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Introduction

While research on the gut-liver axis in non-communicable liver diseases has expanded exponentially, few studies have investigated the liver-gut relationship in the context of gastrointestinal nematode infections. This study aimed to determine whether liver-draining lymph nodes (LLNs) contribute to the immune response against a strictly enteric nematode infection.





Methods

We analyzed the cellular and functional immune responses in the portal (PLN) and celiac (CLN) liver-draining lymph nodes following infection with the small intestinal nematode Heligmosomoides (polygyrus) bakeri (H. bakeri). The composition of dendritic cells and CD4+ T cell subsets in LLNs was compared to the mesenteric lymph nodes (MLN), the primary draining site of gut infections. Additionally, we examined Th2 effector cell expansion, plasmablast generation, and B cell activation across these lymphoid sites.





Results

Both PLN and CLN exhibited increased cellularity at d14 post-infection. The immune profile in CLN closely resembled that of MLN, characterized by a robust expansion of GATA-3+ Th2 effector cells at days 6 and 14 post-infection. This was accompanied by an early plasmablast response, producing low-affinity IgG1 antibodies targeting immune-dominant excretory-secretory (ES) products. In contrast, PLN showed weaker Th2 responses and lower early plasma cell responses compared to MLN and CLN. However, PLN displayed strong follicular T helper (TFH) activity, with a B cell profile biased toward germinal center reactions. This led to high-affinity IgG1 antibodies specifically binding VAL-1 and ACE-1.





Discussion

These findings demonstrate, for the first time, that liver-draining lymph nodes actively participate in the adaptive immune response to enteric nematode infections. While MLN and CLN function synergistically in generating early Th2 effector cells and rapid extrafollicular IgG1+ plasma cell responses, PLN specializes in TFH-driven germinal center reactions and affinity maturation.
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Introduction

Generally, lymph nodes (LNs) play critical roles in the development of immune responses during infection (1–3). The generation of tissue-specific immunity is enhanced as a result of the LNs which are strategically located throughout the body (4). This permits simultaneous antagonistic immune responses in different organs in a concerted manner, thus providing a more controlled immune response in different organs (5).

This niche-specific immunity is particularly pronounced in the gastrointestinal tract, in which different gut segments are drained by immunologically distinct LNs to meet the different needs of these gut segments (6, 7). Supporting the concept of LN ‘sharing’ and co-drainage, several studies showed that gut-associated LNs also drain the pancreas and liver to varying extents (8–10). Given the intricate gut-liver cross-talk (11, 12), there is a potential for mixed drainage between the gut and liver LNs which is poorly understood to date.

Two liver-draining lymph nodes (LLN) are present in mice, the celiac lymph node, CLN, and the portal lymph node, PLN (8, 13). These LLNs lie adjacent to each other, with the PLN more superficial and located to the right of the portal vein while the CLN is located slightly deeper in the peritoneal cavity (14). The human liver shares this anatomical arrangement where it also seems to be drained by two sets of LNs with similar localization as in mice (15, 16). Of note, the nomenclature of the two murine LLNs differed between studies, but one theme runs through these studies; the consistency in description of the co-draining and organogenesis of the CLN and PLN (8, 14). The CLN co-drains some parts of the small intestine and the peritoneal cavity whereas the PLN drains the liver to a greater extent (5, 14). Here, we follow the nomenclature of Brown and colleagues (5).

Using Evans blue dye, Mayer et al., revealed the involvement of these LLNs in gut-restricted infection to be dependent on the route (subserosal into the intestines or footpad injection of antigens) of infection (17), showing migration of dendritic cells (DCs) from the liver to the LLNs to prime and facilitate specific T cell responses. Interestingly, CLN and PLN appear to be independent liver-draining LNs, with different cellular compositions and modes of organogenesis (18). Hence, the two LN may act differently when comparing hepatic vs. enteric infections but also comparing the responses of CLN and PLN in the context of any given intestinal infection. While we are not aware of studies testing the latter, a study comparing the CLN and PLN responses to hepatic virus infection reported that they were predominantly involved in liver antiviral immune responses (13). Accordingly, lymphadenectomy of the PLN resulted in hepatitis B virus (HBV) persistence in immunocompetent mice (14). The CLN on the other hand was shown to be important in promoting liver-mediated adaptive immune tolerance via induction of regulatory T cells (Tregs) and scarcity of DCs (13).

We, therefore, asked whether and how the two lymphoid organs contributed to the immune response against intestinal nematode infections, taking advantage of the strictly enteric infection with H. bakeri, a natural parasite of mice. Similar to widespread and economically important gastrointestinal nematodes of cattle and small ruminants, this worm develops through a short histotrophic phase of about 8 days, spent by the growing larval stages in the small intestinal submucosa, before returning to the lumen of the upper small intestine where the adult worms mate and survive for up to 9 months. We also compared the responses in CLN and PLN to those in the mesenteric lymph nodes (MLN).

In line with earlier evidence for the CLN draining parts of the upper small intestine, it has also been shown that the CLN co-drain liver, duodenum, and peritoneum (5, 14), hence a mix of liver-derived soluble signals/DC with the signals and APC from small intestines. The PLN on the other hand was shown to more exclusively drain the liver to a greater extent (5, 14). Thus, the present work seeks to address whether the LLNs contribute to the instruction of classical Th2 cells in a strictly enteric gastrointestinal nematode infection and whether the co-drainage ongoing between the MLN and LLNs could impact the immune responses in these LLNs fostering Treg, Th2, or B cells specializations in them.

We explored two-time points of H. bakeri infection, days 6 (early phase) and 14 (peak phase), representing the phases of larval development in small intestinal tissue and the arrival of the mature larvae in the lumen of the intestine, respectively. We demonstrate a clear distinction between the two LLNs; CLN, like the MLN, are strong Th2 induction sites, while the PLN is biased towards TFH cells and, hence, generates high-quality B cell responses during the infection.





Results




The liver-draining lymph nodes contribute to T effector cell responses against H. bakeri infection

H. bakeri infects the small intestine of mice where the ingested infective larvae (L3) invade the submucosa of the duodenum and upper jejunum for development into the pre-adult stage, which returns to the small intestinal lumen at day 8 post-infection (19). The tissue damage provoked during the development of the histotropic larval stage results in a strong immune response reflected by the substantial increase in size and cellularity of the mesenteric lymph nodes (MLN) draining the duodenum and jejunum (Figures 1A, B). We further noticed that the size of the two lymph nodes draining the liver, namely celiac (CLN) and portal lymph nodes (PLN), were increased in mice infected with H. bakeri for 2 weeks (Figures 1A–C). Earlier studies demonstrated the multi-organ drainage by the CLN, comprising the liver and pancreas, but also the upper duodenum (5, 8, 13, 14), whereas the PLN solely drains the liver and pancreas (5). In accordance with the drainage of the upper SI shared between MLN and CLN, both sites comprised significantly elevated and similar frequencies of IL-4 and IL-13 competent Th2 cells during larval development (day 6 p.i.) and after transition to the patent stage of infection (day 14 p.i., Figure 1D). However, Th2 cells were also significantly increased in the PLN of infected mice at both timepoints, albeit at lower levels compared to MLN and CLN (Figure 1D). In parallel to the induction of Th2 cells, elevated IFN-g production by CD4+ T cells was seen in all LN samples at day 6, but the percentage of T-bet+ Th1 cells remained unchanged, and the rate of IFN-g production leveled down in CD4+ T cells at day 14 post-infection (Figure 1E).




Figure 1 | Mesenteric lymph nodes, in conjunction with liver-draining lymph nodes, contribute to T-cell effector responses against H. bakeri infection. (A) Mesenteric lymph nodes (MLN) at day 0 (d0) and day 14 (d14) post-infection with H. b, picture of BALB/c mouse dissected at day 14 to show the anatomical position of the two LLNs. (B) Image illustrating the jejunal MLN with the celiac (CLN) and portal lymph nodes (PLN), with a drawn scale for size comparison. Insets show the size of CLN and PLN on d0 and d14. (C) Quantification of live cell counts in MLN, CLN, and PLN on d0 and d14. Data are presented as mean ± SEM with statistical significance indicated. (D) Flow cytometry analysis of IL-4 and IL-13 expression in live CD4+ T cells (IL-4+ and IL-13+ double-positive cells gated within CD4+IL-4+ population) from MLN, CLN, and PLN on d0, d6, and d14 post-infection. Representative plots (left) and cumulative data (right) demonstrate an increase in IL-4+ and IL-13+ CD4+ T cells in infected mice. (E) Percentage of IFN-γ+ CD4+ T cells in MLN, CLN, and PLN on d0, d6, and d14 post-infection. Bars represent mean ± SEM, with statistical comparisons among time points. (F) Proliferation of live CD8+ T cells in MLN, CLN, and PLN on d6 post-infection with H. b. Representative histograms show Ki-67 expression in CD8+ T cells from naïve and infected mice (left). Bar graph (right) quantifying the percentage of Ki-67+ CD8+ T cells at different time points (d0, d6, and d14). (G) Cytokine production in live CD8+ T cells from MLN, CLN, and PLN at d6 and d14 post-infection. Representative flow cytometry plots show IFN-γ and TNF-α expression (left), while the bar graph quantifies the percentage of IFN-γ+ CD8+ T cells at each time point (right). (H) Correlation between IL-4+ Th2 cells and IFN-γ+ CD8+ T cells in MLN, CLN, and PLN at d6 post-infection. Each dot represents an individual mouse, with Pearson’s correlation coefficient (r) and p-value shown. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



We further sought to compare the expression of Th2 effector functions in the different lymph nodes and therefore assessed the activity of CD8+ T cells, as earlier work reported the IL-4 dependent expansion of CD8+ memory-like T cells which was increased along the expansion of CD4+ Th2 cells in H. bakeri-infected mice (20, 21). Confirming these earlier studies, we determined a highly significant increase in the proliferation of CD8+ T cells in all active lymph nodes of infected mice (Figure 1F). Infection-derived CD8+ T cells also displayed elevated T-bet expression, which translated to significantly stronger IFN-g responses upon in vitro stimulation compared to naïve controls (Figure 1G and data not shown). Interestingly, the comparable profiles observed across different lymph nodes suggest that Th2 cells are not only present but also actively induced in the PLN, where they contribute to the expansion of CD8+ VM cells as early as day 6 post-infection. This finding makes it unlikely that Th2 cells were initially induced in MLN or CLN and subsequently migrated to the PLN, as the PLN lacks a direct connection to the gut, a key site for Th2 induction.

Despite our claims that Th2 cell levels in the PLN are reduced by half compared to MLN and CLN (Figure 1D), the PLN exhibits a comparable magnitude of CD8+ T cell responses. This observation suggests that lower Th2 levels in the PLN, if present, do not negatively impact CD8+ T cell responses at day 6. Furthermore, IFN-g expression of CD8+ T cells was positively correlated with the extent of Th2 responses across the LNs.

Hence, while the majority of Th2 cells induced in response to a strictly enteric nematode infection derive from the larger MLN and CLN draining the site of infection, a more limited number of Th2 cells derive from the liver-draining PLN. Furthermore, the correlation between Th2 response and local expansion of memory-like CD8+ T cells indicates robust Th2 effector functions expressed in the active LNs. This included the liver-draining PLN which is activated during enteric nematode infection despite the lack of the lymphatics directly connecting the PLN to the site of infection.





CLN and PLN display different gut-homing characteristics of GATA-3+ T cells and ALDH enzyme activity

As we observed that the LLNs are a site of Th2 induction during H. bakeri infection, we next sought to determine if these T effector cells (Teff) contribute to anti-helminth immunity in the gut. Therefore, we assessed the expression of the gut-homing marker CCR9 (22) in Th2 cells in the different lymph nodes. CCR9-mediated gut homing of GATA-3+ cells is shown to correlate with high expression of aldehyde dehydrogenase (ALDH) in DCs isolated from the MLN of mice early during infection (22, 23). In addition, the early stage of infection drives the early recruitment of T cells to the infected gut and determines worm clearance (24). We, therefore, looked at the gut-homing marker CCR9 at day 6 to get an idea of how these cells behave in extra-lymphoid compartments and their contributions to controlling gut infection.

We observed that Th2 cells from the PLN express very low levels of CCR9 at days 6 and 14 compared to these cells in the CLN and MLN (Figures 2A, B). Higher RALDH activity (retinoic acid metabolism) in CD103+ MLN-DCs and an enhanced vitamin A metabolism during the early stage of infection resulted in higher CCR9+ T cells homing to the gut (25–27). Therefore, we assessed ALDH activity in CD103+ DCs at 6dpi using the Aldefluor kit. We found that low CCR9 expression in Th2 cells in the PLN was accompanied by low ALDH expression by CD103+ CD11c+ DCs. In contrast, the higher expression of gut-homing markers by Th2 cells from the CLN and MLN was mirrored by the higher expression of ALDH by DCs (Figure 2C). Together, this data shows that MLN and CLN express higher proportions of the gut-homing marker CCR9 compared to PLN as a result of higher levels of ALDH activity in their DCs.




Figure 2 | MLN, PLN, and CLN display differential expression of CD103+ ALDH+ DC along with differential gut homing of Th2. Frequencies of the gut homing marker CCR9 in total GATA-3+ Th2 cells in MLN, PLN, and CLN at (A) 6 days post-infection and (B) 14 days post-infection. Bar graphs report the mean percentages of CCR9+ in GATA-3+ Th2 (CD4+Foxp3- T helper cells) (C) Proportions of CD103+ ALDH+ DC in MLN, PLN, and CLN-derived cells on day 6 post-infection. Bar graphs report mean % of ALDH expression in MHCII+CD11c+CD103+ DCs. Cells were gated as CD8a- SiglecF- CD90- F4/80-. Cells were stained and analyzed by flow cytometry, representative FACS plots, and the data derived from at least two independent experiments performed with 3-4 mice per group shown. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 determined by Kruskal-Wallis test combined with Dunn’s multiple comparison test or Mann-Whitney test.







Differential B cell responses are associated with the magnitude of Th2 rather than TFH profiles

The quantification of IL-4 and GATA-3 expression in CD4+ T cells in the liver versus gut-draining lymph nodes indicated a trend for less extensive Th2 effector cell generation in PLN compared to the ‘classical’ gut-draining lymph nodes. However, the three sites displayed similar features associated with IL-4 signaling in worm infections, such as the strong outgrowth of B cells and the expansion of VM CD8+ T cells (Figure 1H). Furthermore, both B cell proliferation and IFN-g competence of CD8+ T cells strongly correlated with the individual levels of Th2 responses in a given organ rather than with the organ itself (Figure 1F). We, therefore, asked if qualitative differences in the B cell responses might be associated with the extent of Th2 differentiation and/or the balance of Th2 effector versus follicular T helper cell differentiation across the different lymphatic sites. We hence quantified IgG1-expressing cells by intracellular stains at day 6 and 14 post-infection and found a significant rise of IgG1+ cells in the three lymph nodes at day 14 post-infection (Figure 3A). As shown for CLN-derived cells in Figures 3B, C, IgG1+ cells were composed of B220+ cells which displayed a germinal center (GC) B cell phenotype by the expression of the canonical GC transcription factor Bcl6, the binding of peanut agglutinin (PNA) and the elevated expression of GL7. In contrast, a smaller subset of B220-IgG1+ cells lacked GC markers and expressed CD138 and Ly6C associated with plasma cells (28). Furthermore, the B220- subset had lost the CXCR5 expression required for positioning in the B cell follicles (Figures 3B, C) (29–31). IgG1+ PC accounted for a prominent part of the IgG1+ cells in both MLN and CLN of infected compared to control mice (Figure 3D). In contrast, only 2 out of 8 mice harbored a prominent IgG1+ PC population in the liver-draining PLN at day 14 p.i, and these individuals also displayed the highest IgG1+ PC responses in MLN and CLN (Figure 3D). Because earlier studies demonstrated the capability of Th2 cells for the instruction of extrafollicular B cell responses (32, 33), we tested for associations between the magnitude of Th2 and overall IgG1 responses as well as early IgG1+ PC differentiation across the LN at day 14 p.i. As shown in Figures 3E, F, the frequencies of Th2 cells were strongly correlated with the overall outgrowth of IgG1+ cells (Figure 3E) as well as with the subset of IgG1+ B220- PC cells (Figure 3F). In contrast, the more homogenous GC B cell responses were not linked with the extent of Th2 differentiation (Figures 3G, H). Furthermore, while the PLN of most of the infected mice comprised low proportions of IgG1+ PC, the B220+IgG1+ subset was the most enriched in GL7+ Bcl6high GC B cells in the liver-draining LN (Figure 3I, Supplementary Figure 3). These data suggested that the liver-draining PLN provided an environment suited for the generation of germinal center reactions while being less prone to the rapid instruction of plasma cell differentiation in the context of enteric nematode infection (Supplementary Figure 3).




Figure 3 | Differential B cell responses are associated with the magnitude of Th2 rather than TFH profiles. (A) Quantification of IgG1+ cells among live cells over the course of infection, showing a significant increase at day 14 post-infection. (B) Representative flow cytometry plots of B220+ and/or IgG1+ cells from mesenteric lymph nodes (MLN), cervical lymph nodes (CLN), and popliteal lymph nodes (PLN) at day 14 post-infection. Populations include germinal center(GC) B cells (B220+ GL7+ CXCR5+) and plasma cells (PCs; B220- IgG1+). (C) Flow cytometry analysis of IgG1+ subsets in CLN, highlighting markers associated with GC B cells (Bcl6, GL7) and PCs (CD138, Ly6C). (D) Percentage of B220- IgG1+ PCs across time points, showing significant expansion at day 14. (E, F) Correlation of Th2 marker GATA3+ in CD4+ T cells with IgG1+ cells (E) and B220- IgG1+ PCs (F) in live populations, with strong positive associations. (G) Proportions of B220+ IgG1+ GC B cells in B cell populations showing significant increases by day 14. (H) Correlation between GATA3 expression in CD4+ T follicular helper (TFH) cells and IgG1+ B220+ GC B cells, indicating a potential role of Th2 polarization. (I) Percentage of GL7+ Bcl6+ GC B cells within B220+ IgG1+ populations, showing a significantly higher proportion in the PLN compared to MLN and CLN. (J) Dynamics of CXCR5+ PD-1+ TFH cells in CD4+ T cell populations over time, peaking at day 14. (K, L) Negative correlation between TFH cell abundance and IgG1+ live cells (K) or B220- IgG1+ PCs (L), suggesting TFH-independent regulation of PC responses.



We complemented the investigation of B and Th2 cell responses by the quantification of follicular T helper (TFH) cell response at days 6 and 14 post-infection. TFH cells are required for efficient germinal center reactions, resulting in the generation of high-affinity IgG and the development of memory B cells (34), whereas Th2 cells providing IL-4 were shown to be sufficient for extrafollicular IgG1 class switching and the generation of short-lived PC (35–37). As shown in Figure 3J, particularly high frequencies of TFH cells identified by the expression of the chemokine receptor CXCR5 together with the inhibitory signaling molecule PD-1 were detectable in CLN at day 6 post-infection. However, CD4 cells isolated from the three LN at day 14 post-infection comprised similar frequencies of TFH cells (Figure 3J, Supplementary Figure 2), matching the homogenous proportions of B220+IgG1+ GC B cells (Figure 3G). TFH responses were not mirrored in the overall rate of IgG1 class switching but negatively correlated with the extent of early plasma cell responses (Figures 3K, L).





T cells in PLN are the only producers of parasite-specific IL-21 among the three LNs, driving efficient GC formation and high-quality antibody responses

IL‐21 has been reported to be integral to protective humoral immunity, where it acts on B cells from the outset of an adaptive immune response to promote their expansion and contribution to germinal center reaction (38–40). Therefore, to assess the contribution of IL-21 to the observed B cell responses, single-cell suspensions from the MLN, CLN, and PLN were stimulated with H. bakeri excretory-secretory product (HES) or antibodies against CD3 and CD28 (strong T cell receptor stimulants), cultured for 72 hours, after which the supernatants were harvested and tested for IgG1 and IL-21. We found that all three LNs harbor B cells producing IgG1 at day 14. However, we detected IgG1 in the supernatants of PLN cells on day 6 (Figure 3A), suggesting an early and sustained IgG1 production by B cells in this lymph node. Interestingly, of all the LNs, we could only detect IL-21 in the supernatant of cultured PLN cells in response to T-cell receptor stimulation (Figures 3B, C). In summary, these data suggest that the PLN environment is conducive in terms of IL-21 response by TFH and could support GC and quality B cell responses.





B cells from PLN produce higher affinity IgG1 antibodies compared to MLN and CLN, which react to both VAL-1 and ACE-1

To confirm the assertion that the PLN environment supports higher quality B cell responses compared to the MLN and CLN, we run an SDS-PAGE of ‘untouched’ HES and de-glycosylated HES using either PNGase F or O-glycosidase. The HES was de-glycosylated to remove carbohydrate moieties (present in adult ES) on antigenic epitope, the so-called Glycan A and B, which have been shown to induce non-protective antibodies and act as a decoy that generates ineffective humoral responses during primary H. bakeri infection (41). From the SDS-PAGE gel, ‘untouched HES’ as well as de-glycosylated HES show the two band sizes that correspond to Venom allergen/Ancylostoma secreted protein-Like-1 (VAL-1) and acetylcholinesterase-1 (ACE-1) proteins, depicted by the red and black boxes, respectively (Figure 4A). These proteins are suggested to represent two major vaccine targets that induce protective immunity against H. bakeri (42). Western blots were thereafter run using pooled sera from d14 H. bakeri infected BALB/c mice as well as the supernatant of MLN, CLN, and PLN cell suspensions after 72 hours of culture with HES. We found that the serum IgG1 reacted strongly to these two bands (red and black boxes – Figure 4B).




Figure 4 | IgG1 and IL-21 profile in supernatants harvested after culturing cell suspensions of MLN, CLN, and PLN with H. bakeri excretory-secretory products (HES) (A) Arbitrary ELISA unit (EU) of IgG1 in the supernatant (SN) of cells cultured from MLN, PLN, and CLN at day 6 and 14 post-infection compared to steady state. (B, C) EU of IL-21 in supernatant (SN) of cells cultured from MLN, PLN, and CLN at day 6 and 14 post-infection compared to steady state. Data pooled from at least two independent experiments with 3-4 mice group is shown. Cells were stimulated with either anti-CD3/-CD28 (B) or Hb ES, H. bakeri excretory-secretory products (C).



Next, we probed whether the supernatants from MLN, CLN, and PLN show similar binding patterns. We show that the supernatants from the MLN and CLN only reacted to the second band, ACE-1 (black box) while the supernatant from the PLN reacted to the two bands just like the pooled sera (red and black boxes and red arrows – Figure 4C). We also show that both the ‘untouched’ and de-glycosylated HES showed similar binding patterns when probed with pooled sera or supernatant (Figures 4B, C). Furthermore, we show that with the supernatants, the binding to the de-glycosylated HES was weaker shown in fainter bands than the ‘untouched’ HES. The binding intensities to the ‘untouched’ HES decreased in MLN, compared to CLN and PLN, with the PLN showing the highest intensity. The data together show that the PLN has a similar binding pattern to the pooled sera, reacting to the H. bakeri vaccine target proteins VAL-1 and ACE-1.

In summary, our data show that the PLN, even though it has restricted Th2 responses, compared to the MLN and CLN, possibly due to its high IFN-γ environment, is skewed towards TFH response. Even though the PLN shows lower PCs compared to the MLN and CLN at day 14, the PLN is able to form more GC, which enables it to produce more quality B cells and high-affinity antibody response (Figures 3D, I), evident in the binding of its supernatants to both VAL-1 and ACE-1 compared to the MLN and CLN (Figures 4A–C). Together, our data shows that the PLN is important for quality B cell responses during H. bakeri infection.






Discussion

Few studies of LNs in mice have identified cross-talks between gut-draining LNs and LNs at different anatomical locations (5, 8, 14). In mice, the LLNs have attracted attention only recently in the context of liver infections or gastrointestinal virus infections (5, 14). Not much work has been done on these LLNs in the context of intestinal helminth infection, especially considering the gut-liver axis and antigen sharing between these organs (43, 44). In previous studies using nematode models, many Th2 cells have been shown to circulate to the liver, but the phenotype and impact on the infection were not addressed (45–47). In our model, we observed increased LLN size even though H. bakeri does not traverse the liver. Thus, we speculated that there could be induction of Th2 in the LLNs that may support the MLN during infection. Furthermore, our data suggest that there is indeed a dissemination of parasite antigens to the liver, evidenced by significant levels of parasite-specific CD40L+ Th2 cells in the liver (unpublished data), which could be the result of type 2 effector responses induced by the two LLN.

We also showed that the two LLNs behaved differently in terms of gut-homing marker expression on their Th2 cells. Cells from the CLN typically had similar phenotypes to those from the MLN whilst the PLN cells differed. We show a higher number of Th2 cells co-expressing the gut homing marker, CCR9 in the MLN and CLN (Figures 2A, B) compared to the PLN. This is likely due to different properties of migratory DC sharing between lymph nodes, especially lymph nodes draining the gut and related to the gut. Migratory DC sharing is important in fostering cross-talk and the imprinting of certain phenotypes (like gut-homing markers) on T cells in the different lymph nodes involved (5). The PLN is probably paramount in contributing to the high systemic Th2/1 hybrid cells, possibly due to their poor CCR9 expression (Figures 2A, B) (48). This we also confirmed by the ALDH levels and activity of CD103+ DC (Figure 2C), showing significantly fewer levels of these cells in the PLN compared to the CLN and MLN.

PLN has been shown to share migratory DC with the liver during a hepatotropic viral infection to a greater extent than CLN (5, 8, 13). This suggests an active role of the PLN in liver-specific infections. This phenomenon has also been reported by Brown and colleagues, who show that migratory DCs are shared to a greater extent between CLN and MLN than PLN (5). Alternatively, more antigen-primed migratory DC have access to the CLN compared to the PLN, perhaps due to its proximity to the intestine. The PLN might not be involved in tolerance but rather effector mechanisms and is probably the more important lymph node (in terms of draining the liver) for the liver during H. bakeri infection. This could also imply an extra role for the PLN’s involvement in the mounting immune response to hepatic infections (8) aside from its somewhat involvement in intestinal infection. The PLN is probably involved in later T cell response or dealing with the excesses of the infection; for instance, gut translocated microbes (as a result of gut barrier dysfunction during the worm’s life cycle) (49). We speculate this is due to the high IFN-γ competence of the Th2 PLN cells (Th2/1 hybrid cells) (50) compared to the other LNs (Supplementary Figure 1). This would have to be further investigated.

Our work and the work of others defined the MLN as the main site of Th2 generation and IgG1 class switching in H. p. bakeri infection (51–53). Here, we show that the two LLNs contribute to Th2 and TFH generation and the instruction of IgG1 responses. In accordance with the drainage of duodenal tissue by the CLN (5), the reaction of this LN largely phenocopied the MLN response according to the parameters investigated in this study. Despite potential additional cellular and soluble messenger input from the liver and peritoneal cavity, the CLN harbored about the same frequencies of GATA-3 high Th2 cell marked by the co-production of IL-4/-13 and a similar fraction of IL-4, -13, and -5 triple-competent cells as seen in MLN. In addition, both MLN and CLN displayed similar proportions of CXCR5+PD1+ TFH cells and comparable B cells IgG1 class switching (Figure 3J). As anticipated by the increase in size, also the PLN responded to the enteric infection. The frequencies of Th2 cells were only reduced by about 50% compared to MLN and CLN, which is remarkable as the PLN, to the best of our knowledge, lacks any afferent lymphatic connection to the intestine.

More striking, the TFH response expressed in PLN upon 6-14 days of H. bakeri infection mirrored those generated in MLN and CLN and the extent of IgG class switching was alike in the B cell populations of all three LNs. These responses were apparently generated with similar kinetics, as Th2 cells almost exclusively expressing high levels of Ki67 were prominent and in all investigated LN at d6 post-infection (Figure 1F). These data suggest that the strong Th2 responses dominating the MLN and CLN might interfere with optimal TFH and B cell interactions (54). However, the stratification of Th2 (IL4, GATA3 expression), TFH, and IgG1(EF/GC) and the associated gradual differences in Th2 effector cell counts did not reveal a dependence on EF/GC phenotypical composition of B cells. These data are, however, limited to MLN and spleen (not shown here), and similar investigations may result in different outcomes concerning the responses in CLN/PLN.

During an ongoing infection, lower affinity B cells express IgM and IgD but can re-enter GC and form new PC that produces high-affinity antibodies (55). There are a lot more B cells re-entering or forming GC in the PLN compared to the MLN and CLN. This is evident in the GC formation ability in PLN compared to the MLN and CLN (Figures 3I, 5C). IFN-γ signaling has also been reported to be very important in spontaneous GC formation (56). The PLN’s highly IFN-γ competent environment (from Th2 cells, Supplementary Figure 1) during the infection could be driving the high GC formation in the PLN. Also, its lower IL-4 competence compared to the other LNs during infection could foster its GC-forming ability (54). These suggest that, even though earlier on in the infection, you have good PCs from MLN and CLN, these PC may not be providing high-affinity antibodies that are necessary for the infection. However, the PLN, which initially formed lower PCs, will later have their B cells re-entering the GC, where they are ‘reprogrammed’ to produce higher affinity and more quality antibody responses (Figures 5C, D). IL‐21 production by TFH (57, 58) and calcium signaling via NFAT (59, 60) enable IL‐21 to fine‐tune B cell responses in relation to the immunological properties of the immunogen. This cytokine has also been shown to promote early B cell expansion by increasing cell cycle speed and cyclic re‐entry, synergizing with BCR and CD40 to increase AKT and S6 phosphorylation (60–62). The consequence for B cell responses is that initially, a wide range of antigen affinities are promoted, increasing B cell response size and promotion of plasma cells (63, 64). PLN showed a sustained IgG1 response during the early and peak stages of H. bakeri infection. It was also the only LN, in whose cell suspension IL-21 was detected after culturing for 72 hours. This further confirms our earlier thought that the PLN is more biased towards TFH, due to its lower Th2 response (Supplementary Figure 2), which makes it a good site for the generation of more quality B cell responses later in the infection.




Figure 5 | B cells from PLN produce higher affinity IgG1 antibodies compared to MLN and CLN, that react to both VAL-1 and ACE-1 of H. bakeri excretory-secretory product (HES) (A) SDS-PAGE of ‘untouched’ HES and de-glycosylated HES. Proteins were loaded at 10ug (B) Western blot of SDS-PAGE in (A) using pooled sera from day 14 of H. bakeri infected BALB/c mice (C) Western blot of SDS-PAGE in (A) using supernatants (1:2 dilution) from MLN, CLN and PLN cell suspensions cultures with HES for 72 hours from day 14 of H. bakeri infected BALB/c mice. Goat anti-mouse IgG1 conjugated to AP was used as a secondary antibody and BCIP/NBT as substrate. (D) A graphical summary of a suggested model for our findings. TFH and B cell response (and the lower Th2) are generated in PLN, which is not directly connected to the gut via lymphatics. But it may act as an overflow/2nd line of response to the gut infection as a result of a few DCs moving from the MLN to the PLN. This might provide the optimal conditions for a more appropriate/specific antibody response compared to the less specific B cell responses in MLN and CLN.



Furthermore, protective immunity against H. bakeri infection has been achieved by vaccination with adult HES (41). Analyses of serum from vaccinated mice identified two major antigens of the venom allergen and acetylcholinesterase families recognized by the protective immune response as VAL-1 and ACE-1, respectively. These two antigens have been thought to be a major vaccine target for H. bakeri infection (42). Our data shows that supernatants from MLN and CLN of day 14 H. bakeri-infected BALB/c mice could only react to ACE-1 (black box – Figure 5C), suggesting the absence of B cell clones that produce IgG1 against VAL-1. This phenomenon could be suggestive of the early PC expansion in the MLN and CLN (Figure 5A), which leads to the production of low-affinity IgG1 antibodies that do not recognize epitopes of the VAL-1 proteins (Figure 5C). The PLN, on the other hand, had a lower PC population at day 14 but formed more GC (Figure 3D), leading to the B cells churning out high-affinity IgG1 antibodies that are fully functional and reactive to both VAL-1 and ACE-1 (Figures 5B, C). The pooled sera also reacting to both VAL-1 and ACE-1 suggests that the VAL-1-specific IgG1 in the serum derives from the PLN and not the MLN and CLN (Figures 5B, C). Putting these together, we report other lymphoid compartments that are important in the generation of B cell response during this infection. Our data suggest that the CLN and PLN are as important in mounting good B-cell responses just as the MLN. The PLN contributes to more sustained antibody responses by the formation of more GCs during the infection to enhance high-affinity antibody responses, which is necessary for protective immunity in H. bakeri infection.

In conclusion, GATA-3+ effector cells derive from the two LLNs in addition to the MLN during H. bakeri infection. The CLN behaves similarly to the MLN due to the fact that it also drains the gut and peritoneal cavity alongside the liver compared to the PLN which strictly drains the liver (5). The MLN and CLN are the more active LNs in generating T effector responses in H. bakeri infection. The PLN, on the other hand, is more important in generating quality B cell responses to enhance high-affinity antibody (IgG1) secretion, a consequence of it being a more TFH-skewed microenvironment. Further studies will be needed to demonstrate that the T and B cells induced in the LLNs are having a direct effect on H. bakeri, by either lymphodectomy or selective blocking of T and B cell egress from the LLNs. Also, the adoptive transfer of the cells from the LLNs could reveal other interesting findings of these LNs during H. bakeri infection.





Materials and methods




Mice and infections

The animal experiments were done in accordance with the National Animal Protection Guidelines with approval from the German Animal Ethics Committee for the Protection of Animals (G0176/17, G0113/15, H0438/17). Female BALB/c mice were ordered from Janvier (Saint-Berthevin, France) and were infected with 200 3rd-stage larvae of H. bakeri by oral gavage. Mice used in the experiments were anesthetized with xylazine and ketamine and sacrificed by cervical dislocation. All animal experiments were performed in accordance with the National Animal Protection Guidelines and approved by the German Animal Ethics Committee for the Protection of Animals (LAGeSo, G0176/20).





Cell isolation

MLN, CLN, and PLN were processed into single-cell suspensions using 70 µl cell strainers (BD Biosciences, San Jose, CA, USA). After washing in RPMI (1% FCS, 100U/ml penicillin, 100 mg/ml streptomycin (PAA, Wien, Austria), any residue red blood cells were removed with an erythrocyte lysis buffer, followed by two further washing steps.





Flow cytometry

For the detection of gut homing markers, cells isolated from lymphatic organs were stained for CCR9 (clone CW-1.2; PE-Cy7) and α4β7 (clone DATK32, biotin) at 37°C for 30 minutes, followed by incubation with a fixable viability dye (eFluor506 or eFluor780) on ice for 5 minutes. After labeling CD4 (clone RM4-5; Alexa 700, Brilliant Violet 510, or PerCP), cells were fixed using fix/perm buffer (Thermo Fisher) for 30 minutes at room temperature and stained intracellularly using the following reagents: FoxP3 (clone FJK-16s; PE-eFluor610, Alexa 488, or PerCP-Cy5.5), GATA-3 (clone TWAJ; eFluor 660), T-bet (clone 4B10; PE), and Ki-67 (SolA15, eFluor 450 or PE-Cy7). Streptavidin coupled with Brilliant Violet 605 was used as a secondary conjugate. Dendritic cells were analyzed using antibodies against MHCII (clone M5/114.15.2; APC), CD11c (clone N418; Brilliant Violet 421), and CD103 (clone 2E7, APC). Aldehyde dehydrogenase (ALDH) activity was determined using the Aldefluor kit (Stemcell Technologies). Non-specific binding of antibodies was prevented by adding FcγRII/III blocking antibody (clone 93). All antibodies and other reagents were from BioLegend, Thermo Fisher, or BD Biosciences. A catalog of the respective antibodies used in the multi-color flow cytometry can be seen in Supplementary Table 1.1 in the Supplementary Figures. Cells were acquired on FACSCantoTM II (BD Biosciences) or FACSAriaTM III (BD Biosciences), and data was analyzed using FlowJo (Tree Star Inc., Ashland, USA). The antibodies used for the detection of surface and intracellular markers are described in Supplementary Table S1. Dead cells were excluded using eFluor780 or eF560 fixable viability dye (Thermo Fisher, Waltham, USA). For intracellular staining of cytokines and transcription factors, cells were fixed and permeabilized using the Fixation/Permeabilization kit and Permeabilization buffer from ThermoFisher/eBioscience. Analyses of the samples were done using a Canto II flow cytometer and an Aria cell sorter (BD Biosciences, Heidelberg, Germany) and FlowJo software Version 10 (Tree Star Inc., Ashland, OR, USA) was used to analyze the data. The data for naïve and infected mice (days 6 and 14) presented in this study are pooled from at least two independent experiments with 3-4 mice per group in each experiment.





Cell culture and in vitro re-stimulation

For the analysis of cytokine production capacities of cells, MLN, CLN, and PLN cells were plated out per well in a round-bottom 96-well cell culture plate in a final volume of 200μL RPMI medium, containing 10% FCS, 100U/mL penicillin, and 100μg/mL streptomycin (all from PAA, Pasching, Austria). The cells were then stimulated with 1μg/mL of PMA/ionomycin and incubated for 3-4 hours at 37°C and 5% CO2. The cells were further stained with a dead cell marker and other surface stains, fixed and permeabilized for intracellular staining, followed by acquisition via flow cytometry.





Parasite-specific IgG1 and IL-21 detection by ELISA

For the analysis of parasite-specific IgG1 and IL-21, 1x105 of MLN, CLN, and PLN cells were plated out per well in a round-bottom 96-well cell culture plate in a final volume of 200μL RPMI medium containing 10% FCS, 100U/mL penicillin and 100μg/mL streptomycin (all from PAA, Pasching, Austria). The cells were stimulated with either anti-HES (10μg/mL) or without. The cells were then incubated for 72 hours at 37°C and 5% CO2. The cell suspensions were then spun down, and the supernatant was harvested and measured via sandwich. Absorbance was measured on a Biotek Synergy H1 Hybrid Reader at a 450nm wavelength.





HES preparations, SDS-PAGE, and Western blots

Adult H. bakeri excretory and secretory product (HES) were either deglycosylated with Peptide N-glycosidase F (PNGase F), which cleaves N-linked glycans from glycoproteins, or Endo-α-N-Acetylgalactosaminidase (O-glycosidase), that catalyzes the removal of O-disaccharides from glycoproteins. These enzymes are from New England Biolabs®. Glycosylated and deglycosylated HES were run on an SDS-PAGE, and Western blot was done on these using either serum from d14 H. bakeri infected BALB/c mice or supernatants from cell suspension from MLN, CLN, and PLN after culturing with HES for 72 hours according to the protocol published in (65). Briefly, the SDS-PAGE was blotted unto a nitrocellulose membrane, blots were blocked in 2% dry skim milk in TBS with 0.05% Tween 20 for 2 hours at room temperature and probed with either pooled sera (1:200 dilutions) or supernatants from cell suspensions of MLN, CLN, and PLN (1:2 dilutions) at 4 0C overnight. This was followed by 3 times washing in TBST, after which AP-conjugated secondary antibodies (anti-mouse IgG1 1:3000, antibodies-online.com) for 2 hours at room temperature. The blots were then washed 3 times in TBST and developed with SIGMAFAST™ BCIP®/NBT substrate (Sigma-Aldrich®).





Statistics

All statistical analyses were performed using GraphPad Prism Software (San Diego, CA, USA). Normality was tested with the Shapiro-Wilk test, followed by ordinary one-way-ANOVA or Kruskal-Wallis test and Tukey’s or Dunn’s multiple comparison test. Comparisons of the two groups were performed with an unpaired t-test or Mann-Whitney test.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by German Animal Ethics Committee for the Protection of Animals (LAGeSo, G0176/20). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JA: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. ZD: Methodology, Writing – review & editing. RM: Methodology, Writing – review & editing. AM: Validation, Writing – review & editing. SH: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. SR: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. We acknowledge funding by the German Research Foundation (DFG) to SH and SR within the DFG Research Training Group GRK 2046.




Acknowledgments

The authors acknowledge Yvonne Weber, Bettina Sonnenburg, Beate Anders, Marion Müller, Christiane Palissa, and Franziska Möbus for their excellent technical support and Anne Winkler for illustrative support.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1483274/full#supplementary-material




References

1. Drayton, DL, Liao, S, Mounzer, RH, and Ruddle, NH. Lymphoid organ development: From ontogeny to neogenesis. Nat Immunol. (2006) 7:344–53. doi: 10.1038/ni1330

2. Liao, S, and Padera, TP. Lymphatic function and immune regulation in health and disease. Lymphatic Res Biol. (2013) 11:136–43. doi: 10.1089/lrb.2013.0012

3. Menzel, L, Höpken, UE, and Rehm, A. Angiogenesis in lymph nodes is a critical regulator of immune response and lymphoma growth. Front Immunol. (2020) 11:591741. doi: 10.3389/fimmu.2020.591741

4. Weisberg, SP, Ural, BB, and Farber, DL. Tissue-specific immunity for a changing world. Cell. (2021) 184:1517–29. doi: 10.1016/j.cell.2021.01.042

5. Brown, H, Komnick, MR, Brigleb, PH, Dermody, TS, and Esterházy, D. Lymph node sharing between pancreas, gut, and liver leads to immune crosstalk and regulation of pancreatic autoimmunity. Immunity. (2023) 56:2070–2085.e11. doi: 10.1016/j.immuni.2023.07.008

6. Houston, SA, Cerovic, V, Thomson, C, Brewer, J, Mowat, AM, and Milling, S. The lymph nodes draining the small intestine and colon are anatomically separate and immunologically distinct. Mucosal Immunol. (2016) 9:468–78. doi: 10.1038/mi.2015.77

7. Pöysti, S, Toivonen, R, Takeda, A, Silojärvi, S, Yatkin, E, Miyasaka, M, et al. Infection with the enteric pathogen C. rodentium promotes islet-specific autoimmunity by activating a lymphatic route from the gut to pancreatic lymph node. Mucosal Immunol. (2022) 15:471–9. doi: 10.1038/s41385-022-00490-2

8. Barbier, L, Tay, SS, McGuffog, C, Triccas, JA, McCaughan, GW, Bowen, DG, et al. Two lymph nodes draining the mouse liver are the preferential site of DC migration and T cell activation. J Hepatol. (2012) 57:352–8. doi: 10.1016/j.jhep.2012.03.023

9. Shoda, LKM, Young, DL, Ramanujan, S, Whiting, CC, Atkinson, MA, Bluestone, JA, et al. A comprehensive review of interventions in the NOD mouse and implications for translation. Immunity. (2005) 23:115–26. doi: 10.1016/j.immuni.2005.08.002

10. Zaccone, P, and Cooke, A. Helminth mediated modulation of Type 1 diabetes (T1D). Int J Parasitol. (2013) 43:311–8. doi: 10.1016/j.ijpara.2012.12.004

11. Mandato, C, Delli Bovi, AP, and Vajro, P. The gut-liver axis as a target of liver disease management. Hepatobiliary Surg Nutr. (2021) 10:100–2. doi: 10.21037/hbsn.2020.03.27

12. Rodrigues, SG, van der Merwe, S, Krag, A, and Wiest, R. Gut-liver axis: Pathophysiological concepts and medical perspective in chronic liver diseases. Semin Immunol. (2024) 71:101859. doi: 10.1016/j.smim.2023.101859

13. Yu, J, Chen, Y, Wu, Y, Ye, L, Lian, Z, Wei, H, et al. The differential organogenesis and functionality of two liver-draining lymph nodes in mice. J Autoimmun. (2017) 84:109–21. doi: 10.1016/j.jaut.2017.08.005

14. Zheng, M, Yu, J, and Tian, Z. Characterization of the liver-draining lymph nodes in mice and their role in mounting regional immunity to HBV. Cell Mol Immunol. (2013) 10:143–50. doi: 10.1038/cmi.2012.59

15. Graham, NJ, and Libshitz, HI. Cascade of metastatic colorectal carcinoma from the liver to the anterior diaphragmatic lymph nodes. Acad Radiol. (1995) 2:282–5. doi: 10.1016/S1076-6332(05)80185-0

16. Pupulim, LF, Vilgrain, V, Ronot, M, Becker, CD, Breguet, R, and Terraz, S. Hepatic lymphatics: Anatomy and related diseases. Abdominal Imaging. (2015) 40:1997–2011. doi: 10.1007/s00261-015-0350-y

17. Mayer, JU, Brown, SL, MacDonald, AS, and Milling, SW. Defined intestinal regions are drained by specific lymph nodes that mount distinct th1 and th2 responses against schistosoma mansoni eggs. Front Immunol. (2020) 11:592325. doi: 10.3389/fimmu.2020.592325

18. Zheng, M, and Tian, Z. Liver-mediated adaptive immune tolerance. Front Immunol. (2019) 10:2525. doi: 10.3389/fimmu.2019.02525

19. Johnston, CJC, Robertson, E, Harcus, Y, Grainger, JR, Coakley, G, Smyth, DJ, et al. Cultivation of heligmosomoides polygyrus: an immunomodulatory nematode parasite and its secreted products. J Visualized Experiments: JoVE. (2015) 98:52412. doi: 10.3791/52412

20. Lin, J, Mohrs, K, Szaba, F, Kummer, L, Leadbetter, E, and Mohrs, M. Virtual memory CD8 T cells expanded by helminth infection confer broad protection against bacterial infection. Mucosal Immunol. (2019) 12:258–64. doi: 10.1038/s41385-018-0100-x

21. Renkema, KR, Lee, J-Y, Lee, YJ, Hamilton, SE, Hogquist, KA, and Jameson, SC. IL-4 sensitivity shapes the peripheral CD8+ T cell pool and response to infection. J Exp Med. (2016) 213:1319–29. doi: 10.1084/jem.20151359

22. Cassani, B, Villablanca, EJ, Quintana, FJ, Love, PE, Lacy–Hulbert, A, Blaner, WS, et al. Gut-tropic T cells that express integrin α4β7 and CCR9 are required for induction of oral immune tolerance in mice. Gastroenterology. (2011) 141:2109–18. doi: 10.1053/j.gastro.2011.09.015

23. Xu, B, Deng, C, Wu, X, Ji, T, Zhao, L, Han, Y, et al. CCR9 and CCL25: A review of their roles in tumor promotion. J Cell Physiol. (2020) 235:9121–32. doi: 10.1002/jcp.29782

24. Adjah, J, Kapse, B, Zhang, H, Hartmann, S, and Rausch, S. Differential resistance to nematode infection is associated with the genotype- and age- dependent pace of intestinal T cell homing.  (2024). Preprint. doi: 10.21203/rs.3.rs-4850015/v1

25. Edele, F, Molenaar, R, Gütle, D, Dudda, JC, Jakob, T, Homey, B, et al. Cutting edge: instructive role of peripheral tissue cells in the imprinting of T cell homing receptor patterns. J Immunol. (2008) 181:3745–9. doi: 10.4049/jimmunol.181.6.3745

26. Frota-Ruchon, A, Marcinkiewicz, M, and Bhat, PV. Localization of retinal dehydrogenase type 1 in the stomach and intestine. Cell Tissue Res. (2000) 302:397–400. doi: 10.1007/s004410000281

27. Goverse, G, Olivier, BJ, Molenaar, R, Knippenberg, M, Greuter, M, Konijn, T, et al. Vitamin A metabolism and mucosal immune function are distinct between BALB/c and C57BL/6 mice: Cellular immune response. Eur J Immunol. (2015) 45:89–100. doi: 10.1002/eji.201343340

28. Lacotte, S, Decossas, M, Le Coz, C, Brun, S, Muller, S, and Dumortier, H. Early differentiated CD138highMHCII+IgG+ Plasma cells express CXCR3 and localize into inflamed kidneys of lupus mice. PloS One. (2013) 8:e58140. doi: 10.1371/journal.pone.0058140

29. de Goër de Herve, M-G, Abdoh, M, Jaafoura, S, Durali, D, and Taoufik, Y. Follicular CD4 T cells tutor CD8 early memory precursors: an initiatory journey to the frontier of B cell territory. iScience. (2019) 20:100–9. doi: 10.1016/j.isci.2019.09.012

30. Hardtke, S, Ohl, L, and Förster, R. Balanced expression of CXCR5 and CCR7 on follicular T helper cells determines their transient positioning to lymph node follicles and is essential for efficient B-cell help. Blood. (2005) 106:1924–31. doi: 10.1182/blood-2004-11-4494

31. Haynes, NM, Allen, CDC, Lesley, R, Ansel, KM, Killeen, N, and Cyster, JG. Role of CXCR5 and CCR7 in follicular th cell positioning and appearance of a programmed cell death gene-1High germinal center-associated subpopulation1. J Immunol. (2007) 179:5099–108. doi: 10.4049/jimmunol.179.8.5099

32. Corrado, A, Ramonell, RP, Woodruff, MC, Tipton, C, Wise, S, Levy, J, et al. Extrafollicular IgD+ B cells generate IgE antibody secreting cells in the nasal mucosa. Mucosal Immunol. (2021) 14:1144–59. doi: 10.1038/s41385-021-00410-w

33. Faliti, CE, Mesina, M, Choi, J, Bélanger, S, Marshall, MA, Tipton, CM, et al. Interleukin-2-secreting T helper cells promote extra-follicular B cell maturation via intrinsic regulation of a B cell mTOR-AKT-Blimp-1 axis. Immunity. (2024) 0:1317–9. doi: 10.1016/j.immuni.2024.11.006

34. Foster, WS, Lee, JL, Thakur, N, Newman, J, Spencer, AJ, Davies, S, et al. Tfh cells and the germinal center are required for memory B cell formation & humoral immunity after ChAdOx1 nCoV-19 vaccination. Cell Rep Med. (2022) 3:100845. doi: 10.1016/j.xcrm.2022.100845

35. Punnonen, J, and de Vries, JE. IL-13 induces proliferation, Ig isotype switching, and Ig synthesis by immature human fetal B cells. J Immunol (Baltimore Md: 1950). (1994) 152:1094–102. doi: 10.4049/jimmunol.152.3.1094

36. Aversa, G, Punnonen, J, Cocks, BG, de Waal Malefyt, R, Vega, F, Zurawski, SM, et al. An interleukin 4 (IL-4) mutant protein inhibits both IL-4 or IL-13-induced human immunoglobulin G4 (IgG4) and IgE synthesis and B cell proliferation: Support for a common component shared by IL-4 and IL-13 receptors. J Exp Med. (1993) 178:2213–8. doi: 10.1084/jem.178.6.2213. C.OMMAJ.R.X.X.X.

37. McKenzie, AN, Culpepper, JA, de Waal Malefyt, R, Brière, F, Punnonen, J, Aversa, G, et al. Interleukin 13, a T-cell-derived cytokine that regulates human monocyte and B-cell function. Proc Natl Acad Sci. (1993) 90:3735–9. doi: 10.1073/pnas.90.8.3735

38. Bouziat, R, Biering, SB, Kouame, E, Sangani, KA, Kang, S, Ernest, JD, et al. Murine norovirus infection induces TH1 inflammatory responses to dietary antigens. Cell Host Microbe. (2018) 24:677–688.e5. doi: 10.1016/j.chom.2018.10.004

39. Ettinger, R, Sims, GP, Fairhurst, A-M, Robbins, R, Da Silva, YS, Spolski, R, et al. IL-21 induces differentiation of human naive and memory B cells into antibody-secreting plasma cells. J Immunol. (2005) 175:7867–79. doi: 10.4049/jimmunol.175.12.7867

40. Wang, S, Wang, J, Kumar, V, Karnell, JL, Naiman, B, Gross, PS, et al. IL-21 drives expansion and plasma cell differentiation of autoreactive CD11chiT-bet+ B cells in SLE. Nat Commun. (2018) 9:1758. doi: 10.1038/s41467-018-03750-7

41. Hewitson, JP, Filbey, KJ, Grainger, JR, Dowle, AA, Pearson, M, Murray, J, et al. Heligmosomoides polygyrus Elicits a Dominant Nonprotective Antibody Response Directed against Restricted Glycan and Peptide Epitopes. J Immunol. (2011) 187:4764–77. doi: 10.4049/jimmunol.1004140

42. Hewitson, JP, Ivens, AC, Harcus, Y, Filbey, KJ, McSorley, HJ, Murray, J, et al. Secretion of protective antigens by tissue-stage nematode larvae revealed by proteomic analysis and vaccination-induced sterile immunity. PloS Pathog. (2013) 9:e1003492. doi: 10.1371/journal.ppat.1003492

43. Giannelli, V. Microbiota and the gut-liver axis: Bacterial translocation, inflammation and infection in cirrhosis. World J Gastroenterol. (2014) 20:16795. doi: 10.3748/wjg.v20.i45.16795

44. Kouroumalis, E, Tsomidis, I, and Voumvouraki, A. Viral liver disease and intestinal gut–liver axis. Gastrointestinal Disord. (2024) 6:64–93. doi: 10.3390/gidisord6010005

45. Mohrs, K, Harris, DP, Lund, FE, and Mohrs, M. Systemic Dissemination and Persistence of Th2 and Type 2 Cells in Response to Infection with a Strictly Enteric Nematode Parasite. J Immunol. (2005) 175:5306–13.

46. Mitre, E, and Klion, AD. Eosinophils and helminth infection: protective or pathogenic? Semin Immunopathol. (2021) 43:363–81.

47. Min, B, Prout, M, Hu-Li, J, Zhu, J, Jankovic, D, Morgan, ES, et al. Basophils Produce IL-4 and Accumulate in Tissues after Infection with a Th2-inducing Parasite. J Exp Med. (2004) 200:507–17. doi: 10.1084/jem.20040590

48. Kapse, B, Zhang, H, Affinass, N, Ebner, F, Hartmann, S, and Rausch, S. Age-dependent rise in IFN-γ competence undermines effective type 2 responses to nematode infection. Mucosal Immunol. (2022) 15:1270–82. doi: 10.1038/s41385-022-00519-6

49. Classon, CH, Li, M, Clavero, AL, Ma, J, Feng, X, Tibbitt, CA, et al. Intestinal helminth infection transforms the CD4+ T cell composition of the skin. Mucosal Immunol. (2022) 15:257–67. doi: 10.1038/s41385-021-00473-9

50. Affinass, N, Zhang, H, Löhning, M, Hartmann, S, and Rausch, S. Manipulation of the balance between Th2 and Th2/1 hybrid cells affects parasite nematode fitness in mice. Eur J Immunol. (2018) 48:Article 12. doi: 10.1002/eji.201847639

51. Strandmark, J, Rausch, S, and Hartmann, S. Eosinophils are required to suppress Th2 responses in Peyer’s patches during intestinal infection by nematodes. Mucosal Immunol. (2017) 10:661–72. doi: 10.1615/CritRevImmunol.2016018726

52. Ekkens, MJ, Liu, Z, Liu, Q, Whitmire, J, Xiao, S, Foster, A, et al. The Role of OX40 Ligand Interactions in the Development of the Th2 Response to the Gastrointestinal Nematode Parasite Heligmosomoides polygyrus. J Immunol. (2003) 170:384–93. doi: 10.4049/jimmunol.170.1.384

53. King, IL, Mohrs, K, and Mohrs, M. A Nonredundant Role for IL-21 Receptor Signaling in Plasma Cell Differentiation and Protective Type 2 Immunity against Gastrointestinal Helminth Infection. J Immunol. (2010) 185:6138–45.

54. Han, Y, Yao, R, Yang, Z, Li, S, Meng, W, Zhang, Y, et al. Interleukin-4 activates the PI3K/AKT signaling to promote apoptosis and inhibit the proliferation of granulosa cells. Exp Cell Res. (2022) 412:113002. doi: 10.1016/j.yexcr.2021.113002

55. Haase, P, Schäfer, S, Gerlach, RG, Winkler, TH, and Voehringer, D. B cell fate mapping reveals their contribution to the memory immune response against helminths. Front Immunol. (2022) 13:1016142. doi: 10.3389/fimmu.2022.1016142

56. Domeier, PP, Chodisetti, SB, Soni, C, Schell, SL, Elias, MJ, Wong, EB, et al. IFN-γ receptor and STAT1 signaling in B cells are central to spontaneous germinal center formation and autoimmunity. J Exp Med. (2016) 213:715–32. doi: 10.1084/jem.20151722

57. Dienz, O, Eaton, SM, Bond, JP, Neveu, W, Moquin, D, Noubade, R, et al. The induction of antibody production by IL-6 is indirectly mediated by IL-21 produced by CD4+ T cells. J Exp Med. (2009) 206:69–78. doi: 10.1084/jem.20081571

58. Suto, A, Kashiwakuma, D, Kagami, S, Hirose, K, Watanabe, N, Yokote, K, et al. Development and characterization of IL-21–producing CD4+ T cells. J Exp Med. (2008) 205:1369–79. doi: 10.1084/jem.20072057

59. Kim, Y-M, Pan, JY-J, Korbel, GA, Peperzak, V, Boes, M, and Ploegh, HL. Monovalent ligation of the B cell receptor induces receptor activation but fails to promote antigen presentation. Proc Natl Acad Sci. (2006) 103:3327–32. doi: 10.1073/pnas.0511315103

60. Mehta, DS, Wurster, AL, Weinmann, AS, and Grusby, MJ. NFATc2 and T-bet contribute to T-helper-cell-subset-specific regulation of IL-21 expression. Proc Natl Acad Sci. (2005) 102:2016–21. doi: 10.1073/pnas.0409512102

61. Luo, W, Weisel, F, and Shlomchik, MJ. B cell receptor and CD40 signaling are rewired for synergistic induction of the c-myc transcription factor in germinal center B cells. Immunity. (2018) 48:313–326.e5. doi: 10.1016/j.immuni.2018.01.008

62. Zeng, R, Spolski, R, Casas, E, Zhu, W, Levy, DE, and Leonard, WJ. The molecular basis of IL-21–mediated proliferation. Blood. (2007) 109:4135–42. doi: 10.1182/blood-2006-10-054973

63. Dvorscek, AR, McKenzie, CI, Robinson, MJ, Ding, Z, Pitt, C, O’Donnell, K, et al. IL -21 has a critical role in establishing germinal centers by amplifying early B cell proliferation. EMBO Rep. (2022) 23:e54677. doi: 10.15252/embr.202254677

64. Paus, D, Phan, TG, Chan, TD, Gardam, S, Basten, A, and Brink, R. Antigen recognition strength regulates the choice between extrafollicular plasma cell and germinal center B cell differentiation. J Exp Med. (2006) 203:1081–91. doi: 10.1084/jem.20060087

65. Yang, P-C, and Mahmood, T. Western blot: Technique, theory, and trouble shooting. North Am J Med Sci. (2012) 4:429. doi: 10.4103/1947-2714.100998




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Adjah, D. Musimbi, Mugo, Midha, Hartmann and Rausch. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1483274-g001.jpg
A B C
MLN *
do  d14 do d14 x
Hb. Hb. i
0= Fokokk
& -\ e CLN 100 ok
H B E
- 10z @ PLN %
L 1 = H *k
- rom iz .
- 3 154 o ° x
> CLN 2 10 ~
- . 2 PIN ) 3
- Liver — Portal vein
' R Q n Hp n Hp n Hp
Jejunal MLN MLN CLN PLN
D
Live CD4+ E
PMA/ionomycin
naive ctr. H.b.d6 H.b.d14 .
MLN -
* [ MLN
, O CIN
Il PIN
+ IFN-y+ in CD4+
6
8 %
< 8
o +
;3
: £’
2 °
: I )
n d6di4 n d6di4 n d6 di4 061406140 614
MLN CLN PLN Day post infection
F G Live CD8+ H
Live CD8+ PMA/ionomycin unstim. ctr.
MLN E Hb. day 6 naive ctr. H.b.d6 IL-4+ Th2 and CD8+IFN-y
" b. P H.p. d6
. [ naive ctr. " 2 80 2
#l ! j 3
» i ~ 60
s X Zor 2ac 2 b 0.0] +
CLN ] T 8 40
s Ki-67+ in CD8+ IFN-y+ in CD8+ P
Al . | & 50 - + 80 +.20
i L Q 40 a ;
el O O 60 ™
- £ 30 £ 0
PLN | * +40 0 2 4 6 8 10
X - 520 3 % IL4+ in CDA4+
Sl 20 £ 20
o " o
R T 0 = 0
Ki-67 061406140 614 061406140 614

Day post infection

Day post infection





OEBPS/Images/fimmu-16-1483274-g004.jpg
PLN

CLN

aCD3/CD28

MLN

(=4 o o o
o o o
©o < N

=z z
= a
7p)
z LL 3
(& O o
T
<
- =
-
= s
o o o o o (=4 (=4 (=4 o
o o o o o o o
<t (3] N - ©0 < N
(nae) sj122 01 Jad NS ul 196 (nae) s|19o .0 49d NS UI LZ-TI





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Liver-draining portal lymph node responds to enteric nematode infection by generating highly parasite-specific follicular T helper and B cell responses

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            The liver-draining lymph nodes contribute to T effector cell responses against H. bakeri infection

          



          		

            CLN and PLN display different gut-homing characteristics of GATA-3+ T cells and ALDH enzyme activity

          



          		

            Differential B cell responses are associated with the magnitude of Th2 rather than TFH profiles

          



          		

            T cells in PLN are the only producers of parasite-specific IL-21 among the three LNs, driving efficient GC formation and high-quality antibody responses

          



          		

            B cells from PLN produce higher affinity IgG1 antibodies compared to MLN and CLN, which react to both VAL-1 and ACE-1

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Mice and infections

          



          		

            Cell isolation

          



          		

            Flow cytometry

          



          		

            Cell culture and in vitro re-stimulation

          



          		

            Parasite-specific IgG1 and IL-21 detection by ELISA

          



          		

            HES preparations, SDS-PAGE, and Western blots

          



          		

            Statistics

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1483274_cover.jpg
& frontiers | Frontiers in Immunology

Liver-draining portal lymph node responds
to enteric nematode infection by generating
highly parasite-specific follicular T helper
and B cell responses





OEBPS/Images/fimmu-16-1483274-g005.jpg
B
d14 Serum
1 2 3 4
250 «—— .
e B 1 = PageRuler Plus
70 «— B Prestained Protein ladder

o
5 +——WE=———— 2= HES

- 3=HES + PNGase F
35 «———— 4 =HES + O-glycosidase

25 «— .

15 «——
10 «———

MLN CLN PLN

Quality of B cell responses

® A~

plasma low high affinity
!23 Bcells Th2cells affinity 1gG1 IgG1

H pakeri Direct impact on infection (drainage/Th2 generation)
mesenteric LN celiac LN portal LN






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1483274-g003.jpg
A o
" CD4-
naive cr. -
IgG1+ in live cells - '
b 8') LR CLN d14 p.i
— B220 p.
o e _ 1gG1-
P H.b. day 14 e 1gG1-BC
3 40 . p IgG1+ GC BC
g - IgG1+ PC
=30 L B w
E o [:] B
+20 g - %
= S
°\° -
0 g - .
061406140 614 .
day post infection k
D E F
B220- lgG1+ PC
9 Th2 and IgG1 Th2 and IgG1+ PC GATA3 in CD4 vs ratio IgG1+ PCIGC
£25 4 0 o £ 2
g 20 40 '6 15 Q
3 o g € 1.0
c 15 30 o ] S &
= 8 ®0 ~ 10 Qo
(&) o -
a 10 20 * g%, i o 0.5
E - ol *2 o r=0803 &5 E
by -] 0.0
B} 0 2 0
014 0 14 0 14 00 05 1.0 15 20 25 00 05 1.0 15 20 25
day post infoction GATA-3+ in live GATA-3+ in live
G H : — |
IgG1+ B220+ B cells Th2 in CD4 vs IgG1 GC in live )
- GL7+Bcl6" GC
2 25
= +
60 g o
. % E 20 . o :m
- ° =15 S
Qg0 o8 Q S 80
T8 g10 -
§§20 = % ”
o ® (L] B
== %, ; 40
£ 0 5 10 15 @ 20
0 ) +
740 140 14 GATA3 in CD4 TFH panel N o
day pOSt infection o MLN CLN PLN
2
% TFH in CD4+
J L
TFH and IgG1+ in live TFH and IgG1+ PC
£20
£
8 E 15
< §10
5,0 ;
+*
53 ) 5
x o4 =)
8= 20
= 2 : 00 05 10 15 20 00 05 10 15 20
0 TFH in live TFH in live

06140 6140 6 14
day post infection





OEBPS/Images/fimmu-16-1483274-g002.jpg
d6 d14

MLN

& 25 & 25
CLN < <

5 20 < 20

3 15 g 15

- | —

: ——
PLN < 10 % 10

(-] [+]

% G

8 5 8 s

S k]

2 0 e 0

MLN CLN PLN

* %k %k *k

*kk kX%

% Aldefluor in MHCII+CD11c+ DCs (day6 Hb)

(=23
o

DEAB ctr. MLN CLN PLN
S 3.4| 7 - 39.1

H
o

N
o

CD103

% of CD103+ ALDH+ in CD11c+

Aldefluor >

MLN CLN PLN





