HDM-driven TFH dysfunction in the pediatric tonsil
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T follicular helper cells (TFH) are a specialized subset of CD4+ T cells that regulate B cell responses within the germinal center (GC). Expression of the chemokine receptor CXCR5 allow TFH to migrate into and be retained within the B cell follicles of secondary lymphoid organs (SLOs). TFH regulate the survival, proliferation and differentiation of B cells dictating the quality, quantity and type of antibody [1]; TFH are essential for the formation of GCs and antibody production in murine models of inflammation including allergy [2]. Particularly large numbers of TFH are found in the tonsils, especially in early life, where they are associated with highly active GCs as a result of constant exposure to ingested and inhaled antigens. 
Often the first SLOs to encounter environmental stimuli and infections, the tonsils can play an important role in the generation of protective immunity, and TFH dysfunction has recently been associated with recurrent group A Streptococcus infection of the tonsil [3].  Recurrent infection affects older patients primarily, with young children often presenting non-infectious tonsillar hyperplasia [4]. Therefore, adeno-tonsillectomy remains one of the most common pediatric surgical procedures carried out worldwide, primarily as a result of diagnosis with pediatric obstructive sleep apnea (OSA).  Recurrent bacterial or viral infection is commonly linked with tonsil hypertrophy, but there is increasing evidence of an association with atopic diseases. Children with OSA have a higher incidence of atopy than the general population and increased likelihood of developing atopic dermatitis or allergic asthma in later life [5], and adeno-tonsillectomy to treat OSA has been associated with improvements in a number of asthma outcomes [6]. We therefore aimed to determine the relationship between the tonsil immune response, tonsillar enlargement, OSA and atopy.
	Thirty-six children undergoing routine adeno-tonsillectomy were recruited, eighteen children had an indication of OSA, previously confirmed by cardiorespiratory polygraph sleep study, and eighteen children recruited with other indications. The regional ethics committee approved the study, with written informed consent obtained. Clinical and demographics details are summarized in table E1. Atopic status was determined by a positive ImmunoCAP IgE or skin prick test, and was present in thirteen of thirty-six children, and other details such as recent viral illness and presence of bacteria on culture were also assessed. In this cohort there was no significant association between atopic status and other diagnosis including OSA or infectious history. 
[bookmark: OLE_LINK2]Firstly, tonsil lymphocyte composition was analyzed by flow cytometry (Figure E1A). As expected, tonsil tissue was primarily composed of B cells (CD19+) and T cells (CD3+) including experienced (CD45RO+ CD45RA-) and naïve (CD45RO- CD45RA+) T cells; there was no significant difference in the proportions of these cell types in atopics versus non-atopics (Fig E1B-E). CD4+ T cells associated with B cell follicles were separated into those found within the GC, GC TFH (CXCR5hiPD1hiFoxp3-CD25-), and those that reside outside of the GC, non-GC TFH (CXCR5intPD1intFoxp3-CD25-). Suppressive, T follicular regulatory CD4+ T cells (TFR) could also be identified (CXCR5int/hiPD1int/hi Foxp3int/hiCD25hi) (Fig E2A) [7]. When analyzing atopic versus non-atopic status, OSA diagnosis or infectious history as a whole, there was no significant difference in the frequency of the different follicular T cell populations (Fig E2B-E); however in children sensitized to the common aero-allergen house dust mite (HDM, Dermatophagoides pteronyssinus), there was an increase in CXCR5hiPD1hi GC-associated TFH and TFR compared to non-HDM sensitized atopic children (Fig 1A-C); an effect that was not observed in any other CD4+ T cell subpopulations (Fig E3).HDM-sensitized children had similar poly-sensitization profiles to non-HDM-sensitized atopic children suggesting this was the result of HDM sensitivity (Fig E4).
	Tonsillar GC B cell frequency (gated in Fig E5) correlated with both GC TFH and GC TFR frequencies (Fig 1D-E). Total circulating IgE concentrations were elevated in HDM-sensitive individuals but this did not directly correlate with GC TFH or GC TFR frequencies (Fig 1F-G). PD1- CXCR5+ CD4 T cells that reside outside of the B cell follicle did however correlate with both the number of antibody secreting cells in tonsils and circulating IgE concentrations (Fig 1H-I).
	CCR4 expression is associated with T helper-2 skewed CD4 T cells and individuals with allergic rhinitis have an increased frequency of circulating TFH expressing CCR4 [8]. A proportion of tonsil GC TFH were also CCR4+ (Fig E6A), however while the frequency of these was significantly elevated in children recently reporting viral illness, it was similar between atopics and non-atopics (Fig E6B-C). TFH also produce high concentrations of the canonical TH2 cytokine IL-4, alongside IL-21, to promote B cell function [1]. Accordingly GC TFH were the major source of IL-21 and among the most frequent producer of IL-4 in the tonsils after polyclonal stimulation (Fig 2A). Atopic children had increased frequencies of IL-4+ GC TFH, while IL-21+ GC TFH frequency was comparable to non-atopics, and responses were similar in HDM-positive and HDM-negative atopics (Fig 2B). IL-13, another canonical TH2 cytokine, could not be detected in any CD4+ T cell population analyzed. Stimulation of tonsil cells with HDM also resulted in increased IL-4+, and to a lesser extent IL-21+, TFH in HDM-positive, but not HDM-negative, individuals (Fig 2C). Thus rather than having a type-2 phenotype, TFH from atopic individuals specifically enhanced IL-4 production potentially promoting IgE switch.
	Recent studies have highlighted the altered frequency of circulating TFH in allergic individuals [8], but this is the first study to show both functionally and numerically altered TFH in the SLOs of allergen-sensitized individuals.  One limitation is the absence of true healthy comparator tonsil tissue; however aside from allergic status no other pathological indicator, e.g. OSA or infection, was associated with increased TFH responses. The young age of this cohort highlights that TFH dysregulation can occur in early in life, often prior to diagnosis with allergic disease. 
Importantly allergen immunotherapy appears to suppress cTFH, potentially through a regulatory T cell dependent mechanism [8]. Murine models have shown that sustained exposure to aeroallergens specifically promotes increased TFH frequency and function, whilst therapeutic blocking of TFH reduces IgE and ameliorates disease [9]. Thus, targeting this pathway could prove effective in preventing or treating allergic disease.   

Summary
We show that T follicular helper cells, central regulators of B cell responses, are dysregulated in the tonsils of atopic children, especially those sensitized to the common aero-allergen, house dust mite.   

Figure legends
Figure 1 | GC TFH/TFR frequencies correlate with GC B cells, and are increased in HDM-sensitized children
(A) Representative flow cytometry plots gating tonsil stained for follicular helper cells, pre-gated on lymphocytes, numbers indicate (%). (B & C) Quantification of tonsil GC TFH (B) and GC TFR (C). For B & C the Kruskal-Wallis with Dunn’s multiple comparison statistical test was used *P < 0.05. (D & E) GC TFH+TFR frequency was compared to (D) GC B cells and (E) serum IgE. (F & G) CXCR5+PD1- CD4 T cells were compared to (F) plasma cells (PC) and (G) serum IgE. For D-G linear regression analysis was used, with normality of data confirmed with the Shapiro-Wilks test. For (A-G) n=36. *P<0.05.

Figure 2 | GC TFH from atopic sensitized children produce more IL-4.
(A) Tonsil cells were polyclonally stimulated with phorbol myristate acetate (PMA) and Ionomycin in the presence of Brefeldin A for 4 hours, with IL-4 and IL-21 production measured in CD4 T cells sub-populations by intracellular staining. (B) IL-4 and IL-21 production by GC TFH in non-atopic and atopic patients was measured as in (A). (C) Tonsil cells were stimulated with whole HDM extract for 18 hours and Brefeldin A for a final 4 hours and IL-4 and IL-21 production by GC TFH was determined, as a control BFA, in the absence of HDM, was added. A Wilcoxon paired test was carried out. n=22. *P<0.05, **P<0.01 ****P<0.0001.
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