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Abstract
BK viral infection remains to be a challenging post-transplant infection, which can result in kidney dysfunction. The mainstay approach to BK infection is reduction of immunosuppression. Alterations in immunosuppressive regimen with minimization of calcineurin inhibitors, use of mechanistic target of rapamycin  inhibitors, and leflunomide have been attempted with variable outcomes. Over the past few years, investigators have explored potential therapeutic options for BK infection. Fluoroquinolone prophylaxis and treatment was found to have no benefit in kidney transplant recipients. The utility of cidofovir is limited by its nephrotoxicity. Intravenous immunoglobulin is becoming a popular option for treatment and prophylaxis for BK infection, as it increases the neutralizing antibody titers against the most common BK virus serotypes. Virus-specific T cell therapy is an emerging treatment option for BK viremia. In this review, we will explore management and therapeutic options for BK infection and recent evidence available in literature.
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Core Tip: BK viral infection is a significant post-transplant infection, which can result in kidney dysfunction if left unaddressed. The mainstay approach to BK infection is reduction of immunosuppression. Data on specific therapies have remained equivocal. In this article, we will review recent evidence available in literature on treatment approaches to BK viral infection.

INTRODUCTION
BK virus is a DNA virus that belongs to the human polyomavirus family. It was first isolated in 1971 from the urine of a Sudanese kidney transplant recipient with initials B.K[1]. BK infection is common in the general population, approaching >90% seroprevalence by age 4[2]. It persists following primary infection and may reactivate following immunosuppression[1]. BK virus infection is a common and important post-transplant viral infection that can result in kidney dysfunction if left unaddressed. The evolution of BK infection often involves viruria, that progresses to viremia, and eventually leads to nephropathy. Severe BK virus-associated nephropathy (BKVAN) can result in loss of the kidney allograft. Effective treatment for the eradication of BK infection remains elusive. The most recent guidelines from the American Society of Transplantation Infectious Diseases Community of Practice (AST-IDCOP) recommends a stepwise approach in immunosuppression reduction as the primary intervention for BK viremia and nephropathy. The AST-IDCOP did acknowledge the lack of randomized controlled trials to provide evidence for using tacrolimus or cyclosporine, switching mycophenolate to mechanistic target of rapamycin (mTOR) inhibitor or leflunomide, and using intravenous immunoglobulin (IVIg) and cidofovir[2]. Studies that employed the use of fluoroquinolones in either prophylaxis or treatment have had varying outcomes. Finally, virus-specific T-cell therapy (VST) is a new emerging therapeutic option under current investigation. In this systematic review, we seek to present the most recent evidence surrounding management approaches and therapeutic options for BK infection following organ transplantation.

ALTERATIONS IN IMMUNOSUPPRESSIVE REGIMEN
BK virus infection poses a threat to the survival of kidney transplants, and a considerable proportion of infected patients face irreversible graft failure. The occurrence of this infection appears to be linked to the level of immunosuppression rather than any specific immunosuppressive agent. The optimal approach for treating BK infection is still uncertain, however, reducing immunosuppression is widely recognized as a primary therapy for BK infection. Although systematic studies in this area are lacking, several studies have shown that reduction in immunosuppression results in better viral clearance and preservation of graft function. 
A retrospective study done in the Medical College of Wisconsin on 24 kidney transplant recipients with BK viremia (> 7000 copies/mL) showed that a 44% and 41% reduction in mycophenolate mofetil (MMF) and tacrolimus respectively, caused a significant decline in the BK DNA copies per milliliter of plasma (P < 0.0001) within a mean period of 5.8 mo. Only three patients (13%) developed acute cellular rejection, successfully treated with intravenous bolus steroids. After 43.5 mo, all except for one patient have a stable functioning graft[3]. In a similar study, post-transplant surveillance for BK DNA polymerase chain reaction and urinary cytology was done in 229 kidney transplant recipients. Patients found to have BK viremia and BKVAN received treatment with a 30%-50% reduction in tacrolimus and/or MMF dosages. After 5 years, overall patient survival and graft survival were 95.6% and 92.1% respectively. Following the reduction of immunosuppression, complete resolution of BK viremia was achieved in all patients and without any increase in acute rejection rates. Among the viremic patients without BKVAN, recurrent BK viremia did not occur. The seven patients diagnosed with BKVAN successfully cleared viremia within an average time of 5.9 mo, while having a stable glomerular filtration rates (GFR) in five years[4]. There have been several studies that compared reduction of immunosuppression vs other treatment approach in controlling BK virus infection. In 2010, Johnston et al[5] published a systemic review of 40 studies examining the effect of immunosuppression reduction alone or in combination with cidofovir, leflunomide, IVIg, or ciprofloxacin. Results showed a death-censored graft loss rate of 8/100 patient-years for immunosuppression reduction alone and 8 and 13/100 patient-years for the addition of cidofovir or leflunomide respectively, suggesting that there does not seem to be a graft survival benefit of adding cidofovir or leflunomide to immunosuppression reduction for the management of BKVAN. The same finding was seen in the study done by Halim et al[6] in 55 kidney transplant recipients where administration of three different anti-BK virus agents (leflunomide, IVIg, ciprofloxacin) added no benefit to long-term outcome in patients with BKVAN (P = 0.32). A recent retrospective study compared treatments for BK DNAemia in 43 kidney transplant recipients. The study evaluated immunosuppression reduction vs mTOR inhibitors plus IVIg. Results indicated that the immunosuppression reduction group experienced a significantly faster decrease in BK DNAemia compared to the mTORi±IVIg group (P < 0.001). Viral clearance was notably higher in the immunosuppression reduction group compared to the mTORi ± IVIg group (P = 0.033). There were no significant differences in death-censored graft loss, rejection rates, or graft function at 12 mo. This study further supports that standard BK virus (BKV) DNAemia treatment of reduction in immunosuppression as having superior outcomes compared to any other treatment approach[7].

LEFLUNOMIDE
Leflunomide, an immunosuppressive medication, has been explored as a potential treatment for BKVAN in kidney transplant recipients. The therapeutic benefit of using leflunomide in this context lies in its antiviral activity against various viruses such as herpes simplex (HSV-1) and cytomegalovirus (CMV). In vitro studies have shown that the active metabolite of leflunomide (A77 1726) has some anti-viral properties by a dose-dependent reduction in BK large T antigen expression. This reduction in antigen expression, however, did not translate to a reduction in BK virus DNA replication[8]. This finding was echoed by a retrospective single-center study done by Krisl et al[9] where 52 patients with BK viremia (with or without nephropathy) did not show any significant BK viral clearance after treatment with leflunomide compared to the control group. The rate of BK clearance was 30.8% in the leflunomide group vs 60.9% in the group that did not receive leflunomide (P = 0.02). Furthermore, graft failure occurred in 15% of patients in the leflunomide group and 7% in the no leflunomide group (P = 0.32).There are some studies that showed partial improvement in BK virus clearance and renal function. A prospective open-label study where 12 kidney transplant recipients diagnosed with BKVAN had MMF changed to leflunomide. Results showed that renal function improved in 50% of patients, remained stable in 16.6%, and deteriorated in 33.4%, with graft loss in 17% of cases. Clearance of BK viremia was observed in 42% of cases[10]. A similar study was done in 12 kidney transplant recipients whose MMF was changed to leflunomide upon diagnosis of BKVAN. Results showed that T-cell proliferation tend to be higher with leflunomide treatment compared to MMF therapy (8.4 ± 7.7% vs. 12.4 ± 10%, P = 0.2). However, the difference was not statistically significant. BK viral clearance was observed in 41.6% of cases treated with leflunomide within 6 mo. Stable creatinine clearance was also noted in 50% of these patients within 6 mo of treatment. Of note, however, one patient in this study developed end-stage kidney disease because of concurrent acute antibody-mediated rejection and BKVAN[11].
Although these studies have shown dismal results, several case reports and studies have shown encouraging findings with the use of leflunomide in treating BK infection in kidney transplant recipients. One such study was done in 13 patients with biopsy-proven BKVAN treated with leflunomide in combination with a low-dose calcineurin inhibitors and prednisone after cessation of MMF therapy. Findings showed that 12 patients (93%) had undetectable viral load after mean treatment of 109 d. There was noted graft improvement in 13% of cases. However, overall graft function at follow-up was not significantly better than at diagnosis (P = 0.69). Leflunomide was well-tolerated and no serious adverse effects or episodes of graft rejection were reported[12]. Another study involving 26 patients with biopsy proven BKVAN investigated treated with either leflunomide alone or leflunomide plus a course of cidofovir and followed them for six to 40 mo. Results showed that 84% of cases had viral clearance in six months (P < 0.001). Follow-up after 12 mo or more showed creatinine levels not significantly changed compared to baseline in 16 patients. After follow-up of 40 mo, graft loss was at 15%[13].
The utilization of leflunomide in kidney transplant recipients with BK virus infection remains a topic of ongoing debate. A high-powered and robust randomized trial could prove essential in definitively establishing the relationship between this treatment and critical clinical outcomes such as effective viral clearance and the enduring maintenance of long-term graft function.

FLUOROQUINOLONES
Fluoroquinolones are often utilized in kidney transplant recipients due to their broad spectrum of activity. They have been demonstrated to inhibit BK replication in its natural host cells by blocking large T antigen helicase activity in polyomavirus, and possibly by inhibition of host cell proteins like topoisomerase II[14]. This perceived efficacy against the said virus was the impetus for several retrospective studies to investigate its role as prophylaxis for BK virus among kidney transplant recipients. One such study was performed by Gabardi et al[15] wherein they compared two groups of kidney transplant recipients with documented BK virus infection, one that used a fluoroquinolone (ciprofloxacin or levofloxacin adjusted according to renal function) for 30 d and another group that did not. In this study, sulfamethoxazole/trimethoprim was the primary antibiotic used for pneumocystis prophylaxis, whereas fluoroquinolone in combination with atovaquone use was used for those with sulfa allergy or G6PD deficiency. The results showed that there was lower BK viremia rate at one year post-transplant among those who received a fluoroquinolone compared to those who did not (4% vs. 22.5%, respectively; P = 0.03). Another study retrospectively analyzed two groups of kidney transplant recipients, one with no BK virus prophylaxis (group I, n = 106), and another that used ciprofloxacin for 30 d to cover for BK virus prophylaxis (group 2, n = 130). The investigators evaluated the levels of BK viruria and viremia between the two groups over a period of 12 mo. On the third month after transplantation, there was a higher risk of developing BK viruria and viremia in group 1 vs group 2 (viremia: 0.161 vs. 0.065, P = 0.0378; viruria: 0.303 vs. 0.146, P = 0.0067). In the subsequent six, nine, and 12 mo though, there was no difference in the mean blood and urine BK viral load between the two groups, even after adjusting for corticosteroid regimen. This raised the possible benefit of increasing the duration of prophylactic treatment[16]. These studies were among those that inspired the randomized controlled trials that ensued.
Lee et al[17] conducted the first prospective, multicenter, double-blind, placebo-controlled trial that investigated the efficacy of levofloxacin in the treatment of BK viremia among adult kidney transplant recipients. A total of 43 patients were randomized to either receive levofloxacin 500 mg daily (with renal dose adjustment), or placebo for 30 d, with appropriate adjustment of immunosuppression according to the standard of practice at each institution. After three months of treatment, there was no significant difference in the percentage of BK viral load reduction between the levofloxacin-treated group and placebo (70.3% vs 69.1%, respectively, P = 0.93). Results were similar at one month (58% vs 67.1%; P = 0.47) and six months (82.1% vs 90.5%; P = 0.38). Hence, the use of levofloxacin did not improve BK viral load reduction, BK viral load clearance, or allograft function. Furthermore, those who used levofloxacin had a higher rate of Achilles tendonitis. Knoll et al[18] carried out a randomized clinical trial among 154 adult kidney transplant recipients looking into the efficacy of a three-month course of levofloxacin for the prevention of BK viruria within the first year of transplant. Apparently, levofloxacin administration showed no advantage as the rate of BK viruria was not significantly different between the two groups [29% in the levofloxacin group vs 33.3% in the placebo group; hazard ratio 0.91; 95% confidenceinterval (CI), 0.51-1.63; P = 0.58]. In addition, there was an increased risk of resistant infection among isolates usually sensitive to quinolones in the levofloxacin group vs placebo (58.3% vs 33.3%, respectively; risk ratio 1.75; 95%CI, 1.01-2.98), and increased risk of suspected tendinitis (7.9% vs 1.3%; risk ratio, 6.16; 95%CI, 0.76-49.95), albeit not statistically significant. Another point against the use of fluoroquinolone for the prevention of BK virus infection was noted in a trial that compared BK viremia between a group that received a three-month course of ciprofloxacin vs placebo. At six months post-transplant, more patients in the ciprofloxacin group had BK viremia compared to the placebo group (18.8% vs 7.5%, respectively, P = 0.03). Moreover, prolonged fluoroquinolone use resulted in a significantly higher rate of fluoroquinolone-resistant gram-negative urinary tract and bloodstream infections in the ciprofloxacin arm[19]. A meta-analysis that included two randomized controlled trials and six retrospective cohort studies reinforced that fluoroquinolones are not effective for prevention of BK viremia in kidney transplant recipients, and do not reduce the incidence of BKVAN or graft loss[20]. The latter studies constitute the evidence that fluoroquinolones have no role for the prevention of post-transplantation BK polyomavirus infection.

CIDOFOVIR
Cidofovir is a nucleotide analog of cytosine that is approved for the treatment of CMV in human immunodeficiency virus-positive patients, and has demonstrated in vitro activity against murine and simian polyomavirus strains[21,22], as well as a related human polyomavirus (JC virus) in vivo[23]. It decreases viral DNA synthesis upon incorporation with the nascent chain. Nephrotoxicity is its major adverse effect because it is taken up rapidly by proximal tubular cells by organic anion transporters at their basolateral membrane but secreted slowly into the lumen, resulting in high intracellular drug concentrations that can cause tubular necrosis. Hydration and co-administration with probenecid, a competitor of cidofovir for the transporter, can have a nephroprotective effect[24]. It is this adverse effect that precludes its recommendation for treatment of BK, such that its use should be weighed against the possible risk of worsening renal function.
In a cohort of 21 kidney transplant recipients with biopsy-proven BKV interstitial nephritis (BKVIN), Kuypers et al[25] investigated the effect of adjuvant low-dose cidofovir treatment vs no cidofovir, after lowering immunosuppressive drug therapy, on graft function, viral load, and graft outcome. Eight patients received cidofovir at 0.5-1.0 mg/kg at four to ten weekly courses. In the cidofovir-treated group, there was an improvement in creatinine clearance from 29.3 mL/min to 32.0 mL/min (range: 24-46) after a median follow up period of 24.8 mo (range 8-41) upon completion of treatment. Graft function did not acutely deteriorate during treatment except for one patient, but ultimately no graft loss occurred in this group. Blood viral load decreased in all patients treated with cidofovir. Once the BK viremia resolved, graft function improved but did not attain baseline levels. Adverse reactions noted include nausea in three patients, and development of pruritic maculopapular rashes in one patient. In contrast, nine of the 13 patients who did not receive cidofovir lost their graft after a median of eight (4-40) months. They also noted in this study that peak cidofovir concentrations were dose-dependent, and that probenecid treatment appeared to be unnecessary as it did not influence peak serum concentrations. This study was designed to be a preliminary report suggestive of the favorable effect of cidofovir on renal graft survival, function, and preservation, warranting a randomized controlled prospective study to follow suit. Another study by Kuypers done four years later investigated 41 kidney transplant patients with BKVIN, of whom 26 received cidofovir at 1 mg/kg to a maximum of ten weeks, without probenecid, and 15 did not receive cidofovir. Both groups had immunosuppression reduction. Similar to the previously mentioned study, there was a significantly higher occurrence of graft loss in the group that did not receive cidofovir (73.3% vs 15.4%, P = 0.0002). No renal toxicity was noted in the cidofovir group. The observed adverse effects include anterior uveitis in three patients, and skin rash during infusion with cidofovir[26].
A retrospective review of kidney and kidney-pancreas transplant recipients who received cidofovir combined with reduced immunosuppression for BKVAN or high-level viremia showed that adjunct cidofovir administration resulted in preserved renal function and no graft loss when viral clearance happened within six months of treatment. On the other hand, long term cases of BK infection (more than six months) were associated with a 15% decline in estimated glomerular filtration rate. Factors associated with long term BK infection include older age, delayed graft function, and higher peak BK viral load, suggesting that this subset of patients will not benefit as much from adjunctive cidofovir[27]. The course of cidofovir treatment among BK- infected individuals following bone marrow transplant manifesting as hemorrhagic cystitis have also been useful as the findings suggest applicability to kidney transplant recipients. In an open-label, non-randomized, single-dose pilot study done among hematopoietic stem cell transplant (HSCT) pediatric patients with symptomatic infection of adenovirus, nucleoside-resistant CMV, human polyomavirus (BK or JC virus), and/or nucleoside-resistant HSV, cidofovir was used to investigate virologic response, as well as safety and pharmacokinetics, with a focus on nephrotoxicity. Of the 12 patients in the study, four had BK viruria, and all four had unsuccessful viral clearance. One out of the four developed nephrotoxicity[28]. In a systematic review that compared intravesical vs intravenous route of cidofovir administration among stem cell transplant patients with BK polyomavirus hemorrhagic cystitis, there were more patients in the intravesical cidofovir group vs the intravenous cidofovir group who achieved a complete treatment response (88.2% vs. 68%). Furthermore, no nephrotoxicity was observed in those that received the intravesical route, whereas 9.3% had renal failure in those that received the drug intravenously. This better toxicity profile warrants more investigation due to its potential benefit[29]. All of the above mentioned studies are either preliminary or pilot studies done on a small population, or descriptive, retrospective ones. One randomized, double-blind, placebo-controlled, dose escalation study of cidofovir in kidney transplant patients with BKVAN was initiated in 2006 by the National Institute of Allergy and Infectious Diseases but closed early in 2013 due to failure to enroll in a timely manner.
Brincidofovir, a prodrug of cidofovir, which is less nephrotoxic due to its decreased accumulation in proximal tubules, is approved for the treatment of smallpox in pediatric and adult patients. Its use in BKVAN was described in a HSCT patient who had no reduction in immunosuppression. No drug-related adverse reactions occurred. Stable kidney function was maintained without the need for dialysis[30]. Another case was described in a pediatric kidney transplant recipient with BKVAN who was treated with brincidofovir after treatment failure with decreased immunosuppression, ciprofloxacin, and leflunomide. The treatment resulted in decrease in BK viral load, decrease in serum creatinine to baseline levels, and stabilization of renal function thereafter[31]. A phase 2, open-label, randomized, controlled, multiple ascending dose study on the safety and tolerability of IV brincidofovir in adult kidney transplant recipients with BK infection is currently underway in multiple study sites in Australia and Japan.To date, the role of cidofovir in the treatment of BK infection in kidney transplant recipients remains to be adjunctive at best, until a well-designed and high-grade study can better define its potential benefit.

IVIG
The effectiveness of IVIg against BK infection is still uncertain. IVIg is currently considered an additional treatment choice for patients with refractory BK infection despite aggressive adjustment in immunosuppressive medications. The proof of the effectiveness of IVIg is limited to case series, retrospective studies, and prospective cohort studies.
IVIg is believed to quell BKV-associated kidney disease by acting on various parts of the immune system, including dendritic cells, macrophages, and granulocytes. It is thought to demonstrate its effect by interacting with certain receptors like Fc gamma receptors[32]. Commercially available IVIg preparations contain strong antibodies that can counteract different strains of the BK[33].
In 2006, Sener et al[34] suggested that IVIg could be used as a treatment for BKVAN. A case report from 2009 demonstrated that IVIg helped restore kidney function, reduced BK levels, and improved histopathological findings in a pediatric kidney transplant recipient who did not respond adequately to immunosuppression reduction and cidofovir[35].
A study showed that 0.4g/kg/d (n = 16) or 1g/kg/d (n = 17) of IVIg administration resulted in increased BKV-neutralizing antibodies (NAbs), which persisted for 22 ± 7 days[36]. In one retrospective study involving 30 patients with BKVAN, 1g/kg of IVIg was administered to patients who did not respond to eight weeks of the immunosuppression adjustment and leflunomide, with mean BKV loads of 205314 copies/mL. After one year of follow-up, 27 patients (90%) showed a positive response in clearing viremia, with decrease of BK viral loads to 697 copies/mL. It also showed a good graft survival in 12 mo[37].
Another retrospective, single-center cohort study involving 50 patients with BKVAN showed that 1g/kg of IVIg in addition to immunosuppression adjustment led to better clearance of viremia. It showed fewer graft losses with IVIg group (27.3% vs 53.6% for control, P = 0.06), although graft and patient survivals were not statistically different[38]. In contrast, a retrospective analysis by Naef et al[39] yielded conflicting outcomes. This study involved 860 kidney transplant recipients with BK viremia. A total of 52 out of 131 patients with high-level BK viremia received IVIg. At one year follow-up, the IVIg group exhibited lower estimated GFR compared to patients who did not receive IVIg (44 mL/min vs 52 mL/min) and failed to show advantages in shortening the duration of BK viremia or reducing rejections. On the other hand, IVIg might play a role in preventing BKVAN. In one study, 174 kidney transplant recipients were divided into the following three groups retrospectively based on their risk of BKV infection: patients with low NAbs (high-risk) with IVIg, high-risk patients without IVIg, and patients with high NAbs (low-risk) without IVIg. The IVIg group received 0.4g/kg of IVIg every three weeks for one to three doses, for the first three months following transplant. At 12 mo post-transplant, the incidence of BK viremia in high-risk patients who received IVIg was significantly lower than untreated high-risk group (6.8 % vs 36.6%, P < 0.001), and similar to the low-risk group (10.1%)[40].
The AST-IDCOP states that these studies are difficult to evaluate given other concurrent antiviral intervention, widely variable empirical dosing, and initiation of treatment late in the course of the disease[2]. An ongoing randomized controlled trial (NCT 02659891), aims to shed more light on the potential benefits of IVIg in treating BKVAN.

MONOCLONAL ANTIBODIES
Efficacy and safety of first-in-class human IgG1 monoclonal high-affinity neutralizing antibody against BKVAN is currently under investigation (NCT 04294472). This phase 2, randomized, double-blind, placebo-controlled clinical trial evaluated the safety and efficacy of monoclonal antibody (MAU868) in kidney transplant recipients who had BK viremia within one year of enrolment. It involved 28 patients of whom 20 received MAU868 and eight received placebo. Results showed that the MAU868 group had more effective viral load clearance than the placebo group at week 16 through week 36. All patients tolerated MAU868 well. Further investigation regarding its safety and efficacy is warranted.

VST
VST is an emerging therapeutic option for BK infection. Pioneering work towards the development of T-cell therapy started in the early 1990s, mostly geared towards reconstitution of cellular immunity against CMV and isolation of antigen-specific T cells[41]. Over the recent few years, several trials have been conducted to test the clinical utility of VST for BK infection. In a study that included 16 HSCT recipients who developed BK infection, all achieved clinical benefit following VST. Viral load reduction of 85.5% and 96% were noted at week 6 and 12 post-infusion, respectively. Thirteen out of 14 patients who had hemorrhagic cystitis had resolution of hematuria. One of two patients with BKVAN had improvement in renal function[42]. In another study involving 59 HSCT patients with BK hemorrhagic cystitis who received BK-specific cytotoxic T-cell therapy, 67.7% mounted a response and had significant clinical improvement at day 14. Response rate increased to 81.6% at day 45 and was noted to be durable thereafter. Significant decrease in urine BK viral load was also noted among responders[43]. A phase II trial on Posoleucel, a multivirus-specific T-cell therapy derived from healthy, seropositive, third-party donors, was conducted among 59 HSCT recipients who developed CMV, epstein-barr virus (EBV), HHV-6, adenovirus, JC, and BK infection. Of the 27 patients who developed BK infection, all had partial response after 6 wk of treatment with Posoleucel. Of the 23 patients who had BK hemorrhagic cystitis, 74% had resolution of symptoms and macroscopic hematuria. Nine of 24 patients also had documented increase in IFN-γ ELISpot levels[44].
Multivirus-specific T-cell (MVST) lines that target CMV, EBV, Adenovirus, and BK were generated by Roubalová et al[45] and they found predominance of CD8+ phenotype in CMV-specific T cells and CD4+ phenotype in BK-specific T cells. The authors suggested modification of the protocol to prevent antigenic competition for MVST to be efficacious treatment of BK infection. Koukoulias et al[46] developed a glucocorticoid-resistant, multi-pathogen specific T cell product named Cerberus that targets Adenovirus, CMV, EBV, BK, and Aspergillus. This allows capture of common opportunistic infections among transplant recipients regardless of the intensity of immunosuppression.
In general, most trials conducted on VST claim potential widespread utility of this therapy against multiple post-transplant viral infections while avoiding the nephrotoxic and myelosuppressive effects of certain antivirals. VST is more widely utilized in HSCT recipients. Conceptually, since T-cell reconstitution is central to the management of viral infections, it seems intuitive that VST should have application in the management of BK infection in other solid organ transplant (SOT) recipients. Adenoviral vector-based multivirus-specific T-cell immunotherapy that targets CMV, EBV, Adenovirus, and BK has been developed and demonstrated rapid in vitro expansion of multivirus-specific T cells from SOT recipients and in vivo priming of antiviral T-cell immunity[47]. Autologous BK-specific T cell lines have been generated from viremic kidney transplant recipients[48]. BK-specific CD8+ T-cells have also been generated in vitro from peripheral mononuclear cells derived from healthy donors and pulsed with synthetic peptide pools[49]. These proofs of concept of T-cell therapy paved the way for a promising novel therapy for the prevention of BK infection before kidney and other solid organ transplantation and the treatment of BKVAN after transplantation[48,49]. Jahan et al[50] reported a case of a 54-year-old female kidney transplant recipient who developed BKVAN, necessitating reduction in mycophenolate and tacrolimus, administration of IVIg, leflunomide, cidofovir, and ciprofloxacin, but had worsening BKVAN and graft dysfunction. The patient eventually received BK-specific T-cell therapy derived from the patient’s daughter and infused over ten sessions. Despite note of significant reduction in BK viral load, the kidney allograft eventually failed due to interstitial fibrosis and tubular atrophy. The authors proposed that early T-cell therapy might be more effective in treating BKVAN. Administration of VST in three SOT recipients, including kidney, heart, and heart-kidney transplants, elicited complete response in one and partial response in two patients[51]. Of the case reports that described the use of VST in kidney transplant recipients who developed BK infection, there were no reports of acute rejection, graft-versus-host disease (GVHD), or death with use of VST[52].
It is worth noting that rare but serious adverse effects of VST, including cytokine release syndrome, diffuse alveolar damage, hepatic sinusoidal obstruction syndrome, multi-organ failure[53], and GVHD[52] have been reported in literature. Other potential logistical limitations of VST include the need for donor immunity to the viral target, as well significant cost, labor, time, and regulatory burden for manufacturing the therapy[52,54]. Some investigators opted to utilize HLA-matched or partially matched T-cell donors, although this did not seem to affect the clinical outcome[43]. Other concerns involve antigenic competition between high and low frequency T-cells and multiple antigens[55] and the efficacy of VST in the setting of lifelong and more intense immunosuppression among SOT recipients[52].

BK VACCINE
An emerging preventative measure for BK infection is the administration of virus-like particle vaccines to induce high levels of neutralizing antibodies against BK even prior to transplantation. Peretti et al[56] immunized macaques and mice and were able to demonstrate broad neutralizing response to heterologous BK and JC virus genotypes following the priming dose in macaques and the booster dose in mice. The authors proposed the potential clinical value of BK vaccination among patients awaiting organ transplant to prevent kidney dysfunction and failure from BKVAN or potential transplant rejection following immunosuppression reduction.

DISCUSSION
BK viral infection poses a significant threat to SOT and HSCT recipients and may eventually lead to renal dysfunction and even loss of the renal allograft. Immunosuppression reduction is the mainstay approach to the management BK viral infection. This treatment, however, has a risk of acute rejection that may necessitate use of other anti-rejection therapy that can worsen the current BK virus infection. A cautious and stepwise approach in immunosuppression reduction coupled with close monitoring of renal function, have been found to be an effective approach to find the right balance between treating the BK virus and preserving graft function.
Changes in immunosuppressive regimen do not seem to have significantly different outcomes. Outcomes data on the use of leflunomide, fluoroquinolones, cidofovir, and brincidofovir remain equivocal. Leflunomide and fluoroquinolones are readily available and relatively well-tolerated. However, leflunomide has a potential risk of leukopenia, peripheral neuropathy, gastrointestinal effects, and liver dysfunction or damage[57]. Fluoroquinolones pose a risk of gastrointestinal effects, tendinitis, tendinopathy, tendon rupture, aortic aneurysm and dissection, neuropathy, arrhythmia, and labile blood sugars[58] and potentially higher rates of fluoroquinolone-resistant infections. Cidofovir may be nephrotoxic and myelosuppressive while brincidofovir may cause gastrointestinal effects, predominantly diarrhea[59]. IVIg and monoclonal antibodies are relatively well-tolerated but might carry the risk of headaches, flu-like symptoms, and rarely renal dysfunction, thrombosis, and hemolytic anemia[60]. Viral-specific T-cell therapy and vaccines are some of the emerging management approaches to BK viral infection. Viral-specific T-cell therapy may incur significant time, labor, and cost, while posing rare but potential risks of multi-organ failure and GVHD[52,53]. Certainly, the use of the above agents in addressing BK viral infection should be weighed against their potential adverse effects (Table 1).

Future perspectives
There are definite unmet needs in therapeutic options for BK viral infection. High quality ideally randomized controlled trials, on currently existing medications, as well agents in development, should be conducted. The value of viral-specific T-cell therapy and vaccines should be further investigated.

CONCLUSION
BK viral infection is an important post-transplant infection that can eventually lead to renal dysfunction. Mainstay for management is reduction in immunosuppression. However, this poses a risk for acute rejection. Over the years, alterations in immunosuppressive regimen, use of mTOR inhibitors and leflunomide, fluoroquinolones, cidofovir, and IVIg have been attempted and investigated, and resulted in variable outcomes. BK-specific T-cell therapy and vaccines are emerging options for the management and prevention of BK infection. Nevertheless, effective and durable treatment for BK infection remains elusive. In addition, there is paucity of randomized, controlled trials to provide high-level evidence to support certain management strategies. Indeed, there is a need to pursue studies that will provide evidence to support best management approaches for BK infection post-transplant. These studies might define the future landscape for BK management, while minimizing adverse effects of treatment and optimizing graft and patient survival.

REFERENCES
1 Koldehoff M, Eiz-Vesper B, Maecker-Kolhoff B, Steckel NK, Dittmer U, Horn PA, Lindemann M. Long-Term Follow-Up after Adoptive Transfer of BK-Virus-Specific T Cells in Hematopoietic Stem Cell Transplant Recipients. Vaccines (Basel) 2023; 11 [PMID: 37112757 DOI: 10.3390/vaccines11040845]
2 Hirsch HH, Randhawa PS; AST Infectious Diseases Community of Practice. BK polyomavirus in solid organ transplantation-Guidelines from the American Society of Transplantation Infectious Diseases Community of Practice. Clin Transplant 2019; 33: e13528 [PMID: 30859620 DOI: 10.1111/ctr.13528]
3 Saad ER, Bresnahan BA, Cohen EP, Lu N, Orentas RJ, Vasudev B, Hariharan S. Successful treatment of BK viremia using reduction in immunosuppression without antiviral therapy. Transplantation 2008; 85: 850-854 [PMID: 18360267 DOI: 10.1097/TP.0b013e318166cba8]
4 Huang G, Wang CX, Zhang L, Fei JG, Deng SX, Qiu J, Li J, Chen GD, Fu Q, Chen LZ. Monitoring of polyomavirus BK replication and impact of preemptive immunosuppression reduction in renal-transplant recipients in China: a 5-year single-center analysis. Diagn Microbiol Infect Dis 2015; 81: 21-26 [PMID: 25445121 DOI: 10.1016/j.diagmicrobio.2014.09.024]
5 Johnston O, Jaswal D, Gill JS, Doucette S, Fergusson DA, Knoll GA. Treatment of polyomavirus infection in kidney transplant recipients: a systematic review. Transplantation 2010; 89: 1057-1070 [PMID: 20090569 DOI: 10.1097/TP.0b013e3181d0e15e]
6 Halim MA, Al-Otaibi T, Gheith O, Mosaad A, Zakaria Z, Said T, Nair P, Nampoory NM. Long-Term Follow-Up of Active Treatment Versus Minimization of Immunosuppressive Agents in Patients With BK Virus-Associated Nephropathy After Kidney Transplant. Exp Clin Transplant 2016; 14: 58-65 [PMID: 26862825]
7 Vela C, Jouve T, Chevallier E, Imerzoukene F, Germi R, Le Marechal M, Truffot A, Fiard G, Janbon B, Giovannini D, Malvezzi P, Rostaing L, Noble J. Conversion to mTOR-Inhibitors Plus IV Immunoglobulins in Kidney-Transplant Recipients with BKV Infection: A Retrospective Comparative Study. J Clin Med 2022; 11 [PMID: 36555909 DOI: 10.3390/jcm11247292]
8 Liacini A, Seamone ME, Muruve DA, Tibbles LA. Anti-BK virus mechanisms of sirolimus and leflunomide alone and in combination: toward a new therapy for BK virus infection. Transplantation 2010; 90: 1450-1457 [PMID: 21079551 DOI: 10.1097/TP.0b013e3182007be2]
9 Krisl JC, Taber DJ, Pilch N, Chavin K, Bratton C, Thomas B, McGillicuddy J, Baliga P. Leflunomide efficacy and pharmacodynamics for the treatment of BK viral infection. Clin J Am Soc Nephrol 2012; 7: 1003-1009 [PMID: 22461534 DOI: 10.2215/CJN.12531211]
10 Faguer S, Hirsch HH, Kamar N, Guilbeau-Frugier C, Ribes D, Guitard J, Esposito L, Cointault O, Modesto A, Lavit M, Mengelle C, Rostaing L. Leflunomide treatment for polyomavirus BK-associated nephropathy after kidney transplantation. Transpl Int 2007; 20: 962-969 [PMID: 17666021 DOI: 10.1111/j.1432-2277.2007.00523.x]
11 Canivet C, Rostaing L, Galvani S, Böhler T, Gandia P, Mengelle C, Guilbeau-Frugier C, Thomsen M, Salvayre R, Negre-Salvayre A, Kamar N. Polyoma BK virus-associated nephropathy in kidney-transplant patients: Effects of leflunomide on T-cell functions and disease outcome. Int Immunopharmacol 2009; 9: 1131-1136 [PMID: 19446045 DOI: 10.1016/j.intimp.2009.05.004]
12 Teschner S, Gerke P, Geyer M, Wilpert J, Krumme B, Benzing T, Walz G. Leflunomide therapy for polyomavirus-induced allograft nephropathy: efficient BK virus elimination without increased risk of rejection. Transplant Proc 2009; 41: 2533-2538 [PMID: 19715969 DOI: 10.1016/j.transproceed.2009.06.099]
13 Josephson MA, Gillen D, Javaid B, Kadambi P, Meehan S, Foster P, Harland R, Thistlethwaite RJ, Garfinkel M, Atwood W, Jordan J, Sadhu M, Millis MJ, Williams J. Treatment of renal allograft polyoma BK virus infection with leflunomide. Transplantation 2006; 81: 704-710 [PMID: 16534472 DOI: 10.1097/01.tp.0000181149.76113.50]
14 Sharma BN, Li R, Bernhoff E, Gutteberg TJ, Rinaldo CH. Fluoroquinolones inhibit human polyomavirus BK (BKV) replication in primary human kidney cells. Antiviral Res 2011; 92: 115-123 [PMID: 21798289 DOI: 10.1016/j.antiviral.2011.07.012]
15 Gabardi S, Waikar SS, Martin S, Roberts K, Chen J, Borgi L, Sheashaa H, Dyer C, Malek SK, Tullius SG, Vadivel N, Grafals M, Abdi R, Najafian N, Milford E, Chandraker A. Evaluation of fluoroquinolones for the prevention of BK viremia after renal transplantation. Clin J Am Soc Nephrol 2010; 5: 1298-1304 [PMID: 20507960 DOI: 10.2215/CJN.08261109]
16 Wojciechowski D, Chanda R, Chandran S, Lee B, Webber A, Macaraig M, Tomlanovich S, Vincenti F. Ciprofloxacin prophylaxis in kidney transplant recipients reduces BK virus infection at 3 months but not at 1 year. Transplantation 2012; 94: 1117-1123 [PMID: 23060281 DOI: 10.1097/TP.0b013e31826ec74e]
17 Lee BT, Gabardi S, Grafals M, Hofmann RM, Akalin E, Aljanabi A, Mandelbrot DA, Adey DB, Heher E, Fan PY, Conte S, Dyer-Ward C, Chandraker A. Efficacy of levofloxacin in the treatment of BK viremia: a multicenter, double-blinded, randomized, placebo-controlled trial. Clin J Am Soc Nephrol 2014; 9: 583-589 [PMID: 24482066 DOI: 10.2215/CJN.04230413]
18 Knoll GA, Humar A, Fergusson D, Johnston O, House AA, Kim SJ, Ramsay T, Chassé M, Pang X, Zaltzman J, Cockfield S, Cantarovich M, Karpinski M, Lebel L, Gill JS. Levofloxacin for BK virus prophylaxis following kidney transplantation: a randomized clinical trial. JAMA 2014; 312: 2106-2114 [PMID: 25399012 DOI: 10.1001/jama.2014.14721]
19 Patel SJ, Knight RJ, Kuten SA, Graviss EA, Nguyen DT, Moore LW, Musick WL, Gaber AO. Ciprofloxacin for BK viremia prophylaxis in kidney transplant recipients: Results of a prospective, double-blind, randomized, placebo-controlled trial. Am J Transplant 2019; 19: 1831-1837 [PMID: 30811872 DOI: 10.1111/ajt.15328]
20 Song TR, Rao ZS, Qiu Y, Liu JP, Huang ZL, Wang XD, Lin T. Fluoroquinolone prophylaxis in preventing BK polyomavirus infection after renal transplant: A systematic review and meta-analysis. Kaohsiung J Med Sci 2016; 32: 152-159 [PMID: 27106006 DOI: 10.1016/j.kjms.2016.01.004]
21 Andrei G, Snoeck R, Vandeputte M, De Clercq E. Activities of various compounds against murine and primate polyomaviruses. Antimicrob Agents Chemother 1997; 41: 587-593 [PMID: 9055998 DOI: 10.1128/AAC.41.3.587]
22 De Clercq E. Acyclic nucleoside phosphonates: a new dimension to the chemotherapy of DNA virus and retrovirus infections. J Med Microbiol 1998; 47: 1-3 [PMID: 9449944 DOI: 10.1099/00222615-47-1-1]
23 De Luca A, Giancola ML, Ammassari A, Grisetti S, Cingolani A, Paglia MG, Govoni A, Murri R, Testa L, Monforte AD, Antinori A. Cidofovir added to HAART improves virological and clinical outcome in AIDS-associated progressive multifocal leukoencephalopathy. AIDS 2000; 14: F117-F121 [PMID: 11061646 DOI: 10.1097/00002030-200009290-00001]
24 Cundy KC. Clinical pharmacokinetics of the antiviral nucleotide analogues cidofovir and adefovir. Clin Pharmacokinet 1999; 36: 127-143 [PMID: 10092959 DOI: 10.2165/00003088-199936020-00004]
25 Kuypers DR, Vandooren AK, Lerut E, Evenepoel P, Claes K, Snoeck R, Naesens L, Vanrenterghem Y. Adjuvant low-dose cidofovir therapy for BK polyomavirus interstitial nephritis in renal transplant recipients. Am J Transplant 2005; 5: 1997-2004 [PMID: 15996251 DOI: 10.1111/j.1600-6143.2005.00980.x]
26 Kuypers DR, Bammens B, Claes K, Evenepoel P, Lerut E, Vanrenterghem Y. A single-centre study of adjuvant cidofovir therapy for BK virus interstitial nephritis (BKVIN) in renal allograft recipients. J Antimicrob Chemother 2009; 63: 417-419 [PMID: 19056749 DOI: 10.1093/jac/dkn495]
27 Kuten SA, Patel SJ, Knight RJ, Gaber LW, DeVos JM, Gaber AO. Observations on the use of cidofovir for BK virus infection in renal transplantation. Transpl Infect Dis 2014; 16: 975-983 [PMID: 25412701 DOI: 10.1111/tid.12313]
28 Caruso Brown AE, Cohen MN, Tong S, Braverman RS, Rooney JF, Giller R, Levin MJ. Pharmacokinetics and safety of intravenous cidofovir for life-threatening viral infections in pediatric hematopoietic stem cell transplant recipients. Antimicrob Agents Chemother 2015; 59: 3718-3725 [PMID: 25733509 DOI: 10.1128/AAC.04348-14]
29 Schneidewind L, Neumann T, Schmidt CA, Krüger W. Comparison of intravenous or intravesical cidofovir in the treatment of BK polyomavirus-associated hemorrhagic cystitis following adult allogeneic stem cell transplantation-A systematic review. Transpl Infect Dis 2018; 20: e12914 [PMID: 29797613 DOI: 10.1111/tid.12914]
30 Papanicolaou GA, Lee YJ, Young JW, Seshan SV, Boruchov AM, Chittick G, Momméja-Marin H, Glezerman IG. Brincidofovir for polyomavirus-associated nephropathy after allogeneic hematopoietic stem cell transplantation. Am J Kidney Dis 2015; 65: 780-784 [PMID: 25600489 DOI: 10.1053/j.ajkd.2014.11.020]
31 Reisman L, Habib S, McClure GB, Latiolais LS, Vanchiere JA. Treatment of BK virus-associated nephropathy with CMX001 after kidney transplantation in a young child. Pediatr Transplant 2014; 18: E227-E231 [PMID: 25174393 DOI: 10.1111/petr.12340]
32 Durandy A, Kaveri SV, Kuijpers TW, Basta M, Miescher S, Ravetch JV, Rieben R. Intravenous immunoglobulins--understanding properties and mechanisms. Clin Exp Immunol 2009; 158 Suppl 1: 2-13 [PMID: 19883419 DOI: 10.1111/j.1365-2249.2009.04022.x]
33 Randhawa P, Pastrana DV, Zeng G, Huang Y, Shapiro R, Sood P, Puttarajappa C, Berger M, Hariharan S, Buck CB. Commercially available immunoglobulins contain virus neutralizing antibodies against all major genotypes of polyomavirus BK. Am J Transplant 2015; 15: 1014-1020 [PMID: 25736704 DOI: 10.1111/ajt.13083]
34 Sener A, House AA, Jevnikar AM, Boudville N, McAlister VC, Muirhead N, Rehman F, Luke PP. Intravenous immunoglobulin as a treatment for BK virus associated nephropathy: one-year follow-up of renal allograft recipients. Transplantation 2006; 81: 117-120 [PMID: 16421486 DOI: 10.1097/01.tp.0000181096.14257.c2]
35 Sharma AP, Moussa M, Casier S, Rehman F, Filler G, Grimmer J. Intravenous immunoglobulin as rescue therapy for BK virus nephropathy. Pediatr Transplant 2009; 13: 123-129 [PMID: 18822106 DOI: 10.1111/j.1399-3046.2008.00958.x]
36 Velay A, Solis M, Benotmane I, Gantner P, Soulier E, Moulin B, Caillard S, Fafi-Kremer S. Intravenous Immunoglobulin Administration Significantly Increases BKPyV Genotype-Specific Neutralizing Antibody Titers in Kidney Transplant Recipients. Antimicrob Agents Chemother 2019; 63 [PMID: 31160292 DOI: 10.1128/AAC.00393-19]
37 Vu D, Shah T, Ansari J, Naraghi R, Min D. Efficacy of intravenous immunoglobulin in the treatment of persistent BK viremia and BK virus nephropathy in renal transplant recipients. Transplant Proc 2015; 47: 394-398 [PMID: 25769580 DOI: 10.1016/j.transproceed.2015.01.012]
38 Kable K, Davies CD, O'connell PJ, Chapman JR, Nankivell BJ. Clearance of BK Virus Nephropathy by Combination Antiviral Therapy With Intravenous Immunoglobulin. Transplant Direct 2017; 3: e142 [PMID: 28405598 DOI: 10.1097/TXD.0000000000000641]
39 Naef B, Nilsson J, Wuethrich RP, Mueller TF, Schachtner T. Intravenous immunoglobulins do not prove beneficial to reduce alloimmunity among kidney transplant recipients with BKV-associated nephropathy. Transpl Int 2021; 34: 1481-1493 [PMID: 33872427 DOI: 10.1111/tri.13882]
40 Benotmane I, Solis M, Velay A, Cognard N, Olagne J, Gautier Vargas G, Perrin P, Marx D, Soulier E, Gallais F, Moulin B, Fafi-Kremer S, Caillard S. Intravenous immunoglobulin as a preventive strategy against BK virus viremia and BKV-associated nephropathy in kidney transplant recipients-Results from a proof-of-concept study. Am J Transplant 2021; 21: 329-337 [PMID: 32741096 DOI: 10.1111/ajt.16233]
41 Mani J, Jin N, Schmitt M. Cellular immunotherapy for patients with reactivation of JC and BK polyomaviruses after transplantation. Cytotherapy 2014; 16: 1325-1335 [PMID: 24934303 DOI: 10.1016/j.jcyt.2014.04.003]
42 Tzannou I, Papadopoulou A, Naik S, Leung K, Martinez CA, Ramos CA, Carrum G, Sasa G, Lulla P, Watanabe A, Kuvalekar M, Gee AP, Wu MF, Liu H, Grilley BJ, Krance RA, Gottschalk S, Brenner MK, Rooney CM, Heslop HE, Leen AM, Omer B. Off-the-Shelf Virus-Specific T Cells to Treat BK Virus, Human Herpesvirus 6, Cytomegalovirus, Epstein-Barr Virus, and Adenovirus Infections After Allogeneic Hematopoietic Stem-Cell Transplantation. J Clin Oncol 2017; 35: 3547-3557 [PMID: 28783452 DOI: 10.1200/JCO.2017.73.0655]
43 Olson A, Lin R, Marin D, Rafei H, Bdaiwi MH, Thall PF, Basar R, Abudayyeh A, Banerjee P, Aung FM, Kaur I, Abueg G, Rao S, Chemaly R, Mulanovich V, Al-Atrash G, Alousi AM, Andersson BS, Anderlini P, Bashir Q, Castro KM, Daher M, Galvan IM, Hosing C, Im JS, Jones RB, Kebriaei P, Khouri I, Mehta R, Molldrem J, Nieto Y, Oran B, Popat U, Qazilbash M, Rondon G, Saini N, Spencer B, Srour S, Washington D, Barnett M, Champlin RE, Shpall EJ, Rezvani K. Third-Party BK Virus-Specific Cytotoxic T Lymphocyte Therapy for Hemorrhagic Cystitis Following Allotransplantation. J Clin Oncol 2021; 39: 2710-2719 [PMID: 33929874 DOI: 10.1200/JCO.20.02608]
44 Pfeiffer T, Tzannou I, Wu M, Ramos C, Sasa G, Martinez C, Lulla P, Krance RA, Scherer L, Ruderfer D, Naik S, Bocchini C, Fraser IP, Patel B, Ward D, Wang T, Heslop HE, Leen AM, Omer B. Posoleucel, an Allogeneic, Off-the-Shelf Multivirus-Specific T-Cell Therapy, for the Treatment of Refractory Viral Infections in the Post-HCT Setting. Clin Cancer Res 2023; 29: 324-330 [PMID: 36628536 DOI: 10.1158/1078-0432.CCR-22-2415]
45 Roubalová K, Němečková Š, Kryštofová J, Hainz P, Pumannová M, Hamšíková E. Antigenic competition in the generation of multi-virus-specific cell lines for immunotherapy of human cytomegalovirus, polyomavirus BK, Epstein-Barr virus and adenovirus infection in haematopoietic stem cell transplant recipients. Immunol Lett 2020; 228: 64-69 [PMID: 33031870 DOI: 10.1016/j.imlet.2020.09.009]
46 Koukoulias K, Papayanni PG, Georgakopoulou A, Alvanou M, Laidou S, Kouimtzidis A, Pantazi C, Gkoliou G, Vyzantiadis TA, Spyridonidis A, Makris A, Chatzidimitriou A, Psatha N, Anagnostopoulos A, Yannaki E, Papadopoulou A. "Cerberus" T Cells: A Glucocorticoid-Resistant, Multi-Pathogen Specific T Cell Product to Fight Infections in Severely Immunocompromised Patients. Front Immunol 2020; 11: 608701 [PMID: 33537032 DOI: 10.3389/fimmu.2020.608701]
47 Dasari V, Schuessler A, Smith C, Wong Y, Miles JJ, Smyth MJ, Ambalathingal G, Francis R, Campbell S, Chambers D, Khanna R. Prophylactic and therapeutic adenoviral vector-based multivirus-specific T-cell immunotherapy for transplant patients. Mol Ther Methods Clin Dev 2016; 3: 16058 [PMID: 27606351 DOI: 10.1038/mtm.2016.58]
48 Lamarche C, Orio J, Georges-Tobar V, Pincez T, Goupil M, Dahmani A, Carli C, Brasey A, Busque L, Delisle JS. Clinical-Scale Rapid Autologous BK Virus-Specific T Cell Line Generation From Kidney Transplant Recipients With Active Viremia for Adoptive Immunotherapy. Transplantation 2017; 101: 2713-2721 [PMID: 28230645 DOI: 10.1097/TP.0000000000001698]
49 Wilhelm M, Kaur A, Wernli M, Hirsch HH. BK Polyomavirus-Specific CD8 T-Cell Expansion In Vitro Using 27mer Peptide Antigens for Developing Adoptive T-Cell Transfer and Vaccination. J Infect Dis 2021; 223: 1410-1422 [PMID: 32857163 DOI: 10.1093/infdis/jiaa546]
50 Jahan S, Scuderi C, Francis L, Neller MA, Rehan S, Crooks P, Ambalathingal GR, Smith C, Khanna R, John GT. T-cell adoptive immunotherapy for BK nephropathy in renal transplantation. Transpl Infect Dis 2020; 22: e13399 [PMID: 32608543 DOI: 10.1111/tid.13399]
51 Nelson AS, Heyenbruch D, Rubinstein JD, Sabulski A, Jodele S, Thomas S, Lutzko C, Zhu X, Leemhuis T, Cancelas JA, Keller M, Bollard CM, Hanley PJ, Davies SM, Grimley MS. Virus-specific T-cell therapy to treat BK polyomavirus infection in bone marrow and solid organ transplant recipients. Blood Adv 2020; 4: 5745-5754 [PMID: 33216887 DOI: 10.1182/bloodadvances.2020003073]
52 Parajuli S, Jorgenson M, Meyers RO, Djamali A, Galipeau J. Role of Virus-Specific T Cell Therapy for Cytomegalovirus and BK Infections in Kidney Transplant Recipients. Kidney360 2021; 2: 905-915 [PMID: 35373059 DOI: 10.34067/KID.0001572021]
53 Holland EM, Gonzalez C, Levy E, Valera VA, Chalfin H, Klicka-Skeels J, Yates B, Kleiner DE, Hadigan C, Dave H, Shalabi H, Hickstein DD, Su HC, Grimley M, Freeman AF, Shah NN. Case Report: Fatal Complications of BK Virus-Hemorrhagic Cystitis and Severe Cytokine Release Syndrome Following BK Virus-Specific T-Cells. Front Immunol 2021; 12: 801281 [PMID: 34975916 DOI: 10.3389/fimmu.2021.801281]
54 Fatic A, Zhang N, Keller MD, Hanley PJ. The pipeline of antiviral T-cell therapy: what's in the clinic and undergoing development. Transfusion 2020; 60: 7-10 [PMID: 31469438 DOI: 10.1111/trf.15501]
55 Gerdemann U, Keirnan JM, Katari UL, Yanagisawa R, Christin AS, Huye LE, Perna SK, Ennamuri S, Gottschalk S, Brenner MK, Heslop HE, Rooney CM, Leen AM. Rapidly generated multivirus-specific cytotoxic T lymphocytes for the prophylaxis and treatment of viral infections. Mol Ther 2012; 20: 1622-1632 [PMID: 22801446 DOI: 10.1038/mt.2012.130]
56 Peretti A, Scorpio DG, Kong WP, Pang YS, McCarthy MP, Ren K, Jackson M, Graham BS, Buck CB, McTamney PM, Pastrana DV. A multivalent polyomavirus vaccine elicits durable neutralizing antibody responses in macaques. Vaccine 2023; 41: 1735-1742 [PMID: 36764908 DOI: 10.1016/j.vaccine.2023.02.002]
57 Zheng K, Chen Y, Liu S, He C, Yang Y, Wu D, Wang L, Li M, Zeng X, Zhang F. Leflunomide: Traditional immunosuppressant with concurrent antiviral effects. Int J Rheum Dis 2023; 26: 195-209 [PMID: 36371788 DOI: 10.1111/1756-185X.14491]
58 Baggio D, Ananda-Rajah MR. Fluoroquinolone antibiotics and adverse events. Aust Prescr 2021; 44: 161-164 [PMID: 34728881 DOI: 10.18773/austprescr.2021.035]
59 Al-Heeti OM, Cathro HP, Ison MG. Adenovirus Infection and Transplantation. Transplantation 2022; 106: 920-927 [PMID: 34856601 DOI: 10.1097/TP.0000000000003988]
60 Guo Y, Tian X, Wang X, Xiao Z. Adverse Effects of Immunoglobulin Therapy. Front Immunol 2018; 9: 1299 [PMID: 29951056 DOI: 10.3389/fimmu.2018.01299]

Footnotes
Conflict-of-interest statement: The authors have no conflict of interest to disclose.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Provenance and peer review: Invited article; Externally peer reviewed.

Peer-review model: Single blind

Corresponding Author's Membership in Professional Societies: American College of Physicians; American Society of Nephrology; American Society of Transplantation.

Peer-review started: September 10, 2023
First decision: September 29, 2023
Article in press: 

Specialty type: Transplantation
Country/Territory of origin: United States
Peer-review report’s scientific quality classification
Grade A (Excellent): 0
Grade B (Very good): B, B, B
Grade C (Good): 0
Grade D (Fair): 0
Grade E (Poor): 0

P-Reviewer: Lu K, Taiwan; Sarier M, Turkey; Akbulut S, Turkey S-Editor: Qu XL L-Editor:  P-Editor: 
Table 1 Summary table of studies on management of BK infection
	Ref.
	Study type/period
	Subjects
	Key findings (include P value if available)

	Alterations in immunosuppression

	Vela et al[7], 2022
	Retrospective study; Mar 2013-Oct 2020
	43 kidney transplant recipients with BK DNAemia; 26 received mTORi + IVIg; 17 had immunosuppression reduction
	BK DNAemia and viral clearance reduced faster and more significantly in subjects with reduced immunosuppression (P < 0.001 and P = 0.033 respectively). Death-censored graft loss, rejection rates, and kidney graft function at 12 mo did not differ significantly

	Jehn et al[61], 2022
	Case series
	4 kidney transplant recipients with BK DNAemia and BKVAN

	Use of belatacept and everolimus in patients with BKVAN showed significantly improved viral control and stabilized graft function.

	Jaw et al[62], 2017
	Case study
	3 kidney transplant recipients with BK viremia, BKVAN were switched to leflunomide + everolimus
	2 of 3 had preserved allograft function and improvement in viral load

	Halim et al[6], 2016
	Cohort study
	55 kidney transplant recipients with BK viremia and/or BKVAN nephropathy; 22 received leflunomide + IVIg + ciprofloxaci; 33 had immunosuppression reduction alone
	Administration leflunomide, IVIg, and ciprofloxacin added no benefit to the long-term outcome of patients with established BKVAN; Treatment of BKVAN by reduction of immunosuppression alone appears to be more effective

	Huang et al[4], 2015
	Prospective study; Mar 2006-Oct 2008
	229 kidney transplant recipients with BK viremia and BKVAN
30%-50% reduction in FK and/or MPA
	BK viremia resolved in 100% of patients without increased acute rejection; All patients with BKVAN had viral clearance and showed no decline in GFR

	Saad et al[3], 2008
	Retrospective, single center study; Sept 2001-Dec 2003
	24 kidney transplant recipients: 16 with BKVAN; 8 with BK viremia
	Reduction in immunosuppression alone results in clearance of the BK viremia with good long-term outcome

	Leflunomide

	Halim et al[63], 2014
	Prospective study; 2004-2009
	33 kidney transplant recipients with BKVAN; 14 had immunosuppression reduction; 19 received IVIg, leflunomide, ciprofloxacin
	No significant difference in 1-yr graft outcomes between actively treating BKVAN with leflunomide, IVIg, and ciprofloxacin or by minimizing immunosuppressive drugs

	Krisl et al[9], 2012
	Retrospective, single center study; Jun 2001-Dec 2009
	76 kidney transplant recipients with BK viremia with or without BKVAN; 52 received leflunomide; 24 did not receive leflunomide
	No difference in BK viral clearance; Multivariate analysis demonstrated that mycophenolate mofetil discontinuation, BK viremia without nephropathy, and mean BK viral load were significantly associated with BK viral clearance.; Leflunomide use lacked this association

	Canivet et al[11], 2009
	Prospective study; Jan 2006-May 2008
	12 kidney transplant recipients with BKVAN; MMF switched to leflunomide
	Not statistically significant T cell markers, BK DNAemia clearance in 41.6%, creatinine clearance stable or improved in 50%, no significant adverse events

	Teschner et al[12], 2009
	Prospective study
	13 kidney transplant recipients with BKVAN; MMF switched to leflunomide
	12 had viral clearance at a mean of 109 d. Graft function stabilized or improved (mean [median] creatinine concentration at diagnosis, 2.39 [2.5] mg/mL, vs 2.27 [2.0] mg/dL at follow-up).; 1 graft loss due to refractory rejection; Leflunomide concentration did not correlate with treatment efficiency

	Faguer et al[10], 2007
	Prospective study; Jul 2002-Apr 2006
	12 kidney transplant recipients with BKVAN; MMF switched to leflunomide

	42% had BK clearance; 66.6% had stable or improved renal allograft function

	Josephson et al[13], 2006
	Prospective study; Apr 2001-Apr 2004
	26 kidney transplant recipients with BKVAN; 17 received leflunomide alone; 9 received leflunomide + cidofovir

	84% of cases blood and urine viral load levels uniformly decreased over time (P < 0.001). Mean serum creatinine levels stabilized over the first 6 months of treatment, and with 12 mo or more of follow-up. 16 patients had fairly unchanged serum creatinine

	Fluoroquinolones

	Patel et al[19], 2019
	Prospective, randomized, placebo-controlled trial; Jan 2013 -Oct 2016
	200 adult solitary kidney transplant recipients; 133 received ciprofloxacin as BK prophylaxis; 67 did not receive ciprofloxacin
	BK viremia at 6 mo post-transplant occurred in 25 (18.8%) patients in the ciprofloxacin group and 5 (7.5%) in the placebo group (P = 0.03). Increased risk of fluoroquinolone-resistant infections in those who received ciprofloxacin

	Knoll et al[18], 2014
	Prospective, double-blind, placebo-controlled randomized trial; Dec 2011 -Jun 2013
	154 adult kidney transplant recipients; 76 received a 3-mo course of levofloxacin; 78 received placebo


	BK viruria occurred in 22 (29%) in the levofloxacin group vs. 26 (33.3%) in the placebo group HR 0.91, 95%CI; P = 0.58). Increased risk of resistant infection among isolates usually sensitive to quinolones in the levofloxacin group vs placebo (58.3% vs. 33.3%, respectively); RR 1.75; 95%CI, 1.01-2.98)
as well as a nonsignificant increased risk of suspected tendinitis (7.9% vs 1.3%; RR 6.16; 95%CI 0.76-49.95)

	Lee et al[17], 2014
	Prospective, multicenter, double-blinded, placebo-controlled trial; Jul 2009 -Mar 2012
	43 adult kidney transplant recipients with documented  BK viremia; 22 received levofloxacin for 30 d; 21 received placebo
	At the 3-mo follow up, there was no significant difference in BK viral load reduction between the levofloxacin and placebo group (70.3% vs. 69.1%, respectively, P = 0.93). The percentage reductions in BK viral load were also equivalent at 1 mo (58% vs. 67.1%, P = 0.47), and 6 months (82.1% vs. 90.5%, P = 0.38)

	Wojciechowski et al[16], 2012
	Retrospective study; First cohort (group 1): Jul-Dec 2009
Second cohort (group 2): Jan-Jun 2010
	236 adult renal transplant recipients; Group 1: 106 did not receive BK virus prophylaxis; Group 2: 130 received ciprofloxacin as BK virus prophylaxis
	At 3 mo post-transplant, the group that did not receive ciprofloxacin (group 1) had a higher risk of developing BK viremia than the group that received ciprofloxacin (group 2) (0.161 vs 0.065, P = 0.0378) and viruria (0.303 vs. 0.146, P = 0.0067), but this difference progressively narrowed until there was no significant difference anymore at 12 mo for both viremia ( 0.297 vs 0.261, P = 0.6061) and viruria (0.437 vs. 0.389, P = 0.5363)

	Gabardi et al[15], 2010
	Retrospective analysis; Jan 2004-Dec 2008
	185 adult kidney transplant recipients; 25 received a 30-d course of ciprofloxacin; 160 did not receive a fluoroquinolone 
	Higher rate of BK viremia in those who did not receive a 1-mo course of levofloxacin 36 (22.5%) vs 1 (4%) who received levofloxacin; P = 0.03

	Cidofovir

	Schneidewind et al[29], 2018
	Systematic review
	189 adult patients with BK virus associated hemorrhagic cystitis after allogenic stem cell transplant; 172 received intravenous cidofovir; 17 patients received intravesical cidofovir (2 patients received both routes of administration)
	Complete response. 68% in intravenous cidofovir group. 88.2% in intravesical cidofovir; kidney toxicity; 9.3% in intravenous cidofovir group; none in intravesical cidofovir group

	Papanicolaou et al[30], 2015
	Case report
	58 yr old male post hematopoietic stem cell transplant; developed biopsy-proven polyomavirus associated nephropathy; received brincidofovir 100 mg twice weekly for 6 mo; no immunosuppression reduction
	4-log decrease in BK virus viremia; No drug-related adverse events, stable kidney function, and did not require dialysis

	Caruso Brown et al[28], 2015
	Open-label, non-randomized, single-dose, pilot study
	12 pediatric patients (ages 6-18) with a hematopoietic stem cell transplant within 2 yr, with symptomatic infection of adenovirus, nucleoside-resistant CMV, human polyomavirus (BK or JC virus), and/or nucleoside-resistant HSV diagnosed by viral culture or PCR; all patients received cidofovir

	2/12 acute kidney injury after the first dose 2/12 developed nephrotoxicity; Mean drug half-life 9.5 h (longer than documented half-life for adults based on other studies); No correlation between nephrotoxicity and plasma maximum concentration, clearance, or half-life; Cidofovir was well- tolerated in majority of patients

	Kuten et al[27], 2014
	Single-center, retrospective review; Jan 2007 to Jun 2012
	75 kidney and kidney-pancreas transplant recipients who received cidofovir combined with reduced immunosuppression
	32 (43%) had short-term BK (≤ 6 mo); 43 (57%) had long-term BK; 53 (71%) eventually cleared BK at a median of 4.2 mo (interquartile range 2.1-9.3 mo); Factors associated with long-term BK; older age (OR 1.1, P = 0.02); Delayed graft function (OR 31.4, P = 0.01); higher peak BK (OR 12.8, P = 0.02; This group was associated with a 15% decline in estimated glomerular filtration rate. Factor associated with short-term BK; BK reduction by at least 1 log10copies/mL at 1 mo of treatment (OR 49.3, P < 0.01); This group maintained stable graft function and no graft loss was noted

	Reisman, et al[31], 2014
	Case report
	pediatric patient who received kidney transplant for bilateral dysplastic kidneys, developed BKVAN; did not respond to decreased immunosuppression, ciprofloxacin, leflunomide; given brincidofovir
	BK viral load decreased, but still detectable. Urine viral load declined but still elevated. Creatinine declined to baseline level and was stable for 2 yr. No drug-related adverse events

	Kuypers et al[26], 2009
	Single-center study
	41 adult renal transplant recipients with biopsy-proven BKVIN; 26 received cidofovir at 1 mg/kg for a maximum duration of 10 wk and without probenecid; 15 did not receive cidofovir; All patients had immunosuppression reduction
	Graft loss: 4/26 (15.4%) in cidofovir group; 11/15 (73.3%) in no cidofovir group (P = 0.0002); Percentage of patients who completely cleared the virus from the blood was not different between the 2 groups; 3 patients in the cidofovir group developed severe anterior uveitis at 6, 7 and 8 doses, respectively (later switched to leflunomide). No BM or renal toxicity was observed in the cidofovir group. One patient developed a skin rash during infusion of cidofovir

	IVIg

	Naef et al[39], 2021
	Retrospective analysis; Jan 2009-Mar 2019
	Kidney transplant recipients with high level BK viremia; 79 transplanted before 2014 and had immunosuppression reduction alone; 52 transplanted after 2014 and had immunosuppression reduction + IVIg
	IVIg group showed lower eGFR (44 mL/min vs 52 mL/min). IVIg did not shorten duration of BK viremia

	Kable et al[38], 2017
	Retrospective, single-center cohort study


	50 BKVAN patients received IVIg 1 g/kg
	Better clearance of BK viremia and fewer graft loss (not statistically significant)

	Vu et al[37], 2015
	Retrospective analysis; 2008-2012
	30 kidney transplant recipients with BKVAN received IVIg 2 g/kg
	90% of patients showed positive response in clearing viremia. Graft survival rate was 96.7% at 12 mo follow-up 

	Sener et al[34], 2006
	Case series; Jul 2000-Jul 2003
	8 kidney transplant recipients with IVIg 2 g/kg
	88% of patients showed functioning graft at 15 mo follow-up

	Monoclonal antibodies

	In the study
	Ongoing RCT (NCT 04294472)
	30 kidney transplant recipients with BK viremia; 22 received MAU868; 8 received placebo
	Better BK viral clearance in MAU group

	Virus-specific T-cell therapy

	Pfeiffer et al[44], 2023
	Open-label, phase II trial; Apr 2014-Jul 2021
	27 pediatric and adult HSCT recipients with BK infection; 25 with hemorrhagic cystitis; 2 with nephritis
	[bookmark: _Hlk141626262]100% had partial response at 6 weeks of treatment; 74% of patients who developed hemorrhagic cystitis had symptom resolution; 9/24 (37.5%) had increase in IFN-γ ELISpot counts

	Koldehoff et al[1], 2023
	Sequential analysis
	17 HSCT recipients with BK hemorrhagic cystitis; 7 received VST; 10 did not receive VST (immunosuppression reduction or cidofovir)
	6/7 from the VST group vs 6/10 from the non-VST group had T-specific cellular response, in most cases parallel to decrease in BK viral load

	Olson et al[43], 2021
	Single-arm, phase II clinical trial; Oct 2015-Sept 2019
	59 HSCT recipients with BK hemorrhagic cystitis; received single IV infusion of partially HLA-matched BKV-CTL
	Response rate and clinical improvement following the off-the-shelf BK-specific cytotoxic T-cells: 67.7% at day 14; 81.6% at day 45

	Nelson et al[51], 2020
	Phase II study; Jun 2017-Dec 2019
	38 HSCT recipients; 3 solid organ transplant recipients: 1 kidney transplant recipient; 1 heart transplant recipient; 1 heart-kidney transplant recipient
	Response rates: 86% in patients with BK viremia; 100% in patients with hemorrhagic cystitis
87% in patients with BK viremia and hemorrhagic cystitis; Of the 3 solid organ transplant recipients, 1 had complete response and 2 had partial response

	Tzannou et al[42], 2017
	Phase II study


	16 HSCT recipients; 14 with BK hemorrhagic cystitis; 2 with BKVAN
	Decrease in urine BK viral load following VST; 85.5% at week 6; 96% at week 12; 13/14 with hemorrhagic cystitis had resolution of hematuria; 1/2 with BKVAN had improved renal function

	Jahan et al[50], 2020
	Case report; Sept 2018
	1 kidney transplant recipient with BKVAN who failed other treatments
	BK viral load decreased significantly following T-cell therapy, but allograft eventually failed due to interstitial fibrosis and tubular atrophy.


BKVAN: BK virus-associated nephropathy; BKVIN: BK virus interstitial nephritis; CMV: Cytomegalovirus; eGFR: Estimated glomerular filtration rate; FK: Tacrolimus; GFR: Glomerular filtration rate; HLA: Human leukocyte antigen; HSCT: Hematopoietic stem cell transplant; IVIg: Intravenous immunoglobulin; MMF: Mycophenolate mofetil; MPA: Mycophenolic acid; mTOR: Mechanistic target of rapamycin; PCR: Polymerase chain reaction; RCT: Randomized controlled trial; VST: Virus-specific T-cell therapy.
