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Abstract

:

Hematopoietic stem cell transplantation (HSCT) is widely used in benign and malignant hematological diseases. During the last decade, HSCT, mainly autologous, also gained increasing attention in the treatment of refractory autoimmune diseases. Crohn’s disease (CD) is an inflammatory bowel disease leading to transmural inflammation potentially affecting all parts of the luminal gastrointestinal tract. Despite improving therapeutic options, including various biologics, some patients are refractory to all lines of available conservative therapy, leading to increased morbidity and reduced quality of life. Apart from surgery, HSCT might be a reasonable treatment alternative for refractory CD patients. This review aims to describe the current role of HSCT in CD and discusses the procedure, the correct patient selection, the clinical efficacy from initial remission to following relapse rates, and complications of this treatment.
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1. Introduction


1.1. Crohn’s Disease


Crohn’s disease (CD) is an inflammatory bowel disease (IBD) that can cause transmural inflammation in all parts of the luminal gastrointestinal tract. Most commonly, the small intestine, especially the terminal ileum, and the colon are affected. CD leads to mucosal swelling and ulcers and in severe cases may exhibit a stricturing and penetrating phenotype, causing stenosis or fistulas. These complications can be associated with life-threatening conditions such as bacteremia and sepsis through infections or acute intestinal obstruction requiring surgical interventions. CD is further associated with extraintestinal manifestations involving joints, eyes, or skin, which may represent a significant burden for patients [1]. The etiology of the disease is still incompletely understood. However, a multifactorial genesis involving genetic susceptibility, alterations of the gut microbiome, and environmental triggers that ultimately lead to a disturbed host immune response is the commonly accepted model [2]. Increasingly, IBDs are perceived as a spectrum of disease with different ratios of contributions by genetic and environmental factors. These range from almost exclusively genetically driven disease (e.g., monogenic forms of IBD, such as those associated with mutations in IL10RA/B or the X-linked inhibitor of apoptosis (XIAP) [3] and entities with a large genetic contribution such as very early onset (VEO)-IBD) [4], to phenotypes that are more dependent on environmental factors. In general, disease based on a high genetic risk burden and monogenic disease tends to manifest early in life and is associated with a higher risk of treatment failure, as the underlying pro-inflammatory processes tend to be more resistant to therapeutic intervention [5].



To date, there is no known cure for CD. Treatment strategies focus on improving the patient’s symptoms, reducing intestinal inflammation to achieve clinical remission, as well as endoscopic, histologic, and transmural healing and avoiding severe complications [6].



A variety of therapeutic options for CD have been introduced over the last decades. These range from local anti-inflammatory agents to immunosuppressants and specific monoclonal antibodies, which target elements of the inflammatory cascade involved in unregulated intestinal inflammation [7]. While the therapeutic options are expanding, rates of remission observed in large phase III clinical trials of new substances are usually reported to be around 30–50% [8,9,10,11,12], further supporting the notion of IBD as a disease spectrum with different molecular pathways driving inflammation. This ultimately results in variable and currently not predictable response to the available therapeutic options [13].




1.2. Hematopoietic Stem Cell Transplantation (HSCT)


Hematopoietic stem cell transplantation (HSCT) was initially established as treatment for malignant hematological diseases such as leukemia and malignant lymphoma. Since the first attempts in the late 1930s, HSCT has emerged as a feasible treatment option in a broad range of benign and malignant applications [14].



HSCT mainly comprises two different procedures: (1) autologous stem cell transplantation—the source of the stem cells is the patient himself—and (2) allogeneic stem cell transplantation—the source of stem cells is a healthy related or unrelated person with immunologic compatibility. Hematopoietic stem cells can be obtained from different sources (e.g., peripheral blood, bone marrow, and umbilical cord blood) [15].



The procedure of HSCT consists of several steps ranging from stem cell mobilization by the support of granulocyte colony stimulating factor (G-CSF) to stem cell collection and conditioning with high-dose chemotherapy, including agents such as anti-thymocyte globulin (ATG) and cyclophosphamide to achieve depletion of the autoreactive immunologic memory (T and B cells) before transplantation. These conditioning regimens vary depending on the condition leading to transplantation and the transplantation protocol. In the state of a maximally depleted immunological memory, HSCT is performed to reconstitute a distinct immune system and to re-establish immune tolerance [16].



Still, the most common indications for HSCT are hematological disorders such as multiple myeloma, non-Hodgkin lymphoma, Hodgkin lymphoma, and leukemia. However, after half a century in which the procedure was solely used in the domains of hematology and oncology, HSCT started to also emerge as a therapeutic option in severe cases of autoimmune diseases refractory to medical treatment [17]. The most extensively investigated diseases are multiple sclerosis, systemic sclerosis, and CD [18]. However, due to the high treatment-related mortality and post-interventional morbidity exhibited during allogenic stem cell transplantation caused by complex immunologic phenomena, this procedure is widely viewed as unjustifiable for non-malignant diseases such as CD [19]. Therefore, to date, autologous HSCT is mainly used for the treatment of autoimmune diseases.



In CD, HSCT represents an unconventional treatment approach with the potential to reset dysbalanced immune reactions that arise from multiple environmental hits on the basis of genetic susceptibility. This is achieved by potent abrogation of immune cells during induction, eliminating aberrant auto-reactive inflammation. By transplanting hematopoietic stem cells, the immune system is reconstituted, and control of immune reactions is re-established. HSCT impacts all components of the immune system and has broad effects on pro- and anti-inflammatory pathways alike. These include depletion of autoreactive memory B cells and resetting of the T cell receptor repertoire, as well as promotion of regulatory responses [20].



In this review, we discuss HSCT for the treatment of refractory CD focusing on available evidence and highlighting the correct patient selection, procedural steps, and associated side effects, as well as future perspectives.





2. HSCT for Crohn’s Disease


2.1. First Evidence


The idea of using HSCT in patients with refractory CD emerged from case reports/series during the 1990s reporting improvement or remission of CD in patients receiving HSCT for malignant hematological indications [21,22,23,24,25]. These reports used autologous, as well as allogenic, HSCT. In a case series of six patients suffering from leukemia and CD receiving allogenic HSCT, four out of five patients with active CD before transplantation remained in remission within 4.5 to 15 years. Four patients had HLA-identical siblings as donors, one patient had a related mismatched donor, and one patient an unrelated HLA-matched donor. Five out of the six patients developed acute, and four out of six patients chronic graft-versus-host disease (GvHD). One death due to septicemia occurred three months after transplantation [25]. A retrospective analysis of 11 IBD patients (seven CD, four ulcerative colitis) treated with allogenic HSCT due to acute and chronic myeloid leukemia and myelodysplastic syndrome included 10 patients with HLA-identical donors and one patient with an unrelated mismatched donor. One death due to pulmonary fungal infection was reported and eight patients developed acute GvHD. A total of 9 out of 10 alive patients maintained clinical remission of their IBD within a heterogeneous follow-up time of three months to nearly 10 years [22].




2.2. Patient Selection for HSCT in CD


When thinking about the usage of HSCT exclusively for the treatment of CD, one has to define a suitable patient collective. With the emerging availability of a wider range of biologics with a favorable safety profile and the options of modern minimally invasive surgery techniques, indications have to be very rigorous, and the success of the method is also determined by the selection of the right patients. First, it should be ensured that the diagnosis of CD is established. Second, the patient should suffer from a complicated disease course and should have inadequate response to available immunosuppressive and biologic therapies. Third, active disease should be confirmed with biomarkers, endoscopy, and cross-sectional imaging and should carefully be differentiated from irreversible fibrotic strictures. Fourth, infectious complications such as intraabdominal abscesses should be excluded, and the presence of perianal disease should be considered as risk factor for complications of HSCT. Fifth, surgery as an alternative treatment strategy should have been judged as not suited due to risk of short bowel syndrome, technical aspects due to multiple previous surgeries, or because of a definitive refusal of the patient [26,27]. Furthermore, the general condition of the patient must be considered. Chronic active CD predisposes patients to malnutrition and sarcopenia, which was shown to increase mortality in patients receiving allogenic HSCT [28,29]. Additionally, patients should be screened for pulmonary and cardiovascular comorbidities with pulmonary function testing, electrocardiography, and echocardiography, as cardio-pulmonary impairments also propagate the risk for complications of HSCT [30,31].




2.3. Technical Aspects of Autologous HSCT for CD


As previously highlighted, autologous HSCT is preferred over allogeneic HSCT for the treatment of autoimmune diseases due to the less complicated procedure [32,33]. Autologous HSCT consists of several steps (Figure 1): First, stem cells have to be harvested from the patient. In autoimmune diseases, it is established to use peripheral blood stem cells (PBSC) mobilized by G-CSF. As disease flares have been reported during G-CSF treatment in patients with multiple sclerosis, rheumatoid arthritis, and systemic lupus erythematosus [34,35,36], cyclophosphamide with a dose of 2–4 g/m2 is applied before G-CSF treatment with 5–10 µg/kg [27,35]. This regime was also used in the reported trials of autologous HSCT for CD [37,38,39,40,41,42,43,44,45,46,47,48]. To avoid combined immunosuppression, immunomodulators and biologics for the treatment of CD should be discontinued as early as possible before cyclophosphamide application to reduce the risk of infections and to prevent interference with PBSC mobilization. The minimum yield of hematopoietic stem cells (CD34+ cells) is 2 × 106/kg CD34+ cells to grant sufficient engraftment after high-dose chemotherapy, as suggested by the European Group for Blood and Marrow Transplantation (EBMT) [49].



In a second step, the patient has to be prepared for HSCT using a conditioning regime to achieve myelosuppression to consequently enable a reset of the bone marrow after transplantation. Conditioning regimes used in CD patients consist almost uniformly of a combination of cyclophosphamide 200 mg/kg and rabbit or horse ATG. Only one study used cyclophosphamide monotherapy [41]. This is in line with EBMT guidelines suggesting intermediate-intensity conditioning regimens over high-intensity regimes in patients receiving HSCT for autoimmune diseases [49]. A more recent pilot study by Burt et al. investigating non-myeloablative allogeneic HSCT in CD chose a conditioning regime combining cyclophosphamide with fludarabine and alemtuzumab [50].



Before transplantation, the question arises whether to perform ex vivo graft manipulation using CD34+ selection. In CD, nearly half of studies used CD34+ selection, although a clear benefit has not been demonstrated yet in autoimmune diseases, and EBMT guidelines suggest against routine usage of selection outside of experimental settings [27,49]. Additionally, graft manipulation is costly and may require an increased number of CD34+ cells, which have to be obtained during the mobilization process.




2.4. Actual Evidence for Autologous HSCT in CD


The evidence of HSCT in CD is mainly limited to relatively small prospective, single-arm, phase I/II studies, retrospective analyses, and case series or even single-patient case reports. The ASTIC trial is to date the only available randomized controlled trial [45,46]. Except for a recent pilot study [50], all studies investigated autologous HSCT (Table 1). CD is the third most common indication for HSCT in autoimmune diseases [51].



First evidence for autologous HSCT to exclusively treat CD dates back to 2003 and 2004. The first report from Burt et al. [53] included two patients, a 22-year-old woman and a 16-year-old boy, with a Crohn Disease Activity Index (CDAI) higher than 250 and severe inflammation on colonoscopy despite ongoing anti-TNF therapy. After HSCT, both patients could achieve clinical remission, could discontinue CD medications, and endoscopic evaluation six months after transplantation showed marked improvement of mucosal inflammation. From Chicago, four patients were reported in 2003 [53]. All of these patients experienced normalization of CDAI after HSCT, despite partly persisting inflammation on colonoscopy. Follow-up was too short to conclude about the ability to maintain remission. Another early case report from Italy was published in 2004 describing a single patient achieving clinical remission and endoscopic improvement after autologous HSCT [37]. The first larger cohort reported came from Chicago in 2010 and was also a first phase I/II study evaluating HSCT in CD, but without a control group and without randomization [38]. Although initial results were encouraging, with all 24 patients achieving clinical remission with a CDAI < 150 after HSCT, relapse rates after five years of follow-up, defined as the need for CD treatment, were 81%. Anyway, roughly half of patients relapsing achieved remission with established CD treatments again. These high relapse rates were confirmed in further reports from the Netherlands, Germany, and UK [40,41,42].



The first, and to date only, randomized, controlled, multi-center trial evaluating HSCT for CD is the ASTIC trial [45] conducted in 11 European transplant centers in six countries. Included patients were adults younger than 50 years suffering from refractory CD who had to have at least three unsuccessful treatment attempts with immunomodulators or biologics. Furthermore, they had been considered not suitable for surgical treatment. The study had a parallel group design, with all patients receiving mobilization with cyclophosphamide and G-CSF. One group was consequently assigned to immediate autologous HSCT and the other to HSCT after one year with conventional care within the first year. During follow-up, approved immunosuppressive/biologic treatments for CD were allowed in both groups. The primary endpoint called sustained disease remission was evaluated after 12 months and included a CDAI < 150 for at least 3 months, no additional active CD treatment within the last 3 months, and no erosion or ulceration in the gastrointestinal tract upon endoscopy. A total of 48 patients received mobilization, 45 were randomized, and 23 finally received HSCT. The primary endpoint, aiming to show the benefit of HSCT, was not met, as only two patients after HSCT reached sustained disease remission compared to one patient in the standard treatment arm. This study was also the only one evaluating HSCT in CD included in a recent Cochrane review on stem cell transplantation in CD [54], as the other six included studies assessed mesenchymal stem cell transplantation for perianal fistulas. Except for a high risk of bias concerning the missing blinding of patients, clinicians, and investigators, the authors of this review judged the study to be at low risk of bias.



The ASTIC trial was re-analyzed with data from 38 patients (23 patients initially randomized to HSCT, 17 patients receiving delayed HSCT after one year, one death, one drop-out) with modified endpoints [46]. The combined primary endpoint of clinical remission with a CDAI < 150 and no corticosteroids for at least three months was achieved by 38% of patients after one year, and endoscopic healing by half of patients. A lower CDAI and shorter disease duration at baseline were associated with reaching the primary endpoint.



In a cohort from Barcelona [44] with 29 transplanted patients, the probability of clinical and endoscopic relapse-free survival (CDAI < 150, SES-CD < 7) was only 15% after five years. More than 50% of patients had relapsed after a median of one year. Also in this study, the majority of patients achieved clinical remission again with consequently initiated anti-TNF therapy, but three patients failed to respond to biologic therapy and required surgery. It is encouraging that clinical remission was finally achieved by nearly all patients with an enhanced follow-up of 3–5 years with different combinations of HSCT, surgery, and biologic therapy. High relapse rates of 73% after three years were also reported in a retrospective evaluation including 82 CD patients from the EBMT database who underwent autologous HSCT [47].




2.5. Actual Evidence for Allogenic HSCT in CD


Due to the reported high relapse rates of autologous HSCT and the published promising case series using allogenic HSCT for the treatment of CD concomitant with hematological malignancies [22,25], Burt et al. investigated non-myeloablative allogeneic HSCT for the first time to exclusively treat CD [50]. Nine patients with refractory CD were included in the study. In three patients, unselected matched sibling PBSC was used, and in six patients, umbilical cord blood was used. One death occurred during the study period, but the remaining eight patients were followed for five years. All of these patients remained disease-free; MRI and colonoscopy results between three and five years after transplantation were available in six patients and did not show any signs of disease relapse. Patients receiving HLA-matched sibling transplants had donor T cell engraftment, whereas patients receiving umbilical cord blood did not have engraftment, but this did not seem to have an impact on the efficacy of this method.




2.6. Safety of HSCT in CD


HSCT is an intervention with relevant morbidity and mortality [55,56,57,58]. Although autologous HSCT does not impose some risks associated with allogeneic HSCT such as GvHD, it may still cause major complications and mortality in all steps of the procedure (mobilization, conditioning, transplantation, and post-transplantation phase). Febrile neutropenia commonly occurs after mobilization and with high certainty after conditioning [43], potentially leading to bloodstream infections and sepsis. Bacteremia including isolates of Staphylococcus epidermidis, Staphylococcus aureus, Echerichia coli, Klebsiella pneumoniae, Klebsiella oxytoca, and Enterococcus faecium was commonly reported in HSCT trials for CD [37,43,45]. In the ASTIC trial, eight cases of neutropenic sepsis were reported [45]; in the Barcelona cohort, three septic shocks were observed [43]. The ASTIC trial reported a higher rate of adverse events in the HSCT group compared to the control cohort within the first 100 days after conditioning and transplantation [45]. The earlier mentioned recent Cochrane Review about stem cell transplantation for CD did not find an increased risk of adverse events in patients undergoing transplantation, but an indication of an increase in serious adverse events, although certainty of evidence was reported to be low [54].



As mentioned, allogenic HSCT imposes a relevant risk of GvHD. In the early case reports of allogenic HSCT for CD and hematological malignancies, acute GvHD was reported in more than 80% of patients, although most were classified as Grade I or II [22,25]. With the allogenic, non-myeloablative regime used by Burt et al. for CD [50], acute GvHD was not observed, and only one patient developed chronic, limited disease. However, due to the limited number of participants included in this trial, a correct estimation of GvHD is not possible.



Due to the high treatment-related mortality and morbidity of HSCT, instruments for the estimation of HSCT risk are crucial in the decision process regarding whether a patient should be allocated to this procedure. The most commonly used risk prediction tool in allogenic stem cell transplantation is the hematopoietic cell transplantation comorbidity index (HCT-CI), which combines different factors influencing HSCT outcomes in a simple score [59]. The HCT-CI provides valid and reliable scoring of pre-transplant comorbidities that predict non-relapse mortality and survival and could thereby be translated into a non-malignant application of HSCT. Besides the clinical condition of the patient, the donor-specific properties are mainly responsible for graft function and prevention of GvHD. The main criterion for donor selection is HLA compatibility. In unrelated donor selection, matching for the classical high-expression loci (HLA-A, HLA-B, HLA-C, HLA-DRB1) is still the paramount criterion. If more than one equally suitable donors are available, further parameters such as DPB1 epitope matching, blood group, and donor sex may be considered [60]. HLA factors also influence the success of haploidentical transplantation. HLA-DRB1 and -DPB1 mismatching and HLA-C, -B leader, and -DQB1 matching have shown favorable outcomes in patients undergoing haploidentical stem cell transplantation with post transplantation cyclophosphamide therapy [61].



Furthermore, mortality was reported in studies concerning HSCT in CD. In the ASTIC trial, one of the 23 transplanted patients died due to sinusoidal obstructive syndrome 20 days after conditioning. Another death occurred in the Barcelona cohort [43], where a patient died eight weeks after transplantation due to CMV infection leading to multi-organ failure. The third death reported happened in the newest pilot study using non-myeloablative, allogeneic HSCT [50]. This patient died due to disseminated adenovirus infection three months after discharge. Due to this death, the trial stopped recruiting patients.





3. Discussion


3.1. Risks and Benefits of HSCT in CD


HSCT for autoimmune conditions in general, and for CD in particular, is a rarely pursued strategy, and available evidence is limited. It entails laborious pre-procedural workup to adequately assess and select patients and limit the occurrence and impact of potential adverse events. After the procedure, close and ongoing monitoring of patients is required to recognize and manage short- and long-term complications in a timely manner. Furthermore, mobilization and conditioning steps are associated with considerable toxicity. In contrast to malignant diseases, which are the established indications for HSCT, CD generally follows a more benign course with a much better prognosis quo ad vitam [62], although mortality data specifically for severe CD for which HSCT might be considered are not available. As a consequence, the risks and benefits of performing such a high-risk therapeutic procedure have to be carefully weighed before a decision to perform HSCT in CD is made. Furthermore, expertise and routine in both the treatment of severe and complicated CD, as well as in performing HSCT, are restricted to selected centers.



The potential benefits of HSCT can be deducted from the few published studies. These trials have been performed in a very challenging and highly refractory patient collective, with patients having failed multiple lines of therapy [38,45,47]. Nevertheless, initial success rates of autologous HSCT, although reported with great variance in the different trials, seem to be comparable to those seen in phase-two and three trials of the most recently evaluated biologic therapies for CD [45,47], in which clinical remission rates ranging from 40 to nearly 60% after 12 weeks of treatment have been reported in a less pretreated patient collective [12,63]. As autologous HSCT aims to reboot an aberrant immune system and to abrogate auto-reactive T cell clones, it naturally is not suitable to correct underlying genetic defects which are associated with CD pathogenesis. Consequentially, long-term remission of CD after autologous HSCT is rarely achieved, and relapses are common. However, encouraging results from reported case series and the one RCT performed for autologous HSCT provide evidence that the severity of recurrent disease after HSCT is generally mild to moderate and often targetable by biologic therapies, even those the patient previously had been refractory to. This regained responsiveness is partially responsible for the favorable long-term outcomes that have been reported in transplanted patients. Uniquely, and unlike medical therapies, HSCT does not involve long-term maintenance therapy. Patients are subject to a detailed post-procedural surveillance program but do not routinely receive continued anti-inflammatory treatment, which couldbe considered a potential benefit.



Additional to the risk of HSCT-related mortality in CD [45,47,50], the procedure entails considerable morbidity. The risk of infectious complications is almost inevitable due to the severe myelosuppression that is achieved during conditioning. Furthermore, it has been hypothesized that patients with CD might be even more prone to systemic septic complications because of bacterial translocation from the intestine via inflammatory ulcerations. It has been recommended that CD patients undergoing HSCT receive specific and intense prophylactic antibiotic treatment in combination with bowel rest before the procedure [43].



Other potential long-term sequelae of high-dose cyclophosphamide administered during conditioning include a risk of new cancer development, impacts on the cardiovascular, respiratory, and neurological systems, as well as fertility [32]. However, in the Chicago cohort [38], no interval malignancies occurred over a follow-up period of five years. In contrast, Brierley at al. [47] reported five malignancies after autologous HSCT within a median follow-up of 3.5 years.



The best conditioning regime remains to be determined for autologous HSCT in CD. Most studies used the combination of cyclophosphamide and ATG. ATG exerts diverse effects on the immune system, leading to T cell depletion in peripheral lymphoid tissues and blood and apoptosis of B cells [64].The application of ATG entails a risk, although low, for anaphylaxis [27], and it has been reported that secondary autoimmune disorders may arise after using ATG in conditioning regimes for autoimmune diseases [65]. Another methodic question is whether to use CD34+ selection in autologous HSCT for autoimmune diseases, as already discussed earlier. Over time, graft manipulation was used less frequently in studies for CD, because of the lack of evidence supporting a benefit of this method [27].



So far, allogeneic HSCT has been widely avoided in autoimmune diseases because of its much less attractive risk–benefit ratio. However, a recent pilot study reported higher efficacy compared to autologous HSCT but was stopped due to a fatal infectious complication [50].




3.2. Selecting CD Patients for HSCT


Traditionally, HSCT has been considered mainly as a last resort in patients in whom no therapeutic options were left to suppress inflammation. This included cases refractory to every form of approved pharmacologic therapy, as well as novel approaches in phase-three trials. Furthermore, surgical resection of inflamed bowel segments was considered unfeasible in these patients due to the risk of developing major post-surgical complications, e.g., short bowel syndrome. Most patients included in published case series suffered from ileocolonic CD, and upper gastrointestinal tract involvement was reported for some individuals [41]. As patients usually report failure to multiple lines of medical treatment, and previous surgery before HSCT is also considered, there is typically long-standing CD at this point. This is associated with structural damage of the intestine due to fibrosis and scarring, which are not amenable by HSCT. It is therefore necessary to obtain evidence of active ongoing intestinal inflammation prior to the procedure [32]. Long-standing active disease and pre-treatment with multiple immunomodulatory and immunosuppressive medications can also affect the yield of harvested PBSCs [32,41,45]. The question therefore arises if it would be reasonable to use HSCT earlier in the treatment concept of CD to achieve better results, but this approach appears to be limited by the safety profile of this intervention.



In a post hoc analysis of the ASTIC trial [46], shorter disease duration and lower baseline CDAI were associated with steroid-free remission for at least three months after transplantation and factors that favor adverse events (smoking, perianal disease) were confirmed. Interestingly, these factors mirror those reported in studies of more conventional medical approaches to CD, e.g., anti-TNFa antibodies. Due to the small number of cases reported and the negative outcome of the only RCT performed so far, currently no information on potential predictive markers for response to autologous HSCT is available, and evidence-based selection of patients best suited for HSCT is not possible. This corresponds to the lack of predictive biomarkers of response to monoclonal antibodies and targeted small molecules in CD. Based on the mechanism of action of HSCT, one might assume that autologous HSCT would not be able to address monogenic IBD.



In summary, a pragmatic strategy for patient selection might include a history of CD refractory to immunosuppression and biologic therapies, with evidence of ongoing intestinal inflammation not addressable by surgery. To adequately diagnose refractory disease, biologic treatments have to be employed using sufficient doses and time frames [13]. Extensive discussion about therapeutic options with the patient and shared decision making are obligatory. It has been reported that some patients opted for HSCT even when surgical therapy would have been possible, e.g., in cases where proctocolectomy was declined by patients [50]. Furthermore, it is necessary to exclude the presence of infectious complications of CD.



As the therapeutic armamentarium in CD is continually expanding, and new treatment options such as IL23p19 blocking antibodies and Janus kinase inhibitors become available [66], the pool of patients qualifying for HSCT under this strict selection regimen may become even smaller. Nevertheless, it has been estimated that as much as 10% of CD patients are not sufficiently controlled with the currently available therapies [41]. This problem may persist even with the newer drugs, as the number of previous biologic therapies is associated with lower response rates regardless of the mode of action. Therefore, these new options seem to disproportionally benefit patients with forms of IBD responding to therapy [67]. HSCT could be an option for these refractory patients. However, careful consideration of alternative treatment modalities is important. In CD, surgery can be necessary and appropriate [68]. This is especially the case in perianal fistulizing disease, where complete fistula closure by medical therapy alone is not frequently achieved [68]. In addition to fistula drainage and ligation, autologous mesenchymal stem cell transplantation has been suggested for perianal fistula in CD [69]. Small bowel strictures can be addressed by balloon dilatation or stricturoplasty using various surgical techniques [70,71,72]. In contrast to bowel resection, these approaches do not result in bowel loss and therefore do not aggravate the potential risk for small bowel syndrome.





4. Future Perspectives and Conclusions


At the time of writing this review, there are three ongoing trials in the United States which are actively recruiting patients for autologous HSCT in CD. Two of these trials are using high-dose immunoablation followed by CD34-selected peripheral blood stem cells (PBSC) in pediatric and adult patients with severe CD (NCT04224558, NCT00692939).



The third ongoing trial has a different, yet very interesting approach: the investigators’ plan is to incorporate the drug vedolizumab after autologous HSCT as maintenance therapy (NCT03219359) to address the low long-term remission rates after HSCT in previous trials which did not include routine application of an anti-inflammatory maintenance therapy directly after HSCT. The monoclonal antibody vedolizumab binds to α4β7 on inflammatory T cells, resulting in gut-selective anti-inflammatory activity [73]. The rationale for using vedolizumab post-transplant is that the investigators expect these T cells to be present in the graft. Thus, their blockage may improve remission rates and may help to maintain remission. The general idea of HSCT in CD is to reprogram the patient’s immune system to its state prior to the autoimmune disorder. Interestingly, previous studies showed that patients post-HSCT regained susceptibility to previously failed medications. Thus, the results of this last-mentioned ongoing trial might help to obtain insight into this immune modulation and concomitant restoration of response, which offers a future therapeutic approach.



As described previously, allogenic HCST exhibits serious and potentially life-threatening complication such as GvHD and infections, as well as associated morbidity. In addition to the low relapse rates in refractory CD, another potential factor favoring allogeneic stem cell grafting over autologous cells is the less toxic conditioning regimen (reduced-intensity conditioning regimen). However, a potentially extended use of immunosuppressive medications limits this fact. In the future, optimal supportive therapy combined with a patient-tailored conditioning regimen could help to improve outcomes in CD patients undergoing this procedure.



Overall, HSCT is a rarely used procedure in CD, with relevant morbidity and mortality. To date, mainly autologous HSCT was investigated in CD patients, although allogenic HSCT provides promising outcome data, but probably imposes a further unfavorable safety profile. As for now, due to the uncertain long-term effects, the low evidence, the lack of a standardized protocol, the questionable risk–benefit ratio, and the increasing availability of new biologics with an eminent safety profile, HSCT should only be considered in highly selected patients who are refractory to medical therapy and who have evidence of ongoing, active intestinal inflammation not addressable by surgery.
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Figure 1. Procedural steps of autologous hematopoietic stem cell transplantation in autoimmune diseases with used drug dosing in studies for Crohn’s disease. G-CSF = granulocyte colony-stimulating factor; ATG = anti-thymocyte globulin. Figure created with Biorender.com and Smart Servier Medical Art. Accessed on 9 September 2022. 
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Table 1. Summary of available evidence for hematopoietic stem cell transplantation in Crohn’s disease. Except for Burt et al., 2020 (allogenic, non-myeloablative hematopoietic stem cell transplantation), all reported studies investigated autologous hematopoietic stem cell transplantation. Included patients in the reported studies are mainly adults, although Burt et al., 2003, Burt et al., 2010, Jauregui-Amezaga et al., 2016, López-García et al., 2017, and Hernanz et al., 2018 also included adolescents with a minimum age of 15 years. The study populations between the different reported trials may overlap in certain manuscripts.
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	First Author
	Year of Publication
	Study Design
	Included Patients
	Conditioning Regimen
	CD34+ Selection
	Outcomes
	Reported Adverse Events during the Transplantation Phase
	Relapse Rates
	Transplantation-Related Mortality
	Length of Follow-Up





	Burt et al. [52]
	2003
	Case series
	2
	Cy 200 mg/kg + ATG
	Yes
	2/2 clinical remission, 2/2 endoscopic improvement
	Febrile neutropenia (2)
	None
	None
	12 and 15 months



	Craig et al. [53]
	2003
	Case series
	4
	Cy 200 mg/kg + ATG
	Unknown
	4/4 clinical remission
	Febrile neutropenia (4)
	None
	None
	2 weeks to one year



	Scimè et al. [37]
	2004
	Case report
	1
	Cy 200 mg/kg + ATG
	Yes
	1/1 clinical remission, 1/1 endoscopic improvement
	Staphylococcus epidermidis bacteremia during neutropenia (1)
	None
	None
	5 months



	Cassinotti et al. [39]
	2007
	Phase I/II, prospective
	4
	CY 200 mg/kg + ATG
	No
	4/4 clinical remission, 2/3 endoscopic remission at 3 months
	Febrile neutropenia (4), perianal abscess (1), pleural and pericardial effusions (1), BK virus-related macrohematuria (1)
	1/4
	None
	11–20 months



	Burt et al. [38]
	2010
	Phase I/II, prospective
	24
	CY 200 mg/kg + ATG
	Yes
	clinical relapse-free survival: 91% after 1 year, 19% at 5 years
	Febrile neutropenia, bacteremia (6)
	15/23
	None, 1 accidental death
	6 months to 5 years



	Hommes et al. [40]
	2011
	Case series
	3 (2 transplanted)
	CY 200 mg/kg + ATG
	Yes
	2/2 clinical and endoscopic improvement at 8 to 10 weeks
	Febrile neutropenia, allergic reaction to ATG, bacteremia (1), C. difficile infection (1), Rotavirus Infection (2)
	2/2
	None
	5–6 years



	Hasselblatt et al. [41]
	2012
	Phase I/II, prospective
	12 (9 transplanted)
	CY 200 mg/kg
	Yes
	4/8 clinical remission after 6 months, 5/9 mucosal healing at 9 months
	Febrile neutropenia, bacteremia (2), C. difficile infection (2)
	7/9
	None
	6 months to 10 years



	Snowden et al. [42]
	2014
	Retrospective case series
	6
	CY 200 mg/kg + ATG
	2 out of 6
	5/6 clinical remissison at 3 months, 5/6 endoscopic remission
	Febrile neutropenia, bacteremia, upper gastrointestinal hemorrhage (1)
	6/6
	None
	50–123 months



	Hawkey et al. [45]
	2015
	Phase II, open-label, randomized 1:1
	45 (23 transplanted)
	CY 200 mg/kg + ATG
	No
	2/23 sustained disease remission at 1 year
	76 serious adverse events (viral infections (9), neutropenic sepsis (8)
	20/21
	1 (SOS)
	One year (primary endpoint)



	Jauregui-Amezaga et al. [43]
	2016
	Phase I/II, prospective
	28 (21 transplanted)
	CY 200 mg/kg + ATG
	No
	Not reported
	Febrile neutropenia (20), bacteremia (8), septic shock (3), CMV infections (2: one death, one colectomy)
	Not reported
	1 (CMV infection)
	One year (primary endpoint)



	Lindsay et al. [46]
	2017
	ASTIC trial post hoc analysis
	40
	CY 200 mg/kg + ATG
	No
	13/34 steroid-free clinical remission, 19/38 endoscopic healing at 1 year
	76 serious adverse events in 23 patients
	7/38 restarted anti-TNF therapy
	1 (SOS)
	One year (primary endpoint)



	López-García et al. [44]
	2017
	Phase I/II, prospective
	35 (29 transplanted)
	CY 200 mg/kg + ATG
	No
	Clinical and endoscopic relapse-free survival: 61% at one year, 15% at five years
	Febrile neutropenia (23), septic shock (1), CMV infections (2: one death, one colectomy)
	15/28
	1 (CMV infection)
	6–60 months



	Ruiz et al. [26]
	2017
	Phase I/II, prospective
	14
	CY 200 mg/kg + ATG
	No
	13/14 clinical remission at 30 days
	5 identified bacterial infections
	1/14
	None
	30 days



	Brierley and Castilla-Llorente et al. [47]
	2018
	Retrospective survey
	82
	CY 200 mg/kg + ATG
	9 out of 82
	51/80 clincial remission at 100 days
	Infection within 1 year (22), secondary autoimmune diseases (9), malignancies (5)
	60/82
	1 (CMV infection), 1 (sepsis at 8 years)
	6–174 months



	Hernanz et al. [48]
	2018
	Retrospective case series
	7
	CY 200 mg/kg + ATG
	No
	3/7 clinical and endoscopic remission, 1/7 clinical improvement at 6 months
	Febrile neutropenia (6), C. difficile infection (1)
	5/7
	None
	17–78 months



	Burt et al. [50]
	2020
	Pilot study
	9
	CY 200 mg/kg + Fludarabine + Alemtuzumab
	No
	8/8 remission at 5 years
	C. difficile infection (1), bacteremia (3), chronic limited GvHD (1)
	0/8
	1 (adenovirus infection)
	5 years







CY = cyclophosphamide, ATG = rapid or horse anti-thymocyte globulin, SOS = sinusoidal obstruction syndrome, CMV = cytomegalovirus.
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