WA1/2020) by 
intranasal administration. Sera were collected at 14 dpi for quantification of antibody titers by 
ELISA. 
(D) S-specific total IgG, IgG1, IgG2b, IgG2c, and IgG3 antibody titers in sera from K18-hACE2 
Bcl6fl/fl (blue) or K18-hACE2 Bcl6fl/flCd4Cre (magenta) mice at 14 dpi with SARS-CoV-2. 
(E) Schematic of experimental design for assessing serum antibody responses against SARS-CoV-
2 mRNA vaccination. Mice were vaccinated intramuscularly with Moderna mRNA-1273 or 
Pfizer-BioNTech BNT162b2 mRNA vaccine. Sera were collected 14 days post vaccination (dpv) 
for quantification of antibody titers by ELISA. 
(F) S-specific total IgG, IgG1, IgG2b, IgG2c, and IgG3 antibody titers in sera from Bcl6fl/fl (blue), 
Bcl6fl/flCd4Cre (magenta), or Ciita−/− (green) mice at 14 dpv with mRNA vaccine. 
LOD, limit of detection of the assay. Statistical significance was assessed by one-way ANOVA 
with Tukey’s test, or Welch’s t-test with Bonferroni multiple hypothesis correction when sample 
variances were 0 (B and F); two-tailed unpaired t-test or Welch’s t-test, based on the F test for 
unequal variance (D). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not significant. 
Data are expressed as mean ± standard error of mean (SEM) log10 arbitrary units (AU). Each 
symbol represents an individual mouse. Data are aggregated from at least two independent 
experiments. 
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S-specific IgG2c was induced earlier than S-specific IgG1 (Fig. S3A). S-specific IgM was 

unaffected by the absence of Tfh cells (Fig. S3B). Together, these results suggest that both Tfh 

cells and non-Tfh CD4+ T cells promote the production of class-switched antibodies to SARS-

CoV-2, though Tfh cells are uniquely able to induce certain subclasses. 

 To corroborate these findings with a model that does not require AAV pre-transduction, 

we measured serum antibody titers of K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice at 14 dpi with 

SARS-CoV-2 (Fig. 1C). K18-hACE2 Bcl6fl/flCd4Cre mice produced substantial levels of S-specific 

IgG antibodies, though reduced compared to K18-hACE2 Bcl6fl/fl mice (Fig. 1D). K18-hACE2 

Bcl6fl/flCd4Cre mice also demonstrated similar patterns of IgG subclass production to AAV-hACE2 

Bcl6fl/flCd4Cre mice. While S-specific IgG1 and IgG3 were completely abrogated in the absence of 

Tfh cells, S-specific IgG2b, IgG2c, and IgM were only partially reduced (Fig. 1D and S3C). This 

alternative model of SARS-CoV-2 infection therefore confirmed that certain IgG subclasses could 

be generated through Tfh-independent mechanisms. 

 Having observed Tfh-independent class-switched antibody production to SARS-CoV-2 

infection, we asked whether this could also happen during non-live pathogen-driven immune 

stimulation such as vaccination. We hypothesized that while the strong and prolonged 

inflammatory response caused by infection might overcome the requirement for Tfh cell help, 

antibodies to vaccination would still be fully Tfh-dependent. We therefore vaccinated mice 

intramuscularly with a single dose of Moderna mRNA-1273 or Pfizer-BioNTech BNT162b2 

mRNA vaccine and evaluated antibody responses at 14 days post vaccination (Fig. 1E). As with 

SARS-CoV-2 infection, mRNA vaccination induced both Tfh- and non-Tfh CD4+ T cell-

dependent S-specific IgG antibodies (Fig. 1F). mRNA vaccination promoted higher levels of S-

specific IgG1 compared to infection, and some IgG1 could even be made in the absence of Tfh 
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Figure S3: Humoral response to SARS-CoV-2 in Tfh-sufficient and -deficient mice 
(A) Time course of S-specific IgG1 and IgG2c serum antibody titers from AAV-hACE2 Bcl6fl/fl 
mice infected with SARS-CoV-2. 
(B) S-specific IgM titers in sera from AAV-hACE2 Bcl6fl/fl (blue), Bcl6fl/flCd4Cre (magenta), or 
Ciita−/− (green) mice at 14 dpi with SARS-CoV-2. 
(C) S-specific IgM titers in sera from K18-hACE2 Bcl6fl/fl (blue) or K18-hACE2 Bcl6fl/flCd4Cre 
(magenta) mice at 14 dpi with SARS-CoV-2. 
(D) S-specific IgM titers in sera from Bcl6fl/fl (blue), Bcl6fl/flCd4Cre (magenta), or Ciita−/− (green) 
mice at 14 dpv with mRNA vaccine. 
LOD, limit of detection of the assay. Statistical significance was assessed by one-way ANOVA 
with Tukey’s test (B and D) or two-tailed Welch’s t-test (C). **P < 0.01. ns, not significant. Data 
are expressed as mean ± SEM. Each symbol in (A) represents the mean of six mice. Each symbol 
in (B to D) represents an individual mouse. Data are aggregated from at least two independent 
experiments. 
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cells, contrasting with the complete Tfh cell dependence of infection-induced IgG1. S-specific 

IgG2b and IgG2c could similarly be made without Tfh cell help. S-specific IgG3 and IgM were 

minimally induced by mRNA vaccination (Fig. 1F and S3D). Therefore, class-switched antibodies 

to SARS-CoV-2 infection and vaccination are generated through both Tfh-dependent and -

independent mechanisms. 

 

Influenza virus infection induces Tfh-dependent and -independent antibodies 

We next determined whether our findings with SARS-CoV-2 infection were generalizable to other 

models of respiratory viral infection. To this end, we infected mice with mouse-adapted influenza 

virus A/PR/8/34 H1N1 (PR8) and assessed antibody production at 14 dpi (Fig. 2A). Similar to 

SARS-CoV-2 infection, PR8 infection induced both Tfh-dependent and non-Tfh CD4+ T cell-

dependent IgG antibodies, while IgM was largely CD4+ T cell-independent (Fig. 2, B and C). 

Again, PR8-specific IgG1 demonstrated a complete dependence on Tfh cell help, while PR8-

specific IgG2b and IgG2c were promoted by both Tfh-dependent and -independent pathways (Fig. 

2D). PR8-specific IgG3 was only partially dependent on Tfh and CD4+ T cell help (Fig. 2D). Thus, 

both Tfh and non-Tfh CD4+ T cells contribute to antibody production in two distinct models of 

respiratory viral infection. 

 

Durable, high-affinity antibodies to SARS-CoV-2 can be made in the absence of Tfh cells 

We then measured the affinity of the antibodies generated during SARS-CoV-2 and PR8 infection 

using a modified ELISA that incorporates a urea wash step to dissociate low-affinity antibodies. 

As GCs are the conventional site of somatic hypermutation and affinity maturation (19), we 

expected that Bcl6fl/fl mice would generate high-affinity antibodies while Bcl6fl/flCd4Cre mice 
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Figure 2: Influenza virus infection induces Tfh-dependent and -independent antibodies 
(A) Schematic of experimental design for assessing serum antibody responses against influenza 
virus. Mice were infected with mouse-adapted influenza virus (PR8) by intranasal administration. 
Sera were collected at 14 dpi for quantification of antibody titers by ELISA. 
(B and C) PR8-specific total IgG (B) and IgM (C) antibody titers in sera from Bcl6fl/fl (blue), 
Bcl6fl/flCd4Cre (magenta), or Ciita−/− (green) mice at 14 dpi with PR8.  
(D) PR8-specific IgG1, IgG2b, IgG2c, and IgG3 antibody titers at 14 dpi with PR8. 
LOD, limit of detection of the assay. Statistical significance was assessed by one-way ANOVA 
with Tukey’s test or Dunnett’s test, or Welch’s t-test with Bonferroni multiple hypothesis 
correction when sample variances were 0 (B to D). *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. ns, not significant. Data are expressed as mean ± SEM log10 arbitrary units (AU). 
Each symbol represents an individual mouse. Data are aggregated from two independent 
experiments. 
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would generate low-affinity antibodies. Using the AAV-hACE2 model, we observed that Bcl6fl/fl 

mice produced high-affinity IgG antibodies to S as well as the spike receptor-binding domain 

(RBD) (Fig. 3A), a major target of neutralizing antibodies (60). In contrast, S- and RBD-specific 

IgG antibodies from Ciita−/− mice displayed minimal affinity. However, we discovered that 

antibodies from Bcl6fl/flCd4Cre mice still demonstrated substantial affinity toward S and RBD, 

suggesting that non-Tfh CD4+ T cells could also promote high-affinity antibody production. 

Similarly, both K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice produced high-affinity 

antibodies to S and RBD (Fig. 3B), indicating that non-Tfh cells can support high-affinity antibody 

production in two separate models of SARS-CoV-2 infection. However, this was not the case with 

PR8 infection, as Bcl6fl/flCd4Cre mice produced IgG antibodies of minimal affinity to both PR8 and 

PR8 surface glycoprotein hemagglutinin (HA) (Fig. 3C). Therefore, the ability of non-Tfh cells to 

promote high-affinity antibodies may depend on the nature of the viral infection and the antigenic 

target. 

We also evaluated the durability of S-specific IgG antibodies produced by K18-hACE2 

Bcl6fl/fl and Bcl6fl/flCd4Cre mice following SARS-CoV-2 infection. Previous studies of viral 

infection have shown that antibody titers in Tfh-impaired mice are especially reduced at later 

timepoints (26, 32, 33). In SARS-CoV-2-infected K18-hACE2 Bcl6fl/fl mice, S-specific IgG levels 

peaked at 28 dpi and were stable through 84 dpi (Fig. 3, D and E). In K18-hACE2 Bcl6fl/flCd4Cre 

mice, S-specific IgG antibodies slowly declined after 28 dpi, but at 84 dpi still retained 50% of the 

antibody titer of 28 dpi (Fig. 3E and S4A). AAV-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice displayed 

a similar pattern of antibody kinetics (Fig. S4, B and C). 

Given that both Bcl6fl/fl and Bcl6fl/flCd4Cre mice demonstrated persistent S-specific IgG 

antibodies several months after infection, we investigated whether they had developed a virus-
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Figure 3: Durable, high-affinity antibodies to SARS-CoV-2 can be made in the absence of 
Tfh cells 
(A) Affinity index of serum IgG antibodies against SARS-CoV-2 S (left) or RBD (right), 
calculated as relative ELISA signal after urea wash. Sera are from AAV-hACE2 Bcl6fl/fl (blue), 
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Bcl6fl/flCd4Cre (magenta), or Ciita−/− (green) mice infected with SARS-CoV-2 at 14 dpi. Fold 
changes relative to Bcl6fl/fl mice are annotated. 
(B) Affinity index of serum IgG antibodies against SARS-CoV-2 S (left) or RBD (right). Sera are 
from K18-hACE2 Bcl6fl/fl (blue) or K18-hACE2 Bcl6fl/flCd4Cre (magenta) mice infected with 
SARS-CoV-2 at 14 dpi. Fold changes relative to K18-hACE2 Bcl6fl/fl mice are annotated. 
(C) Affinity index of serum IgG antibodies against PR8 (left) or HA (right), calculated as relative 
ELISA signal after urea wash. Sera are from Bcl6fl/fl (blue), Bcl6fl/flCd4Cre (magenta), or Ciita−/− 
(green) mice infected with PR8 at 14 dpi. Fold changes relative to Bcl6fl/fl mice are annotated. 
(D) Longitudinal dynamics of S-specific IgG antibodies up to 84 dpi, in sera from K18-hACE2 
Bcl6fl/fl or K18-hACE2 Bcl6fl/flCd4Cre mice infected with SARS-CoV-2. 
(E) Change in S-specific IgG antibody titer per day between 28 and 84 dpi, as determined by linear 
regression (left). Relative titers of S-specific IgG at 84 dpi, compared to S-specific IgG at 28 dpi 
(right). 
(F) ELISpot quantification of S-specific IgG antibody-secreting cells (ASC) in the bone marrow 
of K18-hACE2 Bcl6fl/fl or K18-hACE2 Bcl6fl/flCd4Cre mice at 85 dpi with SARS-CoV-2. S-specific 
IgG ASC per femur + tibia (left), per 107 bone marrow (BM) cells (middle), or per 105 CD138+ 
bone marrow plasma cells (BMPC) (right). Dotted line indicates background signal from naïve 
mice. 
(G) Total number of BM cells (left) and CD138+ BMPC (right) in femur + tibia of K18-hACE2 
Bcl6fl/fl or K18-hACE2 Bcl6fl/flCd4Cre mice at 85 dpi with SARS-CoV-2. 
Statistical significance was assessed by one-way ANOVA with Dunnett’s test, or Welch’s t-test 
with Bonferroni multiple hypothesis correction when sample variances were 0 (A and C); two-
tailed unpaired t-test or Welch’s t-test, based on the F test for unequal variance (B, E, G); two-
tailed Mann–Whitney test (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not 
significant. Data are expressed as mean ± SEM. Each symbol in (A to C and E to G) represents an 
individual mouse. Each symbol in (D) represents the mean of nine (Bcl6fl/fl) and seven 
(Bcl6fl/flCd4Cre) mice. Data are aggregated from at least two independent experiments. 
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Figure S4: Long-term antibody production in Tfh-sufficient and -deficient mice infected with 
SARS-CoV-2 
(A) S-specific IgG antibody titers between 28 and 84 dpi in sera from K18-hACE2 Bcl6fl/fl (blue) 
or K18-hACE2 Bcl6fl/flCd4Cre (magenta) mice infected with SARS-CoV-2. Linear regression 
analyses for each mouse at 28, 49, 70, and 84 dpi are shown. 
(B) Longitudinal dynamics of S-specific IgG antibodies up to 49 dpi, in sera from AAV-hACE2 
Bcl6fl/fl or Bcl6fl/flCd4Cre mice infected with SARS-CoV-2. 
(C) Change in S-specific IgG antibody titer per day between 28 and 49 dpi for AAV-hACE2 mice, 
as determined by linear regression (left). Relative titers of S-specific IgG at 49 dpi, compared to 
S-specific IgG at 28 dpi (right). 
Statistical significance was assessed by two-tailed unpaired t-test (C). **P < 0.01. Data are 
expressed as mean ± SEM. Each symbol in (A and C) represents an individual mouse. Each symbol 
in (B) represents the mean of six mice. Data are aggregated from two independent experiments. 
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specific long-lived plasma cell compartment. We quantified S-specific IgG antibody-secreting 

cells (ASCs) in the bone marrow of K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice at 85 dpi by 

ELISpot. S-specific IgG ASCs were detected in both groups of mice, though they were reduced 

tenfold in Tfh-deficient mice (Fig. 3F). However, Tfh-deficient mice also had fewer total bone 

marrow plasma cells (BMPCs), so the number of S-specific IgG ASCs per BMPC was similar 

between Bcl6fl/fl and Bcl6fl/flCd4Cre mice (Fig. 3, F and G). Taken together, these results indicate 

that Tfh-independent antibodies to SARS-CoV-2 can still be high-affinity and durable – two 

important qualities usually attributed to Tfh-dependent responses. 

 

Tfh-deficient mice demonstrate similar V gene usage but impaired mutation selection 

compared to Tfh-sufficient mice 

To ascertain how Tfh-deficient mice generate high-affinity antibodies to S and RBD, we 

considered two non-mutually exclusive hypotheses: 1) unmutated, germline-encoded B cell 

receptors (BCRs) in the murine V(D)J repertoire may already possess high affinity for S and/or 

RBD, and 2) S-specific B cells may undergo somatic hypermutation (SHM) even in the absence 

of Tfh cells and GCs. The former possibility has already been observed for patient-derived SARS-

CoV-2-specific antibodies, which demonstrate high potency with minimal SHM (61–65). The 

latter possibility is supported by prior reports of SHM occurring at extrafollicular sites during 

chronic autoimmunity and bacterial infection (66–68). 

To investigate these two possibilities, we isolated S-specific plasmablasts from K18-

hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice at 14 dpi and performed BCR sequencing (Fig. S5, A to 

B). After read preprocessing and V(D)J gene annotation, we clustered the resulting BCR sequences 

into clonal families, identifying a range of 131 to 694 distinct clones in each sample (Fig. 4A and 
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Figure 4: Tfh-deficient mice demonstrate similar V gene usage but impaired mutation 
selection compared to Tfh-sufficient mice 
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(A) Pie charts detailing the relative proportions of B cell clones identified in K18-hACE2 Bcl6fl/fl 

(top row) or K18-hACE2 Bcl6fl/flCd4Cre (bottom row) mice infected with SARS-CoV-2 (n = 4 mice 
per condition from one experiment). The 10 largest clones in each sample are shown individually, 
with all other clones grouped together. The total number of clones in each sample is annotated 
above each pie chart. 
(B) Tukey boxplots detailing Shannon entropy (left) and Simpson’s diversity index (right) in 
Bcl6fl/fl or Bcl6fl/flCd4Cre mice. Statistical significance was assessed by two-tailed unpaired Welch’s 
t-test. Each symbol represents an individual mouse BCR repertoire. 
(C) Tukey boxplots detailing V gene usage frequencies, calculated on the level of total BCR 
sequences in each sample. V genes with ≥ 0.02 usage frequency in ≥ 2 samples are shown here. 
Statistical significance was assessed by two-tailed unpaired Mann-Whitney test. *P < 0.05. ns, not 
significant. 
(D) Alignment of human IGHV3-53, IGHV1-58, IGHV3-30-3 segments to the 3 murine V 
segments shown in (C) with the highest homology to each of the human V segments. The 
percentage sequence identity relative to the corresponding human V gene (bolded) is indicated on 
the left. The FWR and CDR regions within the V segments are annotated below. 
(E) Violin plots of nucleotide mutation frequencies in IgG-predominant B cell clones from Bcl6fl/fl 
or Bcl6fl/flCd4Cre mice. Red lines indicate median nucleotide mutation frequency. Statistical 
significance was assessed by two-tailed unpaired Mann-Whitney test. 
(F) Quantification of the percentage of IgG-predominant B cell clones with either 1+ or 2+ 
mutations in Bcl6fl/fl or Bcl6fl/flCd4Cre mice. Statistical significance was assessed by two-tailed 
unpaired Welch’s t-test. Data are expressed as mean ± SEM. 
(G) Probability density function curves of selection strength in IgG-predominant B cell clones 
from Bcl6fl/fl or Bcl6fl/flCd4Cre mice, as determined by BASELINe analysis. The density curves are 
separated by region within the V segment: CDRs (top) or FWRs (bottom). Selection was estimated 
using BASELINe focused test. Statistical differences between the probability density functions 
were assessed by a two-sample significance test with numerical integration. 
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Figure S5: Analysis of SARS-CoV-2-reactive BCRs from mice and humans 
(A) Representative sorting strategy to isolate spike-specific plasmablasts from live single cells 
from K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre medLN at 14 dpi with SARS-CoV-2. 
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(B) Quantification of spike-specific plasmablasts sorted from K18-hACE2 Bcl6fl/fl and 
Bcl6fl/flCd4Cre medLN. Each symbol represents an individual mouse. Statistical significance was 
assessed by two-tailed unpaired Mann-Whitney test. ns, not significant. 
(C) BCR lineage trees for the largest clone in a Bcl6fl/fl mouse (left) or a Bcl6fl/flCd4Cre mouse 
(right). These mice were chosen for visualization because the total number of clones and the size 
of the largest clone were more similar than all other pairs of Bcl6fl/fl and Bcl6fl/flCd4Cre mice. 
Branch lengths correspond to the number of mutations between nodes, with the scale bars on the 
bottom right of each plot. Nodes indicate one unique BCR sequence within the clone. Nodes are 
color-coded by the BCR isotype or germline status. 
(D) Tukey boxplots detailing V gene usage frequencies, calculated on the level of B cell clones in 
each sample. V genes with ≥ 0.02 usage frequency in ≥ 2 samples are shown here. Statistical 
significance was assessed by two-tailed unpaired Mann-Whitney test. *P < 0.05. ns, not significant. 
(E) Bar plot detailing the frequency of human V gene usage in SARS-CoV-2-specific antibodies 
isolated from patients, from analysis of the CoV-AbDab database (94). Alignments are shown for 
V genes boxed in red. 
(F) Alignment of human IGHV3-30 and IGHV1-69 to the 3 murine V segments shown in Fig. 4C 
with the highest homology to each of the human V segments. The percentage sequence identity 
relative to the corresponding human V gene (bolded) is indicated on the left. The FWR and CDR 
regions within the V segments are annotated below. 
(G) Quantification of the percentage of IgG-isotype BCRs with either 1+ or 2+ mutations in Bcl6fl/fl 
or Bcl6fl/flCd4Cre mice. Statistical significance was assessed by two-tailed unpaired Welch’s t-test. 
Data are expressed as mean ± SEM. 
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S5C). We assessed the relative proportions of the 10 largest clones in each sample, finding that the 

top-ranked clone in each sample comprised 8% to 56% of total BCR sequences recovered, while 

the top 10 clones accounted for 40% to 76% of total BCR sequences (Fig. 4A). These findings 

indicate that clonal expansion had occurred in both Bcl6fl/fl and Bcl6fl/flCd4Cre mice. To further 

characterize the clonal architecture of the BCR repertoires, we calculated the diversity of each 

BCR repertoire using the Shannon entropy score and Simpson’s diversity index. These two metrics 

quantify the relative evenness of B cell clonal sizes across the entire repertoire, such that 

repertoires with limited clonal expansion will have higher diversity scores. The diversity of BCR 

repertoires in Bcl6fl/fl and Bcl6fl/flCd4Cre mice was not statistically different by either metric, though 

we noted a trend towards increased diversity in the Bcl6fl/flCd4Cre mice (Fig. 4B). 

Analysis of immunoglobulin heavy-chain variable (V) gene usage frequencies revealed 

that out of all candidate V genes, 22 were utilized at ≥ 2% frequency in ≥ 2 samples. Usage of 

most V genes was not significantly different between Bcl6fl/fl and Bcl6fl/flCd4Cre mice (Fig. 4C). 

However, we observed that Ighv1-72, Ighv11-2, and Ighv5-6 were used more frequently in BCRs 

from Bcl6fl/flCd4Cre mice compared to Bcl6fl/fl mice. Examining the median usage frequencies, 

Ighv1-26 was the most frequently used V gene in Bcl6fl/fl mice, while BCRs from Bcl6fl/flCd4Cre 

mice most frequently used Ighv1-72. Repeating this analysis on the clone-level, rather than the 

individual BCR sequence-level, similarly revealed that usage of most V genes was not 

significantly different in the absence of Tfh cells (Fig. S5D). Thus, while Tfh-deficient mice did 

not exhibit overt changes in V gene usage, there were nevertheless differences that could reflect 

the distinct nature of the T cell help in these mice. 

COVID-19 patient studies have identified potent RBD-specific antibodies with recurrent 

V gene usage and minimal SHM (61–65). To explore whether there are murine V genes that can 
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similarly contribute to high-affinity S- or RBD-specific antibodies, we identified the murine V 

genes expressed in our dataset (≥ 2% frequency in ≥ 2 samples) with the greatest homology to 

frequently used and minimally mutated human V genes (Fig. 4D and S5, E and F) (61–65). Human 

IGHV3-53 and IGHV3-30 demonstrated the highest homology to murine Ighv5-6 and Ighv11-2, 

which were utilized more frequently in BCRs from Bcl6fl/flCd4Cre compared to Bcl6fl/fl mice (Fig. 

4C). Murine V genes most similar to human IGHV1-58, IGHV3-30-3, and IGHV1-69 were used 

at comparable frequencies between BCRs from Bcl6fl/fl and Bcl6fl/flCd4Cre mice. Taken together, 

these data suggest that homologous human and murine V genes may contribute to potent SARS-

CoV-2-specific antibodies. Furthermore, preferential usage of these V genes in Tfh-deficient mice 

may enable the production of high-affinity antibodies with minimal SHM. 

To investigate whether SHM could still occur in Tfh-deficient mice, we determined the 

mutational profiles of each clonal consensus sequence compared to the mouse germline using the 

Immcantation analysis pipeline (69). We found evidence of SHM in S-specific IgG plasmablasts 

from Bcl6fl/flCd4Cre mice, albeit at significantly lower frequency compared to plasmablasts from 

Bcl6fl/fl mice (Fig. 4E). Overall, 66.28% ± 6.36% (mean ± s.e.m.) of clones from Bcl6fl/fl mice had 

somatic mutations, compared to 41.61% ± 3.88% of clones from Bcl6fl/flCd4Cre mice (Fig. 4F). 

This contrast was especially pronounced when considering the percentage of clones with two or 

more somatic mutations: 46.04% ± 6.13% of Bcl6fl/fl clones and 14.81% ± 1.25% of Bcl6fl/flCd4Cre 

clones (Fig. 4F). Similar results were obtained by comparing individual BCR sequences (Fig. S5G). 

We further compared mutation selection strength in Bcl6fl/fl and Bcl6fl/flCd4Cre BCR 

repertoires using BASELINe, which determines the ratio of non-synonymous to synonymous 

mutations compared to a reference model (70, 71). Validating the BASELINe analytical approach, 

selection strength was positive in the complementarity determining regions (CDRs) of BCRs from 
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Bcl6fl/fl mice and negative in the framework regions (FWRs) (Fig. 4G). This is consistent with the 

fact that CDRs are the main determinants of antigen specificity and thus enriched in non-

synonymous mutations, while FWRs generally serve as structural scaffolds, making them less 

tolerant of residue-altering mutations. Across both CDRs and FWRs, we found that the ratio of 

non-synonymous to synonymous mutations was significantly lower in S-specific IgG plasmablasts 

from Bcl6fl/flCd4Cre mice compared to Bcl6fl/fl mice (Fig. 4G), indicating that Tfh cells are required 

for positive selection of mutated B cell clones against SARS-CoV-2. Collectively, our analysis of 

the BCR repertoire after SARS-CoV-2 infection suggests that both V gene usage patterns and low 

levels of SHM, though without mutation selection, may contribute to the production of high-

affinity Tfh-independent antibodies. 

 

Tfh cells focus the antibody repertoire but are dispensable for broad coverage of SARS-CoV-

2 epitopes 

We next characterized the antibody epitope repertoire of Tfh-dependent versus -independent 

responses to SARS-CoV-2. Sera from AAV-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice at 14 dpi were 

profiled using a bacterial display library of 2410 linear peptides tiling the entire SARS-CoV-2 

proteome (Fig. 5A). We first compared the diversity of antibody epitope reactivity, calculating the 

Shannon entropy, Simpson’s diversity index, and the repertoire focusing index within each sample 

(Methods). We observed that antibody diversity assessed by Shannon entropy and Simpson’s 

diversity index was significantly decreased in Bcl6fl/fl mice compared to Bcl6fl/flCd4Cre mice, while 

the degree of repertoire focusing was increased (Fig. 5B). These findings were robust to variations 

in read counts (Fig. S6A). These results suggest that Tfh cells help focus the antibody response to 

particular viral epitopes while non-Tfh cells promote antibodies to a wider array of targets. 
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Figure 5: Tfh cells focus the antibody repertoire but are dispensable for broad coverage of 
SARS-CoV-2 epitopes 
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(A) Sera from infected AAV-hACE2 Bcl6fl/fl or Bcl6fl/flCd4Cre mice (n = 5 mice per condition from 
two independent experiments) were assayed for reactivity against a bacterial display library of 
overlapping linear epitopes tiling the SARS-CoV-2 proteome. 
(B) Tukey boxplots detailing Shannon entropy (left), Simpson’s diversity index (middle), and 
repertoire focusing index (right) in Bcl6fl/fl or Bcl6fl/flCd4Cre mice. Statistical significance was 
assessed by two-tailed unpaired Welch’s t-test. Each symbol represents an individual mouse. 
(C) Volcano plot of differentially enriched linear epitopes in Bcl6fl/fl vs Bcl6fl/flCd4Cre mice. 
Epitopes that are significantly enriched in Bcl6fl/fl sera are colored in blue, while epitopes that are 
enriched in Bcl6fl/flCd4Cre sera are colored in magenta. Point labels describe the amino acids within 
the indicated SARS-CoV-2 protein from which the epitope was derived. Statistical significance 
was assessed by two-tailed DESeq2 Wald test, with Benjamini-Hochberg multiple hypothesis 
correction (adjusted p < 0.05). 
(D) Heatmap of differentially enriched linear epitopes in Bcl6fl/fl vs Bcl6fl/flCd4Cre mice, from (C). 
Data are expressed as log2-transformed normalized counts. The position of each epitope in relation 
to known protein domains is annotated. 
(E) Scatter plots of relative enrichment scores for linear epitopes derived from each SARS-CoV-
2 protein, comparing Bcl6fl/fl vs Bcl6fl/flCd4Cre sera. Data are expressed as average z-scores (log2 
normalized counts were scaled to z-scores within each sample, then averaged across Bcl6fl/fl or 
Bcl6fl/flCd4Cre mice). The gray dashed line demarcates equivalence between Bcl6fl/fl and 
Bcl6fl/flCd4Cre, while the red line denotes the linear regression model with 95% confidence intervals 
shaded in pink. Epitopes that were identified as differentially enriched are annotated as in (C). The 
number of epitopes derived from each SARS-CoV-2 protein is annotated in the top left. 
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Figure S6: Analysis of SARS-CoV-2 linear epitopes recognized by antibodies from AAV-
hACE2 Bcl6fl/fl or Bcl6fl/flCd4Cre mice 
(A) Boxplots detailing Shannon entropy (left), Simpson’s diversity index (middle), and repertoire 
focusing index (right), after random down-sampling to match the sample with the lowest UMI 
counts. Statistical significance was assessed by two-tailed unpaired Welch’s t-test. Each symbol 
represents an individual mouse. 
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(B) Violin plot of log2 normalized counts for all 2410 epitopes in each sample. Higher values 
indicate relative enrichment of antibodies that are reactive against a particular epitope. 
(C) Violin plot detailing the relative enrichment of antibodies against different SARS-CoV-2 
proteins, such that linear epitopes derived from the same protein are grouped together. Data are 
expressed as z-scores, scaled from log2 normalized counts within each sample; data are aggregated 
together by experimental group. Statistical significance was assessed by two-tailed unpaired 
Welch’s t-test. 
(D) Linear epitopes surrounding the S2’ site (R815, red arrowhead), cleavage of which triggers 
fusion, are color-coded and numbered with their corresponding amino acid sequences annotated 
above. Epitopes that are differentially enriched in Bcl6fl/fl vs Bcl6fl/flCd4Cre at a library-wide scale 
(from Figure 4C) are bolded and labeled with an asterisk. Putative fusion peptides are labeled in 
gray boxes above (FP1, 788-806; FP2, 816-826). Data are expressed as average z-scores in Bcl6fl/fl 
or Bcl6fl/flCd4Cre mice, with SEM error bars and loess regression lines. 
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 Given these changes in antibody diversity, we next explored whether there were differences 

in antibody reactivity at the level of individual linear epitopes. After normalizing for read count 

variations using the median of ratios method (Fig. S6B) (72, 73), we identified epitopes that were 

comparatively enriched or depleted in Bcl6fl/fl versus Bcl6fl/flCd4Cre mice (Fig. 5C). We found that 

seven epitopes were enriched in Bcl6fl/fl mice, while one epitope was depleted (Fig. 5D). Five of 

the seven enriched epitopes were derived from S: aa661-672 (proximal to S1/S2 cleavage site), 

aa801-812 (fusion peptide [FP] 1), aa817-828 (FP2), aa977-988 (heptad repeat [HR] 1), and 

aa1145-1156 (between HR1/HR2). On the other hand, aa145-156 (N-terminal domain) from S was 

comparatively depleted in Bcl6fl/fl mice. 

 To further investigate alterations in epitope reactivity, we converted the normalized counts 

to z-scores on a sample-by-sample basis, such that the z-scores would denote the relative rank of 

a specific epitope within a particular sample (Fig. S6C). Consistent with our prior analyses, the 

average z-scores in Bcl6fl/fl versus Bcl6fl/flCd4Cre mice were similar across most SARS-CoV-2 

proteins, with the exception of regions within the S and ORF3a proteins (Fig. 5E). In particular, 

the regression lines for non-S proteins all closely followed the line of identity, indicating that the 

relative ranks of epitopes from non-S proteins were largely similar in the presence or absence of 

Tfh cells. These analyses therefore indicate that, while Tfh cells are dispensable for antibody 

production against most SARS-CoV-2 epitopes, they are required to focus the antibody response 

against certain S-derived epitopes. 

 

RBD-specific antibodies are generated in the absence of Tfh cells 

Analyzing antibody epitope reactivity along the length of S, we observed that the majority of 

epitopes enriched in Bcl6fl/fl mice (17/21 epitopes with differential average z-score > 1) were found 
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in the S2 domain (aa686-1273; Fisher’s exact test p = 0.0012) (Fig. 6A), which mediates fusion of 

viral and target cell membranes (74). These included most of the aforementioned S-derived 

epitopes that were significantly enriched (Fig. 5C), as well as contiguous epitopes whose 

enrichment did not reach statistical significance in the epitope-level analysis. For example, several 

epitopes in the fusion peptide were enriched adjacent to the significantly enriched epitopes aa801-

812 and aa817-828 (Fig. S6D). Many of these epitopes are highly conserved across human 

coronaviruses (hCoVs) as well as the emerging variants of concern (Fig. 6A). Interestingly, the 

enriched epitopes spanning FP1/FP2 and preceding HR2 have also been identified in numerous 

studies profiling the antibody epitope repertoire of COVID-19 patients (75, 76). Given their 

immunodominance and conservation across hCoVs, these epitopes have been proposed as targets 

for a pan-coronavirus vaccine. 

 In contrast, Bcl6fl/fl and Bcl6fl/flCd4Cre mice demonstrated similar antibody reactivity to 

most epitopes within the RBD (Fig. 6B), the target of most neutralizing antibodies (60). However, 

as most antibodies to RBD likely recognize conformational epitopes (75, 76), we also measured 

RBD-specific antibodies by ELISA using full-length RBD. RBD-specific IgG titers normalized by 

total S-specific IgG were similar between Bcl6fl/fl and Bcl6fl/flCd4Cre mice (Fig. 6C). Thus, while 

Tfh cells focus the antibody response against immunodominant S2 epitopes, non-Tfh cells still 

promote antibodies against the primary target of neutralization, RBD. 

 

Tfh-dependent and -independent antibodies demonstrate similar neutralization potency 

against homologous SARS-CoV-2 as well as the B.1.351 variant of concern 

We next evaluated the function of antibodies from Bcl6fl/fl and Bcl6fl/flCd4Cre mice following 

SARS-CoV-2 infection. While we had observed that Tfh-independent antibody responses to the 
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Figure 6: RBD-specific antibodies are generated in the absence of Tfh cells 
(A) Top: differential enrichment scores for spike (S)-derived linear epitopes, such that epitopes 
that are comparatively enriched in Bcl6fl/fl mice are represented by positive values (blue), whereas 
epitopes that are relatively enriched in Bcl6fl/flCd4Cre mice are indicated by negative values 
(magenta). Linear epitopes are each indicated by their center position within the S protein. Bottom: 
annotation tracks detailing S protein domains, pan-human coronavirus (hCoV) conservation scores, 
and mutations found in select SARS-CoV-2 variants of concern. SP, signal peptide. NTD, N-
terminal domain. RBD, receptor-binding domain. RBM, receptor-binding motif. FP1, fusion 
peptide 1. FP2, fusion peptide 2. HR1, heptad repeat 1. HR2, heptad repeat 2. TM, transmembrane 
domain. CP, cytoplasmic domain. 
(B) Relative enrichment scores for linear epitopes derived from RBD, comparing Bcl6fl/fl vs 
Bcl6fl/flCd4Cre sera. Data are expressed as average z-scores in Bcl6fl/fl or Bcl6fl/flCd4Cre mice, with 
SEM error bars and loess regression lines. The RBM is annotated below with a gray box. 
(C) Ratio of RBD-specific to S-specific IgG antibodies in sera from Bcl6fl/fl or Bcl6fl/flCd4Cre mice 
at 14 dpi with SARS-CoV-2. Statistical significance was assessed by two-tailed unpaired t-test. ns, 
not significant. Data are expressed as mean ± SEM. Each symbol represents an individual mouse. 
Data are aggregated from three independent experiments. 
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virus lacked IgG1/IgG3 subclasses (Fig. 1, B and D) and S2 epitope focusing (Fig. 6A), these 

antibodies were still high-affinity (Fig. 3, A and B) and could target the RBD (Fig. 6C). We 

therefore predicted that Tfh-independent antibodies would demonstrate similar neutralizing 

function against homologous SARS-CoV-2 (USA-WA1/2020) as those generated with Tfh cell 

help. Using vesicular stomatitis virus (VSV) pseudotyped with USA-WA1/2020 S protein, we 

measured the neutralization titer (the reciprocal serum dilution achieving 50% neutralization of 

pseudovirus infection, NT50) of sera from AAV-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice. Bcl6fl/fl 

sera exhibited increased NT50 (Fig. 7A), which was expected given their higher levels of S-

specific IgG antibodies (Fig. 1B). However, by normalizing NT50 to S-specific IgG levels in each 

sample, we observed that the neutralization potency indices of Bcl6fl/fl and Bcl6fl/flCd4Cre sera were 

similar and actually trended higher for Bcl6fl/flCd4Cre sera (Fig. 7A). 

 We next tested the same sera against VSV pseudotyped with S protein from the B.1.351 

variant of concern. Multiple studies have shown that B.1.351 S mutations, particularly those in the 

RBD, disrupt binding by neutralizing antibodies and facilitate immune escape (77, 78). We 

therefore hypothesized that increased focusing of Tfh-dependent antibodies against conserved S2 

epitopes would enable Bcl6fl/fl sera to better neutralize B.1.351 pseudovirus than Bcl6fl/flCd4Cre 

sera. While Bcl6fl/fl sera exhibited greater NT50 than Bcl6fl/flCd4Cre sera, we found that the 

neutralization potency index of Bcl6fl/flCd4Cre sera again trended higher than that of Bcl6fl/fl sera 

(Fig. 7B). Nevertheless, both Bcl6fl/fl and Bcl6fl/flCd4Cre sera demonstrated an approximately 10-

fold reduction in NT50 against the B.1.351 variant compared to USA-WA1/2020 (Fig. 7C), 

consistent with previous studies (77, 78). Our findings therefore indicate that Tfh-independent 

antibodies exhibit similar, if not increased, neutralization potency to Tfh-dependent antibodies in 
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Figure 7: Tfh-dependent and -independent antibodies demonstrate similar neutralization 
potency against homologous SARS-CoV-2 as well as the B.1.351 variant of concern 
(A) Left: neutralizing titers (inverse of half maximal inhibitory concentration; NT50) of sera from 
AAV-hACE2 Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) mice against VSV particles pseudotyped 
with homologous S protein (USA-WA1/2020, the same isolate used to infect the mice). Right: 
neutralization potency indices (NT50 divided by S-specific total IgG) of sera from Bcl6fl/fl or 
Bcl6fl/flCd4Cre mice against USA-WA1/2020 pseudovirus. Samples with NT50 at the limit of 
detection (LOD) were assigned a neutralization potency index of 0.002. 
(B) Left: neutralizing titers of sera from AAV-hACE2 Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) 
mice against VSV particles pseudotyped with variant S protein (B.1.351). Right: neutralization 
potency indices of sera from Bcl6fl/fl or Bcl6fl/flCd4Cre mice against B.1.351 pseudovirus. Samples 
with NT50 at the LOD were assigned a neutralization potency index of 0.0002. 
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(C) Matched comparison of neutralizing titers against homologous (USA-WA1/2020) vs variant 
(B.1.351) pseudovirus. Fold changes are indicated above each group. 
(D) Schematic of experimental design for assessing in vivo neutralization potency of sera. 
(E and F) Viral burden in lungs from K18-hACE2 mice infected with SARS-CoV-2 at 4 dpi. Mice 
were treated with serum from naïve, infected AAV-hACE2 Bcl6fl/fl, or infected AAV-hACE2 
Bcl6fl/flCd4Cre mice. Bcl6fl/fl sera was given undiluted or diluted (dil.) 7- to 9-fold to match the S-
specific IgG titer of Bcl6fl/flCd4Cre sera in each experiment. Data are expressed as log10 plaque 
forming units (PFU) per lung lobe by plaque assay (E) or log10 N1 gene copy number by qPCR, 
normalized to Actb (F). 
Statistical significance was assessed by two-tailed Mann–Whitney test (A and B), two-tailed 
Wilcoxon signed-rank test (C), or one-way ANOVA with Tukey’s test (E and F). **P < 0.01; ***P 
< 0.001; ****P < 0.0001. ns, not significant. Data are expressed as mean ± SEM. Each symbol 
represents an individual mouse. Data are aggregated from at least two independent experiments. 
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vitro and that S2 epitope focusing does not improve neutralization activity against the B.1.351 

variant of concern. 

 Finally, we assessed the function of Bcl6fl/fl and Bcl6fl/flCd4Cre sera against SARS-CoV-2 

in vivo. To this end, we transferred sera from AAV-hACE2 Bcl6fl/fl or Bcl6fl/flCd4Cre mice infected 

with SARS-CoV-2 (USA-WA1/2020) into naïve K18-hACE2 mice (Fig. 7D). Bcl6fl/fl sera was 

given undiluted or diluted 7- to 9-fold to match the S-specific IgG titer of Bcl6fl/flCd4Cre sera in a 

given experiment. One day later, we infected the K18-hACE2 recipients with homologous SARS-

CoV-2 and then measured viral burden in the lungs at 4 dpi. Undiluted Bcl6fl/fl sera led to the 

greatest reduction in viral burden (Fig. 7, E and F), indicating that, as expected, antibody titer is 

an important determinant of protection against viral challenge. However, once matched for S-

specific IgG titer, Bcl6fl/fl and Bcl6fl/flCd4Cre sera provided a similar degree of protection (Fig. 7, E 

and F), corroborating our in vitro findings that Tfh-dependent and -independent antibodies exhibit 

similar neutralization potency. Taken together, these results demonstrate that Tfh-independent 

antibodies efficiently neutralize both homologous SARS-CoV-2 and the B.1.351 variant of 

concern but that optimal protection in vivo still relies on Tfh cells to generate high antibody titers. 

 

Th1 cells express Tfh effector molecules and co-localize with IgG2c+ B cells following viral 

infection 

To determine which non-Tfh CD4+ T cell populations promote antibody production, we analyzed 

CD4+ T cell populations in the medLN at 7 dpi with SARS-CoV-2. While total CD4+ T cell counts 

were unaffected in Bcl6fl/flCd4Cre mice, activated CD44+CD4+ T cell counts were reduced, 

consistent with the loss of Tfh cells (Fig. S7, A and B). We classified PD-1loCXCR5loCD44+CD4+ 

T cells by their expression of PSGL-1 and Ly6C (Fig. S7C). These markers have previously been 
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Figure S7: Characterization of CD4+ T cell subsets induced by SARS-CoV-2 infection 
(A to I) Flow cytometric analysis of medLN from SARS-CoV-2-infected mice at 7 dpi. 
(A and B) Total number of CD4+ T cells (A) and CD44+CD4+ T cells (B) in Bcl6fl/fl (blue) or 
Bcl6fl/flCd4Cre (magenta) mice. 
(C) Representative gating strategy to define Tfh cells, pre-Tfh cells, mixed Th1 cells, and 
terminally differentiated Th1 cells from CD44+CD4+ T cells. 
(D to I) Frequency among CD44+CD4+ T cells and total number of pre-Tfh cells (D and E), mixed 
Th1 cells (F and G), and terminally differentiated Th1 cells (H and I) in Bcl6fl/fl (blue) or 
Bcl6fl/flCd4Cre (magenta) mice. 
Statistical significance was assessed by either two-tailed unpaired t-test or Welch’s t-test, based 
on the F test for unequal variance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not 
significant. Data are expressed as mean ± SEM. Each symbol represents an individual mouse. Data 
are aggregated from three independent experiments.  
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used in acute LCMV and influenza virus infection to distinguish terminally differentiated PSGL-

1hiLy6Chi Th1 cells from a heterogeneous PSGL-1hiLy6Clo Th1 compartment containing memory 

precursors along with other Th1-related functional subsets (79–81). We therefore defined PSGL-

1hiLy6Chi cells as terminally differentiated Th1 cells and PSGL-1hiLy6Clo cells as mixed Th1 cells. 

We also observed a BCL6-dependent PSGL-1loLy6Clo population within the PD-1loCXCR5lo gate, 

which has previously been described as pre-Tfh cells (Fig. S7, D and E) (82). Mixed Th1 and 

terminally differentiated Th1 cells increased in relative frequency among activated CD4+ T cells 

in Bcl6fl/flCd4Cre mice, consistent with the loss of Tfh and pre-Tfh cells; however, their absolute 

numbers were similar between Bcl6fl/fl and Bcl6fl/flCd4Cre mice, indicating that BCL6 deficiency 

did not lead to an aberrant increase in Th1 populations (Fig. S7, F to I). 

 We next evaluated whether these Th1 populations produce CD40L and IL-21, effector 

molecules usually ascribed to Tfh cells (19). CD40L and IL-21 act at multiple stages to support B 

cell activation, proliferation, differentiation, and antibody production (19). While Tfh cells 

produced the highest levels of CD40L, mixed Th1 cells also produced substantial levels of this 

effector molecule (Fig. 8, A and B). Tfh cells and mixed Th1 cells comprised the majority of 

CD40L-expressing CD4+ T cells in the medLN of Bcl6fl/fl mice, while mixed Th1 cells became the 

main CD40L-expressing cells in Bcl6fl/flCd4Cre mice (Fig. 8C). In Bcl6fl/flCd4Cre mice, the 

frequency of CD40L+ cells among CD4+ T cells was decreased (Fig. S8A), likely owing to the loss 

of CD40L-expressing Tfh cells. However, mixed Th1 and terminally differentiated Th1 cells 

expressed higher levels of CD40L in Bcl6fl/flCd4Cre mice compared to Bcl6fl/fl mice (Fig. S8, B and 

C). In the absence of Tfh cells, Th1 subsets may have more opportunities to interact with antigen-

presenting cells and experience T cell receptor signaling, which promotes CD40L expression (83). 

In Bcl6fl/fl mice infected with PR8, mixed Th1 cells also expressed substantial levels of CD40L 
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Figure 8: Th1 cells express Tfh effector molecules and co-localize with IgG2c+ B cells 
following viral infection 
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(A to I) Flow cytometric analysis of CD4+ T cells in mediastinal lymph nodes (medLN) from 
SARS-CoV-2-infected mice at 7 dpi. 
(A) Representative gating strategy for quantifying CD40L expression in distinct CD4+ T cell 
subsets. Pre-Tfh cells express a low amount of PD-1 and CXCR5 but are BCL6-dependent (82). 
Mixed Th1 cells classically include Th1 effectors and memory precursors. Terminally 
differentiated Th1 cells have been shown to express high levels of T-bet, IFN-γ, and GzmB (79). 
(B) Frequency (left) and median fluorescence intensity (MFI) (right) of CD40L expression within 
CD4+ T cell subsets from control Bcl6fl/fl mice. Statistical significance was assessed by two-tailed 
unpaired Welch’s t-test. P values for each subset relative to naive CD4+ T cells are color-coded. 
(C) Relative proportions of CD4+ T cell subsets among CD44+CD40L+ cells from Bcl6fl/fl or 
Bcl6fl/flCd4Cre mice. 
(D to G) Frequency of IL-21+IFN-γ− (purple), IL-21+IFN-γ+ (red), and IL-21−IFN-γ+ (teal) 
expression by intracellular cytokine staining in Tfh cells (D), pre-Tfh cells (E), mixed Th1 cells 
(F), and terminally differentiated Th1 cells (G) cells from control Bcl6fl/fl mice. 
(H and I) Relative proportions of CD4+ T cell subsets among IL-21+IFN-γ− (H) and IL-21+IFN-γ+ 
(I) cells from Bcl6fl/fl or Bcl6fl/flCd4Cre mice. 
Data are expressed as mean ± SEM. Each symbol represents an individual mouse. Data are 
aggregated from at least two independent experiments. 
(J) Immunofluorescence of serial sections of medLN from Bcl6fl/fl (top row) or Bcl6fl/flCd4Cre 

(bottom row) mice infected with PR8 at 14 dpi. Left column: PSGL-1 (blue), CD4 (green), T-bet 
(magenta), and IgG2c (white). Right column: B220 (blue), GL7 (green), T-bet (magenta), and 
IgG2c (white). Dashed line demarcates region shown in inset. Orange arrowheads denote Th1 cells 
interacting with IgG2c+ B cells. BCZ, B cell zone. TCZ, T cell zone. T-B, T cell–B cell border. 
GC, germinal center. Representative images from 3 mice; scale bars, 100 µm and 50 µm (inset). 
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Figure S8: CD40L and cytokine expression in CD4+ T cell subsets after viral infection 
(A to C) Flow cytometric analysis of medLN from Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) mice 
at 7 dpi with SARS-CoV-2. 
(A) Frequency of CD44+CD40L+ cells among CD4+ T cells. 
(B and C) Frequency (left) and MFI (right) of CD40L expression among mixed Th1 cells (B) and 
terminally differentiated Th1 cells (C). 
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(D and E) Flow cytometric analysis of medLN from Bcl6fl/fl mice at 7 dpi with PR8. 
(D) Frequency (left) and MFI (right) of CD40L expression among CD4+ T cell subsets. P values 
for each subset relative to naive CD4+ T cells are color-coded. 
(E) Relative proportions of CD4+ T cell subsets among CD44+CD40L+ cells. 
(F) Representative flow cytometric analysis of IL-21 and IFN-γ protein expression in distinct 
CD4+ T cell subsets from medLN of SARS-CoV-2-infected mice at 7 dpi. 
(G to I) Flow cytometric analysis of medLN from Bcl6fl/fl (blue) or Bcl6fl/flCd4Cre (magenta) mice 
at 7 dpi with SARS-CoV-2. Frequencies of IL-21+IFN-γ−, IL-21+IFN-γ+, and IL-21−IFN-γ+ 
expression among CD44+CD4+ T cells (G), mixed Th1 cells (H) and terminally differentiated Th1 
cells (I). 
Statistical significance was assessed by either two-tailed unpaired t-test or Welch’s t-test, based 
on the F test for unequal variance. *P < 0.05; ***P < 0.001. ns, not significant. Data are expressed 
as mean ± SEM. Each symbol represents an individual mouse. Data in (A to C and G to I) are 
aggregated from at least two independent experiments. 
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and constituted a large percentage of CD40L-expressing CD4+ T cells (Fig. S8, D and E). 

Therefore, mixed Th1 cells are a significant source of CD40L in the medLN of virally infected 

Bcl6fl/fl and Bcl6fl/flCd4Cre mice, suggesting that they may provide contact-dependent help to B 

cells both in the presence and in the absence of Tfh cells. 

 In SARS-CoV-2 infection, Tfh cells also produced the highest levels of IL-21 (Fig. 8D and 

S8F). A portion of Tfh cells produced IL-21 together with IFN-γ, which is important for IgG2c 

class switching (43, 84). Pre-Tfh cells and mixed Th1 cells consisted of IL-21 single producers, 

IFN-γ single producers, and IL-21/IFN-γ double producers (Fig. 8, E and F). Terminally 

differentiated Th1 cells were predominantly IFN-γ single producers (Fig. 8G), suggesting that they 

likely migrate to peripheral tissues to exert their effector function (79). As with CD40L expression, 

Tfh cells and mixed Th1 cells comprised the majority of IL-21 single-producing and IL-21/IFN-γ 

double-producing CD4+ T cells in Bcl6fl/fl mice (Fig. 8, H and I). In Bcl6fl/flCd4Cre mice, the 

frequency of IL-21 single producers was decreased, potentially due to the loss of Tfh cells, and 

mixed Th1 cells became the dominant cytokine-producing population (Fig. S8G and Fig. 8, H and 

I). Mixed Th1 and terminally differentiated Th1 cells displayed similar cytokine profiles between 

Bcl6fl/fl and Bcl6fl/flCd4Cre mice (Fig. S8, H and I). 

 As mixed Th1 cells express IL-21 in addition to CD40L, they could support an alternative 

pathway of antibody production to that driven by Tfh cells. We therefore assessed whether mixed 

Th1 cells are sub-anatomically positioned to provide help to B cells. PSGL-1 mediates chemotaxis 

to CCL21 and CCL19, therefore helping naïve CD4+ T cells home to secondary lymphoid organs 

(85). During their differentiation, Tfh cells downregulate PSGL-1 and upregulate CXCR5 to 

enable their migration into B cell follicles (23, 82). However, as mixed Th1 cells continue to 

express PSGL-1 and do not upregulate CXCR5, it is unclear whether they can migrate to sites of 
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B cell help. Immunofluorescence of medLN following PR8 infection showed that Th1 cells 

(PSGL-1+CD4+T-bet+) co-localized with IgG2c+ B cells at the T cell-B cell (T-B) border (Fig. 8J). 

This was true in both Bcl6fl/fl and Bcl6fl/flCd4Cre mice, suggesting that Th1 cells may promote 

antibody production in parallel with Tfh cells as well as in their absence. Taken together, we found 

that a subset of mixed Th1 cells expressed CD40L and IL-21 and were positioned at the T-B border 

to help B cells during viral infection. 

 

Discussion 

While protective antibodies are generally thought to originate from Tfh/GC-dependent pathways, 

it is unclear what happens to the antibody response when these structures are disrupted, as has been 

observed in patients with severe SARS-CoV-2 infection (46, 47). We found that certain class-

switched antibodies were reduced but still present in Tfh-deficient mice following SARS-CoV-2 

or influenza A virus infection, as well as SARS-CoV-2 vaccination. Though BCR analysis 

demonstrated impairment of SHM and mutation selection, Tfh-independent antibodies to SARS-

CoV-2 were still high-affinity. They were also durable and demonstrated more diverse epitope 

reactivity compared to Tfh-dependent antibodies. Importantly, Tfh-independent antibody 

responses neutralized both homologous SARS-CoV-2 (USA-WA1/2020) and the B.1.351 variant 

of concern and were functional in vitro and in vivo (Fig. 9). 

 Our findings raise the question of which CD4+ T cell subset promotes protective class-

switched antibodies in the absence of Tfh cells. Our preliminary results indicate that a subset of 

mixed Th1 cells may be responsible, given that they express CD40L and IL-21 and are also 

positioned to interact with B cells at the T-B border. Furthermore, it has previously been shown in 

the setting of influenza vaccination that Th1 cells make IFN-γ along with IL-21 to induce IgG2c 
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Figure 9: Complementary T cell-dependent pathways of antibody production mediate 
neutralizing responses to SARS-CoV-2 
Tfh cells promote high levels of somatic hypermutation in S-specific B cells and select for 
particular mutated B cells clones, thus focusing the antibody repertoire. Non-Tfh CD4+ T cells 
support low levels of somatic hypermutation but without selection, leading to a more diverse 
repertoire of antibody epitope reactivity. S-specific antibodies that arise through Tfh-dependent 
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and -independent pathways are high-affinity and durable and also similarly neutralize both 
homologous and variant SARS-CoV-2. 
B cell colors represent different clones. Size of B cells represents size of clones. Number of stars 
represents mutation burden. Antibody colors of Fab and Fc regions represent different epitope 
specificity and IgG subclass. Homologous and variant SARS-CoV-2 are indicated in gray and 
orange, respectively. 
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antibodies (36). Though less mutated and of lower avidity, these Th1-driven antibodies still 

neutralize influenza virus in vitro and protect from lethal challenge in vivo (36). Additionally, a 

recent study proposed a division of labor between Th1 cells and Tfh cells in promoting IgG2c class 

switching and supporting GC growth, respectively, during influenza virus infection (86). Therefore, 

it is possible that lymph node-resident Th1 cells are also responsible for the IgG2c antibodies we 

observed to SARS-CoV-2 infection and vaccination (51). 

Contrary to the consistent Tfh-independent induction of IgG2c, IgG1 demonstrated a 

divergent requirement for Tfh cell help between SARS-CoV-2 infection and vaccination. These 

findings align with prior literature (26, 37, 50), suggesting that there may be different cellular 

requirements for IgG1 in the setting of diverse immune stimuli. Similarly, CD4+ T cells are 

dispensable for IgG3 in response to influenza virus infection (87), but we observed that IgG3 to 

SARS-CoV-2 was completely dependent on Tfh cell help. Thus, the same subclass may be 

produced by disparate mechanisms even during different viral infections. Finally, it is important 

to consider whether incomplete deletion of Tfh cells could contribute to antibody responses in 

Bcl6fl/flCd4Cre mice. This same mouse model demonstrates complete abrogation of IgE and IgG1 

to allergens (41), and our characterization of cells and structures in the medLN support a lack of 

T cell-infiltrated, organized GCs in Bcl6fl/flCd4Cre mice; therefore, we conclude that highly specific 

and long-lived antibodies can be produced through Tfh-independent mechanisms likely dependent 

on the nature of infection or vaccination. 

 A surprising finding from our work was that SARS-CoV-2, but not influenza A virus, 

induced high-affinity Tfh-independent antibodies. As a possible mechanism for this finding, S-

specific BCRs from Tfh-deficient mice used V genes highly homologous to human V genes that 

generate potent S-specific antibodies with minimal SHM (61–65). Furthermore, S-specific BCRs 
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still experienced low levels of SHM in the absence of Tfh cell help. Though SHM conventionally 

occurs in GCs (19), it has also been shown to occur at extrafollicular sites during bacterial infection 

and chronic autoimmunity (66–68). However, in the absence of Tfh cell help, mutated B cell clones 

did not experience positive selection, differentiating this process from classical affinity maturation. 

In this non-canonical pathway of high-affinity antibody production, non-Tfh CD4+ T cells may 

help by selecting naïve B cells that already express potent S-specific BCRs as well as supporting 

plasmablast differentiation of lowly mutated B cell clones. Our findings also suggest that long-

lived plasma cells can emerge from this pathway, providing a durable source of humoral immunity. 

 Epitope profiling revealed that Tfh cells focus the antibody repertoire against S2-derived 

epitopes that are highly conserved across human coronaviruses as well as the emerging variants of 

concern. These same epitopes have been repeatedly identified in studies profiling the antibody 

repertoire of COVID-19 patients (75, 76), suggesting that the immunodominance of these epitopes 

in humans is mediated by Tfh cells. It has also been proposed that S2-reactive antibodies in people 

are primed by prior infections with endemic human coronaviruses (75). Given our findings in mice, 

which were not exposed to other coronaviruses prior to SARS-CoV-2 infection, it is likely that the 

intrinsic qualities of these S2-derived epitopes also contribute to their immunodominance. In 

addition, broadly neutralizing betacoronavirus antibodies with S2 specificity have recently been 

described, suggesting the use of S2-derived epitopes as targets for a pan-coronavirus vaccine (88). 

However, S2-specific antibodies are generally less potent neutralizers than RBD-specific 

antibodies and may even demonstrate little neutralization in vitro despite providing protection in 

vivo (88, 89). This provides a possible explanation for why we observed slightly lower 

neutralization potency indices of Tfh-dependent antibodies enriched for S2 epitope reactivity 

compared to more diverse Tfh-independent antibodies. Alternatively, the less focused antibody 
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repertoire of Tfh-deficient mice may better neutralize SARS-CoV-2 by targeting multiple sites of 

vulnerability, similar to previous findings of GC inhibition promoting a broader antibody response 

and enhanced heterosubtypic immunity to influenza virus infection (90). 

While long-lived, high-affinity, neutralizing antibody responses conventionally depend on 

Tfh cells, we found that antibodies of similar quality, though not quantity, could be generated with 

the help of non-Tfh CD4+ T cells. Therefore, multiple pathways involving different CD4+ T cell 

subsets likely exist to promote protective antiviral humoral immunity (51). Tfh-independent 

responses may serve as a parallel mechanism for producing protective antibodies in settings of 

Tfh/GC impairment, such as COVID-19-induced inflammation and advanced age (46, 48). 

Understanding this additional axis of antiviral antibody production may therefore inform more 

effective vaccine design and help establish a new paradigm for how T cell-dependent humoral 

immunity is generated. 

 

Future directions 

Our work demonstrated that non-Tfh CD4+ T cells can promote antiviral antibodies in the setting 

of Tfh cell deficiency, providing an alternative mechanism for generating humoral immunity when 

the conventional pathway for doing so is disrupted. However, an outstanding question is whether 

this Tfh-independent pathway of antibody generation still exists when Tfh cells are intact. While 

our preliminary findings indicate that Th1 cells co-localize with IgG2c+ B cells at the T-B border 

in both Tfh-sufficient and -deficient mice, additional experiments are required to demonstrate that 

the Tfh-independent pathway is functional in the presence of Tfh cells. 

 First, to delineate the non-Tfh CD4+ T cells that interact with B cells during SARS-CoV-2 

infection, we can leverage the LIPSTIC method developed by the Victora lab (91). LIPSTIC, also 
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known as “Labelling Immune Partnerships by SorTagging Intercellular Contacts,” uses bacterial 

sortase A (SrtA)-mediated cell-labeling to identify immune cells that engage in CD40-CD40L 

interactions (91). In the method originally described, CD40L-fused SrtA catalyzes the transfer of 

its substrate, a biotinylated LPETG peptide, onto CD40 tagged with five N-terminal glycine 

residues (G5). The result is that a CD40-G5-expressing B cell or dendritic cell that interacts with 

a CD40L-SrtA-expressing T cell will be labeled with biotin, which can then stained and identified 

by flow cytometry (91). 

For our experiment, we will instead utilize mice with CD40-SrtA-expressing B cells and 

CD40L-G5-expressing T cells, so that the T cells that engage in CD40-CD40L interactions with 

B cells will be labeled with biotin. After infecting the mice with SARS-CoV-2, we will administer 

biotinylated LPETG peptide intranasally to enable T cell labeling. To specifically label T cells that 

interact with SARS-CoV-2 S-specific B cells, we will conjugate the biotinylated LPETG peptide 

to S protein, enabling S-specific B cells to preferentially bind the SrtA substrate and catalyze its 

transfer onto CD40L-G5 of the interacting T cell. We can then sort out the biotinylated CD4+ T 

cells and comprehensively characterize them by single-cell RNA sequencing or mass cytometry 

to identify surface markers, chemokine receptors, and transcription factors that distinguish the non-

Tfh cell population from Tfh cells. 

Using these markers, we can then disrupt the function of B cell-helping non-Tfh cells by 

inhibiting their migration, deleting a transcription factor required for their development, or 

depleting them with antibodies that recognize a unique surface marker. For example, if non-Tfh 

cells indeed interact with B cells at the T-B border, then it is plausible that they express the 

chemokine receptor CXCR3 to migrate to this area (86). Blocking interactions between CXCR3 

and its ligands CXCL9 and CXCL10 could therefore disrupt positioning of non-Tfh cells, prevent 
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them from providing help to B cells, and reveal whether this Tfh-independent pathway of antibody 

generation is functional in a Tfh-sufficient setting. However, CXCR3 is likely expressed by Tfh 

cells as well during viral infection (53), so other markers that are uniquely expressed by non-Tfh 

cells will be required for these studies. 

We can also test the function of these non-Tfh cells through adoptive transfer studies. We 

would sort Tfh cells and non-Tfh cells from SARS-CoV-2-infected WT mice and then transfer the 

T cell populations separately or together into T cell-deficient recipients. By comparing the 

antibody response in mice that receive both Tfh cells and non-Tfh cells to those that receive Tfh 

cells only, we can assess whether non-Tfh cells induce additional antibody production or generate 

a complementary antibody response that is, for example, more diverse. Furthermore, the mice that 

receive only non-Tfh cells should also produce antibodies, confirming our results from Tfh-

deficient mice. 

 In addition to testing whether the Tfh-independent pathway operates in the setting of intact 

Tfh cells, it is also important to assess whether this pathway functions in physiological models of 

Tfh/GC impairment. Our studies utilized a well-established genetic mouse model to cleanly delete 

Tfh cells, but the initial motivation for our work came from reports of Tfh/GC impairment due to 

COVID-19-induced inflammation (46). Therefore, using a mouse model that recapitulates the 

disrupted Tfh/GC structures seen in severe COVID-19 patients would better demonstrate the 

function of the Tfh-independent pathway. While the AAV-hACE2 and K18-hACE2 mouse models 

we used led to robust Tfh and GC induction, it is possible that other models, for example, using 

mouse-adapted SARS-CoV-2 (92, 93), may disrupt Tfh cells and GCs in wildtype mice. 

Alternatively, other infection models such as Salmonella enterica serovar Typhimurium, Ehrlichia 

muris, and Borrelia burgdorferi are known to induce GC suppression in mice and could be used 
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to interrogate the role of the Tfh-independent pathway (45). As advanced age is another setting in 

which Tfh cells and GCs are suppressed (48), it will also be interesting to study whether the Tfh-

independent pathway mediates antibody production in aged mice. 

 Furthermore, one interesting finding from our work was that high-affinity antibodies could 

be made in a Tfh-independent manner to SARS-CoV-2 but not influenza A virus. To dissect 

whether this difference is due to the antigenic target or the nature of the viral infection, we could 

infect Tfh-deficient mice with HA-expressing SARS-CoV-2 or S protein-expressing PR8. If HA-

specific antibodies induced by SARS-CoV-2 infection are still low-affinity and S-specific 

antibodies induced by PR8 infection are still high-affinity, this would indicate that the antigenic 

target is a more important determinant of Tfh-independent high-affinity antibody production. 

These results could be validated in the setting of vaccination by immunizing Tfh-deficient mice 

with HA or S protein with the same adjuvant. Finding that only Tfh-independent S-specific 

antibodies retain high affinity would suggest that the ability of the Tfh-independent pathway to 

generate high-affinity antibodies likely depends on whether germline-encoded BCRs already 

possess high affinity for a given antigen. 

 These proposed studies will: (1) identify the responsible non-Tfh CD4+ T cell population 

that provides help to B cells during SARS-CoV-2 infection, (2) elucidate whether this Tfh-

independent pathway of antibody production operates in the setting of intact Tfh cells or only in 

their absence, and (3) delineate limitations of the Tfh-independent pathway in promoting high-

affinity antibodies depending on the antigenic target. Such insight will be critical for determining 

the utility of this alternative pathway of antibody production and developing vaccination strategies 

that best leverage this pathway for protective immune responses. 
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§ CHAPTER 3: IL-4 regulation in T follicular helper cells dictates appropriate antibody 

class switching during type 1 versus type 2 immune responses 

 

IL-4 is necessary and sufficient for high-affinity IgE production in vivo 

To confirm the essential role of IL-4 for IgE production, we immunized WT and Il4−/− mice 

intranasally with allergen Alternaria alternata together with haptenated protein antigen (4-

hydroxy-3-nitrophenyl)-acetyl-ovalbumin (NP19OVA). We have previously demonstrated that this 

allergic airway inflammation model leads to the generation of high-affinity NP7-specific IgE 

antibodies (44). Consistent with past studies (39, 95), loss of IL-4 ablated IgE production (Fig. 

10A). 

 We next assessed whether IL-4 is sufficient for IgE production by testing whether IL-4 

overexpression could lead to aberrant induction of IgE antibodies during a type 1 immune response. 

As IL-4 from Tfh cells is required for IgE induction (39), we overexpressed IL-4 in OVA-specific 

CD4+ T cells (OT-II cells) and transferred them into recipients immunized intranasally with 

lipopolysaccharide (LPS) and NP19OVA. OT-II Tfh cells transduced with the IL-4 overexpression 

construct produced IL-4 protein, while OT-II Tfh cells transduced with a GFP control vector did 

not (Fig. 10B). Mice that received GFP-expressing OT-II cells did not produce IgE antibodies, 

consistent with a normal type 1 immune response to LPS/NP19OVA (Fig. 10C). In contrast, mice 

that received IL-4-overexpressing OT-II cells produced high-affinity NP7-specific IgE antibodies. 

This suggests that uncontrolled IL-4 production by Tfh cells during a type 1 immune response is 

sufficient to induce aberrant IgE antibodies. Taken together, IL-4 is both necessary and sufficient 

for IgE production in vivo. Understanding how IL-4 production is regulated in Tfh cells is therefore 
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Figure 10: IL-4 is necessary and sufficient for high-affinity IgE production in vivo 
(A) C57BL/6N WT and Il4−/− mice were immunized intranasally (i.n.) with Alternaria/NP19OVA 
followed by 2 boosts with NP19OVA only. High-affinity NP7-specific IgE antibody titers 8 days 
after the last boost. 
(B and C) OT-II cells were retrovirally transduced with a GFP control (GFP) or IL-4 
overexpression (IL-4) construct and then transferred into C57BL/6N WT recipients. The following 
day, mice were immunized i.n. with lipopolysaccharide (LPS)/NP19OVA followed by 1 boost with 
NP19OVA only. 
(B) Representative flow plots of IL-4 protein production in OT-II T follicular helper (Tfh) cells 7 
days after primary immunization. 
(C) High-affinity NP7-specific IgE antibody titers 7 days after boost. 
LOD, limit of detection of the assay. Statistical significance was assessed by two-tailed Welch’s 
t-test. *P < 0.05; **P < 0.01. Data are expressed as mean ± standard error of mean (SEM) log10 
arbitrary units (AU). Each symbol represents an individual mouse. Data are from one experiment. 
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important for gaining insight into the appropriate induction of antibody isotypes during type 1 vs 

type 2 immune responses. 

 

IL-4 from Tfh cells is required for IgG1 switching but not germinal center formation or 

plasmablast differentiation during type 1 immune responses 

In addition to its role in IgE induction, IL-4 is considered a canonical Tfh cell cytokine, produced 

even during microbial immunizations that do not elicit IgE (96, 97). In these responses, IL-4-

producing Tfh cells are thought to support GC B cell proliferation, survival, and differentiation, 

given that IL-4 is also a B cell growth factor (98). While it has been demonstrated in vitro that IL-

4 blockade prevents optimal IgG production in Tfh cell-B cell co-cultures (96), no study has 

directly tested the role of Tfh cell-derived IL-4 in vivo during a type 1 immune response. 

To this end, we generated mixed bone marrow chimeric mice (BMCM) lacking IL-4 

specifically in the Tfh cell compartment. Mixed BMCM were generated by transferring an 80:20 

mixture of Bcl6fl/flCd4Cre:Il4WT (Tfh-WT) or Bcl6fl/flCd4Cre:Il4−/− (Tfh-Il4−/−) bone marrow into 

irradiated Bcl6fl/flCd4Cre recipients (Fig. 11A). After 12 weeks, control Tfh-WT and Tfh-Il4−/− mice 

were administered LPS/NP19OVA or mouse-adapted influenza A virus (PR8) intranasally, and 

cellular responses in the mediastinal lymph node were evaluated 9 days later. Tfh-WT and Tfh-

Il4−/− mice demonstrated similar levels of Tfh cell induction (Fig. 11B), indicating similar 

reconstitution of the Tfh cell compartment by Il4WT and Il4−/− bone marrow. GC B cell formation 

and plasmablast differentiation were also comparable between Tfh-WT and Tfh-Il4−/− mice (Fig. 

11, C and D), suggesting that Tfh cell-derived IL-4 is not required for B cell proliferation, survival, 

and differentiation in GC reactions as has previously been proposed. 
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Figure 11: IL-4 from Tfh cells is not required for germinal center formation or plasmablast 
differentiation during type 1 immune responses 
(A) Schematic of experimental design for generating mixed bone marrow chimeric mice (BMCM) 
and assessing cellular response to LPS/NP19OVA immunization or mouse-adapted influenza A 
virus (PR8) infection. Mixed BMCM were generated by transferring an 80:20 mixture of 
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Bcl6fl/flCd4Cre:Il4WT (Tfh-WT) or Bcl6fl/flCd4Cre:Il4−/− (Tfh-Il4−/−) bone marrow into irradiated 
Bcl6fl/flCd4Cre recipients. After 12 weeks, mice were administered LPS/NP19OVA or PR8 i.n. 
(B to D) Mediastinal lymph nodes (medLN) were analyzed 9 days post LPS/NP19OVA 
immunization (LPS) or PR8 infection for Tfh cell (B), germinal center B (GC B) cell (C), and 
plasmablast (PB) responses (D). 
Statistical significance was assessed by two-tailed unpaired t-test. ns, not significant. Data are 
expressed as mean ± SEM. Each symbol represents an individual mouse. Data are representative 
of two independent experiments with three to five mice per group. 
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We next assessed the effect of Tfh cell-specific IL-4 deficiency on class switching. IL-4 is 

known to be an immunoglobulin switch factor for IgG1 in addition to IgE (99). Accordingly, GC 

B cells and plasmablasts in Tfh-Il4−/− mice displayed impaired class switching to IgG1 but not 

IgG2c in response to both LPS/NP19OVA and PR8 (Fig. 12, A and B). Using two in vivo models 

of type 1 immune responses, we therefore demonstrated that Tfh cell-derived IL-4 is actually not 

required for supporting overall GC B cell formation and plasmablast formation but is critical for 

IgG1 switching. 

 

Transcriptional and post-transcriptional regulation limit IL-4 protein production by Tfh 

cells during type 1 immune responses 

Our results thus far indicated that, during type 1 immune responses, Tfh cells need to make enough 

IL-4 to induce IgG1 switching but not so much that IgE antibodies are aberrantly generated. We 

therefore hypothesized that Tfh cells fine-tune the levels of IL-4 they produce to induce the 

antibody isotypes appropriate for a given immune response. Indeed, we observed by intracellular 

cytokine staining that Tfh cells generated minimal IL-4 protein in response to LPS/NP19OVA and 

PR8 (Fig. 13, A to C). In contrast, immunization with Alternaria/NP19OVA led to high-levels of 

IL-4 protein production in Tfh cells (Fig. 13, A and C), consistent with the strong IgE response of 

this type 2 model. 

 Given the importance of tightly regulating IL-4, we predicted that Tfh cells would employ 

multiple mechanisms to constrain IL-4 production during type 1 immune responses. We first 

assessed the degree to which Tfh cells activate Il4 transcription in type 1 versus type 2 immune 

responses, using the 4get (Il4-IRES-eGFP) reporter mouse (100). Tfh cells demonstrated lower 

4get reporter expression in response to LPS/NP19OVA and PR8 compared to Alternaria/NP19OVA 
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Figure 12: IL-4 from Tfh cells is required for IgG1 switching during type 1 immune 
responses 
(A and B) Mixed BMCM were generated by transferring an 80:20 mixture of Bcl6fl/flCd4Cre:Il4WT 
(Tfh-WT) or Bcl6fl/flCd4Cre:Il4−/− (Tfh-Il4−/−) bone marrow into irradiated Bcl6fl/flCd4Cre recipients. 
After 12 weeks, mice were administered LPS/NP19OVA (LPS) or PR8 i.n. MedLN were analyzed 
9 days later for IgG1 and IgG2c expression among GC B cells (A) and PB (B). 
Statistical significance was assessed by two-tailed unpaired t-test. **P < 0.01; ***P < 0.001. ns, 
not significant. Data are expressed as mean ± SEM. Each symbol represents an individual mouse. 
Data are representative of two independent experiments with three to five mice per group. 
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Figure 13: Tfh cells produce minimal levels of IL-4 protein during type 1 immune responses 
(A) C57BL/6N WT and Il4−/− mice were immunized i.n. with LPS/NP19OVA (LPS) or 
Alternaria/NP19OVA (Alt), and medLN were analyzed 7 days later. Representative flow plots of 
IL-4 protein production in Tfh cells in the following conditions from left to right: 1) WT mice 
immunized with LPS/NP19OVA, 2) WT mice immunized with Alternaria/NP19OVA, 3) Il4−/− mice 
immunized with Alternaria/NP19OVA, 4) WT mice immunized with Alternaria/NP19OVA and 
stained with an anti-IL-4 isotype control antibody, 5) WT mice immunized with 
Alternaria/NP19OVA and stained with an anti-IL-4 antibody without PMA/ionomycin stimulation. 
(B) C57BL/6N WT were infected i.n. with PR8, and medLN were analyzed 7 days later. 
Representative flow plot of IL-4 protein production in Tfh cells. 
(C) Frequency of IL-4 protein production in Tfh cells 7 days following i.n. administration of 
LPS/NP19OVA (LPS), Alternaria/NP19OVA (Alt), or PR8. 
Statistical significance was assessed by two-tailed unpaired t-test. ***P < 0.001. Data are 
expressed as mean ± SEM. Each symbol represents an individual mouse. Data in (A, B, and C 
[right]) are from one experiment. Data in (C [left]) are representative of three independent 
experiments with three to four mice per group. 
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(Fig. 14, A and B), suggesting that transcriptional activation is one mechanism by which Tfh cells 

limit IL-4 protein production during type 1 immune responses. Corroborating the 4get reporter 

results, Il4 transcript levels were reduced in Tfh cells sorted from mice immunized with 

LPS/NP19OVA compared to Alternaria/NP19OVA (Fig. 14C). Tfh cells were the only CD4+ T cell 

subset in LPS/NP19OVA-immunized mice that expressed Il4, whereas both Tfh and non-Tfh CD4+ 

T cells expressed Il4 in response to Alternaria/NP19OVA. 

 We next tested whether Tfh cells also leverage post-transcriptional regulatory mechanisms 

to limit IL-4 protein production during type 1 immune responses. To this end, we performed an 

Il4 mRNA degradation assay on Tfh cells sorted from LPS/NP19OVA- and Alternaria/NP19OVA-

immunized mice. Il4 transcripts experienced significant degradation in Tfh cells from both 

conditions without stimulation (Fig. 14D), indicating that Il4 mRNA is highly unstable when Tfh 

cells are not making IL-4 protein, regardless of the type of immune response. However, upon 

stimulation to induce IL-4 protein, Il4 transcripts displayed less degradation in Tfh cells from 

Alternaria/NP19OVA compared to LPS/NP19OVA immunization (Fig. 14D). Decreased Il4 

mRNA stability is therefore another mechanism that constrains IL-4 protein production in Tfh 

cells during type 1 immune responses. Taken together, these results implicate both transcriptional 

and post-transcriptional mechanisms in limiting IL-4 protein, thus ensuring IgG1 but not IgE 

generation in response to microbial stimuli. 

 

Subcellular localization and ribosomal association of Il4 mRNA may provide further insight 

into mechanisms of post-transcriptional regulation 

Stress granules (SGs) and processing bodies are membrane-less compartments that regulate 

mRNA stability and translation (101). These structures are composed of translationally inactive 
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Figure 14: Transcriptional and post-transcriptional regulation limit IL-4 protein production 
by Tfh cells during type 1 immune responses 
(A and B) 4get reporter mice were administered LPS/NP19OVA (LPS), Alternaria/NP19OVA (Alt), 
or PR8 i.n., and medLN were analyzed 7 days later. (A) Representative flow plots of 4get reporter 
expression in Tfh cells. (B) Frequency of 4get reporter expression in Tfh cells. 
(C) Tfh, non-Tfh, and naïve CD4+ T cells were sorted from medLN of C57BL/6N WT mice 7 days 
following i.n. immunization with LPS/NP19OVA (LPS) on Alternaria/NP19OVA (Alt). Il4 
transcripts were quantified by qPCR, normalized to Hprt. 
(D) Tfh cells were sorted from medLN of C57BL/6N WT mice 7 days following i.n. immunization 
with LPS/NP19OVA (LPS) on Alternaria/NP19OVA (Alt). Tfh cells were left unstimulated (left) 
or stimulated with PMA/ionomycin for 40 min (right) before the mRNA degradation assay. Cells 
were collected 0 hr and 2 hr after initiation of Actinomycin D treatment, and Il4 transcripts were 
quantified by qPCR. 
Statistical significance was assessed by either two-tailed unpaired t-test or Welch’s t-test, based 
on the F test for unequal variance. ***P < 0.001; ****P < 0.0001. Data are expressed as mean ± 
SEM. Each symbol represents an individual mouse. Data in (B [left]) are representative of three 
independent experiments with three to four mice per group. Data in (B [right] and D) are from one 
experiment. Data in (C [Tfh]) are aggregated from two independent experiments with two to four 
mice per group. 
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complexes of mRNA and RNA-binding proteins (RBPs), including the translational repressor 

TIA1. In in vitro-cultured Th2 cells, TIA1 has been shown to prevent Il4 translation in primed Th2 

cells before they are re-stimulated (102). In human osteoarthritis chondrocytes, translational 

suppression of Cox2 mRNA has been visualized by mRNA co-localization with TIA1 and 

additional SG RBPs, TIAR and G3BP1 (103). To first establish the feasibility of visualizing Il4 

mRNA localization, we performed Il4 mRNA fluorescence in situ hybridization (FISH) on in 

vitro-cultured Th2 cells. Il4 mRNA was detectable by FISH in WT Th2 cells but not in Il4−/− Th2 

cells, demonstrating the specificity of this technique (Fig. 15A). Furthermore, we performed Il4 

mRNA FISH on Tfh cells sorted from mice immunized with LPS/NP19OVA or 

Alternaria/NP19OVA (Fig. 15B). This demonstrated increased levels of Il4 mRNA in Alternaria-

induced Tfh cells compared to LPS-induced Tfh cells, consistent with prior Il4 qPCR results (Fig. 

14C). We are currently optimizing the protocol for co-staining RBPs, which will allow us to 

evaluate whether Il4 mRNA is co-localized with SGs and/or processing bodies in Tfh cells sorted 

from type 1 versus type 2 immune responses. 

 We also sought to investigate whether IL-4 protein production in Tfh cells is regulated by 

differential association of Il4 mRNA with ribosomes. To study this, we used the RiboTag mouse 

crossed with a Cd4Cre mouse (104). In RiboTagfl/flCd4Cre mice, expression of Cre recombinase in 

CD4+ cells mediates the incorporation of a hemagglutinin (HA) tag onto the ribosomal protein 

subunit RPL22 (104). The HA tag can then be used to immunoprecipitate polysomes and their 

associated mRNA transcripts. Performing Il4 qPCR on total RNA and immunoprecipitated RNA 

quantifies the percentage of Il4 mRNA transcripts that are polysome-associated, which serves as 

an indication of translational efficiency (104). This method works with inputs as low as 50,000 

cells (105), making it well-suited for studying sorted Tfh cells. We first validated HA expression 
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Figure 15: Subcellular localization and ribosomal association of Il4 mRNA may provide 
further insight into mechanisms of post-transcriptional regulation 
(A) CD4+ T cells from C57BL/6N WT and Il4−/− mice were cultured in vitro with a Th2-polarizing 
cocktail. After 5 days of culture, Th2 cells were restimulated with PMA/ionomycin, and Il4 mRNA 
FISH was performed. Images were acquired on a Leica TCS SP5 confocal microscope (60X). 
(B) Tfh cells were sorted from medLN of C57BL/6N WT mice 7 days following i.n. immunization 
with LPS/NP19OVA (LPS) on Alternaria/NP19OVA (Alt). After PMA/ionomycin stimulation, Il4 
mRNA FISH was performed. Images were acquired on a Nikon TiE spinning disk confocal 
microscope (100X). 
(C) Circulating T cells from RiboTagfl/flCd4Cre, RiboTagfl/WTCd4Cre, and RiboTagfl/fl mice were 
stained intracellularly for HA. 
Data are from one experiment. 
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in T cells from RiboTagfl/flCd4Cre mice and also successfully performed immunoprecipitation of 

ribosome-associated Il4 mRNA using in vitro-cultured RiboTagfl/flCd4Cre Th2 cells (Fig. 15C and 

data not shown). We are currently optimizing the RiboTag procedure to perform on Tfh cells sorted 

from RiboTagfl/flCd4Cre mice immunized with type 1 versus type 2 adjuvants. 

 

Discussion and future directions 

Antibody isotype is a critical determinant of the effector response to a given immune stimulus. 

Type 1 immune responses to microbial stimuli are typified by the production of IgG2 and IgG1 

antibodies. Type 2 immune responses to allergens and helminths involve the generation of IgE and 

IgG1 antibodies. Our work demonstrates the role of Tfh cell-derived IL-4 as a rheostat for the 

appropriate induction of IgG1 versus IgE antibodies during type 1 and type 2 immune responses. 

Tfh cells in type 1 immune responses produced minimal amounts of IL-4 to stimulate IgG1 class 

switching but not induce IgE. Tfh cells in type 2 immune responses produced high levels of IL-4, 

which was required for IgE. We also found that reduced Il4 transcriptional activation and mRNA 

stability help constrain IL-4 protein production, with potentially additional contribution from other 

post-transcriptional regulatory mechanisms. 

 Our findings that IL-4 levels modulate the induction of IgG1 versus IgE are consistent with 

prior literature. In in vitro cultures of LPS-stimulated murine B cells, IgE production increases 

proportionally with the concentration of IL-4 added (106). Furthermore, Il4-hemizygous mice 

immunized with OVA/aluminum hydroxide demonstrate drastic impairment of OVA-specific IgE 

antibodies, while OVA-specific IgG1 is minimally affected (107). As CD4+ T cells in Il4-

hemizygous mice produce at least two-fold less IL-4 protein compared to controls (107), these 

results suggest that there is a threshold requirement of IL-4 for IgE production. Below the threshold, 
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IgE production is abrogated, but IgG1 can still be made. Our work adds to these studies by 

implicating Tfh cells as the source of IL-4 that dictates IgG1 versus IgE in vivo, as well as relating 

this regulation to the appropriate induction of antibody isotypes in type 1 versus type 2 immune 

responses. 

 Our work also showed that Tfh cell-derived IL-4 is dispensable for GC B cell formation 

and plasmablast differentiation during type 1 immune responses. Tfh cell-derived IL-4 has been 

thought to support GC B cells due to its potent effects on B cell proliferation and differentiation in 

vitro (108). However, in vivo studies have reached conflicting conclusions about the requirement 

of IL-4 or STAT6 signaling for GC formation (109–112). Later observations that type 2 but not 

type 1 immune responses rely on IL-4 for GC formation help to reconcile these conflicting findings, 

and our results further confirm that IL-4 from Tfh cells is not required for GCs during type 1 

immune responses (110, 112, 113). The absence of IL-4 in vivo may also be compensated by IL-

21, another canonical Tfh cell cytokine that promotes B cell proliferation and differentiation and 

is highly expressed during type 1 immune responses (19, 110). It has further been argued that other 

sources of IL-4, such as NKT cells, support GC B cells, but the actual effect of IL-4 deficiency or 

blockade on GC B cell induction in that study was minimal (97). 

 To fine-tune the levels of IL-4 protein they produce, Tfh cells likely leverage multiple 

transcriptional and post-transcriptional regulatory mechanisms. We identified reduced Il4 

transcriptional activation and mRNA stability as two mechanisms operating in Tfh cells during 

type 1 immune responses, with ongoing experiments to investigate the roles of Il4 mRNA 

subcellular localization and ribosomal association in further regulating IL-4 protein production. 

As differences in Il4 transcriptional activation are likely a major driver of the divergent patterns 
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of IL-4 protein production, future work will investigate mechanisms of Il4 transcriptional 

activation in Tfh cells from type 1 versus type 2 immune responses. 

 Prior studies have reported divergent mechanisms of Il4 transcriptional activation between 

Th2 cells and Tfh cells involving different Il4 enhancers and transcription factors. While Th2 cells 

utilize hypersensitivity site 2 (HS2) and Rad50 hypersensitive site 6 (RHS6) for Il4 expression, 

Tfh cells instead require hypersensitivity site V (HS V), also known as conserved noncoding 

sequence 2 (CNS2) (114–117). In turn, the enhancers active in Th2 cells are bound by GATA3, 

whereas those active in Tfh cells are bound by BATF (114, 118, 119). It was previously thought 

that Tfh cells do not express GATA3 due to suppression by Tfh transcription factor BCL6 (21, 22, 

120). In addition, studies using viral or helminth infection found no Gata3 induction in Tfh cells 

(96, 121). However, multiple studies have since shown that Tfh cells can co-express BCL6 and 

GATA3 during particular type 2 immune responses, including Alternaria immunization (44, 122). 

Thus, it is possible that GATA3, HS2, and RHS6 cooperate to drive high Il4 expression in Tfh 

cells from type 2 allergic responses, whereas BATF and HS V/CNS2 promote a lower level of Il4 

transcriptional activation in Tfh cells from type 1 immune responses. 

To test this, we could identify Il4 enhancers with open chromatin and permissive chromatin 

modifications by performing ATAC-seq as well as CUT&RUN for H3K9ac, H3K14ac, H3K4me2, 

and H3K4me3 on Tfh cells from type 1 versus type 2 immune responses (123, 124). After 

identifying the active enhancers for each condition, we could then use mice that lack each of these 

enhancers to assess the effect on IL-4 production and thus functionally validate the role of each 

enhancer. We could also map BATF and GATA3 binding in Tfh cells using CUT&RUN, which 

would show whether these two transcription factors work cooperatively in Tfh cells from type 2 
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immune responses to boost Il4 transcriptional activation, and whether BATF demonstrates 

different binding patterns in type 1 versus type 2 Tfh cells. 

 In addition, we could further investigate post-transcriptional regulatory mechanisms using 

unbiased approaches. Our ongoing experiments to test whether Il4 mRNA is co-localized with SGs 

and processing bodies rely on staining RBPs with known inhibitory function in non-Tfh cell types. 

To complement this approach, we could use biotinylated DNA oligonucleotides to capture Il4 

mRNA and any associated proteins from Tfh cells (125). We could then profile the proteins by 

mass spectrometry, which may reveal new RBPs that regulate Il4 mRNA stability and translation 

specifically in Tfh cells. 

After identifying the transcriptional and post-transcriptional mechanisms that regulate IL-

4 production, we can perturb them to study the effects on IgE induction. For instance, deleting 

GATA3-bound Il4 enhancers may dramatically reduce IL-4 production by Tfh cells and abrogate 

IgE induction during type 2 responses, highlighting the importance of strong Il4 transcriptional 

activation for this antibody isotype. Or, disrupting co-localization of Il4 mRNA with inhibitory 

RBPs may lead to dysregulated IL-4 production and aberrant IgE induction during a type 1 immune 

response, indicating a crucial role for post-transcriptional control as well. These insights into the 

molecular checkpoints that govern antibody isotype switching may help inform strategies to 

mitigate IgE production in pathological conditions such as allergy. 
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§ CHAPTER 4: Nonsteroidal anti-inflammatory drugs dampen the cytokine and antibody 

response to SARS-CoV-2 infection 

 We began this study shortly after the World Health Organization declared COVID-19 a 

pandemic. As public health officials had raised concerns about the use of nonsteroidal anti-

inflammatory drugs (NSAIDs) for treating symptoms of COVID-19 (126, 127), we wanted to 

determine whether and how NSAIDs could affect COVID-19 pathogenesis. While NSAIDs had 

no effect on ACE2 expression, viral entry, or viral replication, we found that they impaired the 

production of proinflammatory cytokines and neutralizing antibodies in a mouse model of SARS-

CoV-2 infection. 

We measured antibody titers at 6 dpi due to the rapid lethality of this model. At this early 

timepoint, antibodies are likely produced by short-lived plasmablasts that may or may not require 

T cell help (128). B cells upregulate cyclooxygenase-2 (COX-2), a target of NSAIDs, following 

activation, and COX-2 inhibition has been found to reduce expression of BLIMP-1 and XBP-1, 

transcription factors required for plasmablast differentiation (129–131). Therefore, it is plausible 

that NSAIDs impair the production of antibodies by B cells by directly interfering with activation 

and/or differentiation. 

Our findings also raise the possibility that NSAIDs may alter the immune response to 

SARS-CoV-2 vaccination. We are currently using mouse models of chronic NSAID treatment and 

samples from patients chronically taking NSAIDs for rheumatological conditions to evaluate the 

potential effect of NSAIDs on the antibody response to SARS-CoV-2 mRNA vaccination. 
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ABSTRACT Identifying drugs that regulate severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection and its symptoms has been a pressing area of investigation
during the coronavirus disease 2019 (COVID-19) pandemic. Nonsteroidal anti-inflamma-
tory drugs (NSAIDs), which are frequently used for the relief of pain and inflammation,
could modulate both SARS-CoV-2 infection and the host response to the virus. NSAIDs
inhibit the enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2), which
mediate the production of prostaglandins (PGs). Since PGs play diverse biological roles
in homeostasis and inflammatory responses, inhibiting PG production with NSAIDs could
affect COVID-19 pathogenesis in multiple ways, including (i) altering susceptibility to
infection by modifying expression of angiotensin-converting enzyme 2 (ACE2), the cell
entry receptor for SARS-CoV-2; (ii) regulating replication of SARS-CoV-2 in host cells; and
(iii) modulating the immune response to SARS-CoV-2. Here, we investigate these poten-
tial roles. We demonstrate that SARS-CoV-2 infection upregulates COX-2 in diverse
human cell culture and mouse systems. However, suppression of COX-2 by two com-
monly used NSAIDs, ibuprofen and meloxicam, had no effect on ACE2 expression, viral
entry, or viral replication. In contrast, in a mouse model of SARS-CoV-2 infection, NSAID
treatment reduced production of proinflammatory cytokines and impaired the humoral
immune response to SARS-CoV-2, as demonstrated by reduced neutralizing antibody
titers. Our findings indicate that NSAID treatment may influence COVID-19 outcomes by
dampening the inflammatory response and production of protective antibodies rather
than modifying susceptibility to infection or viral replication.

IMPORTANCE Public health officials have raised concerns about the use of nonsteroidal
anti-inflammatory drugs (NSAIDs) for treating symptoms of coronavirus disease 2019
(COVID-19). NSAIDs inhibit the enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2), which are critical for the generation of prostaglandins—lipid molecules with
diverse roles in homeostasis and inflammation. Inhibition of prostaglandin production by
NSAIDs could therefore have multiple effects on COVID-19 pathogenesis. Here, we dem-
onstrate that NSAID treatment reduced both the antibody and proinflammatory cytokine
response to SARS-CoV-2 infection. The ability of NSAIDs to modulate the immune
response to SARS-CoV-2 infection has important implications for COVID-19 pathogenesis
in patients. Whether this occurs in humans and whether it is beneficial or detrimental to
the host remains an important area of future investigation. This also raises the possibility
that NSAIDs may alter the immune response to SARS-CoV-2 vaccination.

KEYWORDS SARS-CoV-2, COVID-19, NSAIDs, antibody response

During the ongoing coronavirus disease 2019 (COVID-19) pandemic, a common
concern has been whether widely used anti-inflammatory medications affect the

risk of infection by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
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causative agent of COVID-19, or disease severity. Used ubiquitously for the relief of
pain and inflammation, nonsteroidal anti-inflammatory drugs (NSAIDs) have been one
such target of concern, with the health minister of France and the medical director of
the National Health Service of England recommending the use of acetaminophen over
NSAIDs for treating COVID-19 symptoms (1, 2).

NSAIDs function by inhibiting the cyclooxygenase (COX) isoforms COX-1 and COX-
2. COX-1 is constitutively expressed in most cells, while COX-2 expression is induced by
inflammatory stimuli (3). COX-1 and COX-2 metabolize arachidonic acid into prosta-
glandin H2, which can then be converted to several different bioactive prostaglandins
(PGs), including PGD2, PGE2, PGF2a, and PGI2 (3). PGs signal through specific receptors
to perform diverse roles, such as regulating immune responses and gastrointestinal
barrier integrity (3). Several potential hypotheses have linked NSAID use and COVID-19
pathogenesis. First, it has been suggested that NSAID use may upregulate angiotensin-
converting enzyme 2 (ACE2), the cell entry receptor for SARS-CoV-2, and increase the
risk of infection (4, 5). Second, NSAIDs may directly affect SARS-CoV-2 replication, since
COX signaling has been shown to regulate replication of other viruses, including
mouse coronavirus (6). Third, given their anti-inflammatory properties, NSAIDs may
impair the immune response to SARS-CoV-2 and delay disease resolution or, alterna-
tively, dampen the cytokine storm associated with severe disease (1). Therefore, given
the widespread use of NSAIDs, evaluation of the interaction between NSAIDs and
SARS-CoV-2 is warranted.

NSAIDs may modulate multiple stages of the SARS-CoV-2 life cycle. As described
above, one potential mechanism is that NSAIDs could lead to ACE2 upregulation and
thus increase susceptibility to SARS-CoV-2. Ibuprofen treatment of diabetic rats was
found to increase ACE2 expression in the heart (7). In addition, inhibition of the PGE2
receptor EP4 in human and mouse intestinal organoids increases ACE2 expression (8),
suggesting that NSAID inhibition of COX/PGE2 signaling could similarly lead to ACE2
upregulation. NSAIDs could also affect a later stage of the SARS-CoV-2 life cycle. For
porcine sapovirus, feline calicivirus, murine norovirus, and mouse coronavirus, COX in-
hibition impairs viral replication (6, 9, 10). COX inhibition was found to impair mouse
coronavirus infection at a postbinding step early in the replication cycle, potentially
entry or initial genome replication (6). Furthermore, SARS-CoV, the closest relative of
SARS-CoV-2 among human coronaviruses and cause of the 2002-2003 epidemic (11),
stimulates COX-2 expression via its spike and nucleocapsid proteins (12, 13), indicating
the potential relevance of this pathway for SARS-CoV-2.

NSAIDs could also regulate the immune response to SARS-CoV-2 in multiple ways
that ameliorate or exacerbate COVID-19. While mounting an immune response is nec-
essary for clearing SARS-CoV-2 infection and establishing immunological memory to
combat reinfection, it has also been appreciated that hyperinflammatory responses
underlie the pathology of severe COVID-19 (14). Studies using immunomodulatory
agents to treat COVID-19 suggest that immunostimulation is helpful early in the dis-
ease course, whereas immunosuppression may be more beneficial later (14). For exam-
ple, dexamethasone treatment decreases mortality in COVID-19 patients on respiratory
support but is potentially harmful for those with milder disease, suggesting that late-
stage disease is mediated by hyperinflammation and therefore benefits from immuno-
suppression (15). Disease severity and mortality in COVID-19 patients is associated with
elevated levels of proinflammatory cytokines, including interleukin-1b (IL-1b), IL-6,
interferon gamma (IFN-g), and tumor necrosis factor alpha (TNF-a), as well as chemo-
kines such as CCL2, CCL4, CXCL9, and CXCL10 (16, 17). Since PGs can regulate and
amplify the production of these cytokines (18, 19), NSAIDs could potentially mitigate
the hyperinflammatory pathology of COVID-19. However, PGs can also be immunosup-
pressive in certain contexts, such that NSAIDs may instead promote immune
responses. For instance, PGD2 and PGE2 have been shown to impair both innate and
adaptive immunity to influenza A virus, with PGD2 having a similar impact on SARS-
CoV (20, 21). In addition, PGD2 signaling prevents excessive inflammasome activation
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during murine coronavirus-induced encephalitis (22). Therefore, reducing PGD2 and
PGE2 levels with NSAID treatment could improve the induction of antiviral immunity
and yet also promote hyperinflammatory responses. Conversely, NSAID treatment
could have detrimental effects on resolution of infection by inhibiting production of
PGI2, which is antiviral in respiratory syncytial virus infection (23). Furthermore, NSAIDs
may inhibit antibody production to SARS-CoV-2, which has been observed for other
viruses, but the effect of this on disease severity is unclear as antibodies can be protec-
tive or pathogenic (24, 25). Altogether, given the complex and sometimes conflicting
roles of PGs, it is difficult to predict the overall effect of NSAIDs on the immune
response to SARS-CoV-2 and, ultimately, disease outcome.

We therefore systematically assessed the effect of NSAIDs on SARS-CoV-2 infection
and the immune response to SARS-CoV-2. We found that SARS-CoV-2 infection
induced COX-2 expression in human cells and mice. However, suppression of COX-2 by
two commonly used NSAIDs, ibuprofen and meloxicam, had no effect on ACE2 expres-
sion, viral entry, or viral replication. In a mouse model of SARS-CoV-2 infection, NSAID
treatment impaired the production of proinflammatory cytokines and neutralizing anti-
bodies but did not affect weight loss, viral burden, or activation of innate and adaptive
immune cells in the lung. These results indicate that NSAID use in humans may affect
COVID-19 pathogenesis by mitigating the inflammatory response and the production
of protective antibodies rather than by directly influencing viral replication.

RESULTS
SARS-CoV-2 infection induces PTGS2 expression in human cells and mice. To

determine the role of the COX-2 pathway in SARS-CoV-2 infection, we evaluated induc-
tion of PTGS2 (encoding COX-2) in human cells and mice. We found that SARS-CoV-2
infection of human lung cancer cell line Calu-3 led to significant upregulation of PTGS2
(Fig. 1A). This is consistent with RNA sequencing (RNA-seq) data sets of SARS-CoV-2-
infected Calu-3 cells and ACE2-overexpressing A549 cells, another lung cancer cell line
(Fig. 1B and C) (26). However, infection of human liver cancer cell line Huh7.5 did not
lead to significant PTGS2 induction, demonstrating cell type specificity of PTGS2 induc-
tion by SARS-CoV-2 (Fig. 1D).

We next assessed whether SARS-CoV-2 induces PTGS2 in a more physiologically rel-
evant cell culture system. We cultured primary human bronchial epithelial cells
(HBECs) for 28 days at an air-liquid interface, which supports pseudostratified mucocili-
ated differentiation providing an in vitro model of airway epithelium (27). We infected
HBECs with SARS-CoV-2 at the apical surface of the culture and then performed single-
cell RNA sequencing at 1, 2, and 3 days postinfection (dpi) (28). As we previously
reported that ciliated cells in air-liquid interface cultures are the major target of infec-
tion (28), we looked for PTGS2 induction in this cell type. Aggregating ciliated cells
across the three time points, we found that infected ciliated cells expressed higher lev-
els of PTGS2 compared to uninfected bystander ciliated cells (Fig. 1E), indicating that
PTGS2 is also induced by SARS-CoV-2 in a cell-intrinsic manner in ciliated cells, a physi-
ologically relevant target cell.

To determine the relevance of these findings in vivo, we utilized transgenic mice
expressing human ACE2 driven by the epithelial cell keratin 18 promoter (K18-hACE2)
(29). As SARS-CoV-2 does not efficiently interact with mouse ACE2 (4), human ACE2-
expressing mice are required to support SARS-CoV-2 infection (30–35). K18-hACE2
mice were initially developed as a model of SARS-CoV infection and have recently
been demonstrated as a model of severe SARS-CoV-2 infection in the lung (29, 36). We
found that intranasal infection of K18-hACE2 mice with SARS-CoV-2 led to significant
upregulation of Ptgs2 in the lung at multiple time points postinfection (Fig. 1F), consist-
ent with recent SARS-CoV-2-infected K18-hACE2 lung RNA-seq data (Fig. 1G) (36).
Taken together, these results demonstrate that SARS-CoV-2 infection induces PTGS2 in
diverse in vitro and in vivo airway and lung systems, across multiple independent
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studies. These findings therefore suggest that COX-2 signaling may be a relevant path-
way for regulating SARS-CoV-2 infection or the immune response to the virus.

NSAID treatment does not affect ACE2 expression in human cells and mice. We
next explored whether inhibition of COX-2 could affect viral infection by regulating
ACE2 expression, as has been reported in studies of diabetic rats and intestinal organo-
ids (7, 8). We utilized two NSAIDs, the nonselective COX-1/COX-2 inhibitor ibuprofen
and the selective COX-2 inhibitor meloxicam, which are commonly used clinically. We
determined the maximum nontoxic doses of ibuprofen and meloxicam on Calu-3 and
Huh7.5 cells (Fig. 2A and B) and demonstrated that both drugs are bioactive in Calu-3
cells, as measured by reduced PGE2 levels (Fig. 2C). Treatment of Calu-3 or Huh7.5 cells
with ibuprofen or meloxicam did not significantly affect ACE2 expression (Fig. 2D and
E). To test whether NSAID treatment affects Ace2 expression in diverse tissues in vivo,
we treated C57BL/6 mice with therapeutic doses of ibuprofen and meloxicam (37–40),
which did not lead to changes in Ace2 expression in the lung, heart, kidney, or ileum
(Fig. 2F to I). These data indicate that inhibition of the COX-2 pathway by NSAIDs does
not affect ACE2 expression in multiple cell and tissue types in vitro or in vivo.

NSAID treatment does not affect SARS-CoV-2 entry or replication in vitro. To
assess whether NSAID treatment functionally affects SARS-CoV-2 entry, we used a ve-
sicular stomatitis virus (VSV) core expressing Renilla luciferase pseudotyped with the
SARS-CoV-2 spike protein (SARS2-VSVpp). We used VSV glycoprotein (G) pseudovirus
(G-VSVpp) as a control (41, 42). Quantification of luciferase activity showed that

FIG 1 SARS-CoV-2 infection induces PTGS2 expression in human cells and mice. (A) Calu-3 cells were infected
with SARS-CoV-2 at an MOI of 0.05. PTGS2 expression was measured at 2 dpi, normalized to ACTB. (B and C)
PTGS2 expression in Calu-3 (B) and ACE2-overexpressing A549 (A549-ACE2) (C) cells following SARS-CoV-2
infection. The data are from GSE147507 (26). (D) Huh7.5 cells were infected with SARS-CoV-2 at an MOI of 0.05.
PTGS2 expression was measured at 2 dpi, normalized to ACTB. (E) HBECs were cultured at an air-liquid interface
and then infected at the apical surface with 104 PFU of SARS-CoV-2. Cells were collected at 1, 2, and 3 dpi for
single-cell RNA sequencing (scRNA-seq) (28). A volcano plot of differentially expressed genes in infected versus
bystander ciliated cells pooled from all time points is shown. PTGS2 is highlighted. (F) K18-hACE2 mice were
infected intranasally with 1.2� 106 PFU of SARS-CoV-2. Ptgs2 expression in the lung was measured at 0, 2, 4,
and 7 dpi. (G) Ptgs2 expression in the lung of K18-hACE2 mice following intranasal SARS-CoV-2 infection. The
data are from GSE154104 (36). All data points in this figure are presented as means 6 the standard errors of
the mean (SEM). Data were analyzed by Welch’s two-tailed, unpaired t test (A, D, and F); Student two-tailed,
unpaired t test (B, C, and G); and two-sided Mann-Whitney U test with continuity and Benjamini-Hochberg
correction (E). *, P , 0.05; ***, P , 0.001; ****, P , 0.0001. Data in panels A and D are representative of two
independent experiments with three replicates per condition.
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FIG 2 NSAID treatment does not affect ACE2 expression in human cells and mice. (A and B) Calu-3 (A) and
Huh7.5 (B) cells were treated with different concentrations of ibuprofen or meloxicam for 48 h. Cell viability
was measured and calculated as a percentage of no treatment. (C) Calu-3 cells were treated with DMSO,
50mM ibuprofen, or 50mM meloxicam for 48 h. The levels of prostaglandin E2 (PGE2) were measured in the
supernatant. The dotted line represents the limit of detection. (D and E) Calu-3 (D) and Huh7.5 (E) cells
were treated with DMSO, 50mM ibuprofen, or 50mM meloxicam for 24 h. ACE2 expression was measured
and normalized to ACTB. (F to I) C57BL/6 mice were treated intraperitoneally with DMSO, 30mg/kg
ibuprofen, or 1mg/kg meloxicam daily for 4 days. Ace2 expression was measured in the lung (F), heart (G),
kidney (H), and ileum (I), normalized to Actb. All data points in this figure are presented as means 6 the
SEM. Data were analyzed by Welch’s two-tailed, unpaired t test (C to I). **, P , 0.01; ns, not significant.
Data in panels A to E are representative of two independent experiments with three replicates per
condition; data in panels F to I are pooled from two independent experiments with a total of four to six
mice per condition.

Effect of NSAIDs on SARS-CoV-2 Infection Journal of Virology

April 2021 Volume 95 Issue 7 e00014-21 jvi.asm.org 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
24

 N
ov

em
be

r 
20

21
 b

y 
73

.6
9.

23
0.

25
3.

83

https://jvi.asm.org


pretreatment of Calu-3 or Huh7.5 cells with ibuprofen or meloxicam did not signifi-
cantly affect SARS2-VSVpp or G-VSVpp entry (Fig. 3A and B), confirming that NSAID in-
hibition of COX-2 does not impact susceptibility to infection.

Next, we studied whether COX-2 inhibition affects SARS-CoV-2 replication. Viruses
from several different families have been shown to induce COX-2 signaling in host
cells, which can have either proviral or antiviral functions (9, 43, 44). To this end, we uti-
lized a replication-competent SARS-CoV-2 expressing a mNeonGreen reporter (icSARS-
CoV-2-mNG) to study the effect of COX-2 inhibition by NSAIDs on viral replication (45).
We assessed icSARS-CoV-2-mNG replication in Calu-3 cells, which upregulate PTGS2 in
response to SARS-CoV-2 infection (Fig. 1A and B), and Huh7.5 cells, which do not (Fig.
1D). By quantifying the percentage of mNeonGreen-expressing cells, we found that
treatment of Calu-3 or Huh7.5 cells with ibuprofen or meloxicam did not impact
icSARS-CoV-2-mNG replication (Fig. 3C and D). These results indicate that SARS-CoV-2
induction of the COX-2 pathway in Calu-3 human lung cells does not regulate viral
replication.

NSAID treatment does not affect SARS-CoV-2-induced weight loss or lung viral
burden in mice. Since NSAIDs do not directly affect SARS-CoV-2 entry or replication
in vitro, we next investigated whether they regulate SARS-CoV-2 replication and im-
munity in vivo. We treated K18-hACE2 mice with meloxicam 1 day prior to SARS-
CoV-2 infection and continued daily meloxicam treatment throughout the course
of the infection. Dimethyl sulfoxide (DMSO) control- and meloxicam-treated K18-
hACE2 mice experienced similar weight loss beginning at 5 dpi (Fig. 4A). In addition,
viral lung burden at 6 dpi was similar between infected DMSO- and meloxicam-
treated mice (Fig. 4B), suggesting that meloxicam does not affect viral replication
in vitro or in vivo.

FIG 3 NSAID treatment does not affect SARS-CoV-2 entry or replication in vitro. (A and B) Calu-3 (A) and Huh7.5 (B) cells were
pretreated with DMSO, 50mM ibuprofen, or 50mM meloxicam for 24 h and then infected with SARS2-VSVpp or G-VSVpp
expressing Renilla luciferase. Luminescence was measured at 24 h postinfection (hpi) and normalized to DMSO for each infection.
(C and D) Calu-3 (C) and Huh7.5 (D) cells were pretreated with DMSO, 50mM ibuprofen, or 50mM meloxicam for 24 h and then
infected with mNeonGreen reporter replication-competent SARS-CoV-2 (icSARS-CoV-2-mNG) at an MOI of 1. The frequency of
infected cells was measured by mNeonGreen expression at 1, 2, and 3 dpi. All data points in this figure are presented as means 6
the SEM. Data were analyzed by Student two-tailed, unpaired t test (A and B) and two-way ANOVA (C and D). ns, not significant.
Data in panels A and B are representative of two independent experiments with four replicates per condition; data in panels C
and D are representative of two independent experiments with five replicates per condition.
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NSAID treatment does not affect innate or adaptive immune cell activation in
the lungs of SARS-CoV-2-infected mice. As NSAIDs regulate inflammation, we next
assessed whether NSAIDs perturb the host immune response to SARS-CoV-2 in mice.
First, we characterized the abundance and activation status of innate and adaptive
immune cell types in the lung at 6 dpi (gating strategy is shown in Fig. S1A and B in
the supplemental material). SARS-CoV-2 infection led to a slight decrease in alveolar
macrophage abundance and upregulation of activation marker CD86. However, this
was not modified by meloxicam treatment (Fig. 5A and B). Neutrophil counts were not
significantly altered by infection or meloxicam treatment at this time point (Fig. 5C).
Activated CD691 NK cells increased with infection in both DMSO and meloxicam-
treated mice (Fig. 5D). Ly6C1 monocyte/macrophage numbers and expression of acti-
vation markers CD86, MHCII, and CD64 all increased following SARS-CoV-2 infection
but were not affected by meloxicam treatment (Fig. 5E to H). Furthermore, activated
(CD441 CD691) T cell populations, including CD41 T cells, CD81 T cells, and gd T cells,
increased with infection but were not significantly affected by concomitant meloxicam
treatment (Fig. 6A to C). In contrast, B cells were decreased in the lungs of infected
mice, independent of meloxicam treatment (Fig. 6D). Together, these results indicate
that meloxicam treatment does not affect the overall numbers and activation status of
innate or adaptive immune cells in the lung during SARS-CoV-2 infection.

NSAID treatment impairs systemic neutralizing antibody responses to SARS-
CoV-2. While meloxicam did not alter the abundance of immune cell populations in
the lung, NSAID treatment might regulate the function of these cell types. To assess
the effect of meloxicam treatment on antibody production in infected mice, we meas-
ured the serum levels of spike-specific IgM and IgG antibodies at 6 dpi. DMSO-treated
mice demonstrated detectable levels of both spike-specific IgM and IgG antibodies,
which were significantly reduced in meloxicam-treated mice (Fig. 6E and F).
Corroborating the difference in antibody titers, serum from DMSO-treated mice
exhibited greater neutralization capacity compared to serum from meloxicam-
treated mice (Fig. 6G).

NSAID treatment dampens the induction of proinflammatory cytokines that
are upregulated by SARS-CoV-2 infection in mice. Finally, we studied whether
NSAID treatment modulates the cytokine response to SARS-CoV-2 infection. SARS-CoV-
2 infection led to increased production of proinflammatory cytokines (IL-1b , IL-6, IFN-g,
TNF-a, and granulocyte-macrophage colony-stimulating factor [GM-CSF]); T cell
growth factors (IL-2); and chemokines (CCL2, CCL4, CXCL9, and CXCL10) that have
been associated with disease severity and mortality in COVID-19 patients (Fig. 7A) (16,
17). Among uninfected mice, meloxicam treatment led to minimal changes in cytokine

FIG 4 NSAID treatment does not affect SARS-CoV-2-induced weight loss or lung viral burden in mice. (A and B)
K18-hACE2 mice were treated intraperitoneally with DMSO or 1mg/kg meloxicam daily for 7 days starting 1 day
prior to infection. K18-hACE2 mice were infected intranasally with 103 PFU of SARS-CoV-2 or left uninfected
and monitored daily. (A) Weight change expressed as a percentage of initial weight. (B) Viral burden in the
lungs at 6 dpi measured by plaque assay. All data points in this figure are presented as means 6 the SEM.
Data were analyzed by two-way ANOVA (A) and Student two-tailed, unpaired t test (B). **, P , 0.01; ****, P ,
0.0001; ns, not significant. Data in panels A and B are pooled from two independent experiments with a total
of six mice per condition.
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production (Fig. 7B; see also Fig. S2 in the supplemental material). Among infected
mice, meloxicam treatment decreased the production of a subset of cytokines upregu-
lated by infection, including IL-6, CCL2, GM-CSF, CXCL10, IL-2, and TNF-a, while others
were unaffected (Fig. 7C and D; see also Fig. S2). Together, these results demonstrate
that NSAID treatment partially dampens the cytokine response to SARS-CoV-2
infection.

DISCUSSION

Given the concerns about NSAID use in patients with COVID-19, we studied
whether NSAIDs affect SARS-CoV-2 infection and the immune response to the virus.
We found that SARS-CoV-2 infection induced PTGS2 upregulation in diverse systems,
including Calu-3 and A549 lung cancer cell lines, primary HBEC air-liquid interface cul-
tures, and the lungs of K18-hACE2 mice. Inhibition of COX-2 with the commonly used
NSAIDs ibuprofen and meloxicam did not affect ACE2 expression in multiple cell and
tissue types in vitro or in vivo, nor did it affect SARS-CoV-2 entry or replication. In K18-
hACE2 mice infected with SARS-CoV-2, NSAID treatment impaired the production of
neutralizing antibodies and proinflammatory cytokines but did not influence weight
loss, viral burden, or activation state of innate and adaptive immune cells in the lung.
Our findings therefore rule out a direct effect of NSAIDs on SARS-CoV-2 infection but
indicate that NSAIDs could modulate COVID-19 severity by dampening production of
neutralizing antibodies and inflammatory cytokines.

An important question arising from our findings is how SARS-CoV-2 infection indu-
ces COX-2 expression. One possibility is that the pattern recognition receptor retinoic
acid inducible gene-I (RIG-I), which can recognize double-stranded RNA generated dur-
ing viral genome replication and transcription (46), may drive this response. Indeed,

FIG 5 NSAID treatment does not affect innate immune cell activation in the lungs of SARS-CoV-2-infected mice. (A to H) K18-hACE2 mice
were treated intraperitoneally with DMSO or 1mg/kg meloxicam daily for 7 days starting 1 day prior to infection. K18-hACE2 mice were
infected intranasally with 103 PFU of SARS-CoV-2 or left uninfected. Flow cytometric analysis of the lungs at 6 dpi for alveolar macrophage
(MU) counts (A) and expression of CD86 (B), neutrophil counts (C), activated CD691 natural killer (NK) cell counts (D), and Ly6C1 monocyte/
macrophage (Mo/MU) counts (E) and expression of CD86 (F), MHCII (G), and CD64 (H) results are shown. All data points in this figure are
presented as means 6 the SEM. Data were analyzed by two-tailed Mann-Whitney test (A to H). *, P , 0.05; **, P , 0.01; ****, P , 0.0001; ns,
not significant. Data in panels A to H are pooled from two independent experiments with a total of six mice per condition.
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COX-2 induction by influenza A virus is RIG-I-dependent (47), and we showed here that
Huh7.5 cells, which are defective in RIG-I signaling (48), do not upregulate PTGS2 in
response to SARS-CoV-2. Alternatively, SARS-CoV-2 proteins may mediate the induction
of COX-2 through their complex effects on host cells. In the case of SARS-CoV, transfec-
tion of plasmids encoding either the spike or the nucleocapsid genes is sufficient to
stimulate COX-2 expression (12, 13). SARS-CoV spike protein induces COX-2 expression
through both calcium-dependent PKCa/ERK/NF-κB and calcium-independent PI3K/
PKC« /JNK/CREB pathways (13), while the nucleocapsid protein directly binds to the
COX-2 promoter to regulate its expression (12). Any of these potential mechanisms are
consistent with our HBEC scRNA-seq results demonstrating that SARS-CoV-2 increases
PTGS2 expression in a cell-intrinsic manner.

One of the effects of NSAID treatment on the immune response to SARS-CoV-2 was
impairment of early, neutralizing spike-specific antibodies. These early humoral
responses are mediated by short-lived plasmablasts, and their requirement for T cell
help is unclear (49). NSAID treatment could therefore act by inhibiting activation (T
cell-dependent or T cell-independent), proliferation, differentiation, or antibody-secret-
ing capacity of spike-specific B cells and plasmablasts. B cells have been found to up-
regulate COX-2 expression following activation with T cell-dependent and T cell-inde-
pendent stimuli (50, 51), and treatment of purified B cell cultures with NSAIDs reduces
IgM and IgG production (52). COX-2 inhibition reduces expression of BLIMP-1 and XBP-
1 (53), which are essential transcription factors for plasmablast differentiation,

FIG 6 NSAID treatment impairs systemic neutralizing antibody responses but not adaptive immune cell activation in the lungs of SARS-CoV-
2-infected mice. (A to G) K18-hACE2 mice were treated intraperitoneally with DMSO or 1mg/kg meloxicam daily for 7 days starting 1 day
prior to infection. K18-hACE2 mice were infected intranasally with 103 PFU of SARS-CoV-2 or left uninfected. Flow cytometric analysis of the
lungs at 6 dpi for activated CD441CD691 CD41 T cells (A), CD441 CD691 CD81 T cells (B), CD441 CD691 gd T cells (C), and B cells (D) was
performed. (E and F) Spike (S)-specific IgM (E) and IgG (F) titers in the serum at 6 dpi. (G) Neutralizing antibody titers in the serum at 6 dpi
measured by SARS2-VSVpp pseudovirus neutralization assay. Data points in panels A to F are presented as means 6 the SEM. Data points in
panel G are presented as boxplots. Data were analyzed by two-tailed Mann-Whitney test (A to D, G) and Student two-tailed, unpaired t test
(E and F). *, P , 0.05; **, P , 0.01; ns, not significant. Data in panels A to G are pooled from two independent experiments with a total of
four to six mice per condition.
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FIG 7 NSAID treatment dampens the induction of proinflammatory cytokines that are upregulated by SARS-CoV-2 infection in mice. (A to D)
K18-hACE2 mice were treated intraperitoneally with DMSO or 1mg/kg meloxicam daily for 7 days starting 1 day prior to infection. K18-hACE2
mice were infected intranasally with 103 PFU of SARS-CoV-2 or left uninfected. Cytokine levels were measured in lung homogenates at 6 dpi.
(A to C) Volcano plots detailing the differential abundance of cytokines in lung homogenates from infected versus uninfected mice treated
with DMSO (A), uninfected mice treated with meloxicam versus DMSO (B), and infected mice treated with meloxicam versus DMSO (C).
Significantly upregulated (red) and downregulated (blue) cytokines are labeled. (D) Levels of proinflammatory cytokines in lung homogenates
from uninfected mice treated with DMSO, uninfected mice treated with meloxicam, infected mice treated with DMSO, and infected mice
treated with meloxicam. The dotted line represents the upper limit of quantification. Data points in panel D are presented as means 6
the SEM. Data were analyzed by two-tailed Mann–Whitney test (A to D). *, P , 0.05; **, P , 0.01; ns, not significant. Data in panels A to D
are pooled from two independent experiments with a total of six mice per condition. Additional cytokine data are shown in Fig. S2 in the
supplemental material.
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providing a potential mechanism by which NSAIDs impair antibody production. In
addition, in mice infected with vaccinia virus, antiviral antibody production is impaired
by chronic but not acute COX-2 inhibition (24), indicating that the duration of NSAID
treatment may regulate the impact on antibody production. Given that K18-hACE2
mice succumb to lethal SARS-CoV-2 disease within 7 days (36, 54), we could not assess
the effect of NSAID treatment on long-term antibody production. This could be
explored in nonlethal models of SARS-CoV-2 infection, as well as in the setting of
vaccination.

Understanding the effect of NSAID treatment on cytokine production is also critical,
as cytokines may be protective early in COVID-19 but potentially pathological at later
stages, thus informing the timing of immunomodulatory drugs like NSAIDs. We
observed that NSAID treatment decreased the production of a subset of cytokines that
were induced by infection, including IL-6, CCL2, GM-CSF, CXCL10, IL-2, and TNF-a. This
is consistent with prior reports of COX-2 inhibitors decreasing the production of these
cytokines in various inflammatory settings (55–59). Mechanistically, NSAIDs may reduce
production of these cytokines through inhibition of the PGE2/NF-κB positive-feedback
loop, in which NF-κB and COX-2 can reciprocally activate their respective signaling
pathways and amplify inflammatory responses (18, 19, 60).

However, it is less clear whether this dampened cytokine response is beneficial, det-
rimental, or neutral in the setting of COVID-19 given the many roles that cytokines can
play in controlling infection or driving immunopathology. GM-CSF is a myelopoietic
growth factor, as well as proinflammatory cytokine, with pathogenic GM-CSF-produc-
ing Th1 cells being reported in patients with severe COVID-19 (61). Reduction of GM-
CSF production by meloxicam could therefore indicate a beneficial effect of NSAIDs on
restraining hyperinflammatory responses. IL-2, IFN-g, TNF-a can be coproduced by pol-
yfunctional T cells, which play important roles in the control of viral infections, and yet
these cytokines can also promote lethal cytokine shock and tissue damage (62–64). In
addition, while IL-6 is correlated with disease severity in COVID-19, clinical trials block-
ing IL-6 signaling have not shown clear evidence of benefit for patients (65). While we
observed decreased cytokine responses with NSAID treatment in K18-hACE2 mice,
these changes did not translate into differences in weight loss or viral burden, suggest-
ing that these features of the disease may involve other cytokines or pathology at
other sites (e.g., the brain) not affected by NSAID treatment (36, 54). The timing, dura-
tion, and dosing of NSAID treatment may also matter for COVID-19 pathogenesis,
potentially with early treatment impacting the initiation of antiviral immune responses
and later treatment suppressing immune-driven pathology (14). In the present study,
we treated K18-hACE2 mice continuously throughout the course of infection, but it
would be interesting to explore in future work whether limiting NSAID treatment to
particular phases of disease has differential effects on pathogenesis.

Here, we demonstrated that SARS-CoV-2 infection induces COX-2 expression in cell
lines, primary airway epithelial cells, and mice. Inhibition of COX-2 by NSAIDs did not
affect viral entry or replication in vitro or in vivo. However, NSAID treatment impaired
the production of proinflammatory cytokines and neutralizing antibodies in response
to SARS-CoV-2 infection in mice. NSAIDs could therefore have complex effects on the
host response to SARS-CoV-2. While studies thus far have not observed worse clinical
outcomes in COVID-19 patients taking NSAIDs (66–71), evaluation of the breadth, po-
tency, and durability of the humoral immune response is warranted in patients on
NSAIDs in response to both natural infection and vaccination.

MATERIALS ANDMETHODS
Cell lines. Calu-3 and Huh7.5 were from ATCC. Calu-3 cells were cultured in Eagle minimum essential

medium with 10% heat-inactivated fetal bovine serum (FBS), 1% GlutaMAX (Gibco), and 1% penicillin/
streptomycin. Huh7.5 cells were cultured in Dulbecco modified Eagle medium (DMEM) with 10% heat-
inactivated FBS and 1% penicillin/streptomycin. All cell lines tested negative for Mycoplasma spp.

Generation of SARS-CoV-2 stocks. As previously described (42), SARS-CoV-2 P1 stock was gener-
ated by inoculating Huh7.5 cells with SARS-CoV-2 isolate USA-WA1/2020 (BEI Resources, NR-52281) at a
multiplicity of infection (MOI) of 0.01 for 3 days. The P1 stock was then used to inoculate Vero-E6 cells,
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and after 3 days, the supernatant was harvested and clarified by centrifugation (450� g for 5min), fil-
tered through a 0.45-mm filter, and stored in aliquots at –80°C. Virus titer was determined by plaque
assay using Vero-E6 cells (42).

To generate icSARS-CoV-2-mNG stocks (45), lyophilized icSARS-CoV-2-mNG was reconstituted in
0.5ml of deionized water. Then, 50ml of virus was diluted in 5ml of medium and added to 107 Vero-E6
cells. After 3 days, the supernatant was harvested and clarified by centrifugation (450� g for 5min), fil-
tered through a 0.45-mm filter, and stored in aliquots at –80°C.

All work with SARS-CoV-2 or icSARS-CoV-2-mNG was performed in a biosafety level 3 facility with ap-
proval from the office of Environmental Health and Safety and the Institutional Animal Care and Use
Committee at Yale University.

Preparation of NSAIDs. Ibuprofen (I4883) and meloxicam (M3935) were purchased from Sigma-
Aldrich. For cell culture experiments, ibuprofen and meloxicam were solubilized in DMSO at a stock con-
centration of 10mM and then diluted in medium to make working solutions. For mouse experiments,
stock solutions of ibuprofen (300mg/ml) and meloxicam (10mg/ml) were prepared in DMSO and then
diluted 100-fold in phosphate-buffered saline (PBS) to make working solutions. To determine the maxi-
mum nontoxic dose of NSAIDs to use for cell culture experiments, cells were treated with different con-
centrations of ibuprofen or meloxicam for 48 h, and cell viability was measured by a CellTiter-Glo lumi-
nescent cell viability assay (Promega) according to the manufacturer’s instructions.

Mice. C57BL/6J and K18-hACE2 [B6.Cg-Tg(K18-ACE2)2Prlmn/J (29)] were purchased from Jackson
Laboratory. Mice were bred in-house using mating trios to enable utilization of littermates for experi-
ments. Mice of both sexes between 6 and 8weeks old were used for this study. C57BL/6J and K18-hACE2
mice were anesthetized using 30% (vol/vol) isoflurane diluted in propylene glycol (30% isoflurane) and
administered 30mg/kg ibuprofen, 1mg/kg meloxicam, or an equivalent amount of DMSO intraperitone-
ally in a volume of 10ml/kg daily for 4 or 7 days as indicated in the figure legends. K18-hACE2 mice
were anesthetized using 30% isoflurane and administered 1.2� 106 PFU or 103 PFU of SARS-CoV-2
intranasally as indicated in the figure legends. Mice were monitored daily for weight and survival.
Animal use and care was approved in agreement with the Yale Animal Resource Center and
Institutional Animal Care and Use Committee (no. 2018-20198) according to the standards set by the
Animal Welfare Act.

Analysis of RNA-seq data. We utilized RNA-seq data from recent published studies to assess the
impact of SARS-CoV-2 infection on PTGS2 expression. From GSE147507 (26), we reanalyzed the raw
count data from Calu-3 and A549-ACE2 cells, comparing SARS-CoV-2 infection to matched mock-treated
controls. We performed differential expression analysis using the Wald test from DESeq2 (72), using a
Benjamini-Hochberg adjusted P , 0.05 as the cutoff for statistical significance. For visualization of PTGS2
expression, the DESeq2-normalized counts were exported and plotted in GraphPad Prism. Statistical sig-
nificance was assessed using a Student two-tailed, unpaired t test.

For analysis of HBEC air-liquid interface cultures infected with SARS-CoV-2, we utilized a previously
generated catalog of differentially expressed genes that our group recently described in a preprint
study (28). The differential expression table is publicly available (https://github.com/vandijklab/HBEC
_SARS-CoV-2_scRNA-seq). Here, we specifically investigated PTGS2 expression in ciliated cells, compar-
ing infected cells to bystander cells (cells aggregated across the 1, 2, and 3 dpi time points). The cutoff
for statistical significance was set at adjusted P , 0.05, and the results were visualized as a volcano
plot in R.

From GSE154104 (36), we reanalyzed the raw count data from the lungs of K18-hACE2 mice infected
with SARS-CoV-2, performing pairwise comparisons of mice at 2 dpi, 4 dpi, and 7 to 0 dpi controls (prior
to infection). For visualization of Ptgs2 expression, the DESeq2-normalized counts were exported and
plotted in GraphPad Prism. Statistical significance was assessed using a Student two-tailed, unpaired t
test.

PGE2 ELISA. Levels of PGE2 in cell culture supernatants were measured using the Prostaglandin E2
enzyme-linked immunosorbent assay (ELISA) kit (Cayman Chemical) according to the manufacturer’s
instructions. Absorbance was measured at 410 nm on a microplate reader (Molecular Devices), and PGE2
concentrations were calculated using a standard curve.

Quantitative PCR. Cells or tissues were lysed in TRIzol (Life Technologies), and total RNA was extracted
using the Direct-zol RNA Miniprep Plus kit (Zymo Research) according to the manufacturer’s instructions.
cDNA synthesis was performed using random hexamers and ImProm-II reverse transcriptase (Promega).
qPCR was performed with Power SYBR Green (Thermo Fisher) and run on the QuantStudio3 (Applied
Biosystems). Target mRNA levels were normalized to those of ACTB or Actb. The qPCR primer sequences
were as follows: ACTB (human), GAGCACAGAGCCTCGCCTTT (forward) and ATCATCATCCATGGTGAGCTGG
(reverse); PTGS2 (human), AGAAAACTGCTCAACACCGGAA (forward) and GCACTGTGTTTGGAGTGGGT
(reverse); ACE2 (human), GGGATCAGAGATCGGAAGAAGAAAA (forward) and AAGGAGGTCTGAACA
TCATCAGTG (reverse); Actb (mouse), ACTGTCGAGTCGCGTCCA (forward) and ATCCATGGCGAACTG
GTGG (reverse); Ptgs2 (mouse), CTCCCATGGGTGTGAAGGGAAA (forward) and TGGGGGTCAGGGATG
AACTC (reverse); and Ace2 (mouse), ACCTTCGCAGAGATCAAGCC (forward) and CCAGTGGGGCTGATGT
AGGA (reverse).

Pseudovirus production. VSV-based pseudotyped viruses were produced as previously described
(41, 42). Vector pCAGGS containing the SARS-related coronavirus 2, Wuhan-Hu-1 Spike glycoprotein
gene, NR-52310, was produced under HHSN272201400008C and obtained through BEI Resources, NIAID,
NIH. 293T cells were transfected with the pCAGGS vector expressing the SARS-CoV-2 spike glycoprotein
and then incubated with replication-deficient VSV expressing Renilla luciferase for 1 h at 37°C (41). The
virus inoculum was then removed, and the cells were washed with PBS before adding media with anti-
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VSV-G clone I4 to neutralize residual inoculum. No antibody was added to cells expressing VSV-G.
Supernatant containing pseudoviruses was collected 24 h postinoculation, clarified by centrifugation,
and stored in aliquots at –80°C.

Pseudovirus entry and neutralization assays.We plated 3� 104 Calu-3 or 1� 104 Huh7.5 cells in a
100-ml volume in each well of a 96-well plate. The following day, the medium was replaced with 50mM
ibuprofen, 50mM meloxicam, or an equivalent amount of DMSO. One day later, 10ml of SARS-CoV-2
spike protein-pseudotyped (SARS2-VSVpp) or VSV glycoprotein-typed virus was added. The luciferase ac-
tivity was measured at 24 hpi using the Renilla luciferase assay system (Promega). Each well of cells was
lysed with 50ml of lysis buffer, and 15ml of cell lysate was then mixed with 15ml of luciferase assay rea-
gent. The luminescence was measured on a microplate reader (BioTek Synergy).

For neutralization assays, 2� 104 Huh7.5 cells were plated in a 100-ml volume in each well of a 96-
well plate. The following day, serial dilutions of serum were incubated with SARS2-VSVpp pseudovirus
for 1 h at 37°C. The growth medium was then aspirated from the cells and replaced with 50ml of the se-
rum/virus mixture. Luciferase activity was measured at 24 hpi as detailed above. Half-maximal inhibitory
concentrations (IC50s) were calculated as previously described (73).

icSARS-CoV-2-mNG assay. We plated 6.5� 103 Calu-3 or 2.5� 103 Huh7.5 cells in 20ml of phenol
red-free medium containing 50mM ibuprofen, 50mM meloxicam, or an equivalent amount of DMSO in
each well of a black-walled, clear-bottom 384-well plate. The following day, icSARS-CoV-2-mNG was
added at an MOI of 1 in a 5-ml volume. The frequency of infected cells was measured by mNeonGreen
expression at 1, 2, and 3 dpi by high content imaging (BioTek Cytation 5) configured with brightfield
and GFP cubes. The total cell numbers were quantified by Gen5 software for brightfield images. Object
analysis was used to determine the number of mNeonGreen-positive cells. The percentage of infection
was calculated as the ratio of the number of mNeonGreen-positive cells to the total number of cells in
brightfield.

Measurement of lung viral burden and cytokines. Lungs were perfused with 3ml of sterile PBS.
The left lobe was collected and homogenized in 1ml of DMEM supplemented with 2% heat-inactivated
FBS and 1% antibiotic-antimycotic. The viral burden was measured in lung homogenates by plaque
assay on Vero-E6 cells as previously described (42). To measure cytokines, lung homogenates were incu-
bated with a final concentration of 1% Triton X-100 for 1 h at room temperature to inactivate SARS-CoV-
2. Cytokine analysis was performed by Eve Technologies using their Mouse Cytokine Array/Chemokine
Array 31-Plex (MD31) platform.

Flow cytometry analysis of lung immune cells. Lungs were perfused with 3ml of sterile PBS. The
right inferior lobe was collected and digested with 0.5mg/ml collagenase IV (Sigma-Aldrich) and 100 U/
ml DNase I (Sigma-Aldrich) in complete RPMI for 45min at 37°C. Single-cell suspensions of digested lung
tissue were preincubated with Fc block (clone 2.4G2) for 5min at room temperature before staining. The
cells were stained with the following antibodies or viability dyes for 30min at 4°C: PE anti-CD64 (clone
X54-5/7.1), PE/Cy7 anti-Ly6C (clone HK1.4), PerCP/Cy5.5 anti-CD45.2 (clone 104), APC anti-CD86 (clone
GL1), AF700 anti-CD19 (clone 6D5), DAPI (49,69-diamidino-2-phenylindole; Thermo Fisher), BV510 anti-I-
A/I-E (clone M5/114.15.2), BV605 anti-CD11c (clone N418), Live/Dead Fixable Green (Thermo Fisher), PE
anti-TCRg/d (clone GL3), PE/Cy7 anti-CD69 (clone H1.2F3), PerCP/Cy5.5 anti-CD8 (clone 53.6-7), APC anti-
CD45.2 (clone 104), APC/Cy7 anti-TCRb (clone H57-597), AF700 anti-CD4 (clone RM4-5), PB anti-Ly6G
(clone 1A8), BV510 anti-NK1.1 (clone PK136), and BV605 anti-CD44 (clone IM7). After being washed, the
cells were fixed with 4% paraformaldehyde for 30min at room temperature to inactivate SARS-CoV-2.
Samples were acquired on a CytoFLEX S (Beckman Coulter) and analyzed using FlowJo software (BD).

Spike-specific ELISAs. Serum was incubated with a final concentration of 0.5% Triton X-100 and
0.5mg/ml RNase A to inactivate any potential SARS-CoV-2. SARS-CoV-2 stabilized spike glycoprotein (BEI
Resources, NR-53524) was coated at a concentration of 2mg/ml in carbonate buffer on 96-well MaxiSorp
plates (Thermo Fisher) overnight at 4°C. Plates were blocked with 1% BSA in PBS for 1 h at room temper-
ature. Serum samples were serially diluted in 1% BSA in PBS and incubated in plates for 2 h at room tem-
perature. Antibody isotypes were detected with anti-mouse IgM-HRP or anti-mouse IgG Fc-HRP
(Southern Biotech) by incubation for 1 h at room temperature. The plates were developed with TMB sta-
bilized chromogen (Thermo Fisher), stopped with 3 N hydrochloric acid, and read at 450 nm on a micro-
plate reader.

Statistical analysis. Data analysis was performed using GraphPad Prism 8 unless otherwise indi-
cated. Data were analyzed using Welch’s two-tailed, unpaired t test; Student two-tailed, unpaired t test;
two-tailed Mann-Whitney test; or two-way ANOVA, as indicated. P , 0.05 was considered statistically
significant.

Data availability. All previously published data are available as described above. Cytokine data gen-
erated in this study are available in Table S1 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.3 MB.
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§ CHAPTER 5: Conclusion and Implications 

Though Tfh cells are considered the conventional drivers of protective antibody responses, 

our work in Chapter 2 demonstrated that non-Tfh CD4+ T cells can promote antibodies in the 

absence of Tfh cells to diverse immune stimuli, from infection to vaccination. However, it remains 

to be seen whether this Tfh-independent pathway of antibody production still exists when the 

conventional Tfh-dependent pathway is intact. Future work will therefore focus on delineating the 

settings in which non-Tfh CD4+ T cells promote antibody production. In addition to the 

compensatory role of non-Tfh CD4+ T cells that we described, in other settings these cells may 

work collaboratively with Tfh cells to promote robust antibody responses. Or, non-Tfh CD4+ T 

cells and Tfh cells may even promote entirely different antibody responses depending on the 

antigen. For example, prior work from our lab has shown that the serum IgE and gut IgA responses 

to food develop through divergent T-dependent pathways, with IgE being completely Tfh-

dependent and IgA being completely Tfh-independent (132). 

 Thus, perhaps the most exciting question arising from these studies is why particular T cell 

subsets are endowed with the ability to induce certain antibody isotypes during a given immune 

response. For instance, we observed that Tfh cells have the unique ability to induce IgG1 during 

SARS-CoV-2 and influenza A virus infection. As a consequence, IgG1 arises more slowly than 

other IgG subclasses in mice with Tfh cells, and mice without Tfh cells cannot generate any IgG1 

at all while other IgG subclasses are still made. The molecular mechanism for this, shown by our 

work in Chapter 3, is that Tfh cell-derived IL-4 is required for IgG1 switching during type 1 

immune responses. But the teleological basis for Tfh cell-restricted IgG1 induction is less clear. 

One hypothesis is that the role of IgG1 may actually be to limit the inflammatory potential 

of the humoral response (133). While IgG2 antibodies bind activating Fc receptors such as FcγRI 
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and FcγRIV, IgG1 tends to bind Fc receptors like FcγRIIB with more inhibitory function (6). 

Furthermore, it has been shown that IgG1 is necessary and sufficient to prevent IgG3 immune 

complex-mediated immunopathology (134). In the setting of viral infection, IgG1 may therefore 

serve to limit the degree of IgG2-driven inflammation. The slower kinetics of IgG1 production 

may ensure that IgG2-mediated viral clearance can initially proceed unfettered and then later be 

balanced by less inflammatory IgG1 function if the infection persists. In the setting of disrupted 

Tfh cells, IgG2 antibodies are still produced but at lower levels, perhaps obviating the need for 

IgG1 to constrain antibody-mediated inflammation. 

Allergen-specific IgE is another antibody isotype that is completely dependent on Tfh cell 

help (41, 42, 44, 132). In contrast to the Tfh-independent pathway of IgG2 production during viral 

infection, it is unclear why non-Tfh CD4+ T cells are not allowed to promote IgE antibodies to 

allergens. In fact, non-Tfh CD4+ T cells, namely Th2 cells, in the lymph node do express Il4, but 

they only make IL-4 protein after reaching their site of effector function in the peripheral tissues 

(102, 121, 122). Why is there a post-transcriptional checkpoint in place to prevent IL-4 protein 

production by Th2 cells in the lymph node, thus eliminating the possibility of a Tfh-independent 

pathway of IgE generation? This is another interesting question that, if answered, may reveal 

important insight into the rules and restraint of humoral immunity. 

Furthermore, while we found that Tfh-independent antibodies to SARS-CoV-2 maintained 

many of the same qualities as Tfh-dependent antibodies, the Tfh-independent antibody response 

did demonstrate two important distinctions: 1) inability to undergo classical affinity maturation, 

and 2) increased diversity of epitope reactivity. The unique ability of Tfh cells to promote affinity 

maturation and focus the antibody repertoire has important implications for developing vaccines 

that induce broadly neutralizing antibodies (bnAbs) against pathogens. In the case of HIV 
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infection, the development of rare bnAbs relies on strong Tfh cell help to support the accumulation 

of multiple mutations conferring high-affinity, neutralizing capability (135). In contrast, during 

influenza vaccination, GC inhibition enables the development of cross-reactive antibodies that 

bind the conserved stem region of the HA protein, thus providing protection against different 

influenza virus subtypes (90). This suggests that GCs and, by extension, Tfh cells focus the 

antibody response against the highly variable globular head of the HA protein, to the detriment of 

developing bnAbs (90). For SARS-CoV-2, we found that Tfh cells focused the antibody response 

against S2-derived epitopes, which are broadly conserved across betacoronaviruses but tend to be 

less potent targets for neutralization compared to the RBD (88). However, affinity maturation of 

anti-SARS-CoV-2 antibodies has been shown to enhance neutralization breadth (136), suggesting 

that vaccine strategies that induce both Tfh-dependent and -independent antibodies may be most 

effective for providing protection against the SARS-CoV-2 variants of concern. 

In Chapter 3, we found that IL-4 functions as a rheostat for class switching, with multiple 

transcriptional and post-transcriptional regulatory mechanisms likely working together to fine-

tune levels of IL-4 production. While our work demonstrated the importance of IL-4 levels for 

appropriately inducing antibody isotypes during type 1 and type 2 responses, it is also possible that 

the role of IL-4 as a rheostat may enable flexibility of the humoral response against pathogens that 

cannot be sufficiently countered with only type 1 or type 2 immunity. For instance, as a bacterium, 

Staphylococcus aureus is presumably best kept at bay by type 1 immune responses. However, 

recent work has demonstrated that IgE antibodies and mast cell effector responses directed against 

S. aureus toxins contribute to anti-S. aureus immunity (138), providing insight into the nuanced 

immune responses that may leverage components of both type 1 and type 2 immunity to best 

protect against diverse pathogens. 
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Finally, in Chapter 4, we explored the effect of NSAIDs, one of the most commonly used 

medications, on the immune response to SARS-CoV-2 infection. While NSAID treatment led to 

an expected reduction in proinflammatory cytokine production, we also observed an unanticipated 

dampening of neutralizing antibody titers. NSAIDs function by inhibiting the enzymes 

cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2), which mediate the production of 

prostaglandins (PGs) (139). Given the diverse functions of PGs throughout the immune system, 

NSAID treatment may act at multiple steps to impair the development of antibody responses. 

However, prior literature has shown that COX-2 inhibition in B cells reduces expression of 

BLIMP-1 and XBP-1, transcription factors required for plasmablast differentiation (129–131), 

indicating that NSAIDs may interfere with antibody production in a B cell-intrinsic manner. Given 

that people often take NSAIDs after vaccination to mitigate side effects (140), it is important to 

determine whether NSAIDs similarly dampen the antibody response to vaccination. 

Together, our findings provide insight into the diverse mechanisms that regulate humoral 

immunity. By leveraging our understanding of the cells, cytokines, and drugs that affect antibody 

responses, we may be able to develop more effective strategies to protect us from pathogens. 
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MATERIALS AND METHODS 

Mice 

C57BL/6N WT mice were purchased from Charles River Laboratories. Bcl6fl/fl [B6.129S(FVB)-

Bcl6tm1.1Dent/J (25)], Cd4Cre [B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ (141)], Ciita−/− [B6.129S2-

Ciitatm1Ccum/J (56)], K18-hACE2 [B6.Cg-Tg(K18-ACE2)2Prlmn/J (59)], OT-II [B6.Cg-

Tg(TcraTcrb)425Cbn/J (142)], 4get reporter [C.129-Il4tm1Lky/J (100)], and RiboTag [B6N.129-

Rpl22tm1.1Psam/J (104)] mice were purchased from Jackson Laboratory. Il4−/− (KN2/KN2) mice 

were a gift from Markus Mohrs (143). Bcl6fl/fl and RiboTag mice were crossed with Cd4Cre mice 

to generate Bcl6fl/flCd4Cre and RiboTagfl/flCd4Cre mice. K18-hACE2 mice were crossed with 

Bcl6fl/flCd4Cre mice to generate K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice. Mice were bred in-

house using mating trios to enable utilization of littermates for experiments. Mice of both sexes 

between 6 and 10 weeks old were used for this study. Animal use and care was approved in 

agreement with the Yale Animal Resource Center and Institutional Animal Care and Use 

Committee according to the standards set by the Animal Welfare Act. 

 

Cell lines 

Huh7.5 (CVCL-7927), Vero-E6 (CRL-1586), and 293T (CRL-3216) cells were from ATCC. Cell 

lines were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% heat-inactivated 

fetal bovine serum (FBS) and 1% Penicillin/Streptomycin. All cell lines tested negative for 

Mycoplasma spp. 

 

AAV-hACE2 transduction 

99



Adeno-associated virus 9 expressing hACE2 from a CMV promoter (AAV-hACE2) was 

purchased from Vector Biolabs (SKU AAV-200183). Mice were anesthetized by intraperitoneal 

injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). The rostral neck was shaved and 

disinfected with povidone-iodine. After a 5-mm incision was made, the salivary glands were 

retracted and the trachea visualized. Using a 31G insulin syringe, 1011 genomic copies of AAV-

hACE2 in 50 μl PBS were injected into the trachea. The incision was closed with 3M Vetbond 

tissue adhesive, and mice were monitored until full recovery. 

 

Viruses 

SARS-CoV-2 P1 stock was generated by inoculating Huh7.5 cells with SARS-CoV-2 isolate USA-

WA1/2020 (BEI Resources, NR-52281) at a MOI of 0.01 for three days. The P1 stock was then 

used to inoculate Vero-E6 cells, and the supernatant was harvested after three days at 50% 

cytopathic effect. The supernatant was clarified by centrifugation (450 × g for 5 min), filtered 

through a 0.45-micron filter, and stored in aliquots at -80°C. For infection of AAV-hACE2 mice, 

virus was concentrated by mixing one volume of cold 4X PEG-it Virus Precipitation Solution 

(40% wt/vol PEG-8000 and 1.2 M NaCl) with three volumes of viral supernatant. The mixture 

was incubated overnight at 4°C and then centrifuged at 1500 × g for 60 min at 4°C. The pelleted 

virus was resuspended in PBS and stored in aliquots at -80°C. Virus titer was determined by plaque 

assay using Vero-E6 cells (144). 

 Influenza virus A/PR/8/34 H1N1 (PR8) expressing the ovalbumin OT-II peptide was 

grown for 2.5 days at 37°C in the allantoic cavities of 10-day-old specific-pathogen-free fertilized 

chicken eggs. Harvested virus was centrifuged at 3000 × g for 20 min at 4°C to remove debris and 
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stored in aliquots at -80°C. Virus titer was determined by plaque assay on Madin-Darby canine 

kidney cells (145). 

 For all infections, mice were anesthetized using 30% vol/vol isoflurane diluted in 

propylene glycol (30% isoflurane) and administered SARS-CoV-2 or PR8 intranasally in 50 μl 

PBS. AAV-hACE2 Bcl6fl/fl, Bcl6fl/flCd4Cre, and Ciita−/− mice were infected with 1.2×106 PFU of 

SARS-CoV-2. K18-hACE2 Bcl6fl/fl and Bcl6fl/flCd4Cre mice were infected with 20 PFU of SARS-

CoV-2. K18-hACE2 mice in serum transfer experiments were infected with 100 PFU of SARS-

CoV-2. Mice for influenza virus infection experiments were infected with 70 PFU of PR8. All 

work with SARS-CoV-2 was performed in a biosafety level 3 (BSL3) facility with approval from 

the office of Environmental Health and Safety and the Institutional Animal Care and Use 

Committee at Yale University. 

 

mRNA vaccination 

Used vials of Moderna mRNA-1273 and Pfizer-BioNTech BNT162b2 mRNA vaccine were 

obtained from Yale Health within 6 hours of opening. All vials contained less than one full dose 

per vial, and no vaccines were diverted for the purpose of this study. Mice were anesthetized using 

30% isoflurane and administered 1 μg of either Moderna or Pfizer-BioNTech vaccine 

intramuscularly in 50 μl PBS. Vaccine was injected into the right hamstring muscles with a 31G 

insulin syringe. 

 

Intranasal immunizations 

For all intranasal immunizations, mice were anesthetized using methoxyflurane and administered 

LPS/NP19OVA or Alternaria/NP19OVA in 50 μl PBS. For LPS/NP19OVA immunization, mice 
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were administered 2 μg LPS (Sigma) with 25 μg NP19OVA (LGC, Biosearch Technologies) for 

the primary immunization and 25 μg NP19OVA only for day 8 boost. For Alternaria/NP19OVA 

immunization, mice were administered 10 μg Alternaria alternata (Greer, Lot #322776) with 25 

μg NP19OVA for the primary immunization and 25 μg NP19OVA only for boosts on days 10 and 

18. Serum antibody titers were measured 7-8 days after the final boost. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Sera from SARS-CoV-2-infected mice were incubated with a final concentration of 0.5% Triton 

X-100 and 0.5 mg/ml RNase A for 30 min at room temperature to inactivate potential virus. SARS-

CoV-2 stabilized spike glycoprotein (BEI Resources, NR-53257) (146), SARS-CoV-2 spike 

glycoprotein receptor-binding domain (RBD) (BEI Resources, NR-52946), and influenza virus 

A/PR/8/34 H1N1 hemagglutinin (HA) protein (Sino Biological, 11684-V08H) were coated at a 

concentration of 2 μg/ml in carbonate buffer on 96-well MaxiSorp plates (Thermo Fisher) 

overnight at 4°C. PR8 was inactivated with 1% Triton X-100 for 1 hr at 37°C and coated at a 

concentration of 20 μg/ml in carbonate buffer. NP7BSA (LGC, Biosearch Technologies) was 

coated at a concentration of 20 μg/ml in carbonate buffer. 

 Plates were blocked with 1% BSA in PBS for 1 hr at room temperature. Serum samples 

were serially diluted in 1% BSA in PBS and incubated in plates for 2 hr at room temperature or 

37°C (for IgE ELISA). Antibody isotypes were detected with anti-mouse IgG-HRP (1013-05), 

anti-mouse IgG1-HRP (1073-05), anti-mouse IgG2b-HRP (1093-05), anti-mouse IgG2c-HRP 

(1077-05), anti-mouse IgG3-HRP (1103-05), or anti-mouse IgE-HRP (1110-05) from Southern 

Biotech or anti-mouse IgM-HRP (550588) from BD Biosciences by incubating for 1 hr at room 

temperature or 37°C (for IgE ELISA). Plates were developed with TMB Stabilized Chromogen 
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(Thermo Fisher), stopped with 3 N hydrochloric acid, and read at 450 nm on a microplate reader. 

Background was determined as twice the average OD value of blank wells. Pooled sera from mice 

infected with SARS-CoV-2 or PR8 or immunized with Alternaria/NP19OVA were used as 

reference standards to calculate arbitrary units. To measure antibody affinity, serial dilutions of 

serum samples were plated in duplicate. After incubation of serum samples, a 10-min wash with 

5.3 M urea was performed on one set of the samples. Percentage of IgG binding after urea wash 

was calculated by dividing the area under the curve for each sample with urea wash by that without 

urea wash. 

 

Enzyme-linked immunosorbent spot (ELISpot) 

SARS-CoV-2 stabilized spike glycoprotein (BEI Resources, NR-53257) (146) was coated at a 

concentration of 2 μg/ml in carbonate buffer on 96-well MultiScreen HTS IP Filter plates 

(Millipore) overnight at 4°C. Plates were blocked with complete RPMI (10% heat-inactivated FBS, 

1% Penicillin/Streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 55 μM 

2-mercaptoethanol) for 4 hr at 37°C. Bone marrow cells were isolated from the left femur + tibia 

of mice infected with SARS-CoV-2. Red blood cells were lysed with RBC Lysis Buffer 

(BioLegend) for 2 min. Cells were resuspended in complete RPMI and plated in duplicate at three 

dilutions (1/5, 1/10, and 1/20 of total bone marrow cells) for 20 hr at 37°C. Plates were washed six 

times with PBS-T (0.01% Tween-20), followed by incubation with anti-mouse IgG-Alkaline 

Phosphatase (Southern Biotech, 1030-04) in PBS with 0.5% BSA for 2 hr at room temperature. 

Plates were then washed three times with PBS-T and three times with PBS. Spots were developed 

with Vector® Blue Substrate Kit (Vector Laboratories, SK-5300) and imaged with an 
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ImmunoSpot analyzer (Cellular Technology Limited). Spots were counted manually by a blinded 

investigator. 

 

Flow cytometry and cell sorting 

Mediastinal lymph nodes (medLN) were homogenized with a syringe plunger and filtered through 

a 70-μm cell strainer. Red blood cells were lysed with RBC Lysis Buffer (BioLegend) for 1 min. 

Single-cell preparations were resuspended in PBS with 2% FBS and 1 mM EDTA and pre-

incubated with Fc block (2.4G2; BD Biosciences, 553141) for 5 min at room temperature before 

staining. Cells were stained with the following antibodies or viability dye for 30 min at 4°C: anti-

CD4 (RM4-5; BioLegend, 100568), TCRβ (H57-597; BioLegend, 109228), PD-1 (RMP1-30; 

BioLegend, 109110), CD44 (IM7; BioLegend, 103047), PSGL-1 (2PH1; BD Biosciences, 

563448), Ly6C (HK1.4; BioLegend, 128005), B220 (RA3-6B2; BioLegend, 103260), Fas (Jo2; 

BD Biosciences, 563647), GL7 (GL7; BioLegend, 144610), CD138 (281-2; BioLegend, 142514), 

IgG1 (A85-1; BD Biosciences, 562107), IgG2c (5.7; BD Biosciences, 553504) and 

LIVE/DEAD™ Fixable Aqua (Thermo Fisher, L34966). CXCR5 (L138D7; BioLegend, 145510) 

was stained for 25 min at room temperature. Intracellular cytokine staining was performed as 

previously described (147) (PDF included at the end of the Materials and Methods). Samples from 

SARS-CoV-2-infected mice were fixed with 4% paraformaldehyde for 30 min at room 

temperature before removal from BSL3 facility. Samples were acquired on a CytoFLEX S 

(Beckman Coulter) and analyzed using FlowJo software (BD). 

 For spike-specific B cell sorting, medLN were stained with aforementioned B cell surface 

markers and viability dye, along with 2 μg/ml FLAG-tagged SARS-CoV-2 spike protein 

(GenScript, Z03481) for 30 min at 4°C (148). Cells were then stained with both APC- and PE-
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conjugated anti-FLAG antibodies (BioLegend, 637309 and 637307) to double-stain spike-specific 

B cells. Spike-specific plasmablasts (live CD138hiSpike+) were sorted into 350 μl Buffer RLT Plus 

(Qiagen) with 1% β-mercaptoethanol. RLT lysate was vortexed for 1 min, frozen on dry ice, and 

then stored at -80°C. Cell sorting was performed on a FACSAria II (BD Biosciences) in the BSL3 

facility. 

 For T cell sorting, Tfh (CD4+TCRβ+CD44+PD-1+CXCR5+), non-Tfh 

(CD4+TCRβ+CD44+PD-1−CXCR5−), and naïve (CD4+TCRβ+CD44−) CD4+ T cells were sorted 

from medLN, spun down, and lysed with Buffer RLT containing 1% β-mercaptoethanol. 

 

BCR library preparation 

RNA from spike-specific B cells was isolated using the RNeasy Plus Micro Kit (Qiagen) following 

manufacturer’s instructions. BCR libraries were prepared using the NEBNext® Single Cell/Low 

Input cDNA Synthesis & Amplification Module (NEB, E6421) and NEBNext® Immune 

Sequencing Kit (NEB, E6330), with additional reagents provided by NEB to integrate the two kits. 

1-20 ng of high-quality RNA with RIN score ≥ 8 was used as input. Libraries were analyzed by 

Bioanalyzer High Sensitivity DNA assay, pooled in equal amounts with PhiX spike-in, and 

sequenced on an Illumina MiSeq using the V3 kit, with 325 bp for read 1 and 275 bp for read 2. 

 

BCR repertoire analysis 

UMI-barcoded paired-end sequencing reads were processed and analyzed with the Immcantation 

suite (Docker image v4.3.0). Read preprocessing was performed with the presto-abseq pipeline 

interface for pRESTO (v0.7.0) (69) with default settings, using mouse constant region primers, 

isotype-specific internal constant region sequences, and template switch sequences provided by 
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NEB. The preprocessed reads were aligned to the mouse germline V(D)J genes with the changeo-

igblast pipeline interface for Change-O (v1.2.0) (149) and IgBLAST (v1.17.1). Productive 

sequences aligning to immunoglobulin heavy chains were retained for further analysis. Each 

sequence was annotated with the corresponding germline V(D)J sequence, masking N/P and D-

segment regions. Spectral clustering was performed using SCOPer (v1.2.0) (150) to identify 

clonally-related sequences, based on the level of junction region homology and the mutation 

profiles in the V-J segments. Following clonal clustering, consensus germline sequences for each 

clone were reconstructed as above.  

 Sequences aligning to constant regions other than IgM, IgA, or IgG were filtered out from 

further analysis. Relative clonal proportions were calculated by tabulating the number of UMI-

barcoded sequences belonging to each clonal family. Clonal proportions were visualized as pie 

charts, with the top 10 clones each represented individually and all other clones combined into one 

category. Given the wide variation in the number of clones across samples, in order to characterize 

the diversity of each BCR repertoire, 100 clones were randomly sampled from each repertoire to 

calculate Shannon entropy and Simpson’s diversity index. This process was repeated 100 times 

for each sample, ultimately taking the average value across all repeats.  

 Downstream analysis was performed using Alakazam (v1.2.0) and SHazaM (v1.1.0) (70, 

71). Heavy chain V gene usage frequencies were calculated on either the sequence-level or the 

clone-level. For the sequence-level analysis, the frequency of individual UMI-barcoded BCR 

sequences aligned to each V gene was calculated. For the clone-level analysis, the frequency of 

clones aligned to each V gene was determined, taking the consensus V gene assignment across all 

constituent UMI-barcoded sequences belonging to each clone. V genes that were present at ≥ 0.02 

frequency in ≥ 2 repertoires were retained for visualization purposes. The most frequently used 
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human V genes in SARS-CoV-2 specific antibodies from patients were determined by mining the 

CoV-AbDab database (94). Out of the mouse V genes that were expressed at ≥ 0.02 clone-level 

frequency in ≥ 2 repertoires, those that are most similar to the top-ranked human V genes were 

identified with BLAST. For visualization, alignment of mouse and human V genes was performed 

using Clustal Omega and visualized using Jalview with the Clustal X color scheme. Lineage trees 

were constructed with dowser (151), building the maximum parsimony tree for all constituent 

BCRs in a clone. Branch lengths were scaled by the number of mutations between nodes. To 

facilitate qualitative comparisons, the pair of Bcl6fl/fl and Bcl6fl/flCd4Cre mice with the greatest 

similarity in the total number of clones and the size of the largest clone were selected for 

visualization. 

 Sequences belonging to the same clone were then collapsed, taking the most common 

nucleotide at each position along the consensus sequence. Clones were annotated for antibody 

isotypes by majority vote. IgG isotype clones were retained for further analysis of somatic 

hypermutation. Nucleotide mutation frequencies of each collapsed clone were calculated across 

the entire heavy chain sequence (with N/P and D-segment regions masked), normalizing by the 

length of the input sequence. To evaluate somatic hypermutation propensity, the percentage of 

clones with 1+ or 2+ mutations was determined in each sample and compared across experimental 

groups. To estimate selection pressure, the collapsed clone sequences from each experimental 

group (Bcl6fl/fl or Bcl6fl/flCd4Cre) were analyzed using BASELINe (70, 71), a method that compares 

the observed vs expected ratios of replacement to synonymous mutations. Specifically, the 

observed substitution frequencies in each V segment (excluding CDR3), grouped by CDR or FWR, 

were compared to the expected frequencies of a reference somatic hypermutation targeting model 

using the “focused” test statistic. As a reference model for somatic hypermutation in murine heavy 
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chains is not currently available, the HH_S5F human heavy chain 5-mer targeting model was used 

for analysis, since it has been previously been shown that human heavy vs light chains have 

considerably different mutational patterns (152). Larger BASELINe values (corresponding to an 

increased ratio of replacement mutations) are consistent with positive selection. 

 

Immunofluorescence 

MedLN were fixed with 4% paraformaldehyde in PBS for 4 hr at 4°C, followed by 

cryopreservation with 20% sucrose in PBS for 2 hr at 4°C. MedLN were snap-frozen in optimal 

cutting temperature compound and stored at -80°C. Tissues were cut into 7-μm sections and 

blocked with 10% rat serum in staining solution (PBS with 1% BSA and 0.1% Tween-20) for 1 hr 

at room temperature. Sections were stained with Fc block, BV421 anti-IgD (11-26c.2a; BioLegend, 

405725), AF488 anti-TCRβ (H57-597; BioLegend, 109215), biotinylated anti-CD35 (8C12; BD 

Biosciences, 553816), and AF647 anti-GL7 (GL7; BioLegend, 144606) overnight at 4°C. 

Secondary staining was performed with AF594 streptavidin (BioLegend, 405240) for 1 hr at room 

temperature. Images were acquired on a Nikon TiE Spinning Disk Confocal Microscope with the 

20× objective. Tile scan images were taken with the 20× objective with 10% overlap. Image 

analysis was performed with ImageJ. 

 

Pseudovirus production 

Vesicular stomatitis virus (VSV)-based pseudotyped viruses were produced as previously 

described (144, 153). Vector pCAGGS containing the SARS-CoV-2 Wuhan-Hu-1 spike 

glycoprotein gene was produced under HHSN272201400008C and obtained through BEI 

Resources (NR-52310). The sequence of the Wuhan-Hu-1 isolate spike glycoprotein is identical 
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to that of the USA-WA1/2020 isolate. The spike sequence of the B.1.351 variant of concern was 

generated by introducing the following mutations: L18F, D80A, D215G, R246I, K417N, E484K, 

N501Y, and A701V. 293T cells were transfected with either spike plasmid, followed by 

inoculation with replication-deficient VSV expressing Renilla luciferase for 1 hour at 37°C (153). 

The virus inoculum was then removed, and cells were washed with PBS before adding media with 

anti-VSV-G (8G5F11) to neutralize residual inoculum. Supernatant containing pseudovirus was 

collected 24 hours post inoculation, clarified by centrifugation, concentrated with Amicon Ultra 

Centrifugal Filter Units (100 kDa), and stored in aliquots at -80°C. Pseudoviruses were titrated in 

Huh7.5 cells to achieve a relative light unit (RLU) signal of 600 times the cell-only control 

background. 

 

Pseudovirus neutralization assay 

Sera for neutralization assay were heat-inactivated for 30 min at 56°C. Sera were tested at a starting 

dilution of 1:50 for USA-WA1/2020 pseudovirus and 1:12.5 for B.1.351 pseudovirus, with up to 

eight two-fold serial dilutions. 2×104 Huh7.5 cells were plated in each well of a 96-well plate the 

day before. Serial dilutions of sera were incubated with pseudovirus for 1 hour at 37°C. Growth 

media was then aspirated from the cells and replaced with 50 µl of serum/virus mixture. Luciferase 

activity was measured at 24 hours post infection using the Renilla Luciferase Assay System 

(Promega). Each well of cells was lysed with 50 µl Lysis Buffer, and 15 µl cell lysate was then 

mixed with 15 µl Luciferase Assay reagent. Luminescence was measured on a microplate reader 

(BioTek Synergy). Half maximal inhibitory concentration (IC50) was calculated as previously 

described (154). Neutralizing titer (NT50) was defined as the inverse of IC50. 
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Serum transfer 

Sera from SARS-CoV-2-infected AAV-hACE2 Bcl6fl/fl or Bcl6fl/flCd4Cre mice at 14 days post 

infection (dpi) were pooled, and the resulting levels of spike-specific IgG were measured by 

ELISA. Bcl6fl/fl sera was left undiluted or diluted with naïve sera to match the spike-specific IgG 

titer of undiluted Bcl6fl/flCd4Cre sera. Serum samples were then mixed 1:1 with PBS, and 200 µl of 

serum/PBS mixture was transferred intravascularly by retro-orbital injection into K18-hACE2 

mice under anesthesia with 30% isoflurane. 

 

Measurement of lung viral burden 

The left lobe of the lung was collected and homogenized in 1 ml DMEM supplemented with 2% 

heat-inactivated FBS and 1% Penicillin/Streptomycin. Lung homogenates were clarified by 

centrifugation at 3200 × g for 10 min and stored in aliquots at -80°C. Viral burden was measured 

in lung homogenates by plaque assay on Vero-E6 cells as previously described (144). In addition, 

250 µl of lung homogenate was mixed with 750 µl of TRIzol™ LS Reagent (Invitrogen), and RNA 

was extracted with the RNeasy Mini Kit (Qiagen) following manufacturer’s instructions. cDNA 

synthesis was performed using random hexamers and ImProm-II™ Reverse Transcriptase 

(Promega). Quantitative PCR (qPCR) was performed in triplicate for samples and standards using 

SARS-CoV-2 nucleocapsid (N1)-specific oligonucleotides: Probe: 5’ 6FAM-

ACCCCGCATTACGTTTGGTGGACC-BHQ1 3’; Forward primer: 5’ 

GACCCCAAAATCAGCGAAAT-3’; Reverse primer: 5’ 

TCTGGTTACTGCCAGTTGAATCTG 3’. The limit of detection was 100 SARS-CoV-2 genome 

copies/μl. Virus copy numbers were quantified using a control plasmid containing the complete 

nucleocapsid gene from SARS-CoV-2. SARS-CoV-2 genome copies were normalized to Actb 
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using Actb-specific oligonucleotides: Probe: 5’ 6-JOEN-CACCAGTTC /ZEN/ 

GCCATGGATGACGA-IABkFQ 3’; Forward primer: 5’ GCTCCTTCGTTGCCGGTCCA 3’; 

Reverse primer: 5’ TTGCACATGCCGGAGCCGTT 3’. The limit of detection was 100 Actb 

copies/μl. Samples with undetectable SARS-CoV-2 genome copies were set at 0.01 relative to 

Actb. 

 

Serum epitope repertoire analysis (SERA) with SARS-CoV-2 linear epitope library 

Serum samples for epitope profiling were inactivated with UV light (250 mJ). The SERA platform 

for next-generation sequencing (NGS)-based analysis of antibody epitope repertoires has been 

previously described (155). In brief, Escherichia coli were engineered with a surface display vector 

carrying linear peptides derived from the SARS-CoV-2 proteome (GenBank MN908947.3), 

designed using oligonucleotides (Twist Bioscience) encoding peptides 12 amino acids in length 

and tiled with 8 amino acids overlapping. Serum samples (0.5 µl each) were then diluted 1:200 in 

a suspension of PBS and bacteria carrying the surface display library (109 cells per sample with 

3×105 fold library representation), and incubated so that antibodies contained in the serum would 

bind to the peptides on the surface of the bacteria. After incubating with protein A/G magnetic 

beads and magnetically isolating bacteria that were bound to antibodies contained in the serum, 

plasmid DNA was purified and PCR amplified for NGS. Unique molecular identifiers (UMIs) 

were applied during PCR to minimize amplification bias, designed as an 8 base pair semi-random 

sequence (NNNNNNHH). After preprocessing and read trimming the raw sequencing data, the 

resulting reads were filtered by utilizing the UMIs to remove PCR duplicates. The filtered UMI 

data (hereafter referred to as reads) were then aligned to the original reference of linear epitopes 

derived from SARS-CoV-2 and quantified. 
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 From the raw mapped read counts for each of the 2410 linear epitopes represented in the 

library, we first calculated the Shannon entropy and Simpson’s diversity index of each sample 

using the diversity function in the diverse R package. To calculate the “repertoire focusing index”, 

we used the formula: 1-(H'/log2(R)), where H' is Shannon entropy and R is richness (156), defined 

here as the number of unique epitopes recognized by a given sample (read count > 0). Statistical 

differences in these various metrics were assessed by two-tailed unpaired Welch’s t-test, 

comparing Bcl6fl/fl and Bcl6fl/flCd4Cre conditions. 

 For further analysis, we normalized the raw count data using the median ratio approach 

implemented in DESeq2 (72, 73). Differential enrichment analysis was performed using the Wald 

test in DESeq2, comparing Bcl6fl/fl vs Bcl6fl/flCd4Cre samples. Multiple hypothesis correction was 

performed by the Benjamini-Hochberg method, setting a statistical significance threshold of 

adjusted p < 0.05. After identifying differentially enriched epitopes, the normalized counts were 

log2 transformed (hereafter referred to as log2 normalized counts) for downstream visualization 

and analysis. 

 For converting the log2 normalized counts into relative enrichment scores on a sample-by-

sample basis, we scaled the log2 normalized counts within each sample to z-scores. In this manner, 

a z-score of 0 would correspond to epitopes that exhibited an average level of enrichment in a 

given sample; a positive z-score would indicate that an epitope is relatively enriched in a sample, 

while a negative z-score would denote a low-scoring epitope. Where applicable, statistical 

significance was assessed on the within-sample z-scores by two-tailed unpaired Welch’s t-test. For 

visualization purposes, we also calculated the average z-scores in Bcl6fl/fl or Bcl6fl/flCd4Cre groups. 

Pan-human coronavirus (hCoV) conservation scores were calculated through multiple 

alignment of several hCoV spike sequences using Clustal Omega (157). The following hCoV spike 
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sequences were used: HKU1 (UniProt: Q0ZME7), OC43 (P36334), 229E (P15423), NL63 

(Q6Q1S2), SARS-CoV (P59594), SARS-CoV-2 (P0DTC2), and MERS-CoV (K9N5Q8). Amino-

acid level conservation scores for SARS-CoV-2 spike were extracted through JalView (158). 

 

Retroviral transduction and cell transfer 

293T cells were transfected with pMSCV-IL-4-P2A-eGFP or pMSCV-eGFP expression plasmid 

together with pCL-Eco retroviral packaging plasmid. The media was replaced 18 hours later, and 

virus was grown for another for another 32 hours. Supernatant containing retrovirus was then used 

to transduce OT-II splenocytes pre-activated with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml). 

Retroviral transduction was performed by spinfection at 1200 × g for 90 min at 37°C in the 

presence of polybrene (10 μg/ml). CD4+ cells were then isolated from transduced splenocytes 

using the EasySep™ Mouse CD4 Positive Selection Kit II (STEMCELL Technologies), and 

15,000 CD4+ cells were transferred into each recipient by retroorbital injection. 

 

Mixed bone marrow chimeric mice 

Bcl6fl/flCd4Cre recipients were irradiated with two doses of 600 rad 3 hours apart. One hour 

following the second irradiation, the recipients received 1.6×106 bone marrow cells from 

Bcl6fl/flCd4Cre mice mixed with 4×105 bone marrow cells from WT or Il4−/− mice by retroorbital 

injection. Ten days later, mice were administered 150 μg anti-CD4 depleting antibodies (GK1.5; 

BioXCell, BE0003-1) intravenously. Experiments with bone marrow chimeric mice were 

performed 14 weeks after bone marrow transplant. 

 

mRNA degradation assay 
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Sorted Tfh cells were left unstimulated or stimulated for 40 min with phorbol 12-myristate 13-

acetate (PMA) (50 ng/ml) and ionomycin (1 μg/ml) in complete IMDM (10% heat-inactivated 

FBS, 1% Penicillin/Streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 55 μM 2-

mercaptoethanol). Actinomycin D (5 μg/ml) was then added to the cells to inhibit new transcription, 

and cells were collected at 0 and 2 hours after initiation of Actinomycin D for measurement of 

mRNA degradation. 

 

Quantitative PCR (qPCR) 

RNA from sorted Tfh cells was isolated using the RNeasy Micro Kit (Qiagen) following the 

manufacturer’s protocol. cDNA was prepared using the Power SYBR Green Cells-to-CT Kit 

(Invitrogen) in accordance with the manufacturer’s protocol. qPCR was performed using KAPA 

SYBR Fast Master Mix (Kapa Biosystems) and Low ROX (Kapa Biosystems) and run on the 

QuantStudio3 (Applied Biosystems). cDNA expression was analyzed by the ΔCt (change in 

cycle threshold) method normalized to values of Hprt obtained in parallel reactions during each 

cycle. The following primers were used: Il4: forward 5’-AGATCATCGGCATTTTGAACG-3’, 

reverse 5’-TTTGGCACATCCATCTCCG-3’; Hprt: forward 5’-

CTGGTGAAAAGGACCTCTCG-3’, reverse 5’-TGAAGTACTCATTATAGTCAAGGGCA-3’. 

 

Th2 culture 

CD4+ T cells were isolated from splenocytes using the EasySep™ Mouse CD4+ T Cell Isolation 

Kit (STEMCELL Technologies). Isolated cells were cultured for 3 days with plate-bound anti-

CD3 (2 μg/ml), soluble anti-CD28 (2 μg/ml), human IL-2 (12.5 ng/ml), murine IL-4 (25 ng/ml), 

114



anti-IFN-γ (5 μg/ml), and anti-IL-12 (2 μg/ml) in complete RPMI. Cell were then re-plated on day 

3 without anti-CD3 and rested for 2 days prior to analysis. 

 

Il4 mRNA fluorescence in situ hybridization (FISH) 

Cultured Th2 cells or sorted Tfh cells were stimulated with PMA (50 ng/ml) and ionomycin (1 

μg/ml) in complete IMDM for 40 min. Il4 mRNA FISH was then performed using the 

ViewRNA™ Cell Plus Assay Kit (Invitrogen) following manufacturer’s guidelines. Images were 

acquired on a Leica TCS SP5 or Nikon TiE spinning disk confocal microscope. 

 

RiboTag immunoprecipitation 

The RiboTag procedure was performed as previously described (104, 159). In vitro-cultured 

RiboTagfl/flCd4Cre Th2 cells were stimulated with PMA (50 ng/ml) and ionomycin (1 μg/ml) in 

complete IMDM for 2 hours. Prior to harvesting, cycloheximide (50 μg/ml) was added to the cells 

for 2 min. Cells were then washed with ice-cold PBS containing cycloheximide (50 μg/ml) and 

lysed with freshly prepared Supplemented Homogenization buffer (10% NP-40, 100 mM KCl, 50 

mM Tris pH 7.4, 12 mM MgCl2, 0.1% Tween-20, 100 μg/ml cycloheximide, 1% Protease Inhibitor 

Cocktail, 1 mg/ml heparin, 1 U/μl SUPERase•In™ RNase Inhibitor). Lysates were homogenized 

by passing through a 26-g needle 10 times, incubated on ice for 30 min, and then spun down at 

12,000 × g for 10 min at 4°C to remove debris. Pre-washed Pierce anti-HA magnetic beads were 

added to the ribosome-containing supernatants and incubated overnight with rotation at 4°C. Beads 

were washed 4 times with High Salt Buffer (10% NP-40, 300 mM KCl, 50 mM Tris pH 7.4, 12 

mM MgCl2, 0.1% Tween-20, 100 μg/ml cycloheximide), and RNA was eluted from beads with 
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Buffer RLT Plus containing 1% β-mercaptoethanol and DX Reagent (Qiagen). RNA was then 

purified using the RNeasy Plus Micro Kit (Qiagen) following manufacturer’s instructions. 

 

Statistical analysis 

Data analysis was performed using GraphPad Prism 9 unless otherwise indicated. Data were 

analyzed using one-way ANOVA with Tukey’s test or Dunnett’s test; Welch’s t-test with 

Bonferroni multiple hypothesis correction; Student’s two-tailed, unpaired t-test; Welch’s two-

tailed, unpaired t-test; two-tailed Mann–Whitney test; or two-tailed Wilcoxon signed-rank test, as 

indicated. P < 0.05 was considered statistically significant. 
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Methods of allergy and immunology

Flow cytometric identification of TFH13 cells in
mouse and human

Jennifer S. Chen, AB,a,b* Jessica D. S. Grassmann, MS,c* Uthaman Gowthaman, PhD,a,b* Sam J. Olyha, MSc,a,b

Tregony Simoneau, MD,d,e M. Cecilia Berin, PhD,f Stephanie C. Eisenbarth, MD, PhD,a,b and Adam Williams, PhDc,g

New Haven and Farmington, Conn, Boston, Mass, and New York, NY

Anaphylaxis is a life-threatening allergic reaction caused by
cross-linking of high-affinity IgE antibodies on the surface ofmast
cells and basophils. Understanding the cellular mechanisms that
lead to high-affinity IgE production is required to develop better
therapeutics for preventing this severe reaction. A recently
discovered population of T follicular helper TFH13 cells regulates
the production of high-affinity IgE inmousemodels of allergy and
can also be found in patients with allergies with IgE antibodies
against food or aeroallergens. Here we describe optimized
protocols for identifying TFH13 cells in both mice and humans. (J
Allergy Clin Immunol 2021;147:470-83.)

Key words: T follicular helper cells, TFH13 cells, intracellular cyto-
kine staining, IL-4, IL-5, IL-13, allergy, IgE

1. INTRODUCTION
Cross-linking of high-affinity IgE on the surface of mast cells

and basophils leads to the release of chemical mediators that
precipitate anaphylaxis, a potentially life-threatening allergic

reaction.1 The increasing incidence of anaphylaxis-related hospi-
tal admissions signals an urgent need to understand the mecha-
nisms underlying anaphylaxis and to develop better therapeutics
to prevent this severe reaction.2,3 The induction of IgE relies on
T follicular helper (TFH) cells, a specialized subset of CD41 T
cells that provides help to B cells in the germinal center, rather
than TH2 cells.

4-6 TFH cells instruct the antibody isotypes produced
during a given immune response through the cytokines they
secrete.7 While TFH cell-derived IL-4 is required for IgE produc-
tion, it is not sufficient to induce the high-affinity, anaphylactic
IgE antibodies present in allergic conditions.8,9 IL-13 is required
as well, which is produced by a recently identified TFH13 cell pop-
ulation.9 TFH13 cells regulate the induction of anaphylactic IgE in
mouse models of allergy and are also found in patients who are
allergic to food or aeroallergens. In addition to expressing the ca-
nonical TFH cell markers programmed cell death protein 1 (PD-1),
C-X-C chemokine receptor 5 (CXCR5), and transcription factor
B cell lymphoma 6 (BCL-6), TFH13 cells are distinguished by their
coproduction of the cytokines IL-4, IL-5, and IL-13 and expres-
sion of TH2 transcription factor GATA3.

The identification of TFH13 cells by flow cytometry relies on
optimized stimulation and staining conditions. Traditionally,
CXCR5 has been difficult to stain on TFH cells after the stimulation
required to induce ex vivo cytokine production.10 We addressed
this issue by performing CXCR5 staining postfixation with a
particular antibody clone. Additionally, the increased concentra-
tion of Ca21 in Iscove modified Dulbecco media (IMDM) as
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BCL-6: B cell lymphoma 6

cIMDM: Complete Iscove modified Dulbecco media

CPE: Crude peanut extract

CXCR: C-X-C chemokine receptor

FACS: Fluorescence-activated cell sorting

FcR: Fc receptor

FMO: Fluorescence minus one

IMDM: Iscove modified Dulbecco media

LN: Lymph node

medLN: Mediastinal lymph node

NP-OVA: 4-hydroxy-3-nitrophenylacetyl conjugated to ovalbumin

PD-1: Programmed cell death protein 1

PMA: Phorbol 12-myristate 13-acetate

RBC: Red blood cell

RT: Room temperature

TC: Tissue culture

TFH: T follicular helper
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compared to RPMI media has been shown to enhance cytokine
production by phorbol 12-myristate 13-acetate (PMA)/ionomy-
cin-restimulated TH cells.

11 While this has previously been shown
to enhance production of IL-17A, IFN-g, TNF-a, IL-10, and
IL-22,11 we also found IMDM to boost IL-4 and IL-13 production
by TFH13 cells, allowing for clearer identification of this rare pop-
ulation. Furthermore, BCL-6 is ideally stained after fixation and
permeabilization with the eBioscience FoxP3/Transcription Fac-
tor Staining Buffer Set (Thermo Fisher Scientific, Waltham,
Mass); however, this method results in poor resolution of
cytokine-producing cells.12 Therefore, our optimized TFH13 cell
staining protocol employs the BD Biosciences Fixation/Permea-
bilization Solution Kit (Franklin Lakes, NJ) to preserve cytokine
staining, and overnight staining of cytokines and BCL-6 improve
detection of these targets without compromising specificity. We
also describe protocols for identifying TFH13 cells by more phys-
iologic methods of stimulation: anti-CD3/CD28 and antigen
stimulation.
Analysis of peripheral blood provides the least invasivemethod

of studying the human immune system. Although TFH cells are
predominantly located in the secondary lymphoid organs, circu-
lating TFH cells can be identified in the blood.13,14 Circulating
TFH13 cells can either be identified using nonspecific activation
with PMA/ionomycin or specific activation with allergen.9,15

While the latter has the advantage of resolving numbers of
antigen-specific TFH13 cells, this is only possiblewhen the antigen
is known. Protocols for both approaches are described below.
Given that TFH13 cells are a rare population in the blood, we found
that isolation of CD41T cells from PBMCs before PMA/ionomy-
cin activation improved their detection.

2. IDENTIFICATION OF POLYCLONAL AND

ANTIGEN-SPECIFIC MURINE TFH13 CELLS
Murine TFH13 cells can be identified at multiple sites

following the administration of a relevant allergen. For
instance, intranasal administration of aeroallergen Alternaria
alternata induces TFH13 cells in the mediastinal lymph nodes
(medLN), while intragastric administration of food allergen
peanut with cholera toxin leads to TFH13 cell induction in
mesenteric LNs.9 Coadministration of allergen and the model
antigen 4-hydroxy-3-nitrophenylacetyl conjugated to oval-
bumin (NP-OVA) allows for measurement of high-affinity
NP-specific IgE antibodies as a complementary readout to
TFH13 cell induction. Polyclonal TFH13 cells can be identified
by stimulation with PMA/ionomycin or anti-CD3/CD28, while
antigen-specific TFH13 cells can be identified by NP-OVA stim-
ulation. When performing antigen stimulation, staining for the
activation marker CD154 (CD40 ligand) helps enrich for TFH13
cells during analysis.

2A. Materials
Equipment and consumables

d Feeding tubes for oral gavage
d 1-mL syringes
d 5-mL round bottom polystyrene tubes
d 100-mm nylon mesh filter
d 60-mm 3 15-mm petri dishes

d Frosted microscope slides
d Hemocytometer
d 96-well round bottom tissue culture (TC)-treated plate

Reagents

d Allergens
B A alternata extract (lot 322776; Greer Laboratories,

Lenoir, NC)
B NP-OVA (Biosearch Technologies, LGC Group, Petal-

uma, Calif)
B Peanut (Western Mixers Produce & Nuts, Los

Angeles, Calif)
B Cholera toxin (lots 10165A1 and 10167A2; List Bio-

logical Laboratories, Omaha, Neb)
d Anesthesia

B Methoxyflurane
B 30% isoflurane

d Sodium bicarbonate (AmericanBio, Canton, Mass)
d Milli-Q Ultrapure water (Millipore Sigma, Burlington,

Mass)
d PBS (Gibco, Thermo Fisher Scientific)
d Heat-inactivated FBS (Sigma-Aldrich, St Louis, Mo)
d EDTA solution, pH 8.0 (AmericanBio)
d RBC (red blood cell) Lysis Buffer (103) (BioLegend, San

Diego, Calif)
d Distilled water
d Trypan blue 0.4% (Gibco)
d IMDM (Gibco)
d Penicillin-streptomycin (Gibco)
d L-glutamine (Gibco)
d Sodium pyruvate (Gibco)
d 2-mercaptoethanol (Gibco)
d PMA (Sigma)
d Ionomycin (Sigma)
d Ultra-LEAF Purified anti-mouse CD3ε Antibody (clone

145-2C11; BioLegend)
d Ultra-LEAF Purified anti-mouse CD28 Antibody (clone

37.51; BioLegend)
d Fixation/Permeabilization Solution Kit with BD GolgiPlug

(BD Biosciences)
d Mouse BD Fc Block (BD Biosciences)
d LIVE/DEAD Fixable Aqua Dead Cell Stain (Life Technol-

ogies, Thermo Fisher Scientific)
d Antibodies (see Tables I-III)

Reagent setup

d 0.2 mol/L sodium bicarbonate: Prepare a solution of
8.4 g sodium bicarbonate in 500 mL Milli-Q Ultrapure
water.

d Fluorescence-activated cell sorting (FACS) buffer: Prepare
a solution of 2% (vol/vol) FBS and 1 mmol/L EDTA in
PBS.

d RBC Lysis Buffer (13): Dilute RBC Lysis Buffer (103)
1:10 in distilled water.

d Complete IMDM (cIMDM): Supplement IMDM with 10%
(vol/vol) heat-inactivated FBS, 100 U/mL penicillin-
streptomycin, 2 mmol/L L-glutamine, 1 mmol/L sodium
pyruvate, and 55 mmol/L 2-mercaptoethanol.

d BD Perm/Wash buffer (13): Dilute BD Perm/Wash buffer
(103) 1:10 in distilled water.
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2B. Methods
2B.1. Immunization and LN collection (see note 1).

1. Immunize mice with allergen (eg, intranasal A alternata/
NP-OVA, intragastric peanut/cholera toxin).9

a. Intranasal immunization: For each mouse, prepare 10
mg A alternata extract and 25 mg NP-OVA in 50 mL
PBS. Anesthetize mice with methoxyflurane using the
open-drop method. Once the mice are under anes-
thesia and their breathing is slow and steady, admin-
ister 50 mL of antigen diluted in PBS through the
nares using a pipette.

b. Intragastric immunization: For each mouse, prepare 5
mg ground peanut and 10 mg cholera toxin in 200 mL
0.2 mol/L sodium bicarbonate. Anesthetize mice with
30% isoflurane using the open-drop method. Once the
mice are under anesthesia, gently gavage 200 mL of
antigen diluted in 0.2 mol/L sodium bicarbonate using
a feeding tube connected to a 1-mL syringe.

2. Seven or 8 days later, harvest draining LNs (eg, medLN for
intranasal immunization, mesenteric LN for intragastric
immunization). Also harvest a nondraining LN (eg,
inguinal LN) as a staining control.

2B.2. Cell preparation.

1. For each LN, prepare a 5-mL round bottom polystyrene
tube covered with 100-mm nylon mesh filter.

2. In a 60-mm 3 15-mm petri dish containing 1 mL FACS
buffer, grind LN between 2 frosted microscope slides.

3. Rinse microscope slides and petri dish with additional 3
mL FACS buffer, and filter cell suspension into polysty-
rene tube.

4. Centrifuge the tubes for 5 minutes at 500g.
5. Decant the supernatant. If LN cell preparation contains

RBCs, resuspend the pellet in 500 mL 13 RBC lysis
buffer. Otherwise, proceed to step 7.

6. Incubate the cells in RBC lysis buffer for 1 minute.
Neutralize with 2 mL FACS buffer and centrifuge for 5 mi-
nutes at 500g.

7. Decant the supernatant and resuspend cells in FACS buffer
(400 mL for medLN and inguinal LN, 1200 mL for mesen-
teric LN).

8. To count cells, take 10 mL of cells and dilute 1:10 with
PBS. Then mix 10 mL of diluted cells with 10 mL of Try-
pan blue (1:2). Count cells using a hemocytometer and
light microscope.

9. Adjust the concentration of cells to 16 3 106 cells/mL in
FACS buffer.

2B.3. Stimulation (see notes 2 and 3).

1. Using 100-mm nylon mesh, filter 250 mL (43 106 cells) of
each sample into a well of a 96-well round bottom plate.
Leave adjacent wells empty to prevent cross-
contamination of samples.

2. Centrifuge the plate for 3 minutes at 600g. Decant the
supernatant.

3. Perform one of the following methods of stimulation:
a. PMA/ionomycin

i. Resuspend cells in 90 mL cIMDM containing
PMA (50 ng/mL) and ionomycin (1 mg/mL).
Incubate the cells at 378C with 5% CO2.

ii. After 1 hour, add to each well 10 mL cIMDM
containing BD GolgiPlug (1:100), to achieve
a final concentration of 1:1000 BD GolgiPlug.
Mix samples thoroughly and incubate for
additional 3 hours (total stimulation time 4 hours).

b. Anti-CD3/CD28
i. Resuspend cells in 90 mL cIMDM containing
soluble anti-CD3ε (1 mg/mL) and anti-CD28
(2 mg/mL). Incubate the cells at 378C with
5% CO2.

ii. After 2 hours, add to each well 10 mL cIMDM
containing BD GolgiPlug (1:100), to achieve a
final concentration of 1:1000 BD GolgiPlug.
Mix samples thoroughly and incubate for addi-
tional 4 hours (total stimulation time 6 hours).

c. Antigen
i. Resuspend cells in 90 mL cIMDM containing
antigen (20 mg/mL). Incubate the cells at
378C with 5% CO2.

ii. After 2 hours, add to each well 10 mL cIMDM
containing BD GolgiPlug (1:100), to achieve a
final concentration of 1:1000 BD GolgiPlug.
Mix samples thoroughly and incubate for addi-
tional 10 hours (total stimulation time 12 hours).

TABLE I. Antibody panel for polyclonal murine TFH13 cells, without IL-5

Step Antigen (clone) Fluorophore Dilution* Source

Surface LIVE/DEAD Fixable Aqua Dead Cell Stain (AmCyan channel) 1:1000 (1:500) Life Technologies

PD-1 (RMP1-30) Alexa Fluor 647 1:200 (1:100) BioLegend

Postfixation 18 CD4 (RM4-5) APC-Fire 750 1:400 BioLegend

CD44 (IM7) Brilliant Violet 605 1:600 BioLegend

TCRb (H57-597) PerCP/Cyanine5.5 1:300 BioLegend

IL-4 (11B11) PE 1:100 BioLegend

IL-13 (eBio13A) PE-Cyanine7 1:100 eBioscience

BCL-6 (K112-91) FITC 1:50 BD Biosciences

CXCR5 (L138D7) Biotin 1:300 BioLegend

Post-fixation 28 Streptavidin BD Horizon BV421 1:400 BD Biosciences

FITC, Fluorescein isothiocyanate; PE, phycoerythrin.

*All dilutions, except those in parentheses, represent final concentrations for staining. In the steps that require serial dilution of the antibodies, the dilutions for preparing the

antibody cocktail are listed in parentheses.
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4. Wash cells by adding 200 mL cold FACS buffer to
each well, then centrifuge for 3 minutes at 600g.
Decant supernatant and repeat washing step. Decant
supernatant.

2B.4. Surface staining.

1. Resuspend cells in 25 mL diluted Fc block (1:200 in cold
FACS buffer). Incubate for 5 minutes at 48C.

2. Dilute the surface antibodies in 25 mL cold FACS buffer/
well at the concentration listed in Table I or II (for
PMA/ionomycin– or anti-CD3/CD8–stimulated cells) or
Table III (for antigen-stimulated cells).

3. Add 25 mL diluted surface antibodies mix to each well on
top of the existing 25 mL diluted Fc block. Incubate for 25
minutes at 48C in the dark.

4. Wash cells with 200 mL cold FACS buffer and centrifuge
for 3 minutes at 600g. Decant supernatant and repeat
washing step. Decant supernatant.

2B.5. Fixation and permeabilization.

1. Resuspend cells in 70 mL cold Fixation/Permeabilization
solution. Incubate for 20 minutes at 48C in the dark.

2. Wash cells with 200 mL cold 13 Perm/Wash buffer and
centrifuge for 3 minutes at 900g. Decant supernatant and
repeat washing step. Decant supernatant.

2B.6. Postfixation and intracellular staining (see

notes 4-8).

1. Resuspend cells in 50 mL cold 1X Perm/Wash buffer
containing postfixation primary (18) antibodies at the con-
centration listed in Table I or II (for PMA/ionomycin– or
anti-CD3/CD8–stimulated cells) or Table III (for antigen-
stimulated cells). Incubate overnight (<16 hours) at 48C
in the dark.

2. The next morning, wash cells with 200 mL cold 13
Perm/Wash buffer and centrifuge for 3 minutes at 900g.
Decant supernatant and repeat washing step. Decant
supernatant.

3. Resuspend cells in 50 mL cold 13 Perm/Wash buffer con-
taining streptavidin fluorochrome conjugate (postfixation
28) at the concentration listed in Table I or II (for PMA/
ionomycin– or anti-CD3/CD8–stimulated cells) or Table
III (for antigen-stimulated cells). Incubate for 20 minutes
on ice in the dark.

4. Wash cells with 200 mL cold 13 Perm/Wash buffer and
centrifuge for 3 minutes at 900g. Decant supernatant and
repeat washing step with 200 mL cold FACS buffer. Decant
supernatant.

5. Resuspend samples in 200 mL cold FACS buffer. Keep on
ice in the dark prior to flow cytometric analysis. Perform
flow cytometric analysis within 2 hours.

6. Gating strategy is shown in Figs 1, A and B, and 2.

TABLE II. Antibody panel for polyclonal murine TFH13 cells, with IL-5

Step Antigen (clone) Fluorophore Dilution* Source

Surface LIVE/DEAD Fixable Aqua Dead Cell Stain (AmCyan channel) 1:1000 (1:500) Life Technologies

PD-1 (29F.1A12) APC-Fire 750 1:200 (1:100) BioLegend

Postfixation 18 CD4 (RM4-5) PE/Dazzle 594 1:400 BioLegend

CD44 (IM7) Brilliant Violet 605 1:600 BioLegend

TCRb (H57-597) PerCP/Cyanine5.5 1:300 BioLegend

IL-4 (11B11) PE 1:100 BioLegend

IL-5 (TRFK5) APC 1:150 BioLegend

IL-13 (eBio13A) PE-Cyanine7 1:100 eBioscience

BCL-6 (K112-91) FITC 1:50 BD Biosciences

CXCR5 (L138D7) Biotin 1:300 BioLegend

Postfixation 28 Streptavidin BD Horizon BV421 1:400 BD Biosciences

APC, Allophycocyanin.

*All dilutions, except those in parentheses, represent final concentrations for staining. In the steps that require serial dilution of the antibodies, the dilutions for preparing the

antibody cocktail are listed in parentheses.

TABLE III. Antibody panel for antigen-specific murine TFH13 cells

Step Antigen (clone) Fluorophore Dilution* Source

Surface LIVE/DEAD Fixable Aqua Dead Cell Stain (AmCyan channel) 1:1000 (1:500) Life Technologies

PD-1 (RMP1-30) Alexa Fluor 647 1:200 (1:100) BioLegend

Postfixation 18 CD4 (RM4-5) APC-Fire 750 1:400 BioLegend

CD44 (IM7) Brilliant Violet 605 1:600 BioLegend

TCRb (H57-597) PerCP/Cyanine5.5 1:300 BioLegend

IL-4 (11B11) Brilliant Violet 421 1:100 BioLegend

IL-13 (eBio13A) PE 1:100 eBioscience

CD154 (MR1) PE-Cyanine7 1:100 BioLegend

CXCR5 (L138D7) Biotin 1:300 BioLegend

Postfixation 28 Streptavidin FITC 1:400 BD Biosciences

*All dilutions, except those in parentheses, represent final concentrations for staining. In the steps that require serial dilution of the antibodies, the dilutions for preparing the

antibody cocktail are listed in parentheses.
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FIG 1. Identification of polyclonal murine TFH13 cells by PMA/ionomycin stimulation. Day 7 medLN cells

from intranasal immunizationwithA alternata and NP-OVA followed by in vitro PMA/ionomycin stimulation

(stim). A, Gating strategy for murine TFH13 cells. Histogram overlay of BCL-6 expression by na€ıve CD41 T

cells, non-TFH cells, TFH2 cells, TFH13 cells, and FMO control. B, IL-5 production by TFH2 versus TFH13 cells.
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2C. Notes

1. Readers should use a method of anesthesia that is approved
by their local Institutional Animal Care and Use Commit-
tee. An alternative to using the open-drop method is to use
a precision vaporizer.

2. Though the current protocol only describes cytokine stain-
ing for IL-4, IL-5, and IL-13, these stimulation conditions
are also compatible with staining for other TFH cell cyto-
kines, such as IL-21, IL-17A, and IFN-g.

3. Stimulation in IMDM rather than RPMI media improves
detection of IL-4 and IL-13, allowing for enhanced identi-
fication of TFH13 cells (Fig 3).

4. Note the particular antibody clone used for CXCR5 stain-
ing (L138D7) during this step. While clone 2G8 is more
frequently used in the literature for CXCR5 staining in un-
stimulated cells, resolution is poor with stimulated cells.

5. The recommended clone for CD4 staining postfixation is
RM4-5. The other commonly used clone GK1.5 does not
stain well after fixing cells. If using GK1.5, then include
it in the surface staining panel.

6. An ideal cytokine staining control is from a parallel sample
(ie, treated in an identical manner) but genetically deficient

in a particular cytokine (ie, from an IL-13 knockout
mouse). However, this is often not readily available, and
so acceptable alternative controls for TFH13 staining
include cells from a nonimmunized/nondraining LN or
cells from an immunized TFH cell–deficient mouse line
(eg, Cd4CreBcl6fl/fl) to help with TFH cell gating (Fig 1,
C). Fluorescence minus one (FMO) and isotype control
antibody staining as well as unstimulated cells from an
immunized LN help with cytokine gating (Fig 1, D and E).

7. Overnight staining of cytokines and BCL-6 improves
detection of these targets without compromising specificity
(Fig 1, A and E).

8. For secondary staining, do not exceed 20 minutes of stain-
ing to prevent overstaining of CXCR5 and loss of resolu-
tion. Staining on ice further helps to reduce overstaining.

3. IDENTIFICATION OF POLYCLONAL HUMAN TFH13

CELLS
When the inciting allergen is not known, human TFH13 cells can

be identified using nonspecific activation with PMA/ionomycin.
However, these activation conditions result in significant
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FIG 2. Identification of polyclonal murine TFH13 cells by anti-CD3/CD28 stimulation and antigen-specific

TFH13 cells by NP-OVA stimulation. Day 7 medLN from intranasal immunization with A alternata and NP-

OVA following (A) anti-CD3/CD28 or (B) NP-OVA stimulation. A, IL-4 and IL-13 intracellular staining in

anti-CD3/CD28–stimulated or nonstimulated cells. Pregated on TFH cells. B, IL-4 and IL-13 intracellular stain-

ing in CD1542 versus CD1541 NP-OVA–stimulated cells. Pregated on TFH cells. CD154 helps enrich for

antigen-specific TFH13 cells during analysis. Samples were acquired on a CytoFLEX (Beckman Coulter, Pasa-

dena, Calif).

C, PD-1 and CXCR5 staining in nonimmunized nondraining LN (ndLN), immunized TFH cell–deficient medLN

(Bcl6f/fCd4Cre), and FMO control for CXCR5 in immunized wild-type (WT) medLN (CXCR5 FMO). D, IL-4 and

IL-13 intracellular staining in immunized WT medLN without stimulation. Pregated on TFH cells (live CD41

TCRb1 CD441 PD-11 CXCR51). E, IL-4 and IL-13 FMO and isotype control staining in immunized WTmedLN

with stimulation. Pregated on TFH cells. Samples were acquired on a BD LSR II (BD Biosciences). A, Area;
FSC, forward scatter; H, height; SSC, side scatter.
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downregulation of surface CD4, making it difficult to identify
CD41 T cells within a bulk PBMC population. To overcome
this limitation, CD41 T cells are first purified by negative selec-
tion using magnetic bead isolation. In contrast to antigen-
specific activation, PMA/ionomycin activation can be performed
on previously frozen PBMCs, allowing samples to be banked and
later processed together to minimize batch effects.

3A. Materials
Equipment and consumables

d Acid Citrate Dextrose Solution A Whole Blood Tubes
(#364606; BD Biosciences)

d 15- and 50-mL conical tubes
d Hemocytometer
d EasySep Magnet (Stemcell Technologies, Vancouver,

British Columbia, Canada)
d 5-mL polystyrene tubes (12 3 75 mm)
d 24- or 12-well TC-treated plate
d 96-well V bottom plate
d Mr. Frosty Freezing Container (Thermo Fisher Scientific)
d PolarSafe Cryogenic Storage Vials, 1 mL (Argos Technol-

ogies, Cole-Parmer North America, Vernon Hills, Ill)

Reagents

d PBS (13) (Gibco)
d IMDM (Gibco)
d Penicillin-streptomycin (Gibco)
d L-glutamine (Gibco)
d HEPES (Gibco)
d Minimum Essential Medium non-essential amino acids so-

lution (Gibco)
d Sodium pyruvate (Gibco)
d Heat-inactivated FBS (VWR International, Radnor, Penn)
d EDTA solution, pH 8.0 (Gibco)
d Lymphoprep (Stemcell Technologies)
d RBC Lysis Buffer (103) (Tonbo Biosciences, San Diego,

Calif)
d Distilled water
d Trypan blue 0.4% (Gibco)

d Dimethyl sulfoxide (Sigma-Aldrich)
d EasySep Human CD41 T Cell Enrichment Kit (Stemcell

Technologies)
d PMA (Sigma-Aldrich)
d Ionomycin (Sigma-Aldrich)
d Fixation/Permeabilization Solution Kit with BD GolgiPlug

(BD Biosciences)
d FcR (Fc receptor) Blocking Reagent Human (Miltenyi Bio-

tec, Bergisch Gladbach, Germany)
d Ghost Dye Violet 510 (Tonbo Biosciences)
d Antibodies (see Table IV)

Reagent setup

d FACS buffer: Prepare a solution of 2% (vol/vol) FBS and 4
mmol/L EDTA in PBS.

d RBC Lysis Buffer (13): Dilute RBC Lysis Buffer (103)
1:10 in distilled water.

d Freezing medium: Prepare a solution of 10% dimethyl sulf-
oxide (vol/vol) in FBS. Store at 48C.

d Complete IMDM: Supplement IMDM with 10% (vol/vol)
heat-inactivated FBS, 100 U/mL penicillin-streptomycin,
2 mmol/L L-glutamine, 10 mmol/L HEPES, 0.1 mmol/L
nonessential amino acids, and 1 mmol/L sodium pyruvate.

d BD Perm/Wash buffer (13): Dilute BD Perm/Wash buffer
(103) 1:10 in distilled water.

3B. Methods
3B.1. PBMC isolation (see note 1).

1. Make sure all the reagents are at room temperature (RT)
before starting. Adjust centrifuge to 208C. If freezing
PBMCs at the end of harvest, place the freezing container
at 48C to cool it down.

2. Dilute 10 mL blood 1:3 in PBS 1 4 mmol/L EDTA (total
volume 30 mL diluted blood).

3. Add 15 mL Lymphoprep to each empty 50-mL tube (use
one 50-mL tube for each 10 mL undiluted blood).

4. Mix the diluted blood by pipetting (slow speed). Very
slowly, disperse the 30 mL diluted blood on top of the
Lymphoprep.
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FIG 3. Enhanced cytokine production with stimulation in IMDM compared with RPMI. A, TH2 cells were

cultured in vitro for 3 days with plate-bound anti-CD3 (2 mg/mL), soluble anti-CD28 (2 mg/mL), human IL-2

(12.5 ng/mL), murine IL-4 (25 ng/mL), anti-IFN-g (5 mg/mL), and anti-IL-12 (2 mg/mL). TH2 cells were replated

on day 3 without anti-CD3 and rested for 2 additional days. On day 5 of the culture, TH2 cells were stimulated

with PMA/ionomycin in complete RPMI versus IMDM. IL-4 and IL-13 intracellular staining is shown. Pre-

gated on live CD41 cells. B, IL-4 and IL-13 intracellular staining in day 7 medLN cells from intranasal immu-

nization with A alternata and NP-OVA. Cells were stimulated with PMA/ionomycin in complete RPMI versus

IMDM. Pregated on TFH cells (live CD41 TCRb1 CD441 PD-11 CXCR51). Samples were acquired on a BD LSR II

(BD Biosciences).

J ALLERGY CLIN IMMUNOL

FEBRUARY 2021

476 CHEN ET AL

123



5. Centrifuge at 850g for 25 minutes at RT with slow brake.
Keep the brakes on in all the remaining centrifugation
steps.

6. Aspirate 15 mL of supernatant to remove platelets.
7. Harvest the PBMCs (white layer between the plasma and

the RBCs) using a short 10-mL serological pipette.
8. Transfer the PBMCs to a new 50-mL tube and fill up to

50 mL with FACS buffer.
9. Centrifuge at 500g for 10 minutes at RT. Aspirate

supernatant.
10. Resuspend and mix all the pellets from a single donor in 1

mL RBC Lysis Buffer (13), then add an additional 29
mL RBC Lysis Buffer. Mix by inverting the tube 3 times
and incubate at RT for 5 minutes.

11. Fill up to 50 mL with FACS buffer.
12. Centrifuge at 500g for 8 minutes at RT. Aspirate the

supernatant.
13. Resuspend the pellet in 30 mL FACS buffer to wash.
14. Centrifuge at 300g for 8 minutes at RT. Aspirate the

supernatant.
15. Repeat the washing step. Aspirate the supernatant.
16. Resuspend the cells in the same volume of starting mate-

rial (eg, if starting with 20 mL undiluted blood, resuspend
in 20 mL FACS buffer).

17. To count cells, mix 10 mL cells with 10 mL Trypan blue
(1:2). Count cells in duplicate using a hemocytometer and
a light microscope. The expected yield is >1 3 106 cells/
mL.

18. Centrifuge at 300g for 8 minutes at RT. Aspirate the
supernatant.

19. If using samples immediately, proceed to 3B.4. If not,
continue to 3B.2.

3B.2. PBMC freezing.

1. Resuspend cells at 5 to 10 3 106/mL in freezing medium.
2. Aliquot 1 mL cells per cryogenic storage vial, then transfer

the vials to the prechilled freezing container.
3. Store the freezing container at 2808C overnight.
4. The next day, transfer the vials to freezer boxes in liquid

nitrogen vapor phase for long-term storage.

3B.3. PBMC defrosting.

1. Warm up cIMDM at 378C.
2. Thaw frozen vials of PBMCs in a 378C water bath. Re-

move the vials when the freezing medium starts to turn
liquid (;2 minutes).

3. With a disposable Pasteur pipette, add a few drops of warm
cIMDM into the vial to thaw it completely.

4. Slowly transfer the cell suspension to a 15-mL tube and fill
up with warm cIMDM.

5. Centrifuge at 300g for 8 minutes at RT.
6. Aspirate the supernatant and resuspend the pellet in 5 mL

FACS buffer.
7. Count cells as described above.
8. Centrifuge at 300g for 8 minutes at RT. Aspirate the

supernatant.

3B.4. CD41 T cell isolation (see note 2).

1. Prepare a suspension of cells at 5 3 107/mL in FACS
buffer and place cells in a 5-mL polystyrene tube.

2. Add the EasySep Human CD41 T cell Enrichment Cock-
tail at 50 mL/mL to the cell suspension and mix well.

3. Incubate for 10 minutes at RT.
4. Vortex the EasySep D Magnetic Particles for 30 seconds.
5. Add the magnetic particles at 100 mL/mL to the cell sus-

pension and mix well.
6. Incubate for 5 minutes at RT.
7. Bring the cell suspension to a total volume of 2.5 mL to-

tal with FACS buffer.
8. Mix the cells by pipetting up and down 3 times. Place the

tube without cap into the EasySep Magnet.
9. Incubate for 5 minutes at RT.

10. Pick up the magnet with the tube inside and, in a contin-
uous motion, invert to pour the desired fraction into a new
15-mL tube. Leave the magnet inverted for no more than
3 seconds, then return to the upright position.

11. Centrifuge at 300g for 8 minutes at RT. Aspirate the
supernatant.

3B.5. Cell resting (see note 3).

1. Resuspend the cells to 1 3 106 in 950 mL of cIMDM.
Transfer to a well of a 24- or 12-well plate.

2. Rest the cells by leaving the plate in the incubator at 378C
overnight.

3B.6. Stimulation (see notes 4-9).

1. For each well, prepare 50 mL cIMDM containing PMA (1
mg/mL) and ionomycin (20 mg/mL).

2. Add 50 mL of the stimulation mix to each well on top of
the existing 950 mL cIMDM, to achieve a final concentra-
tion of 50 ng/mL PMA and 1 mg/mL ionomycin. Incubate
the cells at 378C with 5% CO2.

TABLE IV. Antibody panel for polyclonal human TFH13 cells

Step Antigen (clone) Fluorophore Dilution* Source

Live/Dead Ghost Dye Violet 510 (AmCyan channel) 1:1000 Tonbo Biosciences

Surface CD3 (UCHT1) PerCP/Cyanine5.5 1:23.5 (1:11.75)

CD4 (RPA-T4) APC-Cyanine7 1:33.3 (1:16.65)

CD45RA (HI100) VioletFluor 450 1:36.3 (1:18.15)

CXCR5 (RF8B2) BD Horizon BB515 1:20 (1:10) BD Biosciences

Postfixation IL-4 (MP4-25D2) PE-Cyanine7 1:20 BioLegend

IL-13 (JES10-5A2) APC 1:20

IFN-g (4S.B3) Alexa Fluor 700 1:50

*All dilutions, except those in parentheses, represent final concentrations for staining. In the steps that require serial dilution of the antibodies, the dilutions for preparing the

antibody cocktail are listed in parentheses.
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3. After 1 hour, add to each well 10 mL cIMDM containing
BD GolgiPlug (1:10), to achieve a final concentration of
1:1000 BD GolgiPlug.

4. Mix samples thoroughly and incubate the cells at 378C for
an additional 5 hours (total stimulation time 6 hours).

3B.7. Surface staining (see note 10).

1. Transfer the cells to 1.5-mL tubes.
2. Centrifuge at 300g for 8 minutes at RT. Aspirate the

supernatant.
3. Resuspend the cells in 150 mL PBS and transfer to a 96-

well V bottom plate.
4. Centrifuge at 850g for 4 minutes at RT. Decant the

supernatant.
5. Add 100 mL diluted Ghost Dye Violet 510 (1:1000 in

PBS) to each well. Incubate for 10 minutes at RT in the
dark.

6. Add 50 mL FACS buffer to each well.
7. Centrifuge at 850g for 4 minutes at RT. Decant the

supernatant.
8. Resuspend the cells in 100 mL FACS buffer to wash.
9. Centrifuge at 850g for 4 minutes at RT. Decant the

supernatant.
10. Add 25 mL diluted FcR block (1:5 in FACS buffer) to

each well.
11. Incubate for 5 minutes at RT in the dark.
12. Dilute the surface antibodies in 25 mL FACS buffer/well

at the concentration listed in Table IV.
13. Add 25 mL diluted surface antibodies mix to each well on

top of the existing 25 mL diluted FcR block.
14. Incubate for 15 minutes at RT in the dark.
15. Add 100 mL FACS buffer to each well.
16. Centrifuge at 850g for 4 minutes at RT. Decant the

supernatant and repeat washing step. Decant the
supernatant.

3B.8. Fixation and permeabilization.

1. Resuspend the cells in 100 mL Fixation/Permeabilization
solution. Incubate for 20 minutes at 48C in the dark.

2. Centrifuge at 850g for 4 minutes at RT. Decant the
supernatant.

3. Resuspend the cells in 100 mL 13 Perm/Wash buffer to
wash.

4. Centrifuge at 850g for 4 minutes at RT. Decant the super-
natant and repeat washing step. Decant the supernatant.

5. Resuspend the cells in 100 mL 13 Perm/Wash buffer.
Incubate overnight at 48C in the dark.

3B.9. Postfixation and intracellular staining (note 11).

1. Centrifuge at 850g for 4 minutes at RT. Decant the
supernatant.

2. Resuspend cells in 50 mL 13 Perm/Wash buffer contain-
ing postfixation antibodies at the concentration listed in
Table IV.

3. Incubate for 30 minutes at 48C in the dark.
4. Add 100 mL 13 Perm/Wash buffer to each well.
5. Centrifuge at 850g for 4 minutes at RT. Decant the

supernatant.

6. Resuspend the cells in 100 mL 13 Perm/Wash buffer to
wash.

7. Centrifuge at 850g for 4 minutes at RT. Decant the
supernatant.

8. Repeat washing step. Decant the supernatant.
9. Resuspend the cells in 150 mL FACS buffer. Keep on ice

in the dark prior to flow cytometric analysis. Perform flow
cytometric analysis within 2 hours.

10. Gating strategy is shown in Fig 4, A.

3C. Notes

1. PBMC isolation can also be performed using Ficoll-
Paque PLUS (GE Healthcare, Princeton, NJ). Instead of
Trypan blue, T€urk solution (Ricca Chemical, Arlington,
Tex) can be used to count cells.

2. Isolation of CD41 T cells improves the ease of detecting
TFH13 cells.

3. Resting the cells overnight before activation increases the
number of cytokine-positive cells.

4. FMO and isotype control antibody staining as well as un-
stimulated cells can be used to help with gating (Fig 4, B
and C).

5. We have found that GolgiPlug gives better cytokine stain-
ing than GolgiStop.

6. PD-1 can be included in the gating strategy; however,
compared with TFH cells in lymphoid tissues, blood-
circulating TFH cells express lower levels of PD-1, so
this marker can be difficult to stain.

7. After PMA/ionomycin stimulation, CD4 is
downregulated.

8. Stimulation for 6 hours promotes more cytokine-positive
cells than 12 hours of stimulation does, due to significant
cell death with prolonged stimulation.

9. Stimulation with PMA/ionomycin induces increased
cytokine-positive cells compared with stimulation with
anti-CD3/CD28 beads.

10. Staining the surface markers CD3, CD4, and CXCR5
before permeabilization improves their detection.

11. IFN-g can be used as a control marker for the stimulation.
TFH13 cells do not produce IFN-g (Fig 4, D).

4. IDENTIFICATION OF PEANUT-SPECIFIC HUMAN

TFH13 CELLS
When the inciting allergen is known, it is preferable to identify

human TFH13 cells by activating samples with antigen. In this sys-
tem, antigen-specific cells can be identified by the upregulation of
the activation marker CD154 (CD40L). For optimal staining, this
protocol should be performed on freshly isolated PBMCs.

4A. Materials
Equipment and consumables

d Sodium heparin tubes for blood collection (#367874; BD
Biosciences)

d Food-grade coffee grinder
d Glass funnel
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FIG 4. Identification of polyclonal human TFH13 cells. A, Gating strategy for polyclonal human TFH13 cells

from an aeroallergen-sensitized patient after PMA/ionomycin stimulation. B, IL-4 and IL-13 FMO and isotype

control staining in cells from a patient with allergies with stimulation. Pregated on circulating TFH cells (live

CD41 CD31 CD45RA– CXCR51).C, IL-4 and IL-13 intracellular staining in a patient with allergies and a healthy

control following no stimulation or PMA/ionomycin stimulation. Pregated on circulating TFH cells. D, IFN-g
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circulating TFH cells. Samples were acquired on a BD FACSymphony A5 (BD Biosciences).
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d Glass beaker
d Grade 1 filter paper (Whatman, GE Healthcare, Bucking-

hamshire, UK)
d Magnetic stir bar
d Magnetic stirrer
d Sorvall centrifuge tubes
d 15- and 50-mL tubes
d Kimwipes (Kimberly-Clark Professional, Roswell, Ga)
d Hemocytometer
d 24-well TC-treated plate
d 4.5-mL Sarstedt polystyrene tubes
d 5-mL polystyrene tubes

Reagents

d Peanut (food-grade, roasted in shell)
d Acetone (Sigma-Aldrich)
d cOmplete Protease Inhibitor Cocktail (Roche, Merck,

Darmstadt, Germany)
d PBS (13)
d Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher

Scientific)
d LAL (limulus amebocyte lysate) Chromogenic Endotoxin

Quantitation Kit (Thermo Fisher Scientific)
d Pierce Coomassie (Bradford) Protein Assay Kit (Thermo

Fisher Scientific)
d AIM V Medium (Gibco)
d Heat-inactivated FBS (ATCC, Manassas, Va)
d BD GolgiPlug (BD Biosciences)
d 4% paraformaldehyde (Electron Microscopy Services, Hat-

field, Penn)
d Permeabilization Buffer (103) (eBioscience, Thermo

Fisher Scientific)
d Distilled water
d BSA (Sigma-Aldrich)
d EDTA
d FcR Blocking Reagent Human (Miltenyi Biotec)
d LIVE/DEAD Fixable Aqua Dead Cell Stain (Life

Technologies)
d Antibodies (see Table V)

Reagent setup

d Complete AIM V media: Supplement AIM V medium with
2.5% (vol/vol) autologous plasma.

d FACS buffer: Prepare a solution of 1% BSA and 2 mmol/L
EDTA in PBS.

d Permeabilization Buffer (13): Dilute Permeabilization
Buffer (103) 1:10 in distilled water.

4B. Methods
4B.1. CPE preparation (see note 1).

1. Shell approximately 70 g peanut. Grind to a paste using
food-grade coffee grinder.

2. Dissolve the paste with 200 mL cold acetone and mix
well.

3. In a chemical hood, set up 2 funnels each with 2 layers of
grade 1 filter paper.

4. Pour the peanut paste/acetone mix into the funnels. Run
an additional ;1.4 L (203 the volume of peanut used)
cold acetone through the funnels. Discard the flow-
through containing peanut fat dissolved in acetone. Dry
the remaining peanut paste in the funnels overnight.

5. The next day, unfold the filters and collect the dry peanut
powder into a clean, autoclaved beaker. Avoid the periph-
eral areas of yellow fat. The yield from 70 g shelled pea-
nuts should be ;30 g dry powder.

6. Dissolve 2 protease inhibitor tablets in 100 mL PBS.
7. Slowly add the PBS with protease inhibitor to the peanut

powder until the mixture is a viscous solution (not
completely liquid). This will take 50 to 70 mL PBS
with protease inhibitor given a starting amount of 70 g
shelled peanuts.

8. Add a magnetic stir bar into the mixture and place the
beaker containing the mixture on a magnetic stirrer at
RT on high spin. The mixture should be homogenized
in ;2 hours.

9. Centrifuge the mixture in Sorvall tubes (4 tubes for ;100
mL) at 20,000g for 20 minutes at RT. Collect the
supernatant.

10. Cover the opening of a 50-mL tube with a Kimwipe.
Gently filter the supernatant through the Kimwipe into
the tube. This should yield ;40 mL final volume.

11. Determine crude peanut extract (CPE) protein concentra-
tion using the Coomassie (Bradford) Protein Assay Kit.

12. Perform serial removals of endotoxin from the filtered
supernatant using Detoxi-Gel Endotoxin Removing Gel un-
til the endotoxin contamination inaworking concentration is
below 0.5 EU/mL (EU 5 endotoxin units) as measured by
the LAL Chromogenic Endotoxin Quantitation Kit.

13. Repeat measurement of CPE protein concentration using
the Coomassie (Bradford) Protein Assay Kit, as endo-
toxin removal may lead to loss of protein.

14. Run SDS-PAGE to verify the presence of major allergens.
Major allergens include Ara h 1 (65 kDa), Ara h 2 (17
kDa), and Ara h 3 (14 kDa).16

15. Aliquot CPE and store at 2808C.

TABLE V. Antibody panel for peanut-specific human TFH13 cells

Step Antigen (clone) Fluorophore Dilution* Source

Live/dead LIVE/DEAD Fixable Aqua Dead Cell Stain (AmCyan channel) 1:1000 Life Technologies

Surface CD3 (SK7) APC-eFluor 780 1:100 (1:50) eBioscience

CD4 (OKT4) Brilliant Violet 605 1:100 (1:50) BioLegend

CXCR5 (RF8B2) Alexa Fluor 488 1:40 (1:20) BD Biosciences

Postfixation CD154 (24-31) PE 1:209 (1:9) eBioscience

IL-4 (MP4-25D2) Alexa Fluor 647 1:104.5 (1:4.5) BioLegend

IL-13 (JES10-5A2) BD Horizon V450 1:104.5 (1:4.5) BD Biosciences

*All dilutions, except those in parentheses, represent final concentrations for staining. In the steps that require serial dilution of the antibodies, the dilutions for preparing the

antibody cocktail are listed in parentheses.
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4B.2. Plasma isolation.

1. Centrifuge blood tubes at 450g for 15 minutes at 228C with
no acceleration and no brake.

2. In a TC hood, remove plasma layer and transfer to 15-mL
conical tube. Use this to prepare complete AIM V media
for each donor sample.

3. Transfer remaining blood into a 50-mL conical tube (1 50-
mL tube per blood tube).

4. Replace plasma volume removed with equivalent volume
of PBS 1 2% FBS.

4B.3. PBMC isolation.

1. Perform PBMC isolation as described in section 3B.1,
steps 1 to 9.

2. Use 1 mL complete AIM V media to resuspend and mix all
the pellets from 1 donor. Transfer the cells to a 15-mL
conical tube. Use 10 mL complete AIM V media to rinse
the 50-mL tubes for 1 donor and then transfer to the same
15-mL tube, which should ultimately contain cells in 11
mL media.

3. Centrifuge at 400g for 10 minutes at 228C. Resuspend in
10 mL complete AIM V media.

4. Count cells as described in section 3B.1, step 17. Resus-
pend cells at 4 3 106 cells/mL in complete AIM V media.

5. Plate 1 mL cells/well in a 24-well plate. Plate 5 wells each
for CPE stimulation. Rest cells in incubator overnight.

4B.4. Stimulation (see notes 2-4).

1. Add 100 mg CPE to each well and place in the incubator
for 2 hours.

2. For each well, add 10 mL BD GolgiPlug diluted 1:10 in
complete AIM V media, to achieve a final concentration
of 1:1000 BD GolgiPlug. Place in the incubator for an
additional 4 hours (total stimulation time 6 hours).

4B.5. Surface staining.

1. Transfer each well of cells into a 4.5-mL conical-bottom
Sarstedt polystyrene tube. Rinse each well with 2 mL
PBS and transfer to tube, leading to a final volume of 3
mL per tube. Centrifuge at 500g for 5 minutes at 48C
and aspirate supernatant.

2. Resuspend cells in 1 mL LIVE/DEAD Fixable Aqua Dead
Cell Stain (diluted 1:1000 in PBS). Incubate for 30 minutes
on ice in the dark.

3. Add 2 mL PBS and centrifuge at 500g for 5 minutes at
48C. Aspirate supernatant.

4. Resuspend cells in 50 mL diluted FcR block (1:5 in FACS
buffer). Incubate for 5 minutes at RT in the dark.

5. Dilute the surface antibodies in 50 mL FACS buffer/sample
at the concentration listed in Table V.

6. Add 50 mL diluted surface antibodies mix to each tube on
top of the existing 50 mL diluted FcR block. Incubate for
30 minutes on ice in the dark.

7. Add 2 mL PBS and centrifuge at 500g for 5 minutes at
48C. Aspirate supernatant.

4B.6. Fixation and permeabilization.

1. Resuspend cells in 500 mL 4% paraformaldehyde. Incu-
bate for 5 minutes at RT in the dark. Vortex briefly at 1,
3, and 5 minutes to mix.

2. Add 1 mL ice-cold FACS buffer and centrifuge at 500g for
5 minutes at 48C. Aspirate supernatant.

3. Wash with 1 mL 13 Permeabilization Buffer and centri-
fuge at 1400g for 10 minutes at 48C. Aspirate supernatant.

4. Resuspend cells in 500 mL 13 Permeabilization Buffer.
Incubate for 20 minutes at RT in the dark.

4B.7. Postfixationand intracellular staining (seenote5).

1. Add postfixation staining cocktail directly to the tubes con-
taining 500 mL of 13 Permeabilization Buffer (22.5 mL/
sample) (Table V). Incubate for 45 minutes on ice in the
dark.

2. Add 2 mL 13 Permeabilization Buffer and centrifuge at
1400g for 10 minutes at 48C. Aspirate supernatant. Repeat
washing step and aspirate supernatant.

3. Resuspend cells in 300 to 500 mL FACS buffer. Keep on ice
in the dark prior to flow cytometric analysis. Perform flow
cytometric analysis within 1 day. Before running samples,
combine duplicate samples into a 5-mL polystyrene tube.

4. Gating strategy is shown in Fig 5, A.

4C. Notes

1. Using this protocol, a large amount of CPE can be pre-
pared. Alternatively, a number of peanut preparations are
commercially available. For readers who do not want to
perform endotoxin removal and validation, they can use
LoTox Peanut Flour Protein with Defined Allergen Con-
tent (Indoor Biotechnologies, Charlottesville, Va). Staller-
genes Greer (London, UK) sells a peanut preparation, but
this formulation still requires endotoxin removal. If
possible, a single batch of peanut preparation should be
used for a series of experiments.

2. It is important to include FMO and isotype control anti-
body staining as well as unstimulated cells for setting gates
(Fig 5, A and B).

3. We have only performed this assay with peanut; however,
other allergens/antigens may also work in this assay.

4. Do not include GolgiPlug on initial activation as it may
affect in vitro activation of T cells by interfering with an-
tigen processing and presentation.17

5. Given that circulating antigen-specific TFH13 cells are a
relatively rare population, it is important to acquire at least
8 3 106 events if using total PBMCs. Alternatively, fewer
events can be acquired if CD41 T cells are enriched prior
to staining.
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