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Crohn’s disease (CD), as one of the principal form of inflammatory bowel disease (IBD), is characterized by the chronic and recurring inflammatory conditions in the intestine resulting from the over-activation of intestinal immunity. Hyposplenism is strongly associated with CD, while the effect of human spleen on the differentiation and development of immune cell subsets in CD patients remains unclear. Isolated congenital asplenia (ICA) is an extremely rare condition characterized by the absence of a spleen at birth without any other developmental defects. Here, we describe the first case of a patient with both ICA and CD, and follow the progression of CD from remission to active stage. Using cytometry by time of flight (CyTOF) analysis, we draw the first single-cell mapping of peripheral blood mononuclear cells (PBMC) from this unique patient, tracing back to the innate or adaptive immune cell subsets and cell surface markers affected by the spleen. Based on our analysis, it is speculated that the spleen contributes to maintaining immune homeostasis, alleviating intestinal inflammation and improving prognosis by influencing the differentiation and development of peripheral immune cell subsets and the expression of cell surface markers in patients with CD.
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Introduction

Hyposplenism is related to the development of various diseases (1–3). Inflammatory bowel disease (IBD), a group of chronic immune-mediated intestinal inflammation diseases that includes Crohn’s disease (CD), has been found to be complicated by hyposplenism for more than 30 years (4, 5). But to date, the impact of spleen on the alteration of peripheral immune components in CD patients remains unclear. Many animal studies have demonstrated the role of mouse spleen on the development of immune cell subsets (6, 7), but due to various ethical issues, studies on the human spleen are fraught with challenges. Here, we report the first case of a patient with both CD and isolated congenital asplenia (ICA), and focus on alterations in circulating immune cell subsets and cell surface markers, with the aim of investigating the effect of human spleen on the differentiation and development of peripheral immune cells, exploring its potential impact on immune homeostasis in CD, and providing evidences for future studies on the role of human spleen in peripheral immunity of CD.



Case presentation

The patient, a 33-year-old man, has been suffering from CD for 9 years (Figure 1A). Born with the absence of spleen, he was diagnosed with non-familial type isolated congenital asplenia (ICA) after other developmental defects and family history were excluded (Figure 1B) (8). On the peripheral blood smear of this patient, acanthocytes and Howell-Jolly bodies within red blood cells were detected, suggesting the defect of spleen phagocytic function (Figure 1C). In consequence, he was susceptible to various infections, such as respiratory and digestive infections, especially in his early years. In 2013, recurrent abdominal pain and diarrhea developed, which was not taken seriously at first and no medication was administered. As his clinical manifestations gradually worsened, blood-tinged stools appeared in 2016. After colonoscopy and pathology tests (Figures 1D, E), he was definitively diagnosed with Crohn’s disease and accepted the treatment with prednisone, thalidomide and mesalazine. However, the symptoms were not alleviated but aggravated in 2019. Infliximab, a monoclonal antibody binding to tumor necrosis factor-alpha (TNF-alpha), was then administered at the dose of 6 mg/kg, and his symptoms subsequently improved. Within the first 1.5 years of infliximab therapy, the patient showed a good response with significant relief from recurrent bloody mucopurulent stools and abdominal pain.




Figure 1 | Clinical characteristics in the patient with both ICA and CD. (A) Timeline of the clinical events and treatment strategies. (B) Abdominal CT images of the congenitally asplenic patient (left) and the control (right). (C) Morphological examination of peripheral blood smear of the congenitally asplenic patient showed the acanthocytes and Howell-Jolly bodies within red blood cells (arrows). (D) Colonoscopy demonstrating multiple longitudinal deep ulcers with mucosal oedema and cobblestone appearance in the hepatic flexure (top panel) and the sigmoid colon (bottom panel) of the asplenic CD patient. (E) Hematoxylin-eosin staining of the colonoscopic biopsy tissue from the asplenic CD patient showing the infiltration of lymphocytes, plasma cells and neutrophils in the lamina propria of the mucosa, discontinuous severe crypt distortion (top panel) as well as the ulcer (middle panel) and crypt abscess (bottom panel, arrow) formation. (F) The histograms demonstrating the elevated WBC (white blood cell count), PLT (platelet count), LYMPH (absolute number of lymphocytes), LYMPH% (percentage of lymphocytes), MONO (absolute number of monocytes) and MONO% (percentage of monocytes) of the asplenic CD patient in remission compared to remission controls (n=32) with normal spleens randomly selected from our center’s CD cohort. (G) Line graph showing the difference in disease progression between the asplenic patient and the control after the first CyTOF analysis (HBI score used to evaluate disease activity of CD).



During the remission stage of CD, when the Harvey Bradshaw Index (HBI) score was 3, the noticeable increase in the absolute numbers of peripheral blood leucocytes, monocytes, lymphocytes and platelets were observed in this asplenic patient compared to other CD patients in remission with normal spleens, as were the percentages of monocytes and lymphocytes (Figure 1F). Therefore, it was of great interest which immune cell subsets or surface markers were altered in the PBMC from this asplenic patient and the potential impact of these changes on peripheral immunity on CD. To facilitate comparison, another CD patient with a normal spleen who had the same sex (male), disease phenotype (Montreal classification, A2L3B1) and medication history (prednisone, thalidomide, mesalazine and infliximab), as well as very similar age (34-year-old), medical history (9 years of CD) and clinical manifestations, was selected as the optimal control for the more in-depth study, namely cytometry by time of flight (CyTOF) (Figure 1B). Unlike Fluorescence Activated Cell Sorting (FACS) commonly employed in laboratories, CyTOF uses transition element isotopes instead of fluorophores as markers for antibodies and analyses these isotopes simultaneously by a time-of-flight mass spectrometer, enabling high-dimensional single-cell analysis without compensating for spectral overlap (9). Subsequently, CyTOF analysis was performed on the peripheral blood mononuclear cells (PBMC) from these two patients. (Supplementary Material Data Sheet 1; Supplementary Figure 1)

After the CyTOF analysis, the prognosis of these two CD patients was followed up. It was found in amazement that the disease severity of this asplenic patient altered significantly during the following 1 year compared with the control (Figure 1G). In October 2021, a perianal abscess developed and the frequency of defecation increased gradually. In December 2021, mucopurulent stools and abdominal pain recurred. By February 2022, ustekinumab was administrated due to the secondary loss of response to infliximab. Unfortunately, ustekinumab failed to show the expected efficacy. Meanwhile, multiple longitudinal ulcerations with pus and blood in the the patient’s colon was detected by colonoscopy, as well as the combination of significant anal fissures and perianal abscesses. Therefore, the patient received ileostomy. The timeline of this case is showed in Figure 1A.

During his active stage of CD, CyTOF was utilized again to characterize alterations in circulating immune cells. The PhenoGraph clustering algorithm was then applied to all samples from the control and asplenic patient in remission, as well as the asplenic patient in active stage for comparative analysis (Figures 2, 3).




Figure 2 | Single-cell mapping of peripheral blood mononuclear cells showed the significant differences of immune cell subsets among the control patient in remission and the asplenic patient in remission or active stage of CD. (A) Mass cytometric analysis and mapping of PBMC from the control patient in remission (left), the asplenic patient in remission (medial) and the asplenic patient in active stage of CD (right) using Cytometry by Time Of Flight (CyTOF) mass spectroscopy, t-distributed stochastic neighbor embedding (t-SNE) and clustering algorithms. (Upper panel: mapping of PBMC into 37 clusters based on differences in cell surface marker expression; lower panel: depicting differences in the distribution of cell subsets in PBMC based on 37 clusters.) (B) Bar graphs showing the difference in frequency of each cluster (left panel) or cell subset (right panel) across different samples. (C) Annotation of the immune cell subsets based on different clusters. (D) Differences in the frequency of each subset of CD4+ T cells and CD8+ T cells among the different samples. (Tem, effector memory T cells; Tcm, central memory T cells; Teff, effector T cells).






Figure 3 | High-dimensional analysis revealing the differences in the expression of specific surface markers on PBMC samples from the control patient and congenitally asplenic patient with remission CD, as well as the congenitally asplenic patient in the active stage of CD. (A) The t-distributed stochastic neighbor embedding plots colored by expression of CD38, CCR4, CCR6 and CD94 of each group. (B) The histograms displaying differences in the expression of surface markers (CD38, CCR4, CCR6 and CD94) across patient samples. (C) Heatmap representing the marker expression profiles of the 12 cell populations in PBMC. The heatmap colors represent the average expression of a given marker for each cell population. (D) Boxplot showing the difference in the expression of CCR4 (top) and CCR6 (bottom) in colon tissues from healthy controls, remission IBD and active IBD patients, with differences assessed by the GEO2R bioinformatics tool. (Raw data from GEO database, GSE59071; ns, not significant; *P<0.05; ***P<0.001).



In terms of innate immunity, a significant decrease of non-classical monocytes (cluster 35) was observed in the asplenic patient in remission compared with the control, while classical monocytes (cluster 36) showed a relative elevation, accompanied by an upregulation of CD38. These alterations were more pronounced during the active stage of CD (Figures 2A, B; Figures 3A, B). The frequency of natural killer (NK) cells, especially mature types (cluster 18,19, 28), reduced considerably in the asplenic patient in remission, and were further minimized during the active stage. Meanwhile, compared with the control, down-regulated expression of the inhibitory receptor CD94 in clusters 18 and 19, which represent the terminally differentiated CD57+ NK cells, was noticeable in the asplenic patient during disease remission, which became more obvious as the disease progressed (Figures 3A, C). Interestingly, while the frequency of NK cells decreased, the expression of CD38 was significantly upregulated both in the active and remission stage of the asplenic patient.

As for the adaptive immune system, in the T lymphocyte population, elevated CD8+ T cells, predominantly CD8+ effector T cells (cluster 21, 22, 23), were identified in the asplenic patient in remission compared with the control, and reached its highest enrichment in the active period (Figures 2A, B, D). In contrast, the frequency of CD4+ T cells, including naïve T cells (cluster 07), effector T cells (Teff, cluster 15) and central memory T cells (Tcm, cluster 09,10), was reduced in the asplenic patient in remission. And as the disease progressed, the frequency of circulating CD4+ T cells, including effector memory T cells (Tem), decreased distinctly during the active phase of CD. Therefore, the CD4+/CD8+ T-cell ratio was remarkably lower than normal (range: 1.5 to 2.5) in the asplenic patient compared with the control in remission (10). Meanwhile, the imbalance in T-cell homeostasis became more severe during the active CD (Figures 2A, B). More interestingly, CD4+ T cells from the asplenic patient showed higher expression of CCR4 and CCR6, and their expression levels increased progressively with disease severity, which was not observed on CD8+ T cells (Figures 3A–C). In addition, the frequency of regulatory T cells (Treg, cluster 08) did not show significant differences in all samples.

Among B lymphocytes, although the frequency of naïve B cells (cluster 32) was mildly reduced in the asplenic patient in remission, the expression level of CCR6 was higher on these cells than the control (Figures 3A, B). Furthermore, compared with the remission phase, the asplenic patient with active CD showed a dramatic reduction in circulating naïve B cells accompanied by the highest expression of CCR6. Similarly, memory B cells (cluster 33) reduced in the asplenic patient, but the expression of CCR6 was upregulated, which was more pronounced in the active stage (Figure 3B). Meanwhile, plasmablasts (cluster 34) also showed a tendency to be elevated in the asplenic patient (Figures 2A, B).

Along with CyTOF analysis, we also performed multicolor flow cytometry for Th1, Th17 and Treg cells from the asplenic patient during his active stage, considering the essential role of these cells in the pathogenesis of CD. Patients with an active or remitting CD and healthy individuals were selected as controls (Figure 4; Supplementary Figure 2). The analysis demonstrated that the percentage of Th1 and Th17 cells and the Th17/Treg ratio increased gradually with disease progression in CD patients, but this was not observed in Treg cells, consistent with the result of CyTOF analysis in the asplenic patient. Notably, despite the similar disease activity scores, Th1 and Th17 cells were significantly enriched in PBMC from the asplenic patient compared to other active CD patients, accompanied by a dramatic increase in the ratio of Th17/Treg cells (Figures 4A, B).




Figure 4 | Flow cytometry analysis demonstrating the differences in proportions of Th1, Th17 and Treg cells from PBMC and the Th17/Treg ratio among healthy controls, remission controls, active controls and the congenitally asplenic patient with active CD. (A) Representative FACS plots showing the percentage of CD3+CD4+IFN-γ+ (Th1) cells (top panel: gated on CD3+ cells), CD3+CD4+IL-17A+ (Th17) cells (middle panel: gated on CD3+ cells) and CD3+CD4+CD25+Foxp3+ (Treg) cells (bottom panel: gated on CD3+CD4+ cells) of each group [asplenia with active CD (n=1), controls with active CD (n=3), controls with remission CD (n=6), healthy controls (n=5)]. (B) The histograms showing the difference in the percentage of Th1, Th17 and Treg cells in CD4+ T cell, as well as the Th17/Treg ratio. Data were analyzed by One-way ANOVA, and all values are reported as means and SD. ns, not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Diagnostic assessment

The two patients were diagnosed and treated according to the British Society of Gastroenterology consensus guidelines (11). The diagnosis of Crohn’s disease was confirmed by the patient’s medical history, clinical symptoms, ileoscopy with biospy histology, CT enterography and laboratory tests. The Harvey Bradshaw Index (HBI) is employed to assess the activity of the disease (12). PBMC samples in remission stage of CD were collected from the asplenic patient and the control both with an HBI score of 3. During ileostomy treatment (HBI score of 25), the asplenic patient provided the active PBMC sample.



Discussion

CD, characterized by an over-activation of intestinal immunity, often accompanied by impaired splenic function (13). Although the relationship between CD and hyposplenism has not been well characterized, there is no doubt that the spleen, as the largest peripheral immune organ in the body, plays an essential role in shaping the peripheral immune components, which may further alters the immune environment of the intestine. In our case, using CyTOF, we draw the first single-cell landscape of PBMC from the congenitally asplenic patient during both remission and active stages of CD, and characterize the immune cell subsets and functional cell surface markers of PBMC affected by human spleen, further exploring potential targets for the treatment of CD.

It has been well-accepted that peripheral blood monocytes are divided into three different subsets: classical, intermediate, and nonclassical monocytes (14). Classical monocytes, which secrete various pro-inflammatory cytokines when activated, can also develop into non-classical monocytes to perform protective functions (15, 16). Non-classical monocytes, the progenitors of intestinal wound healing macrophages, mediate the mucosal healing after homing to the gut via α4β7 integrin (17). Research on the transformation of classical to non-classical monocytes has been a hot topic in recent years, but most studies are currently conducted in vitro or in animal experiments. Given the marked decrease of non-classical monocytes and increase of classical monocytes in PBMC of the asplenic patient, it seems that human spleen contributes to the differentiation of classical monocytes to non-classical types, further mediating the healing of intestinal mucosa, as confirmed in mice (6).

Natural killer (NK) cells play an essential role in the regulation of innate and adaptive immunity, and its dysregulation is associated with the pathogenesis of CD (18, 19). In contrast to tissue-resident molecular signatures of immature NK cells (CD56brightCD16-), mature NK cells mediate peripheral immune surveillance against pathogen invasion (20). In PBMC of the asplenic patient with perianal abscesses, the frequency of mature NK cells was reduced significantly, further confirming the preventive role of mature NK cells in secondary infections associated with CD. Moreover, in the remission stage, mature NK cells from the asplenic patient are markedly reduced compared with the control, suggesting that the human spleen is another important site for the maturation of NK cells in addition to the bone marrow, which is consistent with the results of animal and in vitro experiments (7, 21). Consequently, it is hypothesized that the spleen contributes to improve immune surveillance by promoting the maturation of NK cells, thereby reducing the risk of secondary infection and improving the prognosis of CD.

In addition, the activity of NK cells, which is defined by the integration of signals from inhibitory and activating receptors, correlates with the pathogenesis of CD (22). The over-activated circulating mature NK cells produce large amounts of pro-inflammatory cytokines, such as IFN-γ, TNF and IL-17A, increasing their cytotoxicity and promoting the activation and polarization of other immune cells (18, 23). Interestingly, as an important inhibitory receptor for NK cells, CD94 provides educational signal to downregulate the production of pro-inflammatory cytokines and eliminate activated NK cells to prevent excessive inflammation (24). Researchers have demonstrated that reduced CD94 expression on NK cell is strongly associated with persistent inflammation and poor prognosis in other chronic inflammatory diseases (25, 26). Based on our results, the expression of CD94 on mature NK cells from the asplenic patient was significantly reduced. Therefore, it is conceivable that human spleen not only promotes the maturation of NK cells to perform immunosurveillance functions, but also suppresses NK cell-mediated inflammatory cascade response by regulating CD94 expression, which contributes to the maintenance of immune homeostasis in CD patients.

In adaptive immunity, imbalance of the CD4+/CD8+ T-cell ratio, a marker of immune function, has been observed in a variety of immune-mediated inflammatory diseases (10, 27). In this study, the CD4+/CD8+ T-cell ratio in the PBMC of this asplenic patient gradually decreased as the disease worsened, highlighting the association between the CD4+/CD8+ T-cell ratio of PBMC and disease severity. Interestingly, during the remission stage of CD, despite sharing the same disease activity score, the CD4+/CD8+ T-cells ratio of the asplenic patient decreased obviously compared with the control, suggesting that the asplenic patient in remission experienced more severe immune disorder and a worse prognostic risk, which was also confirmed by the subsequent disease progression of this patient.

To explore the potential mechanisms of the spleen affecting the CD4+/CD8+ T-cell ratio in CD, we focused on the differential expression of functional cell surface markers on T lymphocytes. Consistent with the results of a recent high-dimensional analysis (28), the upregulation of CCR4 and CCR6 expression in circulating T lymphocytes from the asplenic patient was observed. And our study further revealed that CD4+ T cells from the asplenic patient expressed higher CCR4 and CCR6 than CD8+ T cells, especially in the active stage of CD. It is well known that during intestinal inflammation, epithelial cells and immune cells in the intestine secrete different chemokines (e.g. CCL20 and CCL17) and recruit immune cells from peripheral blood to participate in the adaptive immune response in the gut through receptor-ligand interaction (29, 30). The migration of circulating immune cells to the inflamed gut mediated by the chemokine axis CCL20-CCR6 has been revealed in many previous studies of CD (31, 32). Moreover, recent animal studies have also highlighted the key role of the chemokine axis CCL17-CCR4 in the pathogenesis of colitis (33, 34). In addition, using database analysis (Figure 3D), we demonstrated that the expression of CCR6 and CCR4 in the intestinal mucosa was strongly correlated with the severity of IBD, as confirmed in the Genome-wide Association Studies (GWAS) (35). Consequently, we propose that the enhanced migration of CD4+ T cells with high expression of CCR6 and CCR4 to the inflamed intestinal mucosa results in the unbalanced CD4+/CD8+T-cell ratio. This is consistent with the latest findings, which highlight that it is CD4+ T cells but not CD8+ T cells that are markedly increased in the intestinal mucosa of active CD (36). Considering the elevated expression of CCR6 and CCR4 on the surface of CD4+ T cells and the reduced CD4+/CD8+T-cell ratio in the asplenic patient compared with the control in remission, it is hypothesized that the spleen may regulate the migration of CD4+ T cells to the intestine by modulating the expression of CCR6 and CCR4, thereby improving the prognosis of CD.

Among CD4+ T lymphocytes, we focused on several key subpopulations, Th1, Th17, and Treg cells, which were proven to be strongly associated with the pathogenesis of CD. As is showed in Figure 4, Th1 and Th17 cells, which correlate with disease severity, were visibly enriched in the PBMC of the asplenic patient compared with other patients with active CD. Moreover, although no difference was found in the percentage of Treg cells among the CD groups, the ratio between Th17/Treg cells was significantly higher in the asplenic patient than others. Given that the regulation of Th17/Treg cell balance is a potential new strategy of CD treatment (37), it is conjectured that human spleen may reduce intestinal inflammation and improve the prognosis by regulating the Th17/Treg ratio, as well as percentages of Th1 and Th17 cells.

Despite the predominance of research on T lymphocytes in the pathogenesis and treatment of CD, emerging evidence suggests that the role of B cells cannot be overlooked as well. Early studies have demonstrated that the decrease in memory B cells and increase in plasmablasts from PBMC of CD patients are negatively associated with disease remission (38). This corresponded to the alterations in memory B cells and plasmablasts observed in the asplenic patient in remission. In addition, recent studies have revealed that memory B cells and naïve B cells are abundantly enriched in the gut-associated lymphatic tissue (GALT) and intestinal mucosa of patients with CD (39, 40). Therefore, we speculate that high expression of CCR6 on both naive B cells and memory B cells in the asplenic patient leads to increased migration of these cell subsets to the intestinal mucosa, whereas the spleen can downregulate this process by reducing the expression of CCR6, thereby alleviating intestinal inflammation and improving prognosis.

Along with the regulation of chemokines, the expression of CD38 on PBMC was also regulated by the spleen. CD38, a molecule widely expressed on immune cells, is frequently used as a hallmark of cell activation (41). Due to its ability to regulate multiple components of the inflammatory process, such as cell migration, activation, antigen presentation and cytokine release, CD38 is thought to be closely associated with chronic inflammation and autoimmunity (42). Expression of CD38 on intestinal inflammatory cells and its involvement in the NAD metabolic pathway have been proved to promote colitis, whereas reduced expression levels and activity of CD38 correlates with recovery from intestinal inflammation (43, 44). According to our findings, the expression of CD38 on PBMC from the asplenic patient was higher in the active stage of CD than in remission, highlighting the correlation between the CD38 and gut inflammation. Furthermore, given the upregulation of CD38 on PBMC from the asplenic patient compared with the control in remission, it is hypothesized that the spleen may antagonize intestinal inflammation by regulating the expression of CD38 on peripheral immune cells.



Conclusion

In summary, we report the first case of a patient with both Crohn’s disease and isolated congenital asplenia, and draw the first landscape of peripheral blood mononuclear cells from this unique patient during the remission and active stages of CD, which provide valuable information for studying the role of spleen on the differentiation and development of circulating immune cells in CD. We propose that human spleen contributes to maintaining immune homeostasis, alleviating intestinal inflammation and improving prognosis by regulating the differentiation and proportion of specific immune cell subsets, as well as the expression of certain functional cell surface markers such as CCR6 and CCR4, all of which may be the potential therapeutic targets for CD. Furthermore, targeting the function of human spleen will open a new paradigm in immunomodulatory therapy, which may replace the traditional concept of CD treatment based on immunosuppression. The cytometry technique of CyTOF used in this case provided detailed subsets of PBMC from the special patient based on cell markers, which is very useful to study the effect of spleen on different immune cell subsets at single-cell resolution. Although the sample size was insufficient due to the extreme rarity of this group of patients, based on the present results, it is of great value to focus on the function of the human spleen in the research and treatment of CD. Future studies will incorporate animal experiments to delve into mechanistic issues.



Patient perspective

The patient is currently recovering from the ileostomy. Considering the complexity of the disease caused by congenital asplenia, he will stay in close contact with us to respond to the various potential risks of infection and blood clots in a timely manner.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the corresponding authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by ethics committee of the Second Affiliated Hospital of Zhengzhou University. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

ZZ and BF designed the study, provided supervision. DP performed experiments, analyzed data, and wrote the manuscript. DP, LL, and DW participated in the clinical care and management of patients. BF, NW, and DW provided funding, conceptual advice, discussed results, and critically revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The work was supported by the Medical Science and Technology Breakthrough Projects of Henan Province, China (No.LHGJ20190327), the Specialized Project for Frontier Cross Research of Zhengzhou University (No. XKZDQY201906) and the Key R&D and Promotion Projects of Henan Province, China (Technology Research; No. 212102310803).



Acknowledgments

We thank the patient and her families for providing permission to share the medical information. We thank the physicians for offering professional consultations. We are grateful to other members of the Inflammatory Bowel Disease Study Group for providing materials for this study.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.959281/full#supplementary-material

Supplementary Figure 1 | Gating strategy for mass cytometry by time of flight (CyTOF).

Supplementary Figure 2 | Gating strategy for multicolor flow cytometry.



References

1. Di Sabatino, A, Carsetti, R, and Corazza, GR. Post-splenectomy and hyposplenic states. Lancet (2011) 378(9785):86–97. doi: 10.1016/S0140-6736(10)61493-6

2. Lewis, SM, Williams, A, and Eisenbarth, SC. Structure and function of the immune system in the spleen. Sci Immunol (2019) 4(33):eaau6085. doi: 10.1126/sciimmunol.aau6085

3. Riva, MA, Ferraina, F, Paleari, A, Lenti, MV, and Di Sabatino, A. From sadness to stiffness: the spleen's progress. Intern Emerg Med (2019) 14(5):739–43. doi: 10.1007/s11739-019-02115-2

4. Ryan, FP, Smart, RC, Holdsworth, CD, and Preston, FE. Hyposplenism in inflammatory bowel disease. Gut (1978) 19(1):50–5. doi: 10.1136/gut.19.1.50

5. Di Sabatino, A, Rosado, MM, Ciccocioppo, R, Cazzola, P, Morera, R, Corazza, GR, et al. Depletion of immunoglobulin m memory b cells is associated with splenic hypofunction in inflammatory bowel disease. Am J Gastroenterol (2005) 100(8):1788–95. doi: 10.1111/j.1572-0241.2005.41939.x

6. Gamrekelashvili, J, Giagnorio, R, Jussofie, J, Soehnlein, O, Duchene, J, Briseño, CG, et al. Regulation of monocyte cell fate by blood vessels mediated by notch signalling. Nat Commun (2016) 7:12597. doi: 10.1038/ncomms12597

7. Chiossone, L, Chaix, J, Fuseri, N, Roth, C, Vivier, E, and Walzer, T. Maturation of mouse NK cells is a 4-stage developmental program. Blood (2009) 113(22):5488–96. doi: 10.1182/blood-2008-10-187179

8. Borsani, O, Asano, T, Boisson, B, Fraticelli, S, Braschi-Amirfarzan, M, Pietra, D, et al. Isolated congenital asplenia: An overlooked cause of thrombocytosis. Am J Hematol (2022) 97(8):1110–5. doi: 10.1002/ajh.26522

9. Cheung, RK, and Utz, PJ. Screening: CyTOF-the next generation of cell detection. Nat Rev Rheumatol (2011) 7(9):502–3. doi: 10.1038/nrrheum.2011.110

10. Amadori, A, Zamarchi, R, De Silvestro, G, Forza, G, Cavatton, G, Danieli, GA, et al. Genetic control of the CD4/CD8 T-cell ratio in humans. Nat Med (1995) 1(12):1279–83. doi: 10.1038/nm1295-1279

11. Lamb, CA, Kennedy, NA, Raine, T, Hendy, PA, Smith, PJ, Limdi, JK, et al. British Society of gastroenterology consensus guidelines on the management of inflammatory bowel disease in adults. Gut (2019) 68(Suppl 3):s1–s106. doi: 10.1136/gutjnl-2019-318484

12. Vermeire, S, Schreiber, S, Sandborn, WJ, Dubois, C, and Rutgeerts, P. Correlation between the crohn's disease activity and Harvey-Bradshaw indices in assessing crohn's disease severity. Clin Gastroenterol Hepatol Off Clin Pract J Am Gastroenterological Assoc (2010) 8(4):357–63. doi: 10.1016/j.cgh.2010.01.001

13. Lenti, MV, Mengoli, C, Vernero, M, Aronico, N, Conti, L, Borrelli de Andreis, F, et al. Preventing infections by encapsulated bacteria through vaccine prophylaxis in inflammatory bowel disease. Front Immunol (2020) 11:485. doi: 10.3389/fimmu.2020.00485

14. Ziegler-Heitbrock, L, Ancuta, P, Crowe, S, Dalod, M, Grau, V, Hart, DN, et al. Nomenclature of monocytes and dendritic cells in blood. Blood (2010) 116(16):e74–80. doi: 10.1182/blood-2010-02-258558

15. Yona, S, Kim, KW, Wolf, Y, Mildner, A, Varol, D, Breker, M, et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity (2013) 38(1):79–91. doi: 10.1016/j.immuni.2012.12.001

16. Patel, AA, Zhang, Y, Fullerton, JN, Boelen, L, Rongvaux, A, Maini, AA, et al. The fate and lifespan of human monocyte subsets in steady state and systemic inflammation. J Exp Med (2017) 214(7):1913–23. doi: 10.1084/jem.20170355

17. Schleier, L, Wiendl, M, Heidbreder, K, Binder, MT, Atreya, R, Rath, T, et al. Non-classical monocyte homing to the gut via α4β7 integrin mediates macrophage-dependent intestinal wound healing. Gut (2020) 69(2):252–63. doi: 10.1136/gutjnl-2018-316772

18. Zaiatz Bittencourt, V, Jones, F, Tosetto, M, Doherty, GA, and Ryan, EJ. Dysregulation of metabolic pathways in circulating natural killer cells isolated from inflammatory bowel disease patients. J Crohns Colitis (2021) 15(8):1316–25. doi: 10.1093/ecco-jcc/jjab014

19. Poggi, A, Benelli, R, Venè, R, Costa, D, Ferrari, N, Tosetti, F, et al. Human gut-associated natural killer cells in health and disease. Front Immunol (2019) 10:961. doi: 10.3389/fimmu.2019.00961

20. Dogra, P, Rancan, C, Ma, W, Toth, M, Senda, T, Carpenter, DJ, et al. Tissue determinants of human NK cell development, function, and residence. Cell (2020) 180(4):749–63.e13. doi: 10.1016/j.cell.2020.01.022

21. Briard, D, Brouty-Boyé, D, Azzarone, B, and Jasmin, C. Fibroblasts from human spleen regulate NK cell differentiation from blood CD34(+) progenitors via cell surface IL-15. J Immunol (Baltimore Md 1950) (2002) 168(9):4326–32. doi: 10.4049/jimmunol.168.9.4326

22. O'Brien, KL, and Finlay, DK. Immunometabolism and natural killer cell responses. Nat Rev Immunol (2019) 19(5):282–90. doi: 10.1038/s41577-019-0139-2

23. Tian, Z, Gershwin, ME, and Zhang, C. Regulatory NK cells in autoimmune disease. J Autoimmun (2012) 39(3):206–15. doi: 10.1016/j.jaut.2012.05.006

24. Ida, H, Robertson, MJ, Voss, S, Ritz, J, and Anderson, P. CD94 ligation induces apoptosis in a subset of IL-2-stimulated NK cells. J Immunol (Baltimore Md 1950) (1997) 159(5):2154–60.

25. Hodge, G, Mukaro, V, Holmes, M, Reynolds, PN, and Hodge, S. Enhanced cytotoxic function of natural killer and natural killer T-like cells associated with decreased CD94 (Kp43) in the chronic obstructive pulmonary disease airway. Respirology (Carlton Vic) (2013) 18(2):369–76. doi: 10.1111/j.1440-1843.2012.02287.x

26. Hodge, S, Hodge, G, Simpson, JL, Yang, IA, Upham, J, James, A, et al. Blood cytotoxic/inflammatory mediators in non-eosinophilic asthma. Clin Exp Allergy J Br Soc Allergy Clin Immunol (2016) 46(1):60–70. doi: 10.1111/cea.12634

27. Chakravarti, A. The CD4/CD8 ratio: message in a bottle? Nat Med (1995) 1(12):1240–1. doi: 10.1038/nm1295-1240

28. Borgers, JSW, Tobin, RP, Vorwald, VM, Smith, JM, Davis, DM, Kimball, AK, et al. High-dimensional analysis of postsplenectomy peripheral immune cell changes. ImmunoHorizons (2020) 4(2):82–92. doi: 10.4049/immunohorizons.1900089

29. Rot, A, and von Andrian, UH. Chemokines in innate and adaptive host defense: basic chemokinese grammar for immune cells. Annu Rev Immunol (2004) 22:891–928. doi: 10.1146/annurev.immunol.22.012703.104543

30. Trivedi, PJ, and Adams, DH. Chemokines and chemokine receptors as therapeutic targets in inflammatory bowel disease; pitfalls and promise. J Crohn's colitis (2018) 12(suppl_2):S641–s52. doi: 10.1093/ecco-jcc/jjx145

31. Skovdahl, HK, Granlund, A, Østvik, AE, Bruland, T, Bakke, I, Torp, SH, et al. Expression of CCL20 and its corresponding receptor CCR6 is enhanced in active inflammatory bowel disease, and TLR3 mediates CCL20 expression in colonic epithelial cells. PLoS One (2015) 10(11):e0141710. doi: 10.1371/journal.pone.0141710

32. Meissner, A, Zilles, O, Varona, R, Jozefowski, K, Ritter, U, Marquez, G, et al. CC chemokine ligand 20 partially controls adhesion of naive b cells to activated endothelial cells under shear stress. Blood (2003) 102(8):2724–7. doi: 10.1182/blood-2003-01-0007

33. Heiseke, AF, Faul, AC, Lehr, HA, Förster, I, Schmid, RM, Krug, AB, et al. CCL17 promotes intestinal inflammation in mice and counteracts regulatory T cell-mediated protection from colitis. Gastroenterology (2012) 142(2):335–45. doi: 10.1053/j.gastro.2011.10.027

34. Scheerens, H, Hessel, E, de Waal-Malefyt, R, Leach, MW, and Rennick, D. Characterization of chemokines and chemokine receptors in two murine models of inflammatory bowel disease: IL-10-/- mice and rag-2-/- mice reconstituted with CD4+CD45RBhigh T cells. Eur J Immunol (2001) 31(5):1465–74. doi: 10.1002/1521-4141(200105)31:5<1465::AID-IMMU1465>3.0.CO;2-E

35. Barrett, JC, Hansoul, S, Nicolae, DL, Cho, JH, Duerr, RH, Rioux, JD, et al. Genome-wide association defines more than 30 distinct susceptibility loci for crohn's disease. Nat Genet (2008) 40(8):955–62. doi: 10.1038/ng.175

36. Kondo, A, Ma, S, Lee, MYY, Ortiz, V, Traum, D, Schug, J, et al. Highly multiplexed image analysis of intestinal tissue sections in patients with inflammatory bowel disease. Gastroenterology (2021) 161(6):1940–52. doi: 10.1053/j.gastro.2021.08.055

37. Ueno, A, Jeffery, L, Kobayashi, T, Hibi, T, Ghosh, S, and Jijon, H. Th17 plasticity and its relevance to inflammatory bowel disease. J Autoimmun (2018) 87:38–49. doi: 10.1016/j.jaut.2017.12.004

38. Di Sabatino, A, Carsetti, R, Rosado, MM, Ciccocioppo, R, Cazzola, P, Morera, R, et al. Immunoglobulin m memory b cell decrease in inflammatory bowel disease. Eur Rev Med Pharmacol Sci (2004) 8(5):199–203.

39. Mitsialis, V, Wall, S, Liu, P, Ordovas-Montanes, J, Parmet, T, Vukovic, M, et al. Single-cell analyses of colon and blood reveal distinct immune cell signatures of ulcerative colitis and crohn's disease. Gastroenterology (2020) 159(2):591–608.e10. doi: 10.1053/j.gastro.2020.04.074

40. Pararasa, C, Zhang, N, Tull, TJ, Chong, MHA, Siu, JHY, Guesdon, W, et al. Reduced CD27(-)IgD(-) b cells in blood and raised CD27(-)IgD(-) b cells in gut-associated lymphoid tissue in inflammatory bowel disease. Front Immunol (2019) 10:361. doi: 10.3389/fimmu.2019.00361

41. Glaría, E, and Valledor, AF. Roles of CD38 in the immune response to infection. Cells (2020) 9(1):228. doi: 10.3390/cells9010228

42. Piedra-Quintero, ZL, Wilson, Z, Nava, P, and Guerau-de-Arellano, M. CD38: An immunomodulatory molecule in inflammation and autoimmunity. Front Immunol (2020) 11:597959. doi: 10.3389/fimmu.2020.597959

43. Schneider, M, Schumacher, V, Lischke, T, Lücke, K, Meyer-Schwesinger, C, Velden, J, et al. CD38 is expressed on inflammatory cells of the intestine and promotes intestinal inflammation. PLoS One (2015) 10(5):e0126007. doi: 10.1371/journal.pone.0126007

44. Gerner, RR, Klepsch, V, Macheiner, S, Arnhard, K, Adolph, TE, Grander, C, et al. NAD metabolism fuels human and mouse intestinal inflammation. Gut (2018) 67(10):1813–23. doi: 10.1136/gutjnl-2017-314241



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 © 2022 Pu, Liu, Wang, Wang, Zhang and Feng. 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-13-959281-g003.jpg
Control-remission

Control_remission

Asplenia_active

CDaT cell
CDE'T cell
BT cell
Naive B cell

TSNE2

wemeory 8 cen Mo

coneBenn | 08

Plasmablasts 02
[ 5

NK cell

Classical monocyte
Non-classical monocyte
Basophils
Undefined

CCR4

Asplenia_remission

TSNE2

1
LN
Memeory B cell 06
04
CD11c" B cell IM
Plasmablasts O

NK cell

Classical monocyte
Non-classical monocyte
Basophils

Undefined

TSNE2

CDAT cell
BT cell
VT cell
'
Navescen Moo
06
04
CD11¢" B cell lnz

Memeory B cell

Plasmablasts
NK cell

Classical monocyte

ical monocyte

TSNE2

CD94 ( terminally CCR4 (CD4'T cells s
CD38 (PBMC) differentiated NK cells) ( ) 9

0.4 —
) 8 = S
: : 0.3
7
. 02
' | &
] 01 5
0.0-
0.0 o X 3 4
5

s
o o @ &£
\"‘.p 9,\0 f:g‘ 0@«@' f (‘\’g control remission active
& & & @@’ & & CCR4
P & f
& &7
LA
CCRS6 (CD4'T cells) CCR6 (Memory B cell) é rk
05 . *xk
o
5 . Soa 3 ®
5 5 s
g8 Sgos3 g T
25 a8 2
>3 23 @
§s §502 g 6
i §3 :
g go1 3 s
00 4
v"’“ \,O\ob ,o‘*b control remission  active
& & & ccre
U S
& &

~
o

»

o
°
&

i

o
9
expression value

Mean value of
marker expression

°
o
Mean value of
marker expression
°
2

Mean value of
marker expression






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Case report: Single-cell mapping of peripheral blood mononuclear cells from a patient with both Crohn’s disease and isolated congenital asplenia

      

        		

          Introduction

        



        		

          Case presentation

        



        		

          Diagnostic assessment

        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Patient perspective

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-959281-g002.jpg
TSNE2

TSNE2

100,

Frequency

Control-remission Asplenia-remission Asplenia-active

cot - c20
co2 ® c21
co3 © c22
co4 © C23
C05 ® C24
Cos ® C25
co7 @ C26
cos @ c27
c09 © C28
c10 ® C29
c11 @ c30
c12 - c3t
c13 @ Cc32
c14 © Cc33
c15 ® C34
c16 ® C35
c17 ® C36
c18 @ c37
c19

CD4+T coll
C08+T coll

V5T cel

Naive B coll

Memeory B cell
CD11c+ B el
Plasmablasts.

NK cell

Glassical monocyte
Non-classical monocyte
Basophils

Undefined

-
]

o
g

78 T cell €01, C04, C20, C24, C25 Naive B cells C32
Naive CD4™ T co7 Memeory B cells €33
- C08,Cl11,C12,C13,
CD4"Tem C14,Cl16,C17 Plasmablasts C34
W cosT ool CD4'Teff C1s CD11c¢” B cells C31
I cosToon CD4 Tem C09.C10 Classical monocyte c36
CDS'Teff |C02, C03, C21,C22,C23| Non-classical monocyte C3s5
Memeory8ca1 | CDS'Tem €05, C06 Basophils €29,C30
e Treg co8 mDC €37
I Pismatiess NK cell CI8.C19.C27.C28 Undefined €26
Glassical monocyte
No-classical monocyte
B Basophils
" Undeined
CD4+T cell CD8+T

= Controkremission
= Asplenia-remission
- Asplenia-aciive

15 50

10 Q
H 2
2 2
s 5
® 5 ES
0
; : - & st & o
Control ~ Asplenia Asplenia Control  Asplenia  Asplenia < & 0;‘ N
L . . L L . e
remission remission  active Temission remission active ‘\66 < © 2





OEBPS/Images/fimmu-13-959281-g004.jpg
Active asplenia Active control Remission control ~ Healthy control

3
8
e
o
£
z
e
B
=

3 : - -
g2 2 k3 @2 k3 s Q72
© Sor . 241%
° | - a 4.88%| . R 2.41%
* 2 ] 2 2 3
o Thl
8 1* E B ®
g |*® E 2 2
3l ' :
® ® 3 B
=y
. Jors ar4 73 ar4 - ‘ - X -
CZ 3% S| 5% i 2 {8 IREE o
S0 102 10° 104 105 108 LI e " 2
= Tt 02 108 104 105 108 10 R R S /T P
e ez 2 2 Tast Q62
K2 10.17% by Bl e
8 i ® 1.34%
2| 2 . ) Th17
O | .} .
= - 2 :
=]
b = | L3 o~
S« ° z 2
S~ as3
O — - |5729% ; 2652% | . .
(. 2 02 3 4 05 59 2 = iindad
1012 10 10 10 105 10! 652
d 077012 102 103 104 105 1065
»n
]
Q
051
O 0% 40077%
2 Treg
k|
|®)
ISe)
) 52
O
51
= n 05-3
8 o o
s X .
] LE 0

Treg Th17/Treg

J

% of Treg in CD4" T cells
~
Th17/Treg ratio

% of Th17 in CD4* T cells






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





OEBPS/Images/fimmu-13-959281-g001.jpg
Pre-disease Disease progression Disease remission Disease flaring
: Recurring Severe diarrhea Bloody stools (8-9 Loose stools Bloody stools (15-20
Egr:gewrll‘iltqal diarrhea and and abdominal times per day ) and V:;xz:':el?g: ()3 times perday),
asplenia abdominal pain with blood- severe abdominal and slight Y. severe abdominal pain
- pain tinged stools pain S . annal fissure, perianal
Clinical abdominal pain abscess, severe
manifestations anemia symptoms

Treatment

* indicates the diagnosis of Crohn's disease.

*CyTOF analysis of PBMC was performed during the remission stage of CD.
*CyTOF analysis of PBMC was performed during the active stage of CD.

B Asplenia Con (o]
A A @ )
*» -
» : =
S : y "8 \ e &
¥ e Ca
" Hoﬁ/ell-]()l-ly bodies
) y
P . § “
K ) °e &
P N
O~ P - O
@ ° AC&DIhOCYteS_) A
. > > %
- ‘' .
g \
F
WBC LYMPH 'MONO
- . .
g H § :
¢ Asplonia Con ¢ ‘Asplonia con “Aspwnia con
pur Lyweh » MoNo%
- w
.
Tan & Fe
: 1.
5 200- B
= 2.
o gy o ® ‘Aspionia o P Asplonia con
G
HBI score

202108 202106 202108 2011 0012 202202

e Con == Asplenia





OEBPS/Images/fimmu.2022.959281_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Case report: Single-cell
mapping of peripheral
blood mononuclear cells
from a patient with both
Crohn’s disease and
isolated congenital asplenia





